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Theinherent variability of pitting poses challenges in accurately evaluating the pitting resistance due to
potential disparities in test results. This study compares the pitting resistance of two commercial 2205
duplex stainless steels. Counterintuitively, the variant with higher Pitting Resistance Equivalent
Number, exhibits a lower Critical Pitting Temperature. Through the potentiostatic pulse test and
potentiostatic polarization, this variant is observed to have a greater number of pitting initiation sites.
Further investigation, using SEM inclusion statistics, reveals an increased presence of inclusions rich
in calcium oxides as the underlying cause of this unexpected phenomenon.

The stable pitting process in stainless steel comprises distinct stages:
nucleation, metastable growth, and steady-state propagation'. These stages
are influenced by various factors. Consequently, pitting occurs randomly
under specific conditions of solution medium, potential and temperature”.
In the case of highly corrosion-resistant steels, this randomness may become
more pronounced, thus complicating the evaluation of pitting behavior™.

The pitting resistance of stainless steel is primarily controlled by
alloying content. The Pitting Resistance Equivalent Number (PREN) is
commonly used as a measure of pitting resistance’’. In duplex stainless
steel (DSS), the pitting resistance is influenced by the PREN of both aus-
tenite (y) and ferrite (o) phases, and optimal performance is achieved when
the austenite-ferrite ratio is close to 1:1'"'>. However, it is essential to note
that while PREN offers a direct, efficient, and preliminary assessment of
pitting resistance, it is a simplistic and empirical parameter*’. PREN does
not take into account factors such as surface roughness', presence of het-
erogeneous particles'*'® and the local variations'”'® of the protection
properties of the passive film. As a result, when comparing stainless steels
with similar pitting resistance, reliance solely on PREN may lead to inac-
curate conclusions.

The Critical Pitting Temperature (CPT) is often considered a more
accurate parameter for characterizing pitting resistance. However, when
comparing two samples with similar resistance, their respective CPT dis-
persion may significantly overshadow their differences'”**. Previous studies
have indicated that the potentiodynamic CPT (Z-curve) provides a more
reliable measure of pitting resistance than potentiostatic CPT>. Never-
theless, obtaining potentiodynamic CPT values necessitates extensive data
accumulation, potentially leading to time-consuming efforts, and it only
yields temperature values, which may hinder a comprehensive

understanding of the process and mechanism of pitting. Consequently,
evaluating high-performance stainless steels with similar pitting char-
acteristics remains a significant challenge'’. Moreover, the initiation process
of pitting plays a crucial role in high performance stainless steel, thus further
investigation into the initiation process is necessary.

The potentiostatic pulse test (PPT) is capable of inducing a consider-
able number of pits simultaneously, enabling more efficient statistical eva-
luation and mitigating the influence of pitting randomness™. More
importantly, it can retain early information about pitting development
through parameter control, thereby enabling convenient research into the
initiation behavior of pitting'>***.

In this study we undertake a comparative assessment of two types of
2205 DSS, which were provided by two different companies. These are
designated as 2205-A and 2205-B, respectively. The specifications of both
2205-A and 2205-B are summarized in Table 1. The relative pitting resis-
tance as suggested by PREN contradicts with that revealed by CPT. To
reconcile this discrepancy, we conducted a series of PPT tests accompanied
by corresponding morphological characterizations, allowing for an
exhaustive statistical analysis. The results show that the discrepancy can be
attributed to the disparity in the amount of calcium-containing complex
oxide inclusions.

Results

Microstructure

The optical morphologies of 2205-A and 2205-B etched by Murakami
solution are illustrated in Fig. 1. The brown regions represent the o phase,
while the white regions represent the y phase. In Fig. 1a, ¢, two phases of both
hot-rolled specimens are elongated parallel to the rolling direction (RD).
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Table 1 | Composition of two types of 2205 DSS

Materials Cr Ni Mo N Mn C Si S P Fe
2205-A 2232 523 293 0.15 1.19 0.022 0.55 <0.001 0.025 Bal
2205-B 2227 546 3.10 0.15 1.37 0.026 0.47 <0.001 0.023 Bal

Further examination at higher magnification reveals the absence of black
carbides or any discernible third phase (Fig. 1b, d). The X-ray diffraction
(XRD) pattern (Fig. le) also confirms that both types of 2205 DSS consist of
a and y phases.

Image] software is utilized to calculate the phase proportions of
2205-A and 2205-B, as shown in Table 2. The average elemental com-
positions of a and y, which were determined through EDS at 10 different
positions, were used for PREN calculation. In DSS, the a phase is enri-
ched with Cr and Mo, while the y phase contains higher levels of Ni and
N. However, it should be noted that EDS has limited sensitivity in
detecting N, thus the mass fractions of N in the two phases are estimated.
According to references™” the content of N in the a phase is considered
to be at saturation, approximately 0.05 wt.%. Given that the overall N
content in 2205-A and 2205-B is 0.15 wt.%, the distribution of N in the y
phase can be calculated by considering the volume fraction of the total N
content and y phase in the alloy. Based on the above compositions, the
PREN is calculated by formula (1)

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

In this equation, %Cr, %Mo, and %N are the mass fractions of Cr, Mo,
and N, respectively, in the alloy.

PREN is frequently used as a direct measure of pitting resistance™. The
phase ratio of 2205-B is more uniform, and the PREN values of its o and y
phases are comparably higher. Should the PREN be directly applied as the
benchmark for evaluating pitting resistance, it would imply that 2205-B is
expected to exhibit enhanced pitting resistance.

Electrochemical impedance spectroscopy

Figure 2 displays the electrochemical impedance spectroscopy (EIS) results.
The Bode plots for both 2205-A and 2205-B exhibit two time constants,
requiring the use of an equivalent circuit diagram with two time constants to
fit the EIS data™"', as embedded in Fig. 2a. This equivalent circuit is con-
sidered to be the bilayer structure comprising of a porous outer layer and a
relative compact inner layer”. Rg represents the solution resistance, R is the
diffusion resistance for ions across the outer layer and R, reflects the charge-
transfer resistance. The constant-phase elements CPE; and CPE, corre-
spond to the capacitive behavior of the outer layer and the electrochemical
response of the electrical double layer at the end of the ion channels in the
outer layer, respectively.

CPE (Q, n) represents the constant phase element characterizing the
frequency dispersion behavior arising from electrode surface hetero-
geneity. In accordance with this electrical equivalent circuit, the CPE;
may exhibit a normal distribution of its time constant and the CPE, is
typically regarded as having a surface distribution’”. Hirschorn et al.”
established a relationship between CPE parameters and effective

Fig. 1 | Duplex microstructures of 2205. a, b are
optical morphologies of 2205-A after etching; (c)
and (d) are 2205-B. e XRD diffraction pattern.

(b)

RD RD
200 |
L’ND " ND iy
() (d)
RD RD
l 200 um | 20 um
ND — ND
()
e
(110 v
[ ]
(200 21D
g [ R A 2
g
=
B [ ] | 4
30 35 40 45 50 55 60 65 70 75 80 8 90
20
npj Materials Degradation | (2024)8:30 2



https://doi.org/10.1038/s41529-024-00448-8

Article

Table 2 | Two-phase ratio and alloying element content of
2205 DSS

Materials Phase Proportion % Crwt% Mowt% Niwt% Nwt% PREN

2205-A v 41.82 19.87 2.04 6.26 0.28 31.23
o 58.18 2293 3.15 4.04 0.05 34.12
2205-B v 46.72 20.03 212 6.38 0.27 31.35
[\ 53.28 23.16  3.38 4.02 0.05 35.11

capacitance (Cef;p1) based on the electrode admittance’s characteristic
time constant, expressed as follows:

where Q and n are the CPE, parameters. ¢ represents the dielectric
constant (15.6 for stainless steel passive film), & is the vacuum per-
mittivity (8.85 x 1072 F-m™"), and p4 stands for resistivity with a desig-
nated value of 500 Q m ™. As for the surface distribution condition, Brug
formula can be used to convert this CPE, into an effective capacitance
(Ceff,surf)32:

Ceft surf = Ql/n(Rl_1 + Rz_l)(nil)/n 4)

where Q and n are the CPE, parameters. The fitted R, values are larger than
the R, values, indicating that the charge transfer is the dominant process in
the electrochemical system of the passive film. Polarization resistance (Ry,),

1- ; . 31 )
Cor pr. = §QUp4e80)" ™" (2) commonly used to assess passive film protection performance’, is calcu
lated as follows:
=1+2.88(1 —n)**" 3
g=1+2.88( ) (3) R, =R, +R, 5)
Fig. 2 | The EIS results of different applied (a) (b)
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2.03610 x 10°

1.06420 x 10°
7.1560 x 10*

4.60518 x 10°°

0.91782
0.98145

4.29x10°°

9.7190 x 10*
5.5155 x 10*
8.8410 x 10*

2.43831x107°

0.96850

2.06 5.47 x10°°

A-0.20V (vs. SCE)
B-0.01V (vs. OCP)
B-0.00V (vs. SCE)
B-0.10V (vs. SCE)
B-0.20V (vs. SCE)

1.26715x 10°

1.02745 x 10°®

1.05x10°°
1.23x10°°

2.88519x107°

0.97944
0.99315

4.89x10°°

2.181
2.546
2.531

1.20260 x 10° 2.08670 x 10°

1.1733x10°°

0.91475
0.98598
0.89905

2.15840x 10~°

2.57x10°°

4.21220 x 10°
2.5790 x 10*

2.60040 x 10°

1.2903 x 10*

222983 x 10°°

1.61180 x 10° 2.28x10°°

1.2887 x 10*

1.43457 x 107°

0.96091

3.91x10°°

2.94x107* 3.16292 x 10°*

4.74054 x 10°°

0.98891

6.30x10°°

2.693

Table 3 displays the calculated R, values of passive films at different
potentials.

In the range from OCP to 0.10 V (vs. SCE), the arc radius of Nyquist
and the R, value of 2205-B are larger than 2205-A at the same applied
potential, which indicates that the charge transfer resistance of 2205-B is
greater and the passive film is more protective.

However, when the applied potential reached higher potential range
(0.2 V vs. SCE), the Ry, values of both specimens began to decline, especially
for 2205-B. The transition indicates that 2205 DSS is in the potential range
where pitting is possible, and the overall protection of the passive film
decreases™”'. The potentiodynamic polarization curves (Fig. 3) also
demonstrate that pitting will occur when the applied potential exceeds 0.2 V
(vs. SCE) at 85 °C.

Based on the EIS results, it can be concluded that the passive film of
2205-B is more protective compared to 2205-A within a stable potential
range, aligning with PREN result. However, as the EIS sinusoidal potential
amplitude enters the pitting initiation range, 2205-B is more susceptible to
pitting.

Critical pitting temperature

Through the polarization curve (Fig. 3), we found that 2205 DSS would
transpassivate at low temperature (25 °C and 50 °C). At 85 °C, the potentials
at which the currents of 2205-A and 2205-B rise are very similar. Since the
potentiodynamic polarization curves are strongly dependent on the solution
temperature, Critical Pitting Temperature (CPT) is a better method to
compare these two specimens. The CPT test serves as an efficient means to
evaluate the pitting resistance of stainless steel. To counterbalance the
inherent randomness of pitting events, we performed 15 valid CPT mea-
surements on both 2205-A and 2205-B, as shown in Fig. 4a. The lowest CPT
values for both 2205-A and 2205-B were identified to be 47 °C. However, the
CPT measurements for 2205-A showed a range of 18 °C, whereas for 2205-
B, the range was narrower at 12 °C. The average CPT value and standard
deviation of 2205-A (57.7 + 4.6 °C) are greater than 2205-B (54.2 + 2.6 °C).
When the temperature approached the CPT, there were almost no meta-
stable pitting occurrences observed in the current of 2205-A, whereas 2205-
B exhibited a small number of metastable fluctuations. Figure 4b displays the
cumulative probability distribution of CPT values, which was calculated by
Eq. (6)™%

n

PE =m0 ©)

In the given formula, N represents the total number of measure-
ments (15 in this case), and n represents the number of individual CPT
measurements included in each measurement. To effectively compare
the pitting resistance of 2205-A and 2205-B, the median of the
cumulative probability is considered, which corresponds to the tem-
perature where P(E) = 0.5. As illustrated in Fig. 4b, the median CPT
value of 2205-A is 57.9 °C, which is higher than that of 2205-B, which
is 54.2 °C.

Figure 4 indicates a wide distribution of CPT values, which is
consistent with the findings reported by Peguet”. Following Frankel’s
“passive film breakdown vs. pit growth stability” pitting framework",
when the key controlling step in pitting is the initiation, the lower the
initiation probability, the greater the measured discreteness in CPT
values (ACPTyq).

In the case of 2205-A and 2205-B, it can be inferred that the pitting
initiation for both types is difficult, and the initiation probability for 2205-A
is even lower than that of 2205-B. This lower initiation probability con-
tributes to higher values and a wider distribution of CPT.

It's worth emphasizing that, based on EIS data, the passive film of 2205-
B exhibits superior stability. This implies fewer initiation events in 2205-B.
Such a discrepancy necessitates a more detailed exploration of the initiation
processes for both 2205 specimens, as will be discussed in subsequent
sections.
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Potentiostatic pulse test

The PPT has demonstrated its efficacy in stimulating pitting in stainless
steel. During the high potential stages of the initial cycles (Fig. 5a), both
2205-A and 2205-B exhibit significant peaks of current density, which
indicates the occurrence of stable pits in active sites’. Furthermore, based
on the current curves, more frequent fluctuations or spikes are observed in
2205-B, suggesting a higher incidence of pitting initiation. Optical
microscope (OM) observations reveal a disparity in pit count between the
two specimens: approximately 21 for 2205-A and around 93 for 2205-B, as
shown in Fig. 5b, c. (Due to the limited resolution of the OM stitching, a
very small number of small size pits less than 20 um in diameter and less
than 4 um in depth are ignored). Then the size of the pits after PPT were
measured by a confocal laser scanning microscope (CLSM), as shown in
Fig. 5d. The two types of 2205 pits nearly equivalent in average size. The
average pit depth of 2205-A (~18 um) in Fig. 5e is slightly lower than that
of 2205-B (~21 pm) in Fig. 5f. There is no significant difference between
the average pit length and width of 2205-A (~144 x 133 pm) and 2205-B
(~149 x 134 um).

Potentiostatic polarization

To gain a deeper understanding of metastable pitting behavior, we con-
ducted potentiostatic polarization tests (PSP) on both 2205 specimens. Each
specimen was tested ten times, and representative current curves from these
tests are presented in Fig. 6.

In general, the passive film of each specimen is stable as the current
density maintains at a low level. However, occasional occurrences of
metastable fluctuation currents are observed. Specifically, 2205-A exhibits
approximately 22 metastable current fluctuations across 10 potentiostatic
polarizations, while 2205-B has around 82 fluctuations. Through a statistical

analysis of these peaks, we derived the cumulative probability distributions
for both I, and Q, as illustrated in Fig. 7.

The cumulative probability of metastable pitting peak current e, is
shown in Fig. 7a. Ie is the difference between the highest current and the
baseline current during metastable pitting. We still choose the corre-
sponding value of P(E) = 0.5 for comparison. The median peak current of
2205-A (~0.56 pA) is lower than that of 2205-B (~1.99 pA).

Simultaneously, by integrating the metastable fluctuation current over
the duration of pit growth, we obtain the electric charge, Q, associated with
the metastable pit. Working under the assumption that these metastable pits
develop in a hemispherical fashion, as delineated in ref. 37, we can determine
the radius of each metastable pit employing Faraday’s law, as endorsed by
studies®””. The formula (7) facilitates the computation of the radius () for

these pits:
= (o)

In this study, the primary dissolved elements were Fe, Cr, and Ni. The
respective values for Z (the molar mass), n (the oxidation state of the dis-
solved cation), and p (the density of 2205) were 55.00 gmol ', 2.26, and
7.754 gcm ™, respectively”’. F represents Faraday’s constant, which is
96485 C:mol . The median pit radius for 2205-A was found to be
approximately 1.66 um, while for 2205-B, it was around 4.18 pm as shown
in Fig. 7b.

To better reveal the growth stability of metastable pitting, the pitting
stability product i-a is considered, as documented in various studies* . This
product, defined as the multiplication of the pit depth a and the pit current
density i, acts as a metric for growth stability. A higher value of i-a for an
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individual pit suggests a higher likelihood of it meeting the critical condi-

tions necessary for sustained growth".

Then the stability product i-a can be obtained by:

For our analysis, the current density i is calculated by dividing the peak {am Tpeak (8)
current (Iyeq) by the metastable pit's hemispherical surface area (2na®). 2ma
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The median value of the stability product ia for 2205-A
(~0.053 A-m™") approximates that of 2205-B (~0.072 Am™), as illu-
strated in Fig. 7c. The pitting growth stability of the two types of 2205 is very
similar. The PSP experiments further confirm that the reason for the lower
pitting resistance of 2205-B compared to 2205-A is its higher initiation
frequency, which aligns with the previously mentioned PPT results.

Analysis on initiation

Pitting initiation typically stems from surface defects such as disloca-
tions, phase boundaries'*’, heterogeneous particles”' and local het-
erogeneities of passive film''*. The impurities found in DSS during
smelting primarily come from the sulfide and oxide residues of the
argon-oxygen decarbonization refining process, along with composite
products formed during desulfurization and deoxidation. These inclu-
sions can be categorized based on their composition into groups such as
oxide inclusions, sulfide inclusions, silicate inclusions, calcium alumi-
nate inclusions, and so on.

The pitting mechanism, influenced by diverse inclusions, varies
accordingly. For complex inclusions containing sulfur elements, such as
MnS and CaS, they form galvanic corrosion couples with the surrounding
matrix due to their relatively lower electrochemical potential in comparison
to the matrix, leading to their preferential dissolution. The behavior of oxide
inclusions, however, is more complex. A potential electrochemical inter-
action might occur between the oxide and its surrounding substrate. Zheng
et al.” identified that the surface potential of inclusions formed by (Mg-Al-
Ca)-O was lower than that of the surrounding substrate. They postulated
that in a solution abundant with sulfur and chlorine, such inclusions could
initiate galvanic corrosion at their periphery. On the other hand, some
researchers have posited that oxide inclusions act as insulators, which would
prevent the formation of a galvanic couple between these oxide inclusions
and the surrounding matrix™**. Owing to their thermodynamic instability,
oxide inclusions can undergo a chemical dissolution process during the
early stages of pitting initiation. For example, Kim et al.” reported that a
(Ca-Si)-0 inclusion might dissolve in an environment with NaCl, leading to
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Fig. 8 | Typical structure and composition of complex oxide inclusion observed by SEM-EDS. a 2205-A at 15 kV (left) and 3 kV (right); (b) 2205-B at 15kV (left) and

3KkV (right).
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Fig. 9 | Comparison of 2205 exposed surface before and after PPT (85 °C 1 M NaCl electrolyte, high potential 0.85 V was applied for 10 s and low potential 0 V for 50 s).
a—cis 2205-A; (d—f) is 2205-B; Where: (b, e) before the PPT; (c, f) after PPT; (a, d) EDS mapping of inclusion components for pitting.

pitting in 316 L stainless steel. Muto et al.*® asserted that the CaO and MgO
within complex oxide inclusions could dissolve in water, causing the entire
inclusion to detach from the matrix. Additionally, certain researchers pro-
posed that pitting can stem from the dissolution of substrate regions that are
highly distorted, especially in areas adjacent to oxide inclusions™. In sum-
mary, the complex oxide inclusions undermine the uniformity of the passive
film, and the inclusions dissolution amplifies the susceptibility of substrate
to pitting initiation™.

Oxide inclusion characteristics of 2205

Scanning electron microscopy equipped with energy-dispersed spectro-
scopy (SEM-EDS) analysis revealed that the predominant heterogeneous
particles in both 2205-A and 2205-B were oxide inclusions, as illustrated in

Fig. 8. These inclusions primarily comprise elements of (Mg-Al-Ca-Si)-O,
potentially sourced from smelting residues of deoxidizing agents like Mg, Al,
Ca and Si”"*. Within the inclusion, MgO often manifests as an irregular
polygonal structure (as depicted in Fig. 8a left). When combined with AL,Os,
it forms the Mg-Al spinel, which undergoes a transition to a more rounded
shape. Along the edge of the inclusion, a certain amount of CaSiO5 can also
be detected. When the concentration of CaSiOj escalates, it tends to envelop
the entire inclusion particle (Fig. 8a right). Consequently, a complex
inclusion can be roughly divided into MgO, (Mg-Al)-O, and (Ca-Si)-O
parts. However, the boundaries delineating these parts are not always
discernible.

Given the diminutive size of the inclusion, often less than 5 um, the
information obtained from EDS may be insufficient to reveal the intricate
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EHT=1500kV  Mag= 500X

Fig. 10 | Comparison of inclusion before and after PPT (85 °C 1 M NaCl electrolyte, high potential 0.85 V was applied for 0.1 s and low potential 0 V for 2 s). a—d is
2205-A; (e—h) is 2205-B; Where: (b, f) before PPT; (c, g) after PPT; (a, ) EDS mapping of inclusions; (d, h) EDS mapping of pits initiated by corresponding inclusions.
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Fig. 11 | Residual composition in pits. a, b 2205-A; (¢, d) 2205-B, where: (a, ¢) is the location of the notch corresponding to the pit; (b, d) represents the pit morphology and

residual composition.

internal structure. Consequently, the inclusion may appear homogeneously

rich in (Mg-Al-Ca-Si)-O components throughout.

Influence of oxide inclusion on pitting initiation

To delve deeper into the possible influence of oxide inclusions on
pitting initiation in both 2205-A and 2205-B, we carried out PPT
experiments on the specimen with a diameter of 3 mm (as depicted in

Fig. 9). In such a small area it is easier to locate some specific inclusions
and compare their compositions and structures before and after cor-
rosion. Initially, the exact position of the inclusion was pinpointed
through OM (Fig. 9b). To further authenticate its composition,
detailed analysis was done using SEM-EDS (Fig. 9a). Subsequently, the
specimen was subjected to PPT and then was observed again by OM
and SEM-EDS.
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Fig. 12 | Morphology of oxide inclusion and corresponding surface height and
volt potential in 2205. a—h is 2205-A; (i—p) is 2205-B; Where: (a, e, i, m) are the
SEM morphology of the inclusion and the corresponding EDS mapping; (b, £, j, n)

refers to the surface height of the inclusion; (c, g, k, o) refers to the inclusion surface
voltages; (d, h, 1, p) are the height and voltage changes corresponding to the line
sweep portion of SKPFM.

After PPT, 2205-A exhibits a sole stable pit at the marked inclusion
adjacent to the notches (Fig. 9¢). Similarly, the oxide inclusion in 2205-B
(Fig. 9d, e) also initiates pitting (Fig. 9f).

It is noteworthy that capturing all inclusions under SEM is
challenging, particularly in areas distant from the notches. Another

pit can be observed in the upper right part of 2205-B. The presence or
absence of oxide inclusion at this site was not recorded before PPT.
Nonetheless, it’s reasonable to infer that in both types of 2205, the

primary culprits for pitting initiation are the complex oxide
inclusions.
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Fig. 13 | Initiation mechanism of pitting of 2205 (a)
DSS triggered by oxide inclusion. a the Ca-Si-O
part of the complex inclusions is depressed due to
the original dissolution of CaO; (b) the stainless steel
encounters a Cl~ environment; (¢) rapid dissolution
of Ca-Si-O leads to corrosion of the surrounding
matrix, and Mg-Al-O gradually dissolves in an
acidic environment; (d) Ca-Si-O completely dis-
solved and steady-state pitting formed. 2205
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To achieve a detailed analysis of the pitting process, we adjust the parameters
of PPT to preserve the residual composition of inclusions within the pits.
The durations of Ej, and E; were set 0.1 s and 2 s, respectively.

Before PPT, the inclusion (Fig. 10b) in 2205-A predominantly showed
a composition rich in (Mg-Al-Ca-Si)-O elements (Fig. 10a). After PPT, this
inclusion led to the formation of an irregular pit (Fig. 10c) containing
residual Mg-Si-O elements.

In a parallel observation, 2205-B exhibited a comparable trend. Before
PPT, a notable semi-circular inclusion, predominantly composed of (Mg-
Al-Ca-Si)-O elements, was identified (Fig. 10g). After PPT, the resulting pit
highlighted the selective dissolution of the (Ca-Si)-O constituents, thereby
exposing an internal triangular (Mg-Al)-O spinel structure (Fig. 10h).

This phenomenon is universal when we observe more pits on the
specimens. Residual analysis of pits in both 2205-A (Fig. 11a, b) and 2205-B
(Fig. 11¢, d) showed remnants of (Mg-Al)-O and SiO,, which suggest that
calcium-enriched constituents are more vulnerable to dissolution during the
pitting process.

Scanning kelvin probe force microscopy results of inclusions
To elucidate the specific mechanism through which these complex oxide
inclusions initiate pitting, we utilized scanning kelvin probe force micro-
scopy (SKPFM). This allowed us to accurately gauge the height and surface
voltages of two distinct inclusions in both 2205-A (Fig. 12a—h) and 2205-B
(Fig. 12i—p). (Mg-Al)-O exhibits enhanced hardness and thermodynamic
stability relative to (Ca-Si)-O. As a consequence, (Ca-Si)-O might undergo
slight dissolution during the polishing process®’. This results in a discernible
height variation between (Ca-Si)-O and (Mg-Al)-O, as shown in Fig. 12b, f,
j, n. Typically, these recessed areas coincide with a decrease in surface
potential. For instance, within the oxide inclusion of 2205-A (Fig. 12a), the
width of (Ca-Si)-O is around 1.34 pm. The height difference between (Ca-
$i)-O and (Mg-Al)-O is roughly 1214 nm, associated with a decrease of
2.11 uV in surface potential (Fig. 12d). The inclusions observed in 2205-B
follow a similar trend. It should be noted that these surface potential values
are also influenced by the size of the inclusion and the primary oxide layer on
the surface®™".

Discussion

While previous studies largely suggest that the probability of forming a
galvanic corrosion couple between the oxide inclusion and the steel matrix
remains minimal®”’, there’s still a possibility for such couples to form
internally within the inclusions. This could instigate pitting through a

synergistic effect of electrochemical and chemical reactions™**”"”>. Based on
the experimental results and the subsequent analysis, the mechanism of
pitting initiation triggered by complex oxide inclusion appears consistent
across both types of 2205, as depicted in Fig. 13.

Initially, the thermodynamically unstable Ca-containing part exhibit a
propensity for preferential dissolution, while SiO,, MgO, and AlL,O; are
stable™. Mechanical processes like water grinding or polishing may induce
the partial dissolution of CaO®, resulting in the surface depressions of Ca-Si-
O segment and leaving the Mg-Al-O segment convex (Fig. 13a). When the
stainless steel encounters a Cl~ environment, the potential of the (Ca-Si)-O
drops, making it more anodic compared to its neighboring (Mg-Al)-O. This
initial anodic dissolution leads to subsequent corrosion, as illustrated in
Fig. 13b.

As the corrosion propagates, hydrolysis of Ca** produces H*, which
accentuates local corrosion and thereby accelerates the dissolution of Ca.
Part of the new surface will continue to dissolve in the acidic environment,
while other parts will be passivated. With the increasing dissolution of
(Ca-Si)-0, the ion diffusion from the bottom of the crevice into the bulk
solution becomes increasingly difficult. The potential difference between
the bottom and the opening continues to rise until the potential at the
crevice bottom falls below the stable potential of the passive film (IR drop
effect)”. In these small crevices, a substantial amount of Ca*" accumulates,
accompanied by Fe’*, Ni*", Cr’" originating from matrix dissolution.
Moreover, as crevices become saturated with HCI, the (Mg-Al)-O segment
may also dissolve gradually. The hydrolysis of these cations further
depresses the pH, and the continuous ingress of chloride ions into the pit
to uphold electrical neutrality intensifies this hydrolysis™ as visualized in
Fig. 13c.

Ultimately, when the portion containing Ca has dissolved entirely, the
remnant (Mg-Al)-O detaches and blends with SiO, among the corrosion
products (Fig. 13d). By this stage, the pit holds a high chloride ion con-
centration. The simultaneous occurrence of active dissolution and passi-
vation results in an irregular pit morphology. This steady-state pitting can
maintain its growth through autocatalytic reactions in a confined
environment’>”’. According to our results and the refs. 22,77, the stability is
related to the composition of Ca in the inclusion. The higher the Ca content,
the more susceptible it is for the inclusion to dissolve, leading to stronger
aggressiveness inside the pit and easier steady-state propagation.

While the initiation mechanisms in both types of 2205 appear similar,
variations in their pitting resistance can be attributed to other factors. To
delve deeper into this disparity, we conducted further statistical analysis of
the inclusions identified in both types of 2205.
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Fig. 14 | Statistical difference of inclusions in
two 2205. a Comparison of inclusions quantity and
size. Ternary phase diagram of the composition of
2205-A (b) and 2205-B (c) complex oxide inclusion
(Mg-Al-Ca).
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MnS and its complexes have been traditionally identified as pitting
initiation sites”"™. However, with advancements in sulfur control tech-
nology, the sulfur content in the investigated 2205 DSS has been kept
exceptionally low (<0.001 wt%). From our prior experiments, we did not
identify any sulfide inclusions in the specimens.

SEM was employed to evaluate the inclusions of both two types of 2205,
as illustrated in Fig. 14a. Heterogeneous particles observed in the SEM of
both 2205-A and 2205-B were identified as complex oxide inclusions, which
is consistent with the findings presented in Figs. 8-12. There are 68 oxide
inclusions in the 2205-A scanning area and 140 in the 2205-B scanning area.
All inclusions sizes fall within the range of 0—5 pm. In the smaller particle
range of 0.5—1 pm, the number of inclusions in both 2205-A and 2205-B is
comparable. However, in the ranges of 1-1.5, 1.5—2, and 2—5 pm, 2205-B
contains more inclusions.

The proportions of the (Mg-Al-Ca) components in the oxide
inclusions were statistically represented on a ternary phase diagram (Fig.
14b, ¢). When the CaO content is too small or non-existent, the particles in
the ternary component are positioned along the MgO-Al,O5 axis. It is
believed that MgO and Al,O; are thermodynamically stable and difficult
to dissolve chemically’®**”>. Meanwhile, MgO and Al,O; are insulators
and cannot form the galvanic couple with the substrate’ . Therefore,
they do not play a role in pitting initiation. It is evident that 2205-A
contains only approximately 18 CaO-containing components, whereas
2205-B exhibits around 66 CaO-containing components. This dis-
crepancy correlates well with the disparity in the count of steady-state pits
illustrated in Fig. 14b and the difference in the number of metastable pits
shown in Fig. 7. Specifically, the number of initiation sources (Ca-con-
taining oxide inclusions) in 2205-B is approximately three to four times
greater than that in 2205-A.

The aforementioned analysis elucidates the variance in CPT observed
between the two types of 2205, which deviates from predictions grounded
on PREN. Although 2205-B possesses a superior PREN value, the greater
number of Ca-containing oxide inclusions in 2205-B heightens the prob-
ability of pitting initiation. As a result, the CPT of 2205-B is lower, and a

larger number of steady-state and metastable pits manifest through PPT and
PSP experiments.

This study aimed to evaluate the pitting resistance of two types of 2205
duplex stainless steels using various methods. The findings indicate that the
initiation process is the key factor in pitting. Simply comparing Pitting
Resistance Equivalent Number values does not fully explain the differences
in pitting resistance. The specific conclusions drawn from this study are as
follows:

1. Despite having a higher Pitting Resistance Equivalent Number value,
2205-B exhibits a lower Critical Pitting Temperature value. Moreover,
the results of the potentiostatic pulse test and potentiostatic
polarization demonstrate a larger number of pitting initiation sites
on the surface of 2205-B.

2. Pitting initiation in both types of 2205 can be attributed to the pre-
ferential dissolution of Ca-containing parts in the (Mg-Al-Ca-Si)-O
complex inclusions. 2205-B contains a higher quantity of Ca-
containing oxide inclusions, which increases the likelihood of pitting
initiation and subsequently reduces its pitting resistance.

3. The potentiostatic pulse test proves to be a tool for identifying the
sources of pitting initiation and investigating the mechanism behind it.
It retains early-stage information about pitting initiation and enables
statistical evaluation, thereby facilitating a deeper understanding of the
process.

These conclusions emphasize the importance of considering factors
beyond Pitting Resistance Equivalent Number values when evaluating the
pitting resistance of duplex stainless steels.

Methods

Specimen preparation

The specimens used were in the form of fabricated sheets and did not
undergo any additional heat treatment. Test specimens were prepared by
cutting square sections of dimensions 12 x 12 x 4 mm. The original exterior
surface was retained as the testing surface, set aside for subsequent polishing.
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The surface oxide was removed using silicon carbide sandpaper, and a
copper wire was attached through tin welding to the opposite side of the
original surface. The test specimen was then placed face down into a PVC
plastic tube and embedded in epoxy resin. Subsequently, a series of wet
grinding processes were conducted using 80#, 180#, 600#, 1000#, and 2000#
silicon carbide grinding sandpaper, followed by polishing with 2.5 um
diamond polishing paste. After the ultrasonic cleaning with alcohol and
drying, the specimen was affixed with electric insulation tape to leave a
certain surface area exposed. It is important to note that, unless specifically
mentioned, the exposed area of the specimens for measurement was
maintained at 1 cm’.

Electrochemical experiments

All electrochemical experiments used the standard three-electrode sys-
tem of saturated calomel electrode (SCE) as the reference electrode,
platinum electrode as the auxiliary electrode, and the specimen to be
tested as the working electrode. The electrolytic cell employed was a glass
beaker, and a 1 mol-L™' NaCl solution served as the electrolyte for all
electrochemical experiments. The ratio of electrolyte volume to the test
area of the specimen exceeded 200 mL-cm . Prior to all electrochemical
experiments, the specimen was cathodic polarized at a potential of
—900 mV (vs. SCE) for 2 min and conducted an open-circuit potential
(OCP) test for 1800 s.

The Critical Pitting Temperature (CPT) test was conducted as follows:
The specimen was immersed in a NaCl solution at 0°C. After cathodic
polarization and OCP, the specimen was subjected to potentiostatic anodic
polarization at 700 mV (vs. SCE). Upon a gradual current density increase of
1077 A-cm ™2, the solution was heated at a constant rate of 1 °C-min~". The
electrochemical workstation, interfaced with a computer, recorded the
current density-temperature curve in real-time during testing. When the
current density sharply escalated to 100 pA-cm > and continued increasing,
the corresponding temperature was designated as the CPT. The experiment
halted when the current density rose to 1.5 mA-cm . Upon completion of
the experiment, the test surface of the specimen was inspected under an
optical microscope to analyze the pitting morphology. If crevice corrosion
was detected at the edge or any other location, the CPT results were con-
sidered invalid.

The potentiodynamic polarization curve was scanned positively
from —0.25 V (vs. OCP) to 1.2 V (vs. SCE) at a rate of 10 mV- min~" in
1 M NaCl solution at different temperature after cathodic polarization
and OCP. The experiment halted when the current density rose to
1.5mA-cm > Each specimen at different temperatures was tested
3-5 times.

The EIS was employed to probe the properties of the passive film.
The solution was maintained at a constant temperature of 85 °C. The test
frequency range spanned 100 kHz-0.01 Hz. Sinusoidal potentials, ran-
ging from 10 mV (vs. OCP) t0 0.20 V (vs. SCE), were applied. Notably, in
a 1 M NaCl solution at 85 °C, the OCP values for 2205-A and 2205-B
were measured at —0.203 + 0.028 V (vs. SCE) and —0.219 + 0.071 V (vs.
SCE), respectively. The real part, imaginary part, and phase angle of the
interface between specimen surface and solution were recorded at dif-
ferent test frequencies. Lastly, data fitting was performed using ZView
software.

The PPT was utilized for pitting control. Following a constant 85 °C
cathodic polarization and OCP in 1 M NaCl solution, a high potential (E;,)
0f0.85 V was applied for 10 s, followed by a low potential (E;) of 0 V for 50 s.
This cycle of high and low potentials was repeated 100 times, and the current
curve was recorded over time.

Potentiostatic polarization (PSP) experiments were conducted to
investigate the metastable pitting of 2205 DSS. After cathodic polar-
ization and OCP, the specimen was immersed in 1 M NaCl solution at
50 °C and a constant potential of 200 mV (vs. SCE) was applied for
1200 s. The data acquisition rate in these experiments was approxi-
mately 100 Hz.

Characterization

An optical microscope (OM; ZEISS Axiocam 208) was employed to
examine surface pitting after PPT. Quantitative analysis was subsequently
conducted using OM stitching techniques. The pit size after PPT was
measured by a confocal laser scanning microscopy (CLSM; ZEISS LSM900).
The duplex microstructure of the 2205 DSS was revealed through etching
via immersion in Murakami’s reagent (30 g KOH, 30 g potassium ferri-
cyanide, 100 mL water) at 90 °C for 30 s. The austenite (y) appeared white
and ferrite (o) brown. If carbides were present, they were etched to appear
black®.

X-ray diffraction (XRD; Rigaku Ultimate IV) analysis were carried out
on the surface of the 2205 DSS using a Rigaku Ultimate IV powder X-ray
diffractometer, equipped with Cu K, radiation.

Scanning electron microscopy (SEM; ZEISS GeminiSEM 300) equip-
ped with energy-dispersed spectroscopy (EDS; Oxford Xplore) was used to
examine the morphology and composition of the inclusions. The localized
Volta potential of the inclusions within the specimens was characterized
using an atomic force microscope (AFM; Bruker) in combination with
scanning Kelvin probe force microscopy (SKPFM) under atmospheric
conditions.

Data availability
The relevant data are available from the corresponding author upon rea-
sonable request.
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