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a b s t r a c t

Fe-based nanocrystalline ribbons (e.g. FINEMET) has been applied widely in electric industry due to its
excellent soft magnetic properties. However, their preparation involves annealing at high temperature
for the formation of a-Fe nanograins, which not only consumes additional energy but results in the
embrittlement of the ribbon. In this work, the ductile nanocrystalline ribbons of Fe-Ni-Si-B with good
soft magnetic properties have been in-situ prepared just using the melt-spinning method. The nano-
crystals have a size less than 45 nm. After the stress relief annealing, the ductility is still available and the
magnetic performance is improved. It's worth noting that the industrial grade rather than analytically
pure raw materials are used in this work. Therefore, the results have profound implications for academic
study and engineering application.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In principle, magnetism mainly originates from the electrons in
materials, so it is not strongly affected by the atomic structure [1,2].
The exchange interaction is supposed to take effect among the
nearest-neighbors [2], which implies the ferromagnetism in the
disordered materials. When the first Fe-based glass of Fe80P13C7 (at.
%) was prepared by Duwez and Lin using “piston and anvil” tech-
nique [3], its soft ferromagnetic feature was readily accepted in the
community. More importantly, Fe-based metallic glasses (MGs) are
utilized by far most commonly out of all the developed MGs due to
the excellent soft magnetic properties and low cost [4]. The flexible
Fe-based glassy ribbon can be easily wound as the iron cores of
various transformers used in electric and electronic industries.
Compared with the conventional silicon steel, the Fe-based glassy
ribbon has a lower coercivity and a higher electric resistance which
both can reduce the iron loss and therefore save energy [1,4]. As a
representative, Fe78Si9B13 (Metglas 2605 S-2) was found to perform
better than the silicon steel [5]. Afterwards, the Fe73.5Si13.5B9Nb3Cu1
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(FINEMET) with an ultrafine grain structure was developed by
Yoshizawa et al. [6]. FINEMET has a superior performance in the
high frequency range [7], and thereforemany studies have followed
its scenario to achieve the nanocrystalline microstructure in Fe-
based ribbon [8e17]. However, the nanocrystallization remains a
key issue.

For FINEMET, the fully glassy Fe73.5Si13.5B9Nb3Cu1 was firstly
prepared, then it was annealed at an elevated temperature to
precipitate the ultrafine grains of a-Fe(Si) [6]. In fact, the conven-
tional annealing was also taken advantage to nano-crystallize the
Fe-based glasses in other studies, though different annealing tem-
peratures were adopted [8,9,11,15]. It is found that crystallization
even often happens to the free surface of the as-spun Fe-based
ribbons in previous literature [7,9,10]. This is due to the poor glass
forming ability (GFA) of these Fe-based alloys. As a result, the costly
raw materials with high purity were used in order to prepare the
fully glassy ribbon as the precursor of the nanocrystallized ribbon.
On the other hand, the annealing itself is quite energy- and time-
consuming, and it usually causes the embrittlement of the ribbon
and therefore worsens the manufacturability in subsequent
procedures.

In this study, the nanocrystalline Fe-Ni-Si-B ribbons with good
soft magnetic properties have been in-situ synthesized by single-
roller melt spinning just in the air. With no any annealing, the
crystalline grains of less than 45 nm in size develop just during
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Fig. 1. (a) As a representative, the as-spun and annealed (375 �C, 10min) ribbons of
Fe80Ni2B14Si4 are bent as a letter “M”, which indicates the good bending ductility. XRD
patterns are presented for the free surface (b) and wheel surface (c) of all the as-spun
ribbons of Fe70þxNi12-xB14Si4 (x¼ 0, 2, 6 and 10).
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quenching process. The ribbon is very ductile and it can undergo a
180� bending without break. This ductility is still available even
after the ribbon is subject to a stress relief annealing. The magnetic
properties of the Fe-Ni-Si-B ribbon are investigated. According to
themeasured coercivity (Hc), the nanocrystalline Fe-Ni-Si-B alloy of
ribbon is a typical soft magnetic material. Its saturation magneti-
zation (Ms) is found higher than that of FINEMET. Besides, one must
learn that the industrial grade raw materials with low purity are
used in this work, and the alloy contains no rare element like Nb,
which definitely reduces the price [10].

2. Experimental

At first, ingots with the nominal compositions of Fe70þxNi12-
xB14Si4 (x¼ 0, 2, 6 and 10) were prepared by arc melting industrial
grade pure Fe (99.8%), Ni (99.9%) and Si (99.9%) and Fe-B (99.0%)
under Ar atmosphere. Just in air, these master ingots were remelted
by induction, then the melts were expelled onto a rotating copper
wheel to prepare ribbons about 1.5mmwide and 20 mm thick. The
microstructure of as-spun ribbons was investigated by x-ray
diffraction (XRD) and electron transmission microscope (TEM).
Thermal properties of the as-spun ribbons were evaluated using
differential scanning calorimetry (DSC) at a heating rate of 20 K/
min, during which the Curie temperatures were also determined in
virtue of thermal effect for the transition of ferromagnetism to
paramagnetism. The magnetization behavior was measured using
vibrating sample magnetometer (VSM) under a maximum applied
field of 800 kA/m, and the coercivity was measured with a DC B-H
loop tracer under a maximum applied field of 800 A/m.

3. Results

Fig. 1a shows the as-spun Fe80Ni2B14Si4 ribbon of 24 mm in
thickness prepared with a wheel speed vw¼ 45m/s. It can be bent
as a letter “M”, and no break happens to the free surface or the
wheel surface, which suggests that the ribbon is ductile enough.
The ductility survives a stress relief annealing for 10min at 375 �C.
Similarly, this ductility is also found in Fe70þxNi12-xB14Si4 (x¼ 0, 2
and 6). If vw is increased to 55m/s, the ribbons are about 19 mm
thick and also very ductile.

The XRD patterns for free surface and wheel surface are shown
in Fig. 1b and c, respectively. Sharp Bragg peaks corresponding to
the crystalline phases are clearly visible, which indicates that
crystallization occurs in both surfaces. a-Fe(Si) and Fe2B are found
in the free surface, whereas only a-Fe(Si) is identified in the wheel
surface. As a matter of fact, the surface crystallization has been
confirmed and studied byWan et al. [7] and Fan and Shen [9]. They
found that the crystallization only happened to the free surface and
the wheel surface was fully glassy. This is due to the faster cooling
rate for the wheel surface. Moreover, Wan et al. [7] proved that just
1 mm thick skin of the free surface was crystallized and the rest was
not. In this work, the crystallization seems to take place throughout
the ribbon according to Fig. 1b and c. Using Debye-Scherrer equa-
tion for Fig. 1b, the average grain size da was estimated, as listed in
Table 1. Obviously, da< 45 nm holds true for all the alloys, which
means the ribbons are nanocrystalline in microstructure.

To corroborate nanocrystalline microstructure directly, the rib-
bons have been examined by TEM. Fig. 2a shows a typical TEM
image of the microstructure in the as-spun ribbon of Fe80Ni2B14Si4
(vw¼ 45m/s). One can see that the nanocrystals have developed in
the glass matrix, which is also reflected by the combination of halo
ring for the glassmatrix and diffraction spots for the nanocrystals in
the selected area electron diffraction (SAED) pattern (see the inset).
Meanwhile, both lattice fringe of the nanocrystal and maze-like
structure of the glass matrix are clearly shown by the high
resolution TEM (HRTEM) in Fig. 2b. Obviously, the nano-
crystallization occurs during the quenching when the ribbon is
being prepared. On the other hand, most of the nanocrystalline
grains are smaller than 50 nm in size, consistent with the



Table 1
The characteristic data of as-spun nanocrystalline ribbons of Fe70þxNi12-xB14Si4.

Alloy da (nm) Tc (oC) Tx (oC) Ms (emu/g) Hc (A/m)

x¼ 0 37 396 460 162.7 17.9
x¼ 4 44 427 474 165.8 22.3
x¼ 8 41 408 501 163.9 19.8
x¼ 10 28 416 528 164.4 20.5
x¼ 10a e 401 493 161.5 27.2

a In comparison, the glassy ribbon prepared at vw¼ 55m/s is also measured.
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estimation by XRD. They are almost equiaxed rather than dendritic.
This morphology is very similar to that of FINEMET [6] or other Fe-
based ribbons such as Fe76.5Cu1Si13.5B9 subject to annealing [18]. It
demonstrates that the in-situ formation of nanocrystal is possible
in Fe-based ribbons. In addition, it is found that the microstructure
can be readily tailored or controlled by the wheel speed vw, since
the fully glassy nature of the ribbon with vw¼ 55m/s has been
confirmed by TEM (see Fig. S1).

Fig. 3 presents two DSC curves for the as-spun Fe80Ni2B14Si4
ribbons prepared at vw¼ 45m/s (Fe80n) and vw¼ 55m/s (Fe80 g).
One should learn that the ribbon for Fig. 3b is of full glass with no
any crystalline phase (see Fig. S1). Like many other Fe-based glassy
ribbons [19], the feature of glass transition is not clearly visible on
the DSC curves in Fig. 3a and b. However, the transition of ferro-
magnetism to paramagnetism has been detected during the heat-
ing in DSC measurement, labelled as Tc (Curie temperature).
Tc¼ 416 �C for Fe80n is obviously higher than Tc¼ 401 �C for Fe80 g.
Tc for Fe70þxNi12-xB14Si4 (x¼ 0, 2 and 6) nanocrystalline ribbons is
also listed in Table 1. There seems no regularity for Tc vs. x to follow.
Moreover, the exothermic events are distinctly found on the DSC
curve, which indicates that the crystallization should happen to the
glass matrix in the nanocrystalline ribbon [20]. The crystallization
temperature Tx increases with the Ni content x, and it is higher than
Tc (see Fig. 3 and Table 1). As expected, the crystallization occurs at a
lower temperature in Fe80 g (Tx¼ 493 �C) than in Fe80n
(Tx¼ 528 �C). This suggests that the nanocrystalline particles ther-
modynamically stabilize the matrix which is more resistant to the
crystallization.

For estimation of the fraction of crystalline phase (Pc) in Fe80n,
we calculate the crystallization enthalpy DH in both Fe80n and
Fe80 g. As shown by the shade area in Fig. 3, DHn for Fe80n is 60.3 J/
g while DHg for Fe80 g is 138.2 J/g. Therefore, it yields Pc ¼
DHg�DHn

DHg
¼ 56:4%. This is basically consistent with the TEM obser-

vation (see Fig. 2a). On the other hand, as shown in Fig. 2a, the glass
Fig. 2. The TEM investigation on the as-spun ribbon of Fe80Ni2B14Si4. (a) The nanocrystalli
basically agrees with the SAED pattern in the inset. (b) The HRTEM image of the crystallin
references to colour in this figure legend, the reader is referred to the Web version of this
matrix, although taking up less volume fraction, is continuously
connected, whereas the crystalline phase is isolated as islands. This
may be the reason for bending ductility in the nanocrystalline
ribbon (see Fig. 1a).

A higher Tc means that the ferromagnetism can keep at a higher
temperature, which enables the magnetic materials to be used in a
wider temperature range. In this sense, as presented in Fig. 3, Fe80n
is undoubtedly preferable to Fe80 g. As well known, the saturation
magnetization Ms is a more important parameter for the soft
magnetic materials. Fig. 4a shows the relationship between the
applied magnetic field H and the magnetization M, i.e. magneti-
zation curve. The as-spun F80n ribbon (green curve) has a Ms of
164.4 emu/g under an applied magnetic field of 800 kA/m at room
temperature. If the density of ingot r¼ 7.58 g/cm3 is approximately
taken as the density of the ribbon, the corresponding saturated
magnetic polarization Js¼ 1.57 T is calculated, remarkably higher
than Js¼ 1.24 T for FINEMET [6]. It is close to Js¼ 1.49 T for the
annealed Fe80P11C9 [21] and Js¼ 1.56 Tof annealedMetglas 2605-S2
[22]. The annealing for Fe-based glass ribbons usually has a dual
effect [6,18,22,23], i.e. precipitation of a-Fe nanocrystals and relief
of residual stress. For Fe80n in this work, it is of course unnecessary
to precipitate a-Fe nanograins via annealing around Tx, but the
annealing for stress relief should be conducted due to the residual
stress inside the ribbon caused by quenching. The annealing for
stress relief is often performed at a temperature much lower than
Tx. Therefore, Fe80n is annealed at 375 �C for 10min, 153 �C lower
than its Tx. Its magnetization behavior is presented by the red curve
in Fig. 4a. In comparison, the annealed Fe80n has a higher Ms of
168.5 emu/g (Js~1.61 T) than the as-spun counterpart, because the
residual stress that impedes the motion of magnetic domainwall is
partly removed [1]. For this reason, one can infer that the coercivity
Hc in the annealed ribbon must decrease. This is proved in Fig. 4b.
Hc is greatly reduced from 20.5 A/m for the as-spun Fe80n to 5.9 A/
m for the annealed. In fact, the stress relief annealing was often
conducted to lower Hc in many previous studies [22,24e26].

To optimize the annealing temperature, the Fe80n is also
annealed for 10min at 400 �C and 425 �C. In comparison, both Ms

and Hc are almost the same for the ribbons annealed at 375 �C and
400 �C (see Fig. S2). However, when the annealing temperature is
elevated to 425 �C, Ms decreases and Hc increases. In other words,
the soft magnetic properties are deteriorated. Consequently,
annealing at 375 �C is preferable in Fe80n. Similarly, many previous
studies demonstrated that the stress relief annealing would be
conducted below 400 �C in Fe-based ribbons [22,24,25].
ne phase with a grain size of about 30 nm is surrounded by the glassy matrix, which
e phase and the glass separated by the dashed yellow line. (For interpretation of the
article.)



Fig. 3. The DSC curves for the as-spun nanocrystallized (a) and fully glassy (b) ribbons
of Fe80Ni2B14Si4. According to the difference of crystallization enthalpy between them,
the fraction of crystalline phase is estimated in the nanocrystalline ribbon. The curie
temperature Tc (see the inset) and the crystallization temperature Tx are also
determined.

Fig. 4. (a) The magnetization curves and (b) the coercivity measurements for the as-
spun (green) and annealed (red) nanocrystalline ribbons of Fe80Ni2B14Si4. Clearly, the
ribbon annealed at 375 �C for 10min has a higher Ms and a smaller Hc than the as-spun
one. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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4. Discussion

The strategy for the preparation of FINEMET is not adopted in
this work. Although Cu and Nb addition helps to form the ultrafine
grains, it reduces Ms. Ni is ferromagnetic, and it is expected to
confuse the system with little harm for the magnetic performance
[27]. Raw materials of low purity are used in order that the impu-
rities provide profuse nucleation sites to facilitate the formation of
nanocrystals. Meanwhile, when wheel speed vw¼ 55m/s is
applied, Fe80Ni12B14Si4 can be prepared as glass, and its glassy na-
ture has been verified by TEM, SAED and HRTEM in Fig. S1. Its
Ms¼ 161.5 emu/g (Js¼ 1.54 T) and Hc¼ 27.2 A/m indicates that the
glass is inferior to its nanocrystalline counterpart in terms of soft
magnetic properties, which is presented in Fig. S3.

As listed in Table 1 and shown in Fig. 2a, the average grain size da
in the ribbon of this work is several times larger than that of about
10 nm in FINEMET [6]. It is generally believed that 10e20 nm is
good for the magnetic properties due to the small anisotropy
resulting from the averaging effect among a number of neighboring
grains and the lower magnetostriction [6,23]. Unfortunately, we
find that it is difficult to control da in our present work, and da is
usually larger than 20 nm once the crystalline phase develops.
Furthermore, the a-Fe phase takes up no more than 56.4% in vol-
ume (see Fig. 3). There is also the Fe2B phase in the ribbon (see
Fig. 1a), and Fe2B has a small Ms and a large Hc [28]. As a result, the
soft magnetic performance is not so good as that of the new Fe-
based nanocrystalline ribbons recently prepared in a manner for
FINEMET [22,24,29,30]. However, the in-situ formation of nano-
crystal during spinning-quenching helps the ribbon get rid of
annealing at high temperature around Tx, and therefore the
embrittlement is significantly alleviated and the ductility is kept
even after the stress relief annealing (see Fig. 1a), which improves
the damage tolerance of the material and the qualified rate of the
product.

5. Conclusions

In summary, the nanocrystalline ribbons of Fe70þxNi12-xB14Si4
(x¼ 0, 2, 6 and 10) with good soft magnetic properties have
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successfully been synthesized using the simple method of melt-
spinning. The nanocrystals are formed in-situ during the spinning
process, which prevents the ribbons from the annealing at high
temperature around Tx for the precipitation of a-Fe nanograins.
Therefore, the bending ductility is kept after the ribbon is annealed
for stress relief at a temperature much lower than Tx. As a repre-
sentative, the nanocrystalline ribbon of Fe80Ni12B14Si4 has a higher
Curie temperature and saturation magnetization, a smaller coer-
civity than its glass counterpart. Its magnetic properties can be
improved further after the residual stress is substantially removed.
More importantly, the raw materials with low purity are used and
remarkably lower the cost of ribbon. This work may help produce
nanocrystalline soft magnetic Fe-based ribbons in a simple and
economical way and therefore expand their applications.
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