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Abstract

- Anding Wang' - Yan Pan’ - Xiaohong Yang? - Jianya Ge>

The variation of dynamic coercivity, core loss, permeability (¢'), and relaxation behavior with annealing temperature,
frequency as well as magnetic field magnitude (H ) for the FeSiBC amorphous alloy was systematically studied. It can be
found that the dynamic coercivity (H.4) of 6.2 A/m at 1.0 T and 50 Hz is much larger than the static coercivity (H,) of 1.7
A/m for the optimally annealed Fe;4SigB;C,; alloy. The increase of H 4 with the increases in frequency can be ascribed to
the difficulty of domain wall motion and magnetization rotation as frequency elevates. The dynamic magnetization analysis
reveals that ' goes up and attains a peak value as H , increases to about 25 A/m in the low frequency range, while the p'
does not depend on H,, in the high frequency range (f> 10 kHz). In addition, the change of magnetic relaxation time with

annealing temperature and filed magnitude is discussed.

1 Introduction

Fe-based amorphous alloys have superior magnetic softness
consisting of the large saturation magnetic induction, large
permeability, small coercivity, and small core loss due to
their small magnetic anisotropies and absence of ordered
atomic lattices [1, 2]. These excellent characteristics make
the Fe-based amorphous alloys widely used for the trans-
formers, inductors, electric motors, and other electrical
devices [3, 4]. Since the ferromagnetic FePC [5] amorphous
alloy was first discovered by Duwez et al. in 1967, a large
number of Fe-based soft magnetic amorphous alloys have
been developed, such as Fe(Co,Ni)SiB [6-8], Fe(Al,Ga)
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(P,C,B,Si,Ge) [9, 10], FeCoNiCr [11], FeCoSiBNb [12],
FeCrMoCB(NiP,Y) [13, 14], FeCo(Ti,Zr)B [15, 16], and
Fe(Co)SiBPC [17, 18] systems. Many efforts have been
made to improve amorphous forming ability by composi-
tion designing and enhance magnetic softness by anneal-
ing. In addition, other magnetic materials like magnetic
nanoparticles [19] and cobalt—nickel ferrite [20] focused on
improving other properties such as photo-catalytic, besides
the magnetic softness. However, there are only few stud-
ies on dynamic magnetic behavior of Fe-based amorphous
alloys, especially the frequency of more than 1 kHz.
Nevertheless, dynamic magnetization consideration is
one of the most key influence factors for electronics design.
Because the Fe-based amorphous alloys as core materials are
often subjected to the AC excitation magnetic field, dynamic
coercivity (H,,), core loss, and permeability change with
frequencies and field magnitudes [21, 22]. The knowledge
on these dynamic responses is conducive to the designers to
select the appropriate materials and operating conditions in
the practical applications. Moreover, the dynamic magnetic
properties are related to dynamic responses of the magnetic
domain walls movement and magnetization rotation [23, 24].
These responses also cause the dynamic magnetic relaxation,
but the factors affecting the relaxation are still not thorough.
The purpose of this paper is therefore to provide a com-
prehensive view of annealing temperature, frequencies and
exciting field magnitudes dependence of dynamic coerciv-
ity, core loss, permeability, as well as magnetic relaxation
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for the FeSiBC amorphous alloy. The correlations among
the dynamic magnetic behavior, frequencies, field magni-
tude together with annealing temperatures of the amorphous
alloys are discussed. Furthermore, the magnetic relaxation
time versus annealing temperature and field magnitudes was
calculated by means of Havriliak—-Negami (H-N) relaxation
equation [23, 25].

2 Experimental procedure

The synthesis of amorphous alloy ribbons is divided into
three main process: master alloys melting, rapid quench-
ing, and annealing, as shown in Fig. 1. First of all, qua-
ternary master alloys with nominal atomic compositions of
Fe,¢Sig_,B|5C, (x=1, 3, and 5) were prepared by a medium
frequency induction furnace with the mixtures of pure Fe
(99.99 wt%), Si (99.999 wt%), B (99.5 wt%), and Fe—C pre-
alloy (3.6 wt% C) under an Ar atmosphere. Secondly, rib-
bons with width of about 1.2 mm and thickness of 21 pm
were subsequently obtained by a rapid quenching method.
The as-quenched (AQ) ribbons were then cut into length
of 7 cm for subsequent annealing and magnetic properties
measurements. Finally, these ribbons were sealed in a quartz
tube and inserted into a preheated furnace to be annealed.
Annealing was carried out at 340-440 °C for 10 min in
vacuum. The AQ and annealed ribbons were confirmed to
be full amorphous structure by an X-ray diffraction (XRD,
Bruker D8 Advance) with Cu Ka radiation.

Static coercivity (H.,) was measured by a DC B-H loop
tracer (Riken BHS-40) under a field of 800 A/m. Saturation
magnetization (M) was determined with a vibrating sam-
ple magnetometer (VSM, Lakeshore 7410) under a field of
800 kA/m. Dynamic coercivity (H,4) was performed by an
AC B—H loop tracer (Riken ACBH-100K) under frequencies
of 50 Hz and 1 kHz. Real part of complex permeability (1)

Fig.1 Schematic diagram of the
synthesis process of the alloy
ribbons
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at a frequency range from 500 Hz to 10 MHz was measured
using an impedance analyzer (Agilent 4294) with varying
amplitude of AC magnetic field (H)) from 1 to 55 A/m.
Scanning electron microscope (SEM, FEI Quanta FEG 250)
was used to observe the surface morphology. The presence
of Fe, Si, and C elements was analyzed by EDS spectrum.
High-resolution transmission electron microscopy (HR-
TEM) and selected area electron diffraction (SAED) images
conducted on Talos F200x were used to characterize the
microstructure of the AQ and annealed samples. The speci-
mens for TEM observations were prepared by ion milling
(Gatan 691). Magnetic domain structures were observed on
the air surface of the ribbon samples by a magneto-optical
Kerr microscopy (4-873K/950MT, Germany). All the meas-
urements were carried out at room temperature.

3 Results and discussion
3.1 Magnetic softness and magnetic domains

All the Fe,5Siq_ B ;C, (x=1, 3, and 5) alloy ribbons
exhibit good surface quality and bending ductility spun
at a wheel speed of 40 m/s. The SEM images and EDS
spectra of the three as-quenched (AQ) alloy ribbons are
displayed in Fig. 2. All the three ribbons show a disor-
der and uniform structure without crystallization grains
(Fig. 2al—-cl). As shown in Fig. 2a2—c2, the presence of
Fe, Si, and C elements was observed in EDS spectra in all
the three alloys. However, the B element is unable to be
detected by the EDS and is not presented in Fig. 2. The
three alloy samples for soft magnetic properties measure-
ments were isothermal annealed for 10 min, and the results
are displayed in Fig. 3. It can be seen from Fig. 3a—c that
the lowest values of static coercivity (H_,) and core loss
at 1 T and 1 kHz (P, o;3). as well as the highest value of
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Fig.2 SEM images and EDS spectra of the as-quenched (AQ) Fe,gSiq_,

Fig.3 Static coercivity (H,,,

B,;C, (x=1, 3, and 5) alloy ribbons

a), permeability at 1 kHz (u, ,
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1 kHz (P o1 ©) as a function
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permeability at 1 kHz (4], ), were obtained at the anneal-
ing temperature (7,) of 420 °C (henceforth referred to
optimal T,) for the three alloys. The core loss measured
at 50 Hz for the three alloys annealed at optimal 7, shows
a non-linear increase with the ascending B,, (Fig. 3d). In
addition, the magnetic softness of the FeSiBC alloy with
x=1 is much better than that of the alloys with x=3 and
5. Since the solubility of C in Fe is very small, the exces-
sive addition of the C content may cause a compositional
segregation in the FeSiBC alloys. This segregation leads to
form a non-uniform structure, and thus it deteriorates soft

340 360 380 400 420
Annealing temperature, T, (C)

Optimal 7,3 a
) 0.4}
0.2
\' 1 ‘0 -ﬁﬁf‘?ﬁ;) ..y 1 " 1 " 1 " 1
440 04 06 08 1.0 12 14
Induction, B_ (T)

magnetic performances of the FeSiBC alloys with high C
content.

Figure 4a presents the histograms of the H., P, /50, and
u}, for the as-quenched (AQ) and annealed Fe4SigB;C,
amorphous alloy. It can be found that the H_ is inversely
proportional to 4}, for the Fe,4SigB3C; alloy, which is com-
mon in the iron-based amorphous and nanocrystalline alloys
[18, 26, 27]. On the other hand, the M, for samples with T’y
of 420 °C is larger than that for samples with 7', of 360 and
440 °C, as shown in Fig. 4b. The variation trend of M_ with
T, is opposite to that of H, with T, for the Fe;4SigB5;C,
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Fig.4 a Magnetic softness histograms for the as-quenched and
annealed Fe,;gSigB,3C; amorphous alloys; black, red, and blue col-
umns denote the H., P, o0, and !, , respectively. b Hysteresis loops

alloy ribbon, which is consistent with other soft magnetic
alloys [11, 28]. In order to figure out the origin of changes
of magnetic softness with 7'y, microstructure and magnetic
domains of the AQ and annealed Fe,4SigB;C, alloy rib-
bons were observed with a TEM and magnetic-optical Kerr
Microscopy. The HR-TEM images and SAED patterns in
Fig. 5 exemplify the evolution of microstructure under AQ
state and after annealing at 420 °C and 440 °C for 10 min.
The AQ ribbon shows uniform microstructure in the HR-
TEM image (Fig. 5a) and diffuse rings in the SAED pattern
(inset of Fig. 5a), indicating the presence of the fully amor-
phous structure. Annealing at 420 °C generates homogeneity
of chemical dispersion that is visible as less contrast varia-
tion in the HR-TEM image (Fig. 5b). Annealing promotes
release of stress and decrease of free volume, and thus it
makes the microstructure more uniform. This more uniform
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for the Fe,4SigB5C, alloy annealed at different 7. Inset of b shows
the partial enlarged graph of hysteresis loops. Here, P, (5, is core loss
at 50 Hz under the induction of 1.0 T (Color figure online)

microstructure causes better soft magnetic properties, which
is consistent with FeSiBPC [29] and Co-based amorphous
alloys [28]. After annealing at 440 °C, a typical amorphous
structure with several clusters is displayed in the HR-TEM
image (Fig. 5c), which is also proved by the SAED image
(inset of Fig. 5¢). Here, the size of clusters is of ~5 nm in
diameter. As documented, grain size is closely related to the
structure and magnetic properties of nanocrystalline [30]
and polycrystalline films [31]. The magnetic domain walls
around grain boundaries in the polycrystalline films affect
their magnetic properties [31]. Thus, these clusters act as
pinning sites of domain walls and hider the magnetization
rotation, resulting in the deterioration of the magnetic char-
acteristics. Figure 6 shows the magnetic domain structures
for Fe,4SigB;C, amorphous alloy with (a) the as-quenched
state (AQ), and annealed at (b) 360 °C, (c) 420 °C, and (d)

Fig.5 TEM images for Fe;4SigB;C,; amorphous alloy with a the as-quenched state (AQ), and annealed at b 420 °C and ¢ 440 °C for 10 min,

respectively. The corresponding SAED patterns are displayed in the inset
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Fig.6 Magnetic domain structures for Fe,3SigB;C; amorphous
alloy with a the as-quenched state (AQ), and annealed at b 360 °C, ¢
420 °C, and d 440 °C for 10 min, respectively

440 °C for 10 min, respectively. It can be found that the AQ
sample has disorder and irregular domain patterns (Fig. 6a),
ascribing to the strong internal stress and structural inhomo-
geneity coming from the rapid quenching process [10]. With
rising of T, the domain walls straighten and the number of
walls decreases due to the stress release [32], resulting in
the improvement of the magnetic softness. However, when
the T, rises up to 440 °C, the emergence of new pinning
sites may result from the formation of clusters, which makes
the domain structure change from wide regular domains
(Fig. 6¢) to small irregular domains (Fig. 6d), resulting in
the deterioration of the magnetic softness. Thus, it can be
concluded that the variation of domain structure with 7' is
well consistent with change of magnetic softness with 7',
[33, 34].

3.2 Dynamic magnetization behavior

Since soft magnetic amorphous materials always used in AC
magnetic field with various field amplitudes and frequencies,
it is essential to study the dynamic magnetic properties of
amorphous alloys. Figure 7a displays the dynamic coerciv-
ity at 1.0 T and 50 Hz (H_4; o/50)- as well as at 1.0 T and
1 kHz (H_4, /1) as a function of T, for the Fe,¢SigB;C,;
amorphous alloy annealed for 10 min. The H_ 4, ;50 and
H 41 o1 have the similar trend with the elevation of T, and
the lowest values are 6.2 and 37.8 A/m at the optimal T,
of 420 °C, respectively. Figure 7b illustrates the dynamic
hysteresis loops at 1 kHz for the annealed samples. It can be
observed that the applied magnetic field (H) at the optimal
T, of 420 °C (144 A/m) is smaller than that at 360 °C (185
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L Fe Si B C 156
E 20 _O\ €g91gD 134 |
<0 <&° i W ~->148 <
~ 16 ® ] ~ 47% <=
S12f \0\ {40 =
& 8| Annealed for 10 min \o 3 EE
& L1 . 1 . 1 " 1 @'/l 32
2

340 360 380 400 420 440
T, (°C)

420 °C
; 1 1
0 100 200
H (A/m)

Fig.7 a The dynamic coercivity (H. 50 and H_q; o) as a func-
tion of T, for the Fe,4SigB;C; amorphous alloy annealed for 10 min.
b Dynamic hysteresis loops at a frequency of f=1 kHz for samples
annealed at 360, 420, and 440 °C, respectively. Here, H, o5 is the
dynamic coercivity at 50 Hz under the induction of 1.0 T, and H,; o/
is the dynamic coercivity at 1 kHz under the induction of 1.0 T

A/m) and 440 °C (215 A/m), when the magnetic induction
(B) achieves 1.0 T. Thus, we can conclude that the dynamic
coercivity (H.4) is much larger than the static coercivity
(H,) in the FeSiBC amorphous alloy, and their relations
can be expressed as follows [35]:

Hcd = HCS +A (fH)l/n’ (1)

where A is the proportionality constant, H is the applied
magnetic field, and n is the coefficient depending on geom-
etry and hysteresis loop of the alloys. The f dependence of
the H_4 can be ascribed to the variation of dynamic magneti-
zation process activity at increasing f. With increasing f, the
magnetic domain is refined and the number of domain walls
increases [24], which leads to the difficulty of domain wall
motion and magnetization rotation, resulting in the increase
of dynamic coercivity (H ).

For evaluating the influence of 7, on dynamic magnetiza-
tion behavior for the Fe,3SigB;C, amorphous ribbons, per-
meability (1) spectrum has been measured at the frequency
(f) range from 500 to 1x 10 ” Hz and the amplitude of AC
magnetic field (H,,) from 1 to 55 A/m, and the results are
shown in Fig. 8. The curves measured at all H,, show that
u' falls down with f going up, because the magnetization
process becomes unable to follow the AC magnetic field
with the increase in f, resulting in the increment of the eddy
current loss and appearance of magnetic relaxation [11, 23].
On the other hand, the frequency stability of x4’ becomes
more stable with the increases of H . Two-dimensional
color map is used to more clearly observe the change of u'
for the AQ and annealed samples with fand H,,, as shown
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in Fig. 9. The value of u' increases with the rises of 7, for
the Fe,4SigB;C, samples measured at all H,, and the fre-
quency less than 10 kHz. According to the studies of Dobak
et al., the y' is closely related to domain wall movement
and magnetization rotation [36]. In addition, the rotation of
magnetization and movement of domain wall are correlation
to the magnetic anisotropy, internal stress, spinning effect,
as well as structural inhomogeneity [10]. Therefore, the u’
rises with elevation of the T, for Fe;4SigB,;C; alloy ribbon
are ascribed to the fact that the motion of domain wall and
rotation of magnetization become easier due to strain releas-
ing, microstructure homogenizing, and pinning effect reduc-
ing. Furthermore, it can be found that the x4’ goes up and
attains a peak value as H, increases to a certain amplitude
of about 25 A/m in the low-frequency region. However, the
4" in the high-frequency region (f> 10 kHz) does not depend
on H . This indicates that the magnetic relaxation process in
the high-frequency region is different from that in the low-
frequency region [37].

3.3 Magnetic relaxation
To further analyze the T, dependence of dynamic mag-

netization processes and magnetic relaxation for the as-
quenched and annealed Fe;4SigB;C; amorphous alloy

so{ u
—40

1000
Eofl -
IE 20 = 10000
10
19000
- 28000
34000

2

10* 1 10
f(Hz) f(Hz)

Fig.9 Color map of permeability (') as a function of magnetiza-
tion frequency (f) and amplitude of AC magnetic field (H,,) for the
Fe;4SigB3;C; amorphous ribbons with a the as-quenched (AQ) state,
and T, of b 340 °C, ¢ 360 °C, d 380 °C, e 400 °C, f 420 °C (Color
figure online)

ribbons, the experimental p' is theoretically fitted by using
a Havriliak—Negami (H-N) relaxation model. This H-N
model is expressed as the following equation [23, 25, 38]:

(W, — pl ) cos(fep)

W(w)=p + - )
(1 +2(wz)' = + (w7, )X1-0)2
with
I-a g 1-a)/2
= arctan | @) sinG(1 = 0)/2) .
1+ (wr,)' =% cos(x(1 — a)/2)
and
y_ lim
K=o =0 @)
and
y _lim s
Ho =~ H> Q)]

where w=2xf, 7, is the chief relaxation time, and the expo-
nents @ (0<a<1) and p (0<pB<1) are, respectively, con-
nected with the width and asymmetry of the relaxation time
distribution [23, 39, 40].

To investigate the relaxation dispersion observed in the
permeability of the AQ and annealed Fe;4SigB;;C; amor-
phous alloy, we plot u' as function of f at field magnitude
of 5 A/m in Fig. 10 as a representative. It can be seen from
Fig. 10 that the theoretical fitting curves agree well with the
experimental y' curves, and the goodness of fit for the AQ
and annealed Fe,4SigB,;C,; amorphous alloy at all measure-
ment filed magnitudes is above 0.996.

In this fitting, the exponents @ and f are related to the
distribution of relaxation behavior, were obtained through

35000
~ Fe7sSiHBsCl
30000
* AQ
25000
. o 360°C
. 20000
g . * 420°C
15000
. fitting
10000
5000
R e B2
10° 10* 10° " °
f (Hz)

Fig. 10 Permeability (u') as a function of frequency (f) for the as-
quenched (AQ) and annealed Fe,¢SigB;C; amorphous alloys meas-
ured at 5 A/m. Theoretical fits 4’ using H-N relaxation model are
solid curves
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Fig. 11 Field magnitude (H,,) evolution of exponents a o and b  of
H-N relaxation model obtained from the best fitting of experimental
u' for the as-quenched (AQ) and annealed Fe,4SigB,;C; amorphous
alloys

the fitting of H-N model equation under different H,,, and
the results are provided in Fig. 11. The exponent a of the
420 °C annealed sample is lower than that of the AQ and
360 °C annealed samples at H,, from 1 to 50 A/m. However,
the exponent f of the 420 °C annealed sample is higher than
that of AQ and 360 °C annealed samples at H, from 15 to
55 A/m. Table 1 lists the exponents a and f, chief relaxation
time 7, for the AQ and annealed Fe,3SigB;C; amorphous
alloys. It can be found that the 7, of the 420 °C annealed
sample is lower than that of the AQ and 360 °C annealed
samples measured at most H,,. Since distribution of relaxa-
tion times is connected to the motion of domain walls [40],
this phenomenon may be ascribed to more losses caused by
damping and pinning effect of movement of domain walls
for the sample annealed at 420 °C, compared to that for the
AQ and 360 °C annealed samples. These results indicate that

the annealing treatment rises the change in the width of loss
peak and relaxation time, which can explain the variation of
H_4 and p' with increasing 7T'5.

4 Conclusions

The magnetic softness, magnetic domains, dynamic magnet-
ization process, and magnetic relaxation of the as-quenched
and annealed FeSiBC amorphous alloys are analyzed. It has
been found that the static coercivity and core loss in the
Fe,4SigB;C; amorphous alloy reach much lower values
than that in the Fe,4SisB;C; and Fe78Si4B13C5 alloys. The
optimal magnetic softness, such as the lowest coercivity,
the lowest core loss, the highest permeability, obtained in
the Fe,3SigB;C, alloy annealed at 420 °C can be ascribed
to the releasing of stress and presence of wide as well as
straight magnetic domains. The dynamic magnetization
analysis reveals that y' increases with the rise of 7, for the
Fe,4SigB;C, samples measured at all H,, and the frequency
less than 10 kHz. Moreover, y' goes up and attains a peak
value as H, increases to a certain amplitude of about 25 A/m
in the low frequency range. However, the ' in the high fre-
quency range (f> 10 kHz) does not depend on H,,. Further-
more, from best fitting of y’ versus f using H-N relaxation
equation, it can be found that annealing treatment and field
magnitude impact on the magnetic relaxation time, resulting
in variation of H 4 and p' with increasing T',.

Table 1 The exponents @ and

h . H,, (A/m) AQ T5=360 °C T,=420°C

p, as well as chief relaxation

time 7, obtained from best fit a p 7, (us) a p 7, (us) a p 7, (us)

of the experimental y' and

H-N model under the different 2.5 0.54 0.90 8.7 0.52 0.97 25 0.37 0.82 69.4

field magnitude (H,,) for the 5 0.40 0.71 174 0.32 0.62 15.9 0.16 0.64 83.5

as-quenched (AQ) FesSigB 5C, 041 074 311 046 090 206 012 066 758

amorphous alloy, and the alloy

annealed at T, of 360 °C and 15 0.38 0.66 56.1 0.33 0.62 78.6 0.13 0.72 57.9

420 °C 20 0.34 0.65 55.1 0.29 0.61 72.3 0.11 0.71 63.5
25 0.40 0.77 449 0.33 0.79 23.2 0.18 0.82 47.8
30 0.25 0.61 38.0 0.16 0.6 23.1 0.06 0.74 38.7
35 0.31 0.70 29.7 0.21 0.67 19.1 0.11 0.81 31.3
40 0.26 0.66 26.4 0.16 0.63 17.9 0.12 0.85 26.3
45 0.27 0.71 20.7 0.16 0.65 15.4 0.15 0.94 20.0
50 0.31 0.80 16.1 0.19 0.71 13.0 0.16 0.99 16.6
55 0.15 0.60 17.3 0.04 0.57 134 0.07 0.90 14.2
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