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ABSTRACT

This study investigates the localized corrosion resistance of lean duplex stainless steel S32202 (EN 1.4062) in natural
seawater. Its performance is compared to that of austenitic stainless steel 316 L (EN 1.4404), standard duplex S32205 (EN
1.4462), and super duplex S32750 (EN 1.4410) stainless steels. Crevice and pitting corrosion tests are conducted following
the ISO 18070:2015 and ASTM G150 standards, respectively. The results indicate that EN 1.4062 exhibits superior critical
pitting temperature and higher crevice corrosion resistance compared with EN 1.4404. Under a severe combination of
conditions: a 20°C water temperature, a gasket pressure of 20 N/mm?, and a surface roughness of Ra = 0.3 + 0.1 um, even
the higher-grade EN 1.4462 and EN 1.4410 may be susceptible to crevice corrosion. These findings suggest that EN 1.4062
may be suitable for certain short-term seawater applications, either independently or in combination with corrosion

protection strategies.

1 | Introduction

Various offshore industries, including fossil fuel and renewable
energy, fishing and aquaculture, are subjected to severely cor-
rosive environments. The reliability and sustainability of their
infrastructure are crucial to their profitability and largely
depend on the use of strong and corrosion-resistant metal alloys
(CRAs) [1-4]. Stainless steel (SS), a type of CRA, has a wide
range of applications in seawater environments [5-8]. They are
classified into four families based on their crystalline micro-
structure: ferritic, austenitic, martensitic, and duplex [9].
Despite their ability to form a self-repairing corrosion-resistant
oxide layer, stainless steels remain susceptible to localized
forms of corrosion, particularly pitting and crevice corrosion in
harsh environments [2, 5, 10-12].

The relative resistance of different grades to localized corrosion
is typically assessed using the pitting resistance equivalent

number (PREN), as defined by the following equation
[6, 7, 13-15]:

PREN = %Cr + 3.3%Mo + 16 %N 1)

It is widely accepted that stainless steels with a PREN greater than
40 offer reliable long-term corrosion resistance in seawater [6, 7, 10].
Accordingly, the so-called 6Mo austenitic alloy, with approximately
6% Mo and PREN >40, and 25Cr duplex alloy with a PREN
between 40 and 45 [16] have been frequently recommended for
seawater applications up to 20°C, including those immersed [6, 7].
However, the selection of materials for use in natural seawater
environments must take into account multiple criteria to ensure
optimal performance, durability, alongside cost-effectiveness,
depending on tensile strength, material cost, availability, ease of
fabrication, and corrosion resistance in the specific operational
conditions of the application.
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Duplex stainless steels (DSSs), characterized by their dual-phase
ferrite/austenite microstructure, provide corrosion resistance
comparable to that of austenitic stainless steels while offering
superior tensile strength [8, 13, 17-22]. The higher strength of
DSSs compared to austenitic stainless steels typically allows for
reduced material thickness, thereby lowering overall material
cost. Additionally, DSSs generally contain less Ni, significantly
reducing costs and cost volatility compared to highly (Ni)al-
loyed CRAs [19, 23, 24] offering notable cost advantages over
austenitic stainless steels.

The modern DSS family is categorized into four primary groups:
lean, standard, super, and hyper DSS [14]. Their Ni and Mo
contents, which largely dictate material costs, decrease progres-
sively from hyper DSS to lean DSS [15, 25]. Although a reduced
alloying content results in a lower PREN and thus presumably
also a decreased localized corrosion resistance (lean DSS com-
pared to more highly alloyed DSS grades), this reduction is
accompanied by significantly enhanced cost-effectiveness. Con-
sequently, in scenarios involving short-term seawater immersion
(e.g., internal surfaces of subsea pipelines between installation
and operational start-up) or in cases where protective measures
(such as cathodic protection) mitigate corrosion, lean DSS offer a
cost-effective and adequately resistant material choice.

2 | State-of-the-Art

Based on the results of a Scopus search, among 129 journal and
conference publications since 2010 addressing the corrosion of
duplex and superaustenitic stainless steels in seawater, lean
DSS grades have received the least attention, with only nine
papers (7%) focusing on them. Among the nine studies
addressing the corrosion behavior of lean DSSs in seawater,
seven focused on grade S32101 (EN 1.4162), five examined
S32304 (EN 1.4362), and only one investigated S32202 (EN
1.4062). The latter study, conducted by Larché et al. [5], ana-
lyzed the localized corrosion behavior in deep seawater and
compared three lean DSS grades (EN 1.4062, EN 1.4162, and EN
1.4362) with other grades, including duplex, ferritic, austenitic,
super-austenitic stainless steels, and Ni-based alloys. Their
findings revealed the following corrosion resistance ranking:
1.4404 < 1.4162 < 1.4062 < 1.4362 << 1.4462 << (1.4410, 1.4477,
1.4652, 1.4432). The remaining eight studies explored various
factors influencing the corrosion behavior of lean DSS. Breda
et al. [26] investigated the effects of cold rolling on the pitting
corrosion resistance and reported a 25% and a 15% reduction in
the critical pitting temperature (CPT) for S32101 (EN 1.4162)
and S32304 (EN 1.4362), respectively. Gong et al. [27] reported a
beneficial impact of cerium (Ce) on the corrosion resistance
of S32101 (EN 1.4162). Pezzato et al. [28] assessed how

secondary phase precipitation affects the corrosion resistance
of DSS. Ohashi et al. [29] compared the corrosion behavior of DSS
grades, including S32101 (EN 1.4162), in sterile and microbially
active seawater environments at 30°C. Srisungsitthisunti et al. [30]
utilized short-term electrochemical tests, such as cyclic potentio-
dynamic polarization and potentiostatic techniques, to evaluate
crevice corrosion of S31600 (EN 1.4401), S32101 (EN 1.4162),
S31803 (EN 1.4462), and S32750 (EN 1.4410) in the 3.5% NaCl
solution. Ming et al. [31] used the electrochemical impedance
spectroscopy (EIS) method to examine the corrosion behavior of
S32304 (EN 1.4362) as a reinforcing bar in seawater-mixed concrete.
Gennari et al. [32] analyzed the effect of welding heat input on the
critical pitting temperature (CPT) of different welded S32304 (EN
1.4362) components produced by laser beam welding process.
Chang et al. [33] investigated the suitability of lean DSSs under
high-flow-velocity seawater conditions relevant to nuclear power
plant applications, using potentiodynamic polarization and CPT
tests [5].

Given the promising advantages of lean DSSs, precisely defining
their operational limits is essential. Therefore, in this study, the
localized corrosion behavior of lean DSS EN 1.4062 (S32202) is
compared with that of EN 1.4404 (S31603) austenitic stainless
steel as a lower reference, and with EN 1.4462 (S32205) stan-
dard DSS and EN 1.4410 (S32750) super DSS as upper refer-
ences. Compared to Larché et al. [5] study, the test medium
temperature for the crevice test is increased to 20°C, and the
ASTM G150 [34] test method is employed to rank the material
grades in terms of their pitting corrosion resistance.

3 | Experimental Procedure

3.1 | Materials

The materials used in this study were extracted from thin plates
with a thickness in the range of 3-5mm. Table 1 presents the
chemical compositions of the four stainless steel grades evaluated in
this study. These compositions comply with the European standard
of EN 10088-1 [35]. Figure 1 shows their measured microstructures
both in the rolling (Figure 1a,c,e,g) and transversal (Figure 1b,d,fh)
directions. The micrographs were obtained via a Leica DMC-2900
optical microscope following a four-step polishing procedure. Pol-
ishing began with 220-grit sandpaper, followed by the use of 9 and
3 um particles in the second and third steps, and concluded with a
final polishing stage using 0.04 um particles. Etching was performed
using 1 N NaOH at 1.8V for grade 1.4410 and at 2.2V for grades
1.4462 and 1.4062, whereas saturated oxalic acid at 0.4 A was used
for the austenitic grade (1.4404). As depicted in Figure 1, grade
1.4404 exhibits a single-phase austenitic microstructure, whereas
the three duplex (DSS) grades show a microstructure comprising
both austenite and ferrite. No secondary phases, such as

TABLE 1 | Chemical compositions of 1.4404, 1.4062, 1.4462, and 1.4410.
EN no. Grades UNS no. C Ni Cr Mo N Mn Cu P S Fe
1.4404 316L S31603 0.025 10.0 16.7 2.0 0.050 1.2 0.30 0.030 16 ppm Bal.
1.4062 2202 S32202 0.023 2.6 231 0.2 0.192 1.3 0.22 0.030 5 ppm Bal.
1.4462 2205 S32205 0.013 5.5 22.7 3.1 0.171 1.8 0.20 0.030 6 ppm Bal.
1.4410 2507 S32750 0.017 6.7 25.5 3.7 0.250 0.8 0.30 0.032 4 ppm Bal.

Note: All chemical compositions have been reported in weight percentage except for S.

Abbreviation: Bal., balanced.
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FIGURE1 |
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(a, b) Microstructures of 1.4404 in the rolling and transversal directions, respectively; (c, d) corresponds to 1.4062; (e, f) to 1.4462; and

(g, h) to 1.4410. The ferrite («) phase appears dark, while the austenite (y) phase appears light. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Ferrite and austenite fractions for the three tested DSS grades, obtained via quantitative image analysis.
Fraction Fieldl Field2 Field3 Field4 Average
Grade %0 %y Joc %y %0 %y %0 %y %0 %y Std
1.4062 (2202) 45.0 55.0 53.5 46.5 47.3 52.7 51.6 48.4 49.4 50.6 34
1.4462 (2205) 50.2 49.8 50.6 49.4 59.2 40.8 57.3 42.7 54.3 45.7 4.0
1.4410 (2507) 58.6 41.4 53.6 46.4 54.1 45.9 52.2 47.8 54.6 45.4 2.4

intermetallic phases (o, y, ') or carbides and nitrides, were
observed, ensuring material integrity [15, 36, 37].

As shown in Table 2, the ferrite-austenite phase fractions were
determined for three DSS samples using quantitative image
analysis in accordance with ASTM E1245 [38]. Image seg-
mentation was performed using Otsu's automatic thresholding
method implemented in ImageJ, and the results were vali-
dated using point counting in accordance with ASTM E562
[39]. This measurement was done on four fields (two in the
rolling direction and two in the transversal direction) with 50x
magnification for each grade. The measured phase fractions
for all three DSS grades are within the acceptable range of
35%-60% [37, 40].

3.2 | Specimen Preparation for Pitting and
Crevice Corrosion Tests

For the CPT tests, three specimens measuring 45X 45 mm
with thicknesses ranging 3-5 mm were cut from each of the
four studied grades. These specimens were polished
sequentially in seven stages via sandpaper with grit sizes of
80, 120, 220, 320, 500, 800, and 1200. The specimens were
subsequently cleaned in an ultrasonic bath containing a 50%
acetone-50% ethanol solution for 5min and then dried with
air blowing. Prior to testing, the specimens were stored at
room temperature for at least 16 h to allow for atmospheric
repassivation [34].

In addition to pitting, crevice corrosion poses significant threat to
stainless steels in seawater, and it is often more prevalent than

pitting [2, 11, 12]. Crevice conditions can arise between two
contacting structural components, within gaps smaller than
500 um, or beneath microorganisms attached to the metal
surface [2].

For the crevice test, specimens were fabricated from plates
measuring 150 X 100 mm. The number and thickness of the
specimens for each material grade are presented in Table 3. A
total of 15 specimens were prepared for each material grade
except for the super DSS (1.4410). Since the super DSS has a
PREN value greater than 40 [6, 7], no corrosion was anticipated
during short-term immersion, which is also in agreement with
industrial standards [6, 7]. Thus, only five super DSS samples
were prepared for extraction from the testing medium after
6 months. To prevent pitting corrosion [41] via an angle grinder
equipped with a flap disc [42].

For the crevice test specimens, two holes with diameters of 4.5 and
9mm were drilled at the top and center, respectively, to accom-
modate the titanium Grade 2 connector and crevice former
assembly. As illustrated in Figure 2 and in accordance with ISO
18070:2015 [41], the crevice condition was established via an
assembly consisting of two polyvinylidene fluoride (PVDF) gaskets,
two washers, one nut, and an insulated titanium Grade 2 bolt. To
intensify the crevice conditions, standard ISO 18070:2015 parame-
ters were adjusted by increasing the gasket pressure to approxi-
mately 20 N/mm? (applied by a torque wrench set at 20 N-m) and
reducing the surface roughness of the circular crevice region to
Ra=03+0.1pum [5, 21, 43, 44] through a three-step polishing
process (sandpaper grit sizes: 80, 180, 600). These modifications
aimed to better simulate industrial applications, such as threaded
connections, flanges, and sealing components [45]. The surface
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TABLE 3 | Number of samples per material grade used for the
crevice test, and the corresponding thicknesses.

Material Thickness No. of
grade (mm) specimens
1.4404 3 15
1.4062 4 15
1.4462 3 15
1.4410 5 5
sealed
Titanium
connection :t
/) washer
PVDF
gasket
Rectangular
specimen
insulation

bolt

FIGURE 2 |
electrical connection, and crevice former elements. [Color figure can be

Crevice test assembly, consisting of a test plate,

viewed at wileyonlinelibrary.com|

roughness of the crevice region was verified using vertical scanning
interferometry (VSI) to ensure reproducibility. The area ratio
between the crevice region and the remaining specimen surface was
approximately 1:60. Additionally, the PVDF gasket surfaces were
polished with grit-600 (P1200) sandpaper to achieve uniform surface
conditions across all the crevice formers. Moreover, 24 h before
initiating the crevice test, the samples were ultrasonically cleaned in
ethanol for 10 min and then passivated in a 25vol% nitric acid
solution at room temperature for 30 min [46]. Prior to tightening the
crevice former using a torque wrench, the plates were pre-wetted by
soaking in water, a step intended to minimize variations in seawater
diffusion within the crevice region.

3.3 | Pitting Corrosion Test Setup and Procedure

To compare the pitting resistance of the four grades, their
critical pitting temperature (CPT) was measured according to

the ASTM G150 standard [34]. CPT is defined as the lowest
temperature at which stable and propagating pitting corrosion
occurs, independent of the applied potential. This accelerated
corrosion test serves primarily as a ranking method for material
performance rather than simulating actual service conditions. A
flushed-port cell (AVESTA cell), as illustrated in Figure 3, was
used for conducting the CPT measurements. The cell was filled
with 1L of a 1M Nacl solution and continuously purged with
high-purity nitrogen gas (99.99%) throughout the test. Nitrogen
purging was employed solely to ensure adequate stirring and
not for oxygen removal, as the oxygen concentration does not
affect the test outcome [34]. The test area of each specimen was
circular, with an area of 4.9 cm>.

After lowering the solution temperature below 3°C, the test
began with open circuit potential (OCP) monitoring for 1 h, the
temperature was subsequently increased at a rate of 1°C
per min. A thermocouple with a measurement accuracy of
+0.4°C monitored the temperature, whereas a temperature
controller coupled with a thermostat regulated the cooling and
heating rates. In addition, 60s prior to initiating the tempera-
ture increase, the specimen was anodically polarized to a
potential exceeding its pitting potential range. The CPT test is
potentiostatic, meaning that the potential is maintained at a
constant value above the material's pitting potential at 25°C; for
stainless steel, this value is typically +700 mV versus SCE. A
GAMRY Interface 1010E potentiostat was used for conducting
the test.

During the test, the current density was continuously mon-
itored. When the current density exceeded 100 gA/cm?® and
remained above this threshold for at least 60 s (to ensure that
the increase was not due to a metastable pitting), the corre-
sponding temperature was recorded as the CPT.

Upon reaching the CPT, the specimens were removed from the
test cell, rinsed with distilled water followed by 95% ethanol,
and dried with compressed air. The specimen surfaces were
then examined visually and under binocular and 3D micro-
scopes to confirm pitting. The observation of pits was essential
to validate the CPT results; if no pitting was detected, the test
was repeated [34].

3.4 | Crevice Corrosion Test Setup and Procedure

The crevice test was performed in a non-metallic exposure tank
containing approximately 300 L of natural seawater. To closely
replicate marine immersion conditions, seawater from Brest
Bay, France, was continuously pumped into the tank from
depths between 5 and 10 m below the sea surface. The seawater
was renewed at a flow rate of 300 L/day, ensuring complete
replacement of the tank volume every 24h. As depicted in
Figure 4, the natural seawater temperature during the test
period fluctuated between 12°C and 18°C. However, as tem-
perature is known to increase the corrosiveness of seawater, the
test medium temperature was maintained constant at an
ambient temperature level of 20+3°C via a temperature-
controlled heater. Additionally, a pump circulated seawater
within the tank to ensure homogeneous conditions.

Other environmental parameters, including dissolved oxygen
(DO), pH, and salinity, were maintained at levels comparable to
those of in situ seawater conditions in Brest Bay, France. As
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illustrated in Figure 5, the pH remained within a narrow range of
7.8-8.0, whereas the dissolved oxygen content exhibited a rela-
tively stable pattern, fluctuating between 5 and 7 mL/L. Salinity
increased from 33.5 to 35 PSU due to seasonal variations.

During the immersion period (6 months), the open circuit
potential (OCP) of the specimens was continuously logged at a
frequency of one reading every 30 min. The potentials were
measured against an Ag-AgCl/KCl-gel electrode calibrated with
a saturated calomel electrode (SCE). A high-impedance data
logger (> 10'! Q), suitable for electrochemical measurements,
was used to record the potential.

Five specimens were removed from the tank at three distinct
intervals, corresponding to approximately 1, 3, and 6 months of
immersion, representing short-, mid-, and long-term exposure,
respectively. Due to operational constraints, the actual removal

Temperature trend of intake seawater taken from Brest Bay, France (before regulation at 20 + 3°C in the exposure tank) [47]. [Color

times were 35, 90, and 184 days, during which continuous OCP
monitoring was conducted. For 1.4410 grade, specimens were
collected only after 184 days. At each removal interval, priority
was given to the selection of corroded specimens. After
removal, the specimens were rinsed with tap water and then
placed in an ultrasonic bath containing a 25vol% nitric acid
solution to remove all the corrosion products.

The depth, area, and profile of the specimens’ corroded zones were
measured and analyzed in relation to the OCP trend. These analyses
were conducted using the focalization method combined with OM,
VSI microscope, and JMicroVision image-analysis software, as
shown in Figure 6. In addition, the microstructure of the corroded
surfaces was examined via OM, and a Hitachi SU 3500 scanning
electron microscope (SEM) associated with energy dispersive spec-
troscopy (EDS) was used to assess the corrosion mechanism.
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4 | Results

4.1 | Pitting Test Results

Figure 7 illustrates the variation in current density as a function
of temperature. The critical pitting temperatures (CPTs) are the
points at which the current density exceeds 100 pA/cm?
(depicted with red bullets on the graphs) and remains above this
threshold for at least 60 s (the time interval corresponding to a
temperature increment of 1°C) [34].

Table 4 presents the CPTs for the four grades. Considering
the standard deviations, the results demonstrate very good
reproducibility. The CPTs of the four grades are clearly
distinguishable, with significantly different values of 13.1,
29.9, 56.0, and 89.5°C for grades 1.4404, 1.4062, 1.4462, and
1.4410, respectively. The distinguishability is further em-
phasized by calculating the ratios between the CPT of each
grade and the CPT of 1.4404 austenitic stainless steel as
the baseline reference. These ratios reveal an approximately
twofold increase between each successive material in
the series. Notably, for grade 1.4410, two replicates reached
the maximum operational temperature of the experime-
ntal setup (90°C) with the current density well below the

Environmental parameters during the test duration, including salinity, dissolved oxygen, and pH [47]. [Color figure can be viewed at

100 wA/cm? threshold, indicating a very low susceptibility to
pitting corrosion for this grade.

Due to its specific test conditions, the CPT method is primarily used
to rank material grades rather than to represent their actual cor-
rosion behavior in service environments. Table 5 presents the PREN
(Equation 1) of the four tested grades, calculated with their chem-
ical compositions from Table 1.

A comparison of Tables 4 and 5 reveals that, while the PREN
values in Table 5 suggest very close pitting resistance for
grades 1.4404 and 1.4062, the CPT results in Table 4 clearly
indicate distinct pitting resistance ranges. This discrepancy
likely arises from the fact that PREN is calculated solely
based on the chemical composition of specific alloying ele-
ments. As a result, several influential factors, such as other
alloying elements, metallurgical quality, and surface finish,
are not accounted for in the PREN calculation, potentially
leading to an unadopted assessment of actual corrosion
resistance [48].

Figure 8 shows that the PREN exhibits a quasi-linear relationship
with the CPT values for the three commonly used grades 1.4404,
1.4462, and 1.4410, which is consistent with the trend reported in
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TABLE 4 | CPT test results for the four grades.
CPT (°C)
Grades 1 2 3 STD EV.P Average CPT CPT changing ratio
1.4404 14.3 13.2 11.8 1.0 13.1 1.0
1.4062 29.5 30.9 29.2 0.7 29.9 2.3
1.4462 57.3 55.1 55.6 0.9 56.0 4.3
1.4410 88.6 > 90* > 90% 0.7 89.5 6.8

#The maximum operation temperature of the test setup is 90°C.

TABLE 5 |
actual chemical compositions (in weight percent) from Table 1 into

PREN of the four grades calculated by applying the

Equation (1).

Grades PREN Change ratio
1.4404 24.1 1.0
1.4062 26.8 1.1
1.4462 35.7 1.5
1.4410 41.7 1.7
100
1.4410
%0 | 14410~y e
P /'.
80
1.4410
70 t 1.4462
_ 60
9 1.4462
= 50 f
£ 1.4462
© a0 f
30 +
20 | 1.4404 Linear (This Study)
1.4404
= = -Linear (Ref. no. [47])
10 ¢ 1.4404
-------- Linear (Ref. no. [48])
0 1 1 1 1 1 1 1 1
=3 N < el o = o < ol el = a Y ol
N (o] o (] L5 | g} Lag} Lae} Lagl g} < e - <
PREN
FIGURE 8 | CPT versus PREN changes for four grades. Red: linear

regression and data obtained via this study. Green: linear regression and
data adapted from [49]; blue: linear regression and data adapted from [50].
[Color figure can be viewed at wileyonlinelibrary.com]

the literature [15, 49, 50]. However, grade 1.4062 locates above the
fitted lines from this study and literature suggesting that despite the
limitted difference in PREN values, 26.8 versus 24.1 for 1.4062 and
1.4404, respectively, the 1.4062 lean DSS can be significantly more
resistant to pitting corrosion than the 1.4404 austenitic stainless
steel considering CPT of 29.9°C versus 13.1°C for 1.4062 and 1.4404,
respectively.

Microscopic inspections confirmed the CPT test results,
revealing denser and deeper pitting in the lower-resistance
grades. By microscopic evaluation, numerous pits were
observed on the surface of grade 1.4404, while for duplex
grades, individual pits were observed. The maximum corrosion
depth on the 1.4404, 1.4062 (shown as an example in Figure 9),
and 1.4462 specimens was 72, 42, and 8 um (shallow etching
<25um), respectively. The grade 1.4410 exhibited only a
superficial attack with a depth of less than 5um [5, 48].

100 pixels

Maghnification: 5X

Direction 1 2 3 4 ] 6
Max. Depth (um) 26 38 42 22 6 40
FIGURE 9 | Pit depth measurements carried out by a 3D micro-

scope on 1.4062 grade as an example. [Color figure can be viewed at
wileyonlinelibrary.com]

42 |
421 |

Crevice Test Results
Crevice Test Results for the 1.4404 Austenitic SS

Tables 6-9 include various corrosion parameters, including the
duration of active corrosion, maximum corrosion depth, cor-
roded surface area, and enclosed area. The active corrosion
duration is defined as the time interval between the initiation of
localized corrosion and repassivation, that is, the recovery of the
potential prior to its subsequent drop. Furthermore, the en-
closed area parameter, as shown by Figure 22, represents the
approximate integral of the area enclosed between the OCP
curve of each specimen and that of a corrosion-free specimen. It
reflects the electrochemical deviation over time and provides
insight into corrosion evolution, regardless of the alloy type.

As shown in Table 6, all 1.4404 specimens exhibited corrosion;
however, only four showed crevice corrosion solely. No in-
stances of solely crevice corrosion were observed after 90 days
of immersion, suggesting that pitting corrosion was the domi-
nant mechanism and that 1.4404 is highly sensitive to it.
Specimens displaying mixed corrosion modes (both pitting and
crevice) are shaded in Table 6 for clarity.

Furthermore, a distinctive elongated corrosion pattern,
accompanied by corrosion product deposition, was observed in
9 out of 15 specimens of grade 1.4404, as illustrated in
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Data extracted from the crevice corrosion test for 1.4410 grade.

TABLE 9

Enclosed

%Corroded area

First
side

Maximum

First active

corrosion
initiation (day)

Max. metastable

area
(mV-day)

Second

corrosion
depth (um)

Active corrosion

corrosion
duration (hour)

Specimen

Immersion

time

side

duration (day)

Corr. type

number

No

corrosion

1.4410-1

184 Days

12.53
0.42

0

33%

263

102

82

Crevice

1.4410-2

No

corrosion

1.4410-3

0.37

No

corrosion

1.4410-4

16.98

0

55.9%

140 717

44

Crevice

1.4410-5

Note: The shadowed rows show the samples for which the crevice corrosion did not occur.

Figure 10. The associated corrosion mechanism for this pattern
is discussed further in Section 3.

As shown in Figure 11, 12 out of 15 specimens of the 1.4404
grade, specifically specimens 1.4404-1, -2, -3, -5, -6, -7, -8, -9, -10,
-12, -13, and -15, have at least one side with 100% corrosion
coverage. Among these, six specimens (1.4404-1, -5, -6, -8, -9,
and -15) exhibited 100% corrosion coverage on both sides.
Furthermore, as shown in Table 6, five specimens (1.4404-1, -5,
-9, -13, and -15) were perforated through their entire thickness,
indicating a high degree of degradation under the tested
conditions.

After completing the crevice test, a microstructural analysis of
the corroded specimens was carried out. Figure 12 shows a
representative micrograph of the 1.4404 grade indicating uni-
form corrosion attack within the crevice region.

4.2.2 | Crevice Test Results for the 1.4062 Lean DSS

As shown in Table 7, all 1.4062 specimens exhibited corrosion,
with no corrosion-free cases identified. A notable finding in the
crevice corrosion results of 1.4062 is that 8 out of 15 specimens
showed pitting corrosion, either independently or in conjunc-
tion with crevice corrosion. These pitting sites were located
primarily along the cut edges. Specimens exhibiting both cor-
rosion forms are shaded in Table 7 and were excluded from
further crevice corrosion analysis, as they do not represent
crevice corrosion conditions solely.

Compared with grade 1.4404, more cases of solely crevice cor-
rosion were observed in grade 1.4062, that is, seven samples
versus four. Moreover, solely crevice corrosion was observed
even after 184 days of immersion for specimens 1.4062-13 and -
15, and no sign of elongated corrosion, as shown in Figure 10,
was detected.

As shown in Figure 13, all 1.4062 samples exhibited
visible signs of corrosion in the crevice region, with varying
degrees of severity. No corrosion-free samples were observed.
Notably, several samples, including samples 1.4062-5, -7, -12,
-13, -14, and -15, showed nearly 100% corrosion coverage
on one side. Among them, samples 1.4062-5 and 1.4062-14
exhibited complete corrosion coverage on both sides.
Furthermore, specimen 1.4062-5 experienced through-
thickness perforation. Even without detailed numerical
analysis, a visual comparison between Figures 11 and 13
suggests a more noble crevice corrosion behavior for 1.4062
than 1.4404.

According to Figure 14, corrosion of both ferrite and austenite
phases can be observed simultaneously in the crevice region of
the corroded 1.4062 samples.

4.2.3 | Crevice Test Results for the 1.4462 Standard DSS

Table 8 summarizes all the measured parameters from the
crevice corrosion tests conducted on 1.4462. As shown, two
samples, 1.4462-8 and 1.4462-15, remained corrosion-free after
35 and 184 days of exposure, respectively. These samples are
shaded in Table 8 for easy identification. The remaining 13
samples exhibited signs of crevice corrosion. Among them,
seven showed only metastable potential drops without pro-
gression to active corrosion.

12
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Notably, specimen 1.4462-5 displayed an unusual corrosion
pattern, where initiation did not occur at the crevice edge.
Two classical theories explain the crevice corrosion initia-
tion: the critical crevice solution theory (CCST) and the IR
drop theory (IRDT) [2, 51-54]. Considering the IRDT, the
crevice should be initiated in the vicinity of the crevice en-
trance/mouth. All 1.4462 samples followed this theory except
for sample 1.4462-5. Therefore, owing to its atypical behavior,
it was excluded from further corrosion assessments. Analysis
of the six remaining samples suggested that a continuous
potential drop of at least 5 h was required to produce a visible
surface indication.

According to Figure 15, all samples except 1.4462-8 and 1.4462-
15 exhibited visible corrosion indications in the crevice region.
However, the severity of corrosion varies significantly among
the affected samples. Compared with 1.4404 and 1.4062, both
the number of corroded samples and the severity of corrosion in
the 1.4462 samples are significantly lower.

Figure 16 shows that, similar to 1.4062, corrosion occurred in
both the ferrite and austenite phases, depending on the
inspection location within the crevice profile.

4.2.4 | Crevice Test Results for the 1.4410 Super DSS

Table 9 presents the crevice corrosion test results for alloy
1.4410. Among the five tested samples, three remained
corrosion-free after 184 days of exposure to natural seawater at
20°C. These non-corroded specimens are shaded in Table 9 for
clarity. Conversely, two samples exhibited signs of corrosion.
The enclosed area parameters obtained for the corroded sam-
ples of 1.4410-1, -3, and -4 are consistent with the suggestion in
Section 4.2.3 that a continuous potential drop of at least 5h is
required to initiate corrosion.

~

Hanging
point

Crevice
Corrosion

{
1
1
|

Corrosion
Indication

SRRt SRR . 7

1.4404 austenitic SS specimen no. 1.4404-1: (a) before cleaning and (b) after cleaning. [Color figure can be viewed at

An evaluation of the OCP trends is shown in Figure 17. The
initial OCP oscillations occurring during the first weeks are
attributed to the metastable pits in the cut edges. The results
reveal that the three non-corroded specimens experienced only
metastable potential drops, indicating the absence of active
corrosion. Among these samples, specimen 1.4410-1, which
exhibited a maximum metastable potential drop lasting less
than 4 h, remained completely free of discoloration. The other
two samples, 1.4410-3 and 1.4410-4, experienced longer meta-
stable potential drops of 9 and 6 h, respectively, and displayed
some surface discoloration, but no measurable corrosion.

In contrast, samples 1.4410-2 and 1.4410-5 (the corroded samples)
exhibited significant and sustained decreases in potential, clearly
indicating the initiation of active crevice corrosion. After 184 days,
this led to maximum corrosion depths of 263 and 717 pm, as shown
in Table 9, for samples 1.4410-2 and 1.4410-5, respectively.

Figure 18 shows the crevice zones on both sides of all five
samples, including the two corroded (1.4410-2 and 1.4410-5)
and three non-corroded (1.4410-1, 1.4410-3, and 1.4410-4)
samples. Compared to the grade 1.4462 sample, a lower per-
centage of the samples were corroded (40% vs. 87%).

Figure 19 presents micrographs of the corroded surface of the
1.4410 grade. As shown, simultaneous corrosion of both ferrite
and austenite was observed. This feature was also previously
observed in the 1.4462 and 1.4062 DSS grades.

5 | Discussion

In terms of pitting resistance, the CPT results confirmed the PREN-
derived ranking: 1.4410 >1.4462 > 1.4062 > 1.4404. This ranking
was further supported by the crevice immersion test. In the cases of
1.4410 and 1.4462, no pitting was observed, interfering with crevice

Materials and Corrosion, 2026

13


http://wileyonlinelibrary.com

FIGURE 11 |

A
]
'
'
'

Non-corroded surface

FIGURE 12 | Micrograph of the corroded surface of 1.4404 sample
by OM. [Color figure can be viewed at wileyonlinelibrary.com]

1.4404-12

Macro-photos taken from the crevice regions of both sides for the 1.4404 specimens.

corrosion. In contrast, pitting occurred in 8 out of 15 samples and in
11 out of 15 samples for 1.4062 and 1.4404, respectively. Notably,
two 1.4062 samples remained pitting-free even after 184 days of
exposure, whereas all 1.4404 samples exhibited pitting within
90 days of exposure.

Moreover, pitting in the 1.4062 samples was limited to the sample
edges. However, for 1.4404, an additional form of corrosion was
observed under corrosion deposits. In the literature, it has been
referred to as elongated pitting [55]. This phenomenon is explained
by the critical crevice solution theory (CCST), which states that the
crevice former creates an oxygen concentration cell, with the crevice
region acting as the anodic area and the surrounding oxygen-rich
region acting as the cathodic area. Within the crevice, the lack of
oxygen reduction allows the accumulation of metal cations from
anodic dissolution, which attracts chloride ions and generates a
concentrated acidic solution via hydrolysis [2, 56]. Due to its high
specific gravity, this solution flows downward under gravity,
breaking down the passive layer upon contact with the surface.

14
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FIGURE 13 | Macro-photos taken from the crevice regions of both sides for the 1.4062 samples. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 14 | Micrographs of the corroded surface of grade 1.4062. (a) Corrosion of ferrite (ct). (b) Corrosion of austenite (y). [Color figure can be viewed

at wileyonlinelibrary.com]

This mechanism accounts for the elongated corrosion features
observed in the 1.4404 samples, all of which originated from the
lower edge of the crevice former and extended downward
(Figure 10). Whereas this feature was absent in the samples

removed from the test medium after 35 days of exposure, it was
observed in almost all samples retrieved after 90 and 184 days.
This suggests that a minimum duration was required to form
highly corrosive condition below corrosion deposit. The absence

Materials and Corrosion, 2026
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FIGURE 15

1.4462-7

e

1.4462-11

1.4462-10

DT

15
-

Macro-photos taken from the crevice regions of both sides for the 1.4462 samples. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 16

viewed at wileyonlinelibrary.com]

Micrographs of the corroded surface of grade 1.4462. (a) Corrosion of ferrite (). (b) Corrosion of austenite (y). [Color figure can be

of such corrosion in the 1.4062 samples implies that its passive Regarding crevice corrosion, on the basis of the results pre-
film offers greater resistance to acidic environments, making sented in Tables 6-9 and Figures 11, 13, 15, and 18, none of the
1.4062 a safer alternative to 1.4404 in conditions susceptible to materials evaluated in this study were fully resistant to crevice

this type of localized corrosion.

corrosion. Even super DSS and standard DSS exhibited varying
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OCP (volt) vs. Ag/AgCl in Saturated KCl1

FIGURE 17

FIGURE 18

FIGURE 19

viewed at wileyonlinelibrary.com]

Metastable 1.4410-1
potential drop
1.4410-3 1.4410-4
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‘4
i
i
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' : 1.4410-5
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! < >
C Active Corrosion
U »>
Active Corrosion
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——1.4410-2
1.4410-3
—e—1.4410-4
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Test Duration (Day)

OCP trends of five 1.4410 samples, including 1.4410-1, 1.4410-2, 1.4410-3, 1.4410-4, and 1.4410-5, for 184 days of immersion in
natural seawater at ambient temperature (20°C) and under 20 N/mm? pressure. [Color figure can be viewed at wileyonlinelibrary.com]

N

—

1.4410-1

Macro-photos taken from the crevice regions of both sides for the 1.4410 samples.

Micrographs of the corroded surface of grade 1.4410. (a) Corrosion of ferrite (c). (b) Corrosion of austenite (y). [Color figure can be
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degrees of attack. This observation suggests that, although some
studies [5-7, 13, 43] have shown that super DSSs exhibit
resistance to crevice corrosion in seawater at 20°C, altering the
crevice conditions, for example, increasing the severity of the
geometry, can significantly affect their performance. For ex-
ample, although this study uses the same test temperature
(20°C), test medium (natural seawater from Brest Bay, France),
and applied pressure (20 N/mm?) as those used in Larché [44],
the significantly lower surface roughness used here (0.3 um
compared with 3 um in Larché's study) is known to promote
more aggressive crevice conditions [21].

Despite the occurrence of crevice corrosion in all four tested
grades, its extent and severity varied. As shown in Table 10,
none of the 1.4410 or 1.4462 samples experienced complete
(100%) corrosion within the crevice region. In contrast, both
1.4062 and 1.4404 presented cases of full crevice zone corrosion,
with the incidence being significantly greater for 1.4404. Spe-
cifically, the number of samples exhibiting 100% corrosion on at
least one side was 1.6 times greater for 1.4404 than for 1.4062.
Accordingly, on the basis of the corroded area parameter, the
crevice corrosion resistance ranking is confirmed as follows:
1.4410 > 1.4462 > 1.4062 > 1.4404.

Figure 20 shows the distribution of corrosion depth for the
four grades after 35 days of immersion in natural seawater.
Among the tested materials, the 1.4404 grade exhibited the
highest average and median of corrosion depths, along with
the largest variation, indicating a less consistent corrosion
resistance performance. In contrast, the 1.4062 grade dem-
onstrated a lower average, median, and variation in corrosion
depth, suggesting more stable behavior, although still inferior
to that of the 1.4462 grade. As illustrated in Figure 20, the
average corrosion depth of 1.4404 is approximately 1.5 times
higher than that of 1.4062. Based on Figure 17, which shows
no potential drop over 35 days, and the visual inspection of
the immersed samples, no corrosion was observed on grade
1.4410 after 35 days of immersion. Thus, the previously es-
tablished ranking of crevice corrosion resistance is further
validated.

Figure 21 presents the OCP curves of a non-corroded standard
duplex specimen (1.4462-15) and a corroded lean duplex spec-
imen (1.4062-15). In general, OCP reflects the mixed potential
of the anodic and cathodic regions on a single sample surface
[57]. As sample 1.4462-15 remained free of corrosion after
184 days of immersion, its OCP behavior can be considered
representative of corrosion-free conditions. Given the compo-
sitional similarities between 1.4462, 1.4062, and 1.4404, the
OCP trend observed for 1.4462-15 may also serve as an
approximate baseline for these grades.

TABLE 10 |

Additionally, Figure 21 illustrates the different stages of OCP
evolution for 1.4062-15, which serves as an example of a
crevice-corroded sample. Both samples shown in Figure 21
exhibit a noble potential shift. This phenomenon, known as
potential ennoblement, occurs in passive metals exposed to
natural seawater and is attributed to biofilm formation on the
metal surface. The biofilm enhances the cathodic reduction of
oxygen through various mechanisms described in previous
studies [21, 58-60]. Potential ennoblement increases the sus-
ceptibility to localized corrosion by shifting the metal's potential
closer to the critical pitting and crevice corrosion potential [4].
While non-corroded specimens (e.g., 1.4462-15) show only
metastable potential drops, corroded samples (e.g., 1.4062-15)
exhibit significant and sustained potential drops, indicating the
onset of active corrosion [11, 13, 61-63]. Consequently, the OCP
curves of non-corroded specimens are used as a reference to
interpret the corrosion behavior of other samples. This is sim-
ilar to the method used in electrochemical noise (EN) sensors
[63-65]. This method can also be used to quantify different
corrosion parameters, including the corrosion initiation time.
For example, in Figure 22, the OCP of specimen 1.4462-12
begins to deviate from the reference trend (non-corroded

*
E11.4404 £ 1.4002 [@1.4462 EB31.4410

2000
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FIGURE 20 | Corrosion depth distributions for four grades: 1.4404,
1.4062, 1.4462, and 1.4410, after 35 days of immersion. The average
corrosion depths are shown by cross marks on the box and whisker
charts. *For grade 1.4410, no potential drop indicative of localized
corrosion was observed in the OCP plots over 35 days (Figure 17),
which was confirmed by the visual inspection of the immersed samples.
Therefore, the corrosion depth was considered zero for this grade.
[Color figure can be viewed at wileyonlinelibrary.com]

Severity of crevice corrosion for grades 1.4410, 1.4462, 1.4062, and 1.4404 considering their corroded area.

Maximum of %

Material grade corroded area

No. of one-side 100%
corroded area

No. of two-side 100%
corroded area

1.4410 (2507) 56%
1.4462 (2205) 46%
1.4062 (2202) 100%
1.4404 (316 L) 100%

0 0

0 0
5 1
8 5
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Metastable Potential Drops
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FIGURE 21 | OCP curves of a non-corroded specimen 1.4462-15 (red) and a corroded specimen 1.4062-15 (blue). [Color figure can be viewed at

wileyonlinelibrary.com]|
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FIGURE 22 | OCP graphs of 1.4462-15 and -12 depicted in the same time range. When the blue (1.4462-12) graph deviates from the red (1.4462-15)
graph, corrosion has occurred. The enclosed area has been shaded. [Color figure can be viewed at wileyonlinelibrary.com]

specimen 1.4462-15) after approximately 7 days, indicating the
initiation of crevice corrosion. This deviation, entitled the en-
closed area in the result tables, is shown by the shaded region in
Figure 22. There is potential to correlate the empirical data of

the enclosed area, corrosion depth, and corrosion duration to
develop a numerical model for estimating the corrosion rate.
However, further research is needed to establish and validate
such a model in practical applications.
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The four target grades in this study are categorized in Figure 23
based on the time to active corrosion initiation. “Active Cor-
rosion Initiation” was determined by the first significant
potential drop in the OCP graph, which lasts for at least 1 day.

[31.4404 £1.4062 [ 1.4462 £31.4410

160

140

120

100

Active Corrosion Initiation (Day)
x©
(=]

60
=y
40 k
o
20 B o)
o
< SIS
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FIGURE 23 | Initiation day of active corrosion in the immersion

crevice test for 1.4410, 1.4462, 1.4062, and 1.4404. [Color figure can be
viewed at wileyonlinelibrary.com]

Sampling Cr (Yowt) Mo (Yowt) N (Yowt) Ni (Yowt)
Point 1 () 21.80 2.70 0.32 6.90
Point 2 (a) 25.40 3.90 0.05 3.60
Point 3 (y) 21.90 220 0.05 6.70
Point 4 (a) 25.10 3.90 0.32 4.40

FIGURE 24 |
wileyonlinelibrary.com]

The time required for active corrosion initiation is the shortest
for 1.4404, followed by 1.4062 and then 1.4462. As expected, the
longest incubation time before corrosion initiation was
observed at 1.4410. Substituting 1.4062 for 1.4404 could allow
approximately 30% more exposure time in seawater before
corrosion begins, which may be significant for applications
where the system is in limited contact with seawater prior to
reaching normal service conditions. Based on the time to first
corrosion initiation, the tested grades can be ranked as follows:
1.4404 < 1.4062 < 1.4462 < 1.4410.

Previous studies have shown that, in the absence of secondary
phases, localized corrosion in DSSs occurs as selective corrosion of
either the ferrite or austenite phase [66-69]. Some studies have
proposed that this process is governed primarily by the phase with
lower corrosion resistance and can be correlated with the local
pitting resistance equivalent (PREN) of each phase [48, 70, 71]. To
evaluate the validity of this correlation, a corroded sample of
14462 DSS was analyzed. As shown in Figure 24, energy-
dispersive spectroscopy (EDS) was performed on both the aus-
tenite and ferrite phases to determine their chemical compositions
and to calculate their local PREN values via Equation (1). Notably,
owing to the limitations of EDS in measuring nitrogen content, an
established method from the literature was adopted for its esti-
mation [71].

According to Table 11, the PREN values of the ferrite phase are
significantly higher than those of the austenite phase, which
would theoretically suggest superior resistance to localized
corrosion. However, as shown in Figure 24, selective corrosion
occurred in the ferrite phase within this region of the sample.
This observation challenges the assumption that local PREN
values alone are sufficient to predict the selective corrosion
behavior between the ferrite and austenite phases and that the
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EDS analysis of the ferrite and austenite phases in a 1.4462 DSS sample, close to the corroded zone. [Color figure can be viewed at
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solution they are exposed to, and its pH should also be
considered.

Several studies [2, 21, 22, 43, 48, 66] have reported the
selective corrosion of the ferrite phase in DSSs when they are

TABLE11 |
close to the corroded surface of the 1.4462 sample.

PREN of two ferrite phases and two austenite phases

Sampling Point Point Point Point
point 1(y) 2 () 3() 4 (»)
PREN 35.7 39.1 34.2 38.8

exposed to natural seawater, chlorinated seawater, and was-
tewater. Moreover, other works [67-69, 72] indicate that the
preferentially corroded phase may vary depending on both
the metallurgical characteristics of the material and the
properties of the corrosive environment. Tsai et al. [67] pro-
posed that the nature of the oxidizing anions, in addition to
the chemical composition of the alloy, governs the corrosion
behavior of ferrite and austenite. They demonstrated that in a
H,SO4+HCI solution, the ferrite phase in 1.4462 DSS acts as
the anode and is selectively corroded. In contrast, in HNOj
solution, austenite becomes the anodic phase and is prefer-
entially corroded. This behavior is attributed to the parti-
tioning of alloying elements between the ferrite and austenite

FIGURE 25 |

(al), (a2), (a3) Binocular images from the cross-sectional view of the corrosion profile at 1.4062, 1.4462, and 1.4410, respectively.

(b1), (b2), (b3) Corrosion in ferrite (ct) for 1.4062, 1.4462, and 1.4410, respectively. (c1), (c2), (c3) Corrosion in austenite (y) for 1.4062, 1.4462, and

1.4410, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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phases, which causes their corrosion responses to differ in
various environments [67-69, 72].

In the present study, as illustrated in Figures 14, 16, and 19,
corrosion of both the ferrite and austenite phases occurred
simultaneously across all three examined DSS grades. This
observation is consistent with the findings of Ruel et al. [73],
who proposed that selective phase corrosion is influenced not
only by the alloy composition of the material and the oxidizing
power of the solution but also by the local pH. As such, in
different surface regions of the same material, where the
pH may vary, selective corrosion can manifest in different
phases. Ruel et al. [73] demonstrated that in 1.4362 lean DSS
exposed to NACE TMO0177 solution, austenite corrodes prefer-
entially at the early stage. As acidification progresses, particu-
larly at the bottom of a defect, ferrite corrosion ensues. In the
present study, the observed correlation between corrosion
mechanisms and their spatial locations aligns well with Ruel's
findings. As shown in Figure 25, corrosion of both phases is
evident across all three DSS grades. Specifically, austenite (y)
preferentially corroded near the surface, whereas ferrite (x)
exhibited greater corrosion deeper within the profile, where the
local environment is likely more acidic. Therefore, no evidence
of the selective corrosion of a specific phase was observed.

6 | Conclusion

In this study, the localized corrosion behavior of grades 1.4404,
1.4062, 1.4462, and 1.4410 was evaluated via CPT electro-
chemical tests, crevice immersion tests, and OCP monitoring.
To assess corrosion severity and mechanism, as well as to
identify the corroded phase, corrosion depth, and corrosion
profile, a combination of 3D microscopy, SEM, EDS, optical
microscopy (OM) with the focalization method, and VSI
microscopy was employed. By combining these electrochemical
and microscopic techniques across four widely used stainless
steel grades, our study provides a detailed assessment of local-
ized corrosion behavior and draws important conclusions re-
garding material selection in seawater.

The following conclusions were drawn:

« The CPT test results and the results from the crevice
immersion tests confirm the ranking of localized corrosion
resistance for the four studied grades as follows:
1.4404 < 1.4062 < 1.4462 < 1.4410.

« Various measured crevice parameters, including the active
corrosion initiation day, corroded area, and corrosion
depth, validate the crevice corrosion resistance of the four
studied grades, with the same ranking.

« The crevice tests revealed that under severe crevice condi-
tions, as used in this study, all tested grades experienced
corrosion after 6 months at 20°C when subjected to a
crevice geometry of 20 N/mm? pressure and 0.3 + 0.1 um
surface roughness.

« The 1.4062 grade proves to be a cost-effective option for
applications involving limited contact with seawater before
normal service conditions are established. Its resistance to
both pitting and crevice corrosion is approximately 1.3
times greater than that of 1.4404.

« Simultaneous corrosion of austenite and ferrite in seawater
may occur, with a greater probability of austenite being
preferentially corroded near the surface and in shallow
crevices, whereas ferrite is more susceptible to corrosion
near the bottom and in deeper crevices, where the pH is
lower.

» The local PREN of ferrite and austenite does not reliably
predict the preferential phase for selective corrosion.

« Additionally, this study demonstrates that using the OCP
graph of a non-corroded specimen as a baseline allows devia-
tions to be monitored over time. Analyzing deviations from this
baseline graph would provide a reliable method for early cor-
rosion detection and quantitative rate estimation. This meth-
odology could serve as a practical tool for continuous
monitoring of key stainless steel structures in seawater.
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