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The effects of longitudinal magnetic field annealing on soft-magnetic properties (SMPs) and magnetic domain
structure of Fe(gs6.85.7)Si(2-4.9)B(0.2.11.2)P(1.5.2.7)Co.s amorphous alloys with a distinctly high Fe content of
93.5-95.5wt% for high Bs were investigated. It was found that longitudinal magnetic field annealing could
improve soft-magnetic properties (SMPs) of amorphous alloys effectively, except the one with poor thermal
stability. Superb magnetic properties containing a minimum coercivity of 0.8 A/m, a maximum effective per-

meability of 11 x 10% at 1kHz and minimum core loss of 0.052 W/kg (at By, = 0.9T and f = 50 Hz) were
successfully obtained. Domain structures were characterized with a Magneto-optical Kerr Microscope to unveil
the mechanism of SMPs improvement. Stripe domains were observed in the annealed high Fe content amorphous
alloy ribbons with optimal soft magnetic properties.

1. Introduction

Fe-based amorphous alloys have aroused worldwide interests from
both scientific and technologic aspects due to their excellent soft-
magnetic properties (SMPs) [1,2], and energy saving effect [3]. Further
improvements of their] magnetic properties and formability are long-
term hot spots, which promote new alloy design theories and pre-
paration techniques [4,5]. The relatively lower saturation magnetic flux
density (Bs) determined by Fe content that compared with silicon steels
is the most notable shortcoming and inhabit their wider application
[6,7]. Breaking though the Fe content limitation and developing high
Fe content amorphous alloys are quite desired, but are difficult. The
reported high Fe content alloys have suffered the poor formability and
deteriorated soft magnetic properties [8,9]. In our previous work [10],
Fe(g2.6.85.7)Si(2.4.9)B0.211.2)P(1.5.2.7Co.¢s amorphous alloys with a dis-
tinctly high Fe content and good manufacturability were successfully
developed, which exhibit attractive application prospects if the softness
can be improved. Many researchers recently studied the effects of
magnetic field annealing on softness of amorphous and nanocrystalline
alloys [9,11-13]. Suzuki et al. [12], investigated the influence of

magnetic field annealing on crystal magnetic anisotropy in nanocrys-
talline soft-magnetic alloys, and found that SMPs could be improved
effectively. Zhao et al. [13], studied the effect of longitudinal field
annealing on Fe(Co)-based amorphous alloys, and found that SMPs
could be improved for the alloys with high Curie temperature (T.).
These studies indicated that magnetic field annealing could promote
inner stress release and modulate the domain structure which directly
affects the soft-magnetic alloys [12,14,15]. However, for the Fecgs 6.
85_7)Si(2_4_9)B(9_2_11_2)P(1_5_2_7)C0.8 amOrphOuS allOyS with a diStinCtly high
Fe content, the annealing process not only leads to structure relaxation
and stress release [13,16], but also clustering [13,17-19]. The corre-
lation between magnetic field annealing temperature and SMPs needs
further investigation, which have great importance on understanding
the structure evolution processes.

In this study, the effects of longitudinal magnetic field annealing on
SMPs of these high Fe content amorphous alloys were investigated. In
order to reveal the correlation between drastically improved SMPs and
magnetic structure, magnetic domains were also studied.
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2. Experimental procedures

Amorphous alloy ribbons with nominal compositions (at.%) of
Feg 7514.9Bo 2P2 4Co. s,
Feg,.2Si21B11P1.9Co.s, and Fegs 7Siz3Bo7P15Co.s Were prepared by a
single Cu roller melt-spinning technique. The ribbon with a width of
about 1mm and a thickness of approximately 25um, was cut into
50 mm length for annealing and measurements. The amorphous struc-
ture of the as-quenched samples was confirmed by X-ray diffraction
(XRD) with Cu Ka radiation. Before measuring the magnetic properties,
the ribbon samples were annealed at 280-420 °C for 15 min in a va-
cuum quartz tube with a magnetic field of 1.6 x 10®> A/m applied along
longitudinal direction (the ribbon axis). The coercivity (H.) was mea-
sured by a DC B-H hysteresis loop tracer under a field of 800 A/m. The
measurements of core losses (P) and AC hysteresis loops were carried
out by utilizing AC B-H loop tracer under different frequencies of 50,
200 and 1000 Hz, respectively. Permeability (i) at the field of 1 A/m
was measured by an impedance analyzer at a frequency range from
1 kHz to 10 MHz. The saturation magnetic flux density (B;) was tested
with a vibrating sample magnetometer (VSM) under a maximum ap-
plied field of 800kA/m. Magnetic domain structure of the ribbon
samples was observed by using a Magneto-optical Kerr Microscope. All
the measurements were carried out at room temperature.

3. Results and discussion

Fegz 65i3.7B10.9P2Co.s,

Feg3 3512B11.2P2 7Co s,

Fig. 1(a) shows the variation of H. as a function of annealing tem-
perature (TA). All the alloys exhibit a similar tendency, i.e., H. first
decreases to a minimum at a T, (henceforth referred as optimal T,) and
then increases drastically with increasing T, from 280 °C to 420 °C. The
decreases of H. below optimal T, can be attributed to the inner stress
release during structural relaxation [20]. Besides, the co-effects of
magnetic and thermal fields promote the micro-structure uniformity
[9,11], thus improve their SMPs. The increase of H. over optimal T,
may be ascribed to partial crystallization or clustering, which deterio-
rate the SMPs due to the formation of hard magnetic phase such as
boride and heterogeneous micro-structure with some overgrowth a-Fe
grains. Fig. 1(b) displays the different performance of H. for Fegse.
85.7)51(2-4.9)B(9.2.11.2)P(1.5.2.7)Co.g alloys treated by longitudinal magnetic
field annealing (FA) and normal annealing (NA) without magnetic field
application, after annealing at optimal T,. The H, of the alloys treated
by NA were reported before [10], which were annealed by using the
same furnace. It is clear that the FA can effectively improve the H,. of
Fego 7Si4.9Bo.2P2.4Co.8, Feg26Si3.7B10.9P2Co.s, Fegs.3SiaB11.2P27Cos and
Fes4.2512'1B11P1'9C0'8 alloyS. However, for the F685'7Si2'3B9'7P1.5C0.8
amorphous alloy with highest Fe content, H, increases from 5.9 A/m for
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Fig. 2. (a) The dependence of effective permeability (u.) on T, at a frequency
(N of 1kHz and 1 A/m for Fe(sz6-85.7)Si(24.9B(9.2-11.2P1.5.2.7Co.¢ amorphous
alloys. (b) The dependence of effective permeability (i) on f of samples treated
by longitudinal FA at 380 °C for 15 min.

the NA sample to 14.7 A/m for the FA sample. It is hence concluded
that the FA is not universally effective for all amorphous alloys.

As we know, p, is another important parameters of soft-magnetic
materials, thus we also studied the influence of FA on y, of Fewase.
85_7)Si(2_4_9)B(9_2.11_2)P(]_5.2_7)C0.8 arnorphous alloys. As shown in
Fig. 2(a), the y, at 1kHz of the present high Fe content amorphous
alloys annealed by FA first increases and then decreases as the T, in-
creases, and the trend of y, with T, is opposite to that of H,, as shown in
Fig. 1(a). Compared with the results of NA samples [3], the . is ob-
viously improved by the method of FA. For these alloys with improved
soft magnetic properties, the optimal p, are of quite high values of
7.8-11 x 10%, which are even better than that of the commercial FeSiB
and FeSiBC alloys [21,22]. Fig. 2(b) shows the . of the samples an-
nealed at optimal T, as a function of frequency. It is clear that the
change tendencies are quite different, i.e., the Fegy ¢Si3 7B10.9P2Co.g and
Feg3.3SisB11.2P2.7Co g alloys exhibit highest p. at low f of about 1 kHz
and drastically decreased p,. at high f, the Fegy 2Sis 1B11P1.9Co g alloy
exhibit attractively high and constant . in large f range of 1-20 kHz. It
is hence concluded that the alloys with FA annealing can has wide
application fields.

As shown in Fig. 3(a), the change of core loss with T, shows a si-
milar trend to H. for the present amorphous alloys. All alloys exhibit
minimum core loss of 0.052-0.1 W/kg at T of 380-400°C and at a
frequency of 50 Hz and an induction (B,,) of 0.9 T. It should be noted
that the optimal core loss of the annealed Fegs ,Sis 3Bg 7P1.5Co g alloy is
relatively larger than other alloys mentioned above, and thus the results
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Fig. 1. . (a) The dependence of H. on T, of Fez 6.85.7)Si(2-4.9)B9.2-11.2)P(1.5-2.7)Co.g amorphous alloys treated by longitudinal magnetic field annealing (FA) with an
applied field of 1.6 x 10% A/m and (b) the difference of H, for FA and normal field-free annealing (NA) at the optimal Ta.
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Fig. 3. (a) Core loss as a function of T, for Fe(gz 6.84.2)Si(2-4.9)B(9.2-11.2)P(1.5-2.7)Co.g amorphous alloys treated by longitudinal FA, (b) the AC B-H hysteresis loops for the

annealed Fegs 3Si»B11.2P2 7Co g alloy measured at different frequencies (f).

of this alloy are not included in Fig. 3(a). The Fig. 3(b) shows the
hysteresis loops measured at different f of 50, 200, 400 and 1 kHz for
the Fegs 3SisB11.2P2 7Co g alloy annealed by FA at optimal Ta. As we can
see, the area of hysteresis loop increase smoothly with f increases from
50 Hz to 1 kHz. The inset of Fig. 3(b) shows the dependence of core loss
on f. The alloy exhibits extremely low core loss of 0.05-2.9 W/kg in the
f range from 50 Hz to 1 kHz.

Fig. 4(a) illustrates the hysteresis loops of the Fe(sz.6.85.7)Sic2-
4.9)B.2.11.2)P(1.5.2.7)Co.s amorphous alloys measured with a VSM. As
enlarged in inset (b), these high Fe content alloys exhibit Bs of
1.62-1.66 T. Compared with the results of NA [10], FA has slight effect
on B; of the present alloys. Since the B; of the amorphous alloy is mainly
depend on the composition and the microstructure of clusters [23], it is
speculated that the FA does not affect the structural phase transition
and atomic arrangement. Inset table gives a comparison of the magnetic
properties of the present alloys with different annealing methods and
that of the commercial alloys. It is clear that the high Fe content Fegy 6.
85.751(2-4.9)B9.2.11.2)P(1.5.2.7)Co.s alloys subjected to FA annealing ex-
hibit superb soft magnetic properties. The longitudinal FA can effec-
tively improve the soft magnetic properties of these amorphous alloys
with distinctly high Fe content, which will promote the application.
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Fig. 4. . (a) Hysteresis loops for Fegs ¢.85.7)Si(2-4.9B9.2-11.2)P(1.5-2.7)Co.s amor-
phous alloys subjected to a longitudinal FA. (b) Inset of the partial amplified
hysteresis loops. The insert table shows the B and H, of the present alloys for a
normal annealing (NA) and a magnetic field annealing (FA), as well as the
commercial alloys.
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To sum up, the longitudinal magnetic field annealing is effectively
in improving the SMPs of amorphous alloys with distinctly high Fe
content, except the Fegs 7Sis 3Bg 7P1.5Co g alloys with critical Fe content.
Superb magnetic properties containing a minimum coercivity of 0.8 A/
m, a maximum effective permeability of 11 x 10®> at 1kHz and
minimum core loss of 0.052 W/kg (at B,, = 0.9 T and f = 50 Hz) were
successfully obtained, which were much better than the commercial
alloys. It is of great interests to understand the reasons for the im-
provement of the SMPs for the four alloys and also the deterioration of
the alloy with critical Fe content.

First, we identify the magnetic domain structure changes of the two
typical Fegg_gsi2B11'2P2'7C0'3 and F635'7Si2V3Bgv7P1'5C0V8 amorphous al-
loys. As shown in Fig. 5(a) and (b), both the AQ and annealed ribbons of
Feg3.3SioB11.2P27Co g alloy exhibit regular shape of stripe magnetic
domains. Compared with the irregular branch magnetic domains in AQ
sample, the stripe in the annealed sample is much more uniform
showing no branches, indicating that the pinning center correlate to the
stress and structural heterogeneities. This should be the reason why
longitudinal FA can effectively improve the soft magnetic properties by
accelerating the internal stress release and modulating the domain
structure [11,12]. However, for the Fegs;Sis3Bo7P1.5Cos alloy, irre-
gular magnetic domains with small width are presented in both AQ and
annealed samples, as shown in Fig. 6(c) and (d). Despite the width is
more uniform, the domain pattern is occupied with high density of

B (b) FA : 400 °c 1§

Fe-83.3

100 um

Ribbon axis
—>
FA direction

Sensitive direction

Fig. 5. Images of magnetic domain structures of Fegs3SizBi12P27Cos and
Fegs 7Si».3Bo 7P1.5Co g alloy ribbons with different states.
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Fig. 6. (a) XRD patterns and (b) DSC curves of Fegs 3Si»B11.2P27Co.s and Fegs 7Si2 3Bg 7P1.5Co g alloy ribbons with different states.

branches, illustrating the strong pinning effect. The domain structure of
the four samples are quite consistent with the former SMP changes.

Since the domain structure and soft magnetic properties were
mainly depended on the microstructure containing amorphous struc-
ture as well as the precipitated phase during annealing [8,24], we then
identified the multiscale change of structure, to reveal the origin of
different magnetic performance. X-ray diffraction (XRD) and differ-
ential scanning calorimeter (DSC) were performed for the
Feg3.3SisB11.2P27Co g and Fegs Sis 3Bg,P1.5Co g alloys. As shown in
Fig. 6(a), no sharp diffraction peaks of crystallization are detected,
showing the amorphous structure in XRD resolution for all samples.
According to the DSC curves of the four samples shown in the Fig. 6(b),
obvious differences can be found for the two kinds of ribbon samples.
The curves of the AQ and annealed Fegs 3Si>B11.2P27Cos samples al-
most overlap each other. But for the Fegs 7Si» 3B9 7P1.5Co g alloy ribbon
annealed at 340 °C, the exothermic peak of the first initial crystal-
lization peak is relatively lower than as-quenched one. This directly
proves the drastic clustering of a-Fe which has been reported before
[10,17]. It is well accepted that the good soft magnetic properties of the
amorphous alloys are attribute to the uniform microstructure with
eliminated free volume and without crystallization or clustering. The
narrow temperature interval between the T, and T; indicates the poor
thermal stability of the Fegs ;Sis 3Bg 7P1.5Co.s amorphous alloy, which
cannot inhibit clustering or crystallization before thorough structure
relaxation and stress release. It is noted that the Fe content of the
Fegs.7Sis.3Bo 7P1.5Co g alloy is closed to the upper limit and critical
amorphous forming ability, which means low amorphicity and high
density of defects like free volume and clusters of the AQ sample [25].
This is the reason why the AQ sample of Fegs ;Sis 3Bg7P15Cos alloy
exhibit higher H.. During the annealing process, the internal stress
cannot be thoroughly released and more clusters will formed [17,26],
leading to higher pinning effects and deteriorated soft magnetic prop-
erties of Fegs7Sis 3Bg7P1.5Cos alloy [27]. For other alloys with high
thermal stability and large Tx;-T,, the AQ samples are of high amor-
phicity and the structure will homogeneity during the annealing pro-
cess. It is concluded that the good amorphicity and high thermal sta-
bility are essential for excellent soft magnetic properties, no matter
what annealing methods are used.

At last, we proposed a schematic diagram of the domain structure
changes during FA and NA, as shown in Fig. 7(d) and (e), to simplify the
understanding of the improvement and deterioration of the soft mag-
netic properties. The applied field direction is along the axis of ribbon,
as shown in Fig. 7(a). Fig. 7(b) shows the magnetic domain structure
and the direction of atomic magnetic moments (i) of the AQ samples.
Generally, the variations of domain microstructures can be elucidated
by classical Weiss molecular field theory [28]. According to this theory,
the p; are parallel to each other in a domain due to the exchange

113

interaction [29], but the alignment direction of y; varies from domain
to domain. It has been reported that the Curie temperatures of the
amorphous alloys (T.-amor) and a-Fe cluster (T.-clu) are different [30],
as shown in Fig. 7(c). The T.-amor is lower than the annealing tem-
perature (T,). The T.-clu is higher than the T.-amor and will increases
with the cluster size and magnetic interaction. For the
Fegs 7Sis.3Bg 7P1.5Co g alloy with low thermal stability, the cluster will
grow and the T.-clu will be higher than the T, after annealing. There-
fore, the isothermal annealing process will lead to the precipitation and
growth of a-Fe clusters with high T.-clu [17], which will influence the
relaxation and inhibit the stress release of amorphous alloys, and leads
to high magnetic anisotropy and bad soft magnetic properties [31].
During the isothermal annealing process, the alloys with high thermal
stability are in paramagnetic state and the structure relaxation will
perform freely, resulting in high homogeneity and low stress. In the NA
cooling stage, the magnetic moments of cluster will return to ferro-
magnetic state early and preform magnetic domains, leading to induced
anisotropy, which is the reason why the alloys with distinctly high Fe
content exhibit comparatively worse soft magnetic properties. In the FA
cooling stage, the magnetic moments of the cluster and the amorphous
will be aligned to the easy magnetization direction by the applied
magnetic field, resulting in the great improvement of soft magnetic
properties. As studied by Severino [32] and Miguel [33] et al., in Co-
based amorphous, the FA treatment substantially increases longitudinal
anisotropy and improves the SMPs as it is expected. The magnetization
process in longitudinal direction is mainly caused by a displacement of
the domain walls. It has also been reported that a large longitudinal
anisotropy can increase the magnetic-resonance frequency, which is
advantageous for the good permeability-frequency (u-f) property in the
high-frequency region, amplifying the advantage of amorphous alloy in
devices with fixed magnetic path like transformer, induction and etc. In
a different sense, though, the large anisotropy will lead to rotation of
domain walls during magnetization and deteriorated SMPs in the
transverse direction. It is hence concluded that the FA treated amor-
phous alloys are not good for applications in electric motor and other
devices with alternating magnetic fields.

It should be noted that magnetostriction (A) is also affected by FA
and has a critical influence on SMPs. During the annealing of an
amorphous alloy, structural relaxation occurs and is accompanied to
various degrees by a change in magnetostriction. Ho et al. has proposed
that the changes of magnetostriction for Fe-based, FeNi-based and Co-
based amorphous alloys are quite different [34]. The influence of FA on
the SMPs of the high Fe content amorphous alloys with poor thermal
stability should be more complicated and need more investigations.



H. Li et al.

(a)

Journal of Magnetism and Magnetic Materials 471 (2019) 110-115

o
A
B
B
i 2 NN NN
I\ Ny VY
= S AZN
Paee P .,- 7
5"’“‘ \ \| [NCAN AN
(N < / N N NN
L | \ 7 =N 5 A,
G 5 ) A /N /NI
b\ A SN SUR_ AL A /NP D~
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alloys and clusters in the annealing process; (d) and (e) are the variation of magnetic moment and domain structure for the annealed ribbon by a normal field-free

annealing (NA) and a longitudinal magnetic field annealing (FA), respectively.

4. Conclusions

The effects of longitudinal magnetic field annealing on SMPs of
Fe(g2.6-85.7)Si(2-4.9)B(9.2-11.2)P(1.5.2.7)Co.¢ amorphous alloys with high Fe
content have been investigated and the conclusions are summarized as
follows:

1. For the high thermal stability amorphous alloys, longitudinal mag-
netic field annealing can improve SMPs effectively.

. Excellent magnetic properties containing a minimum coercivity of
0.8 A/m, a maximum effective permeability of 11 x 10° at 1kHz
and minimum core loss of 0.052 W/kg (at B,,, = 0.9 T and f = 50 Hz)
were successfully obtained.

. Magnetic domain structure correlates to SMPs of amorphous alloys
closely. Stripe domain which shows more uniformity at optimal T
exhibits excellent SMPs.

. The magnetic moment of the cluster and the amorphous will be
aligned to the easy magnetization direction by the applied long-
itudinal magnetic field annealing, resulting in the great improve-
ment of soft magnetic properties.
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