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Abstract: Electrochemical impedance spectroscopy, cyclic potentiodynamic polarization measurements, and scanning electron microscopy

in conjunction with energy-dispersive X-ray spectroscopy were used to investigate the influence of mill scale and rust layer on the passiva-
tion capability and chloride-induced corrosion behaviors of conventional low-carbon (LC) steel and low-alloy (LA) steel in simulated con-
crete pore solution. The results show that mill scale exerts different influences on the corrosion resistance of both steels at various electro-
chemical stages. We propose that the high long-term corrosion resistance of LA steel is mainly achieved through the synergistic effect of a
gradually formed compact, adherent and well-distributed Cr-enriched inner rust layer and the physical barrier protection effect of mill scale.
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1. Introduction

The corrosion of reinforcing steel is one of the most do-
minant factors affecting the durability of reinforced concrete
(RCSs)  [1-2].
low-carbon (LC) steel may no longer meet the requirements
of service-life design of RCSs, especially in severe marine
environments. Various methods have been adopted to miti-

structures Therefore, conventional

gate steel corrosion and to prolong the service life of RCSs.
Among them, the use of corrosion-resistant steels is consi-
dered a very promising method [3—6]. Low-alloy (LA) steel
is a type of coating-free reinforcing steel prepared by adding
various trace alloying elements (Cr, Cu, Ni, etc.) during the
hot-rolling process. LA steel is expected to exhibit optimal
anti-corrosion performance but with much lower cost com-
pared to traditional stainless steels [3,7-9].

In practice, reinforcing steels are embedded in concrete
with mill scale. However, to reduce the variability of the re-
sults of experiments, the mill scale is often removed from
the surface by sandblasting, polishing, or pickling. However,
in cases where experiments are conducted to determine the
service life of RCSs, any surface modification of the steel
surface, especially for the removal of mill scale, should be
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avoided [10-11]. At present, research concerning the mill
scale of steel is mainly focused on the following three as-
pects.

(1) The corrosion initiation stage. This stage is generally
related to the influence of mill scale on the chlo-
ride-depassivation threshold (chloride threshold level) [12—17].
Koufil et al. [12] found that mill scale was detrimental to the
corrosion resistance of stainless steel, which they attributed
to the formation of Cr-depleted mill scale. Therefore, stain-
less steel without mill scale is generally recommended for
use in concrete [3,12]. In the case of conventional LC steel,
previous studies revealed that mill scale on the steel sur-
face substantially reduced the chloride threshold level as
well [13-16]. However, the results of Pillai and Trejo [17]
indicated that the effect of mill scale on the chloride thre-
shold level was mainly dependent on the compactness, ho-
mogeneity, and adhesion of the mill scale.

(2) The early corrosion propagation stage. The evolution
of the corrosion rate of steel in the absence or presence of
mill scale has been frequently discussed [18-21]. Previous
studies related to the effects of mill scale on the corrosion
rate of still are contradictory. Poursace and Hansson [18]
and Manera et al. [19] showed that the corrosion rate of
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sand-blasted steel (without mill scale) was substantially
lower than that of as-received steel (with mill scale). How-
ever, Li and Sagiiés [14] arrived at the opposite conclusion.

(3) The corrosion propagation stage. This issue con-
cerns the relationship between the mill scale and the rust
layer [20-22]. Most of the mill scales on steel surfaces in
concrete or mortar have been demonstrated to be loose and
with interconnected microcracks and defects [21-22]. It was
confirmed that the presence of porous mill scale could delay
the onset of corrosion on steel; however, it does not prevent
it [21]. In addition, the corrosion products might accumulate
and swell in the crevices between the steel substrate and the
mill scale, which is the main reason for the spalling of mill
scale [21-22], in good agreement with the results for steel
tested in simulated concrete pore solutions [16].

On the basis of the aforementioned literature results, the
compactness and adhesion of the mill scale strongly influ-
ence the steel corrosion behavior at the corrosion initiation
stage as well as during the corrosion propagation stage.
However, the literature contains few studies focused on the
relationship between mill scale and rust layers and their
synergistic effects on the corrosion behavior of LA steel.

In this study, the passivation and corrosion behaviors of
LC steel and LA steel with and without mill scale were in-
vestigated using electrochemical measurements in simulated

concrete pore solution. The influence of mill scale on the dis-
tribution of different rust layers was also extensively studied.

2. Exp erimental
2.1. Materials and specimen preparation

The LA steel with trace corrosion-resistant alloying ele-
ments was specially designed to replace the conventional
LC steel. Both steels were air-cooled to ensure that mill
scale formed under the same conditions. The chemical
compositions of the LC steel and the LA steel are shown in
Table 1. The LA steel contains 0.859wt% Cr and a very
small amount of alloying elements Cu and Ni compared to
the amount of these elements in the LC steel. The Cr content
in the LA steel is far lower than that in stainless steel, which
makes the LA steel substantially less expensive [3]. To im-
prove the plasticity and weldability, the carbon content in
LA steel is relatively lower than that in LC steel. In addition,
the relatively low carbon content in LA steel is expected to
minimize the possible formation of chromium -carbide,
which is detrimental to the improvement of corrosion resis-
tance [23]. The mechanical properties of the LA steel, which
include a tensile strength of 650 MPa, a yield strength of
450 MPa, and a total elongation of 31%, are comparable to
those of conventional LC steel.

Table 1. Chemical composition of the investigated steels wt%
Steel type Fe C Si Mn P S v Cr Cu Ni
LC Bal. 0.220 0.530 1.440 0.0250 0.0220 0.0380 — — —
LA Bal. 0.199 0.654 0.571 0.0267 0.0076 0.0323 0.859 0.056 0.033

Fig. 1 shows the optical micrographs of the microstruc-
tures of the LC and LA steels after they were etched in 4%
nital solution (4 mL HNO; mixed with 96 mL ethanol).
The optical micrographs of both the LC and the LA steels
show two dominant phases — brighter ferrite and darker
pearlite (a combination of ferrite and carbide) — which is
the typical microstructure for conventional LC reinforcing

(a) LC steel ‘
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Fig. 1.

Optical microscopy images of the LC and LA steels.

steel [24]. In addition, the grain size of the LA steel (Fig.
1(b)) is slightly larger than that of the LC steel (Fig. 1(a))
because different heat treatment processes were used when
Cr was added. The addition of ferritizer element Cr results
in a high transformation temperature for the LA steel. Thus,
it promotes the growth of ferrite grains at high-temperature

zones.

(b) LA steel




66

Fig. 2 shows the microstructure of the mill scale. Wrin-
kles are observed for the mill scale of the LA steel (Fig.
2(b)), which could affect the formation of a stable passive
film. In the case of the cross-sections of the mill scale, mi-
crocracks are observed in the mill scale of the LC steel (Fig.
2(c)). However, as shown in Fig. 2(d), the mill scale of LA
steel is more compact than that of the LC steel.

The steel specimens were cut into 40-mm segments with
a diameter of 20 mm. A central hole was drilled on the top
of each steel specimen, and a copper wire was attached to

(a) LC steel [~

Steel
substrate

Mill scale
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the top end of each specimen (Fig. 3(a)), similar to the steel
specimens prepared by Ghods et al. [10]. The steel speci-
mens were cleaned with alcohol prior to being coated with
epoxy resin at both ends. To mitigate or avoid crevice corro-
sion, the interface of the steel substrate and the epoxy resin
coating was carefully sealed. The middle part of each steel
specimen, with an exposure area of approximately 12.57 cm?,
was then exposed to simulated solutions (Fig. 3(a)). These
specimens met the requirements for steel specimens pro-
posed by Li and Sagiiés [25].

(b) LA steel

A )

Fig. 2. SEM images of the surface morphology (a,b) and cross-section morphology (c,d) of mill scale.
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Fig. 3. Schematic of a steel specimen (a) and a three-electrode corrosion cell (b).
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In this study, four different conditions for steel specimens
were investigated: sand-blasted LC, as-received LC,
sand-blasted LA, and as-received LA. Each condition had
six duplicate steel specimens, three steel specimens were
used to conduct cyclic potentiodynamic polarization (CPP)
measurements, and the other three steel specimens were
used in long-term corrosion experiments in a simulated con-
crete pore solution (SCPS).

2.2. Electrochemical measurements

The SCPS used herein was 0.1 M NaOH + 0.2 M KOH +
0.1 M Ca(OH), + 0.003 M CaSO, with a pH value of 13.3 at
room temperature [10]. All reagents used in the solutions
were of analytical grade, and deionized water (18 MQ-cm)
was used as the solvent. A solution volume of 400 mL was
used in each corrosion cell to ensure a minimum ratio of
0.2 mL/mm? between the solution volume and the specimen
surface area [26]. During the experiments, the corrosion
cells were covered with a PMMA lid to mitigate the carbo-
nation of the SCPS.

All steel specimens were cleaned with alcohol and then
dried prior to immersion in SCPS. The three-electrode cor-
rosion cell is shown in Fig. 3(b). A PAR 2273 potentiostat
was used to conduct the electrochemical measurements. A
steel specimen was used as the working electrode. The satu-
rated calomel electrode (SCE) and co-axial platinum cage
electrode were used as the reference electrode and the coun-
ter electrode, respectively.

Electrochemical impedance spectroscopy (EIS) was
conducted at stable open-circuit potentials with an AC per-
turbation amplitude of 10 mV in the frequency range from
100 kHz to 10 mHz. The EIS data were fitted using the
ZSimpWin software. CPP curves were measured from 100
mV negative to corrosion potential (Eoy) up to 100 mV vs.
SCE, and then reversed to E,,. The scan rate of CPP was 1
mV/s. All the potentials mentioned herein were referred to
the saturated calomel electrode (SCE). All experiments were
conducted at room temperature ((25 + 1)°C).

The electrochemical process of steels in SCPS was divided
into three stages: (1) the passivation stage in chloride-free
SCPS (2 h to 7 d); (2) the stage of stepwise addition of NaCl
(0.05 M NaCl per day from 8 d to 27 d) to depassivate the pas-
sive film [14]; (3) the stage of the evolution of corrosion prod-
ucts at a constant NaCl concentration of 1.0 M (28 d to 87 d).

2.3. Microstructural characterization

After the electrochemical measurements, steel specimens
were sectioned in the transverse orientation with respect to the
drawing direction and then cast into a low-viscosity epoxy resin

to minimize any artificial damage. The microstructures and

composition of the rust layers and mill scale in the cross sec-

tions of samples were characterized by SEM and ener-

gy-dispersive X-ray spectroscopy (EDS). All SEM images and

EDS analyses (line and area scans of the characteristic elements)
were obtained on a Philips XL30 environmental scanning elec-

tron microscope in backscattered electron (BSE) mode.

3. Results and discussion
3.1. Electrochemical behavior

3.1.1. Electrochemical impedance spectroscopy

Fig. 4 shows the representative Bode plots for
sand-blasted LC and LA steels in SCPS with various chlo-
ride concentrations. The impedance moduli (Figs. 4(a) and
4(b)) and absolute maximum phase angles (Figs. 4(c) and
4(d)) of the sand-blasted LC and LA steels largely increase
after 7 d of passivation in chloride-free SCPS. These beha-
viors are attributed to the formation of a protective passive
film on a steel surface. As the NaCl concentration in SCPS
was increased to 0.5 M (17 d), the impedance moduli and
absolute maximum phase angles for both the sand-blasted
LC and the sand-blasted LA steel decrease sharply. These be-
haviors indicate the depassivation of passive films and the oc-
currence of active corrosion. When the NaCl concentration
was increased to 1.0 M in 27 d, the corrosion resistance of the
sand-blasted LC and LA steels continued to decrease to dif-
ferent degrees. These results indicate that both steels had en-
tered the stage of stable active corrosion; similar corrosion re-
sistances were observed. Notably, the selection of 1.0 M as the
endpoint NaCl concentration in the SCPS was based on the
research by Moser et al. [26]. The chloride concentration re-
mained unchanged until 87 d (1.0 M), and a notable decrease
in the corrosion resistance appeared again, as shown in Fig. 4.

In general, the number of capacitive arcs in Nyquist plots
and the peaks of the phase angle in Bode plots are associated
with the number of time constants, although the time constants
tend to overlap each other in some cases [27-29]. Notably, in
Figs. 4(c) and 4(d), both sand-blasted LC and LA steels exhibit
only one time constant of 2 h. However, after passivation and
active corrosion, the Bode plots show another time constant,
which is attributable to the presence of a passive film and cor-
rosion products on the steel surface, respectively [27].

The Bode plots of the as-received LC and LA steels are
presented in Fig. 5. Two time constants are observed for
both the passivation and the corrosion stage. Fig. 5 shows
that the impedance moduli (Figs. 5(a) and 5(b)) for both
steels unexpectedly decrease after 7 d of passivation in chlo-
ride-free SCPS. Notably, the passivation behaviors of steels
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Fig. 4. Representative Bode plots of sand-blasted steels at various exposure times in SCPS: (a,b) impedance plots; (c,d) phase angle

plots.

Fig.5. Representative Bode plots of as-received steels at various exposure times in SCPS: (a,b) impedance plots; (c,d) phase angle plots.
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in the presence of mill scale substantially differ from those
under the conditions without mill scale, as shown in Fig. 4.
A possible explanation for this phenomenon is the different
microstructures. The sand-blasted steels exhibit homogene-
ous and smooth surfaces with few microcracks and defects,
facilitating the formation of a dense and protective passive
film. By contrast, the surface of the as-received steels con-
tains several crevices and defects due to the presence of
loose mill scale (Fig. 2). Moreover, atmospheric corrosion
has inevitably occurred on the surface of the mill scale during
transportation and storage of the steels. As a consequence, the
formation of a protective passive film on the surface of the
mill scale is difficult and the corrosion resistance of the
as-received steels is even lower after passivation.

Various equivalent electric circuits (EECs) have been
used to interpret the impedance spectra for steel under pas-
sive and active corrosion conditions [27]. In this study, two

generally used EECs for steels in SCPSs are shown in Fig. 6.

Only one time constant is evident in EECI1 (Fig. 6(a)); we
used this time constant to fit the impedance spectra for the

sand-blasted LC steel and the sand-blasted LA steel at 2 h.
Fig. 6(b) presents EEC2 with two time constants for fit-
ting the impedance spectra of steels collected under other
conditions. In Fig. 6, the constant phase element (CPE, ex-
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the SCPS, the time constant ROy refers to the double-layer
capacitance (Qq) at the steel-solution interface and the
charge transfer resistance (R) of the steel. In EEC2, ROy
is the low-frequency time constant. The high-frequency time
constant Ry Qo is associated with the redox reactions (Fe*'/Fe™)
of the passive film and/or the corrosion products [27-29]. R,
and Q. are the resistance and capacitance, respectively, of
the passive film and/or the corrosion products.
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Fig. 6. Proposed equivalent electric circuits (EECs) for fitting
the impedance spectra.

Fig. 7 presents the average fitted R, values and standard
deviation for triplicate LC and LA steels at different expo-
sure times. After 7 d of pre-passivation in chloride-free
SCPS (Fig. 7(a) and 7(b)), the R values of sand-blasted
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Fig. 7. Average R, values for triplicate steels at different exposure times in SCPSs with incrementally increasing NaCl content.
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steels increased by approximately one order of magnitude,
confirming the formation of the protective passive film on
the steel surface. Contrarily, the R, values of the as-received
steels showed a slightly decreasing trend after passivation.
These results indicate that no stable and protective passive
film was formed on the steel surface in the presence of mill
scale or that an unstable and defective passive film was
formed. Consequently, the mill scale inhibits or delays the
formation of a protective passive film, irrespective of
whether the steel is LC steel or LA steel [13—16].

The R, values for all steels tended to decrease when the
concentration of NaCl in the SCPS was increased to 0.5 M
(Fig. 7(c)). However, R, values for the sand-blasted steels
decreased to a much larger extent than those for the
as-received steels, consistent with the results of Li and
Sagiiés [14]. Fig. 7(c) shows that the R. values for the
as-received steels are slightly higher than those for the
sand-blasted steels at 0.5 M NaCl. As a result, we inferred
that the presence of mill scale on steel surfaces can mitigate
the corrosion activity at the early corrosion propagation
stage. At the end of the immersion tests (Fig. 7(d)),
as-received LA steel exhibited the highest R, value, which
was almost double that of the as-received LC steel.

3.1.2. Cyclic potentiodynamic polarization

The CPP curves for the LC and LA steels in SCPSs with

0.5 M NaCl are presented in Fig. 8. For the LC steels (Fig.
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8(a)), almost the same electrochemical behavior is identified
upon anodic polarization at potentials greater than E.,,. At a
polarization potential of approximately —0.05 V vs. SCE, a
sudden increase of the current density for both steels was
observed, suggesting the emergence of pitting corrosion.
When the anodic polarization potential reached 0.1 V vs.
SCE, the backward potential scan was performed. The cor-
responding current density of the backward potential scan
for both LC steels was remarkably higher than that of the
forward scan; a positive hysteresis loop then formed, indi-
cating the development of corrosion pits on the steel surface.
The area enclosed within such hysteresis loops is generally
used to quantify the pitting corrosion behavior. A larger area
represents a lower pitting corrosion resistance [26]. Al-
though both LC steels presented almost the same Ey;; val-
ue, the area of the hysteresis loop for the as-received LC
steel was substantially for the
sand-blasted LA steel, indicating that the anodic dissolu-
tion rate of the as-received LC steel within the pits was
relatively lower [30].

The pitting corrosion behaviors for LA steels are shown
in Fig. 8(b), which shows that the pitting corrosion resis-
tance for the as-received LA steel was also slightly higher
than that for the sand-blasted LA steel, as indicated by the
higher E; value and smaller area of hysteresis loop for the

smaller than that

as-received LA steel.
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Fig. 8. Cyclic potentiodynamic polarization curves of the LC and LA steels in SCPS containing 0.5 M NaCl.

3.2. Distribution of rust layers

Fig. 9 presents the microstructure characterization of the
rust layers on the cross-sections of steels; the EDS line pro-
files of the characteristic elements in the rust layers are
shown in Fig. 10. The surface of the sand-blasted LC steel
was covered with a non-uniform rust layer with an average
thickness of approximately 10 um (Fig. 9(a)). In addition,

the rust layer was relatively loose and contained several mi-
crocracks. The rust layer of the sand-blasted LA steel was
relatively thinner and more compact in comparison to that of
the sand-blasted LC steel (Fig. 9(b)). Notably, the
sand-blasted LA steel contained a small amount of alloying
element Cr. The intensity of Cr shows a general trend of
gradual decrease when it is close to the region of epoxy re-
sin (Fig. 10(b)).
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Fig. 9. SEM images of the cross-section morphology of steels in SCPS containing 1.0 M NaCl (87 d).
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Fig. 10. EDS line profile of characteristic elements for the cross-sections of steels in SCPS containing 1.0 M NaCl (87 d).

Fig. 9(c) shows that the thickness of the mill scale of the scale is full of microcracks and voids, consistent with the
as-received LC steel was approximately 20 um. The mill results in Fig. 2(c). Furthermore, crevices partially filled



72

with loose inner rust layer are detected between steel sub-
strate and mill scale. Therefore, the mill scale of the
as-received LC steel does not completely adhere to the steel
substrate, thereby providing pathways for chloride ions to
penetrate into the crevices through the interconnected mi-
crocracks in the mill scale. This chloride-ion penetration
may be the primary reason for the initiation of crevice cor-
rosion between the steel substrate and the mill scale, in good
agreement with the results of Ghods er al. [16]. Fig. 10(c)
depicts EDS line profiles of the characteristic elements in
the cross-section of the as-received LC steel. The inner rust
layer and outer rust layer are well distinguished by the in-
tensities of elements Fe and O.

The thickness of the mill scale of the as-received LA steel
(Fig. 9(d)) is very similar to that of the as-received LC steel.
Although the crevices can also be observed in as-received
LA steel, they have been totally filled with inner rust layer.
Unlike the as-received LC steel, the inner rust layer in the
as-received LA steel is much more compact and adherent,
thus effectively preventing further attack of the steel sub-
strate by chloride ions. The EDS line profile of the characte-
ristic elements in the cross-sections of the as-received LA
steel (Fig. 10(d)) reveals that, in the region of the inner rust
layer, the intensity of element Fe exhibits a decreasing trend,

95 [ [
90
X
ERN / Outer
= rust
5 80 layer
£ 10
m

Region

Fig. 11.
(87 d).

Passive films are widely acknowledged to vitally affect
the depassivation process of steels, especially stainless
steels [12,27,33]. However, the aforementioned results (Figs.
9-11) demonstrate that the inner rust layer, rather than the
passive film, beneficially affects the corrosion resistance of
LA steel. The corrosion resistance of the passive film for the
LA steel in this study shows less pronounced improvement
compared to that for the LC steel, as shown in Fig. 7(b);
this better effect in the case of the LA steel is presumably
related to its low content of alloying element Cr and large
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accompanied by an increase in the intensity of element O. In
addition, one noteworthy intensity peak of element Cr is
displayed in the region of the inner rust layer, demonstrating
the enrichment of alloying element Cr and the formation of
Cr-enriched corrosion products in the crevices. The pheno-
menon of the filling effect with a compact and adherent in-
ner rust layer is in good agreement with the results in Fig.
9(d). In previous investigations [31-32], the potential of Cr
in the rust layer was lower than the potential of Fe, and Fe in
the corrosion product a-FeOOH was then partially replaced
by the enriched alloying element Cr. Therefore, a more
compact corrosion product, a-Fe,Cr;-,OOH was gradually
formed, which provided much better protection of the steel
substrate against corrosion.

The distribution of the characteristic elements in the se-
lected regions of the as-received steels in Figs. 9(c) and 9(d)
is shown in Fig. 11. The steel substrate, inner rust layer, mill
scale, and outer rust layer correspond to selected regions A,
B, C, and D in Fig. 9, respectively. Fig. 11(b) clearly shows
that the content of element Cr in the inner rust layer of the
as-received LA steel is the highest. As expected, the intensi-
ty of Cr in the mill scale is substantially lower than that in
the inner rust layer and steel substrate, reflecting the deple-
tion of Cr in the mill scale [12].

100

(b) As-received LA steel
95 1

90
85
80

=

10

Element / wt%

EDS area scanning of characteristic elements for the cross-sections of the as-received steels in SCPS containing 1.0 M NaCl

grain size [34]. Therefore, if the content of Cr is lower than
a certain threshold value, the formation of a protective pas-
sive film on the steel surface is thought to be difficult, which
may strongly affect the initial corrosion resistance of the
steel. The content of Cr has been reported to remarkably af-
fect the passivation capability of weathering steel under at-
mospheric environment [34] and the corrosion resistance of
Cr-bearing steel in concrete [7]. When the surface of the LA
steel substrate is well-distributed with a certain amount of
corrosion products after long-term exposure, the nature of
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the rust layer plays the dominant role in determining corro-
sion resistance (Figs. 9—11) [8].

3.3. Role of mill scale for LA steel

Fig. 7 highlights that, for both steels, the mill scale exerts
different influences on the corrosion resistance during dif-
ferent electrochemical stages. At the passivation stage, mill
scale inhibits the formation of a passive film (Fig. 7(b)),
whereas mill scale on steel surface can mitigate the corro-
sion activity at the early corrosion propagation stage, as
shown in Fig. 7(c).

The results in Figs. 9(d) and 10(d) indicate that the cre-
vices between the steel substrate and the mill scale in the
case of LA steel are properly filled with a compact and ad-
herent inner rust layer, which is enriched in alloying element
Cr. Fig. 7(d) also shows that, at the end of long-term expo-
sure to SCPS, the corrosion resistance of the sand-blasted
LA steel is inferior to that of the as-received LA steel. The
reasonable explanation for the diminishing corrosion resis-
tance of sand-blasted LA steel is the partial dissolution of a
Cr-enriched rust layer during long-term exposure to SCPS
with high chloride ions in the absence of mill scale. Indeed,
comparing the peak intensity of Cr in the inner rust layer
from Fig. 10(b) with that in Fig. 10(d) reveals that the peak
intensity of Cr in the inner rust layer for the as-received LA
steel is strongly higher than that in the inner rust layer of the
sand-blasted LA steel. This result means that the mill scale
serves as a physical barrier against the dissolution of the
Cr-enriched inner rust layer for LA steel in SCPS. Therefore,
the physical barrier protection effect of mill scale and the
filling effect of the compact and adherent inner rust layer
provide synergistic benefits for the corrosion resistance of
the as-received LA steel.

4. Conclusions

(1) Mill scale exerts different influences on the corrosion
resistance of LC and LA steels at different stages. At the
passivation stage, mill scale substantially inhibits the passi-
vation process. However, mill scale can mitigate the corro-
sion activity at the early corrosion propagation stage. Fur-
thermore, CPP measurements indicated that the pitting cor-
rosion process can be delayed to a certain extent by mill
scale in SCPS containing 0.5 M NaCl.

(2) The predominant reason for the high corrosion resis-
tance of the as-received LA steel after long-term exposure is
the filling effect of the compact and adherent Cr-enriched
rust layer in the crevices, rather than the formation of a more
protective passive film. Moreover, the barrier protection ef-

fect of mill scale for the inner rust layer should also be taken
into account.
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