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The replacement of Fe with Co is investigated in the (Fe1�xCox)79Si8.5B8.5Nb3Cu1 (x¼0, 0.05, 0.2, 0.35, 0.5)
amorphous alloys. The alloys are synthesized in the forms of ribbons by single roller melt spinning
technique, and the structural and magnetic properties of annealed ribbons are characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM),
B–H curve tracer, respectively. All as-cast alloys are structurally amorphous, however, their magnetic
properties are varying with Co addition. The Co addition within 5–20 at% results in moderate thermal
stability, saturation induction, Curie temperature and lowest coercivity, while 35 at% Co causes highest
saturation induction, coercivity, Curie temperature and lowest thermal stability. On devitrification, the
magnetic properties change with the generation of α-FeCo nanocrystallites and (FeCo)23B6, Fe2B phases
during primary and secondary crystallization stages, respectively. A small amount Co is advantageous for
maintaining finer nanocrystallites in amorphous matrix even after annealing at 600 °C, leading to high
saturation magnetization (41.5 T) and low coercivity (�35 A/m). The improved magnetic properties at
elevated temperatures indicate these alloys have a potential for high frequency transformer core ap-
plications.

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

The Fe and FeCo based amorphous alloys, specifically FINEMET
and HITPERM, are promising materials in transformer industries
owing to its superior soft magnetic properties and saturation
magnetization, respectively. The enhancement of saturation mag-
netization as well as soft magnetic properties at elevated tem-
peratures has always a great interest due to the increasing demand
of high temperature applications of these materials [1]. In FINE-
MET (Fe–Si–B–Nb–Cu) type alloys, the soft magnetic properties are
superior owing to good glass forming ability and nanocrystallinity
at the annealed state [2–4]. However, these alloys have poor sa-
turation magnetization compared to silicon steel, limiting its in-
dustrial application. Although HITPERM (Fe–Co–M–B–Cu; M¼Zr,
Nb, Hf) and NANOPERM (Fe–M–B–Cu; M¼Zr, Nb, Hf) alloys pos-
sess good saturation magnetization, but their soft magnetic
properties are deteriorated [5–7]. Saturation magnetization and
Curie temperature are the intrinsic magnetic properties, depend-
ing on alloy chemistry and crystal structure, where as soft mag-
netic properties are extrinsic properties, relating to nanocrystalli-
nity of alloys and preferred arrangement of magnetic domains. The
mail.com (R.K. Roy).
excellent soft magnetism is achieved when fine (�15 nm dia-
meter) ferromagnetic nanocrystallites are exchange coupled
through a surrounding amorphous matrix. In other words, the
grain sizes in the order of 10–15 nm lowers the magneto-crystal-
line anisotropy proportionally, resulting in superior soft magnetic
properties [8].

In crystalline Fe1�xCox system, the maximum saturation mag-
netization (Ms) and minimum magnetocrystalline anisotropy are
investigated at concentrations of x¼0.3 and x¼0.5, respectively
[9]. The magnetostriction coefficient (λs) is also significant in
equiatomic composition of this alloy system. The Ms decreases in
amorphous alloy system owing to the addition of necessary non-
magnetic glass former typically, Si and B. Accordingly,Ms as well as
λs decreases with Co addition in Fe80�xCoxB20 system [10], and
maximum saturation magnetization occurs in Fe70Co10B20 alloy
[11]. In Co added FINEMET alloys, Si has a detrimental effect on
saturation magnetization due to the formation of (Fe,Co)3Si phase
than that of (Fe,Co) phase in Si-free alloy, causing less localized
moment between Fe and Co atoms in former alloy [1]. On the
other hand, Co-based amorphous alloys with small additions of Fe
reveal nearly zero λs, resulting in good soft magnetic behavior.
Their application is limited due to the fact that their saturation
induction is considerably lower compared to that of Fe-based al-
loys [12]. The induced anisotropy plays a dominant role for con-
trolling soft magnetism of nanocrystalline materials, which is
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Fig. 1. XRD patterns of as-quenched ribbons.

Fig. 2. Co content dependences on thermal and magnetic properties of as-quen-
ched alloys.

Fig. 3. DSC thermograms of as-quenched alloys.

Fig. 4. M–T curves of as-quenched alloys, explaining magnetic moment as a
function of temperature.
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evaluated as strong for amorphous Co based alloy and weak for
nanocrystalline Fe based alloy. It improves the soft magnetic
properties of latter alloy compared to former alloy [12]. Since
nanocrystallites are exchanged coupled through the intergranular
amorphous matrix, the increasing of amorphous Curie (Tc) tem-
perature is essentially needed to enhance the soft magnetic
properties at elevated temperatures. Therefore, the superior
magnetic properties can be achieved with the optimization of al-
loy compositions and annealing treatment. The focus of this re-
search is to investigate the effect of varying Co content on mag-
netic properties of a Fe79Si8.5B8.5Nb3Cu1 amorphous alloy. Our aim



Fig. 5. B–H curves of as-quenched alloys (inset showing coercivity variation).

Fig. 6. M–H curves of as-quenched alloys.

Fig. 7. XRD patterns of alloys annealed at 400 and 600 °C temperatures.
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is to optimize the Co content to obtain the alloys with enhanced
thermal stability and good magnetic properties.
2. Experimental procedures

The ribbons (#FC0, #FC5, #FC20, #FC35 and #FC50) of nominal
composition (Fe1�xCox)79Si8.5B8.5Nb3Cu1 with varying Co content
(x¼0, 5, 20, 35 and 50 at%), were prepared by melt spinning
method through single copper roller. The as-quenched ribbons
were annealed at different temperatures under inert atmosphere,
and the effect of nanocrystallinity on magnetic properties has been
studied. The thermal behavior of ribbons was examined by a dif-
ferential scanning calorimetry (DSC) of Perkin Elmer (Diamond
DSC) at the heating rate of 20 °C/min. The structure of as-quen-
ched and annealed ribbons was determined by X-ray diffraction
(XRD) of Bruker S8 and transmission electron microscopy (TEM) of
JEOL (JEM-2000EX-II). The saturation magnetic flux density (BS)
under a maximum applied field of 955 kA/m and the variation of
magnetization (M) with temperature were measured by a Lake-
shore vibrating sample magnetometer (VSM). The coercivity of
alloys was determined from dc B–H curve measured with a B–H
curve tracer.
3. Results and discussion

The X-ray diffraction spectra of as-quenched ribbons show only a
single broad peak, no sharp peak related to crystalline phases is
examined at different Co-added alloys (Fig. 1). It indicates the Co
addition has no adverse effect on the amorphization of melt spun
alloys. Fig. 2 shows the dependency of Co content on thermal and
magnetic properties of as-quenched alloys. The crystallization tem-
peratures of alloys are explained by DSC thermograms (Fig. 3). The
onsets of primary and secondary crystallization temperatures, Tx1
and Tx2, of alloy #FC0 are 454 and 661 °C, respectively. The addition
of 5 (#FC5) and 35 at% Co (#FC35) decrease both Tx1 and Tx2, and
20 at% Co shifts Tx1 to higher temperature without effecting Tx2 po-
sition. As a consequence, the span (ΔTx) between the crystallization
onsets (¼Tx2�Tx1) decreases with increasing Co content up to
35 at%. In contrast, the 50 at% Co incorporation in alloy #FC50 shifts
Tx2 to farthest of 696 °C, resulting in wider ΔTx which helps easy
formation of nanocrystallites in the residual amorphous matrix by
annealing between Tx1 and Tx2 temperatures. It increases the thermal
stability of nanostructured alloys, and enhances high temperature
magnetic properties in the ferromagnetic amorphous alloys. The ΔTx
of FeCo based alloys is higher than that of Fe based alloys reported
earlier [13–15]. The Tx1 and Tx2 correspond to the formation of a
ferromagnetic phase at the first stage and some non-magnetic boride
phases at the second stage. The ferromagnetic phase is α-Fe for Co-
free alloy and α-(Fe, Co) for Co-contained alloys. The ferromagnetic
phase formation is also extrapolated in the M–T curves of as-quen-
ched alloys (Fig. 4). The magnetic moment of alloys #FC0 and #FC5
becomes zero at amorphous Curie temperature point (Tc) due to
ferromagnetic to paramagnetic transition, and it increases again
during primary crystallization owing to the ferromagnetic phase
formation. For high Co contained alloys (#FC20, #FC35 and #FC50),
the magnetic moment decreases a little at amorphous Curie tem-
perature point (Tc), but does not reach zero point due to higher
magnetic coupling. The Curie temperature (Tc) has a linear



Fig. 8. TEM images and SAED patterns (inset) of annealed (at 600 °C) ribbons of alloys. (a) #FC0 (b) #FC20, (c) #FC50.
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relationship to exchange interaction energy (Jex) as per mean field
theory, i.e., Tc∝Jex [16]. As per the Bethe–Slater curve, magnetic ex-
change interaction energy varies as a function of interatomic spacing,
and high temperature magnetic moment of Co based alloys is rela-
tively invariant to disorder than Fe based alloys [17]. Accordingly, in
FeCo system, the Curie temperature becomes maximum for the al-
loys with 35% Co content and decreases for the alloys with higher Co
content [9], which is quite comparable for alloys #FC35 and #FC50
for obtaining the highest and lower Curie temperatures, respectively.
The coercivity of as-quenched alloys is measured from B–H curves
(Fig. 5), and it is obtained the alloys #FC0, #FC20 and #FC50 have a
nearly same coercivity, while #FC5 and #FC35 generate the mini-
mum and maximum level of coercivity, respectively. The saturation
induction (Ms) is determined from M–H curves measured through
VSM (Fig. 6), and there are maximum and minimum saturation in-
duction achieved for alloys #FC35 and #FC50, respectively. The re-
sults can be explained by the random anisotropy model as proposed
by Herzer [12], where coercivity (Hc) is directly related to the
magnetic anisotropy constant (K) as follows

∝ ( )H K M/ 1c s

where Ms is the saturation induction.
Therefore, the small magnetic anisotropy is equivalent to low

coercivity and saturation induction, which is observed in the alloys
with an equiatomic ratio of Fe and Co [9]. In other words, the
Slater–Pauling curve explains the maximum magnetic moment is
achieved within 20–40 at% of Co addition in Fe–Co alloys [16]. As a
consequence, the alloy #FC50 with 50 at% Co addition results in
the lowering of coercivity and saturation induction. It is note-
worthy that Co addition within 5–20 at% results in the lowest
coercivity range of 4–8 A/m and moderate saturation induction
ranges of 1.41–1.46 T. Hence, the small amount Co content is
beneficial for enhanced soft magnetic properties and moderate
saturation induction. The Co addition is advantageous not only for
enhancing magnetic moment, but also for increasing the Curie
temperatures. The higher Curie temperature of amorphous matrix



Fig. 9. Saturation induction and coercivity of as-quenched alloys as a function of
annealing temperature.
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(Tc) also plays a dominant role for controlling soft magnetic
properties in nanocomposites at elevated temperatures. It occurs
because the intergranular coupling decreases at high measuring
temperature near Tc, and the domain structure transforms from a
wide pattern to a small and irregular pattern [12]. Accordingly, the
higher Curie temperature of amorphous matrix is essentially
needed to enhance soft magnetic properties for high temperature
magnetic applications. This is discussed later in details.

The structure of alloys is characterized by XRD and TEM, iden-
tifying different phases and their morphologies. Fig. 7 represents
XRD patterns of alloys annealed at 400 and 600 °C. After annealing
at 400 °C, the alloys show the distribution of nanocrystallites, α-Fe
and α-FeCo phases in the amorphous matrix of alloy #FC0 and Co-
containing other alloys, respectively. The lattice parameter of α-Fe
has been found about 0.286 nm, which is lower than that of pure Fe
(aFe¼0.2866 nm) [18]. Partitioning of Si with smaller atomic radius
into Fe leads to shrinkage in the lattice parameter of nanocrystalline
α-Fe phases, resembling the nanocrystalline α-Fe(Si) phase [4]. Si-
milarly, the alloys #C20 and #C50 also evidence the lattice para-
meter values of 0.2851 and 0.2847 nm, respectively, which are
lower compared to pure Fe–Co phases for similar compositions
[19,20], indicating the formation of α-Fe(Co,Si) phase. The lowering
of lattice parameter signifies more lattice disturbance in nanocrys-
tallites phases with Co addition. It is attributed as the peak broad-
ening along with (110) crystalline peaks in 400 °C annealed sam-
ples. Subsequently, the orthorhombic Fe3B phase formation is ob-
served after annealing at 600 °C, which is similar to the reported
results for (FeCo)78Si9B13 alloy [21]. Upon further annealing, the
structure is stabilized with the transformation of metastable Fe3B
phase to equilibrium Fe2B and (Fe,Co)23B6 phases for Fe and FeCo
based alloys, respectively [22].

Fig. 8 explains TEM microstructure of the alloys (#FC0, #FC20
and #FC50) annealed at 600 °C. The α-Fe (for #FC0) and α-FeCo
(for #FC20 and #FC50) nanocrystallites are homogeneously dis-
tributed throughout in the amorphous matrix, which is confirmed
by selected area diffraction (SAED) patterns (Fig. 8 insets). The
average nanocrystallite size of alloy #FC20 (13 nm) is finer than
that of alloys #FC0 (14 nm) and #FC50 (16 nm). A diffuse ring is
examined near the center of SAED is presumed the amorphous
matrix, which is more prominent in alloy #FC0 and #FC20 (Fig. 8a
and b). It indicates a small amount (�20 at%) Co is comparable to
Co-free alloy and more significant for the distribution of fine na-
nocrystallites in the amorphous matrix.

Magnetic properties such as saturation induction and coercivity
of as-quenched (AQ) and annealed alloys are explained in Fig. 9.
The saturation induction as a function of Co content is discussed in
Fig. 2. Upon annealing, the saturation induction of annealed Co-
added alloys (#FC20 and #FC50) is lower than that of annealed Co-
free alloy. However, the saturation induction variation of #FC5 and
#FC35 is higher compared to #FC0. This trend is lower in amor-
phous Fe–Co alloys than in crystalline alloys owing to the presence
of glass forming metalloid elements B and Si [10]. It is more sig-
nificant in high Si containing FINEMET alloys with Co addition,
wherein saturation magnetization continuously deteriorates with
increasing annealing temperature [21]. However, we examined
here saturation magnetization of amorphous alloys increases with
annealing temperature. This is attributed to the high FeCo and low
Si contents in these alloys, resulting in an increased magnetic
moment and a reduced effect of α-Fe(Co,Si) phase. The increased
Curie temperatures (Tc) of Co added alloys have a good agreement
with it. Moreover, the moderate Co addition also has an immense
effect on the improvement of soft magnetic properties. Although
the coercivity of Co-free and Co-added alloys varies within a
nominal range (8–22 A/m) for as-quenched condition, however, it
varies within a wide span between 19–522 A/m after annealing at
550 °C. Above all, a small amount Co addition (alloy #FC20) plays a
dominant role for improving soft magnetic properties compared to
alloys #FC5, #FC35 and #FC50. It is attributed to the compositional
variation of amorphous matrix upon annealing treatment of ma-
terials. The nanocrystallization process of FeCo based amorphous
alloy is a consequence of α-FeCo crystallite formation and the
enrichment of B, Nb and Co/(FeþCo) ratio in the amorphous ma-
trix. Although the nanocrystallites are enriched with Fe relative to
the matrix [22], the diffusion of Si into α-Fe and consequent
growth of nanocrystallites is impeded by Nb layer existing at the
interface of nanocrystallites and amorphous matrix [23]. The Co/
(FeþCo) ratio in amorphous matrix plays a key role for controlling
nanocrystallization. Accordingly, the temperature dependence of
soft magnetic properties varies with Co addition, improving
coercivity with the presence of small amount Co. The low content
of Co in combination with dominant presence of Fe in the matrix,
improved the stability of amorphous matrix by enhancing the
intergranular exchange interaction through amorphous matrix
leading to improvement in soft magnetic property (coercivity). In
higher Co containing alloys (#FC35 and #FC50), the excess Co
atoms in amorphous matrix cause structural fluctuations which
give rise to fluctuation in the exchange interactions. It reduces
magnetic coupling, resulting in the deterioration in soft magnetic
properties at elevated temperatures approaching to Curie tem-
peratures of those alloys [12].

In nanocrystalline materials, magnetic properties are controlled
by the exchange of magnetic coupling between bcc nanocrys-
tallites through intergranular amorphous matrix [24]. Therefore,
the Curie temperature of amorphous matrix (Tc) is prevalent for
affecting temperature dependent soft magnetism. The soft mag-
netic properties of FINEMET alloys degrade rapidly at temperature
near Tc owing to the reduction of intergranular magnetic coupling
and the transformation of wide domain to small and irregular
domain [25,26]. This phenomenon is true for Co free alloy #FC0.
However, the Co addition, such as in alloys #FC20 and #FC50,
modifies the nanocrystalline phases as well as intergranular
amorphous matrix, causing an increased magnetic coupling above
the Curie point of amorphous matrix (Tc), therefore, the soft
magnetic properties are improved above Tc.
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4. Conclusions

The ribbons of nominal composition (Fe1�xCox)79Si8.5B8.5Nb3Cu1
show no adverse effect of amorphization with Co addition. The
higher Co content also increases the Curie temperatures as well as
thermal stability. A small amount Co (�20 at%) results in coercivity
of 35 A/m after annealing at 600 °C, which is about 10–25 times
lower than that of the alloys with equiatomic Fe:Co ratio and Co-free.
The nanocrystallites size also becomes finer in former alloy than
latter compositions. Simultaneously, the alloy with 20% Co addition
shows saturation induction above 1.5 T after annealing at 600 °C.
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