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Abstract

This paper reviews the previous literature on the alloy composition design of low-density steel (LDS), focusing on the effect
of Al, Mn, Ni, and other alloy elements on the formation of the steel matrix and second phase, and provides classification.
The microstructure of LDS after processing includes the matrix structure, k-carbide, and B2 (FeAl, NiAl, or MnAl) phase
of ferritic LDS, austenitic LDS, and dual-phase LDS. The influence of alloy elements on the corrosion resistance of LDS is
derived from the addition of Al and Mn for metallurgy. Additionally, the influence of Cr and Mo addition on the corrosion
resistance improvement was studied. The electrochemical properties of the corrosion process in LDS are discussed. Further,
the microstructure of LDS affects the corrosion resistance properties including pitting corrosion, hydrogen embrittlement,
and SCC (stress corrosion cracking). Finally, future research directions are proposed.
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1 Introduction

In the past decades, various types of low-density steels
(LDSs) have been extensively designed to meet the increas-
ing demands for steel strength, energy saving, and emission
reduction that reduces the ecological burden in the automo-
tive industry [1-5]. In the 1980s, Fe—Mn-Al-C LDS was
considered as a substitute for austenitic Ni—Cr stainless steel
because of its lower price. In terms of mechanical properties,
Mn is used as an austenite stabilizer, and Al addition can
significantly reduce the density of the material. Moreover, Al
can also provide a passive film for the substrate, promoting
the corrosion resistance of the materials [6-9]. Since then,
many scholars have extensively studied the protection of
surface oxide film, solution corrosion, and stress corrosion
cracking of Fe—-Mn-Al LDS. However, these results show
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that the corrosion resistance of Fe-Mn-Al LDS is inferior
to that of austenitic Ni—Cr stainless steel [9-15].

Recently, with more in-depth research on LDS, great
progress has been made in the design of alloy composition,
machining, and heat treatment of LDS, which realizes the
differentiation of the microstructure, second phase, and
properties of LDS, high-manganese TWIP steel, and TRIP
steel with similar compositions [2, 5, 16—19]. Therefore, it
is necessary to sort out the alloy composition design and
microstructure of the current LDS and summarize past
research on the corrosion resistance of LDS to guide the
development of a new generation LDS with improved cor-
rosion resistance.

1.1 Metallurgical Characteristic of LDS

The main function of Al in LDS is to reduce its density. The
density decreases by 0.098 g/cm? for ferrite with 1 wt% Al
addition [1, 14]. According to a previous study on the Fe-Al
phase diagram [20], three phases (disordered A2-phase
(a-Fe), ordered B2-phase (FeAl), and ordered DO;-phase
(Fe;Al)) could be formed in the Fe-Al alloy. In the Fe-Al-C
system, it is prone to produce k-carbide when the Al content
is higher than 5 wt% [21, 22]. The main role of C and Mn is
to promote the formation of austenite phase. The density of
austenite is 8.15 g/cm®, which is higher than 7.87 g/cm? of
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ferrite. However, the density of the austenite alloy decreases
by 0.101 g/cm® with adding 1 wt% Al, by 0.41 g/cm® with
adding 1 wt% C, and by 0.0085 g/cm® with adding 1 wt%
Mn [1, 14]. Mn and C introduce a variety of carbides into
the alloy, among which k-carbide is the most important. The
main function of Ni is to strengthen the B2 phase and change
it from the brittle inclusion to strengthening phase. The addi-
tion of Ni leads to a new B2 phase in NiAl [23]. Ni enhances
the precipitation strengthening of the B2 phase and does not
affect the original strengthening mechanism of k-carbide [5].

LDS can be divided into ferrite LDS, duplex LDS, and
austenite LDS according to the difference of alloying ele-
ment content and microstructure type [24]. Few or only a
few amount of Mn is added to ferrite LDS because of the
expansion of the austenite phase zone of Mn [25-29]. Aus-
tenitic LDS can be divided into duplex LDS and austenitic
LDS according to the different alloying elements and the
second phase [5, 30-33]. The composition of duplex LDS
is similar to that of austenitic LDS, but the final structure
contains two phases of ferrite and austenite. The heat treat-
ment and rolling processes of the three LDSs are shown in
Fig. 1. For the alloy with Mn, Nb, and other carbide forming
elements, a short time of intermediate annealing can be car-
ried out before cold rolling, and then the final annealing can
be carried out after cold rolling [25, 28]. The heat treatment
method is also different according to the different second
phases in austenitic LDS, as shown in Fig. 1b. The alloys
strengthened by k-carbides are usually annealed directly

a Ferritic LDS

after hot rolling combined with a solution and aging treat-
ment [20, 34-38]. The cold rolling and annealing process
can also be added before the aging process [39, 40]. How-
ever, the alloy strengthened by the B2 phase is usually cold-
rolled after hot rolling to refine the grain and then annealing
[5, 36, 41]. For duplex LDS, it can also be annealed at 1000
°C for 1 h after hot rolling [16, 32, 42-44]. The heat treat-
ment of the duplex LDS with Ni addition is the same as that
of the austenitic LDS with Ni addition [17, 45].
Temperature and time in the heat treatment can determine
the distribution and morphology of precipitate. When heated
at 500 °C, the cellular transformation will take place and
it can be described as y —y+k+a [46]. When heated at
600 °C, x-carbides could be formed in austenite (y — k+ a).
With the heating temperature arriving 800 °C, austenite with
granular intragranular k-carbide and nano-a-ferrite distrib-
uted at the austenite grain boundary could be observed in
the alloy [47]. The k-carbide transformation process at dif-
ferent heating time is similar to that at different heating tem-
peratures. The difference is that the L1, phase (L1, is the
metastable phase during the transformation from austenite to
k-carbide) in austenite will coarsen gradually with the exten-
sion of heating time. It will transform into lamellar intra-
granular k-carbides under long-term annealing [48]. When
annealed at 700 °C for 100 h, the final microstructure will
be a mixture of intragranular k-carbides and intergranular
k-carbides. When annealed at 800 °C for 100 h, the lamellar
structure of intergranular k-carbides can be observed in the

Homogenization Hot rollin Warm rolling Coidsolling Annealing
1000-1250°C, 1-4h g 600-700°C bt 750-900°C, 1-60min
b Austenitic LDS
solution-treated Acing
Homogenization - 1000-1200°C, 1-2h =
1100-1200°C, 2h H Hot rolling H and water 120-450C, 2minr-
; 192h
quenching
l Ni addition
- Annealing
Hot rollmg Cold rolling H 900°C, 15min
1050-900°C i i .
and water quenching
C DuplexLLDS
solution-treated
Homogenization Hot rolling Cold rollin. b 7?%;323}? : Annealing
1100-1200°C, 1-4h 1100-900°C ¢ - 600-800°C, 0-1h
and water
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Fig. 1 Typical heat treatment processes of a ferrite LDS [25-29], b austenitic LDS [5, 19, 30, 33-39, 41, 49], ¢ duplex LDS [16, 32, 40, 4245,
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final production [49, 50]. After cold rolling, the B2 phase
in the steel is mainly a stringer band along the rolling direc-
tion. This stringer band B2 phase has higher brittleness and
poor ductility [17]. The annealing time will also affect the
distribution of the B2 phase.

The influence of alloying elements and microstructures
on LDS properties in metallurgical process is diverse. How-
ever, due to the basic content of Fe, Mn, and Al in LDS,
different kinds of LDSs have common performance in cor-
rosion resistance. The chemical composition, microstructure
types, and precipitate characterizations (variety, size, and
amounts) have a significant effect on the corrosion resist-
ance of the LDS, which will be discussed detailly in the
following.

1.2 Microstructure and Mechanical Properties
1.2.1 Ferritic LDS

Ferritic LDS mainly contains d-ferrite, FeAl (B2 phase), and
Fe;Al (DO3 phase) [51]. As the APT (atom probe tomog-
raphy) maps of the rolled structure and element distribution
shown in Fig. 2a, k-carbides can also be formed when Mn
is added [20]. The ferritic LDS is mainly made of single
ferrite with the amplification effect of Al on 8-ferrite phase
zone. The higher Al content increases the recrystallization

temperature of ferrite. This would promote the ferrite to be
elongated into ribbons along the rolling direction during
the hot rolling process (Fig. 2b) [25, 26]. Cold rolling and
annealing could promote the formation of equiaxed crystals
and eliminate the adverse effects of high Al content (Fig. 2¢)
[25]. To avoid the formation of hard and brittle Fe;AlC,, 5
precipitates, the C content should be lower [26]. The addi-
tion of strong carbide forming elements (such as Nb) is an
important strengthening method for ferrite LDS, which can
facilitate the carbide particle precipitation at the ferrite grain
boundary (Fig. 2d) [28]. The addition of Nb can also inhibit
the recrystallization of ferrite during hot rolling and improve
the mechanical properties of ferrite LDS (Fig. 2e) [14, 25,
26, 28, 29]. Due to the limitation of mechanical properties,
the research progress regarding the corrosion resistance of
ferritic LDS is relatively lacking, and no systematic research
has been reported.

1.2.2 Austenitic LDS

There are two different design philosophies for austenitic
LDS: one is to add a large amount of Mn (> 10%) to form
k-carbide [30, 31, 36, 52], and the other is to add Ni (0-5%)
to form the B2 phase [2, 5]. Different design methods

25 . *  Fe(7.2-8.5)A1-(0.35-1.1)C
. 4  Fe-5Mn-0.017C, Fe-5Mn-0.1C-0.1Nb
201 . *  Fe-7A1-0.35C-(0.2-1.0)Nb
A *  Fe-(7.5-8.5)A1-(0-0.1Nb)-(0-0.1Cr)-(0-0.3Ti)
154 . + Fe-(6.8-8.1)A1-0.1Ti
- ° ™
10 : . . ;
300 400 500 600 700
Yield Strength (MPa)

Fig.2 a APT maps of C, Mn, and Al for Fe-3.2Mn-10Al-1.2C [51], b characteristics of the optical microstructures of Fe-7Al in hot-rolled con-
dition [26], ¢ IPF maps of Fe-8Al-5Mn alloy after cold rolling and annealing at 750 °C for 1 h [28], d TEM micrograph of NbC and k-carbide
along grain boundary of Fe-8Al-5Mn-0.1Nb-0.1C [28], e statistical of mechanical properties of ferrite LDS with different compositions [14, 25,
26, 28, 29]
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influence the microstructural and mechanical properties of
the austenitic LDS (Fig. 3).

The spatial distribution of k-carbides in austenite and
the composition change at the interface between them are
shown in Fig. 4a and b [31]. The k-carbides observed in
austenitic LDS during 500-1200 “C heat treatment are gener-
ally divided into intragranular and intergranular k-carbides.
The TEM dark-field micrographs and selected-area diffrac-
tion patterns of intergranular k-carbide and intragranular
k-carbide are shown in Fig. 4c and d [35].

B2 phase ((Fe, Mn, Ni)Al) and DO3 phase ((Fe, Mn);Al)
could be formed in LDS. The formation of the stringer band
B2 phase is a unique phenomenon in LDS with Ni addi-
tion [2, 5]. Annealing can change the morphology of the B2
phase, which can be divided into three types: (1) retained
stringer bands, (2) 200—1000-nm particles, and (3) 50-300-
nm ultrafine particles [2]. The discontinuous nanoscale B2
phase can act as a pinning dislocation, thus changing the
damage of the previous stringer band morphology to ductil-
ity [18]. The orientation relationship between fully recrystal-
lized austenite and B2 phase is shown in Fig. 5a. The matrix
has been fully recrystallized after long-time annealing. Most
of the B2 particles are located at the austenite grain bound-
ary, and only a few are located in the austenite grains, as
indicated in Fig. 5b and c [5, 53]. There are also nano-sized
k-carbides and DO3 phases in the austenite matrix and B2
phase particles, respectively.
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Fig.3 Statistical of mechanical properties of ferrite LDS with differ-
ent compositions and different heat treatments [2, 5, 21, 30, 34, 36—
39,41, 49, 53]
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It is worth mentioning that the premise of introducing B2
phase strengthening is to control the B2 phase in fine size
and dispersion distribution, since the larger B2 phase in steel
will still affect the properties of LDS and become the origin
of cracks and SCC (stress corrosion cracking) [54]. Due to
the effect of B2 on the corrosion resistance of materials, pre-
cipitates controlment will be an important factor to improve
the corrosion resistance of materials in the future.

1.2.3 Duplex LDS

In the duplex LDS, the microstructure after hot rolling is
a d-ferrite band along the rolling direction and austenite
refined owing to high-temperature recrystallization (Fig. 6a)
[44]. The coarse-grained k-carbides in the hot-rolled micro-
structure correspond to the Mn-rich region, whereas the
ferrite corresponds to the Mn-poor region [55]. The tem-
perature and time of solution treatment can change the mor-
phology of &-ferrite. When solution treatment is carried
out at 800-900 °C, the d-ferrite is locally coarsened from a
strip shape to a bamboo shape [44]. When the temperature is
higher than 1000 °C, the matrix is mainly composed of bulk
o-ferrite, and the content of austenite decreases significantly.
After annealing at 800-900 °C, the k-carbide will change
from lamellar to polygonal block, ferrite will also change
to polygonal grains, while austenite grains tend to coarsen
[32, 43].

In addition to the idea of forming x-carbides for strength-
ening, the methods of adding Ni to form B2 phase and
adding Cr to improve the corrosion resistance are also
developed. The effect of alloying elements on mechanical
properties of duplex LDS is shown in Fig. 6b. In a word, the
composition design is mainly used to increase the content
of austenite phase. In the process of deformation, slip band
can be formed in austenite grains, and the existence of a
large amount of austenite can also promote the formation of
dislocation substructure (Fig. 6¢) [32]. This will improve the
ductility of duplex LDS and relieve the internal strain energy
during hot rolling to improve the strain hardening rate.

The complexity of structure leads to the sensitivity to
local corrosion in duplex LDS. Transgranular cracks are
easier to pass through the ferrite region and terminate in
the austenite region [10]. Therefore, it will be an important
research direction to control local corrosion such as SCC in
duplex LDS by regulating the final structure.

2 Surface Oxidation of LDS
2.1 Oxidation in Hot Corrosion

In the metallurgical process of LDS, heat treatment is neces-
sary for promoting the passive film formation on the surface
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Fig.4 a Direct 1:1 correlation of atomic resolution STEM and APT of Fe-26.7Mn-14.0A1-5.3C alloy, b APT concentration profile extracted
across the horizontal y/x interface highlighted by the arrow in a [31], TEM dark-field micrographs and selected-area diffraction patterns of ¢
Fe-28Mn-9Al-0.8C alloy aged at 625 °C for 3 h and d Fe-25.7Mn-10.6Al-1.2C alloy [35]

Fig.5 a TEM bright-field image and corresponding SADPs of austenite and B2 in Fe-21Mn-10Al-1C-5Ni alloy, EBSD phase map b and KAM
c of austenite grains in Fe-21Mn-10Al-1C-5Ni alloy annealed at 900 °C for 15 min [5]

that improves the corrosion resistance of LDS. In a high-
temperature gas service environment (above 600 °C) with
gas state corrosive ions (C17), LDS exhibits better corrosion
resistance property [56]. The surface of the formed LDS has
a double-layer structure: the outer oxide scale is composed
of Mn, 03, Fe,05 and Mn;0,; the inner oxide scale is mainly

composed of Al,O5, and the porosity of the alloy substrate is
mainly due to the migration of Mn to the outer oxide scale
after selective oxidation. Additionally, some of the pores
are formed by the infiltration of C1™ into the interior to form
AICl; (Fig. 7a) [57]. In the Cl™-containing environment,
these voids are conducive to the migration of C1~, making
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Fig.7 a Microstructure and EDX maps of Fe-31.1Mn-9.07A1-0.89C alloy corroded at 750 °C for 4 h, b XRD analyses of scale formed on Fe-

30.1Mn-8.05A1-0.88C-3.04Cr alloy corroded at 850 °C for 24 h [56]

the alloy matrix more susceptible to corrosion [56]. There
are two critical Al content values for Al-containing alloys
[58]. The first critical Al content is 3.85—4.84 at%, which
indicates that the alloy changes from internal oxidation to
external oxidation. The second critical Al content is 13.3—-14
at%, which indicates that the surface oxidation products
change from Fe-Al mixed oxide to Al,O;. In this condition,
the alloy surface is completely protected by a passive film.
Therefore, the addition of Al can provide a better high-tem-
perature corrosion resistance in the hot working temperature
range for LDS. Secondary ferrite is usually associated with
the formation of voids [56], which may also act as nucleation

@ Springer

sites for pitting corrosion. Refine grains formed in the cold
rolling process can increase the concentration of the cation
diffusion interface and improves the surface oxidation at
high temperatures. In the initial process of high-temperature
oxidation, the fine grains are conducive to the outward diffu-
sion of cations. This could also prevent the inward oxidation
expansion of Mn?* and enhance the inward oxidation expan-
sion of AI** [59]. Unstable or metastable oxides like MnO
and FeO appear only in the surface oxide scales, and the
structure of the Al,Oj; film in the inner oxide layer formed by
fine-grain LDS is more compact and continuous [59]. In this
environment, the corrosion resistance of the alloy surface



Recent Advances on the Corrosion Resistance of Low-Density Steel: A Review

1061

will be improved with an increase in Al content [57]. Cr has
no obvious influence on the corrosion resistance enhance-
ment in this condition, due to the volatile salts (like Na,CrO,
and CrCl,0,) in Cl”-induced hot corrosion [56]. This is the
reason for no Cr-containing salts detected in the oxide layer
components (Fig. 7(b)).

2.2 Passivation and Electrochemical Control
in a Liquid Environment

The passivation behavior of LDS is closely related to the
type of solution medium. The corrosion resistance of LDS
in CI” environments can be enhanced by anodic passiva-
tion. In a 50% HNOj; solution, Fe-31Mn-8Al alloys can be
passivated [60]. Generally, the passivation of the LDS film
for 300 min can effectively improve the corrosion resistance
of the passivation film [61]. A significant passivation zone
could be seen in the passivation curve owing to the high pas-
sivation of Al and Cr and the oxidation of the 50% HNO;.
In a 10% HCI solution, the alloy with Al or Cr addition has
no passivation behavior, whereas the alloy can spontane-
ously passivate in 10%-50% NaOH solution [60, 62]. As
shown in Fig. 8a, in 3.5wt% NaCl solution, passivation will
appear in LDS alloys with Al content higher than 5% [13,
62]. In NaSO, solution, LDSs with different Al contents can
be spontaneously passivated [63]. The critical passivation
current density (I/-y), critical passivation potential (Ecg),
and passivation current density (/p) will decrease along the
increase in Al content [63]. In a 0.5 mol/L H,SO, solution,
LDS showed passivation only at pH 5.55-6.10 [9]. In rain-
water, LDS with Al content greater than 5% tends to be pas-
sivated [63], and the passivation behavior of LDS in this
medium remains to be studied.

The composition and structure of the alloy are also impor-
tant factors that affect the electrochemical properties. Cr is
an important passive film-forming element. The enrichment

of Cr,05 in passivated film increases with the increase in Cr
content [64]. From the interaction of Cr with other elements,
the mixed addition of Cr and Al will reduce the critical Al
content. This allows the alloy surface to be completely cov-
ered by the passive film and reduces the nucleation of Fe
oxide, making the passive film more uniform to improve
the corrosion resistance (Fig. 8b) [58]. Moreover, Cr can
change the passive film structure, which is reflected by the
limitation of Mn, the enrichment of Al in the passive film,
and the thickening of the passive film [61]. Mo has a similar
influence to Cr in limiting the entry of Mn into the passive
film and enriching the Al content in the passive film [65].
The unique function of Mo is to improve the stability of
passive films [65] by being incorporated into the passive
films in the form of various oxides, such as Mo,05;, MoO,,
and MoO; [66, 67]. The addition of Cr and Mo mixture
into LDS can prolong the rupture time of passive film as
shown by the phase angle platform in Fig. 8c. Mn is gener-
ally considered detrimental to LDS surface oxidation. With
Mn content increase, the amount of Mn oxide in the outer-
most oxide layer of the alloy will gradually increase. This
results in a destruction of the passive film continuity and
derogates the corrosion resistance of the alloy [68]. How-
ever, some positive effects of Mn on corrosion resistance
have been reported. Mn on the alloy surface will be selec-
tively dissolved in a corrosive ionic solution, which leads
to the enrichment of Al on the alloy surface, promotes the
growth of the passive film, and makes the structure of the
passive film more compact [64].

The increase in Al and Cr content in LDS can result
in an E__, increase and /_,,, decrease in the acidic solu-
tion (Fig. 9a, b). Similar effect on the LDS has also been
reported in NaSO,, NaCl, and rainwater solutions [13, 63].
With an increase in the Mn content in LDS, the oxidation
tendency of Mn increases. However, it is not conducive to
the formation of a uniform passivation film containing Al
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five Fe—Mn-Al alloys (A-Fe-28.52Mn-9.97A1-1.047C, B-Fe-29.6Mn-10.19A1-0.832C, C-Fe-28.63Mn-10.45A1-0.498C, D-Fe-29.99Mn-10.19Al-
0.305C, and E-Fe-21.5Mn-9.86A1-0.33C-6.32Cr) in deaerated 3.5% NaCl solution [11]

and Cr. Moreover, increase in Mn promotes the kinetics
of the anodic reaction and leads to an E_, decrease, I,
increase, and polarization resistance decrease [68]. E .
was influenced by the synergistic effect of these elements.
It can be assumed that 5% Al can counteract the damage of
25% Mn to corrosion resistance [13, 56, 60, 61, 63, 64, 69,
70]. In the CI™ environment, the width of the passivation
zone decreases with an increase in the ferrite content. The
Mn content has an obvious effect on the ferrite content. As
shown in Fig. 9c, the dual-phase LDS with a higher ferrite
content exhibits almost no passivation behavior because of
the lower Mn content [11].

3 Localized Corrosion of LDS
3.1 Pitting Corrosion of LDS

The corrosion resistance of LDS was closely related to the
microstructure, which was adequately impacted by hot roll-
ing. Owing to the discontinuity alloy structure formation
along the rolling direction after hot rolling, the stability
of passive film reduced and the probability of pitting cor-
rosion increased [71]. Cr and Mo are important alloy ele-
ments for inhibiting pitting corrosion. In the Fe—-Mn-Al-C
alloy, the pit number ratio and pit area on the surface area
decreased with the Cr content increase (Fig. 10a—d) [72]. As
shown in Fig. 10e, the increase in Cr can also result in an
E; increase[73], which is considered to be realized by the
effect of Cr and Mo on protective oxide in passive film [72,
74]. As passivation film XPS result shown in Fig. 10(h), Mo
and Cr are gradually enriched from the outside to the inside
of the passive film. As shown in Fig. 10g, LDS has the best
pitting corrosion resistance with 3% Cr and 3% Mo addi-
tion. With the synergistic effect of Cr and Mo, a protective
passive film could be formed on the LDS surface, which can
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facilitate the alloy pitting corrosion resistance [73]. How-
ever, the content of Cr should be strictly limited, since the
corrosion resistance and mechanical properties will decline
when the Cr content is more than 8%. The hysteresis loop
of cyclic polarization curve will also increase with the Cr
content increase, which means that the re-passivation abil-
ity of the alloy will be decreased. As shown in Fig. 10f,
LDS with 9% Cr addition will be not passivated after pit-
ting, resulting in an increase in pitting sensitivity [72]. Cr,C;
precipitates formed in the LDS will reduce the pitting poten-
tial [73]. Excessive addition of Mo or Cr will make DO3
ordered phase become the starting point of pitting, which
will adversely affect the pitting resistance. When the content
of Cr and Mo is more than 3%, it promotes the pitting corro-
sion of the interface between DO3 and austenite, as shown
in Fig. 101 [65, 75].

3.2 Stress Corrosion Cracking (SCC) and Hydrogen
Embrittlement of LDS

The second phase formed during the heat treatment has sig-
nal influence on the strength and environmental corrosion
fracture of LDS. The decomposition of austenite in steel dur-
ing heating can be divided into two stages. The first stage is
the decomposition of austenite into a-ferrite and k-carbide.
k-carbides are considered as hydrogen capture sites [76], and
the capture diffusive hydrogen ability of k-carbide depends
on the content of C and Mn. The C content determines the
number of vacancies in the x-carbides, while the Mn con-
tent determines the total trapping efficiency. Therefore, the
decrease in C content and the increase in Mn content in
k-carbide precipitates can reduce the probability of hydrogen
embrittlement in LDS [77]. The second stage is the par-
tial decomposition of austenite into -Mn, and in this stage
austenite coexisted with f-Mn. The p-Mn phase tends to
become the origin of the crack [78].
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Fig. 10 Pitting corrosion morphology of Fe-30Mn-5A1-0.5C (a) and Fe-30Mn-5A1-0.5C-(b) 3Cr (¢) 6Cr (d) 9Cr steels after hot rolling and
immersion in 0.1 M NaCl solution for 30 min [72], e cyclic polarization curves for thermo-mechanical processed Fe-30Mn-5Al steel in deaer-
ated 0.1 M NaCl solution and f XPS spectra for Cr 2p;, of Fe-30Mn-5Al steels with 3, 6, and 9 wt% Cr [72], g polarization curves of Fe-
29.8Mn-10.7Al-1.13C-XMo-XCr steels measured in a 0.6 M NaCl solution, h chemical composition depth profiles in the passivated layers of
3Mo-3Cr alloys, and i pit initiation sites of Fe-29.2Mn-10.6Al1-1.13C-5Cr [65]

As shown in Fig. 11a, the fracture of LDS is transgranular
quasi cleavage with some large flatter facets in a C1~ con-
taining environment. The fracture in Fig. 11a is flatter than
that in Fig. 11b. The tearing ridge is in austenite, and the flat
zone is in ferrite on the surface of the fracture. Hence, ferrite
has a higher SCC sensitivity than austenite. This indicates
that SCC is more likely to occur in dual-phase LDS than
ferrite LDS in a Cl~ environment [10].

In a CI” environment, when the anode potential is applied
to LDS, the fracture surface shows cleavage transgranular
fracture, and there are some pits around it. In this condition,
SCC is not likely to occur [12]. The SCC will be displayed in
LDS when a negative cathode potential value (<— 1000 mV)
is applied, and the fracture morphology and fracture path are
shown as intergranular fractures (Fig. 11(c and d)). This is
attributed to the fact that the cathodic reaction is a hydrogen
evolution reaction [68], which promotes the cathodic reac-
tion kinetics to increase the sensitivity of LDS to hydrogen

embrittlement [79]. The casting defects in LDS can also be
the origin of cracks in the C1~ environment (Fig. 11e [12]. In
the constant load test in CI~ environment, LDS barely shows
SCC behavior. However, in the slow strain-rate test, SCC
easily occurs [80]. This might be related to the continuous
production of exposed metal surface during the large-scale
plastic deformation process, and the continuous absorption
of hydrogen in the alloy matrix during strain increases will
exacerbate the SCC risk [79]. When SCC occurs, the frac-
ture is composed of transgranular and intergranular fractures
in different microstructures. The crack extends vertically in
the direction of the loading. The transgranular fracture is
adopted in the ferrite area to pass through the ferrite grain,
and it is cut off in the austenite area or along the austenite/
ferrite interface, as shown in Fig. 11f.

The diffusion rate of hydrogen in austenite is six orders
of magnitude slower than that in ferrite at room temperature,
and the hydrogen solubility in austenite is also higher than

@ Springer
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Fig. 11 Fractographs of alloy a Fe-27.7Mn-8.9A1-0.42C in 3.5% NaCl and b Fe-24.4Mn-9.96A1-0.4C in 3.5% NaCl [10], ¢ intergranular sec-
ondary crack in alloy Fe-32.16Mn-9.41A1-0.93C applied potential of —1,200 mV, d fracture surface of alloy Fe-32.67Mn-9.42A1-0.91C at
—1,300 mV in 3.5% NaCl solution [12], e cracks caused by corrosion at material defects in Fe-31.3Mn-8.8A1-0.9C alloy [12], f side surface of

cracks in Fe-27.7Mn-8.9A1-0.42C alloy in 3.5% NaCl solution [10]

that in ferrite [81]. This reduces the possibility of hydro-
gen embrittlement in austenitic LDS [82]. As shown in
Fig. 12a, the Al,O; protective layer can prevent hydrogen
absorption in aqueous solution environments [83, 84]. The
typical mechanism of hydrogen-assisted cracking in LDS is
grain boundary triple junction cracking, which is caused by
hydrogen localization near grain boundary triple junctions
(Fig. 12b and c) [85]. As a weak trap of hydrogen, Al atoms
can change the arrangement of atoms around it and cause
local expansion while adsorbing hydrogen atoms, which in
turn promotes its own adsorption of hydrogen atoms [86].
After adding 1.5 wt% Al to LDS, the permeability and diffu-
sivity of hydrogen in LDS will be reduced by 35%. The solu-
bility of hydrogen in LDS will be increased, which means
that the addition of Al will enhance the hydrogen embrit-
tlement resistance of LDS [87]. Hence, with the increase
in Al content, SCC will be prevented because dislocation
sliding on the slip surface around the crack tip is necessary
for crack initiation and propagation, and Al can reduce dis-
location mobility [82]. For the cathodic reaction, an increase
in the Mn content will lead to a decrease in the catalytic
performance of the hydrogen evolution reaction, resulting
in a decrease in the cathodic reaction rate and a reduction
in the hydrogen embrittlement sensitivity of the alloy. For
the anodic reaction, a Mn content increase will lead to an
increase in the oxidation tendency of manganese, hence
increasing the anodic reaction rate [68]. Cr, Mo, and Si can

@ Springer

reduce the sensitivity of LDS to hydrogen embrittlement in
CI™ environments, but Si will increase the SCC sensitivity
of LDS in CI™ environments, which cannot change the SCC
mechanism of LDS [12].

4 Future research on the Corrosion
Resistance of LDS

Currently, the main researches of LDS are focused on the
mechanical properties. The corrosion mechanism and cor-
rosion resistance research are not sufficient. There is still a
chasm in the corrosion resistance research of LDS:

1. Under the limitation of the LDS mechanical proper-
ties, the research on corrosion resistance of this martial
has not been widely spread, resulting in the cognitive
limitations. In particular, there are gaps in the under-
standing of corrosion mechanisms of LDS in different
types of environments. In the early studies, the single
macro-electrochemical approaches hindered our under-
standing of the corrosion initiation mechanism at micro—
nanoscales. With the research progress of mechanical
properties, the popularization and application possi-
bilities of such material have been greatly enhanced. In
more abundant service environment, investigating the
corrosion mechanism of LDS with advanced microelec-
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trochemical technology will be helpful to improve the
performance of such LDS. In the future research work,
the synergistic effects of materials characteristic (alloy
variety, microstructure, precipitates, and the passive
film) and environment characteristic (medium variety,
corrosive ion concentration, temperature, and pH) in its
COrTosion process are necessary.

The limited literature mainly focuses on the pitting cor-
rosion and SCC behavior on the LDS. The complicated
microstructure characteristic (chemical alloy compound,
inclusions, carbides, precipitates, high density disloca-
tion, passive film) might have a remarkable influence on
the localized corrosion (pitting corrosion, crevice cor-
rosion, intergranular corrosion, galvanic corrosion, cor-
rosion fatigue, and hydrogen stress corrosion) of LDS.
The research about the chemical and electrochemical
process in different localized corrosion of LDS under
different service environment will be helpful to improve
the cognition of the LDS properties.

Microalloying is an important method to improve the
corrosion resistance of materials. On the basis of obtain-

a O+2e—0* b

Fig. 12 a Formation mechanism of the oxide formation in Fe-Mn-Al steels during hydrogen charging [84], b RD-IPF map, and ¢ KAM map of
hydrogen-related subcracks caused by slip localization in Fe-25.7Mn-10.6A1-1.16C alloy [85]

ing good strength and toughness of LDS, the influence
of different corrosion resistance elements (such as Cr,
Ni, Mo, Cu, and rare earth) on the LDS corrosion resist-
ance needs to be further systematically investigated. This
would make a positive impact on revealing the influence
mechanism of these microalloying elements on the LDS
corrosion resistance.

Therefore, an abundant research on the corrosion mech-
anism of LDS should be carried out in the future, aiming
to improve the corrosion resistance of LDS by adjusting
the alloy element design without affecting the obtained
mechanical properties.
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