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Structure, magnetic properties and ductile of melt-spun Fegs xSisB13.yC,Cuy (x = 0-1.7; y = 0-8) alloys
were investigated. The addition of 1.7 at.% Cu in a Feg3SisB;3 amorphous alloy generates abundant o-
Fe crystals by providing nucleation sites, and further C doping promotes the growth of the crystals by
suitable turning amorphous-forming ability, hence they increase saturation magnetic flux density (Bs)
and slightly worse magnetic softness of the as-spun alloys. The as-spun Fegy3SisB;CsCuy7 alloy possesses
a combined structure of a fully amorphous layer in wheel side surface and predominating nanocrystalline
structure with gradually enlarged «-Fe crystal, whose average size and volume fraction are determined
as about 12 nm and 32%, respectively, therefore superior soft magnetic properties and ductile with a high
Bs of 1.74 T, coercivity (H.) of 32.7 A/m, effective permeability (e, at 1 kHz) of 3200 and high relatively
strain at fracture (&¢) of 3.61% can be achieved directly in this alloy by only using melt-spinning. The
annealing at 578 K releases internal stress, promotes the growth of the «-Fe crystals and remains the
amorphous layer of the Feg;3SisB;CsCuy alloy, then improves the soft magnetic properties and maintains
the superior ductile with increasing the Bs and . to 1.80 T and 14,100, respectively, lowering the H. to
9.4 A/m and slightly reducing the &; to 2.39%. The combination of superior soft magnetic properties and
ductile and simplified synthesis process entitles the Fe-Si-B-C—Cu nanocrystalline alloys great potentials
in high performance electromagnetic applications.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

ity, low coercivity (Hc¢) and core loss in high frequency. The Fe-
Si-B-Nb-Cu nanocrystalline alloys (FINEMET), known as the first

Soft magnetic materials have been widely applied as mag-
netic cores in inductors, sensors, motors and transformers. Sili-
con steels are the most major soft magnetic materials in practi-
cal use because of their high saturation magnetic flux density (Bs)
of around 2.0 T and good manufacturability, while they wastes a
large amount of power resources because of their relatively high
core loss [1, 2]. Nowadays, the electromagnetic devices are devel-
oping towards the directions of miniaturization and energy con-
servation, thus much effort has been devoted in improving mate-
rials with high Bs and excellent magnetic softness [2-7]. Among
developed soft magnetic materials, Fe-based nanocrystalline alloys
have drawn considerable attention due to their high permeabil-
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nanocrystalline soft magnetic materials developed by Yoshizawa
et al. in 1988, have been widely used in magnetic cores because of
their excellent soft magnetic properties [7]. The Fe-B(-Cu), Fe-Si-
B-Cu and Fe-Si-B-P-Cu nanocrystalline alloys developed in recent
years possess high Bs of 1.8-2.0 T, low H. and core loss, which en-
titles them great potentials in high-performance electromagnetic
applications [6, 8-12]. The excellent magnetic softness of the Fe-
based nanocrystalline alloys originates from their unique compos-
ite structure composed of nano-sized «-Fe crystals dispersing uni-
formly in residual amorphous phase [1, 7, 13, 14]. The synthe-
sis processes of such nanocrystalline structure always contain the
preparation of amorphous precursors by melt-spinning and sub-
sequent formation of «-Fe phase by annealing. For the FINEMET
alloys, the amorphous precursors need to be annealed at 843-
853 K for 60 min to achieve the optimal nanostructure [7]. For
the latterly developed Fe-Si-B-Cu, Fe-(Si, B, P)-Cu and Fe-B(-Cu) al-
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Fig. 1. XRD patterns of free side (a), DSC curves (b), bright-field TEM images of central part of the ribbons, corresponding SAED patterns and gain size distributions (c, d)

for as-spun Fegs ,SisB13Cuy alloys. (c) x = 0; (d) x = 1.7.

loy systems, the melt-spun precursors need to be annealed under
high heating rates (H;) of about 400-9000 K/min to obtain fine o-
Fe crystals [10, 11, 15]. The high annealing temperatures (T;) and
H; consume a large amount of power resources and increase the
technical difficulty of annealing processes. In addition, Fe-based
nanocrystalline alloys also have a poor ductile after annealing,
which hinders the assembling process and reduces the resistance
to acoustic vibrations in service [16, 17]. Therefore, eliminating the
high T, and H; and improve the ductile will be of great signifi-
cance in synthesis and application of Fe-based nanocrystalline soft
magnetic alloys.

Integrating the formation of «-Fe phase into the melt-
spinning could greatly simplify the synthesis processes of Fe-based
nanocrystalline alloys. Actually, the precipitation of «-Fe phase
during melt-spinning is a common phenomenon for high Fe con-
tent Fe-(Si, B, P, C)-Cu alloys, while it only happens on the free
surface, which always deteriorate the magnetic softness of corre-
sponding nanocrystalline alloys and has no positive effect on im-
proving ductile [18-21]. In addition, Wang et al. synthesized Fe-Ni-
Si-B nanocrystalline alloys with good ductility just using the melt-
spinning method, but these alloys have relatively large average -
Fe crystals sizes (D) of 28-44 nm and low Bs of 1.54-1.57 T [22].
Therefore, the fabrication of Fe-based nanocrystalline alloys with
fine o-Fe crystals, excellent soft magnetic properties and ductile
only using melt-spinning method is still a great challenge.

Overviewing the nanocrystallization processes of the well-
known Fe-Si-B-Nb-Cu and Fe-Si-B-P-Cu nanocrystalline alloys, the
formation of fine «-Fe crystals needs the nucleation of a-Fe phase
with a high number density (Ng) and their sufficient growth [15,
23]. The nucleation of «-Fe phase is usually triggered by Cu-
enriched clusters [23, 24], whose formation opportunity increases
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with the rise of Cu content [23], hence it's deduced that a high
Cu content will produce a large number of Cu-enriched clusters
and then stimulate the precipitation of «-Fe nuclei with a high Ny
during melt-spinning. On the other hand, the melt-spun structure
of Fe-based alloys is greatly affected by their amorphous-forming
ability (AFA), and an appropriate AFA may facilitate the growth of
o-Fe phase and prevent the precipitation of non-soft magnetic Fe-
B phases. Metalloid elements play an important role in formation
of Fe-based amorphous alloys [24-31]. Doping carbon is an effec-
tive way in turning AFA of Fe-based alloys without deteriorating
their Bs [26-29], therefore it may adjust the growth of a-Fe nuclei
of Fe-based alloys during melt-spinning. The ductile of Fe-based
nanocrystalline alloys depends on their microstructure. Refining o-
Fe crystals and controlling volume fraction of «-Fe phase (Vcry)
could reduce the formation opportunity of cracks, blunt them and
decelerate their growth during bending, which provides theoretical
basics to improving ductile of Fe-based nanocrystalline alloys [17,
32].

In present work, with the aim of direct synthesizing Fe-based
nanocrystalline alloys with fine «-Fe crystals, superior soft mag-
netic properties and ductile by melt-spinning, we studied the ef-
fects of Cu and C content on structure and properties of melt-
spun Fegs_xSigB13.yCyCuy alloys. It's found that the addition of 1.7
at.% Cu in a Feg3SiyB13 amorphous alloy generates a large quantity
of a-Fe crystals in the as-spun alloy and following carbon doping
promotes the growth of the crystals, and then a Feg3SiyB;CsCuy7
nanocrystalline alloy with a small D of 12 nm, high Bs of 1.74 T and
excellent magnetic softness can be obtained by only using melt-
spinning. Besides, due to the combined structure of a fully amor-
phous layer in wheel side surface and predominating nanocrys-
talline structure with gradually increasing «-Fe crystal size from
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Fig. 2. XRD patterns of free side and DSC curves for as-spun Feg;3Si4B13.,CyCuyy
alloys.

wheel to free side, which endows the as-spun Feg;3SizB;CsCuy7
nanocrystalline alloy a superior ductile as compared with tradi-
tional Fe-based nanocrystalline alloys. Furthermore, the effects of
annealing on the evolutions of structure and properties of the
Fegq3SisB7;CsCuy7 nanocrystalline alloy were also studied system-
atically.

2. Experimental procedure

Alloy ingots with nominal compositions of Fegs_xSigBj3.yCyCux
(x = 0-1.7; y = 0-8) were prepared by alloying Fe (99.95 mass%),
Si (99.999 mass%), B (99.9 mass%), Cu (99.99 mass%) and FeC al-
loys (99.99 mass%) in an arc melting furnace under an argon atmo-
sphere. The mass losses were less than 0.2 mass%. Ribbon samples
with a width of about 1.5 mm and thicknesses of about 20 pum
were prepared by singer roller melt-spinning under an argon at-
mosphere. The as-spun ribbons were isothermally annealed in a
muffle furnace 60 min under a H; of about 20 K min~! followed
by water quenching. The structure of the samples was examined
by X-ray diffraction with CuK, radiation and transmission elec-
tron microscopy (TEM). The various parts of the ribbons in TEM
experiments were achieved by controlling the ion-milling time of
free and wheel sides. For the TEM samples of middle part, wheel
and free side surfaces of the ribbons, the millings performed from
both sides, single free side and single wheel side, respectively, with
a voltage and angle of 4.5 keV and 8°, respectively, for 60 min,
and then decreased the voltage and angle to 4.0 keV and 6°, re-
spectively, until small holes appeared and the milled times were
about 90 min. Eventually, modified the holes by milling the sam-
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ples from both sides with a voltage and angle of 3.0 keV and 4°,
respectively, for 2 min. For the TEM samples of shallow surface in
wheel side, the millings performed from both sides with a volt-
age and angle of 4.5 keV and 8°, respectively, for 15 min, then ad-
justed both ion guns to single free side of ribbons and milled the
samples for 45 min, and then decreased the voltage and angle to
4.0 keV and 6°, respectively, until small holes appeared and the
milled times were about 90 min. Eventually, modified the holes by
milling the samples from both sides with a voltage and angle of
3.0 keV and 4°, respectively, for 2 min. The D was estimated by us-
ing Scherrer formula from the full width at half maximum of the
(110) peak in XRD patterns or fitting the size distribution of the
crystals in a selected TEM image. The Ny of the crystals was esti-
mated by Ny = N/(A x D), where N is quantity of the crystals and A
is the area of the TEM image [33]. The V¢;y was estimated by using
Vay = NgD3/6 [32, 34-36]. The Bs was measured by a vibrating
sample magnetometer under a maximum applied field of 800 kA
m ~ 1. The density used in calculations of Bs was measured by
the Archimedean method using diethyl terephthalate. The H. was
measured using straight ribbons with a length of 60 mm by a dc B-
H loop tracer. The effective permeability (ite) was measured by an
impedance analyzer under an applied field of 1 A/m and frequency
of 1 kHz. The magnetic domains were investigated by a magneto-
optical Kerr microscopy on free side surface of the ribbons. The
ductile was measured by using a bending test method with the
free side of the ribbons under tensile stress. The relatively strain
at fracture (e¢f) was calculated using the expression: &f =t [ (d -
t), where t is thickness of the ribbon and d is board spacing when
the ribbons have just broken [32]. The samples were measured 10
times and the &; values were obtained by averaging the data after
taking out the maximum and minimum. The morphology of the
samples after bending tests was examined by a scanning electron
microscopy.

3. Results and discussion

Fig. 1 exhibits XRD patterns of free side, DSC curves, bright-
field TEM images of the central part of the ribbons, correspond-
ing selected area electron diffraction (SAED) patterns and gain size
distributions for as-spun Fegs_xSizB13Cuy alloys. The red lines in
gain size distributions show the normal distribution, and the num-
bers are the desired value and standard deviation, respectively. The
dash lines in DSC curve of x = 1.7 alloy show the Gaussian fittings
of the exothermic peaks. The XRD patterns of the alloys contain
of only broad peaks (see Fig. 1(a)). The TEM image of the x = 0
alloy has no distinct contrast and the corresponding SAED pat-
tern shows a full halo ring without any detectable diffraction spots
(see Fig. 1(c)), suggesting its fully amorphous structure. While the
x = 1.7 alloy shows a composite structure of «-Fe crystals (identi-
fied by the SAED patterns) with a D of 6 nm and Ny of 2 x 1023
m — 3 dispersing in the amorphous matrix (see Fig. 1(d)). The
XRD and TEM results indicate that the addition of 1.7 at.% Cu in a
Feg3SisBq3 alloy could generate a large number of «-Fe crystals, but
its V¢ry is estimated to be about 5%, which is much smaller than
that of conventional Fe-based nanocrystalline alloys [15, 32, 37].
The absence of Bragg peaks for «-Fe phase in the XRD patterns can
be attributed to the small V¢y of «-Fe phase [34, 38]. DSC curves
of the x = 0 and 1.3 alloys have two exothermic peaks that asso-
ciated with the precipitations of «a-Fe phase (the onset tempera-
ture is marked as Ty;) and non-soft magnetic Fe-B phases (the on-
set temperature is marked as Ty, ), respectively (see Fig. 1(b)). The
rise of Cu content decreases Ty gradually, suggesting that Cu could
promote the precipitation of «-Fe phase. It should be noticed that
DSC curve of the x = 1.7 alloy contains two overlapped exothermic
peaks for the precipitations of «-Fe phase (see Fig. 1(b)), which
have been clarified as the growth of «-Fe crystals in as-spun state
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Fig. 3. Bright-field TEM images, corresponding SAED patterns and gain size distributions of different parts (a-d) and their location illustration (e) for as-spun
Fegy3Si4B7C¢Cuy 7 alloy. (a) Free side surface; (b) central part; (c) shallow surface in wheel side; (d) wheel side surface.

and subsequent nucleation and growth of newly-formed «-Fe crys-
tals during heating, respectively [38]. The Ty, changes slightly with
the rise of Cu content, indicating that Cu has no obvious effect on
formations of non-soft magnetic Fe-B phases.

Fig. 2(a) and (b) shows XRD patterns of free side and DSC
curves for as-spun Feg;3SisBq3.yCyCuyy (y = 0-8) alloys, respec-
tively. For the y = 0-4 alloys, their XRD patterns contain of only
broad peaks, but DSC curves have two overlapped exothermic
peaks associated with the precipitations of «-Fe phase, suggesting
these as-spun alloys possess a composite structure of o«-Fe crys-
tals dispersing in amorphous phase [38]. For the y = 6-8 alloys,
sharp Bragg peaks that corresponding to «-Fe phase can be found
in XRD patterns and the latent heat for precipitation of «-Fe phase
in DSC curves is significantly lowered, demonstrating that the rise
of C content promotes the formation of «-Fe phase, and thus the
rise of C content from O to 8 at.% deceases the Ty; from 634 to
606 K correspondingly. In addition, a weak Bragg peak belonging
to Fe-B phases exists in XRD pattern of the y = 8 alloy and the Ty,
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in its DSC curves are shifted to lower temperature, revealing that
the excess C results in the formation of non-soft magnetic phases.

Fig. 3 exhibits the bright-field TEM images, corresponding SAED
patterns and gain size distributions of different parts for as-spun
y = 6 alloy. It's seen that the y = 6 alloy contains «-Fe crystals
with high Ny of about 2 x 10%3> m ~ 3 in the central part and free
side surface. The D and Vy of «-Fe crystals in the central part are
estimated as about 13 nm and 40%, respectively, and those in the
free side surface are determined as about 17 nm and 50%, respec-
tively. Due to the higher cooling rate, the shallow surface (about
1 um to the surface) in wheel side of the ribbon has smaller «-Fe
crystals, whose Ny and Vry is about 2 x 1023 m — 3 and 5%, re-
spectively, and the surface is fully amorphous state. Based on the
above results, the D and V¢y of a-Fe phase in the y = 6 alloy is
determined as 12 nm and 32% by arbitrary averaging the values in
different parts. In general, the as-spun y = 6 alloy has a combined
structure of a full amorphous layer and predominating nanocrys-
talline structure with gradually increaseing D and V¢y of a-Fe crys-
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tals from wheel side to free side. The structure of as-spun x = 0-4
alloys is thought to be similar with x = 6 alloy. The «-Fe crystals in
central part of the y = 0 alloy have a similar Ny but much smaller
Very as compared with y = 6 alloy, which is agreed with the XRD
and DSC results (see Figs. 1(d), 2(a) and (b)), indicating that the
rise of C content promotes the precipitation of «-Fe phase.

The above results suggest the rise of C content decreases the
AFA of Feg3SisBq3.yCyCuy7 (y = 0-8) alloys. According to the
three-dimensional atom probe results in previous articles [38-
41], B and C in Fe-based naocrystalline alloys always distribute
in amorphous matrix and are lean in crystal phase due to their
limit solubility in «-Fe phase. We noticed that C has a similar
atomic size (0.092 nm) but larger negative mixing enthalpy with
Fe (—50 kJ/mol) as compared with B (0.098 nm and —26 kJ/mol)
[42, 43], hence C should be more powerful than B in promot-
ing amorphous-formation of Fe-based alloys according to empirical
rules [44]. However, it's well known that Fe-B binary alloy system
could obtain a fully amorphous state by melt-spinning, while Fe-C
alloy system can’t, which conflicts with the empirical rules. Evteev
et al. studied the local atomic ordering of FegsM;; (M = B, C) al-
loys by a computer simulation method and found that the Fe-B
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alloy shows a difference in the local compositional orders of crys-
talline and amorphous states, which raises its AFA, while the Fe-
C alloy has identical local compositional order in crystalline and
amorphous states and therefore shows a low AFA [45]. According
to the composition, the Fegq3SigBj3.,CyCuy; alloys belong to the
Fe-B binary alloy system and a sufficient B content is essential for
its AFA, hence the rise of C content decreases their AFA due to the
reduction of B content. The Feg;3SisB13.yC,Cuy7 alloys have a high
Cu content of 1.7 at.%, and the strong repulsive force between Fe
and Cu will result in enrichment of Cu atoms and generate abun-
dant Cu-enriched clusters during melt-spinning, which triggers the
nucleation of «-Fe crystals [38]. In addition, some Cu atoms still
distribute in amorphous matrix [38]. The high B content of 13 at.%
of the y = 0 alloy provides it a sufficient AFA, which could signif-
icantly suppress the growth of the crystals. The rise of C content
lowers the AFA and reduces the suppression effect on the growth
of the «-Fe crystals, and then increases the D and V¢y of a-Fe
phase eventually.

Fig. 4 shows hysteresis loops of as-spun Fegs_xSisBq3.yCyCuy al-
loys. It’s seen that all alloys show typical soft magnetic character-
istics. The addition of 1.7 at.% Cu in a Feg3SiyB13 alloy increases Bs
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and H. from 1.60 T and 12.7 A/m to 1.62 T and 15.1 A/m, respec-
tively. The rise of C content from O to 6 at.% in Feg;3SigB13.yCyCuyy;
alloys increases the Bs and H. from 1.62 T and 15.1 A/m to 1.74
T and 32.7 A/m, respectively; and the further rise to 8 at.% de-
creases Bs to 1.73 T and increases Hc to 80.1 A/m. The Bs of Fe-
based nanocrystalline alloys is expressed as: Bs = BscVery+Bsa(1-
Vary), where Bsc and Bs, are saturation magnetic flux density of
crystal and amorphous phase, respectively. The Bsc is over 2.0 T,
while the Bs, is much smaller [46, 47]. The addition of Cu and rise
of C content from 0 to 6 at% increase the V(y, hence the alloys
with higher Cu and C content possess superior Bs. The further in-
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crease of C content to 8 at.% results in the formation of Fe-B phase,
which may lower the Vy, hence the Bs is reduced.

The magnetic softness of Fe-based amorphous and nanocrys-
talline alloys are closely related to their average anisotropy con-
stant (K;) and internal stress, and low H. can be obtained in the
case of small K; and internal stress [48]. According to the random
anisotropy model, the strong intergranular exchange coupling be-
tween the «-Fe crystals could minimize the effect of the magneto-
crystalline anisotropy (K) when D is smaller than the exchange-
coupled length (Lyg, 30-40 nm); hence the alloys with smaller D
have lower K; [49]. The x = 0 alloy has a fully amorphous struc-
ture, thus its K; should be very low. The addition of Cu and rise of
C content from 0 to 6 at.% generate «-Fe crystals and increase the
D, thus the K; raises gradually; the further rise of C content to 8
at.% leads to the formation of non-soft magnetic Fe-B compounds
with much higher K [50], which will significantly increase the Kj.
On the other hands, as-spun Fe-based alloys always have strong
compressive stress in wheel and free side surfaces of the ribbons
[51]. It’s well known that crystalline state has a smaller molar vol-
ume than corresponding liquid and amorphous states [52]. The rise
of Cu and C content in present Fe-Si-B-C-Cu alloys generates a
large quantity of «-Fe phases and increases the Vy in the free
side; hence the volume reduction of free side during solidification
and accordingly compressive stress may be larger than traditional
amorphous alloys and increase gradually. As described above, the
addition of Cu and rise of C content in present Fe-Si-B-C-Cu alloys
increase the K; and internal stress, thus the H. goes up accord-
ingly. We noticed that the magnetic softness of the melt-spun Fe-
Si-B-C-Cu alloys is slightly inferior to the typical nanocrystalline
alloys, which mainly result from the presence of internal stress in
alloy ribbons, because the size of «-Fe crystals in present Fe-Si-B-
C-Cu alloys is no larger than that in those alloys.

To further improve the soft magnetic properties, we investi-
gated the effects of annealing on magnetic properties of as-spun
Fegq3SiyB7CgCuy 7 nanocrystalline alloy. Variations in Bs, He and e
as a function of T, for the Feg;3Si4B;CcCuy; alloy are exhibited
in Fig. 5. Compared with 1.74 T of the as-spun alloy, Bs increases
to 1.80 T at 548 K and then remains stable until 698 K, which
followed by a slightly decrease to 1.78 T at 728 K. The as-spun
alloy shows a H. of 32.7 A/m and pu. (at 1 kHz) of 3200, and
the rise of T, to 578 K lowers H. to 9.4 A/m and increases e
to 14,100, which followed slight degradations at 608-698 K and
significant deteriorations at 728 K. The magnetic domain structure
is mainly depended on the complicated energy balance between
magneto static stray field energy, anisotropic magnetic energy and
domain wall energy; hence it could reflect the stress status and
magnetic properties of the alloys [53-55]. Fig. 6 shows magnetic
domain structure of free side surface for Fegq3SizB;CsCuq7 alloys
in as-spun state and annealed at various temperatures. The surface
of as-spun alloy mainly consists of maze and fine domains. The an-
nealing at 518 K eliminates the maze domains and generates some
wide stripe domains, and the rise of T, to 578 K removes the fine
domains and only keeps the wide stripe domains. The maze and
fine domains are always associated with internal stress on the sur-
face and the presence of wide stripe domains is beneficial for ex-
cellent magnetic softness [56-58]. The domain structure evolution
of Fegy3SiyB;CgCuq7 alloy demonstrates that the annealing at 518-
578 K eliminates the internal stress on the surface and improves
their magnetic softness, which agrees with the variations in the H,
and pe (see Fig. 5).

Fig. 7(a) exhibits the &¢ of Fegs_xSigB13.yCyCuy alloys. It's seen
that the as-spun Feg3SiyB13 amorphous alloy has a high ¢ of 100%,
which means it can be bended to 180° without fracture, demon-
strating its excellent ductile. The addition of 1.7 at.% Cu decreases
the & of as-spun alloy to 8.69%, illustrates a significantly embrittle-
ment, which can be attributed to the precipitation of «-Fe phase.
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Fig. 10. Bright-field TEM images, corresponding SAED patterns and gain size distributions of different parts (a-e) and their location illustration (f) for annealed
Fegy3Si4B7C6Cuy 7 alloys. (a) Free side surface, 578 K; (b) central part, 578 K; (c) shallow surface in wheel side, 578 K; (d) wheel side surface, 578 K; (e) wheel side surface,

638 K.

The «-Fe crystals could act as crack nucleation and result in stress
concentration during bending. Consequently, some cracks will form
around the «-Fe crystals and propagate rapidly along the inter-
face between the crystals and the amorphous phase, and then the
brittle fracture occurred [17, 32]. The addition of 6 at.% C further
increases the brittleness of as-spun alloy with decreasing the &f
to 3.61%, which results from the increases of D and V¢y of a-Fe
phase. Fig. 7(b) and (c) shows the SEM pictures of fracture surface
and wheel side surface for as-spun Fegq3SizB;CgCuy; nanocrys-
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talline alloy, respectively. The fracture surface contains many large
dimples near the free side (see Fig. 7(b)). In addition, the frac-
ture surface near wheel side has some vein patterns (see Fig. 7(b)),
and the wheel side surface near the fracture also has many shear
bands (see Fig. 7(c)), revealing that plastic deformations occur in
the wheel side of the alloy before fracture, which have never been
observed on Fe-based nanocrystalline alloys.

Fig. 8 exhibits the comparisons in Bs and &; of some nanocrys-
talline alloys [16, 17, 32, 59-61]. It’s seen that the Feg;3SizB13Cuy7
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and Fegq3SiyB7CsCuy7 nanocrystalline alloys show much higher &
than the previous-developed nanocrystalline alloys, declaring a su-
perior ductile of the present Fe-Si-B-C-Cu alloys, which is closely
related with their fracture process. The formation of the large dim-
ples needs a much higher energy than smooth fracture surface of
previous-developed nanocrystalline alloys [62]; the excellent duc-
tility of the amorphous layer and nanocrystalline structure with
small D and low V¢ry in wheel side could blunt the cracks and de-
celerate their growth during bending, hence the developed as-spun
Fe-Si-B-C-Cu nanocrystalline alloys possess superior ductile. Es-
pecially, we noticed that the as-spun Feg;3Si4B;CsCuy7; nanocrys-
talline alloy exhibits a high Bs of 1.74 T and &; of 3.61% com-
bined with relatively low H. of 32.7 A/m and high we (at 1 kHz)
of 3200, signifying its superior performances in both soft mag-
netic properties and ductile. In addition, although the annealing
at 578 K slightly decreases ¢¢ of Fegy3SizB;CsCuq7 alloy to 2.39%,
which is still much higher than that of traditional high Bs Fe-based
nanocrystalline alloys.

With the aim of understanding the soft magnetic properties
and ductile after annealing, we studied the structure of the an-
nealed Fegq3SiyB;CgCuq; alloys. Fig. 9 presents XRD patterns of
Fegy3Si4B7CgCuy 7 alloys in as-spun state and annealed at various
temperatures. It's seen that the alloy annealed at 518 K has sim-
ilar XRD pattern with the as-spun alloy, demonstrating that the
annealing has little influence on alloy structure, but only brings
about structure relaxation and partial releases the internal stress,
thus the Bs and magnetic softness are improved slightly. The rise
of T, to 578 K enhances the intensity of the peaks of free side
(see Fig. 9(a)), generates a weak Bragg peak of wheel side in XRD
patterns (see Fig. 9(b)), suggesting that the annealing leads to the
growth of the pre-existing «-Fe crystals. Fig. 10(a-d) illustrates the
TEM pictures, corresponding SAED patterns and gain size distri-
butions of Feg;3SigB7CsCuq; alloy annealed at 578 K for 60 min.
Compared with the as-spun state (see Fig. 3(a-d)), the wheel side
surface is still amorphous state and the other parts possess com-
posite structure of a-Fe crystals dispersing in amorphous phase,
but the Viy and D of a-Fe phase are increased obviously, which is
consistent to the XRD result in Fig. 9. The increase of Vry and fur-
ther release of internal stress lead to the higher Bs and improved
magnetic softness of the alloy annealed at 578 K (see Fig. 5). Mean-
while, the amorphous layer in wheel side surface is remained,
thus the ductile of the alloy is still superior to traditional Fe-based
nanocrystalline alloys (see Fig. 8). The rise of T, to 638 K further
heightens the Bragg peaks in XRD patterns of free sides and gen-
erates a sharp Bragg peak in wheel side (see Fig. 9), which illus-
trates that the annealing produces some coarse «-Fe crystals in
the wheel side of ribbon. The TEM picture and corresponding SAED
patterns of wheel side surface for the Feg;3SizB;CsCuq7 alloy an-
nealed at 638 K also prove this (see Fig. 10(e)). Due to the ab-
sence of a-Fe crystals in wheel side surface and low H; of the an-
nealing, the newly-formed «-Fe crystals are relatively coarse (see
Fig. 10(e)), which brings about a slightly increase in Bs but wors-
ens the magnetic softness obviously. The annealing at 728 K results
in the precipitation of non-soft magnetic Fe-B phase (see Fig. 9(a)),
thus it causes the reduction of Bs and remarkable deterioration of
magnetic softness (see Fig. 5).

4. Conclusions

In present work, with the aim of synthesizing of Fe-based
nanocrystalline alloys with superior soft magnetic properties and
ductile by melt-spinning, we investigated the structure, soft mag-
netic properties and brittleness of melt-spun Fegs xSigB13.yCyCuy
(x = 0-1.7; y = 0-8) alloys, and studied the effects of annealing on
structure and properties evolutions of as-spun Fegq3SisB;CsCuy7
nanocrystalline alloy. The results are summarized as follows:
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(1) The addition of 1.7 at.% Cu in a Feg3SiyBq3 alloy shifts its as-
spun structure from a fully amorphous to a composite of amor-
phous matrix containing abundant «-Fe crystals with D and
Very of about 6 nm and 5.1%, respectively, and increases Bs and
H of the alloy from 1.60 T and 12.7 A/m to 1.62 T and 15.1
A/m, respectively.

(2) The rise of C content in Fegy3SigB13.yCyCuy; (y = 0-6) alloys
promotes the growth of the «-Fe crystals with increasing their
D, Viry and Bs, although slightly worsens their magnetic soft-
ness. The further rise of C content to 8 at.% results in the pre-
cipitation of non-soft magnetic Fe-B phases and deteriorates its
soft magnetic properties.

(3) The as-spun Feg;3SisB;CsCuy7 nanocrystalline alloy has a fully
amorphous layer in wheel side surface and gradually increas-
ing «-Fe crystal size from wheel to free side, and its D and
Very are determined as about 12 nm and 32%, respectively. The
unique structure endows the alloy superior soft magnetic prop-
erties and ductile with a high Bs of 1.74 T, Hc of 32.7 A/m, e
(at 1 kHz) of 3200 and a high ¢; of 3.61%.

(4) The annealing at 578 K releases internal stress, promotes
growth of the «-Fe crystals and remains the amorphous layer of
the Fegy3Si4B7CCuy 7 alloy, hence improves its magnetic prop-
erties and maintains the superior ductile with increasing the B
and e to 1.80 T and 14,100, respectively, lowering the H. to 9.4
A/m and slightly reducing &¢ to 2.39%. The annealing at 638-
728 K deteriorates the soft magnetic properties by generating
coarse «-Fe crystals or non-soft magnetic Fe-B phases.
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