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Longitudinal field annealing (FA) is used to improve the soft magnetic properties (SMPs) of Fegs.
xCoxB11P3Si2Cq (x = 0—20) amorphous alloys with high Bs of 1.65—1.76 T. These amorphous ribbons after
FA exhibit pronouncedly improved SMPs, including low coercivity of 1.0—2.3 A/m and high permeability
of 6.6—13 x 10%at 1kHz. In comparison with normal annealing (NA), FA is found to be an effective
process in improving the SMPs for all amorphous alloys. While NA is only effective for the alloys with T
lower than the onset temperature of the crystallization (Txq). It is also found that FA can change the
domain sensitive direction from transversal to along the ribbon axis, and unify the easy magnetization
direction. This mechanistically explains the positive effects of applied field on SMPs and structure
relaxation. This paper will give a better understanding of relaxation effect on SMPs and a prospective
view in formulating heat-treatment process of the thin ribbons fabricated by using a single roller melt
spinning process.

Magnetic domain

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Fe-based amorphous alloy ribbons fabricated by using a single
roller melt spinning process have been widely used in electrical and
electronic devices including transformers, motors etc., owing to
their high saturated magnetic flux density (Bs), low coercivity (Hc),
high permeability (u.) and low core loss [1,2]. Compared with
traditional Si-steel, amorphous alloys possess relatively lower Bg
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(~lower than 1.65 T), which hampers the miniature of the devices
[3,4]. Developing higher B amorphous alloys with low H, becomes
a most important issue for scientific and technological researches
[5]-

There are three main ways to increase B of Fe-based amorphous
alloys, including increasing Fe content [6], substitution of Fe with
Co [7] and nanocrystallization by annealing [8]. The Fe content is
limited because of its balance to the AFA. The nanocrystallization of
high Bs amorphous alloys has been found to suffer the non-uniform
microstructure and poor manufacturability. The partial substitution
of Fe with Co is an effective method to increase Bs without
decreasing GFA or decreasing the manufacturability. It has been
used to develop high Bs; amorphous alloys [9,10]. As documented,
the Co-doping in some cases can enhance the SMPs, glass forming
ability and Bs [11,12]. While in other cases, Co addition leads to
deteriorated SMPs after normal annealing (NA), especially for high
FeCo content alloys [9,10,13]. For the later situation, Co was found to
increase the anisotropy and T, resulting in deteriorated SMPs
especially when NA at temperature lower than T. [10]. Further
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understanding the effect of Co addition and exploring effective
process for improving SMPs of the high B alloys enhanced by Co-
addition are hence indispensable. Essentially, the excellent SMPs
of ferromagnetic amorphous alloys are originated from the ho-
mogenous structure and eliminated inner stress without crystalli-
zation or clustering after annealing. The influence of Co addition on
SMPs should naturally conduct during the annealing induced
relaxation process and correlate to the inner magnetic field effect
[14,15]. Consideration of the scientifically interesting issue of
structure relaxation with introduction of inner magnetic field may
help us to deep understand this critical question and find solutions
[14,15]. In addition, FA is reported to be effective in ordering the
magnetic moment and tailoring the domain structure [15,16],
which can be applied to affect the anisotropy. Neutralizing the
negative effect of inner magnetic field by applied magnetic field
may be a feasible technique, which mechanism is quite urgent to be
unveiled.

In this study, Fegz_yCoxB11P3Si2C; (x =0—20) amorphous alloy
ribbons fabricated by using a single roller melt spinning process
with high Bs and significantly different Ty - T, were selected and
subjected to NA and FA. The Co content effect on thermal param-
eters and NA/FA effects on SMPs were systematically studied. The
magnetic domain structures after NA and FA were further investi-
gated to explore the mechanism of NA and FA effects on the SMPs.
Here we propose a physical picture of the structure transition
during relaxation for the alloys affected by inner and applied
magnetic fields. This work will bring a new perspective to under-
stand the effect of annealing induced structure relaxation and a
guidance for the SMPs adjustment of ferromagnetic BMGs.

2. Experimental procedure

Alloys with compositions of Fegs_yCoxB11P3Si»C; alloys (x =0, 5,
10, 15 and 20) were prepared with induction melting by mixing
pure elements of Fe (99.99%), Co (99.9%), Si (99.99%), B (99.9%) and
pre-alloyed Fe3P and Fe—3.6%C ingots under an argon atmosphere.
Ribbons with width of about 1 mm and thickness of about 25 pm
were prepared with commonly used single roller spinning method
and parameters. Thermal parameters including crystallization
temperature (Tx) and Curie temperature (T.) were analyzed by
thermal gravity and differential thermal analysis (TG/DTA, Perki-
nElmer Diamond) at a heating rate of 10 K/min under protection of
N». Ribbon samples with length of about 50 mm were cut for
isothermal FA and NA annealing under 633 K for 15 min. As sche-
matically shown in Fig. 2(a), FA and NA was conducted in a quartz
ampoule with an inner diameter of 25 mm and a thickness of about
1.5 mm filled with argon. The isothermal treatment process in-
cludes: 1) fix the ribbon sample in a holder made with quartz glass
with a thickness of 1 mm and then seal in the quartz ampoule, 2)
push the electric tube furnace with a preset temperature, 3) pull out
the tube and 4) quench them in water to room temperature. The
heating and cooling rates were not constant values. At each side of
the sample holder, an AINiCo magnet with high operating tem-
perature of over 800K was used to provide a magnetic field of
about 200 Oe along the FA ribbons. For NA annealing, the thermally
demagnetic AINiCo magnets were used for comparison. The
domain structures were characterized via the Magneto-optical Kerr
Microscope (MOKE, Evico 4-873K/950 MT) without taking SMP
tests. Ribbons (50 mm in length) for SMPs (H. and pe.) were
measured by using a DC B—H loop tracer (Riken Denshi DC BHS-40)
with resolution of 0.1 A/m under a field of 800 A/m and an
impedance analyzer (Agilent 4294A) with high resolution under a
field of 1 A/m at 1kHz, respectively. A vibrating sample magne-
tometer (VSM, Lake shore 7410) with resolution of 0.001 T was used
to measure the Bs under an applied field of 800 kA/m. Ribbons for

Fe,,,Co,B,,P,Si,C, (a)

x- 11" 3

Exothermic (a.u.}—

-b-+--o---{--

—L—~ Optimal stress L 1
_ relief zone (b)

10 K/min

Magnetization (a.u.)

500 600 700 800 900
Temperature, T (K)

Fig. 1. (a) DTA and (b) TG curves of Fegs_.xCoxB11P3Si>C; as-quenched (AQ) ribbons.
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Fig. 2. (a) Schematic diagram of field annealing (FA); (b, c¢) B-H loop; and (c, d)
permeability dependence on frequency of Feg3Bq1P3Si,Cq; (Co-0) and FeggCo15B11Ps-
Si>C; (Co-15) amorphous alloy ribbons with as-quenched (AQ), normal annealing (NA)
and FA states.

VSM were cut to pieces with length of about 3 mm, fixed on the
specimen holder, and were measured after calibrating with a
standard Ni sample. All SMPs measurements were applied at room
temperature. The microstructures of AQ, NA and FA samples were
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identified by X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu
K, radiation, taking 0.2 s for one step of 0.02°. Thermal parameters
were examined by differential scanning calorimeter (DSC, Netzsch
404C) at heating rate of 40 K/min with protection of Ar. The mi-
crostructures were characterized by transmission electron micro-
scopy (TEM, FEI TF 20) with high resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction (SAED).

3. Results and discussions

Thermal parameters of Fegs yCoxB11P3SioC; (x =0—20) amor-
phous alloy ribbons were conducted by TG/DTA. Fig. 1 (a) showed
representative heating curves of amorphous alloys with two crys-
tallization peaks. The onset temperature of the first crystallization
(Tx1) decreases gradually for alloys with Co content of x=0 to
x = 10, while increases slightly with further increase of Co to x = 20.
The Curie transition temperature (T.) of the amorphous alloys,
determined by the sharp loss of magnetization curves in Fig. 1 (b),
increases drastically and exceeds the Tx; with the increase of Co
content to x=10. It should be noticed that the magnetization
curves for T, determination by TG cannot reflect the magnetization
decline at the temperature below T [17]. According to our previous
results of SMPs dependence on the annealing temperature (Ta) [10],
the optimal stress relief region was between 570 and 680 K. The
alloy without Co addition has changed into paramagnetic or poor
ferromagnetic state at the optimal stress relief zone [10,18] and will
suffer a normal relaxation process, which result in a sufficient in-
ternal stress relief without crystallization. On the contrary, it is
concluded that the structure relaxation and crystallization of alloys
with x = 10—20 are affected by the strong inner magnetic field.

Then, the magnetic properties of the samples conducted to NA
and FA were investigated in detail. To manifest the annealing effect,
the as-quenched samples were also measured. FA is performed
under an applied field of about 200 Oe which is easy to access, as
illustrated in Fig. 2 (a). After trying different annealing temperature
(Ta) in the optimal stress relief zone, we obtained similar results for
the alloys with different Co content. In this context, we show the
optimal and representative results of NA and FA samples annealed
at 633 K for 15 min. The B-H loops and u. vs frequency curves of the
representative Co-0 and Co-15 alloys with AQ, NA and FA states
were shown in Fig. 2 (b—e). For Co-0 amorphous alloys, both NA
and FA can improve the H. and . as shown in Fig. 2 (b) and (d). For
Co-15 samples, NA ribbons showed deteriorated SMPs containing
much larger H. and lower p. even than AQ ones, as shown in Fig. 2
(c) and (e). On the contrary, the SMPs of the FA samples were
obviously improved, containing extremely low H. of 1.0 A/m and
high pe of 16—13.5 x 10 at 200—1k Hz, which were much better
than the NA Co-15 sample and NA/FA Co-0 samples. It is hence
verified that the inner and applied magnetic fields have large in-
fluence on the SMPs and the FA is an effective method for
improving the SMPs, especially for the high Co content alloys with
high T..

The Co content dependences of Hc, ue at 1kHz and Bs of the
amorphous alloys with different Ty, - T, values after NA and FA were
systematically shown in Fig. 3. Compared with the AQ samples, NA
samples of the alloys with x =0 to x =5 exhibit much lower H. of
3.3—5.7 A/m and higher pe of 6.2—9.1 x 103, while NA samples of
the alloys with x = 10—20 exhibit inferior SMPs. For the FA samples,
the SMPs are much better than that of the NA and AQ ones. All these
results further demonstrate that there are strong correlations be-
tween annealing induced structural relaxation determined SMPs
and inner/applied magnetic fields. In the whole, the inner magnetic
field deteriorates the SMPs and the applied longitudinal one im-
proves the SMPs. The interaction between inner and applied
magnetic field enhances the great effect. The Bs reflecting the
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Fig. 3. Co content dependence of H., we at 1k Hz and Bs of Feg3 xCoyxB11P3SixCy
(x =0—20) amorphous alloy ribbons with AQ, NA and FA states.

magnetic interaction between Fe atoms and electric structure was
firstly investigated. After annealing, the Bs of all alloys increase,
illustrating the relaxation induced structural densification [19]. In
addition, the B of the FA and NA alloy samples show slight changes,
indicating that the inner and applied magnetic fields do not change
the structural densification nature.

To figure out the reasons of the different SMPs, magnetic
domain patterns of Co-0 and Co-15 ribbons with the AQ, NA and FA
states were observed and shown in Fig. 4. For the AQ Co-0 and Co-
15 samples, domains with transversal sensitive direction are clearly
seen on the surfaces. The irregular edge can be illuminated after
proper annealing that illustrates the strong pinning effects, which
are attributed to the inner stress [20]. As documented, the sensitive
direction of the domain reflects the easy magnetization direction
[21]. After NA, the domain of Co-0 sample changes into regular strip
pattern with large width, indicating the low domain energy and
homogenous structure and low stress state. In addition, the sensi-
tive direction of the domains changes to be parallel to the ribbon
direction. On the contrary, more domain branching and swerve are
seen in the NA Co-15 sample, without sensitive direction change,
exhibiting pinning effect. As for FA Co-0 and Co-15 samples, the
domains with magnetization along the ribbon axis and smooth
edges well explain the excellent SMPs. The domain pattern change
is consistent with the SMP results, and further classifies the effects
of interaction between inner and applied magnetic field. Here, we
must recall that the magnetic domain characterization by using
MOKE is a macroscopic technique only reveal the average behavior
of the magnetic atoms. It is necessary to further study the
magnetization vector arrangement by using a Mossbauer spectra
and atomic scale structure by using neutron scattering or syn-
chrotron radiation, for thoroughly reveal the mechanism of this
interesting finding. Nevertheless, we can still have a simple un-
derstanding according to the documented works. It has been re-
ported that the complex anisotropy distribution is caused by the
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Fig. 4. (a—f) Magnetic domain patterns of Co-0 and Co-15 ribbon samples with AQ, NA and FA states; (g) DSC curves and XRD patterns (inset) of samples with AQ, NA and FA states;

(h) HRTEM and SAED of the FA sample.

internal stresses induced during the quenching process [22], in the
Fe7gSigB13 alloy ribbon. After NA, individual magnetic moments
studied by using a Mossbauer spectrometry are positioned almost
perpendicular to the ribbon plane [22]. Pankhurst et al. investigated
the moment canting and structural anisotropy of the NA and FA
Fe;gSigB13 amorphous alloy ribbons, by using synchrotron
Mossbauer radiation. They also found that the structural anisotropy
and moment canting are controlled by the strain and directions of
the applied magnetic field [23]. We can therefore say that the
complex effects of stress and inner/applied have large influence on
and can be used to adjust the SMPs of different amorphous alloys.

Since the amorphicity of ribbons will greatly affects the SMPs,
the AQ, NA and FA ribbons were identified as amorphous structure
in three different ways. DSC measurement in Fig. 4 (g) which was
commonly used to identify the relaxation from nanocrystallization
was also conducted, for the Co-15 alloy. It is clear that the two
crystallization peaks in these three DSC curves show negligible
difference, indicating that no obvious nanocrystallization happens
for all of the annealed samples. In the low temperature region
corresponding to the structural relaxation, the DSC curves of the
annealed samples show distinct difference compared with the AQ
one, illustrating the adequate relaxation. It is also found that the
relaxation region in DSC curves of the NA and FA samples show no
difference. The amorphous structure of the samples was also
identified according to the XRD patterns shown in inset of Fig. 4 (g).
The HRTEM and SAED were also used to investigate the micro-
structure of a sample after FA. Typical amorphous structure with
slight clusters are shown in the HRTEM image in Fig. 4 (h), which is
also proved by the inserted SAED image. It is hence concluded that
no obvious microstructure change like crystallization happens after
FA and NA. The inner and applied magnetic fields during annealing

process will not affect the microstructure.

Now let us discuss the underlying mechanism of our experi-
mental observations about the strong correlations between struc-
tural relaxation determined SMPs and inner/applied magnetic
fields. As well proposed, the structure of AQ amorphous alloys
depicted in Fig. 5 (a) is intrinsically heterogeneous, comprising
loose and dense packing regions at the nanoscale in the amorphous
matrix [24]. Furthermore, the amorphous state solidified quickly
from the melt is far-from-equilibrium and unstable, which is prone
to relax towards low energy states [24]. It is well known that
annealing below the glass transition temperature can cause relax-
ation towards the equilibrium state and a more homogeneous
structure [25]. The relaxation process, which is currently a research
hotspot and complicated issue [26], is argued to comprise o and B
modes correlated to the multiple behaviors such as amorphous
alloy relaxation shear transformation zone activation, small atom
diffusion, macroscopic tensile plasticity and structural heteroge-
neity, etc. [27,28]. To simplify and find a feasible method towards
this critical issue, here, we discard the complicated and contro-
versial relaxation modes, and just consider the homogenization
effects of structure, stress relief and magnetic anisotropy changes,
which are reported to dominantly determine the SMPs [20,29,30].
Beside the structure heterogeneity existed in all amorphous alloys,
the ferromagnetic samples also possess stress and magnetic het-
erogeneity, which interact and have great influence on the relaxa-
tion process. Compared with the nano-scaled loose/dense packing
regions, the magnetic domain with different magnetic field di-
rections are much larger, as shown in Fig. 5. According to our
former results, the magnetic field is the key factor determining the
SMPs and hence focused in this study.

For the alloys with T.<Ty;, the amorphous samples under
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Fig. 5. Schematic diagram of microstructure changes in the AQ, NA and FA samples.

annealing transit to paramagnetic state and are no longer affected
by the inner magnetic field at optimal stress relief temperature. In
the annealing induced relaxation process shown in Fig. 5 (b), the
microstructure is homogenized and densified, which results in the
decrease of pinning cites and increase of the exchange coupling
between Fe atoms [16]. In addition, the strong inner stress derived
from the fast and non-uniform cooling process is eliminated, which
will greatly decrease the magnetic anisotropy. All these will give
sufficient explanation for the improvement in SMPs and Bs of the
NA samples. For the FA, one can envisage that one hand alone can't
clap, at optimal stress relief temperature. The slight improvement
of SMPs of the alloys with T. < Tx; by FA can be attributed to the
domain formation during the cooling process.

For the NA samples with T.> Ty, the relaxation process is
affected by the inner magnetic field, as shown in Fig. 5 (c). Though
the local microstructure is also relaxed by the thermal excitation,
the macroscopic structure in different magnetic environment will
differ more considerably. Owing to the irregular domain patterns of
the AQ samples, the inner magnetic field are complicated. The
annealing induced relaxation will aggregate the influence of inner
magnetic field and lead to a higher magnetic anisotropy, which is
the reason why the NA samples exhibit worse SMPs than the AQ
ones.

For the FA samples with T. > Tyj, the magnetic domain is origi-
nated before and during the annealing process by the applied
longitudinal magnetic field. The structure will relax to be locally
homogeneous and macroscopically originated to applied magnetic
field direction. The easy magnetization direction as identified by
Fig. 4 will be modulated to be parallel to the ribbon direction, which
is propitious to improve the SMPs. The interaction between the
inner and applied fields is used for the magnetic domain origina-
tion and microstructure adjustment during annealing induced
relaxation.

The anisotropy should also be considered when explaining the
different SMPs behavior among the AQ, NA and FA samples. It is
well accepted that the AQ sample combines a stress-induced
anisotropy. After NA process, the stress-induced anisotropy of the

samples with low T, should decrease for the inner stress alleviation.
For the amorphous alloys with high T (>Tx1), NA samples acquired
stabilization of magnetic domain and anisotropy. According to the
domain patterns in Fig. 4, the anisotropy was still in the transversal
direction. On the contrary, the FA could result in a uniaxial
anisotropy along the ribbon axis [31]. This direction was in
consistent with the applied field direction during test, which re-
sults in the great improvement of the SMPs after FA.

At last, we summarize the effects of NA and FA on SMPs. The
annealing leads to structure relaxation which results in a locally
homogenous microstructure. The excellent SMPs of the NA and FA
samples with T¢ < Ty is attributed to the low magnetic anisotropy
and pinning effects. The samples with T > Tx; will be macroscopi-
cally non-uniform under the action of inner magnetic field, during
the NA. The structure will relax to be locally homogeneous and
macroscopically originated to applied magnetic field direction, for
the T > Txq samples subjected to FA. It should be noted that these
conclusions are withdrawn from the results of Co added alloys with
different Tx; - T, but will not restricted to these alloys. The situa-
tions like annealing low T, samples at lower temperature are also a
coincidence. Nevertheless, there is still no detailed physical picture
of the relaxation process of ferromagnetic amorphous alloys and
therefore it is still an open question.

4. Conclusions

Longitudinal field annealing (FA) is used to improve the SMPs of
Feg3_xCoxB11P3Si2C; (x =0—20) high Bs amorphous alloy ribbons
with thickness of 25 pm produced with melt spinning technique.
The underlying mechanism of the strong correlations between
structural-relaxation determined SMPs and inner/applied magnetic
fields is discussed. The main conclusions are as follows:

1) FA is effective in improving SMPs (H. and u.) both for low and
high T. amorphous alloys. The Fegs_xCoxB11P3Si>Cq (x =0—20)
amorphous alloys achieve combining of high Bs of 1.65—1.76 T,
low H. of 1.0—2.3 A/m and high pe of 6.6—13 x 10% at 1 kHz.

2) For the samples with T, < Ty;, the excellent SMPs of the NA and
FA are attributed to the low magnetic anisotropy and pinning
effects. For the samples with T, > Tyx;, NA gets macroscopically
non-uniform under the action of inner magnetic field; while FA
manipulates domain structure from transversal to along with
ribbon axis, and simultaneously relaxes to be locally homoge-
neous and macroscopically originated to applied magnetic field
direction.
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