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In this study, Feg,Cu;SizB115Nby s nanocrystalline alloy ribbons with completely amorphous structure
and surface crystallization were prepared using melt-spinning technique with wheel speeds of 45 m/s,
35 m/s and 25 m/s. The effect of surface crystallization layers on the soft-magnetic properties, core loss
and dynamic magnetization process were systematically investigated. Moreover, the permeability-
frequency spectra were measured as a function of the AC magnetic field, ranging from 1 to 75 A/m. It
was found that decreasing the melt-spinning wheel speed can widen the annealing temperature range
and the coercivity increases with the increase of surface crystallization. Excessive crystallization layers
will increase the pinning field (H,), which will lead to an increase of magnetic anisotropy constant K
and eventually decrease the effective permeability. The crystallization mechanism of the
Feg,Cu;SisB11.5Nby 5 nanocrystalline alloy ribbons with surface crystallization layers was discussed from
the aspects of diffusion and competitive processes, which is helpful for further understanding the
nanocrystallization process.
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1. Introduction

Recently, nanocrystalline soft magnetic alloys have attracted
worldwide attention due to their excellent magnetic properties,
including low core loss because of the low eddy currents in the
high frequency range, high effective permeability (u.), low satura-
tion magnetostriction (2s) and relatively high saturation magnetic
flux density (Bs) [1,2]. Since the first development of Fe;35Si;35Bg
Nb3Cu; (Hitachi ®Finemet) in 1988 [3], a great many of efforts have
been made to apply this nanocrystalline alloy in the electrical
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equipment, such as transformers, common mode choke cores,
inductors, motors and many other soft magnetic devices [4-6].
However, the Bs of the representative Fe;35Sii35BgNbsCu; alloy is
only about 1.24 T because of the low Fe content and high Nb con-
tent. Developing nanocrystalline soft magnetic alloys with high B
is extremely desired to realize the miniaturization and high effi-
ciency of electrical equipment.

It is well know that B is directly related to the amount of mag-
netic transition metals (Fe, Co, Ni) and the crystallization volume
fraction of a-Fe phase [7]. Since the crystallization volume fraction
is relatively easy to control by the annealing process which is liable
to realize, improving the Fe content may be the best way to
enhance the B in FeSiBNbCu alloy system taking the raw materials
cost into consideration. For these high Bs nanocrystalline alloys
[8,9], the glass-forming-ability (GFA) is close to the upper limit of
a single amorphous formation for conventional melt-spinning
technology [10]. Therefore, the amorphous structure of Fe-rich
nanocrystalline ribbons will be easily affected by many other
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factors during the melt-spinning process, such as oxidation at the
surface which will trigger crystallization, depletion of metalloids
in the surface region, lower cooling rate [11]. As a result, partial
crystallization will occur in the as-cast state, especially at the free
side of the ribbons. Generally, it is well accepted that such a surface
crystallization layer results in an out-of-plane magnetic anisotropy
and, hence, affects the soft magnetic properties significantly
[12,13]. However, for some situations, the completely amorphous
state is not always advantageous, instead, partial crystallization
may lead to improved or even novel properties [12]. In our study,
we choose our newly developed Feg,Cu;SisBi15Nb;s nanocrys-
talline alloy ribbons to study the effect of various surface crystal-
lization degree on the soft-magnetic properties, domain walls,
core loss and dynamic magnetization process. It was interestingly
found that appropriate surface crystallization will improve the soft
magnetic properties and reduce the core loss. Therefore, this study
is benefits to have a better understanding of the effect of surface
crystallization on the soft magnetic properties and microstructure
evolution.

2. Experimental procedure

Multicomponent alloy ingot with nominal composition of Feg,-
Cu;SigB115sNby s was prepared by induction melting the mixtures
of pure Fe (99.99 wt%), Si (99.999 wt%), B (99.8 wt%), Nb
(99.99 wt%), and Cu (99.99 wt%) under a high-purity argon atmo-
sphere. The as-spun ribbons with good ductility were prepared
using the single-roller melt-spinning method at the speeds of
45 m/s (545), 35 m/s (S35) and 25 m/s (S25) in argon atmosphere.
The thicknesses of ribbons were qualitatively determined by spiral
micrometer. Thermodynamic properties of the as-spun alloys were
evaluated by differential scanning calorimetry (DSC, NETZSCH
404C) at a heating rate of 0.67 °C/s under an argon flow. The as-
spun ribbons were cut into 75 mm in length, then subjected to
annealing in the absence of magnetic field at various temperatures
for 10 min in a vacuum furnace and subsequently quenched in
water with room temperature. The microstructures of the as-
quenched and annealed ribbons were identified by X-ray diffrac-
tion (XRD, Bruker D8 Advance) with Cu-Ko radiation. Average
grain size of the nanocrystalline grains was estimated by using
Scherrer equation from the full width at half maximum for the
bcc (110) reflection peak. The permeability-frequency spectra of
Feg,Cu;SisB115Nb; 5 annealed ribbons were measured with a vec-
tor impedance analyzer under different AC magnetic fields, ranging
from 1 to 75 A/m. H. were measured by using a DC B-H hysteresis
loop tracer under a field of 1000 A/m. . at 1 kHz was measured
with a vector impedance analyzer under a field of 1 A/m. All mea-
surements were carried out at room temperature.

3. Results and discussion
3.1. Ribbons with surface crystallization layers

The as-spun ribbons with thickness of 23-34 pm were prepared
by single-roller melt-spinning method with different wheel
speeds. The XRD patterns, shown in Fig. 1(a), were measured from
the free side of the ribbons and only the XRD of S45 shows a broad
intensity peak which indicates the ribbon is almost completely
amorphous. With the decrease of wheel speed, the XRD patterns
of S35 and S25 show sharp peaks at about 45° and 65° belonging
to bcc a-Fe crystalline phase which can be confirmed in Fig. 7.
The XRD patterns from the wheel side of all the samples show a
fully amorphous structure, which means partial crystallization
only appeared at the free side. Subsequently, the free surface layers
with a thickness of 1 um for S35 and S25 were removed by polish-

o
Cu-Ka - FeazCu1Si4B11_5Nb1_5
+ a-Fe

5 t
8
2| 25mss Lﬁ D=31nm
g 3s5mis L D=27m

45m/s ..

25 m/s-P d=33 um

35 m/s-P d=27 pm

30 40 80 80 70 80 9

60
2 Theta (deg.)

Fig. 1. XRD patterns of the melt-spun Feg,Cu;SizB;15Nb; s ribbons with different
wheel speeds and the S25 and S35 after removing a thickness of 1 um at the free
surface.

ing softly with metallographic abrasive paper. Then, as shown in
the Fig. 1, amorphous structures for the two samples were
obtained and the results indicate that the thickness of the surface
crystallization layers is thinner than 1 pm.

The effect of surface crystallization layers on the thermody-
namic properties of the melt-spun alloy ribbons were investigated
by DSC at a heating rate of 0.67 K/s in a pure argon flow. As shown in
Fig. 2, the onset temperature of the first crystallization process (Tx;)
and the second crystallization process (Ty,) are almost keep the
same values despite of the wheel speed. Since the area of the first
exothermic peak is the exothermic values (AH) of the o-Fe precip-
itation, the crystallization volume fraction can be expressed as
Very = AH1/AH,, where AH; and AH, are the exothermic values of
the samples with crystalline and the polished samples, respectively
[14]. Therefore, the crystallization volume fraction of S35 and S25
can be obtained and the values are 3.1% and 3.3%, respectively.

3.2. Magnetic properties and core loss

In order to investigate the effect of surface crystallization layers
on the soft magnetic properties of Feg,Cu;Nb 5SisB11 5 ribbons, the

Fe,,Cu,Si,B, Nb, 0.67 °Cls
wheel speed AH:1 with | AHz without
crystalline| crystalline
45m/s 119.1 J/g
35m/s 115.1J/g | 118.8J/g
25m/s 114.8J/g | 118.7J/g

Exothermic (a.u.)

360 420 480 540 600 660
Temperature (-C)

Fig. 2. DSC curves of the as-spun and the polished Feg,Cu;Nb; 5SisB11 5 ribbons with
different wheel speeds.
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changes of H. and g as a function of annealing temperature (Ta)
for 10 min were measured. As shown in Fig. 3(a), with the increas-
ing of the T, the H increases at first, and then rapidly decreases for
all ribbons until 500 °C. S45 shows a minimum value of 8.9 A/m at
500 °C. S35 and S25 continue to decrease until 520 °C and reach
minimum values of 9.5 A/m and 12.4 A/m, respectively. After
reaching a minimum H,, all samples show an increasing tendency
with the T, further increases. This trend of H. can be understood
based on the crystallization of the as-spun Feg,Cu;Nb;5SisBq15
alloy ribbons. The improvement of the soft-magnetic properties
of the samples annealed between Ty; and Ty, is attributed to
the precipitation of o-Fe with fine grain size and high density.
While annealed at T, higher than Ty,, the precipitation of the sec-
ond phase will greatly degrade the soft-magnetic properties. In
addition, it was found that the samples with surface crystallization
layers show a wider annealing temperature range and the H.
increases with the higher degree of surface crystallization. The g,
of all the alloys have a similar tendency in contrast to that of the
H. and the results were shown in Fig. 3(b). With the increase of
Ta, Ue decreases at first and then increases, followed by another
decrease. The p, for S45, S35 and S25 annealed at the optimized
annealing temperatures are 10,100, 12,700 and 9,200, respectively.
It is interesting that the p. of S35 is much higher than other
samples.

Since it is important to measure the core loss under various
magnetic flux density (B) before applying any soft magnetic mate-
rials, the effect of surface crystallization on the core loss of the
annealed Feg,Cu;Nb; 5SisB11 5 ribbons as a function of B were mea-
sured. As shown in Fig. 4, the core loss for all samples increase with
the increases of B. It should be noticed that the sample with com-
pletely amorphous structure show much higher core loss than the
samples with surface crystallization layers. With the decrease of
wheel speed, the core loss exhibits a higher value than S35, but still
lower than S45. The core loss at 1.0 T and 50 Hz (P;¢;50) of S45, S35
and S25 are 0.27 W/kg, 0.20 W/kg and 0.23 W/kg, respectively. The
core loss includes hysteresis loss which is relate to the area of the
hysteresis loop and eddy current loss which is mainly dependent
on the permeability for the similar size ribbons under the same
conditions[15]. Since the By is similar about 1.67-1.70 T and the
H. exhibit increasing tendency with the decreases of wheel speed,
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Fig. 3. Tp dependence of (a) Hc and (b) p. of FegyCu;SisBy15Nby s ribbons with
different wheel speeds.
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Fig. 4. The core loss dependent on the induction at 50 Hz of the Feg,Cu;Si4B115Nb; 5
ribbons with different wheel speeds after annealing at optimal T, for 10 min.

the samples with lower wheel speed should have a higher hystere-
sis loss. Therefore the lower core loss of S35 should be due to the
high permeability.

3.3. Dynamic magnetization process and domains

Fig. 4 shows the permeability spectra of FegyCu;SizB115Nb;s
ribbons annealed at optimal annealing condition measured under
various applied AC field amplitudes. It is well known that there
is a pinning field Hp, in magnetic materials. When the applied field
His lower than Hp, the domain walls are pinned at the original sites
and only reversible bowing of domain walls will occur, which is
responsible for the initial increase of the permeability. For the
higher field H > H,,, the domain walls are unpinned and irreversibly
move to new positions, leading to hysteresis. When the exciting
field increases from less than H,, to higher than Hj,, we may observe
a significant change of permeability occurs from frequency inde-
pendent to frequency dependent. If H continues to increase, the
domain wall motion corresponding to the knee part of magnetiza-
tion curve may take place, then i decreases [16].

As shown in Fig. 5(a), S35 has the highest p. and S25 exhibits
the lowest pe. The permeability spectra were measured under
more detail applied AC field amplitudes, but here just shown a
few. It was shown that u is almost constant and independent of
the frequency in the low frequency region under a low applied
AC field amplitude. u increases with the increase of the applied
AC field H, then decreases as H keeps increasing to a certain ampli-
tude. All the curves merge into one line gradually in the high fre-
quency region. According to classical magnetism, if H > Hp, the
domain wall can move more easily in the material, then leads to
a rise of u; if H goes on rising, domain wall motion corresponds
to the knee part of magnetization curve, then decrease in u
occurs[16,17]. The H,, of S45, S35 and S25 are about 45 A/m, 45
A/m and 55 A/m, respectively. This indicates that the H, will not
considerably increase with the proper surface crystallization, while
the excessive surface crystallization will lead to a drastic increase
of magnetic anisotropy constant K [18,19], and as a result the per-
meability will decreases according to the Herzer’s random aniso-
tropy model [20].

Generally, the formation of surface crystallization layers will
induce a compressive stress [13] and these stress plays an impor-
tant role in the configuration of the domain structure and magnetic
properties [21]. For further understanding the effect of different
surface crystallization degree on the soft-magnetic properties,
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Fig. 5. Permeability spectra with various applied AC field amplitudes of Feg,Cu;Si4B115Nb; 5 ribbons with different wheel speeds after annealing at optimal T, for 10 min.

magnetic domains with clear border were examined under zero
field with Magneto-optical Kerr Microscopy. It can be seen from
Fig. 6 that for the as-spun Feg,Cu;SigB;15Nb; 5 alloy ribbons with
different wheel speeds, the domain magnetization direction
(shown in Fig. 6(a and c)) is in transversal direction according to
the previous study the quenched-in transversal stress will induce
180° domains [22]. According to the studies of Tejedor et al., the
compressive stress will gradually change to tensile stress in the
central part and the strong stress is the origin of transversal in-
plane magnetic anisotropy [|22]. After annealing, the angle between
ribbon and domain directions changes from perpendicular to a cer-
tain value which means the in-plane magnetic anisotropy
decreases dramatically after the residual stresses were removed
[21,23]. In addition, the widths of the domain for S45 is larger than
S35. It has been pointed that the widths of the domain is inversely
proportional to the magnetic anisotropy [24] and the magnetic
anisotropy will increase with the higher thickness of surface

Ribbon axes

Sensitive directionI

Fig. 6. Magnetic domain structure of as-spun and annealed Feg,Cu;SizB;15Nb; s
ribbons with different wheel speeds.

crystallization layer [23,25]. This may be the main reason for the
refining domain structures. While the Fig. 6(e and f) show nothing
due to the rough surface of S25.

3.4. Microstructure evolution

In order to eliminate the influence of the grain size (D) of the
surface crystalline on the average D, the ribbons were ground into
powder before XRD measurement. As shown in Fig. 7, the average
D which were calculated from (110) peak of the corresponding
XRD pattern using Scherrer’s equation show an abnormal decrease
with the decrease of wheel speed, and the average D of S45, S35
and S25 are 19 nm, 18 nm and 15 nm, respectively.

CU'KOL FeSZCU1Si4B11.5Nb’I.5
=
b + a-Fe
) -
s 2 5
(Y] +
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Fig. 7. XRD patterns of Feg,Cu;SisB;;5Nb; 5 alloys ribbons annealed at respective
optimal annealing condition.
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Fig. 8. Schematic diagram of the crystallization process of FegyCu;SizB11.5Nb;s
alloys ribbons.

As with other FeSiBNbCu system alloys [2,3,26], the formation
of nanocrystalline structure in our alloys also be ascribed to the
mutual effect of Cu and Nb elements in the bcc Fe-Si [14,27]: Cu
enhances the nucleation of the bcc a-Fe grains, while Nb impedes
coarsening and inhibits the formation of other boride compounds.
But the crystallization mechanism of Feg,Cu;SisB115Nb; 5 alloys
with surface crystallization layers is slightly different and the
schematic of the crystallization process was shown in Fig. 8. We
suppose that the formation of nanocrystalline structure in
Feg>Cu;SigB11.5Nby 5 alloys may be driven by the combination of
diffusion [28] and competitive process [29]. Since the nucleation
of a-Fe is strongly relate to the amount of Cu clusters in FeSiBNbCu
system alloys and the primary crystalline always exists in the as-
quenched ribbons with low cooling rate, the as-quenched ribbons
with surface crystallization layers should contain a great many of
Cu clusters under the crystallization layers which serve as nuclei
for heterogeneous nucleation of o-Fe crystallites during the
annealing process. When annealing at the optimal condition, a
large amount of o-Fe grains appeared in the ribbons because of
the plenty of Cu clusters. The a-Fe nanocrystallites competitively
grow up. At the same time, the Nb atoms were rejected from
o-Fe nanocrystals and gathered around the grains. The diffusion
of Fe via Nb-rich region (i.e. remaining amorphous matrix) is diffi-
cult and such area can act as an obstacle against Fe diffusion
because of the large atomic radius of Nb. Hence, the fast growth
of nanocrystal was suppressed both by the diffusion and competi-
tive process. The grains need higher annealing temperature with
the same annealing time to grow up which will result in large
annealing temperature range and a smaller grain size than the
completely amorphous ribbons. The results calculated from XRD
patterns shown in Fig. 7 are also verified this nanocrystallization
mechanism.

4. Conclusion

In summary, it was found that decreasing the melt-spinning
wheel speed can widen the annealing temperature range for
Feg,Cu;SisBy15sNbys ribbon and all samples show excellent soft-
magnetic properties after annealing at optimal annealing conditions.
Moreover, proper surface crystallization will decrease the core loss

from 0.27 W/kg to 0.20 W/kg without increasing the pinning field,
but excessive surface crystallization will increase the pinning field,
which may lead to a drastic increase of magnetic anisotropy constant
K and eventually decrease the p.. The crystallization processes of the
Feg,Cu;SisB115Nby s nanocrystalline alloy ribbons with surface
crystallization layers were driven by diffusion and competitive
processes.
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