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Stainless steel components often face corrosion and tribocorrosion in various halide environments, as seen in
applications like seawater plunger pumps, chemical agitators, and valves. Chloride (Cl") and bromide (Br’) ions
both degrade the corrosion and tribocorrosion resistance of stainless steel, yet their relative aggressiveness re-
mains debated. Therefore, this study systematically compared the damage behavior of stainless steel in different
halide environments using combined electrochemical and tribological techniques. Electrochemical corrosion
analysis revealed Cl” exhibited greater propensity than Br” to displace oxygen within the Cr,O3 passive film and
had a stronger penetration ability (smaller radius), rendering stainless steel more susceptible to pitting corrosion
in ClI" solutions. Resultant pits were larger, deeper, and more densely distributed. However, accumulated
corrosion products such as FexOy inhibited CI” penetration, yielding a lower I.or in CI" (3.58 x 10~° A/cm®) versus
Br” solutions (8.87 x10~° A/cm?). Under tribocorrosion, copious Cl'-derived corrosion products acted as abrasive
third bodies, exacerbating material loss versus Br~ environments, while wear-induced surface activation
concurrently accelerated corrosion rates. This synergistic wear-corrosion interaction significantly elevated
degradation, with corrosion-enhanced wear dominating material removal. Thus, while CI" more readily disrupted
the Crp03 passive film, static corrosion products conferred protection via a “corrosion-product barrier” effect;
under tribocorrosion, however, these protective oxides transformed into abrasive particles, amplifying degra-
dation through mechano-electrochemical synergy.

1. Introduction pipelines, production shutdowns, and environmental pollution [4].

Therefore, understanding the corrosion behavior and failure mecha-

Stainless steels have become indispensable engineering materials
across industrial equipment, architectural structures, and medical de-
vices owing to their distinctive corrosion resistance, favorable me-
chanical strength, and exceptional hygienic properties [1-3]. However,
localized corrosion of stainless steel is inevitable in environments rich in
corrosive media (such as seawater, body fluids, chemical solutions, etc.).
For instance, corrosion in high-salinity seawater environments poses
severe threats to stainless steel, leading to structural damage in relevant
components, reduced operational efficiency, and even potential issues
such as hull failures that pose risks to human safety. Moreover, corrosion
can also lead to severe consequences such as leakage in chemical
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nisms of stainless steel in various media is crucial, as it holds significant
importance for preventing and mitigating accidents caused by corrosion.

Corrosion in solution is fundamentally an electrochemical issue. It is
widely acknowledged that halogen elements (specifically Cl" and Br)
serve as primary initiators for the localized corrosion of stainless steel,
due to the high susceptibility of the passive film to breakdown by these
anions [5-12]. Interestingly, the relative impact of Cl" versus Br” on the
corrosion of stainless steel remains a subject of ongoing debate. For
example, Bardwell et al. investigated the relationship between Cl'/Br’
and the pitting corrosion of iron, and their results demonstrated that at
equivalent ionic concentrations, Cl" exhibited greater aggressiveness
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towards the passive film than Br” [9]. In contrast, Shao et al. conducted a
comparative investigation into the corrosion behavior of stainless steel
exposed to KCl, KBr, and their mixed solutions [10]. They claimed that
Br had a higher equilibrium adsorption coefficient than CI', and there-
fore was more corrosive to passive films. Furthermore, introducing CI’
into Br” solutions further enhanced its resistance to pitting corrosion. It is
not difficult to see that Cl" and Br™ in the solution are the main factors
causing localized corrosion, but there is still controversy over which has
a more significant impact. Furthermore, it is imperative to emphasize
that stainless steel components are subjected not only to static corrosion
but more critically, to a coupled tribocorrosion damage arising from the
interplay of mechanical/tribological stresses and corrosive environ-
ments in dynamic systems (e.g., deep-sea drilling equipment, hydraulic
transmissions, chemical valves). Typically, the synergy between wear
and corrosion significantly compromises the structural stability and
service lifespan of critical equipment [13-15]. Conversely, some studies
have reported an antagonistic effect between wear and corrosion, which
may, in some cases, unexpectedly prolong the service life of components
[16,17]. Consequently, elucidating the tribocorrosion behavior of
stainless steels across distinct halide environments represents an
essential and urgent imperative. Regrettably, to the best of our knowl-
edge, scarcely any comparative investigations into the tribocorrosion
performance of stainless steels in Cl" and Br™ solutions exist in the open
literature.

Among many stainless steels, 17-4PH (a precipitation-hardening
martensitic stainless steel) not only offers good corrosion resistance
but also provides higher strength and hardness compared to materials
like 304 and 316 L. Therefore, it is particularly suitable for key structural
components that require high mechanical performance, such as those
used in offshore platforms, seawater plunger pumps, and chemical
valves [18-22]. In this work, employing 17-4PH stainless steel as a
representative model, we systematically investigated its corrosion and
tribocorrosion behaviors in CI', Br’, and mixed halide solutions. Through
in-situ monitoring of corrosion and tribocorrosion processes under
diverse electrochemical conditions, we aim to elucidate the influence of
halogen elements (Cl" and Br’) on material degradation patterns and
reveal the underlying damage mechanisms. It is anticipated that the
findings will not only provide novel and comprehensive insights into the
corrosion and tribocorrosion behavior of stainless steel in various ha-
lides but also offer valuable references for the protection of metallic
materials (such as stainless steel) in corrosive environments.

2. Experimental details
2.1. Material preparation

A commercially available 17-4PH stainless steel (Fig. S1) was used in
this study. Its chemical composition (wt% %) is as follows: 0.016 C, 0.43
Si, 0.45 Mn, 0.034 P, 0.001 S, 15.59 Cr, 3.92 Ni, 3.48 Cu, 0.19 Nb,
balance Fe. Specimens in the form of cylindrical discs (3 mm x ®17 mm)
were sectioned using wire electrical discharge machining. Subsequently,
the surfaces were progressively ground with SiC abrasive paper up to
3000 grit and polished to a mirror finish using a polishing cloth and
diamond paste. Finally, the samples were ultrasonically cleaned in
ethanol for 10 min, dried with lint-free cloths, and prepared for subse-
quent experimental testing.

2.2. Corrosion and tribocorrosion test

Electrochemical corrosion testing (ASTM G59-97) was conducted
using an electrochemical workstation (ModuLab XM ECS) in 0.5 M KCl,
0.5 M KBr, and 0.25 M KCI + 0.25 M KBr solutions [23,24], with the
corresponding samples designated as CIS, BrS, and CIBrS, respectively. A
conventional three-electrode system was employed for all measure-
ments: the stainless steel specimen served as the working electrode, a
platinum plate as the counter electrode, and an Ag/AgCl electrode as the
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reference electrode. First, the open circuit potential (OCP) of each
sample was continuously monitored for 10 h to observe its evolution.
Subsequently, potentiodynamic polarization (PDP) tests were performed
by scanning the potential from —0.5 V vs. OCP to + 1 V at a rate of
1 mV/s. After obtaining the polarization curves, Tafel plots were con-
structed with the potential on the y-axis and the logarithm of the current
density on the x-axis. The Tafel extrapolation method was applied using
the strong polarization region. The linear portions of both the cathodic
and anodic branches were fitted to determine the Tafel slopes (5. and
Ba)- These fitted lines were then extrapolated to intersect the horizontal
line of the corrosion potential (E.o). The current density at this inter-
section point is the corrosion current density (I.or). Potentiostatic po-
larization (PSP) tests were conducted at a potential of + 0.1 V relative to
the stable OCP. Additionally, electrochemical impedance spectroscopy
(EIS) was performed before and after sliding under OCP conditions, with
a frequency range of 10°~10~2 Hz and an amplitude of 10 mV.

The tribocorrosion test was conducted using a tribometer (MFT5000,
Rtec) coupled with an electrochemical workstation (Fig. 1). The trib-
ometer operated in a reciprocating motion, with a SizNy4 ball (®6 mm) as
the counter body under a normal load of 1 N (6ax ~ 717 MPa) [25]. The
sliding duration was 60 min, with a stroke length and speed set at 4 mm
and 10 mm/s, respectively. The ambient temperature was 25°C, and all
experiments were conducted in aqueous solution. Each tribological test
was repeated three times to ensure the reliability of the results. To
comparatively evaluate the tribocorrosion performance of stainless steel
under distinct electrochemical conditions, tests were conducted under
OCP, PDP, and PSP conditions, respectively. The electrochemical pa-
rameters were identical to those employed in the aforementioned
corrosion tests. During all tribocorrosion tests, the coefficient of friction
(COF), OCP, PDP, and PSP were monitored in situ and simultaneously by
the tribometer and electrochemical workstation.

2.3. Characterization method

The morphology and elemental distribution of the samples were
analyzed using a Quanta FEG 250 field emission scanning electron mi-
croscope (SEM, FEI, USA) equipped with an energy-dispersive X-ray
spectroscopy (EDS) system. The three-dimensional images and topog-
raphy of the wear tracks were examined using a 3D optical profiler (UP-
Lambda, Rtec, USA), an Atomic Force Microscope (AFM, Bruker
Dimension Icon, Germany), and a Zeiss optical microscope (Axio Imager
2). It should be noted that the cross-sectional area of the wear track,
measured by 3D profilometry, is essential for determining the wear
volume. Specifically, the wear rate (W) was calculated as follows [26]:
W = SL / FD, where S is the cross-sectional area of the wear track, L is
the wear track length, F is the normal load, and D is the total sliding
distance. The Raman spectroscopy analysis was performed using a
Horiba LabRAM HR Evolution system (Japan) with an excitation
wavelength of 785 nm, covering a wavenumber range of 100 cm ™! to
3000 cm™!. Samples were extracted using a focused ion beam (FIB,
Zeiss, Germany), and the subsurface microstructure features of the wear
tracks were observed using a TF20 scanning transmission electron mi-
croscope (STEM, FEL, USA). The concentrations of corrosion products in
the solution were measured using inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7800). Before testing, the solution was
thoroughly shaken, and the precipitated species were digested using an
acid dissolution method. The detailed instrument parameters were as
follows: pump rate (20 r/min), nebulizer gas flow (1.00 L/min), auxil-
iary gas flow (1.00 L/min), sample flush time (40 s), and RF power
(1550 W).

2.4. Theoretical computation
The spin-polarized Density Functional Theory (DFT) calculations

were performed using the Cambridge Sequential Total Energy Package
(CASTEP) module within Materials Studio [27-29]. The exchange
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Fig. 1. Equipment and partial enlargement diagram for tribocorrosion testing, where SD, TD, and ND represent the sliding, transverse, and normal direction,

respectively.

correlation function adopted the generalized gradient approximation of
Perdew-Burke-Ernzerhof (PBE). The cutoff of kinetic energy was set to
450 eV, and the atomic positions were optimized until the
Hellmann-Feynman force on each atom was less than 0.03 eV A™L. To
improve efficiency, Brillouin zone sampling was tested and limited to a
3 x 3 x 1 k-point mesh for structural optimization. To ensure the
decoupling of the adjacent slabs, the 10 A thick vacuum region along the
surface was employed. The free energies of the reduction steps were
calculated by the equation:

The adsorption energy (E,q4s) is obtained by:
AEads = E(ad+sub) —Euq — Eswpy (1)

The adsorption-free energy (/\G.qs) is obtained by:
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where AZPE and A\S are the contributions to the free energy from the
zero-point vibration energy and entropy, respectively.

3. Results and discussions
3.1. Electrochemical corrosion performance evaluation

The OCP-time curves of the CIS, CIBrS, and BrS samples are shown in
Fig. 2a, with multiple tests conducted for each sample (two curves are
presented). During the protracted 10 h measurement period, the OCP of
CIS failed to attain a stable state, exhibiting substantial fluctuations. It is
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Fig. 2. (a) OCP, (b) PDP, (c) Epjr-Ecorr and (d) Depthy;-Diametery;; of CIS, CIBrS, and BrS.
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speculated that the passive film of CIS will be severely damaged,
exposing the highly electrochemically active metal substrate, which
leads to a sudden potential drop. Subsequently, as the reaction proceeds,
a new passive film will form, resulting in potential recovery. When Br’
ions were gradually introduced into CIS (CIS — CIBrS — BrS), the OCP
progressively stabilized, but the potential values were relatively lower
compared to CIS. This indicates that stainless steel undergoes more se-
vere corrosion in Cl solution; however, the subsequent OCP is higher,
demonstrating a phenomenon where corrosion inhibits corrosion.
Following the OCP tests, the corrosion resistance of the CIS, CIBrS, and
BrS samples was further evaluated by PDP tests. As presented in Fig. 2b,
metastable pitting was observed in both CIS and CIBrS within the anodic
passive region, while no such phenomenon was observed in BrS. This
may be attributed to the greater tendency of Cl’, compared to Br’, to form
soluble metal chlorides (e.g., FeCly, CrClg) with the passive film, thereby
initiating metastable pitting. Moreover, the anodic Tafel slopes (f,) for
CIS, CIBrS, and BrS were 2006 mV/decade, 2194 mV/decade, and
2747 mV/decade, respectively. S, reflects the difficulty of the anodic
dissolution process. Generally, a higher slope indicates that the current
density is less sensitive to changes in potential, meaning the process is
more difficult to proceed, which suggests greater stability of the passive
film [30]. Therefore, this also indicates that the passive film of stainless
steel is more stable in Br™ solution than in Cl” solution, which is consis-
tent with the OCP results.

The steady-state pitting potential (Ej;) and self-corrosion potential
(Ecorr) of the three samples are presented in Fig. 2c (statistical results
from multiple measurements). The observed variation in these values for
the stainless steel in the same solution is likely attributable to the
inherent surface heterogeneity of the material. Firstly, minor differences
inevitably arise during grinding and polishing, which can lead to slight
variations in surface roughness, residual stress, and the thickness of the
deformed layer, consequently affecting the uniformity and protective
quality of the passive film. Secondly, inclusions serve as the most sus-
ceptible initiation sites for pitting. The number, size, and distribution of
inclusions can differ slightly from one sample to another. Even at
different locations on the same sample, the exposed sensitive sites after
polishing can vary, leading to differences in the measured pitting po-
tential. In summary, the variation in pitting and corrosion potentials for
the same stainless steel in the same solution is a normal phenomenon,
primarily caused by this surface heterogeneity. Recognizing its statisti-
cal nature, we conducted standardized, repeated experiments to mini-
mize random error and obtain reliable, comparable key data. The results
indicated that the average Ep;; of BrS (493.93 + 86.29 mV) was higher
than that of CIBrS (385.68 + 5.18 mV) and CIS (411.35 + 66.09 mV),
demonstrating enhanced pitting resistance of the stainless steel in the Br’
solution. Intriguingly, however, the average E ., of CIS (-81.92
+ 38.20 mV) was significantly higher than that of CIBrS (-225.63
+ 24.46 mV) and BrS (-231.85 + 30.77 mV). Generally, a higher Ecor
implies a lower corrosion tendency [31], suggesting that CIS exhibits a
lower corrosion tendency compared to CIBrS and BrS. Moreover, Tafel
extrapolation revealed that the average corrosion current density (Icorr)
of CIS (3.58 x107° A/cmz) was also lower than that of CIBrS
(5.53 x107° A/cmz) and BrS (8.87 x107° A/crnz), confirming the
lowest corrosion rate of the stainless steel in the Cl” solution. It can be
inferred that stainless steel is more susceptible to corrosion initiation in
CI solutions, yet exhibits a lower corrosion rate compared to Br™ solu-
tions. This observation is consistent with the findings from the OCP
measurements. It is postulated that while Cl” exhibits stronger aggres-
siveness towards the passive film, leading to more severe localized
attack, the subsequent accumulation of corrosion products hinders
further corrosion propagation. Shao et al. also reported a lower I, for
stainless steel in Cl” solutions compared to Br™ solutions and attributed
this phenomenon unexpectedly to a protective role of Cl ions in the
corrosion process of stainless steel [10].

The post-PDP morphologies of the three samples are presented in
Fig. S2 (Supporting Information). It was observed that CIS exhibited
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large and dense corrosion pits, indicating severe pitting damage. As Br
was introduced and the Cl” content decreased, the pit size progressively
diminished, accompanied by a reduction in pit density. After each PDP
test, 10 corrosion pits were measured in descending order of size using a
3D optical profiler. This PDP test was repeated four times, resulting in a
cumulative total of 40 pit dimension measurements. As shown in Fig. 2d,
10 representative pits are displayed for each sample, with the size of
each pit being the average of four independent measurements. The
depth and diameter of the corrosion pits were statistically analyzed.
Overall, the average pit depth and diameter of CIS (187 pm, 278 pm)
were larger than those of BrS (174 pm, 198 pm), while CIBrS exhibited
an intermediate size range with significant dispersion. Before charac-
terizing the pits, it was intentional to leave the corrosion products of the
stainless steel in the solution. Consequently, it can be inferred from the
exposed substrate that CIS sustained substantially more severe corrosion
damage than BrS. This experimental evidence confirms that CI’, rather
than Br’, acts as the primary aggressive species responsible for stainless
steel corrosion.

3.2. Analysis of corrosion mechanisms

To further investigate the corrosion behavior of CIS, CIBrS, and BrS,
the solutions after PDP tests were collected (Fig. 3a) and subjected to
quantitative analysis of the corrosion products within them (Fig. 3b).
For each PDP test, the electrolyte volume was maintained at 300 mL.
Post-test, the solution was vigorously agitated to ensure complete
transfer of precipitated corrosion products from the stainless steel sur-
face into the solution, thereby guaranteeing the reliability of subsequent
quantitative analyses. As evidenced in Fig. 3a, the CIS solution exhibited
the darkest, rust-colored hue, indicative of severe corrosion. With
decreasing Cl” and increasing Br~ content, the solution color progres-
sively lightened to near-colorless (BrS). This visual gradient provides
compelling evidence that stainless steel undergoes more severe corro-
sion in Cl" solutions compared to Br’. Furthermore, upon prolonged
standing, substantial rusty-brown precipitates formed in the CIS solu-
tion, while CIBrS developed yellow deposits. In contrast, only scant
traces of pale-yellow deposition were observed in the BrS solution. This
observation indicates that corrosion in CIS was more exhaustive,
resulting in more substantial accumulation of corrosion products. The
voluminous deposition impedes the diffusion of aggressive ions toward
the stainless steel interior, thereby suppressing ongoing corrosion. This
provides a coherent explanation for the OCP and PDP results: Firstly,
elevated Cl” content intensifies OCP fluctuations yet elevates the po-
tential value. Secondly, compared to BrS, CIS demonstrates a higher Eco;r
and lower I, but exhibits more pronounced pitting damage. These
findings corroborate the postulated “corrosion inhibits corrosion”
mechanism introduced earlier.

To quantitatively evaluate the corrosion extent of CIS, CIBrS, and BrS
samples, the metal ion contents (Fe and Cr) in post-corrosion solutions
were analytically determined. Quantitative analysis revealed Fe con-
centrations of 48.10 mg/L in CIS, exceeding CIBrS and BrS by 68 % and
72 %, respectively. Similarly, Cr content in CIS (1.70 mg/L) substan-
tially surpassed levels in CIBrS (1.49 mg/L) and BrS (0.72 mg/L). These
findings demonstrate that Cl” exhibits more pronounced aggressiveness
toward the passive film than Br’, consequently inducing more severe
stainless steel corrosion, evidenced by elevated metal dissolution
products.

The passive film on stainless steel typically has a layered structure:
an outer layer rich in iron oxides/hydroxides covers an inner layer
primarily made of CroO3 [32,33]. While the outer layer is characteris-
tically porous, the inner layer is densely compacted. This dense inner
layer is the key factor responsible for stainless steel’s superior corrosion
resistance. Currently, there are two main models for the mechanism of
passive film destruction induced by halide ions such as Cl" and Br™: the
displacement model and the penetration model [6,34-37]. Regarding
the displacement model, the corrosion thermodynamics of CryOs in
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Fig. 3. Corrosion solution analysis of CIS, CIBrS, and BrS after PDP testing: (a) macroscopic morphology, (b) ICP-MS results.

halides were studied using DFT (Fig. 4a). The results indicated that
Cry03_ov to the intermediate product CroO30v_Cl (-2.35 eV, Cry03 with
oxygen displaced by halide) had lower free energy compared to
Cry030v_Br (-1.10 eV). More importantly, in the rate-determining step
(RDS, Cr-Cl/Br detachment from the Crp,Os0v_Cl/Br intermediate
product), the RDS free energy of CIS (0.16 eV) was much lower than that
of BrS (1.42 eV), indicating that Cr,O3 was more susceptible to CI’
corrosion, which was consistent with the PDP results. Furthermore,
regarding the penetration model (Fig. 4b), the radius of CI" (0.181 nm) is
smaller than that of Br' (0.196 nm), indicating that Cl has a stronger
penetration ability than Br™ and is therefore more likely to destroy the
Cry03 passive film. The above results indicate that compared with Br’,
CI is more likely to displace oxygen in the Cr,O3 passive film and has a
stronger ability to penetrate the passive film. Combining experimental
and theoretical calculation results, the corrosion process of ClIS, CIBrS,
and BrS samples can be explained as follows. The passive film on the
stainless steel surface is more susceptible to attack by CI, leading to

L. -L10 eV
o ~ Cr,050v_Br .-

1426V

-2.35eV .

Reaction coordinate

(b) Solution

severe pitting corrosion with large and dense pits. As the corrosion
process progresses, corrosion products gradually accumulate (FexOy and
Cry03). At this point, the corrosion rate of CIS decreases significantly,
even falling below that of CIBrS and BrS. In short, in a static environ-
ment, Cl” is more aggressive than Br™ in attacking the passive film of
stainless steel, but the subsequent accumulation of numerous corrosion
products in turn inhibits further corrosion.

3.3. Tribocorrosion behavior under various electrochemical conditions

As established in preceding analyses, stainless steel exhibits height-
ened susceptibility to pitting corrosion in static Cl’-containing environ-
ments, resulting in accelerated accumulation of corrosion products.
Subsequently, the sliding behavior of stainless steel under various
electrochemical conditions (OCP, PDP, PSP) will be investigated to
evaluate its dynamic tribocorrosion performance in Cl” and Br” solutions
in detail.

Displacement model (X: Cl or Br)
Cr,0;+ 2yX" + yH,0 — Cr,0,,X,, + 2yOH" (0<y<3)
Cr,04,X,, + (6-2y)X + (3-y)H,0 — 2CrX; + (6-2y)OH-

© 0o 0 (5
900 @6

(9@‘” 9
®

Corrosion mechanism

Fig. 4. (a) Calculated free-energy diagrams for Cr,O3 corroded by halide, where ov denotes the oxygen vacancy and Crv denotes the Cr vacancy, (b) schematic

diagram of the mechanism of Cr,03 passive film destruction.
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3.3.1. Tribocorrosion behavior under OCP conditions

The tribocorrosion results of CIS, CIBrS, and BrS under OCP condi-
tions are shown in Fig. 5. In Fig. 5a, it was found that the COF of the
three samples was comparable, all stable between 0.40 and 0.45, indi-
cating that the effect of different halides on the COF of stainless steel
under OCP conditions is limited. Under OCP conditions, the stainless
steel samples were in a state of natural corrosion with a relatively slow
corrosion rate. Thus, during sliding under OCP, although the corrosion
rates of the samples differed slightly, they were almost in a state of pure
friction (with negligible influence from corrosion), leading to nearly
identical COF values for all samples. Fig. 5b shows the changes in OCP
values during the tribocorrosion process. At the start of sliding, the OCP
values of all samples dropped sharply, then entered a plateau phase with
slight fluctuations during the sliding process. After sliding, the OCP of all
samples quickly rebounded until it reached a stable level. According to
the Mixed Potential Theory (MPT), during sliding contact, only specific
regions of stainless steel experience mechanical loading effects [31,38].
Consequently, the measured overall potential constitutes a mixed po-
tential originating from the depassivated zone within the wear track and
the passivated regions outside. Upon initiation of sliding, localized
removal of passive films occurs on stainless steel surfaces. This accounts
for the instantaneous potential drop observed in CIS, CIBrS, and BrS
samples. During sliding, a dynamic equilibrium between depassivation
and repassivation processes is maintained within the wear track,
resulting in a stabilized potential plateau accompanied by minor fluc-
tuations. Notably, the average potential drop (Einitial - Eplateau) for CIS
(10.423 V) exceeded that of CIBrS (/0.387 V) and BrS (/0.353 V). Based
on MPT, we preliminarily infer that sliding in Cl" solutions exposes a
larger nascent metal surface area, thereby inducing a greater potential
drop, reflecting significantly enhanced corrosion tendency. This mech-
anism will be elucidated in subsequent sections.

The repassivation rate after sliding can be determined using the
following equation [39]:

AE = kqlogt + ko 3

where AE is the potential shift, ¢ is the time after sliding cessation, k;
represents the repassivation rate, and ky is a solution-dependent

0.6 04
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constant. The calculated results indicated that CIS exhibited a signifi-
cantly larger k; value (0.123) compared to CIBrS (0.07) and BrS (0.053),
implying superior repassivation capability after sliding. Furthermore,
the EIS of CIS after sliding showed the closest alignment with that before
sliding (Fig. S3), with its |Z]¢.01 uz value recovery rate reaching 76.3 %,
significantly higher than those of CIBrS (54.6 %) and BrS (51.4 %). This
further demonstrates that CIS possesses a stronger repassivation ability
compared to the other samples. As noted previously, Cl” exhibits stron-
ger aggressiveness than Br’ toward Cr,03, leading to enhanced forma-
tion of corrosion products (FexOy and Cr203). This accounts for the faster
and higher potential recovery observed in CIS after sliding compared to
CIBrS and BrS. Fig. 5¢c shows the cross-sectional areas of the wear tracks
for the three samples. Compared with CIBrS (205 pmz) and BrS (181
pmz), CIS (258 pmz) exhibited the largest cross-sectional area.
Furthermore, the 3D topographic profiles (Fig. 5d) reveal that the wear
tracks of all samples are composed of accumulated wear debris and
relatively deep grooves.

The wear tracks of CIS, CIBrS, and BrS after sliding under OCP con-
ditions were further characterized using OM and SEM-EDS techniques.
From the OM images (Fig. 6a, b, c), the wear track width of CIS (329 pm)
was observed to be greater than that of CIBrS (321 pm) and BrS (290
pum), suggesting that the CIS sample experienced more severe wear
compared to CIBrS and BrS. This provides a reasonable explanation for
the observation that CIS exhibited the largest potential drop during
sliding (Fig. 5b). The interiors of the wear tracks for all samples (Fig. 6d,
e, f) were distributed with ridge-like band-shaped oxides and numerous
grooves. During sliding, the wear tracks consisted of fresh metallic
substrate and passive films formed by repassivation. The metallic sub-
strate, having relatively low hardness, is prone to adhering to the wear
track and counterbody surfaces due to cold welding during sliding,
thereby inducing adhesive wear. In contrast, the passive films exhibit
relatively high hardness and can act as hard third bodies during sliding,
leading to severe abrasive wear. Consequently, it can be concluded that
the wear mechanisms for all samples sliding under OCP conditions
comprise both adhesive wear and abrasive wear.

Liu et al. point out that the abrasive wear induced by the passive film
on stainless steel is the primary cause of material loss [40]. Static
corrosion tests revealed that the CIS sample exhibited more severe
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Fig. 6. Morphology and elemental distribution of wear tracks after sliding under OCP conditions for (a, d) CIS, (b, e) CIBrS, and (c, f) BrS.

corrosion and a greater amount of metal oxides (passive films) compared material loss. By contrast, the BrS sample surface possessed fewer ox-
to the CIBrS and BrS samples. Consequently, during sliding, CIS is ex- ides. Therefore, the material loss induced by sliding was the lowest for
pected to undergo more severe abrasive wear, leading to accelerated BrS (Fig. 5c), its wear track width was the narrowest (Fig. 6¢), and it
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exhibited the smallest potential drop (Fig. 5b). In short, the CIS sample
with high Cl” content is more prone to pitting corrosion, resulting in the
formation of a greater amount of oxide passive films. These passive films
induce more severe abrasive wear, accelerating material loss. Further-
more, the wider and deeper wear track exposes more fresh metallic
surfaces, which further intensifies corrosive damage, forming a
self-accelerating “corrosion — wear — re-corrosion” chain reaction.

3.3.2. Tribocorrosion behavior under PDP conditions

Fig. 7 presents the tribocorrosion results for CIS, CIBrS, and BrS
samples under PDP conditions. Within the potential range of —500 mV
to OCP (Fig. 7a), the COF values for all three samples were high,
reaching ~0.45. When the potential was within the range of OCP to
500 mV, the COF for all samples continuously decreased to ~0.3. As the
potential increased to 1000 mV, the COF dropped sharply to ~0.2. As
previously described (Fig. 6), during sliding at and below OCP, the wear
manifested as a mixed mode dominated by adhesive wear combined
with abrasive wear, corresponding to the very high COF observed for all
samples. It can therefore be deduced that when the potential is raised
above OCP, anodic polarization promotes the formation of passive films
(metal oxides), rendering the wear track surface harder and smoother.
Consequently, the wear mechanism gradually transitions from being
adhesive-dominant to abrasive-dominant, leading to the continuous
decrease in COF. As the potential increases beyond 500 mV, the wear
track becomes predominantly covered with hard passive films, pre-
venting the counterbody from contacting the softer metallic substrate.
Under these conditions, adhesive wear ceases, and the wear mechanism
for all samples shifts to purely abrasive wear, resulting in the lowest COF
(~0.2). Interestingly, when the potential dropped back, the COF of all
samples showed no rebound. This phenomenon is likely attributable to
the substantial hard passive film on the counterbody, which prevented
subsequent adhesive wear, thereby maintaining a consistently low COF.
As evidenced in the inset of Fig. 7a, the COF of CIS (~0.24) was
marginally higher than those of CIBrS (~0.22) and BrS (~0.20). This
discrepancy stems from Cl° promoting passive film regeneration,
consequently intensifying abrasive wear.

Fig. 7b presents the PDP curves of CIS, CIBrS, and BrS under sliding.
In the anodic passive region, all specimens exhibited combined
depassivation-repassivation behavior, resulting from periodic removal
of passive films by mechanical sliding. Notably, the steady-state pitting
potential of CIS (0.11 V) was significantly lower than those of CIBrS
(0.32V) and BrS (0.34 V), indicating markedly enhanced susceptibility
to pitting corrosion under sliding conditions. Unlike in static conditions
(Fig. 2b), the I o of CIS (9.73 %107 A/cm?) was significantly higher
than that of CIBrS (6.42 x10~7 A/cm?) and BrS (4.61 x10~7 A/cm?)
under sliding. This acceleration effect stems from mechanical sliding,
preventing the accumulation of corrosion products, thereby eliminating
their auto-inhibiting function. Consequently, stainless steel experiences
enhanced corrosion rates in highly aggressive Cl” solutions, as reflected
by the elevated I o values.

As revealed in Fig. 7(c, d), the cross-sectional area of wear tracks
reached 1565 pm? for CIS under PDP conditions, significantly surpassing
those of CIBrS (1033 pmz) and BrS (638 pmz). Further analysis was
performed on the wear track morphologies of CIS, CIBrS, and BrS after
sliding under PDP conditions (Fig. S4). The results revealed that the
wear track width of CIS reached 413 pm, which was significantly wider
than those of CIBrS (376 pm) and BrS (327 pm). Moreover, band-shaped
oxides, which were observed after sliding under OCP conditions, were
not found in the wear tracks of any samples. Instead, only a large
number of grooves and a small amount of abrasive particles were
observed. This phenomenon indicates that during sliding under PDP
conditions, the dominant wear mechanism transitions from adhesive
wear to abrasive wear as the potential increases. Furthermore, even after
the potential reverses, adhesive wear does not readily revert. This
observation supports the previous hypothesis regarding the change in
COF (Fig. 7a). Notably, CIS experienced more severe abrasive wear
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compared to CIBrS and BrS. This behavior is consistent with that
observed during sliding under OCP conditions and is similarly attributed
to the accelerated formation of metal oxides promoted by Cl ions, which
consequently exacerbates abrasive wear. Interestingly, no metastable
pitting occurred during sliding in any of the samples. Moreover,
although the electrochemical data in Fig. 7b suggest the occurrence of
stable pitting, no pits like those in static PDP tests were found in the
micrograph in Fig. 7d. This is because the region where the passive film
was removed by friction can be regarded as a “weak zone” of the entire
sample. Compared to the non-sliding area, this weak zone has much
higher electrochemical activity. Therefore, the entire wear track can be
considered equivalent to one large corrosion pit. Even when the wear
track undergoes self-healing (repassivation), new weak zones are
continuously regenerated by the reciprocating sliding. Fig. S5 provides a
clearer illustration of this process. Both CIS and BrS exhibited numerous
corrosion pits after static corrosion tests. However, during dynamic
tribocorrosion, both metastable and stable pitting phenomena are
masked by the strong effect of mechanical removal of the passive film
caused by sliding. Consequently, the corrosion pits disappeared and
were replaced by wear tracks covered with plowing grooves and abra-
sive particles. It is worth noting that pitting was much more severe on
CIS than on BrS, resulting in a larger amount of corrosion products that
led to more significant abrasive wear. This synergistic effect between
corrosion and wear further enhanced the tribocorrosion damage of the
stainless steel.

3.3.3. Tribocorrosion behavior under PSP conditions

In addition to the OCP and PDP conditions, sliding tests were also
conducted on the CIS, CIBrS, and BrS samples under PSP conditions
(100 mV vs. OCP) to investigate their tribocorrosion behavior under a
sustained passive potential. As shown in Fig. 8a, the COF values for all
samples remained below 0.4, stabilizing between 0.3 and 0.35 under the
passive potential sliding condition. This low and stable COF suggests
that abrasive wear was the dominant wear mechanism for these samples.
Furthermore, the COF of CIS (~0.35) and CIBrS (~0.35) was slightly
higher than that of BrS (~0.31). This difference is likely due to the
accelerated generation of corrosion products promoted by the aggres-
sive Cl ions, thereby inducing more severe abrasive wear in CIS and
CIBrS. As shown in Fig. 8b, the average current density of CIS during
sliding reached 1.07 x 10~* A/cm?, which was significantly higher than
those of CIBrS (7.67 x107> A/cm?) and BrS (6.23 x10~> A/cm?). This
indicates that CIS exhibited the largest exposure of fresh active surfaces
among the samples. It is also noted that the current densities before and
after sliding showed no significant difference for all three samples,
suggesting that the observed differences primarily originated from the
dynamic wear process. As observed in Fig. 8(c, d), the wear tracks on all
three samples were wide and deep. Notably, the cross-sectional area of
the wear track on CIS reached 4191 pm?, which was significantly larger
than that on CIBrS (3094 pmz) and BrS (2736 pmz). This trend is
consistent with the observations made during sliding under both OCP
and PDP conditions, as previously discussed. Critically, the material loss
of all three samples during sliding under PSP conditions far exceeded
that observed under both OCP and PDP conditions. This demonstrates
that the wear of stainless steel was most severe under the sustained
passive potential and least severe under natural conditions (OCP). This
finding provides compelling evidence supporting the hypothesis that
passive films/metal oxides significantly exacerbate wear damage.

Furthermore, after sliding under PSP conditions, the wear track
widths of CIS, CIBrS, and BrS reached 562 pm, 511 pm, and 494 pm,
respectively, exhibiting a monotonically decreasing trend (Fig. S6).
Moreover, examination of the wear tracks on all three samples revealed
a large number of grooves and abrasive particles (Fig. 8e), indicating
that severe abrasive wear, caused by the hard passive film, was the
dominant wear mechanism. As discussed previously, Cl” ions are more
aggressive towards CryOs, generating a greater amount of corrosion
products (metal oxides), which subsequently resulted in more severe



Y. Zhang et al. Corrosion Science 262 (2026) 113643
05 1.4x10* 5000
~— 1.2x10 4 . 4191
044 £ NE 4000
i 1.0x10° 2
= 2 3094
3 . = 4 :
= 03 = 8.0x10° = 3000 2736
=] g =
o = 6.0x10°4 s
- 2
02 4 = S 2000 4
< . s -]
= 40x10° Sliding process b4
o Z
&) e
0.1 2.0x10° 4 CIS c 1000 o
Start ——CIBrS End
0.0 Jm— s BrS
0.0 T T T T T T T T T T T T T 1 04
0 10 20 30 40 50 60 0 10 20 30 40 50 6 70 80 9% CIBrS
Time (min) Time (min) Sample ID
% - o
" " "
" CIBrS " .
" " w
m . " "
" s "
w " " "
< : b .
-] " L o "
3 10 10 °
s . .
= . . .
) 7 7 7
. . .
s s s
4 20 ] \ 20 4
(il i A T (T : (W i TS (D T R T N L s o TS T TR AT s
00 02 o4 06 08 0 12 M 16 18 ° 2 00 02 o4 o065 08 10 12 14 16 18 ° 2 0 02 o4 06 08 10 12 14 18 18 ° 2
) ) '
- 0 ° °
417.4 nm 381.8 nm 438.4 nm
>
]
< S13%nm
=]
=
=
=
=]
S
gg -555.9 nm -356.4 nm -352.8 nm

Height Sensor

Height Sensor 4.0 um

4.0 um Height Sensor 4.0 ym

Fig. 8. Tribocorrosion results of CIS, CIBrS, and BrS under PSP conditions: (a) COF, (b) current density, (c) cross-sectional area, (d) 3D profile, and (e) AFM

morphology of the wear tracks.

abrasive wear.

To gain deeper insights into the characteristics of the passive films on
CIS and BrS samples after sliding under PSP conditions, detailed char-
acterization was performed using FIB-STEM technology. As shown in
Fig. 9a, a FIB sample was extracted and thinned perpendicular to the
sliding direction on the CIS. This revealed that the sample was pre-
dominantly covered by a continuous chromium oxide layer. Further
analysis using HRTEM and FFT (Fig. 9b) demonstrated that this chro-
mium oxide layer was approximately 4-5 nm thick and existed in an
amorphous state. Interestingly, a similar amorphous chromium oxide
layer was observed on the BrS samples (Fig. 9c, d). This implies that the
characteristics of the CryO3 passive films on CIS and BrS showed no
significant differences. Additionally, the chemical composition of the
passive film on CIS and BrS surfaces was analyzed by XPS spectroscopy
(Fig. S7), including the Fe 2p and Cr 2p spectra. For the CIS sample, the
Fe 2p spectrum was fitted into Fe? and Fe™-O (Fe 2ps,, Fe 2p; 2) peaks
with binding energies of 706.5 eV, 710.8 eV, and 724.5 eV, respectively.
The Cr 2p spectrum was fitted into Cr'-O (Cr 2ps,», Cr 2p; 2) peaks with
binding energies of 576.8 eV and 586.5 eV [41,42]. For the BrS sample,
the Fe 2p spectrum was fitted into Fe-O (Fe 2ps,», Fe 2p; 2) peaks, and
the Cr 2p spectrum was fitted into Cr''O (Cr 2ps/2, Cr 2p1,2) peaks.

It can be observed that the passive film surface mainly consists of
iron oxide and chromium oxide. Extensive research confirms that the
passive film of stainless steel has a dual-layer structure: a porous Fe-rich
outer oxide (FexOy) and a dense, adherent Cr203 inner layer serving as

the main corrosion barrier [32,33,43-46]. It is noteworthy that Fel was
detected in CIS but not in BrS. Metallic Fe is typically present in the
stainless steel substrate beneath the passive film. This suggests that the
passive film on CIS may contain more defects or be thinner compared to
that on BrS [41,47]. Notably, under PSP sliding conditions (Fig. 8), the
wear rate of CIS (4.66 x10~* mm®/N-m) was significantly higher than
that of CIBrS (3.44 x10™* mm®/N-m) and BrS (3.04 x10~* mm®/N-m).
This phenomenon can be interpreted from two perspectives. First, as
previously discussed, CIS exhibited a substantially higher repassivation
rate (0.123) compared to CIBrS (0.07) and BrS (0.053), resulting in more
severe abrasive wear. Second, the intensified abrasive wear led to
greater exposure of the active surface on CIS (manifested as higher
current density), thereby further contributing to accelerated material
loss.

3.4. Synergistic interaction of tribocorrosion

Tribocorrosion testing of stainless steel in halide-containing solu-
tions reveals that corrosion and wear processes synergistically accel-
erate material degradation. This interaction results in a total volume loss
exceeding the arithmetic sum of individual corrosion and wear losses.
Quantifying the dynamic interplay between corrosion and wear during
sliding would undoubtedly advance fundamental understanding of
stainless steel tribocorrosion mechanisms. Therefore, to quantitatively
determine the tribocorrosion synergy in CIS, CIBrS, and BrS, the pro-
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on

Fig. 9. The cross-sectional SEM, EDS mapping, HRTEM, and FFT images of the wear tracks for (a, b) CIS and (c, d) BrS after PSP tribocorrosion.

portional contributions to total volume loss during sliding were calcu-
lated using the following equations [48]:

Vi=Vi+Ve+ Ve +Veg (€)]
where V; is the total volume loss under polarization, V¢ and V. represent
the pure friction and pure corrosion volume losses, respectively. It
should be noted that the oxidation/corrosion rate under OCP conditions
was much lower than under PDP and PSP conditions, allowing it to be
approximated as a pure friction process. Thus, the volume loss measured
under OCP conditions was used as V¢ in this study. V. is determined by:

I.xM=xt

_n*F*p Q)

c

where I. is the static corrosion current (A), M is the molar mass (g/mole),
t is the total time (s), n is the valence electron concentration of the
sample, F is the Faraday constant, and p is the density of the sample (g/
3
mm®).
The friction-promoted corrosion volume loss (V) can likewise be
derived from the above equation, where the corrosion current I is
characterized by:

I.=L—1I (6)
where Ir and I. are the corrosion currents during sliding and static
conditions, respectively. The corrosion-promoted friction volume loss
(V) can be obtained from the difference between the total volume loss
and other volume losses. Based on this framework, the proportional
contributions of individual volume loss components for CIS, CIBrS, and
BrS during sliding under polarization were quantitatively determined, as
summarized in Fig. 10. The total material loss (Vy) of CIS was un-
doubtedly the highest and not reiterated here. Its synergistic compo-
nents (Ve + Vi) accounted for 84 % of Vi, significantly exceeding those
of CIBrS (80 %) and BrS (72 %). This demonstrates that compared to Br’,
Cl" not only intensifies tribocorrosion damage but also increases the
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proportional contribution of synergistic mechanisms to overall material
loss. In addition, the proportion of V.fwas much higher than that of V¢,
indicating that corrosion-promoted friction dominated the synergistic
interaction.

The following equation was used to further compare the enhance-
ment of corrosion, friction and synergy by Cl" and Br™ [49,50]:

Vc + Vf—c
— < 7
V. )]

o Vi+ Ve
p= ®

Vi

= 9
"Vt ©

where @, f and y represent the enhancement factors of corrosion, friction
and synergy, respectively. The calculation results are shown in Fig. 11.

The a value was the highest for all samples, indicating that sliding
significantly accelerated the corrosion of the samples. In addition, the g
and y values were very close, suggesting that the friction enhancement
factor can be approximated as equal to the synergy. It was noteworthy
that the a, f, and y values of CIS were consistently higher than those of
CIBrS and BrS (particularly @). This means that during the sliding pro-
cess, Cl” plays a more significant role than Br™ in enhancing corrosion,
friction, and synergy. Briefly, Cl" causes more severe damage than Br’
during the tribocorrosion process, which is primarily attributed to the
synergistic interaction between friction and corrosion amplifying ma-
terial loss.

3.5. Tribocorrosion mechanism

Based on the above results, the tribocorrosion diagrams of stainless
steel in Cl" and Br solutions are shown in Fig. 12. During the corrosion
process (Fig. 12a, c), CI" exhibits greater aggressiveness towards the
Cr,03 passive film compared to Br’, resulting in the formation of deeper
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Fig. 10. (a, b) CIS, (c, d) CIBrS, and (e, f) BrS volume loss proportions of individual components during sliding under polarized (dynamic potential) conditions.

and wider pits on the stainless steel surface. However, the severe
corrosion damage leads to the accumulation of substantial FexOy prod-
ucts around the pits, which subsequently inhibit the further penetration
of aggressive Cl ions. Consequently, a lower I, is observed for stainless
steel in the Cl” solution compared to the Br™ solution.

Unfortunately, during the tribocorrosion process (Fig. 12b, d), the
substantial amount of corrosion products formed on the stainless steel in
the CI solution acts as hard third bodies, resulting in severe abrasive
wear and exacerbated material loss. Moreover, the large area of freshly
exposed surface becomes more susceptible to attack by Cl” ions, further
accelerating the material corrosion damage. In short, Cl" induces more
severe localized corrosion in stainless steel compared to Br'. The accu-
mulated corrosion products can form a protective barrier, achieving a
“rust barrier effect” that mitigates further corrosion. However, under
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dynamic tribocorrosion, these otherwise protective products act as hard
abrasive particles, significantly exacerbating the tribocorrosion damage
of the stainless steel.

In pure corrosion processes (particularly under potentiostatic con-
ditions), the material exhibits a relatively broad and stable passive re-
gion, where the steady-state current density aligns well with the High
Field Model (HFM) [51]. This suggests that the initial growth stage of
the passive film is controlled by ion migration under a high electric field.
However, HFM fails to explain the transient current peaks and rapid
recovery kinetics observed under tribocorrosion conditions, as it does
not account for the generation and transport of point defects. In contrast,
the Point Defect Model (PDM) provides a more comprehensive inter-
pretation [52,53]. During tribocorrosion, mechanical wear instantly
removes the surface passive film. According to the PDM, the freshly
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Fig. 12. Schematic diagrams of the tribocorrosion processes of (a, b) CIS and (c, d) BrS.

exposed metal surface triggers intense generation of point defects (such
as cation vacancies) at the metal/film interface. The rapid migration and
annihilation of these defects drive the repassivation process, corre-
sponding to the quick current decay following the peak. Furthermore,
the PDM mechanism, where point defects accumulate at interfaces and
cause localized breakdown, offers a good analogy to the continuous
localized damage induced by mechanical wear. This explains why the
total material loss under tribocorrosion is significantly greater than the
simple sum of pure wear and pure corrosion losses, indicating a strong
synergistic effect. Therefore, the PDM better represents the processes
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observed in this study. While HFM can describe the formation of static
passive films, only the PDM reasonably explains the core mechanism of
dynamic film damage and reformation under mechanical disturbance,
providing deeper insight into the nature of tribocorrosion.

4. Conclusion

In summary, a systematic comparative study was conducted on the
corrosion and tribocorrosion behavior of 17-4PH stainless steel in CI°
and Br” solutions. The results demonstrate that under static corrosion
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conditions, the activation energy barrier for the rate-determining step
(RDS) of CI" (0.16 eV) is significantly lower than that of Br™ (1.42 eV),
indicating a stronger capability of Cl to displace oxygen in the CrpO3
passive film. Furthermore, Cl” exhibits superior penetration ability due
to its smaller ionic radius. Consequently, stainless steel is more suscep-
tible to pitting corrosion in Cl" solutions, where larger and denser
corrosion pits are observed. However, the accumulation of corrosion
products such as FeyOy can hinder the penetration of Cl". Consequently,
compared to the Br™ solution (8.87 x10~° A/cmz), the stainless steel
exhibited a lower I in the Cl solution (3.58 x107° A/cmz), demon-
strating an inhibitory effect of corrosion products on further corrosion.
Under dynamic tribocorrosion conditions, the abundant corrosion
products in the CI” solution act as third-body abrasives, inducing more
severe abrasive wear in stainless steel compared to the Br™ solution.
Moreover, the freshly exposed active surfaces further accelerate corro-
sion. This synergistic interaction between wear and corrosion substan-
tially accelerates material degradation. Additionally, within this
synergy, the enhancement coefficients for both corrosion and wear in CI
(272.43, 6.04) significantly exceed those in Br™ (51.91, 3.51).

In halide environments such as marine and chemical industries
containing Cl” and Br’, the passive film on stainless steel is more sus-
ceptible to attack by CI', leading to severe corrosion damage. Under
static conditions, corrosion products (e.g., Cr203, FeOy) form a pro-
tective layer that effectively inhibits further corrosion, achieving a
“rusting to prevent rust” effect. However, under dynamic tribocorrosion
conditions, the synergistic interaction between corrosion and wear
transforms these protective corrosion products into primary contribu-
tors to accelerated wear. Consequently, particular attention should be
paid to the degradation of stainless steel in Cl” environments, especially
under dynamic conditions involving mechanical/tribological in-
teractions. This work not only elucidates the corrosion and tribocorro-
sion mechanisms of stainless steel in halide solutions (ClI'/Br’), but also
provides fundamental insights for developing protective strategies in
corrosive service environments. In follow-up studies, experiments
involving different testing conditions (e.g., contact stress, frequency)
and passive substrates/coatings (such as titanium alloys, cermets) may
lead to interesting new findings.
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