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Abstract: Steel structures are prone to corrosion, a chemical reaction between steel and the atmosphere
that gradually weakens the material. Over time, this reaction can significantly reduce the structural
integrity and lifespan of steel elements. Without intervention, corrosion can cause structures to
fail, leading to financial, environmental, and potential human losses. Enhancing steel’s corrosion
resistance is crucial, and one method involves adding niobium (Nb). Niobium microalloyed steels are
known for their increased strength, and some research indicates that Nb may also improve corrosion
resistance by making the grain structure of the steel finer. However, the complete potential of Nb in
corrosion prevention remains underexplored, with significant research gaps across various scales,
from microstructural impacts on durability to macroscopic effects on mechanical properties. The
research community has utilized numerous experimental approaches to test corrosion resistance
under different conditions, but there is a lack of comprehensive studies that aggregate and analyze
these findings. This paper seeks to fill that void by reviewing the impact of Nb on the strength and
corrosion resistance of structural steels, examining how steel beams’ ultimate capacity degrades
over time and identifying key areas where further research is needed to understand Nb’s role in
mitigating corrosion.
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1. Introduction

Microalloyed steels are commonly used in several engineering projects mainly due
to their excellent mechanical properties, namely high strength and toughness [1]. The
applications of microalloyed steels cover several areas, such as the oil and gas industry,
structures exposed to the marine environment, and the automotive industry. The literature
has reported its specific use for constructing pipelines, offshore platforms, cross-sea bridges,
subsea tunnels, port terminals, and railways [2-6]. Such steel structures close to marine
atmospheres are exposed to salt spray and, therefore, are susceptible to marine corrosion,
which can reduce the structure service life due to the element’s thickness reduction, causing
degradation of the strength capacity over time.

In terms of the composition, microalloyed steels have low carbon (C) contents, varying
between 0.05% and 0.25%, and a manganese (Mn) content of up to 2.0% [7]. Furthermore,
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small additions of other elements, such as chromium (Cr), nickel (Ni), molybdenum (Mo),
copper (Cu), nitrogen (N), vanadium (V), niobium (Nb), titanium (Ti), and zirconium (Zr)
can be combined to achieve improved mechanical and durability properties [8]. It is well
known that Nb addition improves steel’s strength and toughness through the precipitate-
strengthening effect that produces grain refinement at the microstructural level [9-13].
Compared to other elements, Nb also presents a lower mass, inducing higher performance.
The Nb particles precipitate on the steel substrate, delaying the recrystallization process
and promoting non-recrystallization, which results in finer grains [14]. The precipitates act
as barriers that hinder the dislocation movement, and thus, more energy is required during
the material deformation [9]. According to Zhang et al. [10], a 0.034 wt.% Nb addition can
generate grain refinement of up to 71% compared to steels without Nb added. Moreover,
Nb also has a more abundant supply than the other elements and a more stable cost, thus
being more advantageous as an addition to microalloyed steels [15].

As can be seen, there is a clear understanding in the literature of Nb effects on steel
mechanical properties. However, there are still gaps in knowledge regarding the impact
and potential of Nb addition on the corrosion resistance of microalloyed steels [16]. Some
studies show that small Nb additions can improve steel corrosion resistance in different
environments. According to Liu et al. [12], an appropriate amount of Nb addition in mi-
croalloyed steels increases corrosion resistance due to a more homogeneous microstructure
generated by the precipitation of Nb carbide (NbC). NbC precipitates prevent the acceler-
ated anodic dissolution of steel, improving corrosion resistance [10]. Nam and Kim [17]
showed that higher Nb, from 0 wt.% to 0.10 wt.% Nb, lowers the corrosion rate caused by
exposure to sulfuric acid. This was attributed to a change in the electrochemical properties
of the steel. The Nb-microalloyed steels had higher passive resistance and charge-transfer
resistance. A passive protective film, composed of relatively inert Nb oxides, formed on
the surface of the steel during the oxidation process, improving the corrosion resistance
performance [18]. Wang et al. [19], through surface morphological analysis, observed that
the corrosion product films after seawater immersion in steels with 0.079 wt.% Nb addition
are more compact than those in the steels without addition. This compaction improves the
resistance to the ion migration during the electrochemical reaction, thus reducing the steel
degradation velocity caused by the chloride ions.

A literature mapping based on microalloyed steel behavior shows that most studies
have focused on the mechanical properties of the material under non-aggressive atmo-
spheres. In contrast, other aspects, such as the corrosion resistance of Nb-microalloyed
steels have been less studied. Thus, this paper explores the current state-of-the-art corrosion
resistance of Nb-microalloyed steels exposed to corrosive atmospheres. The experimental
techniques used to evaluate the degradation of small samples (steel coupons) and large
elements (steel beams) are also addressed, and the advantages and disadvantages of these
techniques are discussed. The paper exposes the main knowledge gaps on the subject
and reinforces the advantages and potential of Nb as an addition to steel alloys, aiming at
constructing structures with greater mechanical resistance and durability.

2. Effects of Nb on Microalloyed Steels
2.1. Effects at the Microstructural Level

Nb, Ti, and V are the most commonly used microalloying elements to improve steel
mechanical properties [20-22]. These elements are combined with C and nitrogen (N)
during the manufacturing processes to promote the formation of precipitates responsible
for increasing the strength and hardness of the steel [23,24]. Nb, for example, presents
elevated affinity with C and N, facilitating the formation of Nb(C, N) carbonitride’s that
contribute to strengthening the steel matrix [25]. Some studies suggest that smaller amounts
of Nb addition, compared to Ti and V, can promote more significant increases in the yield
and ultimate strength [15,26]. Rancel et al. [26] compared the influence of additions of
0.019 wt.% Nb, 0.038 wt.% Ti, and 0.070 wt.% V on the steel yield strength, and the Nb-
microalloyed steel exhibited a yield strength of 30 MPa and 80 MPa higher than the Ti and
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V-microalloyed steels, respectively. This aspect makes Nb a more interesting microalloying
element to improve steel performance.

Nb addition to steel can mainly affect the microalloyed steel solidification process;
for example, the Nb present in steel in the form of Nb-containing phases and Nb solute
promote ferrite and bainite formation, respectively. Ferrite benefits toughness and plas-
ticity, while bainite affects strength and hardness [15]. Furthermore, grain boundaries
influence the material mechanical properties in polycrystalline materials, such as steel. The
discontinuities and orientation differences between the slip planes of each grain promote
movement restriction [27]. The increase in the Nb content in the steel induces a reduction
in the grain size (see Figure 1a), consequently producing a decrease in the dislocations per
grain [28]. This effect makes the movement between adjacent grains even more difficult,
thus generating what is known as grain boundary strengthening [29], as shown in Figure 1b.
Another strengthening mechanism is related to the Nb solute atoms (see Figure 1c). The
presence of Nb atoms in the crystal lattice generates localized defects that distort and hinder
movement at the atomic level [15]. Stress fields arise in the proximity of the Nb atoms,
deforming the crystal lattice in localized regions that hinder free movement [30].

Grain refinement

Dislocation strengthening

1 Dislocation

Reduction of dislocations in grains

(b) ©

© Nb solute

Crystal lattice deformation

Figure 1. Strengthening mechanisms due to Nb addition: (a) grain refinement, (b) dislocation
strengthening, and (c) solution strengthening.

When Nb is incorporated into steel, it undergoes non-uniform dispersion among
the iron atoms and other alloying elements constituting the steel matrix. This dispersion
phenomenon significantly contributes to the formation of Nb solutes, thereby exerting
discernible effects on the mechanical attributes of the steel. Niobium solutes impede grain
mobility via a mechanism recognized as solute drag, wherein the solute atoms impede the
motion of metal atoms during deformation processes. Throughout this mechanism, Nb
solutes effectively impede the migration of grain boundaries, consequently engendering
enhancements in mechanical properties. Moreover, the formation of niobium carbides
during the heat-treatment procedures of steel also confers enhancements in mechanical
characteristics. Due to the high hardness and stability of Nb carbides, they instead act as
physical barriers that improve the wear and abrasion resistance.

2.2. Grain Refinement Impact on the Steel Mechanical Properties

The mechanism through which the added Nb refines the grain size of the steel is related
to the formation of nucleation sites during the matrix manufacturing process. Nb is an
element that, owing to its chemical properties, exhibits a high affinity for oxygen and sulfur,
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resulting in the formation of niobium oxides and sulfides during the steel solidification
process. These compounds serve as nucleation sites within the matrix, promoting the
formation of additional austenite grains, a crucial iron phase for the mechanical properties
of steel. Additionally, the nucleated particles act as physical barriers that hinder grain
movement during material deformation. Similarly, niobium atoms can interact with the
dislocations, affecting their mobility and anchoring capacity. Other compounds can also
form during steel manufacturing; for instance, during the heat treatment process, niobium
carbides are formed and dispersed throughout the matrix. Carbides exert a different
influence on grain boundary mobility due to their higher hardness compared to niobium
oxides and sulfides. In this scenario, the steel can exhibit enhanced mechanical properties,
as it offers greater resistance to dislocation sliding.

The alterations produced in the steel microstructure and steel composition due to the Nb
addition are commonly analyzed using microscopy and spectroscopy techniques. Among
the most used techniques to analyze the metallographic microstructure are optical (OM),
scanning electron (SEM), and transmission electron (TEM) microscopy [19,31,32]. Other
aspects, such as the grain boundary misorientation and the crystallographic size, can be quan-
tified through the Electron Backscatter Diffraction (EBSD) technique [3,4,11,16,33,34]. On the
other hand, when it is required to know the elemental composition, Energy Dispersive Spec-
troscopy (EDS) or the Optical Emission Spectrometer (OES) are used [2,12,13,18,32,35-40].
Zhang et al. [10] evaluated the microstructure of high-strength steels with 0.00 and 0.03 wt.%
Nb. Microstructure images obtained using an optical microscope are presented in Figure 2.
An austenitic grain-refinement effect was observed due to the Nb addition. However, the
increase in tensile strength was only 0.76%. Zong and Liu [41] studied the Nb influence on
the yield strength, ultimate tensile strength, and elongation of Ultra-Low Carbon Bainite
(ULCB) steel. The Nb content added was 0.035 wt.%, 0.069 wt.%, 0.084 wt.%, and 0.107 wt.%.
The steels showed improvements in the yield strength and ultimate tensile strength com-
pared to steel with 0.035% Nb. The maximum increases achieved were 9.46% and 5.88%,
respectively, substantially greater than those reported by Zhang et al. [10]. However, the
steel elongation was impaired for some additions greater than 0.035%, suggesting a possible
ductility loss due to the Nb addition. The refinement of the microstructure can reduce
material ductility while increasing its strength. Among the additions evaluated by Zong
and Liu [41], 0.069% Nb was shown to be an optimal value for strength and elongation.

(b)

50 um 50 um

Figure 2. Austenite grain of steels with (a) 0.00 wt.% Nb and (b) 0.03 wt.% Nb. Adapted from Zhang
etal. [10].

Jack and Szpunar [16] observed a similar effect to that reported by Zong and Liu [41]
where the steel elongation and, consequently, the ductility were affected by increasing the
Nb content from 0.008 to 0.080 wt.%. Figure 3a shows that the sample with the highest
Nb content presented the highest yield strength and ultimate strength; however, it failed
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with significantly less strain without showing a yield plateau. These results indicate that
the grain-refinement effect has a more significant beneficial impact on the yield strength,
ultimate strength, and toughness than on the ductility and strain capacity [31]. However,
an opposite finding was reported by Tian et al. [11] when comparing ultra-high-strength
stainless steel without Nb and with a high Nb content (0.11 wt.%); they observed that
the latter presented lower plasticity and ultimate tensile strength. The authors associated
this detriment in mechanical properties to the high Nb content, resulting in large particles
corresponding to a second undissolved phase on the steel matrix. The particles interrupt
the matrix continuity and induce stress concentration during deformation. This stress
concentration leads to a worsening of plasticity and tensile strength.

700 1600
------- 0.008 wt.% Nb <=+++-0.000 wt.% Nb
6004 ——0.080 wt.% Nb 1400 4 ——0.030 wt.% Nb
500 1200 -
E 1 AN £1000
= 4001 =
2 2 800
5300 g
Z < 600+
200 1 :,- ati ]
100 2001
0+ . , . : , 0 . . . . ; : .
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 2 4 6 8 10 12 14 16
Strain (-) Strain (%)
(a) (b)

Figure 3. Effect of Nb content on the stress—strain response of (a) normal-strength Adapted from Jack
and Szpunar [16] and (b) high strength-steel. Adapted from Zhang et al. [10].

On the other hand, studies show that the fact of adding Nb will not necessarily
generate a decrease in ductility. In addition to the added Nb content, other aspects, such as
the steel strength and its chemical composition, can influence the ductility. For example,
the stress—strain curves obtained by Zhang et al. [10] (Figure 3b) indicate that the addition
of 0.030 wt.% Nb did not negatively affect ductility in high-strength V-microalloyed steels.
Likewise, the effects on increasing strength and toughness were not significant. The main
benefits of the Nb addition were a decrease in the corrosion rate by 24% and a 13% lower
susceptibility to hydrogen-induced delayed fracture (HIDF). Both effects were promoted by
grain refinement and hydrogen trapping induced by NbC precipitates [42]. Another study
developed by Wu et al. [3] found a similar trend. In this case, the mechanical properties of
high-strength steel were not significantly affected by adding 0.06 wt.% Nb. Properties, such
as the yield and ultimate strength suffered reductions of just 3.05% and 1.07%, respectively.
Meanwhile, the steel elongation presented an increase of 5.71%.

2.3. Effects on Cyclic Mechanical Behavior

Although several investigations show the benefits of Nb addition in steels subjected to
quasi-static loading, a few studies have explored the behavior under cyclic loading. Zhao
et al. [43] analyzed the behavior of Nb-microalloyed steels subjected to ultra-high fatigue
cycles (109 cycles). A parameter evaluated in the study was the ratio of fatigue limit to the
tensile strength measured under quasi-static conditions. It was found that Nb-microalloyed
steels develop ratios of approximately 0.55, which is higher than that observed in other
high-strength steels without the Nb addition. The increase in the fatigue limit is attributed
to the grain refinement mechanism caused by the Nb addition. Finer grains promote a
decrease in the stress concentration in their boundaries, impacting improvements, such as
more uniform deformation and increased fatigue strength. According to Zhao et al. [44],
Nb(C, N) carbonitride particles induce a pinning effect that reinforces the matrix at a
microstructural level. In this way, the resistance to high-fatigue cycles is improved since
the particles inhibit plastic deformation.
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On the other hand, studies that have evaluated the effects of corrosion and cyclic
loading in Nb microalloyed steels are more scarce. A study developed by Xu et al. [42] is
one of the few that has explored the effects of the addition of Nb on the corrosion fatigue
behavior of high-strength steels. The authors found that adding 0.1 wt.% Nb can reduce
the susceptibility to marine corrosion fatigue by 8%. However, the most notable beneficial
effect was when high-strength steel was subjected to a hydrogen charging environment,
such as pressure vessels and pipelines. The corrosion fatigue sensitivity in these cases can
be reduced by up to 40%. According to the authors, the steel microstructure refinement
and the formation of NbC precipitates inhibit the nitrogen concentration, promoting steel
embrittlement. In this way, the initiation and propagation of cracks is minimized.

2.4. Effects on Corrosion Resistance

The corrosion of steel structures is a significant issue that leads to the deterioration
and failure of infrastructure components, resulting in enormous economic losses and po-
tential safety hazards. Niobium has shown great potential in preventing the corrosion of
microalloyed steels, especially in corrosive environments. Several studies have investi-
gated the effect of the niobium content on the corrosion resistance and durability of steel
structures [9,12,17,40,45-48].

The literature has reported two strategies to improve steel corrosion resistance using
Nb. The most common practice is adding Nb to the steel composition during manufactur-
ing. The other less explored strategy involves applying an Nb-based coating to the steel
surface [12,45]. In both cases, the added Nb content is crucial, so it should be defined based
on the steel characteristics and the aggressiveness of the corrosive atmosphere.

The parameter commonly used to evaluate corrosion resistance is the corrosion rate,
frequently expressed in millimeters per year. This parameter is indirectly determined since
it is necessary to experimentally quantify other variables, such as the mass loss or thickness
reduction. The corrosion rate can also be determined from electrochemical techniques, for
example, via the potentiodynamic polarization technique [46]. In the literature, various
corrosive environments have been evaluated, including sulfuric acid, NaCl, and CO;-
polluted saline atmospheres. Specifically, Nam and Kim [17] assessed the effects of adding
0.05 and 0.10 wt.% niobium on the corrosion resistance of low-alloy steel exposed to a
10 wt.% sulfuric acid solution. It was found that increasing the Nb content promotes the
decrease in the passive current within the corrosive environment. The researchers attribute
this tendency to the fact that the Nb present in the steel creates an oxide layer that protects
its surface, thus inhibiting the steel dissolution. The addition of 0.05 and 0.10 wt.% Nb
reduced the corrosion rate by 28% and 54%, respectively (see Figure 4).
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Figure 4. Influence of Nb addition on the corrosion rate of low-alloy steels exposed to sulfuric acid.
Adapted from Nam and Kim [17].
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The Nb effects on the corrosion resistance induced by hydrogen sulfide (H,S) were
studied by Liu et al. [9]. The H,S solution was prepared by injecting distilled water into an
autoclave, and then, nitrogen with 99.99% purity was injected to eliminate oxygen from the
solution. To maintain the properties of the solution, H,S was continuously injected into
the autoclave during the immersion of the samples. Surface micrographs of steels with
0.00 and 0.07 wt.% Nb captured after 240 h of immersion in hydrogen sulfide are presented
in Figure 5. An analysis of the morphology and composition of the corrosion products
suggests that the addition of Nb retards the precipitation rate of corrosion products (iron
sulfides). Additionally, a more significant amount of pyrrhotite accumulates on the steel
surface. These characteristics contribute to the fact that the porosity of the oxide layer is
lower in Nb-microalloyed steel. In fact, a dense and compact layer improves corrosion
resistance. In another study, Li et al. [47] exposed steels (0.055 wt.% Nb) with and without
hydrogen to electrochemical corrosion in a 3.5% NaCl solution. It was observed that the
corrosion resistance improves remarkably only in hydrogen-contained steels. The authors
attributed this fact to the hydrogen-trapping effect promoted by the NbC precipitates,
which restrict the activation of hydrogen that would accelerate the steel anodic dissolution.

Figure 5. Corrosion products on the surface of the (a) Nb-free steel and (b) Nb steel samples after
240 h of immersion in H,S. Adapted from Liu et al. [9]; the figure was vectorized using the free
software Inkscape [49].

Liu et al. [12] evaluated the effects of a wide range of Nb additions (0.2, 0.5, 1.0,
3.0, 5.0, and 7.0 wt.%) to a stainless steel coating. Carbon structural steel plates with
100 x 40 x 8 mm dimensions were coated and exposed to electrochemical corrosion using
a 3.5 wt.% NaCl solution. It was found that the addition of 1.0 wt.% Nb produced the best
performance in terms of corrosion resistance. However, for higher addition values, the
performance was lower. It is usually expected that the Nb oxides will accumulate on the
steel surface during corrosion, forming a protective film. However, when the added Nb
content is excessive (>1.0 wt.%), the formation of Laves phases of ferroniobium (Fe;Nb)
is promoted, making the steel more susceptible to corrosion. In addition, Wu et al. [40]
evaluated the influence of Nb and Antimony (Sb) addition on the susceptibility to cracking
due to the combined effects of tensile stresses and corrosion in steels. A marine atmosphere
polluted by SO2 was simulated in the laboratory to corrode the specimens. It was found that
the susceptibility to cracking decreases when adding these elements. Parameters, such as
elongation losses and specimen area reduction, measured through slow strain rate tension
(SSRT) tests, presented maximum reductions of 57.45% and 37.25%, respectively. The best
performance was achieved for addition values of 0.06 wt.% Nb and 0.1 wt.% Sb. According
to Wu et al. [40], the performance improvements are because the NbC precipitates reduce
the hydrogen available in the steel, decreasing the susceptibility to hydrogen embrittlement.
This phenomenon leads to improvements in the microstructure and, consequently, in the
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strength of steels with respect to cracking due to the combined effects of tensile stresses
and corrosion.

3. Mechanical Behavior of Corroded Steel Beams

Since corrosion is a degradation process that occurs gradually over the years, the
mechanical properties are also continuously degraded over time. Therefore, it is essential
to understand and characterize this degradation behavior directly related to the corrosion
level to which the structural element is submitted.

The mechanical property degradation of steel can be analyzed through several method-
ologies. In general, more corrosion studies on small specimens have been reported in the
literature. On the other hand, studies on large-scale specimens, such as beams [48,50-55],
columns [56], beam—column joints [57-60], and frames [61], are more scarce [62]. The
techniques used to induce corrosion can be classified according to the environment where
the corrosion occurs, such as indoor [63] or outdoor [61,64,65] environments. In outdoor
corrosion environments, the steel is exposed to the actual conditions of the corrosive atmo-
sphere [64,65]. Uncorroded specimens can be submitted to an in situ corrosion condition.
For example, Zhu et al. [65] investigated the corrosion behavior of stainless steel and Ni-
alloy samples immersed in the South China Sea. Moreover, it is also possible to evaluate
the corrosion resistance of corroded elements and structures. Tzortinis et al. [48] analyzed
the mechanical behavior of corroded I-beams from two steel bridges in service since 1939.

The corrosion rate is another variable used to classify corrosion, which means that
the corrosion can be induced naturally [48], as in the case of most outdoor corrosion, or
induced in an accelerated process [60,62]. The outdoor natural corrosion is advantageous
since it is possible to know the real steel corrosion resistance in a specific environment.
However, the test duration may become excessive [66] since corrosion is time-dependent.

According to ISO 9223 [67], the environments are classified into six categories based
on their ability to induce corrosion in steel and other metals. Specifically, the ISO-C3
and ISO-C4 categories, defined in the standard [67], detail corrosion rates of 25-50 um/a
and 50-80 um/a, respectively. Zhang et al. [61] report that 18.1-36.3 years of corrosion
typical of an ISO-C3 environment can be simulated by 20-120 days of accelerated corrosion
using an NaCl solution spray with a concentration of 50 & 5 g/L and a pH of 6.5-7.2.
Similarly, the same conditions can simulate 11.3-18.1 years of corrosion in an ISO-C4
environment. Under laboratory conditions, the degradation process can be accelerated
through several techniques, such as immersion in chloride solution, without [68] or with an
imposed electric current (electrochemical accelerated corrosion) [69,70], immersion in an
acid solution (sulfuric) [17], and exposure to salt spray through cabinets [60]. Although the
accelerated corrosion tests do not reproduce the real conditions of the corrosive atmosphere,
they allow for an evaluation of the corrosion resistance in a short time [71].

The steel composition affects the mechanical properties of steel corroded beams. On
a material scale, Rahbar and Zakeri [68] observed that, in the early stages of accelerated
corrosion (first 48 h), the corrosion resistance of high-strength steels (0.003 wt.% Nb) is
higher for steels with a higher Manganese (Mn) content, i.e., the specimens with more
Mn in their composition presented a lower weight loss. Moreover, compared to normal-
strength steel, the decrease in the tensile strength of the high-strength steel is accelerated
after 144 h of induced corrosion. It is difficult to perform a comparative analysis of the
results available at the structural level since the studies carried out with different types of
steel have evaluated different corrosion levels achieved using diverse accelerated corrosion
techniques. In this way;, it is not trivial to identify the effects of Nb incorporation on the
structural behavior of corroded high-strength steel beams. Nevertheless, a discussion on
how these parameters can affect the mechanical behavior of corroded steel structures will
be performed, regardless of Nb addition. Table A1 (Appendix A) presents a database of the
available literature on the corrosion results of microalloyed steel beams with niobium.

Corrosion leads to a reduction in the cross-sectional area of steel beams, as noted in
references [70,72-74]. According to Peng et al. [70], at the initial stages of corrosion, or
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with low levels of corrosion, this reduction occurs in a more random manner, resulting
in significant variations in the cross-sectional area along the beam’s length. As corrosion
progresses, the variation in this parameter tends to stabilize along the length of the beam,
likely due to the gradual coalescence of corrosion pits [74]. Xiao et al. [74] found that at
lower levels of corrosion damage, the depth of corrosion pits is quite uniform, meaning
that the pits are nearly the same depth. However, as corrosion damage increases, the
depth distribution of these pits broadens. Furthermore, the extent of variation in the
cross-sectional area can influence the beam'’s slenderness ratio, potentially altering the
classification of its flange and/or web. This could also impact the design method and
failure mode; for example, local buckling of the compression flange may occur before the
global failure [72]. This effect is presented in Appendix A.

Corrosion degradation significantly impacts the load-bearing capacity of steel beams,
as demonstrated by Peng et al. [70] and Xiao et al. [74], which both conducted similar tests
on high-strength Q460D steel containing 0.19 wt.% Nb (refer to Table Al in Appendix A).
These studies confirmed a direct relationship between the extent of corrosion and the
reduction in mechanical properties. Notably, both reported changes in the failure mode of
the beams, attributing these changes to corrosion-induced modifications in the slenderness
of the web and flange. Despite the use of similar materials, the studies noted markedly
different outcomes. Reference [74] observed that a 15% loss in mass due to corrosion led
to significant openings in the web, causing a sharp decrease in the peak load by 64.15%.
Conversely, [70] found a more modest reduction in the peak load of 32.90%, highlighting
the variable impact of corrosion on the structural integrity. Comparing studies [70,74],
there is evidence suggesting that steel with a lower niobium content experiences a more
pronounced reduction in strength and a higher likelihood of changes in failure patterns
with less advanced corrosion effects. However, research comparing the effects of corrosion
on beams containing niobium is limited, indicating that the true structural-scale influence
of niobium requires further investigation.

4. Effects of Corrosion on Weld Integrity

Steel structures frequently have the significant presence of severe corrosion during
their service life [75,76]. In such cases, the weak points in the structure often lie at the
welded joints, and when subjected to these loads and corrosion, they can increasingly
become a significant contributing factor to structural damage [77]. Consequently, it is
important to understand the performance of welds and, within the context of this study,
explore the potential for enhancement through Nb addition. Therefore, in welding pro-
cesses, two crucial areas that significantly impact the mechanical properties of the final
product are the weld itself and the heat-affected zone (HAZ), the latter being the region of
the metal that, while not melted during the welding process, has experienced changes in its
microstructure and properties due to the heat of welding. The microstructure of the HAZ
plays a vital role in the mechanical properties after weld fabrication, with welding-induced
thermal cycles precipitating phase transitions that catalyze profound alterations in these
properties. Such changes include the emergence of harder microstructures, like martensite,
which enhance strength while concurrently reducing ductility [78].

Moreover, the peak thermal conditions and the rate of cooling within the HAZ are
critical; rapid cooling can yield a refined grain structure, generally increasing toughness but
potentially introducing more brittle phases [79]. In addition, the distinct microstructural
attributes within the HAZ are crucial for determining the fatigue life of the weldment, with
areas of fine grains offering superior fatigue strength compared to their coarser-grained
counterparts [80]. Several factors influence the HAZ, including the steel composition, the
characteristics of austenite grain coarsening, plate thickness, and welding conditions [81].
These factors can alter properties, such as toughness and susceptibility to cracking [78,79,82].
The HAZ, illustrated in Figure 6, is commonly classified into five distinct regions: the base
metal (BM), the tempered zone (TZ), the intercritical HAZ (ICHAZ), the fine-grained HAZ
(FGHAZ), and the coarse-grained HAZ (CGHAZ) [83].
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Regarding mechanical properties, the CGHAZ and the ICHAZ exhibit the lowest
toughness among the different regions of the weld joint [19,84,85], because these areas
undergo significant microstructural transformations during the welding process. In the
CGHAZ, the high heat input can cause the austenite grains to coarsen significantly [86],
while the ICHAZ is subject to complex thermal cycles that can form brittle phases, such as
martensite [87]. Increasing the Nb content can improve the toughness, tensile strength, and
yield strength of the CGHAZ and ICHAZ due to the microalloying effect that it imparts
on the steel matrix [6,13,88]. Additionally, Nb can reduce the grain size and increase the
amount of acicular ferrite in the microstructure, improving fracture toughness and plastic
deformation resistance, illustrated in Figure 3 [2,6,13,19,88,89].

" weld ! I Base Metal

0.03Nb 0.06Nb

Figure 6. Influence of Nb on the HAZ adapted from Sun et al. [88].

Moreover, Nb segregation at grain boundaries (GBs) can inhibit the initiation and prop-
agation of cracks, as shown in [90]. This paper compared the grain boundary characteristics
of pure nickel steel with a nickel-niobium alloy (Ni-0.4Nb), concluding that the presence of
stacking faults (SFs) in the Ni-0.4Nb system acts to delay the onset of cracking; these SFs are
crystal defects in face-centered cubic materials that disrupt the regular stacking sequence
of atomic planes, altering mechanical properties and impeding dislocation motion [91], as
illustrated on Figure 7. Nb can also form Nb(C, N), which can act as nucleation sites for
acicular ferrite formation [88]. The evaluation of grain sizes in the HAZ requires the use
of SEM [2,6,13,88,89], while toughness is determined through the Charpy V-notch impact
test [2,6,88,89], following standards, such as ASTM E23-12a [92] and BS EN 10045 [93].

Additionally, the HAZ demonstrates higher susceptibility to corrosion than the BM,
where the corrosion resistance in descending order was the BM, TZ, FGHAZ, ICHAZ, and
CGHAZ [19,84,94], which can be attributed to the microstructural changes induced by
the welding heat [94]. Few articles explore the Nb influence on the corrosion-exposed
HAZ. Qiao et al. [13] compared the HAZ of Nb-free and Nb-bearing steel under corro-
sion. A hydrogen electrochemical charging test was performed to evaluate the material’s
susceptibility to hydrogen-induced stress corrosion cracking and, simultaneously, a slow
strain rate tensile (SSRT) test was conducted to evaluate the mechanical properties of steel.
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The research shows that adding Nb reduced vulnerability to stress corrosion cracking in
hydrogen-rich environments by acting as a hydrogen trap, limiting hydrogen ingress into
the steel. Nanosized NbC precipitates served as permanent traps, reducing the likelihood

Pure Nispecimen Ni-0.4Nb Specimen

€=0.0304

of hydrogen-induced cracking and enhancing resistance to stress corrosion.

€=0.0308

Figure 7. Influence of Nb at grain boundaries. Adapted from Jha et al. [90].

€=0.046

Additionally, the presence of Nb helped decrease grain size and promote consistent
fine microstructures, further improving resistance to stress corrosion. Wang et al. [19] inves-
tigated the comportment of HAZ on Nb-free and Nb-bearing steel in a simulated seawater
solution with electrochemical experiments. Three electrochemical methods were utilized
for the measurements: open circuit potential, electrochemical impedance spectroscopy,
and potentiodynamic polarization tests. While the standards used for these tests were not
explicitly mentioned in the paper, commonly employed standards include ASTM G5 [95]
for potentiodynamic polarization tests, ASTM G59 [96] for EIS, and ASTM G102 [97] for
OCP measurements. The microstructures of the specimens were observed using OM, a
stereo microscope, and high-resolution TEM. The authors concluded that the Nb-bearing
samples had more compact and firm corrosion product films than the Nb-free samples.
These thin layers of compounds form on the surface of a metal when it corrodes and act as
a natural defense mechanism, establishing a barrier between the metal and the corrosive
environment through the composition of various corrosion products, like oxides, hydrox-
ides, and salts [98]. The integrity and compactness of these films are crucial in determining
the metal’s corrosion resistance, with more compact films offering greater resistance to
ion migration and thus diminishing the extent of corrosion-induced destruction [99]. The
enhanced compactness of the corrosion product films on the Nb-bearing samples bolstered
their resistance to ion migration, effectively inhibiting the initiation and propagation of
pitting holes caused by the chloride ion. Consequently, the corrosion resistance of the
Nb-bearing steel was significantly improved. Consequently, this hindered the onset and
spread of pitting damage caused by chloride ions, as shown in Figure 8. The corrosion
current density and the corrosion potential were lower in Nb-bearing steel. Both studies
conclude that Nb-bearing steel tensile strength and yield strength after corrosion were
higher than Nb-free steel’s, and the Nb inclusion in the steel improved the strength and
corrosion resistance of the welded joints in the Nb-bearing steel’s. This enhancement can
be attributed to the nanosized precipitation, uniform microstructures, and other associated
effects of adding Nb as a microalloy [13,19]. Besides these findings, variations in the com-
position and microstructure between the HAZ and the BM can cause localized differences
in electrochemical potential, thereby promoting galvanic corrosion [77].
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Figure 8. Pitting corrosion on ICHAZ for (a) Nb-bearing and (b) Nb-free steels immersed in seawater.
Adapted from Wang et al. [19]; the figure was vectorized using the free software Inkscape [49].

5. Current Challenges and Future Research Needs

The article discusses the advantages of incorporating niobium into steel, emphasizing
its significant impact on enhancing strength, toughness, and corrosion resistance. Niobium
improves steel’s grain structure, which in turn boosts mechanical properties and resistance
to environmental degradation. It also forms niobium carbides that protect steel in corrosive
environments and fosters a more uniform microstructure, reducing the steel’s vulnerability
to issues, like pitting and stress corrosion cracking. The effectiveness of niobium depends
on its concentration, necessitating tailored optimization based on specific environmental
conditions and application requirements. The article underscores the importance of ongoing
research to precisely adjust niobium’s use in steel, highlighting that there are still challenges
to overcome and new research needed, which are detailed in the following sections.

o  Although several studies have explored the impact of Nb addition on the mechanical
properties and corrosion resistance of microalloyed steels, the improvement in prop-
erties and a subsequent deleterious effect as the percentage of Nb increases suggests
the existence of an optimal percentage for each type of alloy. Future studies can be
conducted to identify optimal additions for structural additions that could be subjected
to high loads and corrosive environments.

e  Although the positive influence of Nb addition on the mechanical properties of steels
is widely known, studies elucidating the effects of Nb addition on steels exposed to
salt spray are quite limited. Experimental investigations must be conducted to identify
the optimal Nb addition percentages that would generate better mechanical and
durability performance. The results of these studies can be applied to the production
of Nb-microalloyed steels for structures exposed to the marine atmosphere.

e  Asdiscussed throughout the paper, several factors, such as the corrosion level, corro-
sion rate, and steel composition, influence the mechanical behavior of corroded steel
structures. There is no standard for evaluating the properties affected by the corrosive
process, and each study considers different scenarios and variables. Therefore, it is
a challenge to compare different studies and evaluate the contribution of each factor
in the residual properties of corroded elements, aiming to establish the best material
solution for each design configuration.

e  As discussed throughout the paper, corrosion in the welded joints is important for
structural behavior, as it can be the weakest region for corrosion. In this regard, no
studies addressing alveolar beams under corrosion were found during the information-
gathering process. In these beams, the cutting and welding process is typically applied
to increase the structural performance. Conducting studies to assess its corrosion resis-
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tance and exploring potential methods to enhance its performance, such as utilizing
Nb, are of paramount importance.

e  Some relevant aspects have not been investigated yet. The phenomenological changes
in microstructure are achieved by adding Nb to the material nonlinear hardening
behavior. Also, cyclic test results to understand hysteresis, which are fundamental to
applying or developing constitutive models, can buster the investigations on a meso
and macroscale and promote the material application.

e No investigation was found on Nb-microalloys submitted to stress states in aggressive
environments, which is essential for other steel types, like stainless steel [100]. Such an
investigation represents the actual condition of the structural elements and is necessary
for expanding the use of such alloys.

e  The literature mapping revealed that there are no studies that evaluate the influence
of temperature corrosive environments on the mechanical property degradation of
Nb-microalloyed steels. Future studies could be developed on this topic through the
use of temperature-controlled salt spray chambers.

6. Conclusions

e  While some standards prescribe a limit addition value of 0.07 wt.% Nb, the experimen-
tal studies reviewed provide evidence that higher addition values can significantly
enhance corrosion resistance. This suggests that although the value established by
standards may optimize improvements in mechanical parameters, such as the yield
strength, ultimate strength, and toughness of the steel, it may not necessarily yield the
best durability performance when the steel is exposed to corrosive atmospheres.

e  The addition of niobium to steel consistently enhances its corrosion resistance across
various types of corrosive atmospheres. This improvement is attributed to the for-
mation of a compact layer of niobium oxides that shields the steel from dissolution.
However, it is crucial to monitor the quantity of niobium added, as excessive amounts
(>1.0 wt.%) can result in the formation of Fe;Nb, which actually increases the steel’s
susceptibility to corrosion.

e  Generally, higher levels of corrosion result in significant reductions in the mechanical
behavior of steel beams. This degradation is challenging to predict consistently due to
the wide range of variables present in different studies. Moreover, corrosion influences
the slenderness ratio of the flange and the web, which are critical factors in the structural
design of steel members. This interconnectedness highlights how corrosion impacts not
only the material strength but also the fundamental design parameters of steel structures.

e Incorporating Nb as a microalloy significantly enhances the properties of the HAZ, im-
proving toughness, strength, and corrosion resistance. Additionally, Nb contributes to re-
ducing the grain size in the HAZ and promotes the formation of acicular ferrite. This leads
to improved fracture toughness and resistance to plastic deformation, demonstrating
how Nb plays a multifaceted role in enhancing the overall performance of the material.
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Appendix A
Table Al. Experimental studies of niobium microalloyed steel beams subjected to corrosion.
Span Stec Beam Corrosion Experimental l]t/[ass Peak Load
h h t t b 0ss i i
Research (m) Steel Ty w w f f Nb Method Test Failure Mode Red(t:/c)tlon
Nom.  (MPa) (mm) (mm) (mm) (mm) (mm) Content (%) °
Immersion in a 0 local buckling of upper flange 0
5 wt.% NaCl i
Peng . 460D sco - . . . 0 o1 o 4-point 5 local buckling of upper flange 6.09
etal. [70] : ‘ Corrosion bending test 10 local buckling of upper flange 13.41
current: 15 buckling of upper flange and 32.90
1880 mA web near mid-span '
0 local buckling of upper flange 0
5.63 local buckling of upper flange 17.4
Outdoor .
artificial 6.89 buckhn% of upper flange and 2171
4-point ’ web near mid-span ’
Zhang 1.5 Q345 345 200 182 6 9 150 <0.07t accele.zrated poin p
etal. [72] corrosion test bending test buckling of upper flange and
t 13.1 . 27.54
up to web near mid-span
12 months — ¢ i 1
1688 Puckling of upper flange an 305
web near mid-span
Immersion in a 0 buckling of upper flange 0
5 wt.% NaCl 4.87 buckling of upper flange 2.83
Xiao solution. 4-p0il’1t 9.61 buckli £ fl. 12.97
etal. [74] 18 Q460D 460 200 184 8 8 150 0.19 Corrosion bending test i HCTIng o Upper Tange i
current: 11.67 web buckling failure 30.89
0.005 mA/cm? 14.87 web buckling failure 64.15

[Note] f, = yield strength, I = steel beam depth, ;, = web depth, t,, = web thickness, # = flange thickness, by = flange width, * According to GB/T 1591-2008 [101] standard.
Y=Y g P P 'f g ’f g g
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