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Introduction

Fe-based nanocrystalline soft magnetic alloys com-
posed of nano-sized a-Fe grins dispersing uniformly
in residual amorphous phase have drawn consider-
able attention due to their excellent soft namgetic
properties, such as, low coercivity (H.), low satura-
tion magnetostriction, high permeability, and low
core loss in high frequency, which basically origi-
nates from the low average random anisotropy (K;)
achieved by the exchange interaction of the grains
[1-4]. The Fe-Si-B-Nb-Cu nanocrystalline alloys
(FINEMET) developed by Yoshizawa et al. have been
widely used as magnetic cores because of their
excellent soft magnetic softness and good manufac-
turability, while their low saturation magnetic flux
density (Bs) of 1.24 T is unfavorable for the minia-
turization of the electromagnetic applications [1-5].
With the aim of promoting the energy conservation
and miniaturization of the electromagnetic devices,
much effort has been devoted in developing
nanocrystalline alloys with high B; and excellent
magnetic softness [6-11]. The Fe—(Si, B, P, C)-Cu and
Fe-B(-Cu) nanocrystalline alloys with high By of
about 1.8 T, low H. and core loss are successively
developed in recent years, while most of them
require a high heating rate annealing that is hard to
achieve in industrial production to obtain the excel-
lent magnetic softness [5, 10, 12-15], which hinder
their industrialized applications.

Recently, we found that the rise of Cu content from
1.3 to 1.7 at% in melt-spun Feg;,SisB13Cuy alloys
could generates a-Fe nanocrystals with a high num-
ber density (Ng), whose strong competitive growth
could effectively hinder their overgrowth during
annealing, hence the nanocrystalline alloy with fine
o-Fe grains and excellent soft magnetic properties can
be obtained after a low heating rate annealing [16]. In
this alloy system, the high Cu content of 1.7 at%
plays the key role of promoting the nucleation during
the formation of the pre-existing o-Fe crystals [16-19]
and the high Fe content provides the basis for the
formation of the crystal, while the effects of the
metalloid elements content are still no clear. The as-
spun structure of multi-component alloys is also
closely related to their amorphous forming ability
(AFA). It has been reported that the Si could adjust
the AFA without deteriorate their By [20-22] and
promote the precipitation of a-Fe phase in Fe-based
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amorphous alloys [23], hence it’s interesting to study
its effects on the as-spun and crystallization structure
of the Fe-5i-B-Cu alloys with pre-existing a-Fe
crystals. Besides, we also found that the relationship
between H. and average o-Fe grains size (D) of the
Fegs ,Si4B13Cuy nanocrystalline alloys follows the law
of H. o< D?® and shows a deviation in large-D region
[24]. The D’ law is first reported in Fe-Zr-B alloys,
whose magnetization process is basically governed
by strong uniaxial anisotropy (K,), which is differ
from the well-known D° law for the Fe-Si-B-Nb-Cu
alloys with magnetization process governed by
average random anisotropy (Kj) [25, 26].

In this work, we investigated the effects of Si con-
tent on as-spun structure, thermal stability, crystal-
lization structure and soft magnetic properties of
Feg; 351,B17.xCuy 7 (x = 0-8) alloys and discussed the
related mechanism in terms of the structure and
crystallization process of as-spun alloys; summarized
the correlation between structure and soft magnetic
properties of the Fe-Si-B—Cu nanocrystalline alloys
and clarified the its root by estimating their K, and
K;.

Experimental procedure

Alloy ingots with nominal compositions of Feg; 35iy-
B174Cuy7 (x = 0-8) were prepared by alloying Fe
(99.95 mass %), Si (99.999 mass %), B (99.9 mass %)
and Cu (99.99 mass %) in an arc melting furnace
under an argon atmosphere. The mass losses were
less than 0.2 mass%. Ribbon samples with a width of
about 1.5 mm and thickness of about 20 pm were
prepared by singer roller melt-spinning under an
argon atmosphere. The as-spun ribbons were sealed
in a vacuumed quartz tube, and isothermally
annealed in a muffle furnace for 60 min under a
heating rate of about 20 K min~" followed by water
quenching. The thermal properties of as-spun alloys
were investigated by a differential scanning
calorimetry (DSC, TA Instruments Q20) under a
heating rate of 40 K min~'. The structure of the
samples was examined by X-ray diffraction (XRD,
Bruker D8 Focus) with Cu Ko radiation and trans-
mission electron microscopy (TEM, JEOL JEM-
2100F). The XRD and TEM experiments were per-
formed on air side and middle part of the ribbons,
respectively. The D of the o-Fe grains was estimated
by using Scherrer formula from the full width at half

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



J Mater Sci (2021) 56:2539-2548

maximum of the (110) peak in XRD patterns or fitting
the size distribution of the grains in a selected TEM
image. The Ny of the crystals was estimated by Ng.
= N/(A x D), where N is quantity of the grains and
A is the area of the TEM image [17]. The volume
fraction of a-Fe phase (V) was estimated by using
Vcry = Ngq TED3/6 or Vcry = cry/(Icry + Iamo)/ where
Iery and [, are the integral intensities of diffraction
peaks of crystalline and amorphous phase deter-
mined from the XRD patterns, respectively
[16, 27-29]. The B; was measured by a vibrating
sample magnetometer (VSM, Lake Shore 7410) under
a maximum applied field of 800 kA m~". The H. and
initial magnetization curve were measured using
straight ribbons with a length of 60 mm by a dc B-
H loop tracer (Linkjoin MATS-2010SD) under an
applied field of 4000 A/m. The effective permeability
(ue) was measured by an impedance analyzer (Agi-
lent 4294A) under an applied field of 1 A/m and
frequency of 1 kHz. The density was measured by
the  Archimedean  method  using  diethyl
terephthalate.

Results and discussion

Figure 1 shows the XRD patterns of the as-spun
Feg 351,B17xCuy 7 (x = 0-8) alloys. The patterns of the
x = 0-8 alloys contain of only broad peaks, indicating
an amorphous feature. The bright-field TEM images,
corresponding selected area electron diffraction
(SAED) patterns and gain size distributions (the red
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Figure 1 XRD patterns of as-spun Feg; 3Si,B17.xCu; 7 (x = 0-8)
alloys.
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lines show the normal distribution, the numbers are
the desired value and standard deviation, respec-
tively) of the as-spun Feg; 35ixB17.xCuy7 (x = 0, 4, 8)
alloys are shown in Fig. 2. All alloys possesses the
composite structure of a-Fe crystals (identified by the
corresponding SAED patterns) dispersing in amor-
phous phase. The variations in Ny, D and V. of the
a-Fe crystals as a function of Si content are exhibited
in Fig. 3. The Ngq and D of the crystals in the x = 0
alloy were measured as 9.7 x 10”2 m~2 and 10.0 nm,
respectively. The rise of Si content to 4 at% increases
the Ny to 2.2 x 102 m™® and decreases the D to
6.2 nm, suggesting that a proper amount of Si facili-
tates the formation of a-Fe crystals with a high Ny
and small D; the further rise of Si content to 8 at%
decreases the Ngand D to 1.1 x 10 m~®and 5.0 nm,
respectively, demonstrating that the excessive Si
suppresses the precipitation of a-Fe crystals during
melt-spinning. The rise of Si content from 0 to 8 at%
lowers the V., from 5.1 to 0.1%, indicating the
enhancement of the AFA. We also noticed that the
standard deviations for the x = 0, 4 and 8 alloys are
2.6, 1.0 and 1.2, respectively, which suggest that the
a-Fe crystals in x = 4 and 8 alloys are more uniform
than that of the x = 0 alloy. In addition, the difference
between the XRD and TEM results may originate
from the quite small D and low V., of a-Fe phase,
which cannot be detected by the XRD, especially for
the x = 2-8 alloys [16, 18].

It's well known that certain atomic-size mismatch
and large negative mixing enthalpy could enhance
the AFA of a multi-component alloy system [30, 31].
For the Fe-Si-B—Cu alloys, the addition of Si could
produce the proper mismatch of atomic sizes (Cu:
0.128 nm, Fe: 0.124 nm, Si: 0.115 nm; B: 0.82 nm [32])
and then induce an increased atomic packing degree
of the liquid state, which is always associated with
low free energy, higher density and viscosity of the
liquid alloys [30, 31], hence facilitates the formation
of amorphous phase. The mixing enthalpy of an alloy
system can be determined by the following equation:

n
AHpi = Y 4AHZFCC (1)
i=1j > i
where AHTUX is the mixing enthalpy for binary AB
alloy with equal atomic ratio, and ¢; and ¢ are per-
centage of different elements [33]. The presence of Si
causes the generation of strong chemical affinities
with large negative mixing enthalpy, i.e., Fe-Si
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Figure 2 Bright-field TEM images, corresponding SAED patterns and gain size distributions of as-spun Feg; 3Si,B;7.4Cu, 7 alloys. a:
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Figure 3 The variations in Ny, D and V., as a function of Si
content for a-Fe crystals in as-spun Feg; 3Si,B17.,Cu; 7 (x = 0-8)
alloys.

(=35 kJ/mol), Si-B (=14 kJ/mol) and Si-Cu
(=19 kJ/mol) [34], thus the rise of Si content from 0 to
8 at% in the Fe-Si-B-Cu alloys decreases the AHpix
from —13.7 to —16.5 kJ]/mol, which is conducive to
amorphous formation. As discussed above, the rise of
Si content could improve the AFA of the Fe-Si-B—-Cu
alloys and retard the precipitation of crystal phase
during melt-spinning, hence the V., of a-Fe crystal
in the as-spun alloys decreases gradually. For the
x = 0 alloy, once some o-Fe crystals is formed, they
will growth rapidly due to the poor AFA, and then
other crystals are unable to form due to the dilution
of Fe atoms, thus the a-Fe crystals in the as-spun alloy
possess a low Ng and large D. The rise of Si content to
4 at% enhance the AFA, hence the growth of the a-Fe
crystals is restrained during melt-spinning. Eventu-
ally, the o-Fe crystals with a high Ng and small D are
formed under the combined action of the high Cu
content and the sufficient high AFA. The rise of Si
content to 8 at% improves the AFA further, and then
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the formation of the o-Fe crystals are suppressed
strongly, thus the Ng and D are decreased.

DSC curves of as-spun Feg; 35ixB17.Cu;; (x = 0-8)
alloys are exhibited in Fig. 4. All alloys have 2 over-
lapped exothermic peaks (the onset temperatures are
marked as Ty,) that corresponding to the growth of
the pre-existing o-Fe crystals and subsequent nucle-
ation and growth of new a-Fe crystals [24], which
followed by exothermic peaks (the onset tempera-
tures are marked as Ty,) resulting from the forma-
tions of non-soft magnetic phases like iron-boride
[5, 10, 12]. The rise of Si content from 0 to 4 at%
decreases Ty from 652 to 634 K and the further rise of
Si content to 8 at% increases the Ty; to 639 K, sug-
gesting that the a proper amount of Si promotes the
growth of the pre-existing o-Fe crystals and the
excessive Si shows an opposite effect. The rise of Si
content from 0 to 8 at% increases the Ty, from 739 to
817 K gradually, illustrating that the precipitations of

heating rate = 40 K/min

Fegq3SiB17.4Cly 7

x=0 i

Exothermic / a.u.
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Figure 4 DSC curves of as-spun Feg; 3SiyB;7.<Cu; 7 (x = 0-8)
alloys.
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iron-boride phases are suppressed. In addition, the
rise of Si content shifts the exothermic peaks corre-
sponding to the precipitation of iron-boride phase
from two to one, suggesting the crystallization pro-
cess of the residual amorphous phase is changed.

The thermal stability of the as-spun Fe-Si-B-Cu
alloys is closely related to their structure. The rise of
Si content from 0 to 4 at% lowers the V., and D, then
the abundant Fe atoms around the pre-existing a-Fe
crystals makes them easier to growth, hence the Ty,
decreases gradually. The further rise of Si content to
8 at% enhances AFA of the alloys, which will sig-
nificantly inhibit the long-range diffusion of Fe
atoms, thus the growth of the pre-existing a-Fe
crystals is restrained and then the Ty, goes up again.
The increased Ty, of the Si-containing alloys can be
attributed to the competitive growth of several crystal
phases and their complicated crystalline structure
[23, 35]. Besides, Si and B have a large negative
mixing enthalpy of —14 kJ/mol [34], thus the strong
chemical affinity between B and Si may inhibit the
diffusion of B atoms, then inhibit the precipitation of
iron-boride and promote the thermal stability of the
residual amorphous phase.

Figure 5 shows the XRD patterns of the Feg; 35i,B17.
xCuy 7 (x = 0-8) alloys annealed at optimum anneal-
ing temperature (T,), defined from the temperature at
which the lowest H. and high B, were obtained
simultaneously. The alloys with more Si possess
higher optimum T, due to their increased Ty,. The
single a-Fe phase was precipitated in all annealed
alloys. The bright-field TEM images, corresponding

Lo annealed for 60 min
Fegy 3Si,B47,Cuy 7 4 o-Fe

653 K x=0 ¢
5 VA
° 668 K
} xX=2 -
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Figure 5 XRD patterns of Feg; 3SiyB17.xCu; 7 (x = 0-8) alloys
annealed at optimum T, for 60 min.
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SAED patterns and gain size distributions of the
annealed Feg; 351,B17xCuyy (x =0, 4, 8) alloys are
shown in Fig. 6. The nanocrystalline structure com-
posed of a-Fe grains uniformly dispersing in residual
amorphous phase is obtained in all alloys. The vari-
ations in D, Ng and V. as a function of Si content for
o-Fe grains in the annealed Feg;35iB17.4Cuyy
(x = 0-8) alloys are exhibited in Fig. 7. The rise of Si
content from 0 to 4 at% decreases the D from 18.8 to
140 nm and increases Ny from 1.1 x 10® to
2.8 x 10®®> m3, and then the further rise of Si content
to 8 at% increases the D to 34.2 nm and lowers the Ny
to 1.8 x 10”> m™>. The XRD and TEM results suggest
that the rise of Si content from 0 to 4 at% refines the
o-Fe grains, while the further rise of Si content coar-
sens the nanostructure. Besides, the x = 0 alloy pos-
sesses a smaller V., of 47% than that of 49-50% for
the x = 4-8 alloy (see Fig. 7), which may result from
its relatively low optimum T,. In addition, we noticed
that the rise of Si content in Fegy 35iB17.4<Cuy 7 alloys
increases the peak position of (110) for the a-Fe phase
from 44.85° to 45.23°, revealing the decrease of plane
distance, which may results from the solution of Si
atoms. Actually, Si always solutes into a-Fe phase in
Fe-based nanocrystalline alloys, and the phenomenon
has been reported in Fe-5i-B-Nb-Cu and Fe-Si-B-P-
Cu alloy systems [2, 23].

Based on the structure of as-spun and annealed
alloys, we propose a reasonable model to describe the
crystallization process of the Fe-Si-B—Cu alloys with
various Si content, as shown in Fig. 8. Due to the pre-
existing o-Fe crystals in the as-spun alloys, the for-
mation of the Fe-Si-B-Cu nanocrystalline alloys
contains the growth of pre-existing o-Fe crystals and
subsequent nucleation and growth of the new a-Fe
crystals [16, 24]. For the x = 0 alloy, the pre-existing
a-Fe crystals have a relatively low Ny and large D due
to the poor AFA, meanwhile, the Ny of the newly
formed crystals is also very low due to the low
heating rate. The competitive growth between the
pre-existing and newly—formed crystals couldn’t
suppress the growth of a-Fe grains, which results in
the relatively large a-Fe grains in the annealed alloy
(see A1-A3 in Fig. 8). For the x =4 alloy, the pre-
existing o-Fe crystals have a high Ny, the competitive
growth between them can inhibit their excessive
growth effectively. During annealing, some new
crystals will form and the harmonious growth of the
pre-existing and newly formed crystals results in the
uniform and fine nanostructure of the annealed alloy

@ Springer
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Figure 6 Bright-field TEM images, corresponding SAED patterns and gain size distributions of the annealed Feg; 5Si,B;7.,Cu, 7 alloys. a:
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Figure 7 The variations in D, Ny and V., as a function of Si
content for o-Fe grains in the annealed Feg;3SixB;7.<Cu;7
(x = 0-8) alloys.

(see B1-B3 in Fig. 8). For the x = 8 alloy, the pre-ex-
isting and newly-formed crystals have a very low Ny,
they will grow up freely due to the absence of com-
petitive growth, hence the annealed alloys have
coarse ao-Fe grains (see C1-C3 in Fig. 8).

Figure 9 exhibits the variations in H,, y. and B as a
function of Si content for Feg; 35i,B17.,Cu; 7 (x = 0-8)
alloys. The rise of Si content from 0 to 4 at% decreases
the H. from 27.3 to 7.1 A/m, increases the . and B,
from 7000 and 1.73 T to 16,500 and 1.77 T respec-
tively, illustrating the great refinement of nanostruc-
ture and improvement of magnetic properties; the
further rise of Si content to 8 at% increases the H. to
67.9 A/m, decreases the y, and B, to 1200 and 1.76 T,
respectively, suggesting the coarsening of nanocrys-
talline structure and deterioration of magnetic soft-
ness. The soft magnetic properties of Fe-based
nanocrystalline alloys have a significant correlation
with the structure. According to the random

‘@ Springer

anisotropy model, the intergranular exchange cou-
pling between the o-Fe grains could minimize the
effect of the magneto-crystalline anisotropy (K) when
the D is smaller than the exchange-coupled length
(Lo, 30—40 nm), thus the alloys with finer o-Fe grains
possess improved magnetic softness [26]. The rise of
Si content from 0 to 4 at% refines the a-Fe grains, and
thus the H. is lowered and the p. is increased; the
further rise of Si content to 8 at% coarsens the grains,
hence the H. increases and pu. decreases gradually.
The B, of Fe-based nanocrystalline alloys is expressed
as:

Bs = Bchcry + Bsa (1 - Vcry) (2)

where B, and Bs, are saturation magnetic flux den-
sity of crystal and amorphous phase, respectively
[36]. The XRD and TEM results suggest that the rise
of Si content from 0 to 4-8 increases the V., slightly,
hence the x = 4-8 nanocrystalline alloys show higher
B of 1.76-1.77 T as compared with that of 1.73 T for
x = 0 alloy. In addition, the rise of Si content from 4 to
8 at% slightly decreases the B, from 1.77 to 1.76 T,
which may results from the solution of Si in the o-Fe
grains [37-39].

We also analyzed the correlation between the H.
and D of the Fe-Si-B—Cu alloys, which is found to
follow the D’ law. Zang et al. and Sharma et al. also
reported similar results in small-D region for Fe-B(-
Cu) and Fe-Si-B-P-Cu alloys [14, 40], which seems to
be an common phenomenon for Fe-based nanocrys-
talline alloys with high Fe content. It has been
reported that the correlation will change from D° to
D? law when the K,,/K; exceeds approximately 2 to 1
[41]. With the aim of further understanding the cor-
relation of the Fe-Si-B—Cu alloys, we calculated the
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Figure 9 The variations in H,, p. and B as a function of Si
content for the annealed Feg; 551,B;7..Cu, 7 alloys.

K; and K, of present Fe-Si-B-Cu nanocrystalline
alloys. The K; can be calculated by the expression:

= pK cry(D/LO)() (3)

where f is anisotropy constant, which is 0.4 for cubic
system [42], and then the K; are estimated as 43, 15, 6,
143 and 724 J/m® for the x = 0, 2, 4, 6 and 8 alloys,
respectively (see the computational process in
Appendix). The K, was estimated by the expression:

K, = B,Hy /2 (4)

where Hy is the applied field strength at the intercept
between By and a tangent line drawn from the

gradient of the initial magnetization [43], and then
the K, are calculated as 84 + 4,35 £ 3,23 2,97 &+ 5
and 121 + 7 J/m> for the x =0, 2, 4, 6 and 8 alloys,
respectively (see the computational process in
Appendix). Parsons et al. reported the K,, of Fe-Si-B-
Cu nanocrystalline alloys with D of 18-26 nm and H.
of 12-15 A/m is measured as about 40-69 J/m? [43],
which is quite close to that of 35-84 J/m? for the x = 0
and 2 alloys with similar structure and magnetic
properties. Zang et al. reported that the K, of Fe-B(-
Cu) nanocrystalline alloys with H. of about 10 A/m
could be estimated as 20 J/m? [40], which is much
alike with than of 23 J/m® of the x = 4 alloy with a H,
of 7.1 A/m. Based on the calculated K; and K, value,
the K,/K; is determined as about 1.47-3.83 for the
x = 0-6 alloys, suggesting the K,, basically governs
the magnetization process, hence the H. and D of
present alloys follow the D’ law. Besides, the K,/K;
of the x = 8 alloy is 0.17, which means the magneti-
zation process is governed by the Kj, then the cor-
relation may change to D° law if D increases further.
Actually, this change does exist in large-D region of
Fe-B(—Cu), Fe-Si-B-P-Cu and Fe-S5i-B-Cu alloys
[14, 24, 40]. It should be noticed that the change point
for the Fe-B(—Cu) and Fe-Si-B-P—Cu alloys are about
30-35 nm and 25 nm, respectively [14, 40], while it
may be about 40-50 nm for the Fe-Si-B—Cu alloys
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with pre-existing o-Fe nanocrystals [24], and the root
of this obvious difference needs to be studied further.

The presence of K, has a great influence on mag-
netic softness of Fe-based nanocrystalline alloys,
hence it is significant to clarify the origin of the rel-
atively large K, of present Fe-Si-B—Cu alloys. The
three-dimensional atom probe analyses in our pre-
vious work suggest a small amount of B atoms dis-
solved in the a-Fe crystal phase of the Fe-Si-B-Cu
alloys [24]. The annealing temperatures (653-728 K)
are well below the Curie point of the o-Fe phase
(1043 K), hence the local spontaneous magnetization
could produce the directional atomic order ordering
of solute atoms in the crystal phase, which will pro-
duce field-induced K, in the Fe-based nanocrystalline
alloys [41]. The residual compressive stress in the
surfaces of the annealed alloys also could generate
the stress-induced K, [42]. It has been reported that
the complete release of the compressive stress in a
melt-spun Fe;B;¢Sis ribbon surface requires anneal-
ing at 673 K for 420 min [44]. The Fe-Si-B-Cu
nanocrystalline alloys are obtained by annealing at
653-728 K for 60 min, thus the residual stress is
believed to still exist. In general, the K, in the Fe-Si-
B-Cu nanocrystalline alloys may originate from the
combined action of solution of B atoms and residual
compressive stress.

Conclusion

The effects of Si content on the as-spun structure,
thermal stability, crystallization structure and soft
magnetic properties of Feg; 3SixB17xCui; (x = 0-8)
alloys were investigated and the related mechanism
was discussed. The results are summarized as
follows:

1. The rise of x from 0 to 4 at% increases Ny of pre-
existing o-Fe crystals from 9.7 x 10* to
22 x 102 m™3, decreases D and Vey from
10.0 nm and 5.1% to 6.2 nm and 2.7%, respec-
tively, and lowers T,; from 652 to 634 K; the
further rise of x to 8 at% decreases Ng, D and V
to 1.1 x 10% m*3, 5.0 nm and 0.1%, respectively,
and increases Ty to 639 K.

2. The increased N4y enhances competitive growth
between the crystals during crystallization pro-
cess and then refines nanostructure and improves
magnetic softness, hence the x = 4 alloy possesses
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a smaller D of 14.0 nm, lower H. of 7.1 A/m and
higher p, (at 1 kHz) of 16,500 as compared with
those of 18.8 nm, 27.3 A/m and 7000, respec-
tively, for the x = 0 alloy. The decreased N4 of the
x = 8 alloy shows adverse effects with increasing
D and H. to 34.2 nm and 67.9 A/m, respectively,
and lowering p. (at 1 kHz) to 1200.

3. The x = 4-8 nanocrystalline alloys exhibit higher

B, of 1.76-1.77 T than that of 1.73 T for the x = 0
alloy due to increased V. of a-Fe phase. The H.
of present Fe-S5i-B—Cu nanocrystalline alloys is
almost proportional to D, which may originates
from the high ratio of K,—K;.
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