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Abstract

Weathering steels have been widely used in transportation, energy facilities, and civil
infrastructure because of their good atmospheric corrosion resistance and long service life.
Their corrosion resistance is generally achieved by adding alloying elements such as Cu,
P, Cr, and Ni, which promote the formation of a stable and protective rust layer. Among
these elements, however, Ni and Cr are relatively expensive and their resources are limited.
Therefore, reducing the use of Ni and Cr while maintaining good corrosion resistance
has become an important issue in the development of weathering steels. Recent studies
have demonstrated that rare-earth elements can markedly improve the corrosion resistance
of steels through multiple mechanisms, including optimization of rust-layer structure,
microstructural refinement, inclusion modification, and regulation of grain-boundary char-
acteristics. Rare-earth microalloying therefore provides an effective approach to reducing
the consumption of conventional alloying elements in weathering steels. This paper system-
atically reviews the corrosion mechanisms of weathering steels, the evolution of rust-layer
structures, and the roles of alloying elements, with particular emphasis on the effects of
Cu, P, Cr, and Ni on the densification and stabilization of rust layers. The microalloying
effects of rare-earth elements, their inclusion-modification behavior, and their deoxidation
and desulfurization mechanisms are also summarized, and their roles in reducing pitting
susceptibility and promoting the formation of stable protective rust layers are clarified. In
addition, the occurrence states of rare-earth elements in steel and their effects on perfor-
mance stability are discussed. Key challenges encountered in the industrial application of
rare-earth steels, including fluctuations in rare-earth yield and continuous-casting nozzle
clogging, are also summarized. The available evidence indicates that the effective appli-
cation of rare-earth elements in weathering steels remains constrained by molten-steel
cleanliness, inclusion control, and the stability of continuous-casting operations. Future
research should focus on technologies for the stable addition and controlled occurrence
of rare-earth elements under low-oxygen and low-sulfur smelting conditions, thereby
enabling the efficient utilization and stable industrial application of abundant rare-earth
resources in weathering steels.

Keywords: weathering steel; rare-earth microalloying; rust-layer structure; inclusion
modification; pitting corrosion behavior; continuous-casting castability
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1. Introduction
Weathering steel has been widely used in transportation, energy and marine engi-

neering, bridges, buildings, engineering machinery and other outdoor structures due to its
good corrosion resistance and long service life. In the atmospheric environment, especially
under the conditions of humidity, salt fog, industrial pollution and repeated wet and dry
cycles, ordinary carbon steel may suffer serious corrosion. Continuous corrosion will cause
material loss and cross-section thinning, which will gradually reduce the bearing capacity
and reliability of steel structures, and increase maintenance and replacement requirements.
The weathering steel has both corrosion resistance and mechanical properties and welding
properties required for structural applications, which provides a feasible solution to solve
the above problems. Therefore, in the whole life cycle of the structure, the application of
weathering steel can reduce maintenance requirements and steel consumption.

The corrosion resistance of weathering steel is closely related to its alloy composition.
Cu, P, Cr, Ni and Ti are usually added to promote the formation of a dense and stable rust
layer and improve the microstructure of the steel. In recent years, rare earth (RE) elements
have attracted more and more attention because of their role in improving the cleanliness
of molten steel, regulating inclusions, improving microstructure and corrosion behavior.
These alloying methods provide effective means to improve the service performance of
weathering steel in atmospheric corrosion environment from different ways. Among these
elements, Cr and Ni can promote the formation of a dense protective rust layer and are
therefore important alloying elements for improving corrosion resistance. However, Ni
and Cr resources are relatively scarce in China, and their alloying costs are relatively high.
Excessive additions also increase steel production costs. Therefore, in the development
of high-performance weathering steels, maintaining or even further improving corrosion
resistance while reducing the use of expensive alloying elements such as Ni and Cr is a key
issue that needs to be addressed in the compositional design and industrial production of
weathering steels.

With the increasing application of rare-earth elements in steel materials, it is generally
recognized that rare-earth elements can significantly improve the corrosion resistance of
ordinary carbon steels and low-alloy steels. Rare-earth elements are chemically active and
possess strong deoxidation, desulfurization, and inclusion-modification capabilities. After
being added to steel, rare-earth elements can improve the toughness, corrosion resistance,
fatigue performance, and heat resistance of steel through multiple effects, including improv-
ing the solidification structure, refining the microstructure formed during solid-state phase
transformation, modifying and refining inclusions, strengthening grain boundaries and
phase boundaries through segregation, and promoting the densification and stabilization
of the rust layer. Among them, cerium and lanthanum are light rare-earth elements with
relatively high abundances in the Earth’s crust. They have high resource availability and
relatively low costs, providing a sound basis for their application and broader use in the
metallurgical industry.

Although the mechanisms and application effects of rare-earth elements in steel have
been widely reported, most existing conclusions are derived from laboratory studies or
small-scale trials, and research on the industrial production of weathering steels with
relatively high rare-earth contents remains insufficient. Rare earth elements have a strong
affinity for oxygen and sulfur in molten steel, and are easy to form rare earth oxides,
sulfides and oxygen sulfides. Therefore, in the process of steelmaking, the yield of rare
earth elements often fluctuates greatly, and its solid solubility is also difficult to achieve
stable control. These fluctuations may weaken the expected effect of adding rare earth on
improving the corrosion resistance of weathering steel. Meanwhile, during continuous
casting, rare-earth inclusions tend to deposit on the inner wall of the nozzle, causing nozzle

https://doi.org/10.3390/alloys5030021

https://doi.org/10.3390/alloys5030021


Alloys 2026, 5, 21 3 of 32

clogging or restricted flow and affecting the number of heats in a casting sequence and
production efficiency. Therefore, the stable addition of rare-earth elements to steel, control of
their occurrence states, improvement of their yield, and enhancement of continuous-casting
castability are key issues restricting the stable and large-scale production of rare-earth
weathering steels.

In response to the practical demands for the comprehensive utilization of high-
abundance rare-earth resources from the Bayan Obo deposit and for the development of
high-performance, low-cost weathering steels, the advantages of steel materials—including
their large consumption, wide range of applications, and strong capacity for the large-scale
utilization of rare-earth resources—should be fully exploited. Combining the corrosion-
resistance-enhancing effects of rare-earth elements with the development of weathering-
steel products and conducting research on stable rare-earth addition to molten steel,
rare-earth yield control, regulation of rare-earth occurrence states, and improvement of
continuous-casting castability will help overcome the bottlenecks in the industrial produc-
tion of rare-earth weathering steels and enable the high-value and large-scale application
of high-abundance rare-earth resources in steel materials.

2. Factors Affecting the Performance of Weathering Steel
2.1. Corrosion-Resistance Mechanism of Weathering Steel

Weathering steel, also known as atmospheric corrosion-resistant steel, is a type of
low-alloy high-strength steel that exhibits excellent resistance to atmospheric corrosion
through the addition of small amounts of alloying elements. Its development history is
illustrated in Figure 1. As early as 1900, scientists in Europe and the United States found
that Cu could significantly improve the atmospheric corrosion resistance of steel. In 1933,
the United States Steel Corporation successfully developed the Cor-Ten series of weathering
steels for the first time, which were mainly used in the manufacture of railway vehicles [1].
Compared with ordinary carbon steel, Cor-Ten steel exhibited a 30% improvement in
mechanical properties, together with a significant enhancement in corrosion resistance.

Figure 1. Development history of weathering steel in the 20th century.

In 1941, the United States established the first weathering steel standard, ASTM A-242.
In 1965, China successfully developed 09CuPTiRE weathering steel. In 1968, according to
differences in P content, weathering steel was further classified into two categories: Cor-Ten
A, with a P mass fraction of 0.07–0.15%, and Cor-Ten B, with a P mass fraction of no more
than 0.04% [2,3]. China established its national standard for weathering steel in 1984.

In 1992, the Federal Highway Administration (FHWA), the American Iron and Steel
Institute (AISI), and the United States Navy jointly developed high-performance steel
(HPS) for bridge construction. HPS improves weldability by reducing the contents of C,
P, and S, while increasing the upper limit of Mn content to improve fracture toughness
and yield strength. It also forms a protective rust layer, thereby enhancing corrosion
resistance [4]. Nippon Steel Corporation introduced the Cor-Ten series of weathering steels
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and subsequently developed various weathering steels suitable for different applications.
Since then, weathering steel has been widely used in construction facilities, bridges, vehicle
manufacturing, and other fields in Europe, the United States, Japan, and other countries [5].

In atmospheric environments, steel corrosion is jointly caused by various chemical,
electrochemical, and physical processes occurring at the interfaces among the gas, liquid,
and solid phases, among which electrochemical corrosion plays the dominant role. Re-
garding the corrosion-resistance mechanism of weathering steel, when the steel surface
comes into contact with the atmosphere, H+ or O2 in the liquid film undergoes reduction
at the cathode, thereby driving the electrochemical reactions. The atmospheric corrosion
resistance of weathering steel is mainly developed through the following three stages [6]:

(1) Formation of an ordinary rust layer
When weathering steel is exposed to the atmosphere, a thin film forms on the steel

surface. This film contains gases such as CO2, SO2, NOx, H2S, and NH3, as well as salt ions
such as Cl− and HSO3

−. These substances cause the film to act as an electrolyte solution,
resulting in anodic dissolution. Initially, a γ-FeOOH rust layer similar to that formed on
ordinary carbon steel is generated.

(2) Stable propagation of corrosion
After 3–5 years of environmental corrosion, the rust layer adjacent to the steel sub-

strate continuously dissolves and reprecipitates, forming a relatively dense amorphous
oxyhydroxide [5].

(3) Formation of a stable rust layer
After many years, atmospheric corrosion-resistant steel eventually develops a stable

rust layer. The inner rust layer, which provides the main protective effect, consists of
α-FeOOH enriched with elements such as Cr, Cu, N, and P, as shown in Figure 2.

Figure 2. Schematic diagram of rust-layer transformation in weathering steel. Adapted from Ref. [6].

2.2. Effect of Rust-Layer Composition on the Properties of Weathering Steel

The composition, properties, and structure of the rust layer have a significant influence
on the corrosion resistance of steel, and the phase composition of the rust layer is highly
complex. After stabilization, the rust layer formed on the surface of weathering steel can
be divided into inner and outer layers. The outer layer is loose and porous and mainly
consists of γ-FeOOH, whereas the inner layer is dense and mainly consists of α-FeOOH.
The corrosion resistance of the rust layer is primarily attributed to the inner layer, and
alloying elements also improve the corrosion resistance of weathering steel through their
effects on the inner rust layer.

Researchers have investigated the rust-layer compositions of different weathering
steels. Han [7] compared the corrosion behaviors of weathering steel and Q235 steel in
industrial and rural environments, as shown in Figure 3. It was found that the corrosion
products of weathering steel contained higher amounts of α-FeOOH, CuO, and Ni com-
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pounds, making its rust layer denser than that of Q235 steel and thereby providing higher
corrosion resistance. Du [8] investigated the atmospheric corrosion behaviors of 921A steel
and Q450NQR1 steel and found that 921A steel exhibited better corrosion resistance than
Q450NQR1 steel under simulated severe atmospheric conditions. The corrosion products
of both steels consisted of α-FeOOH, Fe3O4, and γ-FeOOH, among which α-FeOOH was
more abundant in the rust layer of 921A steel than in that of Q450NQR1 steel. The inner
rust layer of 921A steel also exhibited co-enriched regions of Cr, Ni, Mo, and V, resulting in
superior corrosion resistance compared with Q450NQR1 steel.

Figure 3. Schematic diagram of the corrosion process of weathering steel.

In summary, with respect to iron oxides, loose γ-FeOOH is formed during the initial
stage of corrosion, whereas dense α-FeOOH forms at the later stage. The formation of a
dense α-FeOOH rust layer is the main reason for the corrosion resistance of steel.

Previous studies have also investigated the effects of different elements on the weather-
ing resistance of steel. Fan [9] investigated the effect of Cu addition on the microstructural
evolution and material transformation of the corrosion product layer through compre-
hensive microscopic characterization and immersion tests, as shown in Figure 4. The
oxides formed by the added Cu provided nucleation sites for the formation of CuFeO2,
and CuFeO2 enhanced the ability of the corrosion product layer to block Cl− penetration.
Wang et al. [10] reported that rare-earth addition improved the corrosion resistance of
carbon steel by promoting the formation of compact rust layers with increased α-FeOOH
content and reduced unstable iron oxyhydroxide phases. Yamashita et al. [11] found that,
after long-term exposure for 0.5–26 years, the surface of weathering steel became dark
brown, and the inner rust layer was dense and mainly composed of compact α-FeOOH
nanoparticles adsorbed on the steel surface. The inner rust layer contained a considerable
amount of Cr, while no Si penetration was observed, thereby protecting the weathering
steel substrate from attack by atmospheric corrosive media. Zhang [12] found that, after
one year of exposure, the outer rust layer of weathering steel was mainly composed of FeO,
Fe(OH)2, and γ-FeOOH, whereas the inner rust layer was mainly composed of α-FeOOH.
Cr enrichment was observed at cracks in the inner rust layer, which could improve the
performance of weathering steel.

In summary, regarding the effects of alloying elements on weathering resistance,
alloying elements such as Cu, Ni, rare earths, and P can promote the formation of α-FeOOH,
thereby increasing the compactness of the inner rust layer. Meanwhile, these alloying
elements can become enriched in the inner rust layer, where they form certain spinel-type
compounds, substitute for Fe atoms at specific lattice sites, or form interstitial solid solutions.
These effects improve the properties and structure of the rust layer and consequently
enhance the corrosion resistance of weathering steel.
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Figure 4. Phase composition of the rust layers of Cu-containing and Cu-free steels. (a) XRD analysis
of corrosion products; (b) ratios of γ-FeOOH, α-FeOOH, and Fe3O4/Fe2O3, as well as the α/γ* ratio.

2.3. Effect of Inclusion Types on the Properties of Weathering Steel

Common inclusions in steel include MnS, Al2O3, CaS, TiN, Ca–Al–Mg–O, and
Ca–Al–Mg–Si–O inclusions. The influence of inclusions on steel properties mainly de-
pends on whether they readily induce pitting corrosion. Extensive studies have been
conducted on the effects of inclusion types on the properties of weathering steels and
stainless steels. The effects of different inclusions on weathering resistance are summarized
in Table 1.

Table 1. Mechanisms by which various inclusions in steel affect corrosion resistance.

Reference Steel Grade Inclusion Type Effect on the Properties of Weathering Steel

[13] Stainless steel MnS and CaS inclusions Effective pitting initiators that can act as
preferential initiation sites.

[14] Super duplex stainless
steel MnS inclusions

Partial dissolution of MnS produces an acidic
corrosive environment, resulting in partial
dissolution of the amorphous oxide phase.

[15] P110 oil casing steel
CaS–MgAl2O4 inclusions

and ZrO2-containing
inclusions

Stable ZrO2 inclusions effectively inhibit
inclusion-induced localized corrosion.

[16] 321 stainless steel TiN inclusions
Pure TiN has no effect on pitting corrosion,
whereas CaS within TiN inclusions is the

actual initiator of pitting corrosion.

[17] Stainless steel MnS and Al–Mg–Ca–O
inclusions

Dissolution of the inclusions causes pitting
corrosion.

[18] DP, TWIP, and TRIP
steels MnS inclusions MnS and Mn–O–S inclusions act as galvanic

anodes in complex inclusions.

[19] Stainless steel CaO
MnS, CaS, and CaO inclusions are

particularly detrimental to pitting corrosion
resistance.

[20] Q450NQR1
weathering steel

CaS inclusions and
rare-earth oxides and

sulfides in RE-modified steel

These inclusions preferentially dissolve in
acidic media, thereby reducing the corrosion

rate of the steel matrix.

In summary, the effects of inclusions on corrosion resistance are mainly reflected in
pitting corrosion. Inclusions with a high electrochemical potential, such as MnS, CaS,
CaO, Al2O3, and MgAl2O4 inclusions, preferentially corrode relative to the steel matrix,
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thereby leading to the formation of corrosion pits. After rare-earth (RE) or Zr treatment,
the electrochemical potential of the inclusions decreases, thus retarding the formation of
corrosion pits.

2.4. Effect of the Occurrence Forms of Corrosion-Resistant Elements on the Properties of
Weathering Steel

Weathering steel exhibits good corrosion resistance, in which alloying elements play a
decisive role. In summary, alloying elements improve corrosion resistance mainly through
three aspects [21–25]: reducing the electrical conductivity of the rust layer and affecting the
phase structure and phase types within the rust layer; accelerating the uniform dissolution
of steel, promoting the transformation of Fe2+ into Fe3+, and delaying rust crystallization;
and blocking cracks and reducing related defects.

Cu is one of the most effective alloying elements in atmospheric corrosion-resistant
steel. There are mainly two viewpoints regarding the mechanism by which Cu improves
the atmospheric corrosion resistance of steel [24–26]. One view is that Cu promotes anodic
passivation of steel and reduces the corrosion rate. The other view is that Cu becomes
enriched at the interface between the steel matrix and the rust layer, forming a protective
layer mainly composed of Cu and P that is tightly bonded to the matrix. As an anodic
depolarizer, P acts synergistically with Cu to accelerate the uniform dissolution of steel
and promote the transformation of Fe2+ into Fe3+, thereby facilitating the formation of
a uniform rust layer. Cr can form a dense oxide film on the steel surface and improve
the passivation ability of steel. Studies [1,27–29] have suggested that increasing the Cr
content facilitates the refinement of α-FeOOH and effectively inhibits the penetration of
corrosive Cl−. Ni shifts the self-corrosion potential of steel in the positive direction, thereby
increasing its stability. The addition of Ti and V mainly inhibits grain growth through the
formation of TiN or V carbonitrides, thereby enhancing precipitation strengthening and
grain-refinement strengthening in atmospheric corrosion-resistant steel. Rare-earth ele-
ments are extremely reactive. Their addition to steel is beneficial for purifying molten steel,
refining dendrites, modifying the properties, morphology, and distribution of inclusions,
and reducing corrosion initiation sites, thereby improving the properties of steel. Rare-earth
elements can also effectively increase the nonequilibrium solute partition coefficients of
elements such as P, S, and Cu [30]. The effects of different corrosion-resistant elements on
weathering resistance are summarized in Table 2.

Table 2. Effects of common elements in steel on the properties of weathering steel.

References Alloying
Element Effect Mechanism Characteristics

[1,21,24–26] Cu
The addition of 0.12–0.14%
Cu to steel provides strong

corrosion resistance.

1⃝ Promotion of anodic
passivation 2⃝ Cu enrichment

mechanism

Cu has a pronounced effect
in counteracting the harmful

influence of S in steel.

[21] P

One of the most effective
alloying elements for

improving the atmospheric
corrosion resistance of steel.

P facilitates the formation of a
uniform FeOOH rust layer on the

steel surface and promotes the
formation of a protective film.

The combined addition of P
and Cu to steel produces a
stronger synergistic effect.

[28–30] Cr

Forms a dense oxide film on
the steel surface and

improves the passivation
ability of steel.

Promotes the refinement of
α-FeOOH, inhibits the penetration

of Cl− ions, and suppresses the
transformation of Fe3+ into Fe2+.

The effect is particularly
pronounced when Cr and Cu

are added simultaneously.

[31,32] Ni
Shifts the self-corrosion
potential of steel in the

positive direction.

Ni enrichment in the rust layer
effectively inhibits the penetration

of Cl− ions.

Approximately 4% Ni can
significantly improve the

atmospheric corrosion
resistance of steel.
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3. Research on the Role of Rare-Earth Elements in Weathering Steel
3.1. Effect of Rare-Earth Microalloying on Corrosion Resistance

When rare-earth elements are added to steel as microalloying elements, they may
exist in the Fe lattice in the form of substitutional or interstitial solid solutions. Meanwhile,
solute redistribution during solidification causes rare-earth elements to segregate at grain
boundaries, and this portion of rare-earth elements may affect the corrosion resistance
of steel.

Rare-earth elements in solid solution have a significant influence on corrosion resis-
tance. On the one hand, rare-earth elements segregate at grain boundaries and form a
rare-earth-enriched region between the rust layer and the steel matrix, thereby preventing
corrosive ions from contacting the steel matrix. Taking microalloyed steel as an example,
Zhang [33] found that the addition of RE reduced the electrochemical activity of the surface,
thereby decreasing the tendency of chloride ions to adsorb on the metal surface. Zhu [34]
determined through electrochemical tests that the corrosion inhibition efficiency of CeN for
X70 steel could reach 98.21%. Lian [35] suggested that rare-earth atoms tend to segregate
toward grain boundaries and form a rare-earth-enriched region between the rust layer and
the matrix, thereby preventing corrosive ions from contacting the steel matrix.

On the other hand, rare-earth elements dissolved in the Fe lattice can promote the
formation of α-FeOOH and reduce the formation of γ-FeOOH during corrosion, thereby
increasing the charge-transfer resistance and improving the compactness of the rust layer.
Dong [36] found that the addition of a trace amount of lanthanum, below 0.0020 wt%,
increased the compactness of the corrosion product layer on offshore-platform steel, mainly
by promoting the formation of α-FeOOH. Jia [37] investigated the effect of RE on the
atmospheric corrosion behavior of weathering angle steel using cyclic immersion wet/dry
corrosion tests. The results showed that the anodic process was inhibited during corrosion,
and the resistance increased with increasing immersion time. Niu [38] found that La refined
the grains, minimized the local potential differences on the matrix surface, and inhibited
the oxidation of Fe3O4 back to γ-FeOOH during localized corrosion, thereby reducing the
formation of γ-FeOOH and increasing the charge-transfer resistance. Xu [39] investigated
the effect of rare-earth alloying on the corrosion of N80 steel and found that a goethite
phase formed on N80RE steel, improving the compactness of the rust layer, as shown
in Figure 5.

 
Figure 5. Microstructure of the acicular mineral phase. (a) SEM image of the rust layer on N80;
(b) SEM image of the rust layer on N80RE.
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3.2. Effect of Rare-Earth-Induced Inclusion Modification on Corrosion Resistance

Weathering steel must possess not only good strength and toughness but also excellent
corrosion resistance. Inclusions in weathering steel may adversely affect its properties.
However, the introduction of rare-earth elements can alter the characteristics and distribu-
tion of inclusions, thereby exerting a beneficial effect on corrosion resistance.

Li [40] used an independently developed three-dimensional characterization technique
based on inclusion extraction to analyze the morphologies of inclusions in rare-earth-treated
GCr15 bearing steel and an imported bearing steel, as shown in Figure 6. It was found
that, after rare-earth addition, elongated MnS and Al2O3 inclusions were transformed into
spherical or nearly spherical RE2O3 or RE2O2S inclusions, thereby improving the overall
properties of the steel.

  

(a) (b) 

Figure 6. Three-dimensional characterization of inclusions using the inclusion extraction technique.
(a) Without rare-earth addition; (b) With rare-earth addition. Reprinted with permission from Ref. [40].
Copyright 2022 Springer Nature.

Yue [41] found that adding 0.0065–0.016% rare-earth elements to 10PCuRE weathering
steel modified the inclusions and significantly increased the pitting potential and pitting
corrosion resistance of the rare-earth weathering steel.

Liu [42] found that the inclusions in rare-earth-treated Q460NH steel were mainly
composed of (RE)2O2S–(RE)xSy. Compared with the steel matrix, this phase exhibited a
lower potential, indicating that these inclusions had lower resistance to pitting corrosion
than the matrix. The pitting initiation process is shown in Figure 7.

Figure 7. Initiation and propagation of pitting corrosion induced by (RE)2O2S–(RE)xSy inclusions.
(a) Initial stage; (b) Inclusion dissolution stage; (c) Corrosion propagation stage.

Li [40] evaluated the corrosion resistance of GCr15 bearing steel. The results showed
that low-oxygen GCr15 bearing steel exhibited lower susceptibility to marine corrosion.
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The substantial reduction in the number and size of inclusions modified by RE addition
was the main reason for the significant improvement in the properties of the steel.

In summary, different types of inclusions induce pitting corrosion through different
mechanisms. The currently recognized mechanisms of inclusion-induced pitting initiation
can be classified into the following three types. First, inclusions dissolve in corrosive media
and induce pitting corrosion. For example, Williams et al. found that MnS inclusions
themselves dissolved in chloride-containing environments. Second, dissolution of the steel
matrix surrounding inclusions induces pitting corrosion. Third, micro-galvanic couples
formed between inclusions and the steel matrix induce pitting corrosion. For example,
Torkkeli et al. suggested that galvanic coupling between MnS inclusions and the steel
matrix was the main cause of early localized corrosion in ultra-low-carbon steel.

The addition of rare-earth elements to steel can alter the types of inclusions, trans-
forming MnS and Al2O3 inclusions, which readily induce pitting corrosion, into RE2O3,
RE2O2S, RE2S3, and REAlO3 inclusions with lower pitting potentials, thereby reducing
their adverse effects on steel properties. Meanwhile, the inclusions modified by rare-earth
elements are smaller and more uniformly distributed, which reduces the probability of
pitting corrosion and consequently improves the pitting corrosion resistance of the steel.

3.3. Effects of Rare-Earth Deoxidation and Desulfurization on Corrosion Resistance

Extensive studies have been conducted on the effect of S on the corrosion resistance of
steel, mainly because sulfides formed by S can induce pitting corrosion and participate in
the cathodic reactions of the corrosion process. Wilde [43] investigated austenitic stainless
steel and found that high-purity sulfur-containing alloys were susceptible to attack in aque-
ous ferric chloride solutions, and that the severity of corrosion increased with increasing
sulfur content. Gao Lixin [44] found that, under highly acidic conditions, the presence of
elemental sulfur promoted the cathodic reactions of carbon steel. The addition of sulfur
altered the structure of the corrosion product film, reduced its electrical resistance, and
increased the corrosion rate. Liu Yichao [45] found that, at 60 ◦C and relative humidities
of 60% and 90%, S participated in the cathodic corrosion reaction, forming FeS and caus-
ing general corrosion of sulfur-resistant steel. At 80 ◦C and a relative humidity of 30%,
S also participated in the cathodic corrosion reaction and caused localized corrosion of
sulfur-resistant steel. When the relative humidity increased to 60% and 90%, S underwent
hydrolysis reactions, resulting in severe general corrosion of the sulfur-resistant steel. As
shown in the Figure 8.

From 1934 to 1938, Bethlehem Steel Corporation initiated a series of outdoor corrosion
tests involving hundreds of low-alloy steel compositions to determine the effects of various
alloying elements and impurities on the corrosion resistance of steel [46–48]. Sulfur was
found to have a particularly strong detrimental effect, while the effects of other elements
are shown in Figure 9.

The effect of oxygen on weathering resistance initially increases and then decreases.
Yan [49] found that, as the oxygen content in steel increased from 0.0020 wt% to 0.0200 wt%,
the pitting potential gradually shifted in the positive direction, increasing by approximately
40 mV overall, and the stability of the steel matrix tended to increase, as shown in Figure 10.
The corrosion rate first decreased and then increased, following a cubic-function relation-
ship. When the oxygen content was within the range of 0.0020–0.0100 wt%, the corrosion
resistance of the steel gradually increased; when the oxygen content was within the range
of 0.0100–0.0200 wt%, the corrosion resistance gradually decreased.

Chen [50] suggested that, within the permissible range for continuously cast killed
steel, as the degree of deoxidation of molten steel decreased and the oxygen mass fraction
in the steel increased, the average corrosion rate of the steel decreased slightly, whereas its
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pitting corrosion resistance increased relatively significantly. At the high-oxygen end of the
variation curve, the average pitting depth was approximately 22.7% lower than that at the
low-oxygen end. As shown in the Figure 10.

Figure 8. Surface morphology of S-covered P110SS steel after film removal at different temperatures
and relative humidities. (a) 60 ◦C, 30% RH; (b) 60 ◦C, 60% RH; (c) 60 ◦C, 90% RH; (d) 80 ◦C, 30% RH;
(e) 80 ◦C, 60% RH; (f) 80 ◦C, 90% RH.

It can be seen that sulfur has a detrimental effect on the corrosion resistance of steel,
whereas the effect of oxygen is strongly dependent on its content. A moderate increase in
oxygen content can improve corrosion resistance by promoting favorable inclusion charac-
teristics and rust-layer evolution. However, excessive oxygen may increase the amount of
oxide inclusions and introduce additional initiation sites for localized corrosion, thereby
increasing the susceptibility to pitting corrosion. The addition of rare-earth elements en-
ables the formation of compounds with sulfur and oxygen, thereby reducing the contents
of free sulfur and oxygen in steel and mitigating the adverse effects of these surface-active
elements on corrosion resistance. Vahed [51] found that rare-earth elements should be
capable of reducing the contents of soluble oxygen and sulfur in molten steel to levels far
below those currently achieved in most industrial and laboratory practices. A low sulfur
content also prevents the formation of MnS inclusions.

Figure 9. Effects of different elements on corrosion loss based on the average B values for the test
sites (the more negative the value, the lower the corrosion loss).
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Figure 10. Effect of oxygen content on corrosion resistance. (a) average corrosion rate; (b) average
pitting corrosion rate.

3.4. Effect of Rare-Earth-Induced Microstructural Refinement on Corrosion Resistance

Relatively few studies have investigated the effect of rare-earth-induced microstruc-
tural refinement on corrosion resistance, with most research focusing on the influence of
grain-size refinement on mechanical properties.

Zhang [52] found that the addition of a trace amount of Ce, below 0.0020 wt%, to
high-strength steel refined the grain size, reduced the grain-boundary energy, promoted the
formation of rust layers containing the protective phases α-FeOOH and Fe3O4, increased
the compactness of the rust layer, and reduced the corrosion rate. Wang [53] investigated
the effects of rare-earth metals on the microstructure, mechanical properties, and pitting
corrosion resistance of duplex stainless steel. The results showed that the addition of
rare-earth metals led to the formation of micro-/nanoscale REM inclusions and refined
the alloy microstructure. Excellent mechanical properties and pitting corrosion resistance
were obtained when the REM content was within the range of 0.018–0.031 wt%, as shown
in Figure 11.

 

Figure 11. Microstructural evolution: (a) as-cast alloy; (b) solution-treated alloy.

Huang [54] found that the addition of rare-earth elements to high-strength steel could
refine the microstructure of the material, eliminate microcracks or micropores, and prevent
corrosion caused by such defects.

According to the classical Hall–Petch relationship, grain refinement can enhance the
mechanical properties of materials, but it does not necessarily result in better corrosion
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resistance. Nevertheless, grain refinement is highly likely to suppress defect formation,
improve grain-boundary stability, and reduce grain-boundary susceptibility. Through its
coupling with other factors, grain refinement can thereby improve the corrosion resistance
of steel.

It should be noted that rare-earth elements do not directly replace the functions of
traditional weathering elements such as Cu and Cr. Cu and Cr mainly enhance corrosion
resistance through their enrichment in the inner rust layer, promotion of stable α-FeOOH
formation, and reduction in ionic diffusion pathways. In comparison, rare-earth elements
exert their effects through multiple routes, including molten-steel purification, inclusion
modification, grain refinement, and regulation of rust-layer development. Therefore, the
role of RE in low-alloy weathering steels is better described as a synergistic modification
strategy rather than a direct substitution for Ni or Cr.

The optimal combination of RE with reduced Ni/Cr contents depends on steel compo-
sition, corrosion environment, and required service performance. Although RE addition
provides potential for reducing the consumption of expensive alloying elements, quantita-
tive substitution criteria remain unclear and require further systematic investigation.

4. Research on the Occurrence Forms of Rare-Earth Elements in Steel
4.1. Summary of the Evolution of Rare-Earth Inclusions

A series of studies has been conducted on the evolution of rare-earth inclusions. Wang
Longmei [55–57] calculated the La–O–S equilibrium phase diagram in molten iron to predict
the formation of inclusions, as shown in Figure 12. The results showed that, with increasing
S content, the transformation sequence La2O3 → La2O2S → LaxSy occurred, whereas with
increasing O content, the transformation sequence LaxSy → La2O2S → La2O3 occurred.
However, the effect of Al was not considered in the investigated system.

Figure 12. La–O–S equilibrium phase diagram for industrially pure iron. Thermodynamic parameters
were obtained from Ref. [55].

Wang Yeguang [58] found that, as the Al mass fraction in heat-resistant steel increased
within the range of 0–0.3%, the typical inclusions in the steel evolved according to the se-
quence Ce2O3 → Ce2O3 + CeAlO3 → CeAlO3 + Ce2O2S. Li [59] found that, with increasing
La content in high-Al steel, the inclusions underwent the transformation sequence Al2O3

→ LaAl11O18 → LaAlO3 → La2O2S → La2S3. Ren [60] suggested that, with the continuous
increase in Ce content in ultra-low-carbon Al-deoxidized steel, the inclusions underwent
the transformation sequence Al2O3 → CeAlO3 → Ce2O2S → Ce2O2S + CeS.
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Kang [61] found that, after the addition of rare-earth elements to HRB500E steel,
Al2O3–MnO–CaO complex inclusions were transformed into spherical or ellipsoidal
REAlO3 and REAlO3–MnS complex inclusions, and no isolated MnS inclusions were
observed. Geng [62] found that, after Ce addition, the typical inclusions in Al-deoxidized
steel changed from calcium aluminate inclusions to (Ca–Ce–S–O) + (Ce–Al–Ca–O)
complex inclusions.

In industrial rare-earth weathering steel production, inclusion evolution is not gov-
erned by a single RE–O–S or RE–Al reaction system, but by the coupled effects of residual
deoxidizing elements and refining treatments. Aluminum, calcium, and rare-earth elements
compete for oxygen and sulfur during ladle refining. For Al-killed steels, residual [Al]
strongly affects inclusion evolution by promoting the formation of Al2O3 and RE–Al–O
phases. Subsequent Ca treatment modifies alumina inclusions through calcium alumi-
nates, while rare-earth addition can further transform these inclusions into RE-containing
oxides, oxysulfides, or complex Ca–RE–Al–O–S inclusions depending on the local
chemical activities.

Therefore, the evolution sequence of inclusions in industrial rare-earth steels should
be considered as a multi-component thermodynamic process rather than a simple binary or
ternary transformation. Although simplified phase diagrams (e.g., La–O–S and Ce–Al–O
systems) provide fundamental understanding, accurate prediction of inclusion stability
before casting requires coupling multicomponent thermodynamic calculations with actual
refining conditions, including [Al], [Ca], [O], [S], and RE activities.

4.2. Reaction Products of Rare-Earth Elements with Impurity Elements

Research on the interactions between rare-earth elements and impurity elements
originated from the work of Du Ting and Wang Longmei at the Central Iron and Steel
Research Institute. They found that the addition of trace amounts of rare-earth elements to
clean steel could achieve deep deoxidation, desulfurization, and dephosphorization, reduce
the segregation of S and P at grain boundaries, and improve grain-boundary characteristics.
Rare-earth elements could also react with harmful low-melting-point elements such as
As, Sb, Bi, Pb, and Sn to form compounds with relatively high melting points, thereby
suppressing the segregation of these low-melting-point elements at grain boundaries.

Wang [63,64] investigated the reaction mechanism between rare-earth elements and
As and found that the La–As binary compound had a cubic structure with a lattice constant
of 0.6162 nm and a chemical formula of LaAs. LaAsO4 and LaAs began to form during and
after solidification and tended to precipitate at grain boundaries. Thermodynamic calcula-
tions were also conducted for La–As–O–S inclusions, and the corresponding equilibrium
phase diagram of the inclusions was obtained, as shown in Figure 13.

 

(A) (B) 

Figure 13. Rare-earth arsenides. (A) Morphology of rare-earth de-arsenization products; (B) Predomi-
nance area diagram of La–As–O–S inclusions. Reprinted from Refs. [63,64].
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Taking C104Cr saw-wire steel as an example, Li [65] investigated the reaction tenden-
cies of rare-earth elements with various elements in steel. It was found that, under the
thermodynamic conditions of molten steel, the Gibbs free energy changes for the forma-
tion reactions of rare-earth arsenides, phosphides, and carbides were positive, as shown
in Figure 14, indicating that these compounds were formed during solidification. The
Brody–Flemings model was further used to calculate the precipitation behavior of these
three types of compounds during solidification, and the results showed that all of them
formed at the final stage of solidification.

Figure 14. Gibbs free energy changes for the formation reactions of rare-earth arsenides, phosphides,
and carbides. Reprinted from Ref. [65].

Studies on the removal of impurity elements by rare-earth La have mainly focused on
As, and a specific reaction mechanism has been established. However, rare-earth elements
can also react with N to form rare-earth nitrides, with C to form rare-earth carbides, and
with H to form rare-earth hydrides, such as LaH3 and CeH2. The interactions of rare-earth
La with C, Si, Al, P, N, Sn, Pb, and Bi still require further investigation. Meanwhile, it
remains necessary to clarify whether the reaction products formed between rare-earth
elements and impurity elements are primary or secondary inclusions.

4.3. Detection Methods and Evidence for Rare-Earth Elements in Solid Solution

Rare-earth elements in solid solution in metals refer to rare-earth atoms dissolved in the
crystal lattice to form a solid solution. Current methods for determining the amount of rare-
earth elements in solid solution mainly include [66–69]: (1) physical methods, including
internal-friction measurements, positron-annihilation techniques, and lattice-parameter
measurements, which are generally limited to qualitative and semiquantitative analyses;
and (2) chemical methods, in which rare-earth inclusions are separated by electrolysis
and the amount of rare-earth elements in solid solution is subsequently determined using
different analytical methods. As shown in the Figure 15.

Many studies have used X-ray diffraction (XRD) to investigate the solid solution of rare-
earth elements in steel, but the conclusions obtained are not consistent. Gao Xueyun [70]
measured the XRD patterns of steels with different rare-earth contents and found that the
characteristic peaks shifted to the right with increasing rare-earth content. This indicated
that the Fe lattice structure was distorted and that a portion of the introduced rare-earth
elements was dissolved in the Fe lattice. However, other researchers [71,72] found that
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the characteristic peaks shifted to the left with increasing rare-earth content, indicating
that the degree of distortion of the Fe lattice structure decreased. The reduction in the
lattice parameter of Fe was mainly attributed to the reactions of Ce with O, S, Al, C, N,
As, Si, and other elements, which reduced the amounts of other elements in solid solution
and consequently decreased the lattice parameter of Fe. Therefore, XRD peak shifts alone
cannot provide direct evidence of rare-earth solid-solution behavior. The final diffraction
response depends on the relative contribution of RE substitution, impurity scavenging, and
precipitation of RE-containing compounds. Advanced atomic-scale techniques, such as
atom probe tomography (APT), are necessary to directly reveal the local distribution of
rare-earth atoms and their interactions with interstitial elements.

 
Figure 15. Common detection and analysis methods for rare-earth elements in solid solution.

In recent years, the development of high-throughput scanning electron microscopy
and atom probe tomography [73,74] has made the detection of rare-earth elements in solid
solution possible. However, these two methods also have certain limitations. Their observa-
tion regions are relatively small, often at the nanometre scale, making it difficult to reliably
capture rare-earth elements in solid solution and resulting in a degree of randomness in
the observations.

Many researchers have also conducted first-principles calculations on rare-earth el-
ements in solid solution. Liu [75] analysed the atomic-site occupancy and solid-solution
mechanism of Ce and found that Ce could substitute for Fe atoms in an α-Fe supercell.
Charge transfer occurred between Ce and the surrounding Fe atoms: Ce lost electrons,
while the surrounding Fe atoms gained electrons. Ionic polarization occurred between
Fe and Ce, resulting in a reduction in the effective radius of Ce. This study provided a
theoretical basis for the solid solution of rare-earth elements in steel.

Lin Qin et al. [76,77] investigated the amount of rare-earth elements in solid solution
in 16Mn steel. In one method, X-ray fluorescence spectroscopy was used to determine the
total rare-earth content in the steel and the rare-earth content in the inclusions separated by
electrolysis. The difference between these two values was taken as the amount of rare-earth
elements in solid solution. In another method, plasma emission spectroscopy was used to
directly determine the rare-earth content in the electrolyte, and this value was regarded as
the amount in solid solution. The results are shown in Figure 16a. Figure 16b presents the
amount and variation in La in solid solution in low-sulfur 16Mn steel, as determined by
Lin Qin et al. using the ICP method. It can be seen that, in general, the amount of rare-earth
elements in solid solution in steel is relatively low, mostly below 10−5.
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Figure 16. Relationships among the rare-earth content in steel, the RE/S ratio, and the amount of
rare-earth elements in solid solution. (a) Effect of Ce content on the amount of rare-earth elements in
solid solution; (b) Effect of the RE/S ratio on the amount of rare-earth elements in solid solution.

5. Research on Nozzle Clogging in Rare-Earth Steels
5.1. Types of Nozzle-Clogging Deposits in Rare-Earth Steels

The earliest literature on nozzle clogging in rare-earth steels can be traced back to the
1980s. Previous studies have mainly focused on the chemical analysis of nozzle-clogging
deposits, while relatively little attention has been paid to thermodynamic analysis. Con-
sequently, the clogging problem has not yet been fundamentally resolved. By screening,
statistically summarizing, and analysing the literature on the castability of La- and Ce-
containing rare-earth steels in China and abroad, the current research status of molten-steel
castability in rare-earth steels was obtained, as shown in Table 3.

Table 3. Summary of literature on the castability of rare-earth steels in China and abroad [78–87].

Steel
Grade

Rare-
Earth

Element
Nozzle Material Composition of

Clogging Deposits Process Route Improvement Measures

Steel for
construc-

tion
machinery

La + Ce Alumina–carbon REAlO3 + RE2O3 +
solidified steel

LD–LF–RH–CC;
deoxidation with

ferrosilicon,
rare-earth addition

before vacuum break
in RH

Control the oxygen content at a
low level and reduce the

formation of Al2O3 inclusions;
modify the deoxidation method;
avoid alumina–carbon nozzles

and use fused-silica nozzles
instead.

253MA
stainless

steel
Ce Alumina–carbon

RE2O3 +
Al2O3–RE

compounds +
SiO2–RE

compounds +
solidified steel

Laboratory
induction-furnace

experiment

Prevent secondary oxidation of
molten steel, reduce the number
of small inclusions in steel, and
avoid reactions between molten

steel and the nozzle.

16MnRE La + Ce Alumina–carbon
REAlO3 + RE2O3 +
RE2O2S + RE2S3 +

solidified steel

LD–LF–CC; Al
deoxidation;

rare-earth wire
feeding in the

tundish

Prevent the formation of a
decarburized layer or replace
the nozzle with a silica-based

nozzle; adopt a non-Al
deoxidation process or conduct

precise calcium treatment of
molten steel; prevent secondary

oxidation of molten steel.
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Table 3. Cont.

Steel
Grade

Rare-
Earth

Element
Nozzle Material Composition of

Clogging Deposits Process Route Improvement Measures

— La + Ce Alumina–carbon
Al2O3 + REAlO3 +

CaO·2Al2O3 +
solidified steel

KR–BOF–LF–RH–
CC; Al deoxidation +
calcium treatment +

addition of
rare-earth

ferroaluminum alloy
at the end of RH

treatment

Improve the cleanliness of
molten steel and rare-earth
alloys; develop refractory
materials specifically for

nozzles; reduce the reactivity
between nozzle refractories and

rare-earth elements.

Bearing
steel for

wind
turbines

Ce Alumina–carbon CeAlO3 + Ce2S3 +
solidified steel

Rare-earth addition
in the tundish

Prevent the formation of a
decarburized layer and

suppress reactions between the
submerged entry nozzle and

inclusions.

253MA
stainless

steel
La + Ce Alumina–

zirconia
RE2O2S + RE2O3 +

solidified steel

EAF–AOD–LF–CC;
Si deoxidation;
rare-earth alloy

addition during LF
refining

Optimize nozzle geometry,
improve steel cleanliness,

prevent secondary oxidation of
molten steel, and reduce the

amount of rare-earth
compounds by removing SiO2
inclusions and improving the

flow conditions in the tundish.

253MA
stainless

steel
Ce

Alumina–carbon
with ZrO2–Y2O3

coating

CeAlO3 + Ce2O2S
+ solidified steel

Laboratory
induction-furnace

experiment

Increase the holding time before
continuous casting, apply a YSZ
coating and fully preheat it in

advance, and increase the
Ce/Al ratio.

E36 ship-
building

steel
Y Magnesia–

carbon

Y2O3 + SiO2 +
2Y2O3·Al2O3 +
Y2SiO5 + Fe2O3

KR–BOF–LF–CC;
calcium treatment;

rare-earth wire
feeding

Improve molten-steel
cleanliness and reduce the Al

content in molten steel or
nozzle refractories.

Stainless
steel Ce

Alumina–silica
with

glass/silicon-
powder coating

CeAlO3 + Ce2O3 +
REM silicate
compounds

Laboratory
electric-furnace

experiment

Fully preheat the nozzle and
reduce the content of basic

oxides in the coating.

253MA
stainless

steel
La + Ce Alumina–carbon REAlO3 + RE2O3

EAF–AOD–CC; Al
deoxidation; calcium

treatment

Reduce the amount of
high-melting-point rare-earth

oxides precipitated in steel,
replace the nozzle material,
increase the basicity of the
tundish covering flux, and
increase the B2O3 and Li2O

contents.

As can be seen from Table 3, the steel grades investigated in existing studies cover a
wide range of categories, including stainless steels, weathering steels, and bearing steels.
Studies conducted outside China have mainly focused on 253MA steel. As a heat-resistant
austenitic stainless steel, 253MA requires high creep resistance, corrosion resistance, and
strength. A small amount of rare-earth elements must be added to achieve the required
oxidation resistance; therefore, rare-earth addition is indispensable for this steel grade.

China has relatively abundant rare-earth resources and has therefore developed a
wider variety of rare-earth steels, including wear-resistant tool steels, shipbuilding steels,
and bearing steels. Existing studies have sufficiently demonstrated the advantages of
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rare-earth addition [88]. The rare-earth additions used are mainly Ce-based alloys and
La–Ce alloys. Because the thermodynamic data for La-containing compounds remain
incomplete, relatively few studies have been conducted on La alloying. In the periodic
table, La has stronger reducing ability than Ce. However, the influence of the differences in
their chemical properties on nozzle clogging has received relatively little attention.

5.2. Mechanism of Submerged Entry Nozzle Clogging

Nozzle-clogging deposits mainly consist of rare-earth deoxidation and desulfurization
products and rare-earth aluminates formed in the steel. The agglomeration and adhesion of
rare-earth inclusions are the main causes of clogging [88]. Rare-earth aluminates generated
through reactions between rare-earth elements in molten steel and nozzle refractories have
relatively low interfacial energy with rare-earth inclusions in the steel. This facilitates the
adhesion and sintering of rare-earth inclusions on these reaction products, which act as a
substrate and promote clogging. The nozzle-clogging mechanism is illustrated in Figure 17.

Figure 17. Schematic diagram of the nozzle-clogging mechanism. (a) Overall structural schematic
diagram of the waterhole interface; (b) Decarburization mechanism of refractory materials; (c) Molten
steel flow and inclusion adhesion mechanism at the decarburization layer interface; (d) Continuous
growth mechanism of slag inclusions.

As shown in the figure, nozzle clogging occurs through the following steps:

• Sufficient reaction time: Immediately adjacent to the nozzle surface, the flow velocity
of molten steel approaches zero, forming a viscous boundary layer.

• Formation of a substrate for clogging deposits: Rare-earth elements in molten steel
react with the nozzle material to form rare-earth compounds.

• Adhesion and sintering on the rare-earth-compound substrate: High-melting-point
rare-earth inclusions carried by the molten steel move at very low velocities within
the boundary layer and adhere to and sinter on the rare-earth-compound substrate.
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• Continued adhesion and sintering of rare-earth inclusions: The deposits grow in
dendritic and network-like forms, dividing the molten steel flow and increasing
the contact area with the steel, thereby promoting the continued adhesion of large
quantities of inclusions from the molten steel.

• Complete nozzle blockage: Owing to the large temperature gradient, the molten steel
is divided into fine streams. Some portions are trapped by inclusions and solidify,
whereas others adhere to the outside of the nozzle and form solidified-steel accretions.
These accretions further enhance heat dissipation and accelerate the development
of clogging.

After rare-earth elements are added to molten steel in the ladle, accretions often form
at the nozzle or runner, causing nozzle clogging. The morphology of the accretions is
shown in Figure 18.

Figure 18. Images of nozzle clogging deposits. (a) Cross-sectional view; (b) three-dimensional original
morphology of the clogging deposit; (c) photograph of the clogging deposit; (d) clogging deposit.

Metallurgical researchers have generally recognized that improving molten-steel
cleanliness and changing the nozzle material and final deoxidizer can significantly help
prevent nozzle clogging. For rare-earth-treated steels, to reduce the clogging caused by
rare-earth addition, optimal metallurgical thermodynamic conditions must be provided
before and during rare-earth addition:

• The oxygen and sulfur contents in the molten steel should be maintained at the lowest
possible levels.

• Appropriate stirring should be applied during rare-earth addition to ensure the uni-
form distribution of rare-earth elements.

• Protective casting should be adopted to strictly prevent secondary oxidation of the
molten steel.

• Pure rare-earth metal wire or high-purity mischmetal wire must be properly protected
to minimize the oxidation and burning loss of the rare-earth wire.

• An appropriate rare-earth addition amount must be determined according to the
cleanliness and performance requirements of each steel grade.
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5.3. Anti-Clogging Technologies for Submerged Entry Nozzles

Nozzle clogging has long been a persistent problem in the production of high-quality
steels. To address this issue, researchers in China and abroad have conducted extensive
studies and industrial practices [89–101] and have adopted corresponding measures under
different conditions, effectively reducing the occurrence of nozzle clogging.

(1) Optimization of process conditions. Calcium treatment is applied to modify
high-melting-point inclusions in Al-killed and Al–Si-killed steels, thereby promoting the
formation of low-melting-point complex inclusions and preventing the deposition of high-
melting-point inclusions on the inner wall of the nozzle. However, the application of this
measure is limited in non-calcium-treated steel grades, such as bearing steels. Meanwhile,
argon sealing should be strengthened to prevent the secondary oxidation of molten steel.
The preheating temperature of the submerged entry nozzle should also be increased, and
the thermal insulation conditions should be improved. These measures can alleviate nozzle
clogging to a certain extent.

(2) Development of anti-clogging coatings for the inner wall of nozzles. From the
perspective of materials, the properties of the inner-wall material are optimized to alter
its wettability with molten steel, inhibit reactions among molten steel, inclusions, and the
nozzle wall, reduce the tendency of inclusions to deposit, and improve the smoothness of
the inner surface. For this purpose, various lining materials have been developed, including
ZrO2–CaO–C, carbon-free spinel, corundum, Al2O3–SiO2, MgO–SiO2–CaO, and CaTiO3

materials. Different lining materials suppress clogging through different mechanisms.
In addition, their anti-clogging performance is closely related to the specific application
environment and operating conditions.

(3) Novel submerged entry nozzle structures. The molten-steel flow field inside the
nozzle is optimized by generating vortices in the nozzle bore and outlet ports and by
applying intense stirring or other measures. These approaches suppress the residence of
inclusions on the inner wall of the nozzle and thereby inhibit accretion formation. Parabolic-
bottom nozzles, swirl nozzles driven by electromagnetic forces or guide vanes, stepped
nozzles, and Mogul nozzles are representative anti-clogging nozzles developed through
structural innovation, as shown in Figure 19.

Figure 19. Anti-clogging submerged entry nozzles with different structural designs.

(4) Application of Physical Fields. In addition, methods such as the use of stopper rods,
argon injection through the nozzle, and externally applied electromagnetic fields can also
alleviate nozzle clogging. Argon injection can form an argon-gas film on the inner wall of
the nozzle, increase the turbulence intensity of the molten steel, and prevent inclusions from
depositing on the inner surface. Moreover, because the nozzle is under negative pressure
during casting, argon injection can reduce the pressure drop within the nozzle and limit
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the ingress of oxygen from the surroundings, thereby helping to alleviate the secondary
oxidation of molten steel. However, during this process, argon bubbles may become
entrapped in the cast product, resulting in product-quality problems. Argon injection may
also intensify fluctuations of the liquid level in the mould, increase the probability of slag
entrainment, and deteriorate the service conditions of the refractory materials.

The application of an electromagnetic field at the nozzle can cause inclusions to move
in a specific direction and reduce their tendency to migrate toward the nozzle wall, thereby
decreasing nozzle clogging. However, because the space beneath the tundish is very limited,
practical operation is relatively difficult.

The studies described above have mainly focused on the effects of molten-steel flow
dynamics, chemical factors, and other variables on refractory materials and structures, as
well as on the migration and adhesion of inclusion particles. Although researchers in China
and abroad have investigated the interactions between refractory materials and inclusions
from multiple perspectives using various methods, no consensus has yet been reached
regarding their effects and regulation. Problems such as the service failure of nozzles and
the adsorption of inclusions by refractory materials have not yet been effectively resolved.

6. Research on Rare-Earth Alloying Processes
Since the 1960s, with the continuous development of steelmaking and continuous

casting technologies, methods and process technologies for adding rare-earth elements
to steel have undergone several stages of evolution. According to the location at which
rare-earth elements are introduced, these methods can be classified chronologically as
follows: direct addition into the ladle → plunging addition into the ladle → rare-earth
powder injection into the ladle → rare-earth wire feeding into the ladle → suspension
addition in the ingot mold → rare-earth powder injection through the trumpet → rare-earth
wire feeding through the trumpet → rare-earth wire feeding into the tundish → rare-earth
wire feeding into the continuous-casting mold.

Based on industrial production experience, the basic principles of the major rare-earth
addition processes are illustrated in Figure 20. As shown in the figure, rare-earth addition
has progressively shifted from direct addition, plunging, and powder injection in the ladle
to powder injection through the trumpet, suspension addition in the ingot mold, and wire
feeding into the continuous-casting mold. Consequently, rare-earth elements have tended to
be introduced at increasingly later stages of the steelmaking and casting process. Different
addition methods were adopted during different periods, and the principal rare-earth
addition methods are summarized in Table 4.

At present, various steel plants have carried out a series of industrial trials on rare-
earth alloying and applied these processes to different steel grades. The corresponding
process requirements and addition stages are summarized in Table 5. Statistical analysis of
rare-earth yields shows that the results vary considerably among different steel grades. In
addition, the alloying methods are highly diverse, and no unified technical specification
has yet been established. Because the requirements for molten-steel composition and
process routes also differ, there is an urgent need to formulate systematic guidelines and
standardized procedures for the production of rare-earth microalloyed steels.

As shown in Table 5, the rare-earth recovery rate varies considerably among different
addition methods because of differences in their application conditions. According to indus-
trial data, Ansteel currently employs the ladle plunging method, with a rare-earth recovery
rate of 20–30%; the process used by TISCO achieves a recovery rate of approximately 40%;
and the rare-earth alloying process adopted by Baogang achieves a recovery rate of about
51%. Overall, however, the recovery rates of rare-earth elements remain relatively low.
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Table 4. Main Types of Rare-Earth Addition Processes [102–122].

Process Type Steel Grade Yield/% Main Advantages Existing Problems

Rare-earth plunging
addition into the ladle 16Mn steel 20–25

Simple operation; uniform
distribution; no nozzle

clogging

Low rare-earth yield;
incomplete inclusion

modification

Rare-earth powder
injection into the ladle 16MnRE/Y08RE 45–60 Significant reduction in [S] and

[O] contents in steel

Complex equipment
and cumbersome

operation

Rare-earth wire feeding
into the ladle No. 20 steel 10–25

Simple operation; purification
of molten steel; smooth process

operation

Low rare-earth yield;
incomplete inclusion

modification

Rare-earth wire feeding
into the tundish during

continuous casting
No. 20 steel 50–75

Convenient operation; uniform
distribution; high rare-earth

yield; complete inclusion
modification

Complex process;
nozzle clogging;

sintering of the tundish
covering flux

Rare-earth wire feeding
into the

continuous-casting mold
0.9MnRE/16MnRE/08Al 70–90

Smooth process operation;
high rare-earth yield; uniform

distribution; complete
inclusion modification

Residual inclusions;
interfacial enrichment;

surface defects

Under modern metallurgical conditions, rare-earth steels are generally produced
through continuous casting. From the perspective of industrial feasibility, rare-earth wire
feeding into the ladle is considered one of the most suitable addition methods. How-
ever, with the development of standardized and high-purity rare-earth alloys, significant
progress has been achieved in the precise control of alloy composition, enhancement of
alloy density, substantial reduction of oxygen, nitrogen, and sulfur contents, minimization
of other impurity elements, production of alloy lumps with specified dimensions, and
extension of storage life. These developments have created favorable conditions for adding
rare earths to molten steel in the form of lump alloys directly charged into the ladle. Consid-
ering the uniform distribution of rare-earth elements and their effectiveness in improving
steel properties, rare-earth alloying in the ladle is expected to become the predominant
development direction in the future.

Table 5. Rare-Earth Alloying Processes and Recovery Rates [123–127].

Steel Grade RE Addition
Amount

Composition
Requirements Addition Timing/Method

RE Re-
covery
Rate

Remarks

30CrNi2MoVA 0.10–0.15 kg/t steel
(0.010–0.015 wt%)

Al: 0.01–0.05 wt%;
S ≤ 0.006 wt%;

O ≤ 0.0020 wt%

Rare earths are added immediately
after vacuum release at the end of
VD treatment, followed by soft Ar

stirring for 5–10 min; the total
soft-stirring time is 30–50 min.

≥50% —

GCr15 bearing
steel (Shandong

Steel)

(10–200) × 10−6

(0.001–0.020 wt%)
T[O] ≤ 10 × 10−6;
[S] ≤ 30 × 10−6

Ar gas at 0.2–1.5 MPa is used as the
carrier gas to inject rare earths into

the molten steel through an
injection lance. The insertion depth

is approximately one-third to
two-thirds of the bath depth, with
feeding performed from the top.

—

Lump rare-earth alloy
is used, with an

equivalent diameter of
5–40 mm and a

length-to-width or
axial-to-width ratio

of 1–3.

Anhui Fukai 25 kg/heat

T[O] ≤ 100 × 10−4 wt%;
[S] ≤ 0.010 wt%;

tapping temperature:
1640 ◦C

The alloy is added during AOD
tapping. A Ce alloy with a purity of

65% is polished before use and
placed at the bottom of the ladle

using a dedicated charging bucket.

62–71% A dedicated charging
bucket is used.
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Table 5. Cont.

Steel Grade RE Addition
Amount

Composition
Requirements Addition Timing/Method

RE Re-
covery
Rate

Remarks

Corrosion-
resistant

reinforcing steel

11.2 kg for 7 t of
steel [O] < 0.0040 wt%

The rare-earth alloy is placed in the
empty ladle 5–10 min after the

addition of the deoxidizing alloy,
followed by the addition of the

other alloying elements.

85%

A self-prepared
sintered alloy

containing 5–20 wt%
RE is used, with slag

carryover below 5 kg/t
steel.

Rare-earth
structural steel
(Baotou Steel)

0.01 wt% mixed
rare-earth alloy [O] < 0.0004 wt%

After rare-earth addition, vacuum
circulation is continued for 3 min
before terminating the vacuum

treatment.

35–50%
The rare-earth alloy
contains 30 wt% RE,

with Ce/La = 2:1.

Cr12 cold-work
die steel

Added in two
batches,

0.05–0.075 kg/t
steel per batch

Al: 0.01–0.05 wt%;
S ≤ 0.005 wt%;

O ≤ 0.0020 wt%

Rare earths are first added after
deoxidation and alloying are

completed during LF refining, and
then added again immediately after
vacuum release from VD treatment.

Soft Ar stirring is maintained for
30–50 min after vacuum release,
followed by tapping and ingot

casting.

≥50%

After LF refining, the
SiO2 content in the slag
is controlled at ≤10%.
A dedicated plunging

rod is used for
addition.

Rare-earth
microalloyed
steel (Baotou

Steel)

(10–200) × 10−6

(0.001–0.020 wt%)
Al: 0.030–0.050 wt%

After Ca treatment, soft Ar stirring
is maintained for at least 5 min.

Rare earths are added 15 min after
the start of vacuum treatment,

approximately 5 min before vacuum
release. Pure degassing is continued
for at least 8 min after addition, and

the combined soft-stirring and
holding time is at least 15 min.

—

The LF slag basicity is
controlled at 4.5–7.5.

After vacuum release,
[H] ≤ 0.00012 wt%,

[O] ≤ 0.0020 wt%, and
[N] ≤ 0.0040 wt%.

EH36

80 kg of Si–Mg–RE
alloy containing

3.16 wt% RE; 8 kg
of pure rare-earth

metal with a purity
of 99.99 wt%

S: 0.0020 wt%; Als:
0.038 wt%; measured

dissolved oxygen:
0.00023 wt%

The RH vacuum-treatment time is
15 min, including 11 min of pure

degassing. At 2 min before vacuum
release, 80 kg of Si–Mg–RE alloy is
added. Immediately after Ca-wire

feeding, 8 kg of sealed pure
rare-earth metal is added, followed

by soft Ar stirring for 10 min.

58% Pure rare-earth metal is
used, with Ce/La = 2:1.

High-purity
rare-earth steel
(Baotou Steel)

40 kg of Nd-, La-,
or Ce-containing

rare-earth material

O ≤ 0.0010 wt%;
C ≤ 0.0010 wt%;
S ≤ 0.0010 wt%;

[O + C + S] ≤ 0.0020 wt%

After 4–5 min of pure degassing
during RH treatment, the

circulation-gas flow rate is adjusted
to 1000–1400 NL/min and rare

earths are added. Vacuum release is
performed after a further 7–8 min of
pure degassing. Casting begins after

holding for 11–12 min following
vacuum release.

20–25%
No nozzle clogging
occurs under this

treatment method.

High-strength
reinforcing steel

(Central Iron and
Steel Research

Institute)

One or more
rare-earth elements

selected from La,
Ce, and Y

O/S < 0.20;
RE/S = 1.6–2.2

Rare earths are introduced in the
form of a cored wire fed directly
into the continuous-casting mold.

The diameter of the RE cored wire is
3–15 mm.

80–90%

The cored wire contains
10–50 wt% RE and
10–20 wt% Si, with

RE/(Ca + Mg) = 10–100.

Rare-earth
bearing steel

(Shijiazhuang
Steel)

The final RE
content is

controlled at
≤0.020 wt%, with a

deviation of no
more than

0.0020 wt%.

S ≤ 0.002 wt%;
Ca ≤ 0.0004 wt%; FeO

in slag ≤ 0.25 wt%

One-stage Al deoxidation is
adopted without Ca treatment.

Rare-earth alloying is conducted
using a dedicated addition device.
After alloying, soft Ar stirring is
maintained for 5–7 min to ensure

uniform mixing, followed by
high-vacuum treatment at ≤67 Pa

for 28–30 min before vacuum
release.

—

Rare earths are added
using a dedicated
addition device
equipped with a
charging bucket.
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Table 5. Cont.

Steel Grade RE Addition
Amount

Composition
Requirements Addition Timing/Method

RE Re-
covery
Rate

Remarks

Rare-earth steel
(Northeastern

University)
— —

Rare-earth powder with a particle
size below 45 µm is injected

through the bottom of the tundish.
The powder quantity is determined
according to the molten-steel mass

and injected using Ar gas.

>75%
A dedicated

powder-injection
device is used.

The research team led by Li Dianzhong at the Institute of Metal Research, Chinese
Academy of Sciences, developed the “dual-low-oxygen rare-earth steel” technology [40].
This technology involves the simultaneous control of low oxygen in molten steel, with the
total oxygen content reduced to T.O < 0.0020 wt%, and low oxygen in rare-earth metals,
with T.O < 0.0060 wt%, La + Ce ≥ 99 wt%, and Ce/La ≈ 2. This approach effectively
addresses key bottlenecks restricting the industrial application of rare-earth steels. When
applied to high-cleanliness GCr15 bearing steel, the tension–compression fatigue life under
±800 MPa was increased by a factor of 40 and the rolling-contact fatigue life was improved
by 40% compared with bearing steel without rare-earth addition. In contrast, the fatigue
life of samples treated with conventional commercial rare-earth metal containing 0.027 wt%
oxygen exhibited pronounced fluctuations, as shown in Figure 21.

Figure 20. Schematic diagram of the principal rare-earth addition processes. (a) Rare-earth addition
into the ladle; (b) Rare-earth wire feeding into the tundish during continuous casting; (c) Rare-earth
powder injection into the ladle; (d) Suspension addition in the ingot mold during ingot casting;
(e) Rare-earth wire feeding into the continuous-casting mold; (f) Rare-earth wire feeding through the
trumpet during ingot casting.

Dual-low-oxygen rare-earth steel not only effectively reduces the number and size of
inclusions and improves their characteristics, thereby alleviating nozzle clogging during
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continuous casting, but also provides favorable conditions for the dissolution of rare-earth
elements in the steel matrix, making it possible for them to exert a microalloying effect. This
study revealed that oxygen is the fundamental factor responsible for fluctuations in the
properties of rare-earth steels. Only under low-oxygen conditions can rare-earth elements
consistently refine and modify inclusions and exert a pronounced microalloying effect.

Figure 21. The superior effects of re addition on the tensile–compression and rolling contact fatigue
lives of 52,100 steels. (a) The influence of rare earth elements on the tensile and compressive fatigue
life of 52,100 steel; (b) The influence of rare earth elements on the rolling contact fatigue life of
52,100 steel. Reprinted with permission from Ref. [40]. Copyright 2022 Springer Nature.

The results further demonstrate that the addition of only several hundred grams of
light rare-earth elements, such as La and Ce, per tonne of steel can significantly improve
steel properties with almost no increase in production cost and without substantial mod-
ification of the existing process route. This is of considerable significance for exploiting
China’s rare-earth resource advantages, promoting the balanced utilization of rare-earth
resources, and improving the quality of high-grade special steels.

Although the dual-low-oxygen strategy was originally proposed for bearing steels
requiring extremely high cleanliness, its application in structural weathering steels should
be optimized according to steel grade requirements. For weathering steels, moderately
controlled oxygen levels combined with low sulfur conditions may provide a practical
balance between stable rare-earth modification and industrial production cost.

7. Conclusions
(1) The corrosion resistance of weathering steel is mainly affected by the rust layer

structure, alloy composition, inclusion characteristics and microstructure. Among them,
the dense and stable inner rust layer can effectively prevent the further penetration of the
corrosive medium into the steel matrix, and the formation of stable corrosion products such
as α-FeOOH is particularly critical for improving corrosion resistance. Alloying elements
such as Cu, P, Cr and Ni can promote the formation of protective rust layer and enhance its
stability. In recent years, due to the high cost of Ni and Cr and the limitation of resource
supply, the weathering steel with reduced Ni and Cr addition has gradually become an
important development direction.

(2) Rare earth elements can improve the corrosion behavior of weathering steel through
a variety of mechanisms. On the one hand, the rare earth elements dissolved in the matrix
or segregated at a specific position can regulate the electrochemical reaction process on the
steel surface and promote the formation of a denser and more stable rust layer; on the other
hand, rare earth can also refine the microstructure, improve the grain boundary characteris-
tics, and reduce the tendency of local corrosion. Under the condition of reasonable control
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of the addition amount, only a small amount of rare earth can play the above role, which
provides a new technical way to improve the corrosion resistance of weathering steel and
reduce the amount of traditional alloying elements.

(3) The type and distribution of inclusions are important factors governing the pitting
behavior of weathering steel. Inclusions such as MnS, CaS, Al2O3, and MgAl2O4 can readily
act as pitting initiation sites. Rare-earth treatment can modify these inclusions into rare-
earth-containing phases such as RE2O3, RE2O2S, RE2S3, and REAlO3, while reducing their
size and promoting a more dispersed distribution. Consequently, the probability of pitting
initiation is reduced, and the resistance of the steel to localized corrosion is improved.

(4) The occurrence state of rare-earth elements in steel directly determines their effec-
tiveness. The contents of O, S, Al, and Ca in steel affect the formation and transformation of
rare-earth inclusions, resulting in their evolution among oxides, oxysulfides, sulfides, and
rare-earth aluminates. When molten-steel cleanliness is insufficient, rare-earth elements
preferentially react with O and S, leading to a reduced rare-earth recovery rate and making
it difficult to retain rare earths stably in solid solution. Therefore, the control of low-oxygen
and low-sulfur clean steel, together with the regulation of rare-earth occurrence states, is
fundamental to achieving stable performance in rare-earth weathering steels.

(5) The industrial production of rare-earth weathering steel still faces challenges associ-
ated with fluctuations in rare-earth recovery and insufficient castability during continuous
casting. High-melting-point inclusions, including rare-earth oxides, sulfides, oxysulfides,
and rare-earth aluminates, can readily adhere to, sinter on, and accumulate along the inner
wall of the submerged entry nozzle, resulting in nozzle clogging and, in severe cases, com-
plete blockage. These problems reduce the number of consecutively cast heats and impair
production efficiency. Therefore, the large-scale application of rare-earth weathering steel
requires coordinated optimization of the rare-earth addition stage, molten-steel cleanliness,
protective casting, nozzle material, and inclusion control, so as to establish a stable and
controllable rare-earth alloying process.
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