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Abstract

Owing to its corrosion resistance, stainless steel is a sustainable alternative to carbon steel as a
structural material in challenging seawater environments. Studies on carbon steel indicate that
among all marine corrosion zones (i.e., atmospheric zone, splash zone, tidal zone, and immersed
zone), the rate of corrosion is particularly high in the splash zone, above the seawater level, due to
the recurrent splashing of seawater with high levels of oxygen and chloride content. Nevertheless,
the information on the extent of localized corrosion (i.e., pitting and crevice corrosion) on stainless
steel in the splash and tidal zones is scarce and, in most cases, limited to standard austenitic grades.
In this work, we present the pitting and crevice corrosion results on lean duplex, duplex, and super
duplex stainless steels after two years of field exposure in the North Sea (site at Heligoland South
Harbour). The standard austenitic grade 1.4404 (316L) was also exposed as a reference material in
atmosphere and splash zone conditions. Parallel exposure of coupons in splash, tidal, and immersed
zones allows comparison of the extent of corrosion in each zone and enables proper material selection
for structural applications in marine environments.

Keywords: field exposure; stainless steel; duplex; marine corrosion; splash zone; tidal zone;
immersed zone

1. Introduction

Stainless steel is a sustainable choice for offshore marine applications, offering exceptional
corrosion resistance and strength to create lightweight yet durable structures and components that
withstand the harsh marine environments. Compared to the traditional approach of using carbon
steel with a protective coating, which demands frequent inspection and repair, stainless steel can be
utilized for the construction of maintenance-free structures. Therefore, despite the higher initial
investment that is required when stainless steel is used instead of carbon steel as the construction
material, the total life cycle cost comparison favors the usage of stainless steel in various marine
applications. This becomes particularly important since access to the offshore marine structures is
often cumbersome and limited. Furthermore, stainless steel can be completely produced from
recycled scrap and is fully recyclable after service, making it an environmentally friendly choice as a
construction material in various marine applications. Such application areas include, but are not
limited to, the oil and gas sector, carbon capture and storage, and the renewable energy sector. The
onshore/offshore infrastructure business is projected to grow significantly by 2050, driven by
increased demand for renewable energy production, such as offshore/onshore wind and solar
photovoltaic energy production [1,2].

In order to select the most appropriate stainless steel grade for the application in the marine
environment, several factors such as the extent of mechanical load, fabrication requirements (e.g.,
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weldability, formability, and machinability), corrosivity of the environment, and cost should be
considered. The corrosivity of a marine environment depends on meteorological factors (e.g., annual
precipitation and min/max temperature), oceanographic parameters (e.g., water temperature,
salinity, dissolved oxygen, significant waves, and tide heights), as well as the presence and activity
of microorganisms [3]. The latter can cause severe corrosion damage identified as microbiologically
induced corrosion (MIC) [4,5]. Besides the aforementioned parameters, depending on the vertical
location relative to sea level, the marine structure may experience dramatically different impacts from
the environment [6,7].

The marine corrosion zones are hence divided into the atmospheric zone, splash zone, tidal zone,
submerged zone, and subsoil zone, as depicted in Figure 1. Studies on carbon steel indicate that the
dry-wet cycling at the splash and tidal zones imposes a severe challenge for material selection, and
the most severe corrosion in marine structures is often found in these zones [8-10]. In the splash zone,
the structure is splashed with oxygen-rich seawater that can evaporate during the wet cycle, leaving
highly concentrated salt deposits on the surface. Furthermore, the surface in the splash zone is
exposed to UV radiation and mechanical damage caused by floating objects, all of which can increase
the corrosion rate. Moreover, the MIC is often reported to be highly active in this region. The tidal
zone shares features similar to those of the splash zone [11]. The major difference between the two
zones is the regular wet-dry cycle in the tidal zone as opposed to the unpredictable cycling in the
splash zone.
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Figure 1. Different corrosion regions in the marine environment. The schematic corrosion rate for carbon steel
in these zones is depicted on the right, indicating the highest corrosion rate for carbon steel close to the splash

zone.

The wet-dry cycle that the materials experience in splash and tidal zones can lead to a more
severe corrosion. Bailey and Li studied the corrosion of austenitic, duplex, and super duplex stainless
steel in a laboratory apparatus designed to simulate the wetting by a splash, followed by a drying
cycle in air [12]. Their results indicate that substantial pitting is observed on austenitic grades after
the wet-dry cycling, whereas the control samples under full immersion displayed little to no
corrosion. Since the material in the tidal and splash zones experiences intermittent and random wet-
dry cycles, respectively, cathodic protection can not be successfully utilized to protect the material
against corrosion in seawater in these regions, further supporting the use of corrosion resistant alloys,
including stainless steel.

Despite the importance of determining the corrosion behavior of materials in various marine
corrosion zones, the information on the extent of localized corrosion (i.e., pitting and crevice
corrosion) on stainless steel in the splash and tidal zones is scarce and, in most cases, limited to
standard austenitic grades. The limited available studies on more corrosion-resistant stainless steel
(e.g., duplex grades) are typically performed in the laboratory with artificial seawater. Many of these
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studies, however, fail to reproduce the results from field exposure [13]. Fischer et al. utilized fresh
natural seawater of the South East Pacific (coast of central Chile) in the laboratory to mimic the tidal
effect on austenitic stainless steels. Their results indicated a shift in the open circuit potential that
could partially be explained by the seasonal changes in the microorganism’s activities [14].
Nevertheless, the authors also expect some differences between the laboratory obtained results and
those obtained from the exposure to natural tides. One of the most comprehensive studies in this
regard was performed by Larche et al. on five different duplex stainless steels and some selected
austenitic grades [15]. The authors investigated the impact of temperature, flowing conditions,
residual chlorine, and dissolved oxygen content, as well as surface roughness, on the initiation and
propagation of crevice corrosion in natural and chlorinated seawater. Accordingly, they ranked the
investigated stainless steels with respect to their resistance to crevice corrosion as: UNS 532101 ~
530403 < 531603 ~ 532304 < 532205 < 531254 ~ 532520 ~ 532750 < 531266. The same research group
made a comparison between the crevice corrosion of high-grade stainless steels in seawater at
tempered and tropical locations, denoting the important role of biofilm on electrochemical behavior
and corrosion resistance of the passive films in different seawaters [3].

In this work, we evaluated the pitting and crevice corrosion results on lean duplex, duplex, and
super duplex stainless steels after two years of field exposure in the North Sea (site at Heligoland
South Harbour). Parallel exposure of coupons in splash, tidal, and immersed zones enables a
comparison of the extent of corrosion in each zone, allowing for proper material selection for
structural applications in marine environments. An austenitic EN 1.4404 sample was also exposed in
the atmospheric zone at the same location as a reference.

2. Materials and Methods

Four duplex grades: (1) EN 1.4362, (2) EN 1.4662, (3) EN 1.4462, and (4) EN 1.4410 were selected
for the exposure in the immersed zone, tidal zone, and splash zone. For comparison, coupons of
standard austenitic grade EN 1.4404 were also exposed in the atmospheric zone (for 24 months) and
in the splash zone (for 12 months). Table 1 presents the selected grades together with their Pitting
Resistance Equivalent Number (PREN) and nominal composition.

The test coupons were used as received, after a cleaning procedure with ethanol and isopropanol
to remove the grease and other surface contaminations. The surface finish of the duplex grades was
2E Pro (corresponding to cold rolled, annealed, and pickled material), whereas the austenitic 1.4404
had a surface finish of 2B (corresponding to cold rolled, annealed, pickled, and skin passed material).
Test coupons dimensions are 400 x 90 x 3 mm. The edges of the test coupons were ground using 320
grit grinding paper to avoid sharp edges and minimize the edge attack.

Four holes were drilled in the corners to fix the samples on the exposure rack. An additional
hole was drilled to assemble the standard crevice formers on each sample (See Figure 2). The Crevcorr
crevice formers were assembled following the ISO 18070:2016 standard procedure with the applied
torque of 3 Nm [16].

Table 1. The characteristics, PREN, and chemical composition of selected stainless steel.

) . . Surface PREN Typical chemical composition, % by mass

Grade Designation finish .
1nis C Cr Ni Mo N Other

1.4404 Austenitic 316L 2B 24 0.02 17.2 10.1 21 - -
1.4362 EDX 2304 2E Pro 28 0.02 23.8 43 0.5 0.18 Cu: 0.3
1.4662 LDX 2204 2E Pro 34 0.02 24.0 3.6 1.6 0.27 Mn: 3.0, Cu: 0.40
1.4462 DX 2205 2E Pro 35 0.02 224 5.7 31 0.17 -
1.4410 SDX 2507 2E Pro 43 0.02 25.0 7.0 4.0 0.27 -
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*EDX (Enhanced Duplex), LDX (Lean Duplex), DX (Duplex), SDX (Super Duplex), ** PREN =
%Cr+3.3%Mo+16%N.

After the assembly of the Crevcorr crevice formers, the test coupons were placed on test rigs
using stainless steel nuts and bolts with Teflon spacers in between to avoid metal-to-metal contact.
Only the EN 1.4404 coupon that was exposed for 12 months in the splash zone was mounted
differently, using plastic bands, as can be seen in the supporting information. The samples were
assembled on test rigs with the Crevcorr crevice formers on the bottom side of the samples. This was
done to avoid the run-off of the corrosion products from the crevice area to the rest of the sample
surface. The sample exposure began at the end of September 2022, and the exposed samples were
retrieved in September 2024.

Sample ID
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Figure 2. The test coupon before the assembly of the crevice former (left and middle) and the standard crevice
former (Crevcorr) used in this study (right). The key components of the Crevcorr are; 1: nut, 2: crevice former,

3: washer, 4: centralizing ring, 5: insulation hose, 6: bolt, 7: disc springs, and 8: test specimen.

2.1. The Location of the Field Test

The test rig was then fixed at the west mole in the South Harbour of the Heligoland site (Am
Wassersturzbecken, 27,498 Heligoland, Germany), in the splash, tidal, and immersed zones [17].
Heligoland is an oceanic, humid, windy, and rainy location, characterized by cold, cloudy winters
and cool to mild summers [18]. The location of the exposure site and the annual climate of the site are
depicted in Figure 3 and Figure 4, respectively. The classification based on corrosivity at the test site
was performed in accordance with the ISO 9223 standard [19]. This takes into account the corrosion
rates measured after 1 year of exposure on reference materials, where Cl1 is the least corrosive and
CXis the most corrosive. The test site represents a very severe environment, since mass loss per year
was higher than the corrosivity category of CX for carbon steel, zinc, and copper (2376, 60, and 62.5
[g/m2year], respectively).
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Figure 3. The location of the exposure site at the North Sea.
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Figure 4. Annual climate of the exposure site.

2.2. Inspection and Evaluation

Visual inspections and photographic documentation of the samples were scheduled for 6
months, 12 months, and 24 months after exposure. Following this period, the samples were collected
from the exposure site and shipped to the laboratory for further examination. In this period, seawater
samples were collected and analyzed. The average chloride and sulfate content of the tested seawater
was 18.5 and 2.5 g/l, respectively.

Scanning electron microscope (SEM) stubs were used to collect samples of deposits, after 6 of
exposure, to be further evaluated with SEM-Energy-dispersive X-ray spectroscopy (EDX). The
sampling was performed so that the surface deposits were minimally affected, i.e., the stubs were
gently pushed against the sample.

The exposed samples, in particular those exposed in the tidal and immersion zones, exhibited a
substantial mass of biofilm formation on the surface, with full coverage observed after 6-12 months
of exposure. After retrieving the samples from the exposure site, the formed biofilm could not be
easily removed by rinsing or even by brushing the surface. Hence, in order to assess the extent of
corrosion attacks on the surface of these samples, a chemical cleaning procedure was applied to
remove the biofilm from the surface following a slightly modified method described in the ASTM
A380/A380M standard (Cleaning, Descaling, and Passivation of Stainless Steel Parts, Equipment, and
Systems) [20]. In brief, the samples were immersed in 15 wt% nitric acid solution for 30 minutes at
room temperature, followed by rinsing with a copious amount of water to remove the acid residuals.

In order to evaluate the extent of corrosion attacks on exposed samples, the number and depth
of corrosion pits were determined using an optical microscope. The depth of crevice corrosion attack
under the Crevcorr crevice former was evaluated on both sides of the samples. Shallow crevice
impacts (<25 pm) were identified as etching [21].

Although the exact amount of torque for the assembly of the coupons on the test rig is unknown,
the formation of a crevice results in localized corrosion attacks in this area, denoted as the sample
holder. We characterized the depth of the crevice corrosion attacks on both the front and back sides
of the samples in these areas and reported the results alongside those obtained at the Crevcorr crevice
former.

Generative artificial intelligence (GenAl) was used to generate Figure 1 (graphic on the left). No
GenAl was used to generate text, data, or to assist in study design, data collection, analysis, or
interpretation, or to assist in study design, data collection, analysis, or interpretation.

3. Results and Discussion

3.1. Inspection and Visual Examination After 6, 12, 24 Months

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5 provides an overview of the appearance of samples assembled on test rigs across three
zones: the tidal zone, the splash zone, and the immersed zone. It also captures the changes in the
samples’ appearance following 6, 12, and 24 months of field exposure, as well as those after the acid
cleaning of the surface.

After 6, 12, and 24 months of exposure, two distinct types of surface appearance were observed
on the tested samples prior to cleaning: staining/red rust and biofouling growth. Staining and red
rust were particularly prominent in the crevice areas of the splash zone, while biofouling was
prevalent on the surfaces in the tidal and immersed zones across all grades. The proliferation of
biofouling, influenced by microbiologically influenced corrosion (MIC), increased steadily
throughout the testing period in both the tidal and immersed zones. By the end of the 24-month
evaluation, the stainless steel surfaces were extensively covered with biofouling, with a more
significant accumulation noted in the immersed zone. Following the cleaning and removal of marine
organisms, only staining and red rust remained on the tested surfaces.

The influence of biofouling on pitting and crevice corrosion has been extensively studied.
Nevertheless, the exact mechanism by which biofilm contributes to material degradation is not
completely understood. However, the current consensus is that the biofilm influences the cathodic
oxygen reduction reaction due to the catalysis by enzymes [21]. Zhang et al. performed a comparison
study on crevice corrosion on austenitic, duplex, and superduplex stainless steels under biofouling
and artificial configurations through long-term field exposure near Xiamen Island, the southeast of
Fujian Province, China [22]. They identified the most severe biofouling-induced corrosion under an
artificial crevice former on the austenitic stainless steel (316 L), followed by a less severe attack on
duplex grade (2205), whereas on the superduplex stainless steel (2507) in the absence of large
microorganusms no crevice corrosion attack was identified.

Indeed, as reported in Ref. [7], the open circuit potential (OCP) increases by more than 300 mV
after an initial incubation period in both intermediary and deep water. Although a relatively similar
potential ennoblement (also known as cathodic depolarization) is observed independent of the
studied grades (super austenitic and nickel-based), the incubation period was longer (c.a. 6 months)
in deep water as compared to that in intermediary water (c.a. 3 months), denoting the importance of
exposure depth. The same group determined different critical temperatures for maximum biofilm
electroactivity for the North Atlantic Ocean, the South Atlantic Ocean, and the Meridional China Sea
based on the temperature impact on measured OCP in natural seawater in each site, denoting the
importance of the meteorological parameters and oceanic factors on the activity of the biofilm and
their impact on the localized corrosion performance of stainless steel [3]. The biofilm-induced
potential ennoblement after exposure of a material in seawater is a very critical point in determining
the risk of localized corrosion of a grade. Essentially, if the increased OCP due to ennoblement falls
above the critical pitting or crevice potential of the respective alloy, stable pit or crevice corrosion
attacks will form, rendering the alloy unfit for the purpose in the corresponding marine environment.
This point will be discussed further below, vide infra.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. An overview of the assembly of the samples on test rigs for a) tidal zone, b) splash zone, and c)
immersed zone alongside the change of samples' appearance after 6, 12, and 24 months of field exposure and
cleaning. Samples in each column from left to right are: EN 1.4362, EN 1.4662, EN 1.4462, and EN 1.4410.

Figure 6 shows the sampling of the deposits on the exposed coupons (after six months of
exposure) alongside the EDX analysis of the collected deposits. The distribution of the elements in
the deposits reveals a significant variation in their chemistry, attributed to their highly heterogeneous
nature. Amongst the analyzed elements, the total Cl deposition has the largest impact on the localized
corrosion. However, no correlation could be made between the elemental content of the deposits and
the extent of corrosion of coupons. The short-term (i.e., 6 months) Cl deposition was in the form of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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salt crystals scattered on the surface of the test coupons. Nevertheless, after prolonged exposure, the
whole sample was covered with Cl-containing deposits.

Immersed

Splash Tidal
40.0
30.0
2
E
20.0
10.0
0.0 _ﬂ _t _j _TEa _i
Na Mg Al Si S Cl K Ca
m Splash 0.3 0.0 0.1 09 0.1 13 0.1 0.1
m Tidal 75 25 6.0 19.0 1.0 10.5 20 40
mimmersed 232 25 14 38 44 348 17 43

Figure 6. Top) Sampling of the deposits using SEM stubs, and bottom) EDX analysis of the deposits collected

after 6 months of exposure.

3.2. Corrosion Resistance of Duplex Stainless Steel in Various Marine-Tested Zones After a Two-Year Field
Trial

Table 2 summarizes the results after the assessment of the localized (pitting and crevice)
corrosion attacks on the acid-cleaned samples after 24 months of field exposure at different corrosion
zones. As can be seen in this table, the reference EN 1.4404 sample exhibits multiple pitting and
crevice corrosion attacks after 24 months of exposure in the atmospheric region, consistent with our
earlier assessments [23-25]. The maximum pit depth was around 110 pm on this sample. Both the
front and back sides of the crevice former suffered 90 pm deep crevice corrosion. The depth of the
crevice corrosion on the sample holder area varied significantly, which is consistent with the
uncontrolled magnitude of the torque (and consequently the size of the crevice gap). Earlier studies
have shown that the larger torque (i.e., smaller crevice gap) leads to a more severe crevice corrosion
attack [26]. This is due to the more limited mass transfer from/to the tighter crevice gaps. Despite
their uncontrolled torque, the crevice corrosion at the sample holder area is an important piece of
information, as it closely reflects the real assembly of parts in marine constructions.

The duplex coupons exposed to the splash zone, tidal zone, and immersion zone did not exhibit
any sign of pitting corrosion attack after 24 months of field exposure. In contrast to duplex grades,
the austenitic EN 1.4404 sample already exhibited a few pits on the surface with the maximum pit
depth of 30 pm, only after 12 months of exposure in the splash zone. This denotes the superior pitting
corrosion resistance of the duplex grades (including lean duplex EN 1.4662) compared to austenitic
grades for marine applications. It should be noted that for the assembly of the EN 1.4404 sample,
rubber bands were used (see supporting information), which eliminated the possibility of crevice
formation at the sample holder area.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Assessment of localized corrosion of the exposed samples. The values outside
parentheses indicate the depth of the pits or crevice attacks in um. The values denoted as (xp) or (xC)
indicate x number of pitting and crevice corrosion attacks, respectively.

Corrosion performance,
Max. depth of corrosion attack (number of attacks)

Zone Grade Pitting Crevice corrosion
. CrevCorr Sample holder (4 holders)
corrosion X : . .
Front side Back side Front side Back side
Atmospheric EN 1.4404 110 (>20p) 90 um 90 um 80 um (2C) 230 um (2C)
Ei\i ;’:;())4 30 um (5p) 90 um 50 um N/A N/A
Splash EN 1.4362 <25 pm 40 um 100 um (4C) 70 um (4C)
EN 1.4662 - <25 pm 25 um 60 um (2C) 30 um (20)
EN 1.4462 - <25 pm 30um 50 um (1C) 40 pm (1C)
EN 1.4410 - - - - 25 um (10)
EN 1.4362 - <25 pm - 50um (3C) 25 um (20)
Tidal EN 1.4662 - - - <25 pum <25 pm
EN 1.4462 - - - <25 um 30 um (1C)
EN 1.4410 - - - - -
EN 1.4362 - - 30 um 1200 um (3C) 1200 um (3C)
EN 1.4662 - - <25 pm <25 um <25 pm
Immersed EN 1.4462 - ] ] <25 um <25 um
EN 1.4410 - - - <25 um <25 pm

Among the exposed coupons in the tidal and immersion zones, only a slight etching mark
(shallower than 25 pm) was observed underneath the Crevcorr crevice former on the front side of the
EN 1.4362 sample. More severe crevice corrosion attacks were detected on the back side of the
Crevcorr crevice formers on this sample (>30 pm) in the immersed zone, and a slight etching was
observed on the back side of the EN 1.4662 in this zone. On the contrary, all coupons, except the super
duplex sample (EN 1.4410), exhibited etching (on the front side) or crevice corrosion (on the back
side) underneath the Crevcorr crevice formers after 24 months of exposure in the splash zone area.
This observation denotes the higher corrosivity of the splash zone compared to the tidal and
immersion zones, which triggers crevice corrosion on lean duplex and duplex grades, consistent with
the observations made by Ul-Hamid et al. [27] and Larche et al. [7]. The maximum crevice corrosion
depth was identified on EN 1.4362, followed by that on EN 1.4462 and EN 1.4662, respectively. The
difference in the extent of crevice corrosion attack on the front and back sides of the samples in the
splash zone (underneath the Crevcorr crevice former) can be attributed to the impact of waves, water
flow, rainwater rinsing, or direction of wind.

The optical and SEM micrographs of the crevice corrosion attack on EN 1.4362 after 2 years of
exposure in the splash zone are presented in Figure with different magnifications. Similar crevice
corrosion attacks with slightly different maximum depth were found under the CrevCorr on EN
1.4662 and EN 1.4462 in the splash zone after 2 years of exposure.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Optical and SEM image of the crevice corrosion attack under the CrevCorr on EN 1.4362 after 2 years

of exposure in the splash zone.

According to the literature [28-30], after field exposure of the exposed coupons, the potential
ennoblement can lead to localized corrosion attacks on austenitic

The higher resistance of EN 1.4410 to crevice corrosion attack in all exposure zones compared to
other exposed grades can be related to its higher level of alloying elements. Essentially, the PREN =
%Cr + 3.3 %Mo + 16 %N provides the first indication for ranking materials based on their resistance
to localized pitting. The results from this field exposure are consistent with the literature. Neville &
Hodgkiess studied the corrosion performance of stainless steel and high grade cobalt and nickel base
alloys after up to 18 months immersion in natural seawater off the west coast of Scotland [31]. Their
results indicate that the initiation of corrosion attack is grade-dependent and that crevice corrosion
attack can be initiated in very short periods of immersion, even on the high-grade alloys.
Nevertheless, the time to initiate crevice corrosion attack on 316L type material is 2-4 times shorter
than that on 25Cr duplex material. According to their studies, Molybdenum in alloy composition can
have significant beneficial effects in imparting localized corrosion resistance to passive materials.
Wallen summarized the immersion test results for superduplex and superaustenitic stainless steels
after immersion test in natural seawater for periods from one month to 24 months [32]. Among the
listed materials, 532750 (equivalent to 1.4410 in this study) exhibited no pitting corrosion, whereas
crevice corrosion was observed after 3 months of exposure at ambient temperature [33].

Interestingly, all samples, including the EN 1.4410, suffered etching or crevice corrosion at the
crevice area on the sample holder. As discussed earlier, the magnitude of the torque for assembling
the coupons on the test rig, and hence the formed crevice gap in this area, is unknown. Nevertheless,
the higher corrosivity of the splash zone compared to the tidal and immersion zones is still
recognizable, due to the deeper crevice corrosion attacks on most samples in the splash zone. It is
important to highlight that EN 1.4362 shows several deep crevice corrosion attacks in the immersion
zone within the sample holder area. As the only duplex grade affected by crevice corrosion (greater
than 30 pm) beneath the crevice former—albeit only on the back side—one can deduce that this grade
is not suitable for applications in immersed environments, a conclusion supported by previous
experience and studies [34].
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Accordingly, the highest risk for the application of duplex grades in marine environments is
crevice corrosion attacks, particularly at smaller crevice gaps (compared to those formed under a
crevice former with 3 Nm torque), whereas pitting corrosion is generally not an issue in these
conditions. Moreover, the splash zone imposes the highest risk of crevice corrosion, followed by tidal
and immersed zones. The obtained results also highlight the importance of the design, in particular
with respect to the potential formation of crevices, for materials that are exposed to a harsh marine
environment.

As indicated earlier, no pitting is observed on any of the exposed samples in the splash, tidal, or
immersed zone after 2 years of exposure in the North Sea. The observed crevice corrosion attacks are
also only located in the areas under crevice formers. The typical crevice corrosion attacks under dead
or alive barnacles, green muscles, and oysters, such as those observed by Zhang et al. [22], were not
detected on any of the exposed samples after retrieval from seawater. This can be explained by the
colder water temperature at the North Sea compared to that of the South China Sea with its typical
subtropical marine climate. Hence, we refrained from further characterization of the deposited
biomass and its species composition in this study. Nevertheless, an eventual formation of a biofilm
consisting of different micro-organisms on the metal surface can raise the corrosion potential of the
stainless steel to the point at which crevice corrosion initiates. This is consistent with the observation
by Gallagher et al., who identified a more severe crevice corrosion attack on 316L and 904 grades
immersed in natural seawater than those immersed in artificial seawater [35].

4. Conclusions

In this field exposure study, the influence of various exposure conditions—specifically splash,
tidal, and immersion zones—on the corrosion performance of different grades of duplex stainless
steel has been investigated over a span of two years in marine environments of the North Sea. The
simultaneous exposure of grades to different exposure zones (i.e., atmospheric zone, splash zone,
tidal zone, and immersed zone) at the same site allows a fair comparison between the performance
of these grades in the corresponding zone, enabling a better material selection. The results indicated
that:

e All duplex stainless steels exhibit resistance to pitting corrosion under all tested conditions.
Despite the formation of thick biofilm deposits on the exposed coupons in both the tidal and
immersed zones, no microbiologically induced pitting corrosion was identified.

e  Crevice corrosion was shown to be the main challenge for the use of duplex stainless steel in
marine environments. The crevice corrosion resistance of exposed coupons was assessed via
standard Crevcorr crevice formers (with the torque of 3 Nm) as well as the installation of test
coupons on the rig (with the torque presumably >3 Nm) in various corrosion zones. The results
suggest that the highly alloyed duplex grade 1.4410 is the preferred choice based on specific
exposure conditions. The alloying elements, particularly chromium (Cr), molybdenum (Mo),
and nickel (Ni), play a crucial role in enhancing the crevice corrosion resistance of this grade.

e The austenitic EN 1.4404 as a reference exhibited both pitting and crevice corrosion after 12
months of exposure in the splash zone and atmospheric zone.

e  Based on the corrosion performance of materials observed over a two-year exposure period,
the ranking of corrosiveness at various exposure sites in the North Sea, arranged from highest
to lowest, is as follows: Splash Zone > Tidal Zone > Immersed Zone. This ranking indicates that
the Splash Zone exhibits the most aggressive corrosion conditions, while the Immersed Zone
demonstrates the least severe corrosion effects. This information can be crucial for selecting
appropriate materials for marine applications and understanding the environmental factors

contributing to corrosion in these areas.
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e  According to the current observations, the corrosivity of the exposure site in this study can be
categorized in the border between low and medium. However, for proper material selection in
the marine environment, with its diverse meteorological and oceanographic parameters,

further field exposures at various exposure sites (e.g., warmer bodies of water) are required.
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