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a b s t r a c t

Through gradient substitution of Co for Fe, the magnetic properties and microstructures of
(Fe1�xCox)83Nb2B14Cu1 (x¼0.1, 0.2, 0.3, 0.4, 0.5) nanocrystalline alloys were investigated. Because of the
strong ferromagnetic exchange coupling between Co and Fe, substantial improvement in saturation
magnetization was achieved with proper levels of Co addition. Meanwhile, the Curie temperature in-
creased noticeably with increasing Co addition. After heat treatment, the (Fe0.9Co0.1)83Nb2B14Cu1 nano-
crystalline alloy showed a refined microstructure with an average grain size of 10–20 nm, exhibiting a
comparatively high saturation magnetization of 1.82 T and a lower coercivity of 12 A/m compared to
other Hitperm-type alloys with higher Co contents. Additionally, the Curie temperature reached 1150 K
upon introduction of Co. As the soft magnetic properties are strengthened by adding a small amount of
Co, the combination of fine, soft magnetic properties and low cost make this nanocrystalline alloy a
potential magnetic material.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Since the ferromagnetic Fe–P–C amorphous alloy was synthe-
sized for the first time in 1967 [1], Fe- and (Fe, Co)-based alloys
have constituted an important category of soft magnetic materials
with a wide and important range of technological applications
where high magnetic flux densities are required. To date, these
materials have found application in data storage, high-perfor-
mance transformers, and pole tips for high-field magnets [2–4].
Together with their high strength and good corrosion resistance,
ferromagnetic amorphous alloys may have a promising future in
applications such as advanced functional and structural materials
[5–8]. Additionally, most of the nanocrystalline soft magnetic
systems are composed of a special nanometer duplex structure
wherein randomly oriented nanoparticles with an average size
from several to several tens of nanometers are dispersed in an
amorphous matrix, resulting in nanocrystalline alloys exhibiting
excellent soft magnetic properties [9]. These soft magnetic prop-
erties, especially the extrinsic properties such as magnetic per-
meability and coercivity, could be strongly affected by structural
ding@nimte.ac.cn (A. Wang),
and compositional variation [10–12]. To date, the combination of
superior soft magnetic properties, high saturation magnetization
and, in particular, low cost have fueled the interest in Fe-based
nanocrystalline materials. Subsequently, Finemet, which has ex-
cellent comprehensive soft magnetic properties [13], and Nano-
perm, with its high saturation magnetization, were developed
[14]. Because higher saturation magnetization makes the devices
smaller and lighter and a high Curie temperature was necessary in
high temperature environments, Hitperm was developed with
high saturation magnetization and a high Curie temperature by
introducing Co in Nanoperm [15]. Except for increasing the Fe
content, Co-doping has been surmised to be an effective method
for improving the saturation magnetization of many Fe-based al-
loys [16–18]. In addition, a magnetocaloric response was dis-
covered in Fe-based alloys [19–21], and further, it was found that
Co-containing Fe(Co)–M–B–Cu alloys exhibit noticeably larger
magnetocaloric effects [21–23]. This performance expands the
application range of FeCo-based alloys to a certain degree, making
these ingredients a promising functional material. Therefore, it is
important to study the influence of Co substitution on the mag-
netic properties and microstructures of Fe-based alloys.

Previously, Fe83Nb2B14Cu1 nanocrystalline alloys with high sa-
turation magnetization and low cost were developed [24]. It was
found that the average grain size first increases and then decreases
to a minimum between the crystallization temperatures, where
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the optimal microstructure appears. Finally, the grain size in-
creases again with increasing annealing temperatures for FeNbBCu
nanocrystalline alloys, which results in undulating changes in
coercivity and permeability. In the current work, to further im-
prove the saturation magnetization and to investigate whether Co
addition will influence the grain size variability of the base alloy,
Fe was partially substituted by Co, and the soft magnetic proper-
ties of (Fe1�xCox)83Nb2B14Cu1 (x¼0.1, 0.2, 0.3, 0.4, 0.5) were stu-
died. Furthermore, the sample that exhibited optimal magnetic
properties was confirmed by investigating the corresponding mi-
crostructure. Using this information, we hope to gain insight into
the microstructure of this material and achieve FeCoNbBCu com-
positions with better comprehensive properties.
Fig. 1. XRD patterns of as-quenched (Fe1�xCox)83Nb2B14Cu1 alloys.
2. Materials and methods

Fe-based alloy ingots with nominal compositions of
(Fe1�xCox)83Nb2B14Cu1 (x¼0.1, 0.2, 0.3, 0.4, 0.5) were prepared by
arc melting a mixture of pure Fe (99.99%), Co (99.99%), Nb
(99.99%), B (99.5%), and Cu (99.99%) under a highly pure argon
atmosphere. Ribbons with a width of approximately 1 mm and a
thickness of approximately 20–25 μm were produced by the sin-
gle-roller melt spinning method. The crystallization temperature
(Tx) of as-quenched ribbons was measured by differential scanning
calorimetry (DSC, NETZSCH 404C) with a heating rate of 0.67 K/s.
Crystallization treatment was carried out by treating the as-
quenched amorphous specimens at different temperatures for
180 s under vacuum, followed by water quenching. Microstructure
was examined by X-ray diffraction (XRD, Bruker D8 Advance) with
Cu Kα radiation (2θ¼20–90°) and transmission electronic micro-
scopy (TEM, TECNAI F20). Saturation magnetic flux density (Bs)
and coercivity (Hc) were measured using a vibrating sample
magnetometer (VSM, Lake Shore 7410) under an applied field of
800 kA/m and a DC B–H loop tracer (RIKEN BHS-40) under an
applied field of 2 kA/m, respectively. The initial permeability (μi) in
the frequency range of 1–101 kHz was measured with a vector
impedance analyzer (Agilent 4294A) under a field of 1 A/m.
Fig. 2. DSC curves of as-quenched (Fe1�xCox)83Nb2B14Cu1 alloys.
3. Results and discussion

Figs. 1 and 2 depict the characteristic microstructure and DSC
curves of the as-quenched (Fe1�xCox)83Nb2B14Cu1 (x¼0.1, 0.2, 0.3,
0.4, 0.5) alloys. The XRD and DSC analyses conducted on the alloys
yielded the following results. The diffraction peaks in Fig. 1 re-
present the fully amorphous phase, except for the alloys with
x¼0.5. The DSC curves show that the crystallization of all of these
ribbons proceeds in two stages. A decrease of initial crystallization
temperature (Tx1) and an increase of second crystallization tem-
perature (Tx2) with an increase in Co content can also be observed.
Therefore, the temperature interval (ΔTx¼Tx2�Tx1) between the
two crystallization temperatures was enlarged, which is beneficial
for crystallization heat treatment. The Curie temperature (Tc) in-
creases as the Co content increases, which indicates that Co sub-
stitution seems to enhance the thermal stability of the alloy matrix
to a certain extent and increases the Tc at the same time.

The saturation magnetization of (Fe1�xCox)83Nb2B14Cu1 (x¼0–
0.4) nanocrystalline alloys annealed for 180 s at varying annealing
temperatures is shown in Fig. 3. It can be seen that the saturation
magnetization under an applied field of 800 kA/m (B800) clearly
increases from less than 1.4 T to higher than 1.6 T with the ferro-
magnetic element Co added to the as-quenched state, which can
be attributed to the strong ferromagnetic exchange coupling be-
tween Co and Fe. The additions of Co could lead to alignment of
the Fe moments and thereby increase the atomic magnetic
moment of individual Fe atoms [25]. The B800 values of all alloys
increase further with increasing annealing temperature (Ta), which
is caused by the appearance and growth of ferromagnetic crys-
talline grains embedded in the residual amorphous matrix and the
increasing volume fraction of the nanocrystalline phase. Crystal-
line phases were identified as α-(Fe, Co) for Co-added alloys and
α-Fe for alloys without Co by XRD, which indicates that the B800 of
Co-containing alloys is higher than that of the base alloy.

Fig. 4 shows the Hc and μi of (Fe1�xCox)83Nb2B14Cu1 (x¼0–0.4)
nanocrystalline alloys annealed for 180 s versus those of alloys
annealed at different temperatures. Compared to the base alloy, it
shows that Co addition has no influence on the variation tendency
of Hc and μi as a function of temperature. However, it can be seen
that the optimal annealing temperature increases and the tem-
perature intervals become broader with Co addition, which is
consistent with the DSC results. The alloy with x¼0.1 that was
annealed at 813 K for 180 s exhibits good soft magnetic properties,
with Hc¼12 A/m and μi¼1.6�104. For x¼0.2, the optimal an-
nealing temperature increases to 833 K, with Hc¼33 A/m and
μi¼0.5�104. Then, soft magnetic properties were deteriorated



Fig. 3. Saturation magnetization versus Ta for annealed (Fe1�xCox)83Nb2B14Cu1

(x¼0–0.4) alloys.

Fig. 4. Soft magnetic properties versus Ta for annealed (Fe1�xCox)83Nb2B14Cu1

(x¼0–0.4) alloys. (a) coercivity (Hc), (b) initial permeability (μi). Lines for visual
guidance.

Fig. 5. Bright-field TEM, selected area diffraction pattern, and distribution of
gain size of (Fe1�xCox)83Nb2B14Cu1 nanocrystalline alloys. (a) x¼0.1, Ta¼813 K,
(b) x¼0.2, Ta¼833 K.
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with further Co addition because of Co's large magneto-crystalline
anisotropy; this is in accordance with the Slater–Pauling curves
[26,27].

Nanocrystals that precipitated in the amorphous matrix be-
tween Tx1 and Tx2 were identified as α-(Fe, Co) phase by XRD;
grain sizes at different Ta were estimated from XRD patterns using
Scherrer's equation. Furthermore, TEM was used to observe the
microstructure of the (Fe0.9Co0.1)83Nb2B14Cu1 and (Fe0.8Co0.2)83Nb2
B14Cu1 alloys annealed at 813 K and 833 K, respectively. Bright-
field images and selected area electron diffraction (SAED) patterns
are shown in Fig. 5. It can be seen from the bright-field TEM
images that nanoscale grains precipitate randomly in the residual
amorphous matrix. The SAED patterns also indicate that α-(Fe, Co)
nanocrystals oriented in the annealed samples randomly (inset in
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Fig. 5(a) and (b)). At the optimum annealing temperature, micro-
structures with uniform and fine α-(Fe, Co) grains were found, as
shown in Fig. 5. Statistical analysis with respect to the grain size
was carried out by analyzing more than 100 spots to seek a precise
mean grain size. By careful determination of the grain size in the
Gatan Digital Microscopy Suite, it was found that the mean grain
size of the composites with α-(Fe, Co) nanograins were 17 nm in
Fig. 5(a) and 18 nm in Fig. 5(b). The results estimated from XRD are
consistent with this; the grain size of Co-containing alloys are
slightly larger than that of the base alloy [24].

From the above analysis, we can see that Co addition to the
base alloy broadens the temperature intervals between the two
crystallization temperatures (ΔTx¼Tx2�Tx1), favors the pre-
cipitation of α-(Fe, Co), and inhibits the precipitation of other
compounds. With minor Co addition (x¼0.1) and appropriate
annealing conditions, the Fe–Co–Nb–B–Cu composite with refined
α-(Fe, Co) nanograins shows excellent magnetic properties with
high B800 values above 1.82 T, a low coercivity of 12 A/m, and a
high Tc above 1150 K, which is much higher than that of
Fe83Nb2B14Cu1. Furthermore, a small quantity of Co did not coar-
sen the microstructure. The slight increase in Hc should be due to
the large magneto-crystalline anisotropy constant of Co. Based on
these findings, proper introduction of Co might be a good way to
trigger nanocrystallization of α-(Fe, Co), averaging out the mag-
netic anisotropy and therefore enhancing the soft magnetic
properties.
4. Conclusions

In this work, the microstructures and soft magnetic properties
of (Fe1�xCox)83Nb2B14Cu1 with small amounts of Co were in-
vestigated, the main results of which can be summarized as
follows:

(1) Co addition broadens the temperature interval between the
two crystallization temperatures (ΔTx¼Tx2�Tx1), favors the
precipitation of α-(Fe, Co), inhibits the precipitation of other
compounds, and increases Tc to above 1150 K.

(2) With the introduction of a little Co and appropriate annealing
conditions, Fe–Co–Nb–B–Cu nanocrystalline alloys show uni-
form microstructures and exhibit high saturation magnetic
flux density (1.82 T), and low coercivity (12 A/m).
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