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This study evaluated the electrochemical and semiconductive properties of passive films on austenitic
stainless steels with varying pitting resistance equivalent (PRE) values in deaerated HCI solutions. The
electrochemical analysis indicated that higher PRE values resulted in a lower passive current density (i)
and an increased polarization resistance (R ). XPS depth profiling showed that the passive film had a
bilayer structure: the inner layer primarily consisted of Cr,0,/ Cr(OH),, while the outer layer was enriched
with oxyanion species such as CrO,””and MoO,”". As PRE increased, the proportion of Cr,0; in the inner
layer rose, while the outer layer had a higher concentration of oxyanions. These alterations led to a simul-
taneous increase in both p-type and n-type slopes. To quantify this effect, the ‘Bipolar Index (|p-type slope|
+ |n-type slope|)’ was applied, and an advanced bipolar model of the passive film was proposed. An
increase in the bipolar index was associated with a decrease in passive current density (i), an increase in
polarization resistance (R,), and a reduction in the total defect density within the passive film.
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1. Introduction

Stainless steel is an iron-based alloy containing more
than 13 wt% chromium (Cr), and its excellent corrosion
resistance is attributed to the formation of a thin, stable
oxide film on the alloy surface when exposed to air or
corrosive environments [1-4]. Owing to these properties,
stainless steels are widely utilized in industrial fields such
as power plants and marine structures. In highly
aggressive corrosive environments, they are considered
more promising structural materials than carbon steels.
The corrosion resistance of stainless steel is determined
by the passive film. This passive film forms at the
nanometer scale between the metal substrate and the
corrosive environment, blocking the leaching of metal
ions and the penetration of external aggressive ions (such
as CI" and SO,*) [5,6].
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The passive film is formed at a specific potential,
leading to a sharp decrease in the current density of the
metal. Since the early 20th century, the formation of
passive films has been explained by various theories,
among which the “oxide film theory” is one of the most
representative [7]. This theory proposes that the metal is
oxidized and reaction products, such as metal oxides or
other compounds, form an oxide film on the surface,
thereby protecting the metal. Another representative
theory is the “adsorption theory” [8]. This theory suggests
that anions in the solution (e.g., OH, O%) are selectively
adsorbed onto the metal surface, forming a passive film
that protects the metal. These theories have played a
fundamental role in explaining the existence of passive
films and their basic protective mechanisms.

However, the actual passive film is not merely a simple
oxide layer but rather a more elaborate structure in which
electronic structure, ion distribution, and electrochemical
properties are intricately linked. Accordingly, as research
has advanced, more sophisticated theories have been
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proposed, such as “Electron Configuration Induced
Adsorption Passivity,” [9] which explains the formation
and stabilization of passive films through orbital
interactions between metals and adsorbed species, and
“Ion Space Charge Induced Passivity,” [10] which
interprets the electrochemical properties of passive films
in terms of ion distribution and the formation of electrical
space charges within the film [11]. These theories have
been instrumental in explaining various electrochemical
phenomena, including the stability of passive films, their
semiconductive properties, and the formation of the
electric double layer. Based on these formation
mechanisms, the composition of the passive film was
investigated using XPS. Several studies have reported that
the passive film on stainless steel is divided into two
layers. The inner layer at the metal/film interface is mainly
composed of Cr enriched oxides, while the outer layer
consists of Fe-based oxides or metal hydroxides [12-17].

The passive film on stainless steel is generally regarded
as a bilayer structure, and several studies have focused
on the formation of an electric field within the film,
employing photocurrent measurements and capacitance-
based Mott—Schottky analysis. Through these approaches,
it has been interpreted that the passive film exhibits
semiconductive properties. Based on such analyses, the
major theories concerning the passive film on stainless steel
can be broadly categorized into two types. The first is the
point defect model proposed by Hoar [18], which explains
the growth and breakdown of oxide films through the
migration of metal and oxygen ion vacancies, and it has
been widely applied in the analysis of corrosion resistance
[19]. The second is the bipolar fixed charge model
introduced by Sakashita and Sato [20-22], which describes
the tendency of ion selectivity (cationic or anionic) within
the film depending on alloying elements such as Cr and
Mo [23-27]. Based on these two theories, Mott—Schottky
analysis has demonstrated that stainless steels can form n-
type [28-31], or p—n type [32-36] passive films depending
on potential variations or environmental conditions.

The pitting resistance equivalent (PRE), calculated from
the chemical composition, is an index used to predict the
resistance of stainless steels to localized corrosion. The
major contributing elements are Cr, Mo, W, and N. Pitting
corrosion in stainless steels occurs when the material is
exposed to aggressive environments such as chloride
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ions (CI7), and the formation of a stable passive film is
critical to suppress it. The elements included in the PRE
formula directly influence the composition, structure,
and electrochemical properties of the passive film, and
these changes contribute to the improvement of pitting
resistance [37-40].

Cr has been reported to improve corrosion resistance
by promoting the formation of a dense Cr,O, layer in the
inner part of the passive film, thereby enhancing its p-
type semiconductive properties [28,41-43]. In addition,
while Cr plays a dominant role in the initial formation of
the passive film, Mo is known to promote its reformation
and stabilization. This has been reported to enhance
corrosion resistance primarily by strengthening the metal—
oxygen bond through the action of MoO,*” and improving
the structural stability of the passive film [44-47]. W has
been reported to behave similarly to Mo, existing in the
form of WO, or WO,* ions, which enhance the stability
of the passive film and contribute to long-term
improvement of corrosion resistance [48,49].

As described above, numerous studies have reported
that alloying elements such as Cr, Mo, and W influence
the corrosion resistance and semiconductive properties of
passive films. However, most of these studies have been
limited to analyzing the resistance or point defect density
of passive films in stainless steels with different PRE
grades. In other words, previous studies have mainly
focused on evaluating corrosion resistance as a function
of PRE, while only limited efforts have been made to
distinguish the semiconductive properties of passive films
formed under various environments and to interpret them
in connection with corrosion resistance.

The conventional bipolar model [20-25] categorizes the
passive film into a Cr,O, rich inner layer, a Cr(OH), rich
intermediate layer, and an outermost layer containing
metal oxyanions (MeO,”) such as CrO,”” and MoO,”".
However, this model has limitations in adequately
reflecting the diverse distribution of components within
the passive film. In particular, in the outer layer, OH,
adsorbed H,O species, and metal hydroxides occupy
significant fractions, while in the inner layer, oxides of
Fe and Mo coexist alongside Cr oxides. Despite this, the
conventional model oversimplifies the structure by
attributing each region to a single representative species,
resulting in insufficient explanation of the correlation with
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actual electrochemical behavior. Moreover, it does not
provide a clear description of how the p-type and n-type
characteristics observed in Mott—Schottky analysis are
formed and reinforced [20-25].

Therefore, in this study, the corrosion resistance of
austenitic stainless steels was evaluated based on PRE.
The semiconductive properties of passive films formed
under various corrosive environments were analyzed
using Mott—Schottky and electrochemical methods.
Finally, the correlation between the semiconductive
structure of the passive films and their corrosion resistance
was compared and analyzed.

2. Experimental Methods

2.1 Materials

The stainless steels used in this study were prepared
using high-purity Fe, Cr, Ni, Mo, Fe-Cr-N, Fe-Si, Fe-Mn,
and other alloying constituents. After melting in a high-
frequency vacuum induction furnace, the ingots were
processed into 6 mm plates by hot rolling. The hot-rolled
specimens were then cut into appropriate sizes depending
on the purpose of use and subjected to annealing heat
treatment at 1175 °C for 30 min. Table 1 presents the
results of the compositional analysis of the test alloys.

2.2 polarization test

To evaluate the corrosion and passivation behavior of
stainless steels with different PRE values in hydrochloric
acid environments, polarization tests were conducted. The
specimens were cut into dimensions of 1.2 cm x 1.2 cm,
and a rubber coated copper wire was spot-welded onto
one side of each specimen to ensure electrical contact.
The specimens were then mounted with epoxy resin. The
exposed surface was mechanically polished using SiC
papers ranging from #80 to #2000, after which all areas
except for a 1 cm* exposure area were coated with epoxy.
Polarization tests were performed using a potentiostat

Table 1. Chemical compositions of austenitic stainless steels

(Interface 1000, Gamry Instruments, Warminster, PA,
USA). A saturated calomel electrode(SCE) was used as
the reference electrode, and platinum was employed as
the counter electrode. To examine the effect of
hydrochloric acid concentration, test solutions of 0.1 N,
0.5 N, and 1.0 N HCI were prepared. All experiments
were conducted of 25 °C. Prior to testing, the solutions
were deaerated by purging with nitrogen gas at a flow
rate of 250 mL/min for 30 min. The polarization scans
were initiated from potential 0.1 V more negative than

the corrosion potential (E_ ) and continued up to the

corr.

oxygen evolution potential at a linear scan rate of
0.33mV/s [51].

2.3 AC impedance test

To evaluate the passivation behavior of stainless steels with
different PRE values in hydrochloric acid environments, AC
impedance measurements were carried out. The
specimens and test solutions were prepared under the
same conditions as those used for the polarization tests. The
AC impedance tests were conducted using a potentiostat
(Interface 1000, Gamry Instruments, Warminster, PA,
USA). Passive films were first formed for 2 h at a potential
of +0.6 V(SCE), where stable passivation was commonly
observed from the polarization tests, and the impedance
spectra were subsequently measured while maintaining
the same potential. The frequency range was set from
10 kHz to 0.1 Hz, and the polarization resistance (R ) was
determined by fitting the data to the Randles model [45].

2.4 XPS analysis

For XPS analysis, the specimens were sequentially
polished with SiC papers (#80 to #2000) and subsequently
mirror-polished using 3 um diamond paste. They were
then ultrasonically cleaned in ethyl alcohol, dried, and
immersed in deaerated hydrochloric acid solution
prepared by purging nitrogen gas (N,, 100 mL/min) for
30 min. Passive films were formed at +0.6 V(SCE) for 2 h

Alloy Cr Ni Mo Mn Si P S C Cu N Fe PRE;,

904L 20.8 23.4 4.4 1.6 0.6 0.005 0.004 0.01 1.5 - Bal. 353
AL-6X 213 232 59 0.9 0.6 0.007 0.004 0.01 0.05 - Bal. 40.7
SR-50A 22.8 22.6 6.1 0.4 0.3 0.03 0.001 | 0.02 0.1 0.24 | Bal. 50.3

PRE., = %Cr + 3.3(%Mo + 0.5%W) + 30%N

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025

329



SEUNG-HEON CHOI, YOUNG-RAN YOO, YOUNG-CHEON KIM, AND YOUNG-SIK KIM

using a potentiostat (Interface 1000, Gamry Instruments,
Warminster, PA, USA), after which the specimens were
stored in a sealed container under a nitrogen atmosphere
to minimize surface contamination. XPS measurements
were performed using a K-Alpha instrument (Thermo
UK, Altrincham, UK) with Al Ka radiation (1486.6 eV,
12 kV, 3 mA) as the X-ray source. Depth profiling was
carried out by Ar ion sputtering (1 kV, 2 pA), and the
same conditions were applied for surface pretreatment. The
collected spectra were analyzed using Avantage software
(Version 6.8.1.4, Thermo Fisher Scientific, Waltham, MA,
USA). The C 1s peak was calibrated to 284.6 eV, and
deconvolution was applied to each elemental peak to
identify oxidation states and chemical species.

2.5 Mott-Schottky analysis

To evaluate the semiconductive properties of austenitic
stainless steels with different PRE values, Mott—Schottky
analysis was performed. The specimens and test solutions
were prepared under the same conditions as those used
for the polarization tests. Passive films were formed at

+0.6 V(SCE) for 2 h using a potentiostat (Interface 1000,
Gamry Instruments, Warminster, PA, USA). After film
formation, capacitance measurements were conducted for
Mott—Schottky analysis with an AC amplitude of 10 mV
(peak-to-peak) and a frequency of 1,580 Hz. The potential
range was set between +1.0 V(SCE) and —1.0 V(SCE) at
a scan rate of 20 mV/s, ensuring that the passive film was
not damaged during measurement. The permittivity (g)
used in the N, and Ny calculations was set to 15.6, a
value commonly used for stainless steel [36,37,48]. The
8.854 x 10" F/m) and the
elementary charge (e = 1.602 x 10" C) were also used

vacuum permittivity (o

in the calculations. The flattening potential (E,,), donor
density (Np,), and acceptor density (N,) were determined
from the Mott—Schottky curve [28].

3. Results

3.1 Effect of PRE on the electrochemical properties of
stainless steels
Fig. 1 shows the polarization behavior (Fig. 1a—) and
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Fig. 1. Electrochemical polarization behavior(a-c) and passive current density(a’-c’) at +0.6 V(SCE) of austenitic stainless
steels with different PRE values in deaerated HCl solutions at 25 °C; (a, a’) 0.1 N HCI, (b, b’) 0.5 N HC], (¢, ¢') 1.0 N HC1

330

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025



ADVANCED BIPOLAR MODEL BASED ON THE SEMICONDUCTIVE PROPERTIES OF THE PASSIVE FILM IN STAINLESS STEEL

the passive current density measured at +0.6 V(SCE) (Fig.
la—') for austenitic stainless steels with different PRE
values in deaerated 0.1, 0.5, and 1.0 N HCI solutions at
25 °C. As shown in Fig. 1a—c, the passive current densities
(i,) in 0.1 N HCI solution (Fig. 1a) were measured as
0.71 pA/em?, 2.24 pA/cm?, and 7.08 pA/cm? for 904L,
AL-6X, and SR50A, respectively. This indicates that a
higher PRE facilitates passive film formation and allows
the alloys to reach a stable passive state at lower current
densities. Although the pitting potentials were similar for
all three alloys, a comparison of the current behavior
within the passive region revealed that alloys with higher
PRE values maintained more stable passive current
densities. In 0.5 N HCI solution (Fig. 1b), the critical
passive current densities of 904L, AL-6X, and SR50A
increased to 2.34 pA/cm?, 13.49 pA/em?, and 34.67 pA/em?,
respectively. For 904L, the pitting potential appeared
around 0.53 V(SCE), whereas no distinct pitting potential
was observed for AL-6X and SR50A. Similarly, in 1.0 N
HCI solution (Fig. 1c), the critical passive current densities
increased t0 9.23 pA/em?, 26.31 pA/em?, and 112.21 pA/em?
for 904L, AL-6X, and SR50A, respectively. Under this
condition, only 904L exhibited an unstable pitting
potential, while the two higher PRE alloys showed no
evidence of pitting formation:

Fig. la'—c' present the passive current densities
measured at +0.6 V(SCE) as a function of PRE and HCI
concentration for each alloy. In 0.1 N HCI (Fig. 1a’), the
passive current densities for 904L (2.66 uA/cm?) and AL-
6X (2.57 pA/cm?) were similar, while SR50A, with the
highest PRE, exhibited the lowest value of 1.58 uA/cm?.
In 0.5 N HCI (Fig. 1b’), the current density of 904L
increased sharply to approximately 12.19 pA/cm? while
SR50A remained below 1.93 pA/cm?, and AL-6X showed
an intermediate value of 4.33 pA/cm? In 1.0 N HCI (Fig.
1¢'), these differences became more pronounced, with
904L exhibiting a significantly higher current density of
about 32.14 pA/cm?® compared to 6.24 pA/cm? for AL-
6X and below 2.36 uA/cm? for SR50A.

Fig. 2 shows the impedance behavior of passive films
formed at +0.6 V(SCE) on austenitic stainless steels with
different PRE values in deaerated HCl solutions at 25 °C.

Fig. 2a— show the Nyquist plots of passive films as a
function of PRE. In 0.1 N HCl solution (Fig. 2a), all three
alloys exhibited typical semicircular shapes, with the

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025

diameter increasing as the PRE value increased, indicating
higher passive film resistance. In 0.5 N HCI (Fig. 2b), the
semicircle diameter of 904L was significantly reduced,
whereas AL-6X and SR50A still maintained large
diameters. In 1.0 N HCI (Fig. 2¢), both AL-6X and 904L
showed smaller semicircles, while SR50A with the
highest PRE retained a large diameter. For clarity, enlarged
views of the semicircles corresponding to 904L are
included in Fig. 2a—c.

Fig. 2a’—' present the Bode plots of passive films as a
function of PRE. In 0.1 N HCI solution (Fig. 2a’), 904L
exhibited low impedance and a reduced frequency
response, whereas AL-6X and SRS50A maintained
relatively high impedance values. A similar trend was
observed in 0.5 N HCI (Fig. 2b"), where 904L again
showed low impedance, while AL-6X and SR50A
retained higher values. In 1.0 N HCI (Fig. 2c¢’), 904L
displayed a markedly low impedance, indicating a sharp
decline in passive film stability, while SRS0A maintained
the highest value and AL-6X showed an intermediate
response. These results demonstrate that, regardless of
HCI concentration, 904L consistently exhibits unstable
frequency responses, whereas higher PRE values
contribute to maintaining passive film stability.

Fig. 2a"—" show the polarization resistance (R)) of
austenitic stainless steels with different PRE values. In
0.1 N HCI solution (Fig. 2a”), AL-6X and SR50A
exhibited high R values of 879.3 x 10° Q-cm” and 881.9
x 10° Q-cm?, respectively, whereas 904L showed a relatively
low value of 433.1 Q-cm? In 0.5 N HCI (Fig. 2b"), 904L
again displayed the lowest R of 468.3 Q-cm?, while AL-
6X and SR50A maintained high levels of 688.9 x 10°
Q-cm? and 778.2 x 10* Q-cm?, respectively. In 1.0 N HCI
(Fig. 2c¢"), the differences became more pronounced:
904L dropped sharply to 109.2 Q-cm? and AL-6X also
decreased considerably to 24.49 x 10° Q-cm?, whereas
SR50A retained a high R of 771.7 x 10° Q-cm”. These
results indicate that, irrespective of HCI concentration, an
increase in PRE leads to a significant improvement in
passive film resistance, demonstrating superior corrosion
resistance with higher PRE values [37,47,49,54-57].

Fig. 3 shows the Mott—Schottky behavior of passive
films formed at +0.6 V(SCE) on austenitic stainless steels
with different PRE values in deaerated HCI solutions at
25°C.
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In 0.1 N HCI (Fig. 3a), p-type semiconductive behavior
was observed in the potential range of —0.2 V(SCE) to
+0.2 V(SCE), while n-type behavior appeared between
+0.2 V(SCE) and +0.5 V(SCE). As the PRE increased,
the slope corresponding to the p-type characteristics
showed a gradual increase. In contrast, the n-type slopes
of 904L and AL-6X were similar, whereas SR50A
exhibited a relatively lower slope. In 0.5 N HCI (Fig. 3b),
p-type semiconductive behavior was observed in the
potential range of —0.6 V(SCE) to 0 V(SCE), while n-
type behavior appeared between 0 V(SCE) and +0.5 V(SCE).
The slope corresponding to the p-type characteristics
increased slightly with PRE, with SR50A showing the
highest value. Although the n-type slopes showed no
significant differences among the alloys, SR50A exhibited
a relatively higher value. Overall, under the 0.5 N HCI
condition, the changes in slope with respect to PRE were
not pronounced. In 1.0 N HCI (Fig. 3c), p-type
semiconductive behavior was observed in the potential
range of —0.6 V(SCE) to 0 V(SCE), while n-type behavior
appeared between 0 V(SCE) and +0.5 V(SCE). The slope
corresponding to the p-type characteristics clearly
increased with higher PRE, with the most pronounced

value observed for SR50A. The n-type slopes also showed
a distinct increasing trend as PRE increased, making the
slope variations most evident under the 1.0 N HCI
condition. The flat band potential (E,), donor density
(Np), and acceptor density (N,) obtained from these
results are summarized in Table 2 [51-55].

Fig. 4 shows the total defect density of austenitic
stainless steels with different PRE values as a function of
HCI concentration. In 0.1 N HCI (Fig. 4a), the lowest
PRE alloy 904L, exhibited the highest defect density of
approximately 5.13 x 10®cm™, while AL-6X and
SR50A showed relatively lower values of 2.40 x 10** cm™
and 2.26 x 10*® cm?, respectively. In 0.5 N HCI (Fig.
4b), the overall defect densities of all three alloys decreased,
with 904L, AL-6X, and SR50A recording 2.54 x 10®cm,
2.10x 10®cm™, and 2.02 x 10®cm™, respectively,
with SRS0A showing the lowest value due to its higher
PRE. A similar trend was observed in 1.0 N HCI (Fig.
4c), where the defect density decreased with increasing
PRE: 904L exhibited 3.28 x 10®c¢m >, AL-6X 2.67 x 10%*
cm>, and SRS0A 2.33 x 10® cm™. These results indicate
that higher PRE values reduce the charge carrier density
within the passive film, thereby enhancing its stability.

Table 2. Donor density (N,), acceptor density (N,), and flat-band potential (E;) of passive films formed at +0.6 V(SCE) on
austenitic stainless steels with different PRE values in deaerated HCI solutions at 25 °C

0.1N HCI 0.5N HCI 1.0N HC1
904L AL-6X | SR 50A 904L AL-6X | SR 50A 904L AL-6X | SR 50A
E,, by P slope, V(SCE) 0.75 0.41 0.36 0.059 0.10 0.086 0.045 0.043 0.021
E,, by N slope, V(SCE) 0.091 0.052 0.011 0.031 0.033 0.024 0.038 0.050 0.040
N, (10*® cm™) 4.16 1.43 0.91 1.52 1.21 1.16 1.85 1.60 1.40
N, (10% cm™ 0.97 0.97 1.35 1.02 0.89 0.86 1.43 1.07 0.93
6 6 6
0.1N HCI 0.5N HCI 1.0N HCI
T 5 F
5 5 5
24 24 24
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Fig. 4. Variation of total defect density of passive films on austenitic stainless steels with different PRE values (25 °C,
deaerated, +0.6 V (SCE)); (a) 0.1 N HCI, (b) 0.5 N HCI, (¢) 1.0 N HCI
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Fig. 5. XPS depth profiles of passive films formed for 2 h at +0.6 V(SCE) on austenitic stainless steels with different PRE values
(25 °C, deaerated); (a, a") 904L, (b, b") AL-6X, (¢, ¢’) SR50A; (a—c) 0.1 N HCI, (a’—c") 1.0 N HC1

4. Discussion

Fig. 5 illustrates the XPS depth profiles of passive films
formed at +0.6 V(SCE) on austenitic stainless steels with
different PRE values. In both 0.1 N HCI (Fig. Sa—) and
1.0 N HCI (Fig. 5a—'), compositional variations of Fe
2p;,, Cr 2p,,, O 1s, Ni 2p,,, and Mo (3d;,, + 3d,,) were
observed as a function of depth. Regardless of alloy type
or solution concentration, a general trend was evident in
which the proportion of O 1s was higher in the outer layer,
while the metallic components increased toward the inner
layer. In addition, alloys with higher PRE values exhibited
relatively stable distributions of Cr 2p,, and Mo (3d,, +
3d,,,). Detailed distributions of the major elements under
0.1 N HCl and 1.0 N HCI conditions are further analyzed
in Fig. 6 ~ 10 and Fig. 11 ~ 15 respectively.

Fig. 6 shows the depth distribution of Cr 2p,, species
in the passive films of austenitic stainless steels with
different PRE values. For Cr™ (Fig. 6a), the content tended
to gradually increase toward the interior of the film, and
the higher the PRE, the relatively lower the Cr™ content
appeared. Cr,O; (Fig. 6b) tended to decrease in depth, but
its content was more stably maintained as PRE increased.
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Cr(OH); (Fig. 6¢) generally decreased along with depth
direction and showed a similar distribution among the
alloys regardless of PRE. CrO,> (Fig. 6d) also decreased
with depth, yet alloys with higher PRE contained it at
higher levels. Notably, CrO,” is recognized as a key factor
related to the formation of a cation-selective outer layer
in the bipolar model, and its stabilization becomes more
pronounced with higher PRE, thereby enhancing the
stability and corrosion resistance of the passive film.
Overall, increasing PRE led to a more stable formation
of Cr oxides, which represents an important factor
contributing to improved durability and corrosion
resistance of the passive film [21,22,24,41-43].

For FeM (Fig. 7a), relatively higher proportions were
observed from the outer layer of the film in 904L and
AL-6X, indicating that the metallic Fe content was more
pronounced compared with SR50A. This suggests that
alloys with lower PRE could not sufficiently stabilize Fe
oxide formation within the passive film. For Fe** (Fig.
7b), AL-6X and SR50A showed similar variations, with
contents gradually decreasing with depth, whereas 904L
consistently exhibited relatively lower Fe** levels
throughout the entire depth range, showing a clear
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Fig. 7. Effect of PRE values on the depth distribution of Fe 2p,, species in the passive films formed for 2 h at +0.6 V(SCE) in

0.1 N HCl solution (25 °C, deaerated); (a) Fe™, (b) Fe*", (c) Fe'™"

difference from the other alloys. For Fe’* (Fig. 7c), a
decreasing trend with depth was observed for all alloys;
however, the higher the PRE, the more stably Fe** content
was maintained. These results indicate that in alloys with
lower PRE, the outer layer of the passive film is strongly
influenced by Fe oxides, and the insufficient stabilization
of the Fe oxide layer weakens the p-type characteristics,
which accounts for the lower slopes observed in the Mott—

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025

Schottky analysis. In contrast, as PRE increases, a more
balanced formation between Fe oxides in the outer layer
and Cr oxides in the inner layer leads to a stabilized bilayer
structure, thereby enhancing the corrosion resistance of
the passive film [31-33,42,46].

Fig. 8 shows the depth distribution of O 1s species
within the passive film. For O* (Fig. 8a), the content
increased toward the interior of the film, which is
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associated with the formation of a stable oxide layer,
although no significant differences were observed among
the alloys. OH™ (Fig. 8b) exhibited a high proportion in
the outer layer and sharply decreased toward the interior,
indicating that hydroxide species play a relatively
important role in the outer layer. H,O (Fig. 8c) maintained
an overall low level, primarily confined to the outer layer,
and rapidly diminished in the interior, demonstrating that
adsorbed water molecules are present in the outer region.

Overall, O* contributes to the formation of the inner oxide
layer, whereas OH™ and H,O are predominantly distributed
in the outer layer. These results suggest that oxygen
species are key factors distinguishing the composition
of the inner and outer layers of the passive film.
However, no clear correlation with PRE was identified
[31,36,42,50].

Fig. 9 shows the depth distribution of Mo (3d;, + 3d,,)
species in the passive film. For Mo™ (Fig. 9a), the content
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Fig. 8. Effect of PRE values on the depth distribution of O 1s species in the passive films formed for 2 h at +0.6 V(SCE) in 0.1 N
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increased toward the interior of the film, indicating that
metallic Mo was distinctly present in the region close to
the metal substrate. MoO, (Fig. 9b) exhibited a relatively
high content in the outer layer but decreased sharply
toward the interior, confirming that the oxide state formed
at the surface tended to lose its stability as it progressed
inward. MoO(OH), (Fig. 9¢) showed a clear fraction in
the outer layer but continuously decreased toward the
interior, indicating that hydroxide-type Mo was mainly
distributed in the outer region. MoO,* (Fig. 9d) was
observed as the most dominant species in the outer layer,
and its proportion remained relatively high, particularly
in alloys with higher PRE. This suggests that MoO,*
contributes to the stabilization of the passive film by
enhancing the cation-selective nature of the outer layer,
thereby suppressing cation transport and improving
corrosion resistance, as described by the bipolar model
[20-23,25,44.,45].

Fig. 10 shows the depth distribution of Ni 2p,,, species
in the passive film. For Ni™ (Fig. 10a), the content tended
to decrease with increasing PRE, indicating that metallic
Ni was more prevalent at the surface in alloys with lower
PRE. In contrast, NiO (Fig. 10b) gradually increased with
higher PRE, suggesting that Ni oxides were more stably
formed in alloys with higher PRE [30,32,33,50].

Fig. 11 shows the depth distribution of Cr 2p,,, species
in the passive films of austenitic stainless steels with
different PRE values in 1.0 N HCl solution. For Cr™ (Fig.
11a), the content gradually increased toward the interior
of the film, with all three alloys showing a similar
distribution level. Cr,O;, (Fig. 11b) continuously decreased

Ni™ content, %

854

80

0 10 20 30 40 50
Etch time, s

(2)

with depth, and no distinct differences were observed
among the alloys regardless of PRE. Cr(OH), (Fig. 11c)
also showed a decreasing tendency with depth, and the
distribution differences among the alloys were not
significant. In contrast, CrO,”” (Fig. 11d) exhibited a clear
distribution difference depending on PRE. The higher the
PRE, the relatively higher the fraction of CrO,*
maintained in the outer layer, which acted as a key factor
in strengthening the passive film by providing a cation-
selective property in the outer region. These results
demonstrate that CrO,”” plays an important role in
improving corrosion resistance even under high-
concentration HCI conditions. In summary, under the 1.0
N HCI condition, Cr™, Cr,0,, and Cr(OH), showed no
significant differences among the alloys, whereas CrO,>
exhibited a distinct distribution depending on PRE,
indicating that higher PRE enhances the stability of the
Cr oxide layer [21,22,24,41-43].

Fig. 12 shows the depth distribution of Fe 2p,,, species
in the passive films of austenitic stainless steels with
different PRE values in 1.0 N HCI solution. Fe™ (Fig.
12a) and Fe’* (Fig. 12¢) exhibited similar tendencies in
all alloys regardless of PRE, showing general distributions
that gradually increased or decreased with depth. In
contrast, Fe*" (Fig. 12b) was distributed at relatively
higher fractions in alloys with lower PRE, showing a
distinct difference. Therefore, under the 1.0 N HCI
condition, Fe species overall did not show a clear
difference depending on PRE, although Fe** was present
at relatively higher levels in alloys with lower PRE [31-
33,42,46].
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Fig. 10. Effect of PRE values on the depth distribution of Ni 2p,,, species in the passive films formed for 2 h at +0.6 V(SCE) in
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Fig. 13 shows the depth distribution of O 1s species in
the passive films of austenitic stainless steels with
different PRE values in 1.0 N HCI solution. O* (Fig. 13a)
distinctly increased toward the interior of the film and
was maintained at relatively higher levels in SR50A with
higher PRE. In contrast, AL-6X showed lower fractions
across the entire depth range, while 904L exhibited
intermediate levels, showing no strong PRE dependence.
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OH™ (Fig. 13b) was dominant in the outer layer and
sharply decreased toward the interior. SRS0A exhibited
the lowest values, while 904L maintained an intermediate
level between SR50A and AL-6X. H,O (Fig. 13c)
remained at overall low levels and was mainly distributed
in the outer layer. The lowest content was observed in
904L, whereas AL-6X showed the highest fraction, with
SR50A at an intermediate level. In summary, under the
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1.0 N HCI condition, SRS0A showed relatively higher
O and lower OH™ / H,O, indicating a more stable oxide
layer, whereas AL-6X exhibited lower O*~ and higher H,0,
suggesting a larger contribution of hydrated species in the
outer layer. 904L presented intermediate characteristics
between the two alloys.

Fig. 14 shows the depth distribution of Mo (3d;, + 3d,,)
species in the passive films of austenitic stainless steels

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025

with different PRE values in 1.0 N HCI solution. Mo™
(Fig. 14a) increased toward the interior of the film and
appeared at relatively higher fractions in 904L with lower
PRE. MoO, (Fig. 14b) was mainly observed at higher
fractions in the outer layer, but its content gradually
decreased as PRE increased. Toward the inner layer, the
differences among the alloys were not significant.
MoO(OH), (Fig. 14c) showed a clear fraction in the outer
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Fig. 16. Effect of PRE values on the Cr,0,/ Cr(OH), ratio and MO / (M + MO) ratio in the passive films formed for 2 h at +0.6
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layer but sharply decreased with depth, and alloys with
higher PRE exhibited relatively higher fractions in the
outer layer, while the differences diminished toward the
inner layer. MoO,> (Fig. 14d) was identified as the most
dominant species in the outer layer, and its fraction
remained the highest in SR50A with higher PRE. This
indicates that, as described by the bipolar model, MoO,*
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plays a key role in enhancing the stability and corrosion
resistance of the passive film by promoting cation
selectivity in the outer layer and suppressing cation
transport. In other words, with increasing PRE, MoO,*”
and MoO(OH), were reinforced in the outer layer,
whereas MoO, tended to decrease [20-23,25,44,45].
Fig. 15 shows the depth distribution of Ni 2p,,, species

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025



ADVANCED BIPOLAR MODEL BASED ON THE SEMICONDUCTIVE PROPERTIES OF THE PASSIVE FILM IN STAINLESS STEEL

in the passive films of austenitic stainless steels with
different PRE values in 1.0 N HCI solution. Ni* (Fig.
15a) exhibited the highest fraction in the outer layer and
gradually decreased toward the interior of the film. No
significant differences were observed among the alloys,
and no clear influence of PRE was identified. NiO (Fig.
15b) showed relatively low values in the outer layer but
gradually increased with depth. Similarly, differences
among the alloys were not significant, and no direct
correlation with PRE was observed.

Fig. 16 shows the ratios of Cr,O, / Cr(OH); and MO /
(M +MO) in the passive films of austenitic stainless steels
in HCI solutions. The Cr,O, / Cr(OH), ratio exhibited a
gradual increase toward the interior of the film in both
0.1 N HCI (Fig. 16a) and 1.0 N HCI (Fig. 16b). Notably,
SR50A with the highest PRE maintained the highest
values, whereas AL-6X and 904L showed relatively lower
levels. This indicates that stable oxides such as Cr,O,
accumulate more effectively in alloys with higher PRE.
Meanwhile, the MO / (M + MO) ratio showed a
decreasing trend toward the interior of the film in both
0.1 N HCI (Fig. 16c) and 1.0 N HCI (Fig. 16d). In 904L
with the lowest PRE, the ratio remained low even from
the outer layer, whereas SR50A and AL-6X showed
relatively higher initial values, which diminished with
depth. Overall, as PRE increased, the Cr,0, / Cr(OH),
ratio increased significantly, while the MO / (M + MO)
ratio decreased, indicating that the passive films tend to
form more stable oxide-rich layers in alloys with higher
PRE [56,57].

During XPS depth profiling, partial reduction of oxides
or selective removal of oxygen may occur during the Ar*
ion sputtering process, which could partially affect the
relative composition of Fe and O elements. However,
since all samples were analyzed under identical
conditions, this is not expected to significantly impact
comparative trends between alloys. These limitations of
XPS depth profiling are considered to warrant further
research.

Fig. 17 shows the change in the bipolar index of the
passive film as a function of the PRE value. The bipolar
index was derived by summing the absolute values of the
p-type slope and the n-type slope, following a method
proposed in previous studies [58], considering that the
passive film is divided into an inner layer and an outer
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layer, each exhibiting p-type and n-type semiconductor
characteristics, respectively. This definition does not
mathematically express the semiconductor characteristics
resulting from the addition of alloying elements but rather
uses an empirical correlation to describe the combined
characteristics of the two semiconductor tendencies. As
aresult, the bipolar index showed a clear increasing trend
with higher PRE under all HCI concentration conditions.
This indicates that in alloys with higher PRE, the oxide
components formed in the inner and outer layers are more
balanced, thereby enhancing both p-type and n-type
semiconductive properties simultaneously. In other words,
the bipolar index serves as a quantitative indicator
reflecting the stable development of the bilayer structure
of the passive film and becomes a key factor in explaining
the correlation between PRE and corrosion resistance.
Fig. 18 shows the relationship between the bipolar index
and corrosion-related parameters of the passive film
(passive current density and polarization resistance) as a
function of HCI concentration. Regarding the relationship
with i, in 0.1 NHCI (Fig. 18a), i, showed a slight decrease
with increasing bipolar index, although the overall
variation was not significant. In 0.5 N HCI (Fig. 18b), i,
clearly decreased as the bipolar index increased, with a
sharp drop observed in the higher bipolar index range. A
similar trend was observed in 1.0 N HCI (Fig. 18c), where
i, rapidly decreased with increasing bipolar index,
indicating that a higher bipolar index is closely associated
with lower passive current density. The relationship with
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R, showed similar behavior. In 0.1 N HCI (Fig. 18a’), R, bipolar index, confirming that alloys with a higher bipolar
increased with higher bipolar index, while in 0.5 N HCI index exhibit significantly enhanced resistance of the
(Fig. 18b’), a more pronounced increase was observed. In passive film. Consequently, the bipolar index showed an
1.ONHCI (Fig. 18¢), R increased sharply with increasing inverse relationship with i, and a direct relationship with R .
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Fig. 18. Relationship between bipolar index and corrosion parameters of the passive films formed at +0.6 V(SCE) in deaerated
HCl solutions at 25 °C: (a—c) passive current density (i), (a'—c’) polarization resistance (R ); (a, a") 0.1 N HCI, (b, b") 0.5 N HCI,
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Fig. 19. Schematic of the advanced bipolar model, illustrating how increasing the PRE number strengthens the passive film
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This indicates that as the p-type and n-type characteristics of
the passive film develop in a more balanced manner, the
stability and corrosion resistance of the film are
significantly enhanced. Therefore, the bipolar index can
be regarded as an important parameter for both PRE-based
alloy design and the evaluation of passive film
characteristics.

In this study, a new model was proposed to solve the
limitations of the conventional bipolar model, as
illustrated in Fig. 19. Fig. 19 schematically represents the
effect of increasing PRE elements (Cr, Mo) on the p-type
and n-type characteristics of the passive film. With higher
PRE contents, the distribution of MeO,>” oxyanions such
as CrO,”” and MoO,” in the outer layer markedly increased,
inducing changes in the electronic structure of the outer
layer and resulting in an increase in the n-type slope
observed in Mott—Schottky analysis. In addition, as PRE
increased, the Cr,0,/Cr(OH), ratio in the inner layer
increased, with a particularly pronounced contribution
from Cr,0,. This led to structural stabilization of the inner
layer and, consequently, an increase in the p-type slope.
In other words, these complementary changes, with
simultaneous strengthening of the n-type characteristics
in the outer layer and the p-type characteristics in the
inner layer, explain the observed increase in the bipolar
index (|p-type slope| + [n-type slope|) with higher PRE,
which proposed by our group [58]. The increase in the
bipolar index decreased the passive current density (i,)
and increased the polarization resistance (R}), which
ultimately led to a reduction in the total defect density in
the passive film.

5. Conclusions

In this study, the electrochemical and semiconductive
behavior of passive films on austenitic stainless steels with
different PRE values was investigated in deaerated HCI
solutions, and the advanced bipolar model of the passive
film was proposed. The main conclusions are as follows.

(1) With increasing PRE, the distribution of oxyanion
species (MeO,”), in the outer layer increased, enhancing
the structural stability and cation selectivity of the outer
layer. As a result, alloys with higher PRE exhibited an
increasing trend in n-type characteristics of the outer layer.

(2) As PRE increased, the Cr,O, / Cr(OH), ratio in the

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.5, 2025

inner layer markedly increased. The greater proportion of
Cr,O, contributed to the stabilization of the inner layer
structure, resulting in an increasing tendency in p-type slope.

(3) These complementary changes in the outer and inner
layers led to a bilayer structure in which both p-type and
n-type characteristics were simultaneously enhanced.
Consequently, the bipolar index (|p-type slope| + [n-type
slopel) increased with higher PRE. As the bipolar index
increased, the passive current density (i,) decreased, the
polarization resistance (R ) increased, and the total defect
density within the passive film decreased. As a result, the
corrosion resistance of the alloys was significantly
improved.
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