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A B S T R A C T

The effects of Cr addition on the thermal stability, soft magnetic properties and corrosion resistance of Fe79.5-
xSi9.5B11Crx amorphous alloys were detailed investigated. It was found that Cr addition has multiple effects on
improving those properties of FeSiB amorphous alloys. As Cr content increases from 0 to 5 at%, the coercive
force decreases from 2.46 to 2.02 A/m, and the corrosion rate of the alloys in 0.1M NaCl solution also decreases
from 1.83× 10−1 to 3.91× 10−4 mm·year−1. Besides, the passive region exceeds 1.13 V for the alloy con-
taining 7 at% of Cr.

1. Introduction

FeSiB amorphous alloys with good soft magnetic properties of high
saturation magnetizations and low core losses have been commercially
produced and widely applied as magnetic cores of distribution trans-
formers in power grid [1,2]. However, atmospheric and pitting corro-
sions are inevitable for FeSiB amorphous alloys when they are used as
cores of distribution transformers and electronic component parts in
air, especially in salted environment near sea. Therefore, it is important
for applications of FeSiB amorphous alloys to enhance their corrosion
resistance. Although the corrosion behavior of FeSiB amorphous alloys
has been studied in earlier research [3–6], there is little study of the
effect of compositional optimization on the corrosion resistance of
FeSiB amorphous alloys. It has been verified that Cr addition is effective
to improve the corrosion resistance of Fe-based amorphous alloys
[7–10], such as FeCrMoCB bulk glassy alloys in HCl solutions [8,11]. In
addition, Shen et al. found that the substitution of a small amount of Fe
with Cr can increase the glass-forming ability as well as the corrosion
resistance of FeMoGaPCBSi bulk glassy alloys in NaCl solutions [12].
Moreover, it was also found in the early 1980s that Cr addition can
improve the soft magnetic properties of the FeSiB amorphous alloys,
which not only decreases the coercive force and magnetic core loss, but
also increases the initial permeability [13]. Therefore, it is reasonable
to develop FeSiB amorphous alloys with high corrosion resistance,

combined with high thermal stability and good soft magnetic properties
by substituting a small amount of Fe with Cr, to meet the multiple needs
of applications of FeSiB amorphous alloys used as magnetic cores of
transformers and electronic components in severe environments.

In this paper, with the aim of developing FeSiB amorphous alloys
with good multiple properties, such as high corrosion resistance and
low core loss, Fe79.5-xSi9.5B11Crx (x= 0, 1, 2, 3, 4, 5, 7, 9 and 11 at%)
amorphous alloys were prepared, and the thermal stability, corrosion
behavior and soft magnetic properties of the alloys were carefully
measured. The origin for the effect of Cr addition on those properties of
FeSiB amorphous alloys was investigated and discussed in detailed. This
study will be beneficial to explore a new FeSiB amorphous alloy system
with high corrosion resistance and thermal stability as well as excellent
soft magnetic properties.

2. Experimental procedure

Multi-component Fe79.5-xSi9.5B11Crx (x= 0, 1, 2, 3, 4, 5, 7, 9 and 11
at%) ingots were prepared by arc melting the mixtures of high purity Fe
(99.99 wt%), Si (99.999 wt%), B (99.5 wt%) and Cr (99.95 wt%) in Ti-
gettered argon atmosphere. Ribbons with a width of 1.5 mm and
thickness of 30 μm were prepared by single-roller melt spinning
method. The amorphous structure and thermal properties of the ribbons
were investigated by X-ray diffraction (XRD) with Cu Kα radiation and
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differential scanning calorimetry (DSC) at a heating rate of 0.33 K/s,
respectively. The isothermal annealing treatment at different tem-
perature was performed in a vacuum atmosphere followed by water
quenching. The saturation magnetization (Is) and coercive force (Hc)
were measured with a vibrating sample magnetometer (VSM) under an
applied field of 800 kA/m and a B–H loop tracer under a field of 1 kA/
m, respectively. Prior to measurement of Hc, ribbons were annealed at
110 K below the onset crystallization temperature of the first peak (Tx1)
for 600 s to remove internal stress caused by rapid quenching process.

The corrosion behaviors were investigated by immersion tests and
electrochemical measurements. Prior to the immersion and electro-
chemical tests, the ribbons were washed with alcohol by ultrasonic
cleaning for 180 s and dried in air. The corrosion rates were estimated
from the weight loss of the ribbons after immersed in 0.1M NaCl so-
lution for 120 h at room temperature. The electrochemical measure-
ment was conducted in a three-electrode cell using a platinum counter
electrode and a Ag/AgCl reference electrode. Potentiodynamic polar-
ization curves were measured by an electrochemical work station with
a potential sweep rate of 4 mv/s in 0.1 M NaCl solution when the open-
circuit potential had been stabilized after immersing the specimens in
the solution within 1 h. After immersion measurements, the surface
morphology of the ribbons was observed by scanning electron micro-
scopy (SEM), and the bonding states of the sample surface were eval-
uated by X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS
ULTRADLD instrument with a monochromic Al Kα X-ray source (hν
=1486.6 eV). The power was 120W and the X-ray spot size was set as
700×300 μm. The pass energy of the XPS analyzer was set at 20 eV,
and the base pressure of the analysis chamber was lower than
5× 10−9 Torr. The compositions of the surface film and the underlying
alloy surface were quantitatively determined with a previously pro-
posed method using the integrated intensities of photoelectrons under
the assumption of a three-layer model of (1) an outermost contaminant
hydrocarbon layer of uniform thickness, (2) a surface film of uniform
thickness and (3) an underlying alloy surface of infinite thickness
[14,15]. All spectra were calibrated using the binding energy (BE) of C
1s (284.8 eV) as a reference [16,17].

3. Results and discussion

3.1. Thermal and magnetic properties of Fe79.5-xSi9.5B11Crx amorphous
alloys

Fig. 1 shows DSC curves of the Fe79.5-xSi9.5B11Crx amorphous rib-
bons. No obvious glass transition was observed in any of the DSC curve,
which was consistent with the previous results [18]. With increasing Cr

content, Tx1 gradually shifts towards high temperature side, while the
crystallization behavior changes from two-stage to three-stage, and
then changes to two-stage crystallization again, accompanying a rise of
the onset crystallization temperature of the second crystallization stage
(Tx2). To explore the origin of crystallization, the crystallization beha-
viors were investigated by annealing three representative alloys at
different annealing conditions, including Fe79.5Si9.5B11,
Fe76.5Si9.5B11Cr3 and Fe68.5Si9.5B11Cr11 amorphous ribbons. Figs. 2–4
show the XRD patterns of these three amorphous ribbons after annealed
at different temperature and time. As shown in Fig. 2, the XRD patterns
of the Fe79.5Si9.5B11 amorphous ribbon subjected to annealing for 300 s
at 773 and 793 K, corresponding to the temperatures just below and
above the first exothermic peak in the DSC curve (shown in insert in
Fig. 2), are identified as mixed Fe3B, Fe3Si phases, and mixed Fe3B,
Fe3Si, α-Fe(Si) phases, respectively. The XRD pattern of the sample
subjected to annealing for 300 s at 833 K corresponding to the tem-
perature just above the second exothermic peak are identified as a
single α-Fe(Si) phase. It is interesting to see from the XRD patterns of
those precipitation phases that the intensity of the peaks of both Fe3B
and Fe3Si phases increased largely as annealing temperature increased
from 773 to 793 K, but disappeared suddenly and completely as an-
nealing temperature increased from 793 to 833 K. However, the peaks
of α-Fe(Si) phase didn’t appear until the annealing temperature reached

Fig. 1. DSC curves of the Fe79.5-xSi9.5B11Crx (x= 0, 1, 2, 3, 4, 5, 7, 9 and 11 at
%) amorphous ribbons at a heating rate of 0.33 K/s.

Fig. 2. XRD patterns of Fe79.5Si9.5B11 amorphous ribbons annealed at different
temperatures. The insert shows DSC curve of Fe79.5Si9.5B11 amorphous ribbons.
The dash lines in the insert display the annealed temperatures.

Fig. 3. XRD patterns of Fe76.5Si9.5B11Cr3 amorphous ribbons annealed at dif-
ferent temperatures. The insert shows DSC curve of Fe76.5Si9.5B11Cr3 amor-
phous ribbons. The dash lines in the insert display the annealed temperatures.
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793 K, and increased gradually as the annealing temperature increased
to 833 K, then increased largely with increasing the annealing tem-
perature to 873 K. Therefore, it is considered that the first exothermic
peak can be attributed to the precipitation of Fe3B and Fe3Si phases,
while the second exothermic peak can be attributed to the precipitation
of α-Fe(Si) phase. As the two exothermic peaks locate close to each
other, a certain amount of precipitation of α-Fe(Si) phase in the alloy
annealed at 793 K for 300 s is reasonable to be detected. For
Fe76.5Si9.5B11Cr3 amorphous alloy, the crystallization is a three-stage
behavior with a third exothermic peak between the first and second
exothermic peak in DSC curve, as shown in Fig. 1 and the insert in
Fig. 3. The onset crystallization temperature of the third peak is noted
as Tx3. It is seen from the XRD patterns that the precipitation phases
corresponding to the first and second exothermic peaks are the same
with those of the Fe79.5Si9.5B11 amorphous alloy, while the precipitation
phase corresponding to the third exothermic peak is confirmed as FeCr
phase. With further increasing Cr content, as shown in the insert in
Fig. 4, the crystallization behavior changed back to two-stage crystal-
lization stage, and the precipitation phases are the same with those of
the Fe79.5Si9.5B11 amorphous alloy. It is interesting that the precipita-
tion phases for all the samples annealed at 873 K for 600 s are mixed α-
Fe(Si) and Fe2B phases, without appearance of FeCr phase. In addition,
the XRD patterns of the Fe3B and Fe3Si phases for Fe76.5Si9.5B11Cr3
amorphous alloy are much weaker than those of Fe79.5Si9.5B11 amor-
phous alloy annealed at the same condition of 773 K for 300 s, also
suggesting the better thermal stability of Fe76.5Si9.5B11Cr3 compared to
Fe79.5Si9.5B11 amorphous alloy. Therefore, it is reasonable to conclude
that the thermal stability of the Fe79.5Si9.5B11 amorphous alloy can be
increased with a small amount of Cr addition.

The influence of Cr addition on the magnetic properties of FeSiB
amorphous alloys were measured detailed, and the data are summar-
ized in Table 1. The Is of the alloys decreased from 1.63 to 0.65 T as Cr
content increased from 0 to 11 at%, because of the substitution of Fe
with non-ferromagnetic element Cr. Besides, it is interesting to see that
Hc also monotonously decreased from 2.46 to 1.47 A/m as shown in
Fig. 5, with the insert in the figure showing the part of hysteresis loops
with different Cr content. Therefore, it can be concluded that the soft

magnetic properties of the FeSiB amorphous alloys were significantly
improved with increasing Cr content although the Is was decreased. It
has been reported that the origin of low coercivity of Fe-based glassy
alloy is the low number density of domain wall pinning sites, which are
the agglomeration of vacancy-type point defects resulting from free
volume in the amorphous/glassy alloy [19,20]. As mentioned former,
the thermal stability of the FeSiBCr amorphous alloy increases with
increasing Cr content, indicating the reduced density of defects in the
alloys. As a result, the decreased coercivity of this amorphous alloy with
increasing Cr content can be attributed to the improvement of thermal
stability with Cr addition, which is consistent with the previous results
[12].

3.2. Corrosion behavior of Fe79.5-xSi9.5B11Crx amorphous alloys

Fig. 6 shows the average corrosion rates of Fe79.5-xSi9.5B11Crx
amorphous ribbons immersed in 0.1 M NaCl solution open to air at
room temperature for 120 h. The corrosion rate decreases gradually
from 1.83×10−1 to 1.17×10−1 mm∙year−1 with Cr addition in-
creasing from 0 to 4 at%. As Cr content further increases from 4 to 5 at
%, the corrosion rate decreases rapidly from 1.17× 10−1 to
3.91×10−4 mm·year−1. However, when Cr content continuously in-
creases to 11 at%, no significant change is observed for the corrosion
rate, which maintains around 3.91× 10−4 mm·year−1. It is noted that
the corrosion rate for the alloy with composition of 5 at% Cr is three
orders of magnitude lower than that of the 4 at% Cr containing alloy.
These results reveal that the corrosion resistance of the FeSiB amor-
phous alloys is effectively enhanced by a small amount of Cr addition.

The SEM micrographs of wheel surfaces of the Fe79.5-xSi9.5B11Crx
amorphous ribbons with Cr addition of 0, 3, 4, and 5 at% after the
immersion test in 0.1M NaCl solution are shown in Fig. 7. The surface
of the Cr-free alloy was badly damaged as shown in Fig. 7(a). The
oxidation layer (marked as Af) confirmed by EDX analysis due to its
high oxygen content of 34.92 at% as shown in Table 2 peeled off
heavily from matrix, resulting in the further erosion of the exposed
matrix (marked as Am) by NaCl solution. With increasing Cr addition,
the damage of the alloy surface was largely reduced. When Cr addition
increased to 3 at%, the surface layer did not peel off from the alloy

Fig. 4. XRD patterns of Fe68.5Si9.5B11Cr11 amorphous ribbons annealed at dif-
ferent temperatures. The insert shows DSC curve of Fe68.5Si9.5B11Cr11 amor-
phous ribbons. The dash lines in the insert display the annealed temperatures.

Table 1
The magnetic properties of the Fe79.5-xSi9.5B11Crx (x= 0, 1, 2, 3, 4, 5, 7, 9 and 11 at%) amorphous ribbons.

Fe79.5-xSi9.5B11Crx x= 0 x=1 x=2 x=3 x=4 x=5 x=7 x=9 x=11

Is (T) 1.63 1.56 1.44 1.35 1.27 1.19 1.01 0.83 0.65
Hc (A/m) 2.46 2.33 2.25 2.30 2.17 2.02 1.97 1.64 1.47

Fig. 5. Cr content dependences of the coercivity (Hc) for the Fe79.5-xSi9.5B11Crx
(x= 0, 1, 2, 3, 4, 5, 7, 9 and 11 at%) amorphous ribbons. Hysteresis B–H loops
of Fe79.5-xSi9.5B11Crx amorphous ribbons are displayed in the insert.
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matrix, with only some cracks and particles (marked as P) appearing on
the surface, as shown in Fig. 7(b), the oxygen content of this oxidation
layer decreased to 8.76 at%. As shown in Figs. 7(c) and (d), with further
increasing Cr content to 4 and 5 at%, the oxidation layers densely
covered on the surfaces and no crack was found, though some particles
remained on the surface of the 4 at% Cr-containing alloy. It should be
noted here that no particle or crack can be found on the surface of the 5
at% Cr-containing alloy, indicating the alloy exhibits excellent corro-
sion resistance, which is consistent with the rapid decrease of the cor-
rosion rate for the 5 at% Cr-containing alloy as shown in Fig. 6. The
high corrosion resistance of the alloy with 5 at% Cr can be attributed to
the formation of a homogeneous passive film covering on the alloy
surface. The surface morphology of the FeSiBCr alloys with 7–11 at% Cr
addition after immersion tests are the same with 5 at% Cr-containing

Fig. 6. Corrosion rates of the as-spun Fe79.5-xSi9.5B11Crx (0≤ x≤ 11) amor-
phous ribbons in 0.1M NaCl solution at room temperature.

Fig. 7. SEM micrographs of the surface of Fe79.5-xSi9.5B11Crx amorphous ribbons after immersing in 0.1M NaCl solution for 120 h at room temperature. ((a) x=0; (b)
x=3; (c) x= 4; (d) x=5; Am: the matrix area; Af: the oxidation films; P: the particles).

Table 2
The elemental analysis on the surface of the amorphous Fe79.5-xSi9.5B11Crx
(x= 0, 3 at%) ribbons in the wheel surfaces after immersion test by EDX.

Alloy Position Fe (at%) Si (at%) Cr (at%) O (at%)

x= 0 Am 48.13 4.6 – 4.96
Af 30.86 5.15 – 34.92
P 24.81 3.3 – 23.4

x= 3 Am 80.02 12.29 3.21 2.06
Af 60.86 20.47 5.56 8.76
P 57.91 10.99 1.41 20.22

Fig. 8. Potentiodynamic polarization curves of Fe79.5-xSi9.5B11Crx (x= 0, 1, 2,
3, 4, 5, 7, 9 and 11 at%) amorphous ribbons in 0.1M NaCl solution at room
temperature.
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FeSiBCr alloy (data not shown).
To further evaluate the corrosion behavior of Fe79.5-xSi9.5B11Crx

amorphous alloys, the potentiodynamic polarization measurement was
systematically performed. Fig. 8 shows the polarization curves of the as-
spun Fe79.5-xSi9.5B11Crx ribbons measured in 0.1M NaCl solution which
opens to air at room temperature. It is seen that the Cr-free alloy suffers
from corrosion by a slight anodic polarization without passive region.
However, except for the alloy with 3 at% Cr, all the other alloys con-
taining a small amount of Cr show obvious passivation in their anodic
polarization curves. With more Cr addition (> 3 at%), the alloys pas-
sivated with wide passive regions (ΔE), low passive current density
(ipass) and low transpassive potential (Etp). Characteristic parameters,
including ΔE, ipass and Etp, obtained from the potentiodynamic polar-
ization curves as a function of Cr content are plotted in Fig. 9. The alloy
containing 7 at% Cr shows a large passive region of 1.13 V, a low
passive current density of 2.33×10−6 A/cm2 and a low transpassive
potential of 1.25 V. When Cr content exceeds 7 at%, the corrosion be-
havior changes little with more Cr addition, indicating that a small
amount of Cr addition below 7 at% can effectively improve the corro-
sion resistance of the Fe-based alloy in this study.

In addition, as shown in Fig. 8, the alloys containing more than 3 at
% Cr show more than one active dissolution peaks in polarization
curves, indicating the formation of the passive film was not completed
through one step. It is also noteworthy that abrupt changes of the po-
larization curves occur when Cr content increases from 3 to 4 at% and
from 5 to 7 at%, respectively, indicating the dramatic changes of the
overall corrosion performance. There is an obvious passivation region
for the polarization curve of the alloy with 4 at% Cr addition, but no
passivation region for that with 3 at% Cr addition. The stability of
amorphous structure is similar for the alloys with 3 and 4 at% Cr, but
the latter has more complete passive film with better protective ability.
Therefore, the abrupt polarization behavior changes of alloys when Cr
addition increases from 3 to 4 at% can be attributed to the better
protection of the complete oxidation film. When Cr addition increases
from 5 to 7 at%, the ΔE and ΔEtp go through a large increase, indicating
an improvement of the corrosion resistance. The alloys with 5 at% and
higher Cr content all have uniform and complete passive films as shown
in Fig. 7. Meanwhile, the crystallization process transforms from a
three-stage to a two-stage behavior when Cr increases from 5 to 7 at%,
indicating the amorphous structure becomes more stable. Moreover, the
polarization curves have little change for the alloys with more than 7 at

% Cr, which have similar stability of amorphous structure and similar
oxide films. As a result, it can be concluded that the improvement of the
structural stability when Cr content increases from 5 to 7 at % results in
the increase of the corrosion resistance. Based on the above analyses,
the abrupt changes are related to the comprehensive effects of the
stability of amorphous structure and the protective ability of the oxide
film formed on the surface of alloys.

The studies on potentiodynamic polarization suggest that the cor-
rosion resistance of the FeSiB amorphous alloy is effectively improved
by minor Cr addition. Considering the corrosion resistance, soft mag-
netic properties and materials cost comprehensively, the optimal
amount of Cr addition is 5 at%. The alloy with 5 at% Cr exhibits a low
coercive force of 2.02 A/m, a saturation magnetization of 1.19 T, a low
passive current density of 2.67×10−6 A/m and a large ΔE of 0.44 V.

3.3. Chemical characteristics of the surface films

To better understand the effect of Cr addition on the corrosion
mechanism, XPS analysis was performed to characterize the chemical
composition of oxide films formed on the surfaces of the amorphous
ribbons after electrochemical testing. Fig. 10 shows the spectra of Fe 2p,
Cr 2p and Si 2p of the alloy with 7 at% Cr after Ar-ion sputtering for
15 s. The spectra of these alloys consist of peaks corresponding to their
oxidized states (ox) in the surface film and the metallic states (m) in the
underlying alloy surface just beneath the surface film [21,22]. The Fe
2p spectra corresponding to the peaks of Fe 2p1/2 and 2p3/2 include the
peaks of the metallic state (Fem), Fe2+ and Fe3 + oxidized states (Feox).
In addition, the Fe2+ satellite peak occurs at about 6 eV higher binding

Fig. 9. Characteristic parameters obtained from Fig. 8: (a) passive potential
region (ΔE), (b) passive current density (ipass), (c) transpassive potential (ΔEtp).

Fig. 10. XPS spectra of (a) Fe 2p, (b) Cr 2p and (c) Si 2p of the Fe72.5Si9.5B11Cr7
amorphous ribbons after electrochemical measurement in 0.1M NaCl solution.
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energies than the main Fe 2p peaks [23]. The Cr 2p peaks represent the
metallic state (Crm) and Cr3 + oxide states (Crox). From the Si 2p
spectrum, Si exists in the forms of metallic state and SiO2. Based on the
XPS analysis, the surface film of the specimen after electrochemical
testing consists of Fe2+, Fe3+, Cr3+, Si4+ and B3+, while the under-
lying alloy surface is composed of Fem, Crm, Sim and Bm, as shown
clearly in the schematic diagram of the compositional distribution on
the alloy surface, as shown in Fig. 11.

Fig. 12 shows the XPS depth profile spectra for the Fe 2p and Cr 2p
of the alloys with 2 and 7 at% Cr after Ar-ion sputtering for 15, 125 and
225 s, respectively. The spectra were normalized to the same height at
their maximum peaks for comparison. The peak positions of Fe and Cr
in the oxide films are similar to each other although there are some
differences between their peak intensities. With increasing the etching
time, the peak intensities of the metallic state (Fem and Crm) in the Fe
2p and Cr 2p XPS spectra of the alloys increase while the peaks for the
oxidized state disappear after Ar-ion sputtering for 125 s, indicating
that the oxide layer of the ribbons was removed after etching for 125 s.
No peak corresponding to Feox or Crox exists in the Fe 2p and Cr 2p XPS
spectra of the alloys after etching for 225 s.

After integrating intensities of the peaks for individual species, the
composition of the surface film and the underlying alloy surface were
calculated quantitatively [14,15]. The fractions of the alloying elements
in the surface films and the underlying alloy surfaces of Fe79.5-
xSi9.5B11Crx amorphous ribbons (x= 2, 7) after electrochemical tests
compared to their nominal ratios are summarized in Fig. 13. In com-
parison with the nominal ratio, the fractions of Cr and Si in the surface
film and the underlying alloy surface increase while that of Fe decreases
after electrochemical test in 0.1M NaCl solution. Besides, when Cr
addition rises from 2 to 7 at%, the fractions of Crox and Siox in the
surface film increase while that of Feox decreases. The Cr/Fe ratio is
defined to represent the enrichment condition of Cr element. Table 3
shows the Cr/Fe ratio for the alloys with 2 and 7 at% Cr in nominal, as
well as that in the oxide film, the underlying alloy surface and the alloy
after Ar-ion sputtering for 125 and 225 s. As shown in Table 3, the Cr/
Fe ratios of the specimen after sputtering are almost the same as their
nominal ratios, indicating the oxide films of the alloys have been

removed. This result verifies that the composition of the as-spun rib-
bons does not deviate from their nominal ratios. The Cr/Fe ratios in the
surface film and the underlying alloy surface of the alloys with 2 and 7
at% Cr are all higher than their nominal ratios, and the Cr/Fe ratios of
the alloys with 7 at% Cr are higher than that of the alloys with 2 at% Cr.
Thus, it can be suggested that Cr element is enriched in the oxide film of
the Cr-containing alloys. According to the work of Pang et al., the
formation of Cr-enriched oxide film is due to the fast dissolution of iron
during the initial period in the active state [11]. Obviously, the en-
richment of Cr in the oxide film is the main reason that contributes to
the effective protection of oxide film and results in high corrosion re-
sistance of the Cr-containing alloys.

The relationship between the high corrosion resistance and the
formation of a Cr-rich passive film for the FeSiBCr amorphous system
derived from XPS analysis is similar to that for conventional stainless
steels [24–26]. However, more than 12.5 at.% Cr is required to sig-
nificantly increase the corrosion resistance of the stainless steels ac-
cording to the n/8 principle while even only 5–7 at.% Cr addition can
improve the corrosion properties of the FeSiB amorphous alloys dra-
matically in this study. Several studies on amorphous alloys have also
reported that only 4–8 at.% Cr addition could achieve good passivity
and enhance their corrosion resistance significantly [7,8,12,27]. In
general, compared to stainless steels, amorphous alloys need lower Cr
contents to achieve good passivity and high corrosion resistance. The
superiority in Cr contents of amorphous alloys may be ascribed to its
amorphous structure. Firstly, compared to stainless steels, due to the
rapid cooling rate, amorphous alloys are composed of a chemically
homogenous single phase without any physical or chemical hetero-
geneity, forming a more uniform passive film on the amorphous sub-
strate that provides better protection against corrosion. As a result,
lower amount of Cr in the passive film could achieve necessary stability
than stainless steels [28,29]. Secondly, the metastable nature of the
amorphous alloys enables them higher chemical reactivity, which en-
hances the enrichment of the oxidized Cr element in the film and has-
tens the formation of a uniform corrosion-resisting passive film. [28].
Due to the rapid formation of the uniform passive film, a smaller
amount of Cr enables amorphous alloys to achieve high corrosion re-
sistance than stainless steels. It can be seen that amorphous alloys have
great superiority over traditional stainless steels in application where
corrosion resistance is important.

4. Conclusions

In this study, the effects of compositional optimization with Cr ad-
dition on the thermal stability, soft magnetic properties and corrosion
resistance of FeSiB amorphous alloys were systematically investigated.
The origin of high corrosion resistance of the Cr-containing alloys was
also discussed. This study will be beneficial to explore a new FeSiB
amorphous alloy system with high corrosion resistance and thermal
stability as well as excellent soft magnetic properties. The results are
summarized as follows:

(1) The thermal stability, soft magnetic properties and corrosion re-
sistance of Fe79.5-xSi9.5B11Crx (x= 0, 1, 2, 3, 4, 5, 7, 9 and 11 at%)
amorphous alloys have been improved with a small amount of Cr
addition. The coercivity of the alloys was effectively reduced from
2.46 to 1.47 A/m by the addition of Cr element although the sa-
turation magnetization decreased slightly.

(2) The corrosion resistance of FeSiB alloys was dramatically enhanced
with a minor Cr addition due to the formation of the Cr-rich pro-
tective films. The corrosion rate of the alloys in 0.1 M NaCl solution
decreased from 1.83×10−1 to 3.91×10−4 mm·year−1 as Cr
content increased from 0 to 5 at%. The FeSiB alloy with a low
passive current density of 2.67×10−6 A/cm2 and a large passive
potential region of 0.44 V was obtained by adding 5 at% Cr ele-
ment. The Cr-containing alloys also exhibited large passive regions

Fig. 11. A schematic diagram of the compositional distribution on the surface
of the specimen after electrochemical measurement in 0.1M NaCl solution.
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exceeding 1.13 V when Cr content was higher than 5 at%.
(3) The chemical composition analysis based on XPS showed that the

oxide films of specimen after electrochemical tests consisted of
Fe2+, Fe3+, Cr3+, Si4+ and B3+. As the content of Cr element in-
creased from 2 to 7 at%, the fractions of Crox and Siox in the surface
film increased while the Feox decreased obviously, which was also
confirmed from the formation of a homogeneous passive film cov-
ering on the alloy surface as observed by SEM, leading to the en-
hancement of corrosion resistance of FeSiBCr amorphous alloys.

(4) The quantitative analysis of XPS spectra revealed that the Cr ele-
ment was enriched in the oxide film of the Cr-containing amor-
phous alloy. Besides, it was also found that the Cr/Fe ratios in the
surface film and the underlying alloy surface of the alloys with Cr
addition were all higher than their nominal ratios, which is the
reason for protection improvement of oxide film in Cr-containing
alloys.
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