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ABSTRACT Corrosion is a major cause of steel degradation, leading to material thinning, perforation, stress concentration, and
ultimately deterioration of mechanical properties that can result in engineering structure failures. Weathering steels are extensively used
across various applications, such as bridges, buildings, and vehicles, and are recognized for being economical and environmentally
friendly. These steels can spontaneously develop protective rust layers, which are stable, compact, and adhesive, effectively inhibiting

direct contact between corrosive media and the steel substrate, thereby offering superior corrosion resistance in atmospheric
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environments. Ideally, the corrosion resistance of the weathering steel rust layer improves with increased exposure time, though various
factors can influence this behavior. This study discusses the protective properties of rust layers from multiple perspectives, including
their internal and external structure, composition, formation mechanism, the influence of environmental factors and alloying elements on
corrosion resistance, and current treatment technologies for rust stabilization. The rust stabilization treatment technology has been
examined from its historical development to its current state and future direction. The initial process of rust formation has been
described, beginning with localized sites that gradually coalesce. The dual-layered structure of rust has been introduced, and recent
studies have proposed a multi-layered structure, with the specific contribution of each layer clarified. The influence of alloying elements
and environmental factors, such as salinity, temperature, humidity, and irradiation, on the formation and stabilization of protective rust
layers has been discussed in detail. Additionally, the impact of traditional elements like Cr, Cu, and Ni, as well as other elements such as
Sn, Mo, and rare earth elements, on the formation of effective corrosion products, the nucleation of rust layers, and the compactness and
bonding strength of the rust has also been analyzed. Most alloying elements enhance the protective properties of rust layers by improving
their compactness, stability, and ionic selectivity. Research into evaluating the corrosion resistance of rust layers has now expanded to
include artificial intelligence, advanced sensors, and big data technologies, making studies more dynamic and efficient. However, there
remains a lack of research on the effects of complex atmospheric environments (such as marine-industrial complex environments) and
the influence of multiple alloying elements coexisting. Clarifying the impact of each factor is challenging due to potential synergistic
effects. Moreover, the conditions required for the formation of integral and stable rust layers are very stringent, and such protective rust
layers may not form in harsh environments. Therefore, appropriate protective measures are still strongly recommended. This study
specifically discusses the currently available rust stabilization treatment technologies, introducing key technical approaches such as
coating technology, spraying technology, and surface reconstruction of the rust layer. These methods are crucial for enhancing the
reliability, stability, and applicability of weathering steels. The development of efficient and environmentally friendly rust stabilization
treatment technologies represents a promising area for future research.

KEY WORDS weathering steel; atmospheric corrosion; rust layer; alloying element; environment; rust layer stabilization treatment
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Table 1 Development process of weathering steel
Time Event
1900 Initial research and development of Cu-containing weathering steels began in the U.S.*™'"!

1933 U.S. Steel introduced Corten-A, a low alloy weathering stee

1955 Japan initiated research and development of weathering steel™ %)

1961 China made initial attempts to produce 16MnCu steel™® !

1965 China also experimented with 09CuPTi steel, while Japan constructed its first painted weathering steel bridge™

1967 China applied weathering steel to test vehicles for the first time, and Japan constructed its first bare weathering steel bridge'

1969 Germany began using bare weathering steel™® %)

1972 The UK also started using bare weathering steel®® ")

1980 Completion of Japan’s third-largest river bridge initially used as a diffraction frame for bridges"

8-10]

1984 China established a national standard for highly weatherable structural steel™ )

1988 China made an initial attempt to produce NH-35q bridge weathering steel

18-9]

1990 The Xunsi Bridge on the Wuhan-Beijing-Guangzhou Line was completed, marking China’s first weather-resistant steel bridge®

1999 China attempted to produce JT series tower mast high-weathering structural stee

1591

2003 Efforts were made to develop 550MPa and 770MPa grade high-strength weather-resistant railcars for railway vehicles®*™!

2012 Q690qENH weathering steel was successfully developed by Anshan Steel!

2019 . . . . . »
milestone in China’s weather-resistant bridges'™ !

8-9]

China’s first weather-resistant power pylons were put into use, and the Guanting Reservoir Bridge was completed, marking another

2020 The Yarlung Zangbo River Two-Lane Special Bridge was completed, becoming China’s first paint-free, weather-resistant steel bridge™

2022 The Fuzhou Xinhongtang Bridge was completed, making it China’s largest weather-resistant steel bridge®

2023 . . K .
scale cross-sea project using paint-free weathering steel!'

China’s first sea-crossing high-speed railway, the Fuzhou—Xiamen High-Speed Railway, was opened, representing the world’s first large-
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Fig.1 Structure of rust layers on weathering steel
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Factors affecting the corrosion
resistance of weathering steel

|

)

Corrosion Atmospheric Alloying
product environment element
| 0-FeOOH | | v-FeOOH | | Fe,O, | p-FeOOH, | Cu | | Cr | | Ni | Mo, Sb, P,
FeO,(OH), ,,, Si, Sn,
a-Fe,05-----+ Nb------

Promotion of a-FeOOH
formation and its grain
refinement

Existing in the form of oxides, compounds, and so on,
promote the corrosion resistance of the rust layer

! )

)

| Industrial || Marine || Urban || Rural |

The corrosive media such as SO,, Cl” and O,, as well as
the presence of high humidity, high temperature and
strong radiation accelerate the corrosion process

B2 SN e e i i) R R

Fig.2 Main factors affecting the corrosion resistance of weathering steel
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Table 2 Common corrosion products of weathering steel** !

System of

. . .. Density/(e-cm
Corrosion product Mineral Color crystallization Conductivity ensity/(g-cm”) Note
a-FeOOH Goethite Yello Ortlslt})]rsl:;)rrnnblc Insulator 4.30 The most stable phase in the rust layer
v-FeOOH Lepidocrocite Yello Orthorhombic system Insulator 4.10 High electrochemical activity
B-FeOOH Akaganite  Light brown Tetragonal system Insulator 3.00 Generated mn the presenceﬁofhalogen
ions such as Cl
8-FeOOH Feroxyhyte Brown Amorphous Insulator 3.95 The crystal structure is controversial
Fe;0, Magnetite Black Inverse spinel Conductor 5.20 Great e.l cetrical conductivity and
provides access to electrons
G ted during high-t i
FeO — Black Cubic system Semiconductor 5.50 erieraied uring mgh-temperature
oxidation
o-Fe,O3 Hematite Black Hexagonal system Insulator 5.20 Easily generated dgrlng high-
temperature oxidation
v-Fe,0; Maghemite Brown Cubic system Semiconductor 4.88 Basily generated dgrmg high-
temperature oxidation
Fe(OH), Marcasite White Hexagonal system Insulator 3.40 The initial phase of corrosion
Amorphous — Brown Amorphous — — About 20%—-75% cent of the rust layer
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Table3 Environmental data from different marine atmosphere experimental stations!*”

Experimental Average

Relative humidity Annual wet Annual rainfall

Annual CI deposition SO, deposition ~ Rainwater

station  temperature/C (RH)/% time/h time/mm  sunshine time/h rate/(mg-dm*d")  rate/(mg-dm>d") pH
Qingdao 12.5 71 4049 643 2078 0.250 1.184 6.10
Zhoushan 16.7 75 5251 1317 1366 0.026 0.041 445
Qionghai 24.5 86 6314 1881 2116 0.784 0.150 6.90
Wanning 24.6 86 6736 1563 2043 0.387 0.060 5.00
Xisha 27.0 82 5600 1526 2675 1.123 <0.001 6.50

Fa R

Table 4 Climate data from Chinese oceans'®”

Ocean Average annual Days over A\{erage ar}n}lal Ave‘rage annual  Average anpual salt spray _Toltal annual )
temperature/ “C 30 C/d relative humidity/% rainfall/mm concentration/(mg-m ) radiation/(MJ-m)
Bohai Sea 10.1 6.3 68 656.0 0.0389 4707.17
Yellow Sea 11.9 224 74 777.4 0.1381 4089.02
East China Sea 16.3 53.2 76 1201.2 0.1180 4353.28
South China Sea 27.5 160.8 79 1600.0 0.1275 6850.13
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