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Abstract

In this paper, Sb and Sn elements were added to high-strength weathering steel. The
corrosion behavior of three kinds of high-strength weathering steels without Sb/Sn, with Sb
and Sb + Sn in a simulated industrial atmosphere, was studied. The results show that adding
Sb and Sn can accelerate the initial corrosion rate, quickly form a more dense and stable rust
layer, and thus reduce the corrosion rate and total corrosion amount in the later period. Sb
and Sn are uniformly distributed in the rust layer and play an important role in improving
the density of the rust layer. The corrosion resistance of weathering steel is improved after
the addition of Sb alone and Sb + Sn combined, and the corrosion resistance is more excellent
when the composite is added.

K e y w o r d s: weathering steel, corrosion, simulated industrial atmosphere, rust layer, cor-
rosion mechanism

1. Introduction

By adding a small number of alloying elements,
such as Cu, Cr, Ni, Si, Mn, etc., these alloying ele-
ments are enriched in the rust layer so that the rust
layer of the weathering steel is obviously denser than
that of carbon steel, and the corrosion resistance is 2–8
times higher than that of carbon steel [1–3]. The de-
velopment of high-performance weathering steel from
the initial Corten series to the present includes not
only the improvement of corrosion resistance but also
the optimization and upgrading of mechanical prop-
erties, making weathering steel widely used in railway
vehicles, ships, bridges, and other engineering fields
[4–7].
By optimizing the proportion of alloy elements, the

researchers can improve the corrosion resistance as
much as possible based on satisfying the mechanical
properties. Adding a small amount of Sb element to
traditional weathering steel can enhance the corrosion
resistance of weathering steel in sulfuric acid, nitric
acid, and hydrochloric acid [8–10]. The Sb element is a
beneficial element for improving corrosion resistance.
In the 1960s, Japanese iron and steel companies devel-
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oped steel containing C, Si, Mn, P, S, Cu, and Sb and
found that the steel had excellent resistance to sulfu-
ric acid dew point corrosion [8]. The Sn element has
been used for a long time in the steel industry, mainly
in the intermediate phase and solid solutions, and is
generally considered an element harmful to steel. How-
ever, according to scholars’ reports, Sn may be ben-
eficial for improving corrosion resistance. Liu Bo et
al. [11] confirmed that adding Sn can significantly in-
hibit the cathode H+ reduction reaction under acidic
conditions and make the steel matrix more resistant
to atmospheric corrosion. Ahn, Soo Hoon, et al. [12]
found that the protective corrosion products SnO2 and
Sb2O5 produced by micro-alloyed steels containing Sn
and Sb in acidic chloride corrosion media can act as
inhibitors of anode reaction. In addition, the synergis-
tic interaction between Sb, Sn, Cu, and other elements
is also very helpful in improving corrosion resistance,
and a continuous dense Sn-Sb-Cu oxide layer can be
generated to protect the matrix [13, 14].
Sb element is a newly discovered microalloying el-

ement that has been conducive to improving the cor-
rosion resistance of low-alloy, high-strength steel in
recent years, and its content is usually not more than
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Ta b l e 1. The chemical composition of three weathering steels (mass fraction (%))

Steels C Si Mn P S Cu Cr Ni Sb Sn Nb Ti

Sb/Sn-free steel 0.071 0.26 0.84 0.006 0.003 0.36 0.75 0.48 – – 0.044 0.024
Sb steel 0.083 0.26 0.91 0.006 0.003 0.37 0.76 0.47 0.050 – 0.044 0.025
Sb + Sn steel 0.059 0.23 0.84 0.0086 0.0005 0.36 0.84 0.19 0.098 0.022 0.036 0.027

Ta b l e 2. Mechanical properties of three experimental steels

Yield strength, Rel Tensile strength, Rm Elongation after breaking, A
(MPa) (MPa) (%)

Sb/Sn-free steel 519 620 31.1
Sb steel 552 655 29.2
Sb + Sn steel 537 635 30.5

0.1 %, which can affect the recrystallization process
and acid corrosion resistance of low-alloy structural
steel. In 2004, Japan Nippon Steel Company found
for the first time that adding an appropriate amount
of Sb to Cu-containing steel could promote the forma-
tion of Cu2Sb film, inhibit the electrochemical anode
and cathode reaction, and significantly improve the
corrosion resistance of low alloy steel to sulfuric acid
and hydrochloric acid [15]. The study of South Ko-
rean scholar Le [16] confirmed that adding trace Sb
element can improve the corrosion resistance of low-
alloy steel in the mixed environment of sulfuric acid
and hydrochloric acid. 0.1%Sb element could not only
produce a protective Sb2O5 oxide film on the surface
but also accelerated the formation of Cu-containing
compounds in the product film, significantly inhibit-
ing the electrochemical anode [17, 18] and cathode
reaction through the interaction of Sb and Cu, and
reduce the corrosion current density [19].
Most scholars have only studied the corrosion be-

havior of singly added Sb or Sn, and the yield strength
of its weathering steel is mostly below 450MPa [20].
To promote the application field of weathering steel,
we have developed a new generation of high-strength
weathering steel (above 500MPa level) by adjusting
the element ratio and adding Sb and Sn elements sepa-
rately and composite. By simulating the industrial at-
mospheric corrosion environment, the corrosion mech-
anism of high-strength weathering steel in NaHSO3
solution is deeply discussed. At the same time, the
role of Sb, Sn, and other elements in the rust layer is
also studied, which has a certain reference significance
for the upgrading of weathering steel.

2. Experimental materials and methods

2.1. Experimental materials

The weathering steel used in the experiment was

refined by the vacuum smelting furnace of Shougang
Technology Research Institute, and a three-square in-
got of 65mm × 65mm × 65mm weathering steel
was obtained by forging. The chemical composition
is shown in Table 1. After forging, the process pa-
rameters of hot rolling are controlled by rolling and
cooling. The billet is heated to 1200◦C and kept warm
for 2 hours. The rolling temperature of rough rolling is
1150◦C, and the rolling temperature of final rolling is
1050◦C. Finishing rolling temperature 950◦C, rolling
3 times, final rolling temperature 850◦C. The thick-
ness of each roll is 65 mm → 53mm → 41mm →
31mm → 23mm → 15.5mm → 10.5mm → 7.5mm,
and the reduction rate is as follows: 18.5, 22.6, 24.4,
25.8, 32.6, 32.3, 33.3, and 28.6%, the total deforma-
tion of 88.5%. Rolling controls the cooling process,
cooling to 570◦C, cooling speed of 5–8◦C s−1. The
material is then placed in a resistance furnace for fur-
ther cooling to room temperature.
The metallographic structure of the three experi-

mental steels is shown in Fig. 1, which is mainly com-
posed of ferrite and pearlite. It can be seen from the
figure that the metallographic structure, grain size,
and distribution of the three kinds of steel are basically
the same, so the influence of metallographic structure
on corrosion can be ignored. The mechanical proper-
ties of the three kinds of steel are shown in Table 2.
The lower yield strength and tensile strength of the
three kinds of experimental steel all exceed 500MPa,
and the elongation after breaking is about 30%. The
mechanical properties of the experimental steel are rel-
atively excellent.

2.2. Experimental methods

According to railway industry standard TB/T2375-
1993 ”Test Method for Periodic Infiltration and Cor-
rosion of Weathering Resistant Steel for Railway,” the
test experiment was carried out to simulate the cor-
rosion environment of an industrial atmosphere. The
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Fig. 1. Metallographic structure of three experimental
steels: (a) Sb/Sn-free steel, (b) Sb steel, and (c) Sb + Sn

steel.

infiltrating solution was 1.0 × 10−2 mol L−1 NaHSO3
solution, the test temperature was 45 ± 2◦C, and the
relative humidity was 70 ± 5% RH. One cycle was
60 min (wetting 12min, drying 48min), and the test
cycle nodes were set as 24, 72, 120, and 168 h. The
sample size was 60mm × 40mm × 2mm, and three

parallel samples were set up in each cycle. After the
experiment, a hydrochloric acid solution with a corro-
sion inhibitor dedusted the samples and lost weight.
After cleaning, drying, and weighing, the average cor-
rosion rate (g m−2 h−1) was calculated.
The surface morphology of the samples was ob-

served by Qutanta FEG450 thermal field emission en-
vironmental scanning electron microscope. The cross-
section of the rust layer was observed by an Olym-
pus OLS4100 confocal laser microscope (CLSM).
To observe the phase evolution of the rust, XRD
measurements were made with a D8 Advance X-
ray diffractometer using a copper X-ray tube and
diffracted beam monochromator, which collected data
in the range of 2θ angle of 10◦–90◦ at a scan-
ning rate of 2◦min−1 and a scanning step of 0.02.
The Electro-Probe Microanalyzer (EPMA) instru-
ment model JXA8100 is used to observe the distribu-
tion of elements in the rust layer, with an acceleration
voltage of 20 kV, emission current of 1 × 10−8 A, and
spot diameter of 1 µm.
The electrochemical test of bare steel and rust sam-

ples was carried out at the RST electrochemical work-
station. SCE is used as the reference electrode, and
the auxiliary electrode is an extremely bright platinum
(Pt) electrode, and the electrode potentials in this pa-
per are relative to the auxiliary electrode. The test so-
lution was 0.01 mol L−1 NaHSO3 + 3.5% NaCl mixed
solution. The working surface of the electrochemical
sample is 10mm × 10mm. The corresponding non-
working surface is welded with copper wire by tin
welding, and the rest is encapsulated with epoxy resin.
After drying, the working surface of the sample is fine
ground to 2000# sandpaper and then put into the
periodic infiltration accelerated corrosion test cham-
ber. Bare steel and rust samples completed the peri-
odic infiltration corrosion test and could be directly
subjected to electrochemical experiments. The polar-
ization curve test has a scanning rate of 0.5 mV s−1

and a scanning voltage range of ± 0.5 V (relative
to the open circuit potential). The electrochemical
impedance spectroscopy test was carried out under the
self-etching potential, the AC disturbance voltage am-
plitude was 10mV, and the scanning frequency range
was 1 × 10−2–1 × 105 Hz.

3. Results and analysis

3.1. Rule of corrosion weightlessness

Figure 2 shows the relationship between corrosion
weight loss rate and time of Sb/Sn free steel, Sb steel,
and Sb + Sn steel after periodic infiltration corrosion
test. It can be seen from the figure that with the in-
crease in corrosion time, the corrosion rate of the three
kinds of steel shows a trend of decreasing, and the
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Fig. 2. Corrosion weight loss diagram of three steels.

Fig. 3. Corrosion weight loss fitting curves of three steels.

Ta b l e 3. Linear fitting parameters in Fig. 3

Linear fitting parameters

Sb/Sn-free steel y = 0.0796x + 0.9821; R2 = 0.9536
Sb steel y = 0.0780x + 0.9737; R2 = 0.9737
Sb + Sn steel y = 0.0719x + 1.4101; R2 = 0.9424

corrosion weight loss rate is not different. To explain
the relationship between the corrosion rate and corro-
sion resistance of the three steels, the corrosion weight
loss curves of the three steels are fitted in Fig. 3, and
the fitting regression parameters are shown in Table 3.
From the figure, it is evident that the corrosion weight
loss of the three steels increases with time. Compared

with the steel without Sb/Sn, the curves of Sb steel
and Sb + Sn steel show a more similar trend. When
the corrosion time is less than or equal to 120 h, it
belongs to the pre- and mid-stage corrosion. The cor-
rosion weight loss of the three kinds of steel fluctuates
constantly, and a stable corrosion rust layer has not
yet formed. However, when the corrosion time reaches
168 h, it belongs to the middle and late stage of cor-
rosion, at which time a stable rust layer has formed,
and the dense and stable rust layer becomes an effec-
tive barrier between the material substrate and the
external corrosion environment, which can hinder the
further development of corrosion and better reflect the
comprehensive corrosion resistance of the material. At
168 h, the corrosion rate of Sb steel and Sb + Sn steel
decreased significantly, and it can be seen from Fig. 3
that Sb + Sn steel can preferentially form a stable rust
layer. This is related to adding trace amounts of Sb
and Sn elements. According to relevant reports, the
protective corrosion products SnO2 and Sb2O5 can be
generated by the microalloyed steel containing Sn and
Sb, or it can cooperate with Cu to make the rust layer
denser [18, 19].

3.2. Analysis of microscopic corrosion
morphology

Figure 4 shows the Sb + Sn steel microstructure
under different corrosion periods. The steel surface is
uniformly covered with fine corrosion products. To
the right of Figs. 4a–h is a partially enlarged view
in the yellow rectangle on the left. For weathering
steel, the surface morphology shows a flowery flock-
like microstructure, which is typical of gamma-FeOOH
crystal grains, while the three-dimensional spheroidal
(“cotton spheroidal”) structure corresponds to the
typical microscopic characteristics of α-FeOOH [21].
It can be seen from the figure that there are large dif-
ferences in the corrosion morphology under different
corrosion periods. At the initial corrosion stage (24 h),
there are more flocculated γ-FeOOH grains, but due
to the short corrosion period, the spherical α-FeOOH
grains have not been fully formed, so there are no ob-
vious spherical particles in the micro-morphology. Af-
ter 72 h of corrosion, the spherical particles began to
appear, and the floccus structure began to decrease.
After 120 h of corrosion, spherical α-FeOOH particles
were formed, the number increased significantly, and
the floccus structure became less. The surface had
mainly spherical particles after 168 h in the corrosion
stage, and the floor-flocculent structure disappeared.
According to the above analysis, with the extension
of the corrosion period, the content of α-FeOOH in
the ball increased significantly, while the content of
γ-FeOOH in the floc gradually decreased.
Figure 5 shows the micromorphology of the three

steel kinds after 168 h corrosion. The microscopic sur-
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Fig. 4. Micro-morphology of Sb + Sn steel under different corrosion cycles: (a), (b) 24 h; (c), (d) 72 h; (e), (f) 120 h; and
(g), (h) 168 h.

faces of the three kinds of steel have relatively similar
characteristics, mainly composed of balls or blocks and

a small amount of cotton-like structure. Cracks occur
on the rust layer on the surface, but the cracks of Sb
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Fig. 5. Micro-morphology of the three steels after 168 h
corrosion: (a) Sb/Sn-free steel, (b) Sb steel, and (c) Sb +

Sn steel.

steel and Sb + Sn steel are finer than those of steel
without Sb/Sn, which indicates that the rust layer of
Sb steel and Sb + Sn steel is denser and has a stronger
protective effect on the matrix.
Figure 6 shows the morphology of the cross-section

rust layer of Sb/Sn free steel, Sb steel, and Sb + Sn

steel. On the left (white) is the steel substrate (Sub),
in the middle is the rust layer, and on the right (dark)
is the epoxy resin cold insert (EP). The thickness of
the rust layer of the three kinds of steel increases grad-
ually with the extension of corrosion time. From the
point of view of corrosion time: In the early stage of
corrosion (24 h), the steel surface begins to be de-
stroyed, forming a small amount of rust layer, so the
corrosion of the rust layer is thinner. However, due to
the non-uniformity of corrosion, there is local pitting
corrosion, as shown in Fig. 6e – 24 h. Combined with
Fig. 4, it can be inferred that the early stage of corro-
sion is dominated by small-hole corrosion. When the
small holes on the metal surface are gradually con-
nected, they are transformed into more uniform cor-
rosion. In the middle stage of corrosion (72–120 h), the
rust layer gradually becomes thicker, and there are ob-
vious cracks between the inner and outer rust layers.
The thickness of the outer rust layer is larger than
that of the inner rust layer, indicating that the stable
structure of the inner rust layer has not been formed
at this time. In the later stage of corrosion (168 h), the
yellowish-brown part is the outer rust layer, and the
gray and white part is the inner rust layer. The inner
rust layer is already very dense, and the cracks are
greatly reduced. The thickness of the inner rust layer
is relatively uniform, which can effectively hinder the
further development of corrosion.

3.3. Analysis of corrosion products

Figure 7 shows the XRD patterns of the oxide rust
layer on the surface of three kinds of steel. The main
oxides in the figure are Fe2O3, Fe3O4, α-FeOOH, and
γ-FeOOH. Among them, Fe2O3 is a reddish-brown
powder, mainly distributed in the outermost part of
the rust layer, and has a large grain size, which can
reduce the adhesion of the rust layer and does not
have protection for the matrix. Fe3O4 is a good con-
ductor with stable thermodynamic properties and a
dense structure. The thermodynamic properties of α-
FeOOH are the most stable [22, 23]; the grain is thin,
and the rust layer is dense, which is the main compo-
nent of the inner rust layer and has a good protective
effect on the matrix. In general, the higher the con-
tent, the stronger the protective effect after forming
a stable rust layer. The thermodynamic stability of
γ-FeOOH is poor, mainly distributed in scales in the
outer rust layer, and loose porous γ-FeOOH can be
transformed into stable α-FeOOH.
With the prolongation of the corrosion period,

the intensity of the diffraction peak in the figure
changes somewhat. The intensity of the diffraction
peak mainly reflects the abundance of the correspond-
ing crystalline phase, and the particle size or crys-
tallinity is related to the width of the diffraction peak.
Figure 7a shows that in Sb/Sn free steel, the diffrac-
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Fig. 6. Cross-sectional rust layer morphology of three steels under different corrosion cycles: (a)–(d) Sb/Sn-free steel,
(e)–(h) Sb steel, and (i)–(l) Sb + Sn steel.
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Fig. 7. XRD patterns of oxide scales on the surface of three
types of steel: (a) Sb/Sn-free steel, (b) Sb steel, and (c)

Sb + Sn steel.

tion peak intensity of α-FeOOH gradually increased,
and the diffraction peaks of Fe2O3 and Fe3O4 also
increased slightly. However, the diffraction peak pat-
terns in Figs. 7b,c show that the diffraction peak inten-

Fig. 8. The relative content of 24 h and 168 h corrosion
products of three steels: (a) 24 h and (b) 168 h.

sity of Fe2O3 and Fe3O4 decreases after corrosion for
168 h compared with 72 and 120 h. This indicates that
the volume proportion of Fe2O3 and Fe3O4 decreases
while the volume content of α-FeOOH gradually in-
creases.
Figure 8 shows the relative content of corrosion

products of the three steels with corrosion periods
of 24 and 168 h. The most important corrosion prod-
ucts are Fe2O3 and α-FeOOH while containing a small
amount of Fe3O4 and γ-FeOOH. Compared with the
content proportion of corrosion products in Figs. 8a,b,
Fe2O3, Fe3O4, and γ-FeOOH contents are higher in
the initial corrosion stage (24 h), while the protective
α-FeOOH content increases in the later corrosion stage
(168 h), and the protective effect on the matrix is im-
proved with the formation of stable rust layer. Com-
pared with non-Sb/Sn steel, the content of α-FeOOH
in Sb steel and Sb + Sn steel is higher, and the corro-
sion resistance of the rust layer is better, which may
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Fig. 9. EPMA surface scan spectrogram of rust section of Sb + Sn steel.
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Fig. 10. EPMA surface scan spectrogram of rust section of steels: (a) Sb/Sn free steel and (b) Sb steel.

be related to Sb and Sn elements and can promote
more transformation of the rust layer to α-FeOOH,
but the specific mechanism is not clear.

3.4. Element distribution in the rust layer

Figure 9 shows the EPMA face scan diagram of Sb
+ Sn steel. In the original image, the darkest black
area on the left is epoxy resin, the middle gray area
is the rust layer, and the far-right area is the steel
matrix. The figure shows that the content of Fe in
the rust layer is significantly lower than that in the
matrix, while the content of O in the rust layer is in-
creased, which is related to the formation of hydroxyl

iron oxide in the rust layer. Cr element is locally en-
riched in the rust layer, which plays an important role
in forming a dense rust layer, mainly in the later stage
of corrosion. On the one hand, it can promote the for-
mation of new α-FeOOH, and on the other hand, it
can replace part of the Fe element in the hydroxyl iron
oxide to form iron-chromium complex hydroxyl oxide
[24]. Different scholars have different views on the in-
fluence of Ni element on corrosion resistance, but most
scholars believe Ni element has a negative effect on re-
sistance. We can see from the atlas that Ni is evenly
distributed in the matrix and rust layer, which may
have a negative impact on corrosion resistance. The
distribution of Cu and Mn in the rust layer is rela-



Y.-L. Wang et al. / Kovove Mater. 62 2024 181–196 191

Ta b l e 4. Corrosion voltage and corrosion current of three kinds of steel under different corrosion cycles and bare steel

Argument 0 h 24 h 72 h 120 h 168 h

Ecorr (V) –0.6481 –0.5808 –0.5155 –0.5667 –0.5928
Sb/Sn-free steel, Sb steel

Icorr (mA cm−2) 0.0936 0.09204 0.1514 0.1106 0.1206

Ecorr (V) –0.6879 –0.5572 –0.5031 –0.5511 –0.5602
Sb + Sn steel, Sb/Sn-free steel

Icorr (mA cm−2) 0.1127 0.1213 0.1392 0.1594 0.1175

Ecorr (V) –0.6661 –0.5557 -0.5193 -0.5318 –0.5277
Sb steel

Icorr (mA cm−2) 0.0976 0.1575 0.1545 0.0976 0.1109

tively uniform, but the content of Cu and Mn in the
rust layer is lower than that in the matrix, and it is
possible to form a dense oxide layer with copper ox-
ides or with other alloying elements (such as Cu-Sb-Sn
oxides). Studies have shown that Mn can increase the
content of α-FeOOH and increase the density of the
rust layer [25]. Nb is evenly distributed in the rust
layer and matrix so that it may play a greater role.
On the one hand, Nb can refine the grains and pre-
cipitate them on the grain boundaries as Nb (C, N),
reducing chromium carbide enrichment on the grain
boundaries and reducing the trend of grain boundary
corrosion [26]. On the other hand, Nb can improve
the stability and densification of the rust layer and in-
crease the resistance of the rust layer [27]. Similarly,
Sb and Sn elements are evenly distributed in the rust
layer and are mainly uniformly filled in the loose po-
sition of the rust layer in the form of metal oxides,
making the rust layer denser.
Figure 10 shows the EPMA surface scanning re-

sults of Sb/Sn-free steel and Sb steel. Compared with
Fig. 9, Cu and Cr elements are enriched in the three
kinds of steel, and an obvious enrichment of Sb can be
observed in Fig. 10b.
Due to the small content of Sb and Sn elements,

the XRD sensitivity is limited, and the presence of
Sb/Sn elements in the rust layer is undetected. In this
paper, XPS technology is used to detect Sb elements
in the rust layer of Sb + Sn experimental steel. Fig-
ure 11 shows the detection results of Sb and Sn 3d
spectral peaks. Because the binding energy of Sb 3d
and O 1s orbits is close, it is easy to be confused, so the
experimental results are fitted by peak-splitting. The
isolated peaks are FeOOH, Fe3O4, Sb2O3(529.9 eV),
SnO2, and other substances. Sb exists in the rust layer
in the form of Sb2O3, Sb2O3, and SnO2 themselves,
which have good thermodynamic stability and uni-
form and dense structure, so the presence in the inner
rust layer will improve the structure of the rust layer,
promote the solid combination of the rust layer and
the matrix, so that the inner rust layer has a stronger

Fig. 11. XPS analysis results of Sb + Sn steel: (a) Sn and
(b) Sb.

blocking effect on corrosive ions, thus inhibiting the
occurrence of corrosion.

3.5. Electrochemical analysis

Figure 12 describes the polarization curves of bare
steel and rust samples of three kinds of steel mea-
sured in a mixed solution of 0.01 mol L−1 NaHSO3 +
3.5 % NaCl. Self-corrosion potential (Ecorr) and self-
corrosion current (Icorr) also change with the change
in corrosion time. Table 4 lists the Ecorr and Icorr of
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Fig. 12. Polarization curves of three kinds of steel under
different corrosion cycles and bare steel: (a) Sb/Sn-free

steel, (b) Sb steel, and (c) Sb + Sn steel.

three kinds of steel in different corrosion cycles un-
der a simulated industrial atmospheric corrosion en-
vironment. In the electrochemical corrosion process,
weathering-resistant steel is controlled by two parts:
anodic dissolution reaction and cathodic reduction re-
action [28].

For bare steel samples, the anode process is con-
trolled by the dissolution of the steel, and the cath-
ode process is controlled by the reduction of dissolved
oxygen. As can be seen from Fig. 12, the self-corrosion
potential of the three kinds of bare steel is significantly
lower than that of the corroded sample, but as can be
seen from Table 4, its corrosion current is generally
lower, which indicates that compared with the cor-
roded steel, the corrosion trend of the bare steel is
greater, but at the initial stage of immersion, the pas-
sivation film on the metal surface diffused slowly after
dissolution, that is, the corrosion rate is controlled by
the mass transfer process of the anodic dissolved prod-
ucts. For the corroded specimens of the three kinds
of steels, with the prolongation of the corrosion pe-
riod, the corrosion potential decreased first and then
slightly increased, while the corrosion current gradu-
ally decreased. This shows that with the formation of
a stable corrosion rust layer, the corrosion rate is get-
ting smaller and smaller, and the rust layer can form
an effective resistance to prevent further corrosion.
From the point of view of corrosion time, compared

with Sb/Sn-free steel, Sb steel, and Sb + Sn steel, the
corrosion phenomena of three kinds of bare steel are
similar. At the initial stage of corrosion (24 and 72 h),
the corrosion current of Sb + Sn steel is larger, and the
corrosion rate is faster in the early stage. In the middle
and late stages of corrosion (120 and 168 h), the corro-
sion current density of Sb + Sn steel, Sb steel without
Sb/Sn steel, and the corrosion rate of Sb + Sn steel is
significantly reduced. This shows that the early corro-
sion of weathering steel containing Sb and Sn elements
is accelerated, which can promote the formation of a
stable rust layer earlier.
Figure 13 shows the electrochemical Nyquist di-

agram impedance spectra of the three experimen-
tal steels after 168 h corrosion. The electrochemical
impedance spectrum of bare steel is composed of in-
complete semicircles in the high-frequency region and
more complete semicircles in the low-frequency region.
The radius of the semicircles reflects the size of the
specimen impedance. The larger the radius, the larger
the impedance and the better the protection perfor-
mance of the rust layer. In general, the resistance of
the rust layer dominates in the high-frequency region,
and the charge transfer resistance at the rust inter-
face dominates in the low-frequency region. There is
no rust layer in the bare steel, so the reference value
of the rust layer resistance in the high-frequency re-
gion is small, and the charge transfer resistance in the
high-frequency region should be the main. As can be
seen from Fig. 13a, the semi-circle radius of non-Sb/Sn
steel is the largest in the low-frequency region, the
semi-circle radius of Sb steel is in the middle, and
the semi-circle radius of Sb + Sn steel is the small-
est in the low-frequency region, which also indicates
that the addition of Sb and Sn elements in the early
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Ta b l e 5. Impedance spectrum parameters fitted by the equivalent circuit of Fig. 14

Time Rs Cr Rr Cdl Rt Rw
(h) (Ω cm2) (µF cm−2) (Ω cm2) (µF cm−2) (Ω cm2) (Ω cm2)

Sb/Sn free steel

24 10.22 0.3369 8.86 0.1959 11.59 0.08726
72 9.76 0.2421 13.42 0.8161 12.50 0.05143
120 13.23 0.3358 11.50 0.1344 12.17 0.05866
168 12.77 0.3434 15.59 0.1559 11.10 0.06793

Sb steel

24 9.13 0.3829 9.28 0.2355 10.34 0.11260
72 11.19 0.1993 8.85 0.7825 13.82 0.04267
120 9.61 0.4578 13.31 0.3851 7.35 0.02476
168 13.54 0.3332 19.21 0.1246 9.92 0.08723

Sb + Sn steel

24 8.91 0.3697 8.57 0.5012 3.726 0.08454
72 11.62 0.3311 9.29 0.2015 8.777 0.07919
120 15.36 0.2212 16.65 0.1038 13.11 0.06375
168 13.48 0.3338 21.32 0.2523 8.384 0.06591

Fig. 13. Three kinds of experimental bare steel and Nyquist
diagram after corrosion for 168 h: (a) bare steel and (b)

corrosion for 168 h.

Fig. 14. Equivalent circuit of EIS data of the rusty sample.

corrosion stage can accelerate the early corrosion rate
of weather-resistant steel, which is also consistent with
the discussion results of polarization curve. Figure 13b
shows the Nyquist diagram of three weathering steels
corroded for 168 h.
The electrochemical impedance spectra of all cor-

roded samples consist of incomplete semicircles in
the high-frequency region and long tails in the low-
frequency region, and the radius of the high-frequency
region can evaluate the resistance of the rust layer. In
the late corrosion stage, after 168 h, the resistance of
the rust layer is the most useful for evaluating the pro-
tection performance of the rust layer, so the radius of
the incomplete semicircle in the high-frequency region
is mainly looked at. The radii of the high-frequency
region of Sb + Sn steel and Sb steel are similar, and
the radii of the high-frequency region of Sb + Sn steel
are relatively large, indicating that the resistance of
the rust layer is the largest and the protection effect
is the strongest.
As shown in Fig. 14, ZsimDemo software was used

to conduct equivalent circuit modeling for all Nyquist
data [29, 30], and the parameters of the fitting results
were listed in Table 5. Rs is the resistance of the so-
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Fig. 15. The change of Rr of rusty samples with time.

lution, Rr is the resistance of the rust layer, Cr is the
capacitance of the rust layer, Cdl is the capacitance of
the double layer, Rt is the charge transfer resistance,
and Rw is the impedance of diffusion.
The resistance (Rr) of the rust layer is most use-

ful for estimating the protective properties of the rust
layer [31]. According to the fitting parameters, the fit-
ting value of Rr of the rusty sample with exposure
time is shown in Fig. 15. With the increase of corro-
sion time, the rust layer resistance of the three kinds
of steel is gradually increasing. In the early stage of
corrosion 72 h, the rust layer resistance of Sb steel and
Sb + Sn steel is only 8.85 and 9.29 Ω, which is signifi-
cantly lower than the 13.42 Ω of steel without Sb/Sn.
The rust layer impedance of Sb steel and Sb + Sn steel
increases significantly at 120–168 h, and the rust layer
impedance sequence is as follows: Sb + Sn steel > Sb
steel > Sb/Sn free steel. On the one hand, the oxides
of Sb and Sn (Sb2O5, SnO2) are filled on the corro-
sion microcracks, which improves the density of the
corrosion rust layer. On the other hand, Sb and Sn
elements can accelerate the corrosion rate in the early
stage and can quickly form a stable rust layer in the
later stage of corrosion.

3.6. Corrosion mechanism

Complex chemical reactions occur during the cyclic
infiltration corrosion test. During the wetting process,
the anode mainly dissolves the steel, and the cathode
mainly dissolves the O2. During the drying process,
conversion between corrosion products mainly occurs
[32].
During the wetting process:

anode reaction

Fe→ Fe2+ + 2e; Fe2+ → Fe3+ + e, (1)

Fig. 16. Corrosion mechanism diagram of rust layer forma-
tion process: (a) early stage of corrosion, (b) middle stage

of corrosion, and (c) later stage of corrosion.

cathode reaction

O2 + 2H2O+ 4e → 4OH−, (2)

during the drying process

Fe(OH)3 → FeOOH+H2O. (3)

The corrosion mechanism of the stable rust layer
formation process is shown in Fig. 16. In the ini-
tial corrosion stage, point defects on the steel surface
(Fig. 16a) preferentially corrode under the action of
H+, and unstable Fe(OH)3 will be produced during
the corrosion process, and Fe(OH)3 is easily converted
into α-FeOOH and γ-FeOOH in the rust layer. In the
middle stage of corrosion, a thin electrochemical cor-
rosion film will be formed on the surface of steel un-
der the condition of infiltration, and HSO−

3 ions in
the film will be continuously oxidized to SO2−4 , which
will then combine with Fe2+ to form a “SO2−4 cycling
mechanism”, as shown in Fig. 16b, which is reflected
as follows [28]:

HSO−
3 +

1
2
O2 → SO2−4 +H+, (4)

Fe2+ + SO2−4 + xH2O→ FeSO4 · xH2O, (5)

FeSO4 · xH2O+O2 + (6− x)H2O→
4FeOOH+ 4H2SO4, (6)

2H2SO4 +O2 + 2Fe→ FeSO4 + 2H2O. (7)

At this time, the combination between the inner
and outer rust layers is not tight, usually there are
cracks between the inner and outer rust layers, and
the thickness of the outer rust layer is greater than
the thickness of the inner rust layer, and the loose
and porous outer rust layer cannot protect the matrix.
At the later stage of corrosion, as shown in Fig. 16c,
the outer rust layer gradually falls off with the peri-
odic infiltration experiment, while the inner rust layer
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can be closely bonded with the matrix and gradually
thickened. The increase of α-FeOOH content in the
inner rust layer and the improvement of the density
and stability of the rust layer can effectively prevent
corrosive ions and oxygen from further invading the
matrix, thus protecting the matrix. This is consistent
with the decrease of corrosion weight loss and corro-
sion rate in the later stage of corrosion.
As we all know, the inner rust layer generated in

the corrosion process is relatively dense, but there will
also be small cracks. The oxides generated by Sb and
Sn elements can fill the micro cracks, further improv-
ing the density of the inner rust layer. This is also an
important reason for the rapid formation of a stable
rust layer in the later stage of corrosion.

4. Conclusions

In this paper, a new generation of high-strength
weathering steel was developed by adjusting the ele-
ment ratio. By simulating the industrial atmospheric
corrosion environment, the corrosion mechanism of
high-strength weathering steel in NaHSO3 solution
was deeply discussed, and the role of Sb, Sn, and other
elements in the rust layer was studied. The main con-
clusions are as follows:
1. In the NaHSO3 corrosion medium simulating

an industrial atmospheric environment, the corrosion
rate of the three experimental steels showed a decreas-
ing trend with the extension of the experiment period,
and the corrosion behavior of Sb steel and Sb + Sn
steel was more similar. The corrosion rate of Sb + Sn
steel is the highest in the early corrosion stage, and
the corrosion rate is the lowest in the late corrosion
stage. Sb and Sn can accelerate the formation of a
protective rust layer and make the rust layer denser.
2. The oxides in the three steel rust layers are

mainly Fe2O3, Fe3O4, α-FeOOH, and γ-FeOOH.With
the increase of corrosion time, the relative content
of Fe2O3, Fe3O4, and γ-FeOOH gradually decreased,
while the relative content of α-FeOOH gradually in-
creased, and the performance of Sb + Sn steel was the
most obvious, followed by Sb steel, and both Sb and Sn
elements were conducive to promoting the generation
of α-FeOOH. Sb and Sn are uniformly distributed in
the rust layer and play an important role in improving
the density of the rust layer.
3. From the electrochemical point of view, at the

initial corrosion stage, the corrosion tendency of Sb +
Sn steel is the largest, and the rust layer resistance
is small. In the later stage of corrosion, the corrosion
current density of Sb + Sn steel is the smallest, the
resistance of the rust layer is obviously increased, and
the formed rust layer is the most protective.
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