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Characterization and properties of soft magnetic (Fe0.5Co0.5)75B21Nb4 metallic
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Abstract: The effect of cryogenic treatment (CT) and relaxation annealing on the average nearest neighboring distance of atom (dm), ther-
modynamic  stability,  soft  magnetic  properties,  microhardness  (Hv),  and  corrosion  resistance  of  as-spun  (Fe0.5Co0.5)75B21Nb4 metallic
glasses (MGs) is studied. On the premise of maintaining a fully amorphous phase, appropriate CT and relaxation annealing are conducive
to achieving the synergistic effect of increasing saturation magnetization (Ms) and reducing coercivity (Hc). Shallow CT at 213 K optim-
ally  enhances  the  soft  magnetic  properties  of  MGs.  Given  its  low  activation  energy  of  nucleation  and  increased  activation  energy  of
growth,  appropriate  CT  is  beneficial  for  achieving  uniform  annealed  nanocrystals  in  amorphous  phases.  The  correlation  between  free
volumes (FVs) and potential energy suggests that the variation in Hc depends on the expansion and contraction behavior of amorphous
phases after different CT processes. The fitting formulas of Hc–dm and Ms–Hv correlations demonstrate that soft magnetic parameters have
a solid linear relationship with the contents of FVs and degree of dense random packing. Moreover, pitting resistance is improved by ap-
propriate CT and relaxation annealing.  This improvement is  characterized by the promotion of the stability of the Nb-rich passive film
formed during electrochemical corrosion in 3.5wt% NaCl solution.

Keywords: metallic glass; cryogenic treatment; relaxation annealing; soft-magnetic properties; corrosion resistance

  

1. Introduction

Since  they  were  first  discovered  in  the  form  of  binary
Au–Si  alloy [1],  metallic  glasses  (MGs)  have  attracted  in-
creasing  attention  owing  to  their  superior  properties  over
their  crystalline  counterparts [2–3].  Given  their  outstanding
soft magnetic properties, such as high saturation magnetiza-
tion (Ms), permeability, and electric resistance, and low coer-
civity (Hc) and core loss [4–6], Fe-based MGs have been ap-
plied as excellent soft magnetic materials in numerous elec-
tric and electronic fields [7].

In  addition,  the  saturation  magnetizations  of  Fe-based
MGs and their nanocrystalline counterparts have approached
those of silicon steels [8]. However, their wide industrial ap-
plication is hindered by the processing complexity resulting
from  the  high-heating-rate  annealing  to  obtain  nanograins
and  the  existence  of  volatile  phosphorus.  An  uncontrolled
high  annealing  temperature  caused  the  rapid  grain  growth
and  precipitation  of  the  second  phase,  which  sharply  in-
creased Hc (over 1000 times higher than the Hc of precursor
materials) [9–10].  Crystallization-induced  boundaries
also degrade corrosion resistance performances [11]. There-
fore,  unremitting  efforts  are  needed  to  develop  novel  and
simple  Fe-based  MGs  with  a  fully  amorphous  phase  while
achieving high glass-forming ability and excellent magnetic

softness.
MGs  have  been  observed  to  transform  into  novel  meta-

stable states after cryogenic treatment (CT) in liquid nitrogen,
leading to irreversible changes in their main physical proper-
ties [12]. Combined with essential compositional design, CT
enables  effective  modulation  of  soft  magnetic  properties  in
MGs while maintaining their fully amorphous structural in-
tegrity [13–14]. [(Fe0.5Co0.5)0.75B0.2Si0.05]96Nb4 MG with good
soft  magnetic properties and surprisingly high ductility was
obtained through cryogenic thermal cycling (CTC) [15].

Furthermore, in consideration of the urgent requirement to
extend the endurance life of magnetic components in various
environments  effectively,  the  development  of  excellent  soft
magnetic  MGs  with  comprehensive  performance,  such  as
high  corrosion  resistance,  has  received  considerable  atten-
tion [16–18]. Accordingly, it is necessary to tailor MGs pos-
sessing excellent soft magnetic properties and high corrosion
resistance.

Based  on  a  simple  compositional  design,  it  is  crucial  to
optimize the soft magnetic performance, mechanical proper-
ties,  and  corrosion  resistance  of  MGs  by  modulating  the
atomic  arrangement  configuration  of  amorphous  phase
through CTs  at  different  temperatures  or  relaxation  anneal-
ing  below  the  crystallization  temperature.  In  the  present
study, appropriate relaxation annealing and CT were conduc- 
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ted on as-spun (Fe0.5Co0.5)75B21Nb4 MG ribbons with quatern-
ary constituents.  The microstructures,  thermal  stability,  soft
magnetic properties, microhardness, and corrosion resistance
of these MG ribbons in 3.5wt% NaCl solution were explored
in detail. 

2. Experimental 

2.1. Preparation and processing of MG ribbons

Alloy  ingots  with  a  nominal  component  of  (Fe0.5Co0.5)75

B21Nb4 were  prepared  by  arc-melting  a  mixture  of  the  raw
materials  Co,  Nb,  and  B  with  purity  above  99.95wt%  and
pre-alloys  of  Fe–B  (>99wt%  purity)  in  a  Ti-gettered  high-
purity Ar atmosphere.  The MG ribbons were fabricated via

melt spinning under vacuum conditions, utilizing a Cu wheel
rotating  at  3400  r·min−1 (linear  velocity  of  approximately
30  m·s−1)  in  vacuum.  The  width  and  thickness  of  the  ob-
tained ribbons were approximately 2–2.5 mm and 20–23 μm,
respectively.

The as-spun ribbons were subjected to relaxation anneal-
ing  at  740  K  (below  the  onset  crystallization  temperature,
Tx1 = 755 K) in a vacuum tube furnace, with a holding time of
600  s.  In  addition,  the  as-spun  ribbons  were  cryogenically
treated at 77 K (deep CT), 173 K (moderate CT), and 213 K
and 253 K (shallow CT) for 12 h by using a thermostatic re-
action bath (DLSB ZLD-120C, Blue Power, China) with eth-
anol as a medium. The corresponding samples are denoted as
shown in Table 1.

  
Table 1.    Designation of the tested (Fe0.5Co0.5)75B21Nb4 MGs under different treatment temperature conditions

Treatment condition 77 K 173 K 213 K 253 K As-spun 740 K
Designation Sc77 Sc173 Sc213 Sc253 Sspun Sa740

  
2.2. Characterization

The  microstructures  of  the  tested  MG  ribbons  were  ex-
amined  through  X-ray  diffraction  (XRD,  D8  Advance,
Bruker,  German)  using  Cu-Kα radiation  (λ =  0.15406  nm).
Thermal  stability  was  analyzed  by  employing  differential
scanning  calorimetry  (DSC,  TGA/DSC1,  Mettler-Toledo,
USA) at a heating rate of 10–40 K·min−1 under a continuous
flow of purified Ar. Ms and Hc were measured by a vibration-
al sample magnometer (VSM, LakeShore7404, Lake Shore,
USA)  at  room  temperature  (approximately  298K)  with  a
maximum applied field of ±10000 Oe. All samples for hys-
teresis  loop  measurements  had  the  same dimensions  of  ap-
proximately 2 mm long and 2 mm wide to avoid the effects
of  ribbon  geometry.  The  Vickers’ microhardness  on  the
wheel-side  ribbon  was  measured  by  using  a  microhardness
tester (HVS-1000ZT, Feng Zhi, China) with a loading force
of  500  N and  a  holding  time  of  15  s.  The  obtained  micro-
hardness values were the average of  more than 10 indenta-
tions for each sample.

Corrosion behavior was evaluated through electrochemic-
al polarization measurement in 3.5wt% NaCl aqueous solu-
tion  by  using  an  electrochemical  workstation  (CHI660E,

Chenhua,  China).  The  potential  of  cathodic  polarization
scans  ranged  from −2  to  0.5  V  with  a  sweep  rate  of  2.0
mV·s−1. The three-electrode cell included a platinum counter
electrode  and  an  Ag/AgCl  reference  electrode.  The  wheel-
side ribbon was used as the working electrode with an aver-
age immersed area of 0.2 cm2. Before the acquisition of po-
larization curves, all samples were immersed in the 3.5wt%
NaCl aqueous solution and underwent open circuit potential
testing for approximately 600 s until  a stable trend was ob-
tained.

The surface corrosion morphologies of the tested ribbons
were observed by using field-emission scanning electron mi-
croscopy (FESEM, QUANTA FEG 250, FEI, USA). 

3. Results and discussion 

3.1. Structural characterization

Fig. 1 provides the XRD results of the MG ribbons after
relaxation annealing and CT under different temperature con-
ditions. It shows that the XRD pattern of each tested sample
mainly contains a broad diffuse peak, representing the forma-
tion of a typical amorphous phase (Fig. 1(a)). Optical photos
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Fig. 1.    XRD patterns (a) and dm variation (b) of the (Fe0.5Co0.5)75B21Nb4 MG ribbons under different treatment temperature conditions.
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(Fig. S1, see the Supplementary Information) reveal that after
bending at 180° or multiple bending cycles, the CT MG rib-
bons  clearly  show  preserved  continuity.  Although  the  MG
ribbons  have  good  plasticity,  they  cannot  withstand  severe
bending. Therefore, this finding demonstrates that appropri-
ate CT is the preferred treatment for improving soft magnetic
properties and maintaining amorphous plasticity.

The average nearest neighboring distance of atoms (dm) in
the MGs is an accessible index for assessing atomic topolo-
gical  short-range ordering and stability [19].  Such an index
could provide rudimentary insight into possible structural re-
laxation  or  atomic  rearrangement.  The  parameter dm is  in-
ferred from Eq. (1):

2dmsinθ = 1.23λ (1)
where λ is the wavelength of Cu-Kα radiation; θ is the diffrac-
tion peak position (determined by fitting the main peak by the
Gaussian profile); and 1.23 is the correction factor applicable
for liquid and amorphous solids [20]. Fig. 1(b) shows that the
dm values of the Sa740, Sc253, and Sc213 ribbons are lower
than  that  of  Sspun.  In  particular,  among  the  ribbons,  the
Sc213 ribbon shows the greatest reduction in dm.  This find-
ing also indicates that  shallow CT and relaxation annealing
induce the contraction of average distance and dense atomic
packing. Dokukin et al. [13] reported that the interatomic dis-
tance of  Fe78Cu1Nb4B3.5Si13.5 MG ribbons showed reduction
under CT at 77.8 K.

However,  under  moderate  CT  (173  K)  and  deep  CT
(77  K)  conditions, dm exhibits  a  considerable  increase,  re-
vealing  the  reconfiguration  of  a  loose  amorphous  structure.

This increase is more pronounced in Sc173 than in other rib-
bons. Fig. 2 is a comprehensive illustration of the thermody-
namic  behaviors  of  the  MGs  treated  at  the  heating  rate  of
20 K·min−1. Fig. 2(a) shows the presence of three clearly ob-
servable  exothermic  peaks  at  approximately  790  and
840–900 K,  further  confirming the  amorphous  characterist-
ics  of  all  the  MG  ribbons.  The  variation  trends  of Tx1 and
crystallization peak temperature (Tp1) obtained from the first
exothermic peak are presented in Fig. 2(b). Notably, the shal-
low and deep CT result in lower Tx1 and Tp1 values compared
to  relaxation annealing,  demonstrating reduced thermal  sta-
bility of the MGs. 

3.2. Thermal stability and crystallization behaviors

The  crystallization  activation  energies  of  Sspun,  Sc213,
and  Sc77  are  selected  for  measurement  to  qualitatively  as-
sess  the  effect  of  CT  on  the  thermal  stability  of  the  tested
MGs.  The  DSC  curves  of  the  three  samples  treated  at  the
heating  rates  of  10,  20,  30,  and  40  K·min−1 are  plotted  in
Fig.  3.  The  related  thermodynamic  events  are  found  to  in-
variably  move  toward  high  temperatures  with  increasing
heating rates.

ETx1 ETp1

In accordance with the exothermic peak shifts at different
heating rates, the effective crystallization activation energies
associated  with  nucleation  ( )  and  growth  ( )  are
evaluated by using the Kissinger method and depicted by Eq.
(2) [21]:

ln
T 2

β
=

E
RT
+C (2)
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Fig. 2.    DSC curves (a) and variation trends of Tx1 and Tp1 (b) of all the tested MGs acquired at a heating rate of 20 K·min−1.
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ETx1 ETp1

where C is  the  temperature-independent  constant, T is
the specific temperature (Tx1 and Tp1 herein), β is the heating
rate, R is the gas constant of 8.314 J·K−1∙mol−1, and E is the
corresponding  apparent  activation  energy.  In  the  present
study,  the values of and  are deduced from Tx1 and
Tp1,  which  are  associated  with  nucleation  and  growth,  re-
spectively.

ETx1 ETp1

ETx1

ETp1

ETx1

ETp1

Herein, and  are determined from the slope of the
plot of ln(T2/β) as a function of 1000/T, as illustrated in Fig. 4
and  plotted  in Fig.  5.  All  the  Kissinger  plots  of  (Fig.
4(a)–(c)) and  (Fig. 4(d)–(f)) exhibit a strong linear rela-
tionship,  with  data  points  showing good distribution along-
side the fitting line. Notably, the three MGs show  values
that  remarkably  surpass ,  suggesting  that  nucleation  is

ETx1

ETp1

substantially  more  difficult  than  grain  growth  in  the  main
crystallization  process.  The  values  of  Sc77  and  Sc213
are 333.7 and 337.2 kJ∙mol−1, respectively, which are 12.8%
and  11.8%  lower  than  that  of  Sspun  (382.5  kJ∙mol−1),  re-
spectively.  This  finding  indicates  that  compared  with  the
Sspun sample, the CT samples require a lower energy barrier
for the primary crystallization nucleation of their amorphous
phases [22]. However, the  values of the MGs subjected
to CT are 16.1% and 10.7% higher than that of Sspun. Not-
ably,  CT  is  beneficial  for  the  nucleation  of  the
(Fe0.5Co0.5)75B21Nb4 amorphous  phase  and  inhibits  grain
growth  behavior.  This  effect  demonstrates  that  through  ap-
propriate CT, the amorphous phase easily generates uniform
annealed nanocrystals. 

3.3. Correlation  between  soft  magnetic  properties  and
structures

Fig. 6(a) shows the magnetic hysteresis loops of the tested
MGs  and  the  zoomed-in  view  of  the  central  part  of  the
curves, where vertical coordinate is the mass magnetization
(M) of samples and horizontal coordinate is the applied field
(H).  The Hc values  of  all  the  tested  samples  are  invariably
below 1.8 Oe, and their loop silhouettes are similarly elong-
ated, proving typically soft magnetic characteristics.

Fig.  6(b)  displays  that  CT  and  relaxation  annealing  are
conducive to increasing the Ms values of the tested MGs, with
CT having a more optimal effect than relaxation annealing.
This finding shows that the sample subjected to annealing-in-
duced relaxation has  a  modest  improvement  of  5.2% in Ms
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over the Sspun. However, reducing the CT temperature does
not have a monotonically linear effect on improving the Ms

values of the MGs. Instead, the optimal CT temperature is 77
K, followed by 213 K. These temperatures exhibit increases
of  17.0%  and  13.6%,  respectively,  compared  to  the  Sspun
state.

CT leads to irreversible atom redistribution, promoting the
densification of the cluster structure in the amorphous matrix
[13]. Moreover, structural relaxation in the MGs was usually
accompanied by a minor volume contraction resulting from
the  recombination/annihilation  of  high- and  low-density  re-
gions  in  the  glassy  phase  or  liquid-like  sites [23].  Accord-
ingly, the volume contraction of the MGs may enhance the
exchange interaction between magnetic atoms, resulting in an
increase in Ms. Therefore, this situation demonstrates that the
contracted cluster structure of MG ribbons after CT is benefi-
cial for improving Ms. However, in this study, Ms does not in-
crease linearly with decreasing cryogenic temperature.  This
finding  suggests  that  the  amorphous  structure  in  the
(Fe0.5Co0.5)75B21Nb4 MG may exhibit  contraction and abnor-
mal anti-inflation behavior during CT. Below, the evolution
behavior  of  cluster  structures  in  the  MGs is  further  elabor-
ated upon in conjunction with the Hc values under CT.

Fig.  6(c)  illustrates  that  except  for  the  Sc173 and Sc253
ribbons,  Sc77,  Sc213,  and  Sa740 possess  low Hc values  of
1.2, 0.95, and 1.1 Oe, respectively, which are 20%, 37%, and
27% lower than that of the Sspun MG, respectively. There-

fore, these findings reveal that appropriate CT promotes the
improved magnetic softness of the MGs.

The above results demonstrate that we have optimized soft
magnetic  performance  while  maintaining  the  completely
amorphous phase of the (Fe0.5Co0.5)75B21Nb4 MGs. The syner-
gistic  effect  of  increasing Ms and  reducing Hc has  been
achieved  through  commonly  used  processing  methods,  in-
cluding appropriate relaxation annealing and CT. An overall
comparison reveals that appropriate shallow CT at 213 K op-
timizes the above synergistic effect to the greatest extent.

The dispersed free volumes (FVs) generated during rapid
solidification in the MGs agglomerate to form quasi-disloca-
tion dipoles [24], which serve as pinning centers for magnet-
ic domain walls [8,25−26]. Hence, the contribution of FVs to
Hc, as shown in the following Eq. (3), must be considered:

Hc = P(F,LDW)
√
∆ρ
λs

Js
(3)

where P(F, LDW) is a constant including the domain wall area
(F) and domain width (LDW), Δρ is the amount of excess free
volume, λs is the saturation magnetostriction, and Js is the sat-
uration polarization. Accordingly, the decrease in excess FVs
could induce lower Hc. With the occurrence of structural re-
laxation during the initial  annealing,  residual  stress  and de-
fects, such as FVs, are reduced or annihilated; this effect alle-
viates magnetic anisotropy and leads to increased Ms and de-
creased Hc [7]. This phenomenon accounts for the improve-
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ment in the soft magnetic performance of Sa740.
Fig. 7(a) schematically illustrates the variational behavior

of FVs in the amorphous matrix after different CT processes.
The  MG  exhibited  significantly  enhanced Hc,  which  was
primarily attributed to the synergistic effects of intensified re-
sidual stresses and FV concentration induced by rapid solidi-
fication during the melt-spinning process [7]. In the sample
subjected  to  shallow  CT  at  253  K,  the  contraction  of  the
amorphous matrix and its FVs are negligible, and the poten-
tial  energy  does  not  markedly  reduce.  Decreasing  the  CT
temperature  to  213  K  accelerates  the  contraction  of  MGs.
This effect is accompanied by the annihilation or reduction of
FVs. Lan et al. [27] found that MGs contain structural build-
ing blocks with intermediate length scales (extending to the
order of tens of angstroms) that connect amorphous and crys-
talline  states.  Therefore,  the  amorphous  structure  with  this
configuration tends  to  contract  easily  under  appropriate  ex-
ternal  conditions.  Moreover,  CT caused  the  short-range  or-
der change of the Fe-based MGs, inducing a new metastable
equilibrium state,  which was stable after  CT finishing [12].
Qiao group [28] reported that CTC treatment induced differ-
ent  activation  volumes  of  bulk  metallic  glass  (BMG).
Fig.  7(b)  implies  that  the  Sc213 structure  becomes increas-
ingly homogeneous and acquires relatively low potential en-
ergy, exhibiting low Hc.

However,  under  moderate  CT  at  173  K,  the  amorphous
structure reaches the threshold of contraction and instead ex-
hibits  abnormal  anticontraction  behavior,  showing  an  in-
crease in the size or quantity of FVs. The corresponding po-
tential energy tends to increase, displaying the enhancement
in Hc. In deep CT, the potential energy may cross the poten-
tial barrier and decrease. These phenomena are accompanied
by a reduction in the number of FVs and a corresponding de-
crease in Hc.

In  this  study,  the  variation  trends  of dm and Hc are  ex-
plored to  obtain  an improved understanding of  the  depend-

ency relationship between Hc and amorphous structures. The
linear relation between these two parameters is described in
Fig.  8 on  the  basis  of  our  previous  work  on  soft  magnetic
FeCo-based  MG  ribbons [29–31].  Herein,  the  correlation
model of dm and Hc is proposed to construct preliminarily the
dependency relationship  between amorphous  structures  and
soft  magnetic  performance.  Given  the  diverse  fabrication
parameters and characterization means for the three types of
FeCo-based MG ribbon systems, the Hc values span different
orders of magnitude.

In  consideration  of  the  monotonic  linear  relationship
between Hc and dm, the feasible formula models are obtained
by using the linear fitting method, as shown in Eqs. (4)–(6).

Hc = 22.8dm−54.5 (4)

Hc = 4.3dm−9.6 (5)

Hc = 0.96dm−2.2 (6)
A  series  of  tests  reveal  that  the  calculated  slope  values

range from 0.96 to 22.8 (10−1 to 101), while intercept values
span from 2.2 to 54.5 (100 to 101), covering distinct orders of
magnitude. The broad ranges of these parameters can be re-
lated  to  factors  such  as  the  Fe/Co atomic  ratio,  dopant  ele-
ments, and apparatus error parameters.

Despite the standard error of the above indices, the results
are  sufficiently  robust  such  that  the  variation  trends  of  the
correlation of Hc and dm within groups are invariably positive.
This situation implies that the low average neighboring dis-
tance of atoms is associated with the improved magnetic soft-
ness of  the FeCo-based MG ribbons.  For example,  high dm

values  may  be  indicative  of  low  symmetric  clusters  and,
therefore,  long  fluctuation  correlation  lengths,  from  which
high  coercive  fields  of  relaxation  originate [32].  Therefore,
the changes in dm and structure-sensitive Hc among various
energy  states  are  highly  in  sync  despite  the  nonmonotonic
trend of these values and treatment temperatures. 
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3.4. Vicker’s microhardness

The microhardness data on the wheel-side surface of the
MG ribbons are plotted in Fig. 9. The Sspun sample exhibits
the lowest microhardness of HV 788. The cryogenic treated
and as-annealed ribbons all show higher microhardness than
the Sspun sample. Among the samples, Sc77 has the highest
microhardness of HV 854, which is 8.4% higher than that of
Sspun.  The  increased  microhardness  of  the  Fe–Co–Ni–Cr–
Mo–C–B–Y BMG has been attributed to the decreased FVs
in  alloys [33].  Moreover,  the  high  microhardness  of  the
Co40Fe22Ta8B30 MG could be explained by the high degree of
dense random packing, as confirmed by the high average co-
ordination  number  of  the  first  coordination  shell  and  very
high thermal stability [34].

Moreover, a linear correlation is observed between Ms and
Vicker’s microhardness. Accordingly, the variation in Ms as a
function of the microhardness (Hv) of the tested MGs is de-
scribed in Fig. 10. In contrast to microhardness, Ms follows
an approximately positive trend. The model that fits this trend
is described by Eq. (7):

Ms = 0.35Hv−141.98 (7)
The present study reveals that Ms can be roughly determ-

ined  by  the  change  in  MG ribbon  microhardness.  As  men-

tioned  above,  the  appropriate  relaxation  annealing  and  CT
have a  significant  influence on the  contents  of  free  volume
and degree of dense random packing, thus exerting a positive
impact  on  the  magnetic  characteristic  parameters  of  the
treated  (Fe0.5Co0.5)75B21Nb4 MGs.  However,  since  these  pat-
terns are derived from a limited dataset in our studies, more
extensive testing and analysis are required to establish statist-
ically robust rules. 

3.5. Corrosion resistance and passivation behaviors

The  Sc173,  Sspun,  and  Sa740  MGs  are  subjected  to  an
electrochemical  corrosion  test  in  3.5wt% NaCl  solution,  as
shown in Fig. 11, to explore the effect of CT and relaxation
annealing on the corrosion resistance of the MG ribbons. Po-
tentiodynamic  polarization  curves  illustrate  that  the  tested
samples  all  experience  anodic  activation  and  pitting  corro-
sion with a wide passivation zone (Fig. 11(a)).

The  corrosion  potential  (Ecorr),  corrosion  current  density
(icorr), and passive region width (ΔEP = Epit − Ecorr, where Epit

represents the pitting corrosion potential) are selected to eval-
uate  comprehensive  corrosion  resistance,  as  displayed  in
Fig. 11(b). Sa740 has more positive Ecorr (−1.302 V) but high-
er icorr (2.252 μA·mm−2) than Sspun. This result indicates that
although relaxation annealing contributes to the difficulty of
anodic activation, its rate accelerates once corrosion occurs.
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Similarly, CT at 173 K weakens the general corrosion resist-
ance of the MGs. The ability of a material to resist localized
attack on its  passive film is  a  function of  its ΔEP.  The ΔEP

values  of  Sc173 and Sa740 are  larger  than  those  of  Sspun,
where Sc173 shows optimal ΔEP (up to 1.022 V) in 3.5wt%
NaCl solution. Appropriate CT and relaxation annealing im-
prove  pitting  resistance  by  promoting  the  stability  of  the
passive film formed during electrochemical  corrosion.  Cor-
rosion surface morphology and element distribution analyses
are conducted to explore corrosion characteristics further.

The corrosion morphologies of Sspun and Sc173 after the
potentiodynamic  polarization  test  are  investigated  through
FESEM, as shown in Figs. 12 and 13, respectively. The pass-
ive film on the Sspun surface exhibits pronounced orthogon-
al cracking patterns, demonstrating characteristic mud-crack
morphology  (Fig.  12(a)).  Additionally,  a  large  amount  of
fragmented  corrosion  products  with  sizes  of  approximately
1–2 μm are densely distributed on the film surface, as shown
in Fig.  12(b).  The  zoomed-in  view  of  the  passive  film  in
Fig. 12(c) indicates that the film is composed of dense nano-
layered products. The elemental mappings corresponding to

Fig. 12(d)–(h) shows that the corrosion products are enriched
in  oxygen,  and  the  Nb element  is  prominent  in  the  passive
film.

B, Fe, and Co elements exhibit  a uniform distribution in
the  passive  film  of  Sc173.  Although  some  cracked  passive
films have peeled off, the corrosion surface of Sc173 MG is
relatively  flat  without  observable  bulging,  as  shown  in
Fig.  13(a).  Corrosion  products  with  two  different  particle
sizes (approximately 1 and 4 μm) are distributed on the sur-
face of the passive film (Fig. 13(b)), while similar to that of
Sspun,  the  passive  film  of  Sc173  is  composed  of  dense
nanosheets (Fig. 13(c)). As clearly shown in Fig. 13(d)–(h),
Fe and Co are enriched in the smooth inner surface (Region
I), while the passive film (Region II) of Sc173 is clearly en-
riched in Nb and O elements.  This  result  demonstrates  that
Nb  is  the  key  element  promoting  the  formation  of  passive
films [35−37].  The formed Nb-rich passive film effectively
protects the Fe- and Co-rich fresh surface. The addition of Nb
into the Cu–Zr–Al–Nb MGs effectively promoted the passiv-
ation  of  the  alloys  by  reducing  the  active  current  peak  and
passive current density [38].
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Existing studies have demonstrated that a large number of
vacancies  were  significantly  inhibited  from  condensing  to
form voids in the liquid-like structure at the reaction surface.
This condition manifests as the minimalized tendency of pit
initiation and passive film rupture [39−40]. CT is speculated
to further suppress the mobility of vacancies and synergistic-
ally suppress point defects and vacancy condensation on the
reaction  surface  with  Nb  atoms.  Passivation  films  are  con-
sequently  less  prone  to  rupture,  explaining  the  overall  en-
hancement in pitting resistance. 

4. Conclusions

CT and relaxation annealing are utilized to induce the loc-
al atomic rearrangement of the (Fe0.5Co0.5)75B21Nb4 MG rib-
bons, thereby modulating their thermodynamic stability, soft
magnetic properties, microhardness, and corrosion resistance
in 3.5wt% NaCl solution. The results of this work are sum-
marized as follows:

(1) The calculated crystallization activation energies show
that  CT  is  beneficial  for  crystallization  nucleation  and  en-
hances  the  inhibition  of  grain  growth  behavior,  facilitating
the  formation  of  uniform  annealed  nanocrystals  in  the
amorphous phase.

(2)  Compared with  relaxation annealing,  CT has  a  more
optimal effect on increasing the Ms values of MGs. Deep CT
(77 K) and shallow CT (213 K) increase Ms by 17.0% and
13.6%, respectively. Moreover, the Sc77, Sc213, and Sa740
MGs  exhibit  lower Hc values  of  1.2,  0.95,  and  1.1  Oe,  re-
spectively,  compared  to  the  Sspun  MG.  Among  the  tested
MGs,  Sc213  subjected  to  shallow  CT  displays  the  optimal
synergy of Ms and Hc.

(3) A schematic model concerning the variational correla-
tion among the amorphous matrix, FV, and potential energy
is proposed on the basis of the speculated amorphous micro-
structural  evolution  after  shallow/moderate/deep  CT.  It
demonstrates  that  the  moderate  CT of  MGs induces  abnor-

mal anticontraction behavior,  resulting in an increase in the
size  or  quantity  of  FVs  and  a  corresponding  enhancement
in Hc.

(4) The obtained fitting formulas of Hc–dm and Ms–Hv cor-
relations  demonstrate  that  soft  magnetic  parameters  have  a
solid linear relationship with the contents of free volume and
degree of dense random packing.

(5) Appropriate CT and relaxation annealing improve pit-
ting resistance by promoting the stability of the Nb-rich pass-
ive film that forms during electrochemical corrosion. 
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