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tained either as glassy bulk material or in coating and ribbon form, show high corrosion resistance and high wear
resistance and are also relatively inexpensive compared to other amorphous metallic alloys. These characteristics
can lead to promising applications of these alloys in which corrosion resistance and erosion-corrosion resistance
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ﬁ%;rs;'us alloys are important. This review presents the results obtained in recent years, including the effect of amorphous struc-
Corrosion resistance ture, partial crystallization and composition on corrosion resistance, as well as applications of these alloys. Al-
Applications though advances have been made in studies concerning Fe-Cr-based amorphous alloys, there is an important
Crystallization limitation in terms of using them, which is the issue related to the high Mo content needed to achieve sufficient

glass-forming ability and high corrosion resistance, which significantly increases the cost of these alloys. There-
fore, the cost/benefit relation of these alloys needs to be improved by studying the effect of composition and
structure on corrosion resistance and finding new applications of these alloys. Based on this literature review,
possible applications and further investigations of these alloys are suggested.
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1. Introduction

Iron-based amorphous alloys have attracted a great deal attention
for industrial applications due to the possibility of obtaining alloys
with good soft magnetic properties, high corrosion resistance and high
wear resistance. In addition, they have a relatively low cost compared
to other amorphous metallic alloys, such as those based on Co, Zr, Ni,
Cu, Ti, Pd, Co, Ce, Mg, Pt and Au. As occurs in stainless steels, Cr is the
most important element for increasing the corrosion resistance of
iron-based amorphous alloys [1]. Therefore, their high resistance to cor-
rosion is the main justification for the use of Fe-Cr-based amorphous al-
loys. In addition to corrosion resistance, these alloys have high wear
resistance [2-5], which makes using these alloys promising in applica-
tions where the erosion—corrosion resistance is important.

In Fe-Cr-based amorphous alloys, as in stainless steel, a protective.

hydrated chromium oxyhydroxide film can also be found [6]. Due to
its amorphous structure, the protective ability of this passive film base is
significantly high, which enables these alloys to have a higher corrosion
resistance than that of stainless steel with a similar Cr content.

Fig. 1 [7] shows the mass loss of amorphous and crystalline
Feg7.7B20Cr12Nbg.15Mo0g 15 (in at%) alloys in H,SO,4 solution, indicating
that the corrosion resistance of the amorphous alloy is significantly
higher than that of the crystalline alloy.

Because of the protective ability of the passive film formed on the
amorphous alloy, the minimum amount of Cr in the alloy required to de-
velop the protective film is smaller than that of the crystalline alloy. A
critical content of 8.3 at% Cr (9.5 wt%) to form a stable passive film has
been proposed from investigations [8] on the corrosive behavior of
bulk metallic glasses of Fe;1 4 — xC7.1Si4.4Be.5Pg 6CrxAlx o at% (x = 0, or
x = 2.3-12.3) in 9.7 M H,SO4 (50 vol% H,SO4) at 343 K. Moreover, in
1 N HCl solutions at 298 K [9], the Feg76C7.1 Si3_335'5P8V7Cl'23M02'5A12_0C01.0
BMG containing only 2.3 at% Cr showed a corrosion resistance similar
to the 304 stainless steel that contains high Cr (19 at% Cr) and Ni
(9 at% Ni) contents. This behavior indicates the promising replace-
ment of stainless steel alloys by amorphous alloys in various
applications.

Several studies have reported that amorphous Fe-Cr-based alloys
have higher corrosion resistance in comparison with commercial alloys
with high corrosion resistance, such as 316 stainless steel [10-13] and
Ti-6Al-4 V alloys, in corrosive solutions [12,13].
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Fig. 1. Mass losses resulting from the immersion of amorphous and crystalline
Feg7.7B20Cr12NDbg 15M0g 15alloys in a 0.1 M H,S04 solution [7].

Fe-Cr-based amorphous alloys were primarily obtained as ribbons
through a melt-spinning process, whose applications as corrosion resis-
tant material are restricted by the small thickness of these ribbons (usu-
ally between 20 and 50 pm in thickness). However, a possible approach
to design new compositions for processing millimeter thick rollers or
plates, known as bulk metallic glasses (BMG) or bulk amorphous steel
(BAS) or to use as coatings is by studying them [14,15].

Using Fe-Cr-based amorphous alloys containing C, B and Mo is
promising in various applications [1,10,16,17], which are reported in
Section 5, and has resulted in in-depth research carried out in recent
years. These alloys generally contain a high content of molybdenum, be-
tween 6 and 16 wt%, which significantly increases the cost of these al-
loys. However, the effect of a large number of alloying elements on
the GFA and corrosion resistance of these alloys has been intensively in-
vestigated in various corrosive environments. Therefore, this informa-
tion represents an important tool for the development of Fe-Cr-based
amorphous alloys with better cost/benefit ratios for particular corrosive
environments. Several review papers [1,16,17] on amorphous alloys
have reported information about the magnetic properties, mechanical
properties, manufacturing process and corrosion resistance of amor-
phous Fe-based alloys. Nevertheless, none have focused on the corro-
sion resistance of amorphous Fe-Cr-based alloys, in spite of the large
number of papers reported in the literature focusing on this.

The present review summarizes the details of developments regard-
ing Fe-Cr-based amorphous alloys, including the effect of an amorphous
structure, partial crystallization and composition on corrosion resis-
tance and applications of these alloys. The present article also suggests
possible applications of these alloys and further investigations aimed
at improving their performance.

2. Effect of amorphous structure and partial crystallization on the
corrosion resistance of Fe-Cr-based amorphous alloys

The higher corrosion resistance of Fe-Cr-based amorphous alloys in
comparison with crystalline alloys of similar composition has been ex-
tensively analyzed in the literature and is attributed to the following
factors:

2.1. Uniformity of the passive film

Due to the rapid cooling rate, chemical heterogeneities such as pre-
cipitates and segregations do not occur in the amorphous structure,
resulting in a chemically homogeneous single phase [18,19]. As a result,
a more uniform passive film is formed, which is more protective against
corrosion. Moreover, a smaller amount of passivating alloying elements,
such as Cr, is required in the passive film to achieve the necessary stabil-
ity [20].

2.2. Higher reactivity of the amorphous structure

The high reactivity of the amorphous structure hastens the forma-
tion of a hydrated chromium oxyhydroxide film and increases the con-
centration of Cr cations in this film, thereby improving its protective
capability [18].

2.3. Absence of typical defects in the crystalline phase

Defects, such as dislocations, grain boundaries and second-phase
precipitates do not occur in the amorphous structure. These defects
can act as galvanic couples and, therefore as sites for the onset of corro-
sion [18-20].

A recent study [21] using a combination of complementary high-
resolution analytical techniques clarified the effect of the structure on
the partitioning of elements in an Fe-Cr-Mo-C-B alloy and how this af-
fects the corrosion resistance of the alloy. In this study, although the
amorphous alloy had a chemical homogeneity with a uniform elemental
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distribution, the fully crystallized alloy showed the presence of Mo-rich
and Cr-poor phases. These regions, due to the absence or reduced pres-
ence of Cr, act as dissolution sites during the formation of the passive
film, resulting in a passive film with greater roughness in comparison
with the metal surface prior to passive film formation. Due to a uniform
elemental distribution, the roughness of the passive film in the amor-
phous alloy is significantly lower, which results in a smaller contact
area with the corrosive environment and, thus higher resistance to cor-
rosion [21]. However, in this study, the effect of the elemental distribu-
tion on the protective ability of the passive film is mainly based on the
formation of a Mo-rich phase in the crystalline structure. Therefore, it
is interesting to analyze how the protective ability of the passive film
is affected by the distribution of elements such as Nb, Ni and Si in the
amorphous and crystalline Fe-Cr-based alloys using a combination of
complementary high-resolution analytical techniques.

The corrosion resistance of Fe-Cr-based amorphous alloys can be al-
tered by annealing, which causes the structural relaxation of alloys. This
phenomenon increases the atomic ordering short distance while main-
taining a completely amorphous structure. Table 1 shows the effect of
structural relaxation on the corrosion resistance of several Fe-Cr-based
amorphous alloys in various corrosive environments. This table indi-
cates that the effect of structural relaxation on the corrosion resistance
of Fe-Cr amorphous alloys depends on the alloy composition and corro-
sive environment.

The improved corrosion resistance of Fe-Cr-based amorphous alloys,
due to structural relaxation, is mainly associated with the relief of resid-
ual stress, which implies an increase in activation energy, AG*, to redis-
tribute the chemical elements on the surface [24,28] and to decrease the
number of active sites for corrosion due to the decrease in quenched-in
defects [25]. However, the experimental results show that the effect of
structural relaxation on corrosion resistance depends on the alloy com-
position and the corrosive environment, and this dependency is not
clear in the literature.

As observed in Table 1, the effect of structural relaxation on the cor-
rosion resistance of Fegs 5sCrysMo4GasE1,CsBs 5 (in at%) bulk alloy in an
HCl solution is beneficial at concentrations of 0.1and 1 N, but is detri-
mental at a concentration of 3 N. This effect may be related to the com-
position of the passive film. The passive film formed after exposure to a
3 N HCl solution contained Cr, Mo and Fe cations [27]; however, the pas-
sive film formed after exposure to acetate buffer containing 0.1 N sodi-
um chloride only contained these cations after sub-surface phosphorous
enrichment [24]. Structural relaxation and the consequent increase in
short order should decrease the activity of this alloy, which would
lead to a decrease in the amount of Cr cations found in the passive
film, thus damaging its protective capacity. It is likely that this effect
predominates in situations in which the structural relaxation reduces
the corrosion resistance. However, it is necessary to determine whether
the structural relaxation affects the amount of Cr cations in the passive
film.

The relative low GFA of Fe-Cr alloys limits the fully amorphous struc-
ture thickness to be reached with these alloys. A high Mo content and
the addition of alloying elements such as Y and Co are necessary for
the formation of a fully amorphous structure, which significantly in-
creases the cost of the alloy. Moreover, to prevent the formation of a

crystalline phase, the BMG alloys are obtained in the form of plates or
rods with a thickness of generally less than 1 cm, which restricts the
use of these alloys to a limited number of applications. The largest diam-
eter of Fe-Cr-based BMG rods reported is 16 mm, produced with
Fe41Co7Mo014Cy5BgY> (in wt%) alloy composition [29].

Generally, as already stated, the presence of a crystalline phase in the
amorphous structure reduces the corrosion resistance, and this effect is
related to the uniformity of the passive film [30]. In addition, the pres-
ence of regions with different degrees of susceptibility to corrosion,
where the amorphous phase is more corrosion resistant than the crys-
talline phase, may produce galvanic pairs and increase the dissolution
rate in the crystalline regions.

However, it is unclear how the level of partial crystallization of the
amorphous alloy affects corrosion resistance. In addition, the effect of
partial crystallization on the corrosion resistance of amorphous alloys
depends on the alloy composition. In Fe-based “nanocrystalline” rib-
bons, which are rapidly solidified ribbons presenting a microstructure
formed by nanosize crystalline phases embedded in an amorphous ma-
trix, if the Si content is high enough to form passive films, the corrosion
resistance increases as the fully amorphous precursor partially crystal-
lizes [31-33]. Examples of nanocrystalline alloys are Fe;gB;3Sig and Fe-
Cu-Nb-Si-B. The latter is also known as FINEMET. This behavior is attrib-
uted to the greater enrichment of Si [34] in the passive layer due to the
formation of a large interfacial area between the amorphous and crys-
talline regions. This area contains numerous defects such as micro
voids and free volumes, which favors Si diffusion. Moreover, it is possi-
ble that the ultrafine microstructure of nanocrystalline alloys allows for
the uniform distribution of impurities and provides a homogenous sub-
strate for the formation of a stable passive layer [30].

The effect of partial crystallization on the structure and corrosion re-
sistance of Fe-based amorphous alloys containing Cr has been investi-
gated in alloys such as FesoCrisMo14CisBs (in at%)ribbons [35],
Feg.7C7.0Si33Bs5 5P 7Cr2 3Al, 0M04 5 BMG [36], FegsCrysMo14Ci5B6Y> (in
at%) BMG [37], and Fe4gCrysMo14C;5Y2Bg (in at%) coatings [38]. The re-
sults obtained show that partial crystallization affects the electrochem-
ical behavior of the amorphous alloy, indicating a decrease in corrosion
resistance. However, these partially crystallized alloys showed higher
corrosion resistance than the fully crystallized state.

The partial crystallization of Fe-Cr-based amorphous alloys causes
the formation of Cr-rich nanocrystalline phases such as (Fe,Cr),3(C,B)g
and (Fe,Cr)gB in an FesoCri5sMo014Cq5Bs (at%) alloy [35] and (Fe,cl‘)23C6
and (Fe,Cr),Cs in an FeygCrisMo14C5BgY> (at%) alloy [37]. Depending
on the composition of the alloy, crystalline phases such as Cr,B and
WC can also form [39]. The presence of these nanosize crystalline phases
results in Cr-depleted regions, which leads to a decrease in corrosion re-
sistance [28,37]. In addition to the formation of Cr-rich nanocrystalline
phases, partial crystallization of amorphous alloys can also result in
the presence of Mo-rich regions in the remaining amorphous phase.
The effect of partial crystallization on the corrosion resistance of the
Fe45Cri5sMo14C;5Y5Bg (in at%) amorphous coating has been attributed
to a decrease in (Cr, Mo)-oxides in the passive film of the coatings due
to the preferential formation of (Cr, Mo)-rich carbides, M,3Cgand
M-C3(M = Fe, Cr, Mo) at the intersplat boundaries between the non-
melted powders of the coating [38]. Pitting initiated around the Cr-/

Table 1

Effect of structural relaxation on corrosion resistance of Fe-Cr base amorphous alloys in several corrosive environmental.
Alloy composition Corrosive environmental Effect on corrosion  Reference

resistance

FegsPsCrsCsSi ribbons 0.5 M H2S04 Increase [22]
Fe34Ni36Cry0P14Bs ribbons 1 N H2S04 and 1 N HCI Increase [23]
Fegs.sCrsMo,GasP1,CsBs 5 (at%) bulk HCI (0.1 N and 1 N), acetate buffer whit chorides (0.1 N and 1 N), and H2S04 (0.1 Nand 1 N) Increase [24]
Fesg_XSi13BoCr(X—34,57910)(in at%) ribbons 0.5 N KOH Increase [25]
Fe4CrsW;3P,C ribbon 1 NHCI Decrease [26]
Fe,oCry3P,C ribbon 1 N HCl No change [26]
Fess.5CryMo4GasP12CsBs 5 (at%) bulk 5% NaCl, 3 N HCl, HNO3, NaOH Decrease [27]
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Mo-rich carbides at the locations in the amorphous matrix where Cr
was depleted [40].

Potentiodynamic polarization curves of FesoCrisMo14C;5Bg (in at%)
ribbon alloy revealed that the behavior of the passive film becomes sig-
nificantly affected only when the partial crystallization is carried out
under conditions allowing the formation of the Mo-rich crystalline
phase [18,35]. These results indicate that the effect of partial crystalliza-
tion on the behavior of the passive film, and hence on the corrosion re-
sistance of the alloy, depend on the level of crystallization. Therefore,
studies analyzing how increasing the thickness of the partial crystalliza-
tion of the BMG affects the corrosion resistance are interesting.

The presence of crystalline Fe-«, Fe,B and FeNbB phases were found
in the partially crystalline coating of the FegoCrgNbgB,4 (at%) alloy [41].
Cr precipitates were not detected in this alloy, which indicates that the
content of 8 at% Cr found in the alloy was not sufficient to form these
precipitates. Despite the absence of Cr precipitates in the crystalline
phase, the partial crystallization significantly decreased the corrosion
resistance of the alloy. This behavior is attributed to the formation of
the a-Fe and Fe,B (x = 1, 2 or 3) crystalline phases that have greater
corrosion susceptibility compared to that of the amorphous phases, pro-
moting internal galvanic effects, and also to the formation of Nb-rich
phases, which deplete the matrix of Nb. The increase in corrosion resis-
tance with the partial crystallization reported in a FINEMET alloy
(Fe;4Cu;NbsSij3.5Bg 5) [33] indicates that the effect of increasing the
protective capacity of the SiO, passive film due to partial crystallization
prevailed over the possible formation of the a-Fe and FeB crystalline
phases, in addition to the formation of Nb-rich phases.

Therefore, based on the studies reported in the literature [33,41] that
show that the effect of the partial crystallization on the corrosion resis-
tance depends on the amorphous alloy composition, it is interesting to
analyze the effect of partial crystallization on the corrosion resistance
of Fe-Cr-based amorphous alloys containing different amounts of Cr
and Si.

Effect of composition on the corrosion resistance of Fe-Cr-based
amorphous alloys

Effect of the metalloids B, C and P

3. Effect of composition on the corrosion resistance of Fe-Cr-based
amorphous alloys

3.1. Effect of the metalloids B, C and P

Metalloids B, C and P are primarily added to amorphous alloys to
promote the amorphous structure, but they also improve the corrosion
resistance of the Fe-Cr-based alloy when they partially replace Fe. This
enhanced corrosion resistance is related to the effect of these elements
on the reactivity of the alloy and on the incorporation of compounds
into the passive film [42].

The P, C and B additions in Fe-Cr amorphous alloys accelerate the ac-
tive dissolution prior to passive film formation and accordingly lead to
the increase in beneficial species such as chromium in the passive
film, consequently improving the corrosion resistance. In the Fe(so.
xCr16M016C18Bx (X = 4, 6 or 8 at%) BMG [43], increasing the content
of B improves the corrosion resistance in the HCl solution. This improve-
ment is attributed to the increase in the chromium concentration in the
passive film due to the increase in the B content in the alloy. Neverthe-
less, the formation of chromium borate also takes place, and due to this
there is a decrease in the concentration of chromium oxyhydroxide in
the film, which leads to a decrease in the protective quality of the film
[42]. The partial substitution of Fe by metalloids is limited by the mini-
mum iron content required to have a high glass forming ability; in
Fe(so — x)CrisMo16Ci8Bx (X = 4, 6, 8 or 10 at%) BMG, this limit corre-
sponds to 40 at% Fe.

The addition of P is more effective to improve corrosion resistance
than B [42]. This effect is due to the high reactivity of this element,
which accelerates the active dissolution of alloys prior to the passive

film formation, allowing for the rapid formation of a passive film. C
also promotes the active dissolution of alloys, but this effect is less sig-
nificant compared to P [42]. However, in spite of several studies report-
ed in the literature, it is not clear how the presence of metalloids
accelerates the active dissolution of amorphous alloys.

A study of the active dissolution of BMG
(FE44_3CI'5C05M012'8MH1 1'2C15'8B5'9)93'5Y1_5 (at%) revealed that the pres-
ence of C accelerates the active dissolution of alloys due to the formation
of gaseous products such as CO, and CH,4 on the surface of the alloy [44].
According to this study, these gases form bubbles that burst and cause
the localized breakdown of the oxide film and the C layer, which leads
to a more active reaction in comparison with the absence of C in the
alloy.

Although metalloids B, P and C additions affect the corrosion resis-
tance, the presence of these elements in the Fe-Cr-based amorphous al-
loys is mainly determined by their effect on the GFA of the alloy. Several
bulk metallic glasses with high GFA and corrosion resistance contain C
and B, with C at a higher concentration. In the Fe43Cr;sMo16(C,B,P)25
(wt%) BMG system [45], the Fe43CrigMo16C15B109 (Wt%) alloy corre-
sponds to the composition with higher GFA, allowing a BMG with a
2.7 mm diameter to be obtained. Moreover, the partial substitution of
B by C and P resulted in the Fe43Cr;Mo16C15BsPs (wt%) alloy with in-
creased corrosion resistance in HCl solution, although at a loss to reduce
the GFA allowing the production of BMG with a maximum diameter of
2.2 mm.

3.2. Effect of Si

Si addition in Fe-Cr based amorphous alloys to improve GFA has
been reported in coatings, such as Fe4g ;CrisMny gMo7 4W1 6B152C35Si2.4
(inwt%) [46] and Fe;oCrysMo4PsB4C;Si; (in wt%) [47], in ribbons such as
Feg,CryoNigSizg [48] and Fe4;C0,CrsMo45Nby5SisB5Y> (in at%) [49], as
well in bulk such as F657_6C7_1Si3.3B5_5P3.7Cr12.3M02_5A12_0C01_0 (1[1 Wt%)
[50] and Fesq1C71 Si4A4B5.5Pg.6Cl‘]2A3A12A0 [8] Particularly in soft-
magnetic bulk amorphous alloys, Si addition has been reported for
Fess.7C7.0Si3.3B5 5Pg 7Cr2 3Al )M04 5 (in wt%) [51] and
Fe41.5C0,7,6B18.4Sis 5Nbs3 gCry4 alloys [52].

Besides its influence on GFA, Si additions can increase the corrosion
resistance. This effect is very well known in soft magnetic alloys, such as
Fe-C-Si-B-P-Cr-Al amorphous alloys [8] and Fe-Cu-Nb-Si-B nanocrystal-
line alloys [24], and is related to the formation of SiO, passive films [8].
In the Fesg_1C7_1Si4,4B5_5P3.6Cr12_3A12.0 (ln at%) alloy [8], the Si content is
high enough to form a SiO, passive film that promotes corrosion resis-
tance. The formation of this film occurs from the diffusion of Si to the
surface of the alloy:

Si + 2H,0-Si0, + 4H' + 4e™ 1)

As observed in reaction (1), the formation of the SiO, passive film
depends on diffusion of Si up to the alloy surface. Therefore, factors
that favor this diffusion process, such as the partial crystallization of
the amorphous structure analyzed in Section 2 and the presence of Ni
in the alloy composition can favor SiO, passive film formation, thus in-
creasing the protective capacity of the film.

High corrosion resistance of Fe-Ni-Si-B amorphous ribbons is a good
example [53] where Ni promotes a-Fe nucleation, resulting in a larger
area of the interfaces between the nuclei and matrix regions. This inter-
face, similar to the interfaces between the nanocrystalline and matrix
regions of partially crystallized alloys, may contain numerous defects
such as microvoids and free volumes, which favors Si diffusion. There-
fore, further studies to analyze the effect of Si addition on the corrosion
resistance of Fe-Cr-based amorphous alloys containing Ni are
interesting.

Besides the formation of the SiO, passive films, Si addition in Fe-Cr-
based amorphous alloys may also affect the composition and uniformity
of chromium oxide passive films, making this film more protective. For
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Feg,CrioNigX,0(X =P, B, Si) amorphous alloy ribbons submitted to
0.01 M HCI solution, Si addition leads to higher corrosion resistance
when compared with P addition, and this behavior is explained by the
presence of Ni and Fe oxides, as well as Cr oxide observed in the P con-
tent alloy [54].

It is important to consider that the addition of Si to Fe-Cr-based
amorphous alloys, as well as the improvement in GFA and corrosion re-
sistance, due to the low cost of Si, makes the partial substitution of high-
cost elements such as Mo, Nb and Ni by Si promising.

Fig. 2 shows the potentiodynamic polarization curves of
FE47CO7CF15Nb7MO7B]5Y2, Fe4q CO7CF]5MO]4C15B5Y2 and
Fe47Co7Cry5Nb45Mby 5SisB15Y> amorphous ribbons (in at%) in compari-
son with 316 stainless steel. The polarization curves were carried out at
ascanrate of 2mV s~ ! ina4.0 M solution of HCl, using the alloy ribbons
as the working electrode. These curves were obtained from a
potentiostatic/galvanostat EG&G 273. The auxiliary electrode was a
graphite cylinder, and a saturated calomel electrode (SCE) was used as
a reference. These curves present a region in which the current density
has a small variation in its potential, showing that the passive film was
formed. A smaller value of the current density in the passive region, ip,
for the amorphous ribbons is related to a more protective passive film.
These results indicate that the partial replacement of Mo and Nb by Si
in amorphous alloys reduces the protective capability of the passive
film. However, this capability is still better than the 316 stainless steel.
Therefore, it is interesting to establish the maximum amount of Mo
and Nb that can be replaced by Si while maintaining an amorphous
alloy with higher corrosion resistance to 316 stainless steel.

3.3. Effect of Mo

In general, the Fe-Cr-based amorphous alloys with high corrosion re-
sistance reported in the literature contain a high content of Mo, from
6 at% to 16 at%. These alloys are obtained as BMG, ribbons or coatings
and show high resistance to corrosion in a concentrated HCl solution
with measured corrosion rates of 1-10 um/year [1]. In Table 2, typical
Fe-Cr-based alloys containing Mo with higher corrosion resistance are
reported.

As observed previously, the high corrosion resistance of Fe-Cr based
amorphous alloys is mainly attributed to the formation of a Cr-enriched
oxy hydroxide passive film. XPS analysis revealed the presence of Mo
cations (Mo™4, Mo™"> and Mo ™6 states) in passive films formed on Fe-
Cr-Mo-C-B metallic glasses exposed to air and also during immersion
in 1 N HCl solution [43]. The presence of Cr>* was detected in this pas-
sive film in a larger amount than the Mo ions, indicating that Cr has the
most significant effect on the protective ability of the passive film in
comparison with Mo.
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Fig. 2. Potentiodynamic polarization curves obtained in a 4.0 M solution of HCl at a scan
rate of 2 mV/s of alloys B (Fe4,Co,CrsNb;Mo-B;5Y>), C (Fe4;Co,CrisMo14C15BsY2), G
(Fe47Co7Cr15Nby sMby 5SisBysY2) and H (stainless steel 316).

Although the effect of Mo addition to enhance resistance to general
corrosion and pitting corrosion in amorphous alloys is well known,
the mechanism of how this effect takes place is still unclear. It is stated
that this effect is mainly related to the synergistic effects of Cr and Mo.

The addition of Mo in the alloy can promotes the enrichment of Cr in
the passive film and consequently enhances the corrosion resistance of
the alloy [60,61]. However, this effect depends of polarization and solu-
tion conditions. It has been reported [60] that when the potential of
amorphous Fe-Cr-Mo-P-C alloy is lies in the passive potential region of
chromium and molybdenum and immersed in aerated solution the ad-
dition of Mo in the alloy promotes the enrichment of Cr in the passive
film. However when these conditions are not complied the addition of
molybdenum no promotes the enrichment of Cr in the passive film of
alloy.

The presence of Mo cations was also observed by Gostinet al. [62] in
the corrosion products layer of bulk glassy
(FE44_3CF5C05M012_8MH11V2C15'8B5'9)98_5Y1'5 (at%) alloy after immersion
in 0.5 M H,SO4and 1 M HCl. According to the authors, this element ap-
peared to be in an oxidized state, corresponding to MoO3 and MoO,.
The presence of Mo cations in the passive film indicates the possibility
of the formation of a Mo oxide passive film on the alloy surface. The for-
mation of a Mo-enriched passive film is possible in Fe-based amorphous
alloys when the enrichment of Cr ions in the surface film becomes insig-
nificant. When the contents of Cr and Mo in the amorphous alloy are po-
larized at the potential in the passive region of Mo and the active region
of Cr, the corrosion resistance of the alloy in de-aerated HCl solution is
related to the formation of passive tetravalent Mo oxyhydroxide [63].
However, the passive film of Mo shows lower stability in comparison
with the passive hydrated chromium or iron oxyhydroxide film [1,63],
and thus the joint presence of Mo and Cr passive films is not possible.

It is likely that the presence of Mo in amorphous alloy may also re-
sult in the formation of a more compact passive film with Mo ions occu-
pying the empty spaces in the passive film, making the passive film
more compact and therefore more protective. However, it is necessary
to experimentally verify this effect.

The effect of Mo on the corrosion behavior of amorphous Fe-Cr-
based alloys depends on the pH of the corrosive medium. In acidic solu-
tion, the (FE44.3C['5C05M012'3MH1]_2C1 5.3B5'9)98'5Y1.5 (at%) BMG amor-
phous alloy shows a much higher stability (lower critical current
densities and nobler passivation potentials) than the conventional
stainless steel X210Cr12 [62]. However, in very alkaline solution, 1 M
NaOH (pH 14), the amorphous alloy has a lower stability than the con-
ventional steel. This behavior is attributed to the dissolution of Mo, Co
and Mn in very basic solutions.

The effect of Mo on the increase in GFA may be related to the empir-
ical component rules for achieving high GFA [64]. The addition of Mo
enables the generation of new atomic pairs with large negative heats
of mixing, such as Mo-Fe, Mo-B and Mo-P, that lead to a highly stable
supercooled liquid and, therefore to the inhibition of the nucleation ki-
netics of the crystalline phase [65]. In general, Mo and Nb have the larg-
est atomic sizes in the Fe-based alloy system, which favors the greater
difference in atomic size ratios among the main constituent elements.
This greater difference in atomic size ratios leads to more efficient pack-
ing, thus favoring the liquid's stability. A larger number of alloying ele-
ments could lead to an increase in the GFA because the tendency to
form all-crystalline phases can be difficult. Thus, from this point of
view, the addition of Mo could also improve the GFA.

In some Fe-Cr-based amorphous alloys containing Mo, alloying ele-
ments such as W, Y, Mn and N are also added. In these cases, the pres-
ence of Y increases the GFA while W increases the pitting corrosion
resistance [66,67]. In Fe-Cr-based amorphous alloys, Mn is added in
high amounts to alloys such as Fe443CrsCosMo1,8Mny15Cq58Bs9)os5Y15
(at%) in which the combination of high GFA and excellent mechanical
performance are more important than the corrosion resistance. However,
in amorphous alloys that have high corrosion resistance, such as
Fe497,Cry77,Mn; gM0o7 4W1 6B152C38Siz4, Mn is added in low amounts [68].
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Table 2

Typical Fe-Cr-based alloys containing Mo with higher corrosion resistance are reported together with their synthetic method, BMG thickness (ty.x/mm), and environment in which the

corrosion resistance was evaluated.

Alloy composition Synthetic method trmax/MmM Environment Reference
Fe49Cri53M015Y2C15B3.4No 3 (at%) Cu mold casting 1.2 6 M HCI [55]
Fe43Cr16Mo16C10BsP1o Cu mold casting 2.7 6 M HCl [45]
Fes45Crig3Moy37,Mny;WeBs 3Cy 1Siy 4 (Wt%) HVOF sprayed - 3.5 wt% NaCl [56]
Fe43CrigMo16C15B10 (at%) HVOF sprayed - 3.5 wt% NaCl and 0.5 M H,SO4 [57]
Fe,Cry0.9MoyP13.1Cg36Si0.77 (at%) HVOF sprayed - 1 N H,S04 and 1 N HCI [58]
Fe45Cri5M014Cy5BsY> HVOF sprayed - 1M HCI [59]
Fe4,Cri6Mo46CyBg (at%) Cu mold casting 1.2 6 N HCl [43]

N addition, as in the Fe49Cr;53M015Y>Cy5B3 4Ng 3 (at%) BMG alloy, in-
creases corrosion resistance concerning the concentrated HCI environ-
ment [69]. This behavior is attributed to the enrichment of Cr oxide
and the presence of MoN nitrides on the surface of the passive layer.
These nitrides, which are negatively charged, such as MoN—, repel the
aggressive Cl ™ ions.

3.4. Effect of Nb

Nb is the transition metal that is commonly used in Fe-based soft
magnetic alloys, such as NANOPERM and FINAMET, both nanocrys-
talline alloys. In these alloys, Nb inhibits grain growth and with the
presence of Cr, Nb is mainly used in soft-magnetic bulk amorphous
alloys, such as Fe-Co-B-Si-Nb-Cr [70,71] at a concentration of ap-
proximately 4 wt% and Fe-P-B-Nb-Cr [72] at a concentration of
1 wt%. To increase the corrosion resistance of these alloys without
harming their magnetic properties, Cr is added in small amounts, be-
tween 1 and 4 at% [70-72].

There are very few Fe-Cr-based amorphous alloys containing Nb re-
ported in the literature. An investigation of Fess _ ,CrisMo7B15C4Nby
(x =0, 3 or 4 at%) amorphous ribbons in Ringer's solution revealed
that the corrosion resistance significantly increases with an increase in
the Nb content [73]. The addition of small amounts of Nb (0.3 wt%)
was enough to increase the uniform corrosion resistance and the pitting
corrosion resistance; particularly the Fes;Cr;gMo;B;6C4Nby (at%) shows
higher corrosion resistance compared with 316 L stainless steel and Ti-
6Al-4V. The corrosion resistance of FegoCrgNbgB,4 (in at%) ribbon was
evaluated in chloride-rich media at different pH values (3.0, 5.5 and
10.0), and the pH of the environment, unlike alloys containing Mo, did
not affect the corrosion resistance of the alloy [74].

In alloys containing Mo, the partial substitution of Mo by Nb can in-
crease the corrosion resistance of the amorphous alloy; In
Fe45CrisMo16C;8Bs and Fe4s5CrygMo14Nb,CygBs glassy ribbon, the last
composition presents a higher corrosion resistance in HCl solutions [ 75].

The increase in corrosion resistance due to partial substitution of Nb
for Mo was also observed in amorphous alloys containing small
amounts of Nb and/or Mo (0.3 wt%) [7]. In ribbons of FeggB,oCry2,
Feg7.7B20CT12M00 3, Feg7.7B20Cr12NDg 3 and Fegz.7B20Cr12Nbg 15M0g 15 (in
at%) alloys, the alloy containing both Nb and Mo presented higher cor-
rosion resistance than alloys containing just one of these elements, in
H,SO4 and Nadl solution.

The effect of Nb in enhancing corrosion resistance can be attribut-
ed to the presence of Nb,Os in the passive film, which increases the
susceptibility to passivation and the protective capacity of passive
film. The presence of this oxide was detected by XPS analysis of the
passive film in FeNbZrCuB amorphous alloy [76]. However, it is un-
clear whether there would be a synergetic effect between Mo and
Nb. To understand this effect, using a combination of complementary
high-resolution analytical techniques, such as an inductively
coupled plasma mass spectrometer (ICP-MS) and an atom tomogra-
phy probe (ATP), is suggested.

Concerning the GFA of Fe-Cr-based amorphous alloys, it can be en-
hanced by substituting a certain amount of Fe or Mo by Nb. The pres-
ence of 4 at% Nb in the Fe,sCrisMoq14C15BgNb, alloy increases the

diameter of a fully amorphous structured sample from less than 1 mm
(without Nb) to 3 mm. [70]. This effect has also been observed in
Fe47C0,CrsMgSisB15Y, (M = Mo, Nb) (in wt%) ribbon alloys [56]. Re-
search on Fesy _ 4Cr15sMo014C15BgNby(x = 0, 2, 4 or 6 at%) BMG alloys re-
vealed that there is an optimum content of Nb of 4 at%, above which the
GFA of the alloy decreases, which may be related to the formation of a
Fe,NbD crystalline phase [77].

In the same way as Mo, the effect of Nb on the increase in GFA may
be related to the empirical component rules for achieving high GFA [7].
The addition of Nb enables the generation of new atomic pairs with
large negative heats of mixing such as Nb-Fe, Nb-B and Nb-P, and Nb
has a large atomic size, which favors a greater difference in the atomic
size ratios among the main constituent elements. The increase in GFA
due to the addition of Nb can also be related to the formation of Nb ox-
ides. During the melting and casting processes, it is likely that oxygen in
the molten liquid is partially neutralized into Nb oxides, thus stabilizing
the remaining liquid [77].

3.5. Effect of Ni

The presence of Ni in Fe-based amorphous alloys improves the cor-
rosion resistance and GFA of the alloy. Ni is the element in the iron
group metals with the highest corrosion resistance, and it is well
known that the effect of Ni on corrosion resistance is due to the forma-
tion of highly protective NiO, oxides. The partial replacement of Fe by Ni
enhanced the corrosion resistance of [(Fe; _ xNiy)o.75B0.2Si0.05]os6Nb4
(x =0,0.2 or 0.4) BMG in NaCl, NaOH and H,SO, solutions, and this im-
provement was most significant in the [(FeggNig.4)0.75B0.2Si0.05]96Nb4
BMG [78]. This effect is attributed to the higher protective capacity of
NiO, compared with the porous iron oxide film.

lnvestigation of FesGCr23Ni5.7B16, F653Cr22Ni5'4Bzgand
Fe5oCraoNis gB1g (in at%) ribbon alloys reported higher corrosion resis-
tance than the alloy SS 316 LN [79].

The effect of the addition of Ni on the corrosion resistance of amor-
phous alloys has also been compared with the effects of Nb and Cu by
evaluating the electrochemical behavior of FessM,Cri;Mo10BgCi3Y>
(M = Ni, Cu, Nb) [80] (in at%) BMG; the alloy containing Ni showed
the best corrosion resistance compared with alloys containing Cu and
Nb in NaCl and HCI solutions.

Concerning GFA, the addition of 5 at% Ni to replace Fe in the
Fe;oMosP19CqoBs alloy increased the supercooled liquid region
(ATx = Tx — Tg; Ty: crystallization temperature; Tg: glass transition
temperature), indicating enhanced GFA [81].

4. Applications of Fe-Cr-based amorphous alloys

In recent years, there has been increasing interest in the application
of Fe-Cr-based amorphous alloys. As described in Section 1, these alloys
can be obtained mainly in the form of ribbons obtained by melt spin-
ning, coatings, and bulk metallic glasses (BMG). The range of composi-
tions that can be processed as BMG and coatings is more restricted
than the range that can be produced as ribbons and powders due to dif-
ferences in the achievable cooling rates [ 1]. However, the use of these al-
loys in ribbon form is restricted due to the small thickness of the ribbon.
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As detailed in Section 2, the Fe-Cr-based BMG or BAS alloys are ob-
tained in the form of cylinders or plates, with reports of obtaining
completely amorphous cylinders with thicknesses up to 16 mm. The
high fracture strength, high wear resistance, excellent corrosion resis-
tance, and high thermal stability of Fe-Cr-based BMG [1,81-88] make
these materials promising for several applications. Furthermore, the
possibility of obtaining the Fe-Cr-based BAS using commercial grade
raw materials instead of pure elements has been reported, which re-
duces manufacturing costs [89]. The higher corrosion resistance of the
Fes1CrigMo-B16C4Nb, (at%) amorphous alloy compared with 316 L
stainless steel and Ti-6Al-4V in Ringer's solution, which is similar to
the corrosive environment present in the human body, and the good
biocompatibility of this amorphous alloy makes this alloy promising to
use in biomedical implants [73].

One of the most promising applications of Fe-Cr-based BMG is as
cutting instruments in applications where corrosion resistance is im-
portant but impact resistance is not required, such as in surgical tools.
The Fe4;,Cry5C07;Mo014C12BgY> BMG blade has much better sharpness
than the commercial stainless steel blades, presenting better durability
in cutting, testing and higher corrosion resistance [74].

However, Fe-Cr-based BMG alloys have a very low plastic strain at
room temperature, which restricts the use of these alloys to applications
in which a significant toughness is not required. The presence of Cu in
[ (Feo.432C00.288B0.192510.048ND0.04)0.99CT0.01]99.7CUp 3 BMG results in a
plastic strain of more than 2.2% before fracturing [82]. However, the ad-
dition of Cu promotes the formation of the ac-Fe nanocrystalline phase
that can damage the corrosion resistance of the alloy [90].

Several studies have found that the Fe-Cr-based amorphous coatings
have higher corrosion resistance, and in environments containing chlo-
ride, this corrosion resistance is significantly higher than that of austen-
itic stainless steel alloys, such as 316 stainless steel [39,59,91]. In
addition to high corrosion resistance, it has also been reported that
these coatings show high wear resistance [5,92]. These characteristics
make the use of amorphous Fe-Cr based coatings promising in applica-
tions where the resistance to erosion-corrosion (E-C) failure is impor-
tant. In these applications, material deterioration is caused by the
combined action of corrosion and mechanical wear.

In a study involving several coatings obtained from a high-velocity
oxyfuel (HVOF) process, FE49'7C1'17'7M1'11.9M07.4W1'6315,2C3,8Si2.4 and
Fe4sMo014Cry5Y>C;5Bg presented a better behavior [39]. Bending tests
verified that the glassy-alloy-coated layer in a Fe-Cr-Mo-C-B system
showed good cohesion on a 304 stainless steel substrate and a wear re-
sistance greater than the hard chromium plating plate [5,92]. However,
the coating performance significantly depends on the feedstock powder
size and thermal spraying conditions [17].

The literature contains several suggested applications of Fe-Cr-based
amorphous coatings to protect metallic substrates against corrosive and
abrasive wear. These applications include the use of these coatings on
waste packages, on ship decks and on disk cutters for tunnel-boring ma-
chines [93]. In addition, these coatings are considered promising to use
on marine pump impellers [94] and containers used to store SNF (spent
nuclear fuel) [39]. In relation to this application, a
Fe49.7Cr177Mn; gMo74W1 6B152C3 8Si5 4 coating was shown to present
exceptional neutron absorption cross-sections [39].

The Fes4Cri53M187Mny;WeB13Cy 1Sit 4 (in wt%) amorphous coating
on marine pump impellers presented an E-C rate (mg/cm?-h) that was
significantly less than that of 304 stainless steel alloy at several flow
rates [94]. Moreover, the FeNiCrBSiNbW coating, which consists of an
amorphous phase and a a-(Fe, Cr) nanocrystalline phase, showed
higher cavitation erosion resistance compared with the 316 L coating
due to the amorphous/nanocrystalline structure of the former material
[95]. The high corrosion resistance against cavitation erosion is very im-
portant in equipment such as pumps, hydraulic turbines and ship pro-
pellers. Therefore, the performance of Fe-Cr-based amorphous
coatings reported in the literature also makes their use promising in
these applications. Propeller ships generally utilize nickel aluminum

bronze, and the replacement of this alloy by 304 stainless steel coated
with the amorphous coating could reduce the cost of the propeller. Aus-
tenitic stainless steel is most resistant to cavitation compared with nick-
el aluminum bronze [96]. However, it is necessary to evaluate whether
the presence of nanocrystalline phase does not compromise the pitting
corrosion resistance of the coating.

The high erosion-corrosion resistance of Fe-Cr-based amorphous
coatings makes the use of these coatings promising in applications
that generally use WC-based thermal sprayed coatings [97]. HVOF
W(C-based sprayed coatings containing Co and Cr have high resistance
to corrosion and erosion [98]. However, due to the high cost of these
coatings, Fe-Cr-based amorphous coating may have a better cost/benefit
ratio in several applications. Examples of applications for which it is in-
teresting to evaluate the performance of amorphous Fe-Cr-based coat-
ing include the vanes of sulfation equipment and in mirror heat
exchangers in contact with abrasive flow.

In sulfation equipment, homogenization of the mixture consisting of
a ground ore and concentrated sulfuric acid (sulfate process) occurs
through the movement of vanes fixed on a shaft. One application of
this equipment is the production of TiO, pigments used in paints. Fig.
3 shows a schematic representation of this equipment.

In aggressive environments, such as environments containing chlo-
ride and sulfate, concrete coating is not enough to protect the reinforc-
ing bars from corrosion. Therefore, in these environments, taking
additional measures to protect the reinforcing bars against corrosion is
recommended. One such measure is using stainless steel reinforcing
bars in concrete structures such as austenitic stainless steel 304 and
alloy 316 and duplex stainless steel 2205 alloy. These alloys are mainly
applied in splash zones, external reinforcements of bridges and founda-
tions, steps and reinforcement joints and connections between
prefabricated parts. Based on the reduction of maintenance costs and
repair, and the increase in the life of the structure, it has been estimated
that the use of stainless steel reinforcements is economically viable
when the increase in the initial cost of construction in splash zone re-
gions does not exceed 14% [99]. An alternative to reduce the cost of
stainless steel reinforcements could be the use of carbon steel coated
with an Fe-Cr-based amorphous alloy because this coating has a cost/
benefit rate greater than that of stainless steel alloys.

Investigations into the use of Fe-based amorphous coatings in the
steel reinforcing bars of reinforced concrete structure should be carried
out in similar conditions to those found in the concrete, which has a pH
of approximately 12. In general, tests to evaluate the corrosion resis-
tance of the steel reinforcing bars in reinforced concrete structures are
performed in saturated Ca(OH), containing various concentrations of
chloride.

As mentioned previously, when Mo is present in Fe-Cr-based amor-
phous alloys, the alloys tend to dissolve in alkaline media, causing a sig-
nificant decrease in the corrosion resistance of the alloy. However, in
relation to  Fe-Cr-based amorphous alloys containing
Ni(FesecrngisjB]G, F653Cr22Ni5_4B23 and FesocrzzNis_GB]Q), the corro-
sion resistance of these alloys in solutions of different pH(neutral solu-
tion with pH = 7.0 and alkaline solution with pH = 10.0) was

e

Fig. 3. Schematic representation of sulfation equipment.
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verified to be independent of the pH of the corrosive medium [79].
Therefore, these results indicate that the development of amorphous al-
loys that can show high resistance to corrosion in the presence of chlo-
ride in an alkaline medium, with a pH of approximately 12, is necessary.

Moreover, the possibility of using Fe-based amorphous alloys con-
taining Cr as the anode in impressed current cathodic protection sys-
tems should be analyzed. Ti anodes coated with noble metals (Ti/
MMO) and Fe-Si-Cr anodes are usually used in protection systems in en-
vironments containing chloride. The Fe-14.5% Si-4.5% Cr crystalline alloy
is a typical alloy used as the anode in impressed current cathodic protec-
tion systems. The Fe-Si-Cr anode costs significantly less than the Ti-
based anode, but the Ti-based alloy generally has a better cost/benefit
ratio in environments containing chloride due to the higher corrosion
resistance of this alloy [100]. In addition to a low consumption rate, it
is important that the anode shows a high density of a permissible cur-
rent, which is related to the ability of the electrode to withstand high
currents.

The performance of the metal anode is related not only to the protec-
tive ability of the passive film, but also the resistivity of the film. The
function of the anode is to conduct the DC protective current into the
environment [101]. Therefore, the presence of a less voluminous passive
film implies in lower resistance film to current conduction and, conse-
quently a higher efficiency of the anode [102].

The Fe-based amorphous alloy containing Cr, as previously seen, has
a passive film more resistant to dissolution in comparison with the pas-
sive film found in the crystalline alloy of the same composition. More-
over, it has been observed [18] from potentiodynamic polarization
curves that the Fe-based amorphous alloys have a lower active/passive
transition current density in comparison with the crystalline alloys
which indicates the presence of a less voluminous passive film. Howev-
er, as well as the characteristics of the passive film, the performance of
the anode depends on the ability to carry out an alternative anode reac-
tion. Therefore, it is interesting to analyze the performance of the amor-
phous alloy such as Fe-Si-Cr-based alloy as an anode in impressed
current cathodic protection systems.

An application in which it would be interesting to analyze the per-
formance of the anode constituted by the Fe-Cr-Si-based amorphous
alloy is in the impressed current cathodic protection system of the
steel reinforcing bars in reinforced concrete structures. In this system,
the anode can be used in ribbon form (width between 10 and
20 mm), which favors obtaining the alloy with a completely amorphous

structure. Therefore, it is interesting to study the performance of anodes
composed of Fe-Cr-Si-based amorphous ribbons in this application. This
protection system involves the permanent application of a continuous
electrical current between the steel reinforcing bars and an external
anode, usually the ribbon of the Ti-based material (Ti/MMO) [103].
Fig. 4 shows a schematic representation of the application of impressed
current cathodic protection in a reinforced concrete structure.

5. Summary and trends for future investigations

Fe-Cr-based amorphous alloys have attracted increasing interest
mainly due to their high resistance to corrosion and also to other prop-
erties such as wear resistance, a reduction of maintenance costs and ex-
ceptional neutron absorption cross-sections. These alloys have been
mainly studied in the form of ribbons, bulks and coatings, and the use
of these alloys as a protective coating for metallic substrates is their
most promising application. However, according to the literature, the
alloys that perform better have a high Mo content (between 6 and
16%), which significantly increases their cost. Moreover, the Mo
contained in the amorphous alloy can dissolve in an alkaline medium,
resulting in lower corrosion resistance.

Studies of Fe-Cr-based alloys amorphous alloys have provided ex-
tensive information on the effect of their structure and composition
on their behavior, which provides important information to improve
the cost-benefit relationship and to propose new applications for
these alloys. This review summarizes these results, and the following
are suggested further investigations of these alloys and justifications
for these suggestions based on information obtained from the literature.

5.1. Effect of the partial replacement of Mo by Nb

As discussed in Section 3.4, Nb and Mo addition to Fe-Cr based alloys
has a synergistic effect, and is responsible for the better performance in
corrosion resistance and GFA compared with alloys containing each el-
ement alone. Considering, as reported in Section 3.4, that the partial re-
placement of Fe by Nb in an FeCrMoCB amorphous alloy increases the
GFA of the alloy significantly, studies on the partial replacement of Mo
by Nb in this alloy system to determine the optimum levels of Nb and
Mo in relation to the corrosion resistance and GFA of the alloy would
be very interesting. Considering that Mo dissolves in alkaline environ-
ments, the evaluation of these alloys in environments containing
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Fig. 4. Schematic representation of the application of impressed current cathodic protection in a reinforced concrete structure [101].
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different chloride concentrations and pH values (acid, neutral and basic)
would be interesting, including a saturated solution of Ca(OH), at pH 12
containing chloride.

5.2. Effect of the partial replacement of Mo and Fe by Si

As observed in Section 3.2, the addition of Si to Fe-Cr-based amor-
phous alloys can promote corrosion resistance of this alloy due to the
formation of a passive film of SiO,. Therefore, considering the relatively
low cost of Si, studies should analyze the effect of the partial replace-
ment of Mo and Fe by Si on the corrosion resistance and GFA of the
alloy, for instance the Fe-Cr-Mo-Y-C-B alloy. As presented in
Section 3.3, the partial substitution of Mo by Si decreases the corrosion
resistance of Fe-Cr-based amorphous alloys, but this effect can be miti-
gated by the partial substitution of Fe by Si.

Moreover, the effect of replacing Fe with Si should be investigated on
the corrosion resistance and GFA of Fe-Cr-based amorphous alloys con-
taining Ni because the presence of Ni increases the Si content in SiO,
passive films, making this film more protective.

The corrosion resistance should be analyzed under the conditions
described in item a), and the results should be compared with those
of 316 and 2205 stainless steel alloys, as shown in Section 4 to show
promising behavior for use as reinforcements in reinforced concrete
structures.

5.3. Effect of the partial replacement of Mo by Ni

As observed in Section 3.4, t Mo addition, partially replacing Fe in Fe-
Cr based amorphous alloys, has a more favorable effect on the GFA than
the effect caused by Ni addition. However, considering corrosion resis-
tance, Mo addition is unfavorable with the increase from neutral pH to
an alkaline pH of 12. On the other hand, Ni addition does not impair cor-
rosion resistance, when the neutral pH increases to an alkaline pH of 10
[74], as observed in Section 3.4. Ni addition shows better results when
compared with Nb or Cu.

Given these findings, it is interesting to study the comparison be-
tween the effect of Ni and of Mo on the GFA and corrosion resistance
of the Fe-Cr-based amorphous alloys in solutions of different pH values.

The effect of replacing Mo with Ni on the corrosion resistance and
GFA of Fe-Cr-based amorphous alloys could also be interesting. The cor-
rosion resistance should be analyzed under the conditions described in
item a), and the results should be compared with those of 316 and 2205
stainless steel alloys.

5.4. Effect of partial crystallization on Fe-Cr-based amorphous alloys con-
taining Si

As discussed above, the partial crystallization of Fe-Cr-based amor-
phous alloys decreases the corrosion resistance of the alloy mainly
due to the formation of Cr- and Mo-depleted regions. Therefore, the di-
mensions of the part to be applied to explore the high corrosion resis-
tance is limited by the GFA of the alloy composition. Nevertheless, as
observed in Section 2, the partial crystallization of the amorphous Si
content alloy promotes the formation of a SiO, passive film with a
higher protective capacity. Therefore, the presence of a sufficiently
high content of Si on the Fe-Cr-based amorphous alloys to form a SiO,
passive film can be the way to mitigate the decrease in corrosion resis-
tance caused by partial crystallization of the alloy.

Thus, it is worth studying the effect of partial crystallization on the
corrosion resistance of BMG Fe-Cr-based containing Si.

5.5. Use of Fe-Cr-Si-based amorphous alloys as the anode in impressed cur-
rent cathodic protection systems

Considering that a typical Fe-Si-Cr composition used as the anode in
impressed current cathodic protection systems is crystalline

FeSiy4.5Cra 5, amorphous Fe,Sil, sCryBy alloys containing different Cr
concentrations should be analyzed initially. Metalloids B should be
added in an amount sufficient to enable the formation of a fully amor-
phous structure.

To analyze the performance of the anode, the anode consumption
rate (kg/amp.-year) of the Fe,Sil,4sCryBy, amorphous ribbon when
used in the impressed current cathodic protection system of reinforced
concrete structures should be determined. The results should be com-
pared with the commercial anode FeSiy45Cry 5 or Ti (Ti/MMO) in an en-
vironment containing chloride.
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