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Abstract: Corrosion behavior of 60Si2Mn-A and 60Si2Mn-B in simulated industrial atmospheric
environment was investigated by alternate immersion corrosion test and electrochemical method.
The phase, morphology, characteristics of corrosion products, and the distribution of Cr, Cu, and Ni
in the corrosion products of experimental steel were studied by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and electron probe microanalyzer (EPMA). The results show that the
phase of rust layer is Fe3O4 and γ-FeOOH in the early stage and then changes to α-FeOOH and
γ-FeOOH in the later stage; the size of the rust layer with 60Si2Mn-B is less than 60Si2Mn-A; the
Cr element accumulates in the rust layer of the experimental steel in the early stage of corrosion
resistance; and Cu, Ni, and Cr in the corrosion resistance 60Si2Mn are concentrated in the rust layer
near the substrate in the later stage of corrosion. As the corrosion cycle is prolonged, the corrosion
potential and the resistance of the rust layer of the experimental steel increases, and the corrosion
current decreases; in the same corrosion cycle, the corrosion potential and corrosion resistance of
60Si2Mn-B are greater than 60Si2Mn-A, and the corrosion current is less than 60Si2Mn-A.

Keywords: spring steel; industrial atmospheric environment; corrosion performance; rust layer
characteristics; corrosion electrochemistry

1. Introduction

In recent years, the high-speed railway has developed rapidly. With the expansion
of railway network scale, with more and more extensive coverage and more and more
complex effects on the environment, such as air pollution, acid rain, and other phenomena,
the problems caused by the corrosion of railway fastener groups are more and more
prominent, especially the hidden danger caused by the corrosion of elastic bar, the core
component of railway fastener group; this has attracted more and more attention in the
industry [1–3].

The high-speed railway runs fast, and the amplitude and load of the elastic bar in
use are greater than those of ordinary lines. Therefore, even small surface defects, such as
corrosion pits, are extremely sensitive. At present, the solution is to improve the service
safety by passively replacing the spring bars before the service period. The spring bars
are also faced with many problems, such as missing inspection, false inspection, large
amount of replacement, and so on, which not only causes the waste of manpower and
material resources but also causes great hidden danger to the driving safety of the high-
speed railway.

Some methods, for example, are the coating of high-speed rail spring and use of
stainless steel material to improve the corrosion-fatigue performance of high-speed rail
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springs [4,5]. However, due to the man-made damage caused by the installation process,
long-term exposure to the atmosphere and continuous rain and snow erosion, and the
underground humid environment, such as tunnels and culverts, the corrosion-resistant
layer on the surface of the high-speed railway elastic bar is prone to local damage, resulting
in local pitting corrosion on the surface of the elastic bar, which leads to early failure of
the elastic bar [6–10]. The comprehensive mechanical properties of the spring are not as
good as those of high carbon steel, and the service life of the spring is limited. Compared
with the stainless steel spring bar, the corrosion-resistant spring bar has the following
advantages: it maintains good mechanical properties (such as elastic limit and strength
limit), elastic reduction resistance (i.e., anti elastic reduction performance), low production
cost, and good fatigue performance of conventional spring steel. The corrosion-fatigue
properties of spring steel can be improved by reducing and inhibiting the initiation and
growth of corrosion pits.

Spring steel 60Si2Mn is widely used in railway elastic bar fasteners, locomotive
leaf springs, suspension springs, and freight car bogies [11–16]. As the key material of
important parts, it is of great significance to improve the service life of spring steel in harsh
environments, such as corrosion, in addition to considering the fatigue performance and
the ability of anti-elasticity degradation [17–24].

In this paper, based on the chemical composition of 60Si2Mn-A spring steel, the
chemical composition design was carried out, adding a certain amount of micro alloying
elements Cu and Ni to improve the corrosion resistance and increasing the content of Cr
to improve the corrosion resistance of spring steel. Chromium can form a dense Cr2O3
film on its surface. This oxide film can not only prevent the diffusion of oxygen, sulfur,
and nitrogen into steel but also hinder the outward diffusion of metal ions. Within a
certain temperature range, it can also form a spinel type composite oxide film with good
protection. Increasing Ni content can improve the pitting potential of steel so as to control
the generation and growth of corrosion pits and improve the overall corrosion resistance
of the material. Ni can effectively prevent the invasion of Cl− and improve the corrosion
resistance of matrix and corrosion-fatigue properties of materials. Adding an appropriate
amount of copper into steel can significantly improve the corrosion resistance of steel.
Because in the corrosion process of steel, copper plays the role of activating cathode,
promoting the passivation of steel anode, so as to slow down the corrosion. In addition, a
thin, copper-rich layer is generated on the surface of the steel during the corrosion process.
A tight, thin, copper-oxide intermediate layer if formed between the surface corrosion layer
of the steel and the copper enrichment layer to form a dense and complete double rust
layer. The rust layer has strong adhesion and can slow down the corrosion medium to
further corrode the interior of the steel. The corrosion behavior of conventional spring steel
and new corrosion-resistant spring steel in simulated industrial atmospheric environment
was compared. The mechanism of corrosion behavior of spring steel was comprehensively
discussed through observation of corrosion morphology, analysis of microstructure and
chemical composition of rust layer, and testing of electrochemical characteristics so as to
provide basis for developing economic corrosion resistant spring steel with good corrosion
resistance in industrial atmospheric environments.

2. Materials and Methods
2.1. Experimental Materials

The experimental materials are 60Si2Mn-B and 60Si2Mn-A after the same rolling
and heat-treatment process. The chemical composition is shown in Table 1. Experiments
of steel-rolling technology use Φ450 mm hot rolling experiments on two-phase control
rolling. In the first stage, the 80-mm-thick raw material billet is rolled into a 30-mm-thick
intermediate billet; the total deformation is 62.5%, the opening rolling temperature is
1160–1150 ◦C, and the final rolling temperature is 1000–980 ◦C. After the completion of
the first stage of rolling, air is cooled to 970–960 ◦C for the second stage of rolling. In the
second stage, the 30-mm-thick intermediate billet is rolled into 6-mm-thick steel plate in six
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passes. The opening rolling temperature is 970–960 ◦C, and the final rolling temperature is
880–850 ◦C. After the final rolling, air cooling is performed. The heat-treatment process of
the experimental steel was 870 ◦C for 45 min hardening and 440 ◦C for 60 min tempering.
The heat-treatment process of the experimental steel was 870 ◦C for 45 min hardening and
440 ◦C for 60 min tempering.

Table 1. Chemical composition of experimental steels (mass %).

Sample C Mn Si P S Ni Cr Cu Fe

60Si2Mn-A 0.557 0.812 1.542 0.013 0.003 - 0.265 - Bal.
60Si2Mn-B 0.56 0.77 1.67 0.016 0.004 0.2–0.4 0.3–0.4 0.2–0.4 Bal.

2.2. Experimental Methods

The corrosion-resistant sample size is 60 mm × 40 mm × 5 mm, and the surface
roughness is 0.7 µm. The sample was cleaned by ultrasonic wave with acetone, then
washed with anhydric ethanol and blow-dried. After being placed in a dryer for 24 h, the
initial mass of the sample was weighed with an electronic balance, with the precision of
0.1 mg. Zqfs-1200 z type periodic infiltrating corrosion test box was used for accelerated
corrosion test. The experimental method was based on railway standard TB/T 2375-1993
(test method for periodic infiltrating corrosion of weathering steel for railway use). The test
solution was NaHSO3 solution with a concentration of (1.0 ± 0.05) ×10−2 mol/L, solution
temperature (45 ± 2) ◦C, and humidity (70 ± 5)%. NaHSO3 solution with 0.02 mol/L was
used as the make-up solution. The pH value of the solution was controlled within the
range of 4.4~4.8 to simulate the corrosive environment of industrial atmosphere. Each cycle
of the test was 60 min, with the infiltration time of 12 min, and the rest of the time, it was
baked by infrared lamp. After baking, the maximum surface temperature of the sample
was (70 ± 10) ◦C. A total of 360 h was carried out in the test, and samples were taken in
cycles of 24 h, 72 h, 144 h, 216 h, and 360 h. After the samples were taken out, they were
washed in anhydrous ethanol, then cleaned with acetone and dried by hot air and stored
in a dryer.

The corrosion rate was calculated by weight loss method. At the end of each cycle, the
samples were taken out, and the rust layer was removed with a chemical reagent prepared
by mixing 250 mL hydrochloric acid +250 mL distilled water +3 g hexamethylenetetramine.
After the sample was cleaned, it was washed in anhydrous ethanol, then cleaned with
acetone and dried by hot air and then dried in a dryer for 24 h, then weighed and recorded.

X-ray diffractometer was used for phase analysis of the sample’s rust layer. Cu target
was selected, and the scanning angle of 2θ ranged from 10◦ to 70◦. The peak positions of
the corrosion phases were identified with PDF-2 (2004) database using MDI jade software.
FEI QUANTA 600 electron scanning microscope (SEM) was used to observe the surface
morphology of rust layer. JEOL JXA -8530F electron probe micro-analyzer (EPMA) was
used to analyze the cross-sectional morphology and element-mapping distribution of rust
layer with WDS.

For the determination of the polarization curve and electrochemical AC impedance
of the rusty samples, CS2350 double-cell electrochemical workstation was adopted. The
motor system was a three-electrode system, and the working electrode was rusty samples.
The area with a surface radius of 5 mm of the rusty samples was taken as the measur-
ing work area; reference electrode (SCE), auxiliary electrode (Pt), working electrode, and
reference electrode were connected by a salt bridge. The electrolyte of NaHSO3 solution
was 0.01 mol/L, and the solution temperature was 25 ◦C. In the experiment, the polar-
ization curve was measured by potentiometric scanning method, and the scanning rate
was 0.5 mV/s. The test frequency range of electrochemical impedance spectrum was
10−2~105 Hz, and a disturbance voltage of 10 mV was applied during the test.
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3. Results and Discussion
3.1. Law of Corrosion Rate Variation

The corrosion rate of the samples is calculated by weight loss method, and the calcula-
tion formula of corrosion weight loss rate is shown in Formula (1):

W =
G0 − G1

2(a× b + b× c + a× c)t
× 106 (1)

where: W—corrosion weight loss rate, g/(m2·h); G0—original mass of sample, g; G1—mass
after corrosion and rust removal, g; a—length of sample, mm; b—sample width, mm;
c—sample thickness, mm; and t—experimental time, h.

According to Formula (1), the corrosion weight loss rate of the sample in different
corrosion cycles can be calculated, as shown in Figure 1. Figure 1 shows the relationship
between corrosion rates and corrosion time of the two types of steel. It can be seen from
the figure that the corrosion rate of the experimental steel decreases gradually with the
extension of time and decreases slowly after 150 h of corrosion. This indicates that with the
progress of the experiment, the rust layer formed on the surface of the experimental steel
plays a certain role in preventing the corrosion. Under different test periods, the corrosion
rate of 60Si2Mn-B is lower than that of the 60Si2Mn-A, and the corrosion resistance of
60Si2Mn-B is higher than that of the 60Si2Mn-A, which indicates that the increase of Cr
and the addition of Ni and Cu can improve the corrosion resistance of spring steel.

Figure 1. Curves of corrosion miss-loss rate of tested steels as a function of cycling time.

3.2. Phase Analysis of Corroded Rust Layer

Figure 2 shows the XRD patterns of 60Si2Mn-B and 60Si2Mn-A at different corrosion
cycles of 24 h, 72 h, and 360 h. Figure 2 shows that in the same corrosion period, 60Si2Mn-B
and 60Si2Mn-A corrosion rust layer products are the same. The addition of corrosion
resistant elements Cu, Ni, and Cr has no effect on the type of phase in the spring steel
rust layer. After 24 h of corrosion, the surface corrosion rust layer is mainly composed of
Fe3O4 and γ-FeOOH, and the Fe peak is caused by the thin surface rust layer and partially
exposed matrix in the early corrosion stage. The corroded rust layers are γ-FeOOH and
α-FeOOH at 72 h and 360 h, respectively, and the phase diffraction peak intensity at 360 h
is higher than that at 72 h, indicating that the number of corroded rust layers increases
with the extension of the corrosion time.
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Figure 2. X-ray analysis of corrosion products of experimental steel after different corrosion time: (a) 24 h; (b) 72 h; and
(c) 360 h.

γ-FeOOH is the first metastable product with a tendency of spontaneous transition to
thermodynamic stable phase. As the corrosion cycle increases, γ-FeOOH first dissolves and
precipitates to form amorphous ferric hydroxide, which is then deprotonated by hydroxyl
ions supplied by water to form α-FeOOH [2], the rust layer at the later stage of corrosion.
α-FeOOH is the most stable insulator phase in the rust layer, with fine grain and strong
corrosion resistance, which plays a good protective role on the matrix. When simulating
the corrosion experiment of industrial atmosphere environment, the corrosion solution is
slightly acidic, and the acidic solution will also promote the transition from γ-FeOOH to
α-FeOOH [25].

3.3. Rust Layer Morphology

After periodic infiltration corrosion, the surface rust layer of the sample was brownish
yellow. Scanning electron microscope was used to observe the surface morphology of the
rust layer after 24 h, 72 h, and 360 h corrosion of the sample, as shown in Figure 3. It can
be seen from the figure that, with the extension of corrosion time, the rust layer gradually
accumulates into globular clusters with small gaps from loose flocs. In the same period,
the 60Si2Mn-B rust layer flocculent and the holes and gaps between them are smaller
than the 60Si2Mn-A. The conjugation phase analysis shows that the floccular rust layer
should be γ-FeOOH. With the extension of corrosion time, γ-FeOOH gradually changes to
α-FeOOH, and α-FeOOH increases continuously. In the rust layer, there are more spherical
clusters formed by rod-shaped heap rolling, which is a typical α-FeOOH morphology.
The spherical clusters have larger monomers in the corrosive rust layer and smaller gaps
between the rust layer, which can prevent the matrix from contacting with the corrosive
medium in the corrosive environment and thus improve the resistance of the rust layer.

3.4. The Cross-Section Morphology and Chemical Element Distribution of Rust Layer

The cross-section morphology and thickness of rust layer of samples corroded by
60Si2Mn-A and 60Si2Mn-B for 24 h, 72 h, and 360 h were observed by JXA 8530F electron
probe. The results are shown in Figure 4 and Table 2. The light-colored part is the metal
matrix, the gray part is the rust layer, and the dark part is the Mosaic. It can be seen
from Figure 4 that the thickness of the rust layer of the experimental steel increases with
the corrosion time, and the structure of the rust layer also changes from loose to dense,
especially close to the rust layer on one side of the matrix. At the corrosion time of 360 h,
the 60Si2Mn-B cross-section rust layer can be seen to have a relatively obvious boundary in
the rust layer, forming the inner rust layer and the outer rust layer. As can be seen from
Table 2, with the same corrosion period, the thickness of the 60Si2Mn-A rust layer is greater
than that of the 60Si2Mn-B, and with the increase of corrosion time, the thickness difference
increases, indicating that the corrosion rate of the 60Si2Mn-B is lower.
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Figure 3. Micromorphology of rust layer of experimental steel after corrosion for different time: (a–c) 60Si2Mn-A after
corrosion for 24 h, 72 h, and 360 h; (d–f) corrosion resistant 60Si2Mn-B after corrosion for 24 h, 72 h, and 360 h.
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Table 2. Thickness of rust layer of experimental steel after corrosion for different time.

Corrosion Time 24 h 72 h 360 h

Rust layer thickness
60Si2Mn-A 26 µm 63 µm 290 µm

60Si2Mn-B 22 µm 48 µm 232 µm

Difference in rust thickness 4 µm 15 µm 58 µm
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The distribution of Cu, Ni, and Cr elements in the cross-sections of the rust layer of
60Si2Mn-A and 60Si2Mn-B for 72 h and 360 h were analyzed. In order to distinguish the
rust layer from the matrix, Fe elements were scanned for reference. At the time of 72 h
corrosion, due to the small content of Cu and Ni in the 60Si2Mn-A, there was no significant
difference between the matrix and the rust layer. The Cu and Ni elements in the 60Si2Mn-B
are dispersed in the rust layer. In the experimental steel, Cr element was partially enriched
on the side close to the inner rust layer for 72 h after corrosion. As the weight loss rate
decreased in the early corrosion stage, the contribution of Cr element was the most obvious.
This was mainly because Cr element formed composite oxides with other metals on the
steel surface to protect the matrix [26]. As its content increases, it forms α-(Fe1-x, Crx)OOH
(Cr-Goethite) in the rust layer. The finer crystals make the rust layer denser, causing the
rust layer to open up and the potential to move forward, weakening the corrosion tendency
of the material. Moreover, the OXIDE containing Cr has cationic selectivity, which can
effectively prevent corrosive media, such as Cl− and SO4

2−, from invading from the outer
rust layer to the inner rust layer [27].

The element distribution of rust layer after 360 h corrosion is shown in Figures 5 and 6.
There is no obvious difference between the matrix and the outer layer in 60Si2Mn-A. In
60Si2Mn-B, element Cr has obvious bias and is uniformly distributed in the rust layer
close to the matrix, and elements Cu and Ni also produce enrichment in the rust layer
close to the matrix. In addition to the corrosion resistance mechanism mentioned in
chemical element design, Cu can also promote the transformation from γ-FeOOH to the
most stable α-FeOOH. According to the surface enrichment theory, Cu enriched in the
matrix precipitates from the matrix and forms oxides together with Fe, which increases the
impedance of the rust layer, causes anodic passivation, and slows down electrochemical
corrosion. The oxide formed can repair the holes and other defects of the rust layer and
improve the densification of the rust layer. The thermodynamic stability of element Ni
is greater than that of Element Fe, which can improve the electrode potential of matrix
and reduce the corrosion tendency. In the process of electrochemical corrosion reaction,
Ni ions can also hinder the reaction between corrosive ions and the matrix and reduce
the corrosion rate [28]. Therefore, in the late corrosion stage, under the synergetic effect
of Cu, Ni, and Cr elements, 60Si2Mn-B has a denser rust layer, which can better prevent
the contact between corrosive media and the matrix so as to avoid further corrosion of
the matrix.

3.5. Polarization Curve of the Sample after Corrosion

Figure 7 shows the polarization curve of 60Si2Mn-B and 60Si2Mn-A samples after
various times of the corrosion. The polarization curve represents the relationship between
the potential of self-etching electrode and the current density. As can be seen from the
figure, the corrosion potential of 60Si2Mn-B is higher than that of 60Si2Mn-A in any period.
With the extension of the corrosion period, the corrosion potential of the experimental steel
also keeps increasing, which is due to the increase of the thickness of the rust layer and
the improvement of the structure, which further hinders the electrochemical corrosion;
the resistance to corrosion becomes higher, and the corrosion tendency decreases. In
addition, it can be seen from the figure that both polarization curves violate the linear law
in the strongly polarized region. The reason is that charge transfer is not the only control
step in the electrochemical reaction. When the polarization current density is high, the
solution between the reference electrode and the metal electrode will produce a large ohmic
potential drop [29].
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Figure 5. Cross-section morphology and element mapping distribution of rust layer section of
60Si2Mn-A sample in the period of 360 h: (a) cross-section of rust layer; (b–d) element-mapping
distribution of Cu, Ni, and Cr.

Figure 6. Chemical analysis of rust section of 60Si2Mn-B sample in the period of 360 h: (a) cross-
section of rust layer; (b) Cu, (c) Ni, and (d) Cr.
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Figure 7. Polarization curves of experimental steels with different corrosion cycles: (a) 24 h, (b) 72 h, and (c) 360 h.

The polarization curve was fitted using C view software and traditional Tafel method,
and the fitting results were shown in Table 3. It can be seen from the table that the range of
corrosion potential of the experimental steel is −0.3 V~−0.04 V, and the variation rule is
the same as the polarization curve. The corrosion current density at 24 h is on the order of
10−5 A/cm2, and at 360 h, it is on the order of 10−6 A/cm2. The corrosion current decreases
with the extension of the corrosion cycle. The corrosion rate of 60Si2Mn-B in the same
period is lower than the 60Si2Mn-A, which is consistent with the change rule of weight
loss rate. As mentioned in the preceding section, corrosion-resistant elements are enriched
in the rust layer on the side near the matrix to form a protective layer between the matrix
and the rust layer, which hinders the corrosion electrochemical reaction between the matrix
and electrolyte solution, reduces the reaction rate, and then reduces the corrosion current.
The corrosion-resistant element also promotes the production of α-FeOOH, which is an
insulator and increases the resistance of the rust layer.

Table 3. Values of parameters fitted from polarization curves of steels.

Corrosion Time/h Steel Corrosion Current/(A/cm2) Corrosion Potential/V Corrosion Rate/(mm/a)

24 h
60Si2Mn-A 1.6571 × 10−5 −0.3391 0.19367
60Si2Mn-B 1.3934 × 10−5 −0.30091 0.16285

72 h
60Si2Mn-A 1.0056 × 10−5 −0.24608 0.13839
60Si2Mn-B 9.8076 × 10−6 −0.20574 0.11462

360 h
60Si2Mn-A 7.5821 × 10−6 −0.12557 0.088613
60Si2Mn-B 5.3492 × 10−6 −0.04382 0.062518



Appl. Sci. 2021, 11, 8668 10 of 14

3.6. Ac Impedance Spectroscopy

Figure 8 shows the impedance spectra of the rusty samples with 60Si2Mn-A and
60Si2Mn-B at 24 h and 360 h and the corresponding Bode diagram. The impedance spectra
of rusty samples include high-frequency compression capacitive reactance arc and low-
frequency diffusion arc. The radius of the capacitive reactance arc reflects the difficulty of
charge transfer. In the same period, the radius of 60Si2Mn-B is larger than the 60Si2Mn-A.
With the increase of corrosion time, the radius also increases, indicating that 60Si2Mn-B
has good corrosion resistance. In its corresponding Bode diagram (a), on the left side of the
intersection with the vertical axis is the sum of Faraday resistance, solution resistance, rust
resistance, and charge-transfer resistance between layers and solution; the general solution
resistance in the same electrolyte solution is under little change, so the intersection-point
height can reflect the rust layer resistance between the solution and relative size. It can be
seen that 60Si2Mn-B after 360 h of corrosion due to the density of the rust layer has good
value maximum.

Figure 8. The Nyquist curve and Bode curve of the rusty samples at different corrosion time: (a) Nyquist plots; (b) Bode plots.

Z view software and Evans model of rust layer under wet atmosphere corrosion [30]
were used to fit the experimental measurement data combined with the equivalent circuit
shown in Figure 9. Figure 10 and Table 4 show the fitted curve and measured curve of
60Si2Mn-B after 360 h of corrosion. It can be seen from the figure that the coincidence
degree of the two curves is relatively high, and the error between the fitting data and
the measured data is relatively small. The equivalent circuit can reasonably explain the
electrochemical corrosion phenomenon. Table 5 shows the fitting data of ac impedance
spectrum after the corrosion of the experimental steel for 24 h and 360 h. The impedance of
the rust layer of the two kinds of steel is greater than 24 h at the corrosion of 360 h. The
impedance of 60Si2Mn-B rust layer under the same corrosion period is larger than the
60Si2Mn-A, and the impedance of charge transfer also has the same trend. This is because
the 60Si2Mn-B rust layer is relatively dense, and the oxides formed by corrosion-resistant
elements in the rust layer are cationic selective, making it more difficult for ions in the
reaction to diffuse, increasing the reaction resistance of corrosion electrochemical and
increasing the impedance value.

Figure 9. Equivalent circuit of the rusty samples in 0.01 mol/L NaHSO3.



Appl. Sci. 2021, 11, 8668 11 of 14

Figure 10. Fitting curve for the equivalent circuit of 60Si2Mn-B of the rusty sample.

Table 4. Values of the equivalent circuit fitting data of 60Si2Mn-B, the rusty sample.

Element Value Error/%

Rsol 131 8.82
Cdl 3.925 × 10−9 6.77

Rrust 710.3 5.18
Qdl 0.00115 11.55
Rct 185 9.68
Ws 3.862 × 10−4 4.84

Table 5. Values of EIS fitting data of experimental steel with rust.

Corrosion Time/h Steel Rsol/(Ω·cm2) Rrust/(Ω·cm2) Rct/(Ω·cm2)

24 h
60Si2Mn-B 114.2 449.1 107.1
60Si2Mn-A 117.5 399.6 92.1

360 h
60Si2Mn-B 120.9 826.7 292.1
60Si2Mn-A 131.1 710.3 185.1

3.7. Corrosion Mechanism

When steel is exposed to the atmosphere, chemical corrosion occurs on the surface of
steel under extremely dry air conditions. When the atmospheric relative humidity is high
(generally more than 60%), a layer of liquid film is formed on the steel surface due to the
adsorption of water, and the corrosion medium is dissolved in the liquid film. The formed
electrolyte liquid film creates conditions for the electrochemical corrosion of steel in the
atmospheric environment.

Corrosion mechanism of steel in atmospheric environments without a rust layer is
as follows:

Cathodic reaction of electrochemical reaction:

O2 + 2H2O + 4e→4OH− (2)

Cathodic reaction of electrochemical reaction: in the heavily polluted industrial atmo-
spheric environment, the following reactions occur:

SO2 + O2 + 2e→SO4
2− (3)

The anodic reaction is:

Fe + nH2O→Fen + ·H2O + ne (4)
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The anodic reaction is that FeSO4 in the rust layer will undergo hydrolysis reaction to
form FeOOH:

FeSO4 + 2H2O→FeOOH + SO4
2− + 3H + +e (5)

When the rust layer is formed on the steel surface, the corrosion electrochemical
reaction is different from the initial stage of corrosion. Evans [31] proposed the corrosion
model of steel in the atmospheric environment, as shown in Figure 11.

Figure 11. Corrosion process.

The anodic reaction is between matrix Fe and Fe3O4:

Fe→Fe2+ +2e (6)

The cathode reaction is between Fe3O4 and FeOOH:

6FeOOH + 2e→2Fe3O4 + 2H2O + 2OH− (7)

The rust layer participates in the cathodic reaction. Fe3+ in the rust layer is reduced to
Fe2+, and after the rust layer is dried, the Fe/Fe3O4 interface changes to open circuit, and
the oxygen in the air oxidizes Fe2+ in the rust layer to Fe3+:

4Fe3O4 + O2 + 6H2O→6FeOOH (8)

With the extension of corrosion time, the corrosion in the rust layer in the later stage of
corrosion α- FeOOH can effectively improve the density of the rust layer, and the isolation
effect of the rust layer on the corrosive medium in water and atmosphere becomes stronger
and stronger, thus reducing the area where the corrosion reaction can occur. At the same
time, due to the thickening of the rust layer and the accumulation of corrosion-resistant
elements in the rust layer near the substrate, the impedance value of the whole corrosion
electrochemical-reaction system increases, and corrosion electrochemical reaction becomes
more and more difficult. The role of corrosion-resistant elements Cu, Cr, and Ni is mainly
to improve the electrode potential of the matrix and accelerate the corrosion resistance.
The formation of α-FeOOH makes the rust layer cation selective, thus reducing the rate of
corrosion reaction.

4. Conclusions

The corrosion behavior of 60Si2Mn-B in an industrial atmospheric environment was
studied, and the following conclusions were obtained:

1. The corrosion weight loss rate of 60Si2Mn-B is lower than that of 60Si2Mn-A in the
same corrosion period. The phase of corrosion rust layer is Fe3O4 and γ-FeOOH
in the early stage but changes to α-FeOOH and γ-FeOOH in the late stage. The
size of corrosion rust layer of 60Si2Mn-B is smaller than that of 60Si2Mn-A. In the
early corrosion stage, Cr elements are biased to the corrosion-resistant rust layer of
60Si2Mn-A and 60Si2Mn-B, while in the late corrosion-resistant rust layer of 60Si2Mn-
B, Cu, Ni, and Cr are biased to the rust layer close to the matrix. The addition of
corrosion-resistant elements does not change the phase type of the rust layer, but it can
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refine the size of the corrosion rust layer, which plays a crucial role in the formation
of dense rust layer in the late corrosion stage.

2. With the extension of the corrosion period, the corrosion potential increased and
the corrosion current density decreased. In the same corrosion cycle, corrosion
resistance of 60Si2Mn-B corrosion potential >60Si2Mn-A, and corrosion resistance
of 60Si2Mn-B corrosion current <60Si2Mn-A. The electrochemical corrosion of rust
samples is affected by the diffusion of reactants. According to the ac impedance data
at the equivalent circuit fitting point, the impedance of rust layer increases with the
extension of corrosion time. For the same corrosion period, the impedance of rust layer
with corrosion resistance of 60Si2Mn-B is higher. The addition of corrosion-resistant
alloy elements increases the impedance of rust layer.
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