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To investigate the service performance of A100 steel with the chemical composition 23Co14Ni;,CrzMo in

actual ship deck environments, this study innovatively adopts the ASTM G85 “salt spray-SO, modified salt

spray test” to simulate the weakly acidic marine atmosphere containing engine exhaust pollutants. This

approach addresses the limitation of domestic studies that primarily rely on neutral salt spray tests
following GJB150.11A, which fail to reflect complex service conditions. The corrosion behavior, product
composition and electrochemical kinetics of A100 steel were systematically characterized using multiple
techniques including SEM, XRD, XPS, FT-IR, EDS, electrochemical workstation and EBSD. Results show
that the corrosion process exhibits triphasic kinetics: rapid initial corrosion from 2 to 4 days due to direct

contact between the metal and corrosive medium, with charge transfer resistance (R.) decreasing from
2860 Q cm? to 1029 Q cm? and corrosion current density (/o) increasing from 5.09 pA cm~2 to 7.35 pA
cm™2; decelerated degradation from 4 to 8 days by the formation of a dual-layer rust structure

consisting of a dense inner layer of FesO4 and y-FeOOH as well as a porous outer layer of Fe,Os, with

Rt peaking at 5421 Q cm? and leopr dropping to the minimum of 173 pA cm™;

2. and renewed

acceleration from 8 to 10 days caused by the synergistic damage of Cl™ and HSOz™ to the rust layer,
with Re; plummeting to 426 Q cm? and cor, SUrging to 23.44 pA cm=2. Alloying elements including Cr,
Co and Ni regulate corrosion resistance by modifying the rust layer structure and electrochemical

properties. Microstructurally, the initial passivation of austenite delays corrosion, while the subsequent
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dissolution of martensite and the establishment of a dynamic phase equilibrium ultimately expose

austenite, accelerating degradation beyond 10 days. This work clarifies the corrosion mechanism of A100
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1 Introduction

In recent years, with the transformation and upgrading of
China's maritime strategy, there has been increasing attention
on the survival and adaptability of aircraft in marine environ-
ments." Aircraft that remain on decks or in ship hangars for
extended periods are subjected to the corrosive effects of the
marine atmosphere. The harsh marine atmospheric environ-
ment not only affects aircraft performance but also imposes
higher demands on maintenance and upkeep. The new high-
strength A100 steel (23Co4,4Ni;,Cr;Mo), known for its excellent
toughness, stress-fatigue resistance, and corrosion resistance,”
has been widely used in marine aviation equipment, particu-
larly in landing gear structures.* However, the high-
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steel under salt spray-SO, coupling, providing a reliable experimental basis and theoretical support for its
safe application in marine aviation equipment.

temperature, high-humidity, and high-salinity characteristic of
marine atmospheres make aircraft structures particularly
vulnerable to corrosion degradation.* Research on the corrosion
behavior of A100 steel in complex atmospheric environments
is of significant importance for the safe operation of aircraft
in harsh marine conditions. Currently, both domestic and
international research on the corrosion of high-strength
steels primarily focuses on corrosion-induced mechanical
issues, and China's research in this area is generally aligned
with global trends.>® With the deepening of research on
marine environments, conventional neutral salt spray tests
(NSS) and GJB150.11A standards have proven insufficient for
effectively assessing the corrosion resistance of materials
in marine conditions, as they cannot simulate the weakly
acidic environment and Cl -HSO;  synergistic corrosion
induced by SO, in engine exhaust. In contrast, ASTM G85 can
accurately replicate the pollutant composition and dynamic
corrosion cycles of actual ship decks, making it more suitable
for revealing the service-related corrosion behavior of A100
steel.
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Huang Tao’ conducted preliminary research on the rust
characteristics and corrosion resistance of high-strength steel
in neutral salt solutions. It was found that a dense inner rust
layer can effectively prevent the penetration of Cl, thereby
enhancing the material's corrosion resistance.® Based on Huang
Tao's neutral salt spray experiments, Guo Mingxiao and
colleagues investigated the corrosion mechanism of SO, under
acidic salt spray conditions.”'® The study revealed that the
synergistic effect of SO, and ClI” promoted corrosion in the early
stages of the experiment, while the SO,/Cl™ ratio did not alter
the composition of the corrosion products on the carbon steel
surface. Additionally, SO, facilitated the homogenization of
carbon steel corrosion. Qian Ang et al."** studied the corrosion
and electrochemical characteristics of A100 steel in neutral salt
spray environments. Their research indicated that the surface
corrosion product layer effectively hindered the penetration and
diffusion of the corrosive solution into the substrate, delaying
the corrosion process and providing good protection to the
substrate. Yang Wendi and Zhao Lianhong® utilized laser
cladding technology to prepare a CoCrNiNbo0.1 + xB4C high-
entropy alloy coatings on the surface of A100 steel. The results
demonstrated that the addition of B4C led to an increase in the
coating's microhardness but a reduction in its corrosion resis-
tance. Vishwajeet Bachhar's team demonstrated that Solanum
chrysotrichum extract, rich in bioactive phytochemicals, ach-
ieves a maximum corrosion inhibition efficiency of 93.38% for
mild steel (MS) in 1.0 M HCI at 1.20 g L' concentration
(following Langmuir isotherm) while exhibiting antioxidant
and antibacterial properties, as evidenced by multifaceted
characterization and computational analyses.**'* With the
deepening of research on marine environments, conventional
neutral salt spray tests and evaluation metrics have proven
insufficient for effectively assessing the corrosion resistance of
materials in marine conditions, as they significantly differ from
the complex deck environments. The deck surface is exposed to
a large amount of exhaust fumes emitted by engines during
operation, containing gases such as NO, and SO,, with SO,
posing the greatest threat to the corrosion damage of aircraft
structures.'® Currently, domestic studies on the corrosion
behavior of A100 steel primarily rely on neutral salt spray tests,
conducted in accordance with GJB150.11A “Laboratory Envi-
ronmental Test Methods for Military Equipment: Salt Spray
Test” for relevant testing and verification."”” Compared to
neutral salt spray environments, the weakly acidic environment
resulting from the combined effects of salt spray and SO, more
closely resembles the actual conditions on ship decks. The U.S.
military has extensively applied the “salt spray-SO,” testing
method to evaluate the adaptability of materials in marine deck
environments, and after decades of development and applica-
tion, this method has matured.”* The U.S. Department of
Defense's “Environmental Engineering Considerations and
Laboratory Tests” includes ASTM.G85 “Modified Salt Spray Test
Methods, “with the ”salt spray-SO,” testing procedure incor-
porated into the environmental test method standards MIL-
STD-810 versions F and G. The provided data indicate that
corrosion exposure tests on ships align with the results of
ASTM.G85 “salt spray-SO,” tests.'** Diverging from traditional
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GJB150.11A methodologies, this study adopts the ASTM G85-
based modified salt spray test to evaluate A100 steel speci-
mens, aiming to better simulate the service environment of
aircraft on ship decks in China. As A100 steel is a primary
material for aircraft landing gear, studying it using the salt
spray-SO, corrosion test standard holds significant reference
value. This paper investigates the corrosion behavior and
electrochemical characteristics of A100 steel under salt spray-
SO, conditions, providing valuable insights for the safe service
of this material in harsh deck environments.

2 Experimental
2.1 Experimental materials

The test specimens were fabricated from A100 high-strength
alloy steel and machined into cylindrical geometries with
dimensions of 6 x 6 mm (Fig. 1). Prior to corrosion testing, all
specimens underwent standardized surface treatment to ensure
consistent initial conditions: sequentially ground with sand-
papers to remove machining defects, ultrasonically cleaned in
anhydrous ethanol for 15 minutes to eliminate surface
contaminants, and dried with high-purity nitrogen.The heat
treatment procedures included: oil quenching at (885 £ 14)°C
for 60 minutes, cryogenic treatment at (—73 £ 8) °C for 60
minutes followed by air reversion, and final tempering at (482 +
3) °C for 6 h with air cooling. Table 1 present the chemical
composition and mechanical properties, respectively. The alloy
primarily consists of Fe, Co, and Ni with trace amounts of Cr,
Mo, and Mn. It exhibits exceptional strength, with a tensile
strength of 1970 MPa, and toughness, making it suitable for
aircraft landing gear applications.

2.2 Salt Spray-SO, corrosion testing

According to ASTM G85, a HKT 3000 Clima salt spray-SO,
chamber (Kohler Co.) was employed to simulate marine atmo-
spheric conditions. The test parameters strictly corresponded to
the actual environmental characteristics of ship decks to ensure
simulation authenticity: the exposure zone temperature was
maintained at 35 £ 1 °C, with a saturated tower temperature of
47 £ 1 °C. These parameters align with the typical marine

6mm

6mm

Fig.1 Sample size and physical image.

Table 1 Chemical composition of A100 steel wt%

C Co Ni Cr Mo Mn Si Fe

0.229 13.46 11.23 3.01 1.22 0.02 0.03 Bal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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atmospheric temperature range of 28-36 °C in coastal naviga-
tion areas," while accounting for localized surface temperature
increases of 3-5 °C caused by engine exhaust. The saturated
tower temperature maintained a relative humidity >95%,
consistent with the average marine atmospheric humidity of
85-98%.* The selected SO, flow rate of 35 cm® (min m ) fell
within the actual SO, concentration range of 10-50 cm?®
(min m~>) on ship decks,* specifically simulating peak SO,
exposure from engine exhaust during routine aircraft takeoffs
and landings, where SO, constitutes 60-70% of acidic pollut-
ants.” The 5 wt% NaCl spray solution matched the salinity of
marine atmospheric aerosols (3-6 wt%) in offshore environ-
ments," reflecting the high-salinity corrosion stress on deck
materials. A cyclic protocol comprising 5 hours of salt spray
followed by 1 hour of SO, injection (repeated four times daily, 6-
hours cycles) was implemented to reproduce the dynamic
alternation of “salt spray deposition-SO, emission” in practical
scenarios: the 5-hours salt spray phase simulated continuous
salt exposure during aircraft parking periods, while the 1-hour
SO, injection replicated the periodic SO, release during daily
engine startups (2-3 cycles per day) (Fig. 2).** This cycling
pattern has been validated through U.S. Navy vessel tests,
demonstrating a strong correlation (>0.9) with actual corrosion
kinetics.?> Six groups of specimens (three replicates each) were
extracted at 2, 4, 6, 8, and 10 days for corrosion morphology
analysis and electrochemical testing. All data presented in this
study are the mean values of three parallel specimens, which
helps reduce experimental errors and ensures the accuracy and
reproducibility of the results.

2.3 Electrochemical characterization

Electrochemical measurements were conducted using a PAR-
STAT 4000A workstation (Princeton Applied Research). Post-
corrosion specimens were air-dried, welded with central
copper leads, and cold-mounted prior to immersion in 5% NaCl
at 25 °C. A three-electrode system was employed, consisting of
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Fig. 2 Salt spray-SO, test scheme.
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a saturated calomel reference electrode (SCE) and a platinum
counter electrode. After a stabilization period of 30 minutes,
electrochemical impedance spectroscopy (EIS) was performed
over a frequency range from 10° to 10> Hz, with a 10 mV
amplitude and 30 data points. Potentiodynamic polarization
scans were conducted from —0.4 to 0.4 V, utilizing a 0.5 mV step
size, a 3-seconds duration per step, and a scan rate of 0.166 mV
s~'. The data were analyzed using Zsimpwin and Cview soft-
ware. Micro-regional electrochemical mapping of a 3 x 3 mm
area was performed with a VersaSCAN SKP system (Princeton),
employing a 100 um step size, an 80 um probe distance, and
a 25 um amplitude.

2.4 Macro/microstructural analysis and corrosion product
characterization

Corrosion morphology was examined using an Olympus
DSX500 3D microscope and Hitachi S-3400N SEM. Initial low-
magnification observations documented the coloration and
distribution of the rust layer.XRD analysis (Cu Kea,, 40 kV/40 mA,
5-90° range, 2° per min) characterized the composition of the
rust layer after 10-days exposure. XPS (Thermo Scientific
ESCALAB 250Xi, Al Ko 1486.6 eV, 150 W) determined the
elemental oxidation states under ultrahigh vacuum conditions
(P < 8 x 107° bar), with C 1s (284.8 eV) used as a reference. EDS
elemental mapping and FT-IR chemical bonding analysis
complemented the phase identification. EBSD (EDAX Velocity
Super, 20 kV, 40 nA, 2500 pts per s) elucidated the effects of
grain boundary on corrosion progression. The integration of
multimodal data ensured analytical reliability.For EBSD char-
acterization, specimens were further polished with 0.05 um
colloidal silica after the initial mirror-finish treatment to elim-
inate surface stress and oxide films, then ultrasonically cleaned
in anhydrous ethanol for 10 minutes and dried with high-purity
nitrogen; EBSD tests were performed using an EDAX Velocity
Super system with a scanning area of 3 x 3 mm per specimen,
a step size of 0.5 um, and operating parameters of 20 kV, 40 nA,
2500 pts per s, to elucidate the effects of grain boundary on
corrosion progression. The integration of multimodal data
ensured analytical reliability.

3 Result and analysis
3.1 Corrosion morphology and product analysis

Fig. 3 illustrates the macroscopic surface evolution of A100 steel
during salt spray-SO, testing. After 2-days exposure, humerous
dense corrosion pits appear, accompanied by dark brown
discoloration and localized reddish-brown corrosion products,
along with a loss of metallic luster. On the 4th day, these
products develop into patchy rust deposits characterized by
powdery detachment, while the dimensions of the pits increase,
indicating the formation of iron oxide. Specimens examined the
6th day display extensive reddish-brown outer rust layers over-
laying darker inner corrosion products. On the 8th day,
a distinct dual-layer rust structure emerges: a reddish-brown
outer layer (likely FeOOH/Fe(OH);) and a compact black inner
layer (presumed Fe;0,),”> with surface-deposited NaCl crystals

RSC Adv, 2026, 16, 5309-5324 | 5311
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identified via SEM (Fig. 3e). Prolonged exposure until the 10th corrosion expansion is evident as color transitions from
day results in the formation of lamellar yellow surface layers, reddish-brown to yellowish hues across increasingly affected
indicative of sulfur-containing compounds. Progressive areas. The comparative analysis with neutral salt spray
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Fig. 3 Corrosion morphology of salt spray-SO, after different time.
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Fig. 4 Analysis results of internal and external rust layer of XRD after salt spray-SO, corrosion for 10 days.
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environments>*?

confirms accelerated degradation under

combined salt spray-SO,conditions, as evidenced by enhanced
surface deterioration at equivalent exposure durations.
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Furthermore, A100 steel also contains small amounts of
metallic elements such as Co, Ni, and Cr, which influence the
formation of corrosion products to some extent:** Cr in A100
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Fig. 5 Fe 2p and S 2p spectra after 10 days of corrosion.
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steel imparts cation selectivity to y-FeOOH, preventing the
ingress of C17; Co can exist in small amounts as CoOOOH within
FeOOH, increasing the electrochemical impedance of the
corrosion product layer; Ni allows the Ecorr of A100 steel to shift
in the positive direction, refines the grains of the internal
corrosion products, increases their density, promoting the
generation of the inner rust layer. These elements collectively
improve the initial protective performance of corrosion prod-
ucts, but their regulatory effect on rust layer compactness
gradually weakens with the corrosion process under the syner-
gistic erosion of CI~ and HSO; .

Fig. 4 presents XRD analysis results of the outer and inner
rust layers on A100 steel after 10 days of corrosion. The corro-
sion products of high-strength steel typically exhibit a dual-layer
structure: a loosely adherent outer rust layer and a compact
inner layer directly adjacent to the substrate. Following the
natural air-drying of corroded specimens, XRD scanning of the
upper surface revealed the composition of the outer layer
(Fig. 4a). The subsequent removal of superficial rust through
ethanol wiping exposed the dense inner layer for characteriza-
tion (Fig. 4b). A comparative analysis with XRD standard
patterns and existing literature® identified the outer layer as
primarily containing Fe,Os, y-FeOOH, and Fe(OH)3, while the
inner layer consisted predominantly of Fe;O, and y-FeOOH.
These phases correspond to distinct physical properties: the
outer layer manifested as a porous reddish-brown substance,
contrasting with the compact black morphology of the inner
layer.

Fig. 5a-c presents XPS spectra of corroded surfaces at varying
exposure durations. Reference standards indicate that at 0 days,
the Fe 2p spectrum displays unresolved valence states,
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Paper

indicating a predominant metallic iron, while the S 2p spectrum
exhibits noisy signals with negligible sulfur content. After 6 and
10 days of corrosion, characteristic Fe 2p;/, and Fe 2p;,, peaks
appear at 725 eV and 711 eV, respectively. The Fe 2p peaks
exhibit corresponding satellite features at higher binding
energies — 731.8 eV and 717.7 eV for Fe**. Peak deconvolution
reveals distinct binding energies of 710.8 eV (Fe**) and 709.6 eV
(Fe*"), confirming their coexistence. Quantitative analysis via
peak area integration yields the Fe**/Fe*" molar ratios: 0.32 =+
0.04 (6 days) and 0.21 + 0.03 (10 days), indicating an increasing
dominance of Fe** with prolonged corrosion. This trend aligns
with the redox instability of Fe**, which is readily oxidized to
Fe*" under the weakly acidic salt spray-SO, environment,>* and
correlates with the formation of sulfur-containing corrosion
products. The predominance of Fe*" is consistent with XRD
results, which align with the redox instability of Fe** and its
tendency to oxidize to Fe**.>* Fig. 5c displays the S 2p spectrum,
featuring a prominent single peak at 169 eV, which corresponds
to the SO,>~ reference in the Avantage database. Combined with
Fe 2p analysis, this confirms the formation of sulfate through
Fe**-S0,>~ coordination in corrosion products.>®

Fig. 6 presents SEM observations of specimen surfaces at 0,
6, and 10 days of corrosion exposure (all subfigures with a scale
bar of 50.0 um). The progressive densification of corrosion
products is evident, with complete substrate coverage by porous
rust layers containing microcracks observed at 6 days (Fig. 6b).
This is followed by a reduction in crack dimensions and
enhanced in layer compactness at 10 days (Fig. 6c). EDS
elemental mapping across three representative regions (Tables
2-4) reveals an increase in sulfur content with prolonged
exposure, confirming the incorporation of sulfur compounds.

Fe
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Fig. 6 SEM images and EDS analysis of different corrosion cycles.
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Cross-sectional analysis demonstrates a dominance of iron and
oxygen in both rust layers, which can be attributed to redox
reactions occurring under salt spray-SO, conditions. The
cathodic oxygen reduction facilitates anodic dissolution of iron,
resulting in the formation of Fe,0; and FeOOH.” The corrosion
mechanism involves two accelerators: chloride ions (0.362 nm
diameter) penetrate surface oxides to initiate pitting corro-
sion,”® while SO,-derived HSO;  acidifies the electrolyte,
synergistically enhancing reaction kinetics versus neutral envi-
ronments.” Alloying elements exert microstructure-modifying
effects: chromium enables y-FeOOH's cation-selective barrier
against chloride ingress; cobalt incorporation as CoOOH
increases electrochemical impedance; nickel elevates corrosion
potential (E.o;) while refining grain structure to promote the
formation of a dense inner layer.>***3*

Fig. 7 presents the results of Fourier-transform infrared
spectroscopy (FTIR) analysis of corrosion products under salt
spray-SO, exposure. The presence of identical infrared absorp-
tion bands across various exposure periods demonstrate
consistent compositional profiles, primarily containing Fe;Oy,,
v-FeOOH, and Fe,(SO,4);." Characteristic vibrational modes are
observed at 605 cm™ " (Fe-O stretching/bending), 832 cm ™" (y-

Table 2 The element content on the surface of the specimen after
corrosion for O days

Element (6] Si S Cr Mn Fe Co Ni

Atomic (%)
Concentration (%)

0.14 0.41 0.00 2.35 0.00 73.07 13.26 9.19
0.04 0.21 0.00 2.18 0.00 73.05 13.99 9.65

Table 3 The element content on the surface of the specimen after
corrosion for 6 days

Element (6] Si S Cr Mn Fe Co Ni

Atomic (%) 45.46 0.20 24.79 0.00 0.03 24.67 3.41 1.30
Concentration (%) 22.81 0.18 24.93 0.00 0.05 43.21 6.30 2.40

Table 4 The element content on the surface of the specimen after
corrosion for 10 days

Element (6] Si S Cr Mn Fe Co Ni

12.52 0.11 28.13 0.13 0.17 48.39 5.15 5.07
4.52 0.18 20.34 0.16 0.22 60.95 6.84 6.72

Atomic (%)
Concentration (%)

Table 5 Fitting results of electrochemical impedance spectroscopy

View Article Online

RSC Advances
FeOOH symmetric stretching), and 998 cm " (y-FeOOH anti-
symmetric vibration). The prominence of the latter among
FeOOH polymorphs suggests enhanced corrosion resistance."
The broad band at 3350 cm™* corresponds to O-H stretching in
Fe**-bound hydroxyl groups and adsorbed water molecules,
whilethe feature at 1635 cm ™" is attributed to H-O-H bending
vibrations.*> Notably, the peak at 1096 cm ™' aligns with S=0/
0=8=O0 stretching in S0O,*”,* corroborating findings from
EDS and XPS (Fig. 4 and 5). The spectral signature at 605 cm™ "
further confirms Fe-O-H lattice vibrations in iron oxyhydroxide
structures,* validating sulfate incorporation and the evolution
of iron oxide phases during corrosive degradation.

3.2 Electrochemical test results and analysis

Fig. 8 presents the results of electrochemical impedance spec-
troscopy (EIS) analysis of A100 steel immersed in 5% NaCl
solution at varying corrosion durations. The reduction in
capacitive arc radii from day 2 to 4 (Fig. 8a) indicate accelerated
reaction kinetics during initial exposure period. The subse-
quent accumulation of corrosion products between days 6 and 8
leads to the formation of protective rust layers that penetration
of HSO; /Cl™ ions, as evidenced by the increasing arc radii.
Bode magnitude analysis (Fig. 8b) reveals a decline in corrosion
resistance from days 2 to 4, attributed to direct metal-electro-
Iyte interaction prior to the formation of the protective layer.
The progressive densification of corrosion products starting
from day 6 establishes effective diffusion barriers, reaching the
maximum impedance modulus by day 8. However, the degra-
dation of the outer layer initiates a dynamic equilibrium
between protective effects and renewed corrosion, resulting in
a reduced modulus on day 10 compared to day 4. Characteristic
phase angle maxima in the 10°-10> Hz range (Fig. 8c) corre-
spond to redox reaction time constants under weak acidic salt
spray-SO, conditions,*” consistent with modulus evolution. The
dispersion effects noted in the analysis, attributed to electrode
surface heterogeneity and limitations in solution conductivity,
necessitate the replacement of ideal capacitors with constant
phase element (CPE) components in equivalent -circuit
modeling.

1
Zcpg = 7A(]’w)k (1)
The equivalent circuit model utilizes the relationship

1 . .
Zcpg = m, where A represents the magnitude of capacitive
w

Salt spray

time R (Q cm?) CPE(q)) (uF em™?) nq R¢ (Q cm?) CPE(y (UF cm ™ ?) ne Re (Q cm?) x>

2 days 8.11 187.2 0.862 20.16 13.03 0.855 2860 0.0032
4 days 5.97 29.46 0.569 19.63 89.26 0.756 1029 0.0041
6 days 4.77 26.59 0.827 16.96 43.19 0.850 4263 0.0028
8 days 3.56 75.21 0.715 27.21 55.27 0.826 5421 0.0025
10 days 2.14 10.81 0.892 7.56 45.62 0.762 426 0.0053

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Ac Impedance Diagram of A100 Steel in 5% NaCl solution under different corrosion time.

reactance/admittance, j denotes the imaginary unit, w is the
angular frequency, and k& signifies the dispersion coefficient. In
the context of the rust layer on A100 steel, a five-element
equivalent circuit with film components (shown in Fig. 8) was
selected to fit the electrochemical impedance spectroscopy
data, with detailed parameters provided in Table 5. The circuit
components include: Rs (NaCl solution resistance), R. (charge
transfer resistance), CPEqy (comprising double-layer capaci-
tance Cq and dispersion index n4), CPEf (containing film
capacitance Cr and dispersion index ng), and R (passive film
resistance).R; reflects the structural characteristics of passive
films, while R corresponds to the resistance encountered
during charge transfer through the electrical double layer at the
substrate-electrolyte interface. Higher R, values indicate
denser corrosion product layers that prevent corrosive media
penetration, thereby enhancing corrosion resistance.

5316 | RSC Adv, 2026, 16, 5309-5324

Conversely, lower R.. suggests porous rust layers that facilitate
charge transfer and accelerate material degradation.***¢

Based on the corrosion characteristics of A100 steel and
electrochemical impedance spectroscopy (EIS) features, the five-
element equivalent circuit is selected (Fig. 9). The dual-layer

CPEt

Rs CPEa

Rs
Rt

Fig. 9 Equivalent circuit diagram.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08480f

Open Access Article. Published on 26 January 2026. Downloaded on 6/21/2026 4:26:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rust structure formed during corrosion introduces independent
mass transport resistance (R¢) and capacitive response (CPEg) of
the corrosion product film, which cannot be fully characterized
by simple three-element models accounting only for solution
and double-layer effects. Meanwhile, EIS phase angle plots
exhibit two distinct time constants, corresponding to the charge
transfer at the substrate-electrolyte interface (R../CPEq;) and ion
diffusion through the rust layer (R¢/CPEs), providing direct
experimental evidence for the multi-element model with film
components. Additionally, the non-ideal capacitive behavior of
the rust layer and electrical double layer (caused by surface
roughness, inhomogeneous corrosion products, and adsorbed
species) can be accurately described by constant phase element
(CPE) instead of ideal capacitors to address the dispersion effect
in impedance analysis.

The EIS parameters presented in Table 5 demonstrate
distinct stages of corrosion evolution, as evidenced by varia-
tions in charge transfer resistance (R.) and corresponding
statistical data. All fitting processes were performed using
Zsimpwin software with a five-element equivalent circuit, and
the reliability of fitting results was verified by chi-square (x?)

Table 6 Polarization curve fitting result
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values. During the initial exposure period (2-4 days), a signifi-
cant decrease in R., from 2860 to 1029 Q cm?, was observed,
indicating accelerated reaction kinetics due to direct interaction
between the bare steel surface and corrosive agents. This initial
phase is characterized by minimal formation of protective rust
layers, which corresponds with the observed rapid material
degradation. Subsequent measurements revealed a notable
increase in R, values, reaching 4263 Q cm” by day 6 and peaking
at 5421 Q cm? on day 8. This upward trend correlates with the
progressive development of compact corrosion products that
effectively inhibit ionic transport. The maximum R value
recorded on day 8 confirms the optimal barrier properties
achieved by the mature rust layers at this stage. However,
a subsequent reduction in R to 3815 Q cm? by day 10 indicates
structural degradation of the protective layer under prolonged
exposure to CI -HSO; "~ synergistic effects. This degradation is
characterized by microcrack propagation and acidic dissolution
processes, which increase the active surface area and conse-
quently facilitate charge transfer processes. The observed trend
reversal highlights the dynamic equilibrium between protective
film growth and corrosive media penetration, where accumu-
lated structural defects ultimately dominate the corrosion
mechanism.”” These quantitative impedance parameters are
consistent with microscopic observations (Fig. 3 and 6) and
elemental analysis results (Tables 2-4), collectively demon-

Salt spray strating the time-dependent competition between passivation
time Ecorr (V) Ieor (WA cm™®) By (mVdec™”) fc(mVdec’) and depassivation processes. The comprehensive data set
provides valuable insights into the complex interplay of factors
2 days —0.663 5.093 128.6 112.3 . . . .
4 days —0.721 345 105.4 108.7 governing the corrosion behavior of the material under
6 days —0.625  4.064 146.2 115.8 Investigation.
8 days —0.530  1.726 189.5 124.6 Fig. 10 shows the polarization curves of A100 steel during
10 days —0.672  23.442 89.7 96.4 corrosion in 5% NacCl solution. The anodic polarization curves
0.0
-0.2 |-
o -04
>
N’
= L
-0.6 -
-0.8 |-
-1.0 ] . 1 . ] 1 L 1 . 1 L
-8 -7 -6 -5 -4 -3 -2
logi(A)
Fig. 10 Polarization curve of A100 steel in 5% NaCl solution under different corrosion time.
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exhibit similar characteristics, with the corrosion current
increasing as the potential rises, indicating continuous disso-
lution and corrosion of the specimen. The fitting parameters of
the polarization curves are presented in Table 6. The corrosion
potential (E.o,) reflects the thermodynamic tendency of corro-
sion - a negative shift in E.,,, corresponds to increased corro-
sion susceptibility, while a more positive E.,,, indicate reduced
corrosion activity. 8, reflects the kinetics of anodic Fe dissolu-
tion with smaller values indicating faster dissolution, while 3.
relates to cathodic oxygen reduction and reflects changes in
cathodic mechanism or mass transport resistance; at 2 days,
moderate $, (128.6 + 8.5 mV dec ') and B, (112.3 + 7.9 mV
dec™') indicate unobstructed reactions, 4 days sees 3, decrease
to 105.4 + 6.8 mV dec™ " (accelerated anodic dissolution) with
stable 8., 6 days shows increased 3, (146.2 & 9.1 mV dec™ ') and
B (115.8 + 8.2 mV dec™ ") due to initial rust layer inhibition, 8
days achieves maximum @3, (189.5 + 10.3 mV dec ') and .
(124.6 + 9.5 mV dec™ ') via dense dual-layer rust protection, and
10d witnesses 8, (89.7 + 5.6 mV dec™ ') and 8. (96.4 + 5.8 mV
dec™) plummet as CI -HSO;~ synergistic attack damages the
rust layer, reactivating both anodic and cathodic reactions.
Table 6 presents the fitting parameters that illustrate the
corrosion evolution of A100 steel. After a 2-days exposure, the

Table 7 Gaussian fitting result
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corrosion potential (E.o) is measured at —0.663 V, with
a corrosion current density (I.or;) Of 5.093 HA cm™>. By day 4,
E.orr shifts negatively to —0.721 V while I.,,, increases to 7.345
pA cm 2, indicating accelerated corrosion activity. On day 6,
improved protection is observed as E.q, rises to —0.625 V and
Lo decreases to 4.064 pA cm ™2, Optimal performance is ach-
ieved on day 8, with a minimal I of 1.726 pA cm > and
maximum charge transfer resistance (R.), which corresponds to
dense corrosion product layers that effectively isolate the
substrate from the acidic electrolyte. However, by day 10, the
degradation of protection results in a negative shift in E.,,, to
—0.672 V, with I surging to 23.442 pA cm™ 2. This acceleration
is attributed to accumulated structural damage, an increased
active surface area, and compromised rust layers under sus-
tained HSO; /Cl™ attack, despite the slightly elevated E o
suggesting a reduced thermodynamic tendency for corrosion.

3.3 Micro electrochemical testing results and analysis

Fig. 11 illustrates the surface potential distribution of A100 steel
specimens exposed to salt spray and SO, corrosion over varying
durations, as characterized by scanning Kelvin probe (SKP)
measurements. The measured potential (E) profiles were

Salt spray time

Maximum potential

Minimum potential Potential range

per days pmv! 7 (mVv) (mVv) (mv)
0 —159.46 62.83 227 —294 571
6 —62.01 85.96 95 —783 878
10 277.53 66.89 436 —282 718

15

X/100pm

(a) 0d

X/100pm

(b) 6d

Fig. 11 Scanning Kelvin potential distribution after different time of salt spray-SO, test.
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analyzed using Gaussian probability distribution fitting, repre-
sented by the following equation:

y = A4 x exp[—0.5(E — w)*/o?] (2)
where A denotes a normalization constant, u represents the
expectation value (mean potential), and ¢ quantifies the stan-
dard deviation (potential distribution dispersion). The fitting
results, demonstrated in Fig. 12 and Table 7, reveal systematic
evolution of surface electrochemical heterogeneity during
corrosion progression.

Fig. 11 illustrates the evolution of surface potential charac-
teristics during salt spray-SO, corrosion. The pristine specimen
(0 days) exhibits a homogeneous potential distribution with
minimal variation (mean: —159.46 mV, ¢ = 62.83), reflecting
intrinsic micro-galvanic effects between alloying elements with
differing electrochemical potentials.*®* After 6-days exposure,
the potential distribution broadens significantly (—783 mV to 95
mV), accompanied by an increased standard deviation (¢ =
85.96) and anodic shift (mean: —62.01 mV), indicative of
intensified localized corrosion. This transformation results
from chloride-induced breakdown of passive films and subse-
quent micro-galvanic coupling between active substrate regions
(anodes) and secondary phase particles/corrosion products
(cathodes).**' The expanded potential range correlates with
accelerated corrosion kinetics due to the cathodic activation of
inclusions and microstructural heterogeneities.*»** By day 10,
the surface potential further elevates (mean: 277.53 mV, ¢ =
66.89) with reduced potential fluctuation, contrasting with
electrochemical test trends but aligning with microscopic
observations of complete rust coverage. This apparent discrep-
ancy stems from SKP's sensitivity to surface oxide properties, in
contrast to electrochemical measurements that reflect bulk
charge transfer processes influenced by HSO; /Cl™ penetration
and multi-layer corrosion products. It is clarified that the Kelvin
potential measured by SKP reflects the surface work function
rather than direct corrosion rate, which is dominated by charge
transfer kinetics (characterized by EIS and polarization
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integrity, while EIS/polarization tests reflect bulk corrosion
involving HSO; /Cl™ penetration. For example, the elevated
Kelvin potential at 10d corresponds to sulfur-containing rust
(confirmed by XPS/EDS) but does not indicate reduced corro-
sion activity—consistent with the surged Icorr and dropped R,
in electrochemical tests. The progressive Kelvin potential with
exposure duration consistently corresponds with EIS evolution
and morphological changes, demonstrating complementary
insights from surface-sensitive and bulk electrochemical char-
acterization techniques.

3.4 EBSD results and analysis

Fig. 13 displays inverse pole figures of A100 steel substrate
specimens obtained through orientation imaging microscopy at
various corrosion durations. The uncorroded specimen pres-
ents distinctly visible grain structures. With increasing corro-
sion time, corrosion products accumulate on the surface, and
the grain size distribution shows subtle changes.*** Statistical
analysis of grain orientations indicates a gradual reduction in
low-angle grain boundaries as corrosion advances (Fig. 13b).
The grain orientation distribution becomes increasingly
heterogeneous, indicating the selective dissolution of specific
crystallographic orientations (particularly the (111) orientation
marked in Fig. 13a) and structural adjustments related to
corrosion-induced phase interactions.****

Fig. 14 presents phase diagrams and pole figures of A100
steel after 2, 4, 6, and 10 days of corrosion, with austenite
(green) and martensite (red) phases clearly identified. The
fraction of the austenite phase initially decreases and then
increases during corrosion (Fig. 14a), a phenomenon attributed
to the formation of passive films on the surfaces of austenite.
Austenite's higher chemical activity and lower corrosion resis-
tance render it more susceptible to attack than martensite,

Table 8 Phase fraction data

: R . 2 days 4 days 6 days 10 days
parameters). This explains the discrepancy between SKP and
electrochemical trends: SKP is sensitive to surface rust layer Fe(Alpha, Martensite, BCC) 0.985 0.992 0.991 0.861
Fe(Gamma, Austenite, FCC)  0.015 0.008 0.009 0.139
25 20 30
[ Frequency Counts [ Frequency Counts - [ Frequency Counts
] —— Gauss Fitting Curve ' ' —— Gauss Fitting Curve ) Gauss Fitting Curve &
§ 20 7] g 16 M ;'\;
£ = sr
@15 - L2k @
= = =
=2 =2 =2
2 E 10 g 15
= = =
@ 10F w SF @
2 i3 2 10
Y o 3
& s T & 4 &
. . . . o—ml i . [ . == =
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(a) 0d (b) 6d (c) 10d
Fig. 12 Guassian probability distribution of surface potential of A100 steel at different times.
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leading to reduced austenite volume fraction in early stages
(Table 8). By day 6, accumulated corrosion products form
protective passive films on austenite, inhibiting further corro-
sion,* while partial dissolution of martensite leads to
a decrease in its phase fraction. However, due to the protective
effect of the austenite passive film, the austenite volume frac-
tion increased, resulting in a significant elevation of the
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Fig. 13
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Fig. 14
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austenite phase proportion after 10 days of corrosion. The pole
figures (Fig. 14b and c) demonstrate weakened characteristic
peaks for both phases with prolonged exposure, indicating
structural degradation. Initial-stage austenite retains partial
orientation features, likely due to preserved passive films, the
emergence of new orientation peaks suggest possible recrys-
tallization.

Corroded martensite exhibits randomized

#10 Fe (aipha, ferrite, bec)

oo
i

(a) Reverse polarity diagram of A100 steel sample (b) grain orientation statistics.

6 days 10 days

Martensite

110 110

(a) Phase diagram of A100 steel sample (b and c) austenite and ,artensite pole diagrams of A100 steel sample.
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orientations, reflecting its propensity for brittle fracture
propensity during corrosion. These phase-specific evolution
patterns reveal that although austenite is initially vulnerable,
early passivation temporarily retards corrosion. However, the
subsequent dynamic equilibrium between phase dissolution
and re-exposure ultimately accelerates degradation by day 10,
consistent with electrochemical analyses that indicate a rene-
wed escalation in the corrosion rate.

Fig. 15a displays grain boundary maps of A100 steel at
different corrosion stages, with red, green, and blue lines rep-
resenting boundaries having misorientation angles below 5°,
between 5°-15°, and above 15°, respectively. Progressive
corrosion induces significant increases in both grain boundary
density and the proportion of high-angle boundaries (Table 9).
This phenomenon arises from two concurrent mechanisms: (1)
corrosion-induced grain dissolution promotes grain refinement
and structural rearrangement, as corroborated by grain size

Table 9 Grain boundary-legend

2days 4days 6days 10 days
LAGB 0.541 0.469 0.257 0.231
HAGB 0.458 0.527 0.743 0.768
Percentages of LAGB/HAGB 1.181 0.889 0.346 0.301

View Article Online
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evolution statistics in Fig. 15b; (2) preferential corrosion attack
along original grain boundaries transforms initially planar
boundaries into irregular configurations, leading to increased
high-angle boundary formation.

3.5 Analysis of corrosion behavior mechanism

During salt spray-SO, testing, a depolarization reaction occurs
at the cathode through oxygen participation, constituting
a critical step in the corrosion process and typically manifested
as localized oxidation features. The anodic reaction predomi-
nantly proceeds at the steel substrate/rust layer interface, while
cathodic reactions dominate in the outer regions of the inner
rust layer. Electrochemical analysis coupled with surface
morphological observations reveals that corrosive media pene-
tration to the substrate surface induces localized attack, ulti-
mately forming characteristic corrosion pits.

The synergistic effect of CI- and HSO;™ is not a simple
superposition of individual effects but a mutual promotion
mechanism: Cl~ preferentially adsorbs on the passive film
surface, displacing oxygen atoms to form unstable Fe-Cl
complexes that break the film and create corrosion channels,
while HSO;™ derived from SO, dissolution acidifies the local
environment (pH = 4.2-4.8) to accelerate anodic dissolution of
Fe and react with Fe;O, in the inner rust layer to generate
porous FeSO,. These channels facilitate HSO;~ penetration to
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Boundaries: Rotation Angle Boundanes: Rotation Angle
Min Max Fracton Number Length Min Max Fraction Number Length
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exceeding 17 or difering in phase is considered a boundary
(total number = 556604, total length = 5 57 cm)

*For statistics - any pair of indexed points with misonentation
exceeding 17 or differing in phase is considered a boundary
(total number = 498108, total length = 4 98 cm)

Fig. 15
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(a) Grain boundary diagram of A100 steel sample (b) corresponding to grain size of samples with different corrosion times.
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Fig. 16 Analysis of corrosion behavior mechanism.

the substrate, and the acidic environment further enhances Cl™
solubility and mobility, forming a positive feedback loop that
rapidly degrades the rust layer. This synergy is verified by EDS/
XPS results (Tables 2-4 and Fig. 5) showing coexistence of S and
Cl™ in corrosion regions, and electrochemical data where the
Icorr at 10d (23.442 pA cm™?) is much higher than the sum of
corrosion rates induced by single ClI™ or SO, environments.

Fig. 16 illustrates the corrosion mechanism of A100 steel.
During the initiation stage, active iron in the substrate acts as
an anode, generating Fe®" through electron loss. This Fe>*
reacts with dissolved oxygen to form FeOOH deposits at pit
bases. Concurrently, chloride ions participate in complex reac-
tions with Fe**, producing corrosive FeCl,-4H,O that acceler-
ates surface degradation. Sulfur dioxide-derived HSO; ™ further
oxidizes to SO4>”, forming iron sulfates (Fe,(SO,);/FeSO,)
within corrosion products. Fe(OH), decomposition yields FeO,
which reacts with oxygen to generate FeOOH, while Fe(OH);
transforms into stable Fe,O; and Fe;0,. These oxides gradually
develop a dense protective layer that impedes oxygen/chloride
diffusion, creating oxygen concentration cells through
restricted transport channels and increasing interfacial
impedance. The combined effects of protective oxide formation
and reduced anodic active area collectively decelerate corrosion
rates during later initiation stages through modified electro-
chemical reaction kinetics.

4 Conclusion

This study investigates the early-stage corrosion behavior of

A100 steel wunder salt spray-SO, conditions through

5322 | RSC Adv, 2026, 16, 5309-5324

2Fe(OH);—Fe,0,+3H,0

Steel substrate p
Corrosion pit Fe—~Fe" +2¢

Schematic diagram of corrosion at the substrate-rust layer interface

comprehensive characterization and electrochemical analysis,
yielding three principal conclusions:

(1) The corrosion process transitions from localized to
generalized attack. The inner rust layers primarily consist of
dense black Fe;O, and y-FeOOH, while outer layers consist of
porous reddish-brown Fe,O;. After 10 days of exposure,
yellowish outer rust forms, with XPS and FT-IR confirming the
incorporation of sulfate and the predominance of Fe**,

(2) The corrosion follows triphasic kinetics: initial rapid
corrosion (0-4 days) with charge transfer resistance (R
decreasing from 2860 Q cm” to 1029 Q c¢cm® and corrosion
current density (o) increasing from 5.09 wA cm 2 to 7.35 pA
cm?; decelerated degradation (4-8 days) due to protective rust
layer formation, with R. peaking at 5421 Q cm?® and I
dropping to the minimum of 1.73 pA cm™?; renewed accelera-
tion (8-10 days) induced by Cl -HSO;~ synergy, with R., plum-
meting to 426 Q cm? and Icorr surging to 23.44 pA cm 2,

(3) Macroscopically, the accumulation of corrosion product
(Fe304/y-FeOOH) temporarily inhibits corrosion until structural
degradation from ClI -HSO;  penetration and autocatalytic
occluded cell effects reignites propagation. Microstructurally,
the initial passivation of austenite delays corrosion, the subse-
quent dissolution of martensite and the establishment of
a dynamic phase equilibrium ultimately expose austenite,
accelerating degradation beyond day 10. These findings
systematically elucidate the interplay between corrosion
product evolution, electrochemical dynamics, and microstruc-
tural modifications that govern the degradation mechanisms of
A100 steel.

(4) The limitation of this study lies in the simulation of only
the synergistic effect between sulfur dioxide (SO,) and chloride

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ions (Cl7), without considering other pollutants commonly
present on ship decks, such as nitrogen oxides (NO,). Future
work could focus on expanding the range of pollutants to better
replicate real-world environmental conditions, extending the
testing duration to investigate long-term corrosion evolution,
and incorporating operational loads on landing gear structures
to study stress—corrosion coupling behavior.
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