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This paper reports on the preparation of Feg7.857S1249Bo2.112P1527Cos soft magnetic amorphous alloys with a distinctly high Fe
content of 93.5-95.5 wt.% by component design and composition adjustment. All alloys can be readily fabricated into completely
amorphous ribbon samples with good surface quality by the single copper roller melt-spinning method. These alloys show good
bending ductility and excellent magnetic properties after annealing, i.e., low coercivity (H.) of 3.3-5.9 A/m, high permeability ()
of 5000-10000 and high flux saturation density (Bs) of 1.63-1.66 T. The mechanism of the good glass forming ability (GFA) and
soft-magnetic properties are explored. The amorphous alloys with the high Fe content comparable to that of the desired high Si

alloy can be promising candidates for the potential application in electric devices.
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1 Introduction

Since Si steels with good magnetic properties were found by
Hadfield in 1900, electric steels have been widely used in the
electric and magnetic fields [1]. During the subsequent re-
search, it is found that the magnetic anisotropy (X)) and mag-
netostriction coefficient (4s) decrease with the increase of Si
content [2], all of which will lead to the improvement of soft
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magnetic properties and frequency characteristics [3]. How-
ever, when the Si content exceeds 4 wt.%, the workability of
the Si steels is dramatically reduced, making it extremely dif-
ficult to produce high Si steel sheet by the common hot-cold
rolling process [4]. To solve this problem, a variety of experi-
ments have been conducted over the years using rolling, rapid
quenching, and chemical vapor deposition (CVD) siliconiz-
ing methods in an attempt to produce high Si steel sheet [5-7].
Nevertheless, the mass production of high Si steel (>4.5 wt.%
Si) is still unsatisfactory as indicated in Figure 1(a) [8].

As a new generation electric material, amorphous alloys
have been proved to exhibit better soft magnetic properties,
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Figure 1 (Color online) (a) Research requirement of electric alloy; (b) pic-
tures of the as spun ribbons; (¢) XRD patterns of the soft magnetic amorphous
alloys with different Fe content.

higher electric resistivity, lower core loss and anticorrosion
owing to the amorphous structure [9], which are considered
as good complementary products and even replacers. The
production line for the rapid quenching method of the amor-
phous alloys is also shorter than that of the traditional rolling
process of the Si alloys [4], and this will result in a significant
reduction of the production energy, time consumed and cost.
However, due to the limited GFA of the alloys, a considerable
amount of amorphous forming elements are added in the pre-
viously developed amorphous alloys, which inevitably leads
to a low Fe content and B, [10-12]. Therefore, it is vitally
important to develop a high Fe content amorphous soft mag-
netic alloy for soft magnetic applications [13].

In our recent work, a method for developing high B; amor-
phous alloys was devised in base of composition designing.
We developed a new resulting FeSiBPC amorphous alloy
system with good magnetic properties and manufacturability
[14]. Due to the small atomic number of amorphous forming
elements, it is promising to fabricate the high Fe content
alloys as compared with traditional electric alloys. In this
study, Fes:7.85751249B92.112P1527C0os soft magnetic amor-
phous alloys with a distinctly high Fe content of 93.5-95.5
wt.% were designed by further adjusting metal elements and
the ratios of metalloid elements. The mechanism controlling
their good GFA and soft-magnetic properties are explored.
These amorphous alloys with a higher Fe content comparable
to that of the desired high Si alloy are promising candidates
for potential applications in electric and magnetic devices.

2 Experiment procedure

Multicomponent alloys with nominal atomic compositions
of Fes27S149Bo2P24Cos (Fe-93.5 wt.%), Fesz6Si37B109P2Cos
(Fe-94 Wt.%), Fes3_3Si2B11_2P2,7C0_3 (Fe-945 Wt.%),
Fess2Si21B11P19Cos (Fe-95 Wt.%), and Fess7S123Bo7P15Cos
(Fe-95.5 wt.%) were designed. We prepared the master
alloys by induction-melting the mixture of Fe (99.99 wt.%),
crystal B (99.5 wt.%), Si (99.999 wt.%) and pre-alloyed
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FesP and Fe-3.6%C ingots in an argon atmosphere. Ribbons
with a width of about 1 mm and thickness of about 23-26
um were fabricated by single roller melt-spinning method.
The amorphous structure was identified by X-ray diffraction
(XRD) with Cu ka radiation. Thermal parameters including
Curie temperature (7c) and crystallization temperature (7)
of the amorphous alloys were examined by differential
scanning calorimetry (DSC) at a heating rate of 40°C/min.
The solidification temperature (7;) was measured with DSC
by cooling the molten master alloy samples at a low cooling
rate of 4°C/min. As the magnetic properties depend on the
sample sizes, ribbon samples with similar sizes mentioned
above were used for measurement to clarify the intrinsic
soft-magnetic properties of this glassy alloy system. Be-
fore measuring the magnetic properties, the ribbon samples
were annealed from 260°C to 400°C for 10 min in order to
reduce the influence of the stress by structure release. H.
was recorded with a DC B-H loop tracer under a field of
800 A/m, p. at 1 kHz with an impedance analyzer under a
field of 1 A/m, and B by vibrating sample magnetometer
(VSM) with a maximum applied field of 800 kA/m. The
mass of samples was measured by using an electronic balance
(Mettler XS105DU, Switzerland), with high accuracy of
+0.00001 g and the density of the master alloys was obtained
by Archimedes method. All mass and density values were
averaged by multiple tests in order to ensure the accuracy.
In order to eliminate the influence of demagnetizing factors
on soft-magnetic properties, the lengths of the samples for
DC B-H loop tracer and impedance analyze measurement
were 75 mm, much larger than the width and thickness. The
structure of magnetic domain was characterized via the Mag-
neto-optical Kerr Microscope (4-873K/950MT, Germany).
The bent region of the amorphous samples were examined by
scanning electron microscopy (SEM). All the measurements
were carried out at room temperature.

3 Results and discussion

The compositions of high Fe-content soft magnetic amor-
phous alloys were designed by adjusting the metalloid ele-
ments of Si, B and P [14]. The soft magnetic amorphous al-
loys exhibit the distinctly high Fe content of 93.5-95.5 wt.%
in comparison with the Fe content in the high Si alloys. As
the alloys are close to the upper limit of the Fe content for
forming a fully amorphous state by using common melt spun
progress, composition adjustment was repeatedly done in dif-
ferent series. As shown in Figure 1(b), all of the alloys can
be readily fabricated into ribbon samples with good surface
quality and ductility by single roller melt-spinning method.
Compared with the brittle nature, severe fabricating process
and poor surface quality of high Si content steel, these alloys
enjoy much better manufacturability which is crucial for mass
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production and application. XRD pattern shows broad peaks
without appreciable crystalline peaks (Figure 1(c)), which is
a good support of the amorphous structure.

Figure 2(a) shows DSC curves of the melt-spun high Fe
content amorphous alloys. All curves have two distinctly sep-
arated exothermic peaks, corresponding to the two stages of
crystallization process. According to the previous study, the
first and second peaks are correlated to the precipitation of
o-Fe and compound phases [15], respectively. With the rise
of Fe content, the onset of crystallization temperature (7,) de-
clined drastically from 463°C to 389°C, implying the easier
formation of a-Fe cluster, which may augment the B, during
annealing. For the alloys with high Fe content, the hindering
effect of metalloid elements weakened, which will lead to a
high diffusion rate and a lower crystallization energy. As en-
larged in Figure 2(a), an endothermic peak can be observed in
every curve before the first exothermic peak, which has been
proved to be the result of Curie transition from ferromagnetic
state to paramagnetic state [ 16]. Compared with the commer-
cial Fe7sSi9B13 (393°C) and FesSisB13C; (355°C) alloys, the
T. in the range of 266°C-336°C turned to be comparatively
lower, indicating a lower annealing temperature which is ben-
eficial for decreasing the brittleness of annealed ribbons [17].
It has been well accepted that 7; and 7., are important factors
for determining the annealing temperature (74) [18]. In or-
der to get excellent soft magnetic properties, the temperature
between T: and T}, is chosen to release inner stresses without
crystallization. The Ty,-T. values are all about 120°C, similar
to those of the commonly used FessSioBis and Fes,SisB13C,
amorphous alloys [18]. DSC curves in Figure 2(b) show the
solidification behavior of the master alloys. As the solidifi-
cation process is quasi-static because of the low cooling rate,
Ty reflects the liquidus temperature and undercooling. The
current amorphous alloys exhibit a lower 7j; compared with
FessSigBis and Fes:SisB13C alloys [19]. After the first so-
lidification event, a sharp peak is observed for every alloy,
which always originates form the synchronously precipita-
tion of the phases. In fast cooling processes, the competing
effect has been proved to be important for inhibiting crystal-
lization [20]. During our composition exploration process,
we failed to adjust the two peaks to a single peak for high Fe
content alloys. Taking all these conditions into account, the
current amorphous alloys with a larger 7;,-7. and a lower T}
are expected to exhibit good amorphous-forming ability and
excellent soft-magnetic properties.

Variations of H. for amorphous soft magnetic alloys as a
function of T are presented in Figure 3(a). The H. decreases
slightly with the increase of T until reaching the lowest
value, which can be attributed to the stress releasing. For
most alloys, the lowest H. is only about 3-5 A/m, except for
the Fess 7S12.3Bo.7P15Cos ribbon sample showing the lowest H.
of 5.9 A/m. Changes of x. as a function of 7T, are shown in
Figure 3(b). It is clear that the u. of these soft magnetic
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Figure 2 (Color online) (a) DSC curves of the high Fe content amorphous
ribbons; (b) DSC curves of the master alloy showing the solidification
process.
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Figure3 (Color online) Changes of coercive force (H.) (a) and permeability
(ue) (b) for the soft magnetic amorphous alloys as a function of Tx for 10 min.

amorphous alloys can be higher than 1x10* after annealing.
Since the . of the amorphous alloys is inversely proportional
to H., the . of the samples with extremely high H. is not mea-
sured here. According to the XRD identification, the samples
annealed at the optimal conditions exhibited fully amorphous
microstructure.

As illustrated in Figure 4, these alloys annealed at the
optimal annealing condition (annealing temperature with
the lowest H.) show the typical soft-magnetic B-H curves.
The inset in Figure 4(a) depicts the enlarged partial curves
of the B-H loops. Here the H. is only 3.3-5.9 A/m. The B
in Figure 4(b) of the soft magnetic amorphous alloys is in
the range of 1.63-1.66 T. Fegs2Si21B11P19Cos (Fe-95 wt.%)
amorphous alloy shows the highest Bs of 1.66 T, while for
the Fesgs7Si23Bo7P15Cos (Fe-95.5 wt.%) alloy, the B; is only
1.63 T. The reason for non-monotonic increase of B with the
rise of the Fe content is under further investigation and will
be shown in our future work.
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Figure 4 (Color online) (a) Hysteresis loops measured with VSM; (b) B-H
loops measured with B-H loop tracer.

According to the bending test results of the annealed sam-
ples, the present alloys exhibit better bending ductility than
commonly used Fe;3Si9B13 and Feg,Si4B13C alloy [21]. Here,
we take as an example Fegs;Si23Bo7P1sCos (Fe-95.5 wt.%)
alloy ribbon with the highest Fe content. As observed in
Figure 5(a), there is no trace of any fracture for the as-spuned
and annealed ribbons bended into 180°. After bending test,
SEM image, which revealing the surface morphology of the
annealed ribbon sample, was shown in Figure 5(b). A number
of slip bands without shear offset can be seen in the vicinity
of the bending region. The bending experiments demonstrate
that the alloys show good bending ductility, even in the an-
nealed state. The good bending ductility is vital for Fe-based
amorphous ribbons for using as magnetic cores, which allows
them to be easily wound into various cores in electrical mag-
netic devices.

For further understanding the excellent soft-mag-
netic properties, magnetic domains of the representative
Fegs2S121B11P19Cos (Fe-95 wt.%) ribbon sample annealed
at 320°C were studied under different magnetic fields with
Magneto-optical Kerr Microscopy. As shown in Figure 6(a),
two typical domain patterns are found on the whole ribbon
surface: (1) a low proportion of stripe-wide domain close
to the edge with preferred orientation nearly perpendicular
to the ribbon axis (enlarged in Figure 6(c)), (2) a dominated
zigzag domain with a smaller width in the middle (enlarged
in Figure 6(f)) [22]. No complex domain patterns like fine,
curved, complex, maze domains can be seen in the whole
surface of the sample, implying the thorough release of
cast-in stress without crystals nucleating and surface crystal-
lization. It is accepted that domain structures are the result
of a complicated energy balance between magnetostatic
stray field energies, anisotropic magnetic energy terms, and
the exchange energy usually contained in the domain wall
energy. According to the previous reports, the amorphous
ribbon exhibits perpendicular magnetic anisotropy and the
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Figure5 (Color online) (a) The Fess7Si23Bo.7P15Cos amorphous alloys after
bending at 180°; (b) SEM image of shear zone in the bending region.

stripe domains can be interpreted as model in Figure 6(b)
[23]. The magnetization directions are roughly perpen-
dicular to the stripe and antiparallel for the neighboring
domains. Thus the stripe and zigzag domains are closure
domains. The domains are classified into bulk domains
with perpendicular magnetization and closure domains at
the surface. The closure domains are subclassified into
stripe wide domain and zigzag domains. Since the domain
wall energy ysocDo 2, where yg corresponds to specific wall
energy and D, corresponds to domain wall width [24]. The
rotation of magnetization direction in the zigzag domain
in the middle will also lead to better closure and reduce
anisotropy energy. In order to deeply investigate the domain
model and magnetization process, the transition process of
the two domains are observed by applying an increasing
external magnetic field (H) with direction along the ribbon
and perpendicular to the stripe. As shown in Figure 6(d),
when H is smaller than the full magnetization field (H,) of
the closure domains, the width of the dark stripe domain
with antiparallel direction decreases and the shallow one
When H increases to 796 A/m, the widths of
both dark and shallow stripe in Figure 6(e) decrease, im-
plying H, is smaller than 796 A/m. For the pictures (not
listed) taken under A>1590 A/m, no contrast can be de-
tected. For the zigzag domain, more complicated transition
is induced in Figure 6(g), suggesting the closure domain
phagocytic growth and direction rotation. For the sample
under 796 A/m, a regular stripe domain is formed from
the zigzag domain. The magnetization process of the two
types of domain sufficiently manifests the domain model we
proposed in Figure 6(b).

In this work, we concentrate on amorphous alloys with dis-
tinctly higher Fe content than the traditional one. By in-
troducing P and C, Fes27.85.7512.49B9.2-112P15.27Co 8 amorphous
alloys with excellent soft magnetic properties were succes-
sively developed. We propose it an effective breakthrough for
the future development and application of amorphous alloys
with Fe content in comparison with that of the desired high
Si alloy. Here, we will try to explore the origin of good GFA,
bending toughness, surface quality and excellent soft mag-
netic properties, which are always accompanied by a large

increases.
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Figure 6 (Color online) Magnetic domain structure of Fegs2Si21B11P1.9Cos (Fe-95 wt.%) alloy ribbon annealed at 320°C for 10 min. (a) Domain image showing
the representative patterns; (b) schematic domain model with their closure structure showing the magnetization process; (c)-(¢) magnetization process of stripe
domain at 0, 398, 796 A/m; (f)-(h) magnetization process of zigzag domain at 0, 398, 796 A/m.

amount of amorphous forming element addition. Multicom-
ponent systems consisting of five elements in this alloy sys-
tem is easier to form amorphous according to traditional expe-
rience [25], thus it is conducive to the increase of Fe content
limitation. Metallic elements C and B have many differences
in atomic size ratios with Fe element, which can help to form
a compact structure. As B and C show lower relative atomic
mass, it also can increase Fe content than other elements. In
addition, Si, B, P and C have big negative mixing enthalpies
with Fe, the appropriately addition significantly increases the
thermal stability and GFA [26]. The good soft magnetic prop-
erties of the high Fe content amorphous alloys are mainly at-
tributed to the high degree of amorphicity [27]. An impor-
tant feature of amorphous alloys is, furthermore, the absence
of any grain or phase boundaries which are known to act as
strong pinning centers for domain walls in crystalline materi-
als [28]. As another main pinning source, the internal stress
derived from the fast cooling process is effectively relieved.
As the commercial FesSioB); alloy exhibits a ductile-brit-
tle transition between 250°C and 275°C, it is meaningful that
the high Fe content amorphous alloys show good ductility
even after annealing [29]. As a long standing problem for
Fe-base amorphous alloys, the annealing induced embrittle-
ment is usually attributed to BCC-type clusters, free volume
annihilation, phase separation, and localized enrichment of
highly diffusive elements like P, B, C and Si [21]. For these
high Fe content alloys, low annealing temperatures would be
enough for improving the soft magnetic property because low
T., will lead to smaller microstructure changes. The good

bending ductility is significant for the application of Fe-based
amorphous ribbons in magnetic cores, which allows them to
be easily wound into various cores in different devices.

4 Conclusions

Fesr785751249Bo2 112P1527Cos  soft magnetic amorphous
alloys with high Fe content, good manufacturability, excel-
lent magnetic and mechanic properties were developed via
component design and composition adjustment. The main
conclusions are: (1) these alloys exhibit high Fe content
93.5-95.5 wt.% comparable with that of the desired high
Si. (2) The ribbon samples exhibit excellent soft-magnetic
properties after annealing, i.e., H. of 3.3-5.9 A/m, u. of
5000-10000 and B in the range of 1.63-1.66 T. (3) Two typi-
cal domain patterns were identified by using Magneto-optical
Kerr Microscopy. Low proportion of wide stripe domain
locates close to the edge with preferred orientation nearly
perpendicular to the ribbon axis, dominated zigzag domain
shows smaller width. (4) The high Fe content amorphous
alloys show good ductility even after annealing, which al-
lows them to be easily wound into various cores in different
devices. The good soft magnetic properties and ductility are
important for the practical application.
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