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ABSTRACT
To fulfill the demand of high saturation magnetization soft magnetic materials for 
electric motors,  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) amorphous alloys 
are prepared and effects of Co addition on soft magnetic properties and thermal 
parameters have been investigated. It shows that Curie temperature increases 
greatly with the increasing Co content. And the Bs of the low Co content amor-
phous alloys can be effectively enhanced. Especially, the amorphous alloy with 
15 at% Co exhibits a high saturation magnetization of 1.73 T and a maximum 
permeability as high as 1.37 ×  104 by appropriately annealed at 380 °C without 
magnetic fields for 10 min. Moreover, the relation between the coercivity and 
magnetic domain structure was investigated. The amorphous alloys are promis-
ing for further application in the field of electric motors.

1 Introduction

The Fe-based amorphous soft magnetic materials have 
attracted wide attention because of their high satura-
tion magnetization (Bs), low coercivity (Hc), high per-
meability (µ), low core losses, high Curie temperature 
(Tc), and high glass forming ability (GFA) [1–4]. As a 
result, they have been widely used in electromagnetic 
devices such as inductors, transformers, and sensors 
[5–8]. However, Bs values of the commercial Fe-based 
amorphous alloys are merely 1.56 T for  Fe78Si9B13 [9] 
and 1.64 T for  Fe82Si4B13C1 [10], which are much lower 
than the 1.9–2.1 T for the conventional Fe-Si electrical 
steels [11]. Thus, it is crucial to improve the Bs and 

numerous efforts have been made to achieve this goal 
[12–16].

In the view of the alloy composition, the Bs of Fe-
based amorphous alloys can be improved by increas-
ing the Fe content [12, 14] and/or partially substitut-
ing Fe with Co [13–16]. However, it has been found 
that the GFA of the Fe-based amorphous alloys is 
weaken with the increasing Fe content. According to 
the Chaos principle [17], complex components make 
it difficult to precipitate complicated phases, and the 
competition between different phases can restrain the 
crystallization process. Therefore, the addition of Co 
can not only improve Bs, but also improve the GFA of 
the system. What’s more, Bs and Tc are the intrinsic 
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magnetic properties that depend on elementary com-
position and crystal structure. As accepted that the Bs 
of α-Fe(Co) phase (2.45 T) is higher than that of α-Fe 
phase (2.18 T) [18] and Co element exhibits higher Bs 
of 1394 K than Fe element (1043 K) [19]. Hence, the 
addition of Co is beneficial for enhancing GFA, Bs and 
Tc [20, 21].

Consequently, many efforts have been devoted to 
develop Fe- and Fe-Co based amorphous alloys. Kong 
et al. have developed a new amorphous Fe–P–B–Si–C 
alloy with high Bs of 1.70 T [22]. It has subsequently 
been reported that the partial replacement of Fe 
by Co causes a further increase in Bs to 1.74 T for 
 Fe68Co15P3B11Si2C1 [16] and 1.76 T for  Fe68Co17P3B8Si4 
[23]. However, the P-containing alloys show several 
disadvantages, such as the difficulty in controlling 
the alloy composition [24]. Therefore, there is a strong 
demand to develop P-free Fe-based amorphous alloys. 
Moreover, it should be noted that the Metglas 2605Co 
 (Fe67Co18B14Si1) with high Bs of 1.80 T and low Hc of 
2.0 A/m are only obtained by annealed at magnetic 
fields [19, 25], which cannot be applied in electric 
motors.

There is a large demand of high Bs and low core loss 
amorphous alloys without magnetic-fields annealing 
serving as the stator core in the field of electric motors. 
In this study, we try to improve the Bs of the famous 
commercially applied 2605HB1 [26] amorphous alloy 
by substituting Fe with Co. The  Fe82−xCoxSi4B13C1 
(x = 0, 5, 10, 15, 20, 25 and 30) amorphous alloys are 
synthesized and effects of Co addition on soft mag-
netic properties and thermal parameters are explored.

2  Experiment

Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) alloys 
were prepared by melting the mixtures of pure Fe 
(99.99 wt%), Co (99.95 wt%), Si (99.99 wt%), pre-
alloyed Fe-5% C and Fe-20% B in a highly purified 
argon atmosphere. And the ingots were re-melted to 
ensure the homogeneity. Amorphous ribbons with 
a width of 3 mm and thickness of 20 μm were pre-
pared by single roller melt-spinning method with a 
wheel velocity of 29 m/s. The phase structure of both 
as-quenched and annealed ribbons was identified by 
X-ray diffraction (XRD, Bruker D8 Advance) with 
Cu-Kα radiation. Thermal parameters associated with 
crystallization was examined by differential scanning 
calorimetry (DSC, NETZSCH 404 C) at a heating rate 

of 40 °C/min under an argon flow. Annealing treat-
ment without magnetic fields was carried out at 280 
to 440 °C for 10 min in a vacuum atmosphere under 
a low pressure of 2 Pa. The Hc and µm were tested by 
a DC B–H loop tracer (EXPH-100, Riken Denshi Co., 
Ltd) under a field up to 800 A/m. The Bs was measured 
with a vibrating sample magnetometer (VSM, Lake 
Shore 7410) under a field up to 800 kA/m. Addition-
ally, the structure of magnetic domain was character-
ized via the Magneto-optical Kerr Microscope (MOKE, 
KMPL-Spin-X).

3  Results and discussion

The XRD patterns of  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 
15, 20, 25, and 30) as-quenched ribbons are shown 
in Fig. 1. All patterns exhibit a wide peak near 44.5° 
without any sharp peak, indicating the amorphous 
structure of the samples.

Figure 2 shows the DSC curves measured at 
a heating rate of 40 °C/min of the as-quenched 
 Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) alloy 
ribbons. All alloy ribbons exhibit two distinct exother-
mic peaks, which indicates the crystallization process 
involves two separated crystallization steps. The 
onset temperatures of the first and second exother-
mic peaks were denoted as Tx1, Tx2, respectively. And, 
Tx1 presents a slight change which can be regarded as 
constant over the whole Co content range, while Tx2 
increases with increasing Co content. An endothermic 

Fig. 1  XRD patterns of as-quenched  Fe82−xCoxSi4B13C1 (x = 0, 
5, 10, 15, 20, 25, and 30) alloy ribbons
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peak can be observed for the ribbons corresponding 
to the x = 0 and 5 curves before the first exothermic 
peak, which has been proven to be the result of Curie 
transition from ferromagnetic state to paramagnetic 
state of the alloy ribbons. Whereas, no trace of Tc signal 
can be marked on the curves of x = 10, 15, 20, 25 and 
30 alloy ribbons, because the Tc exceeds the Tx and 
overlaps with the exothermic peak. This result indi-
cates that Tc increases accordingly with the increasing 
of Co content, which is consistent with previous report 
[27]. An interesting phenomenon is that the intensity 
of the first exothermic peak is stronger than that of 
the second exothermic peak for the  Fe82−xCoxSi4B13C1 
(x = 0, 5 and 10) alloy ribbons. The reasons might be 
that (i) the ribbons with a higher melting temperature 
release more enthalpy during the initial crystallization 
reaction [28], (ii) in the Fe–Si–B–C system, when the 
Fe content exceeds 82 at%, the DSC curve exhibits two 
distinct exothermic peaks. However, as Tx1 increases 
with decreasing Fe content, when Fe content drops 
to or below 82 at%, the two exothermic peaks tend to 
overlap [29]. What’s more, Tx2 increases with increas-
ing Co content. Therefore, in the alloys studied in this 
paper, where there is either without Co or a small 
amount of Co, the two exothermic peaks tend to over-
lap into a single peak.

Variation of Hc with the annealing temperature 
for  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) 
alloy ribbons after annealed for 10 min is shown in 
Fig. 3. On sees that for the alloy ribbons of Co free, 
the Hc firstly decreases to 5.9 A/m and then increases 

with the increasing annealing temperature. And the 
Hc can keep very low value (about 10 A/m) under the 
annealing temperature from 280 °C to 380 °C. How-
ever, the alloy ribbons with Co addition exhibit obvi-
ously different phenomenon. For the alloy ribbons of 
Co addition, the Hc maintains a high value more than 
10 A/m and demonstrates a trend of first increasing, 
then decreasing and finally increasing with increas-
ing annealing temperature. The Hc of all alloy ribbons 
reaches the minimum value after annealed at 380 °C 
for 10 min and the Hc at 380 °C exhibits a trend of 
first increasing and then decreasing with increasing 
Co content. In conclusion, with the increasing of Co 
content, the optimal Hc increases, while the optimum 
annealing temperature interval decreases.

Figure 4 shows the annealing temperature depend-
ence of µm for  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, 
and 30) alloy ribbons. In contrast to the tendency of Hc, 
the µm decreases with the increasing of Co content. On 
the one hand, the trend of the µm can be described as 
an initial increase, followed by a subsequent decrease 
for the  Fe82−xCoxSi4B13C1 (x = 0, 5 and 10) alloy ribbons. 
On the other hand, the µm of the  Fe82−xCoxSi4B13C1 
(x = 15, 20, 25, and 30) alloy ribbons nearly keeps a 
constant value in the whole annealing temperature 
interval.

Based on the annealing temperature dependence 
of Hc and µm, Fig. 5 shows the hysteresis loops, soft 
magnetic properties and corresponding XRD pat-
terns of the  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, 
and 30) alloy ribbons after annealed at 380 °C for 

Fig. 2  DSC curves of the as-quenched  Fe82−xCoxSi4B13C1 (x = 0, 
5, 10, 15, 20, 25 and 30) alloy ribbons

Fig. 3  Annealing temperature dependent Hc of  Fe82−xCoxSi4B13C1 
(x = 0, 5, 10, 15, 20, 25, and 30) alloy ribbons
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10 min. One sees that from Fig. 5a, b that with the 
increase of Co, the Bs of the  Fe82−xCoxSi4B13C1 (x = 0, 
5, 10, 15, 20, 25, and 30) alloy ribbons annealed firstly 
increase from 1.64 T for x = 0 to 1.73 T for x = 15, and 
then decrease to 1.63 T for x = 30. The arrows in 
Fig. 5c present the summit position of the amorphous 
broad diffraction peak. It is noteworthy that the peak 
in the XRD patterns shifts significantly to a lower 
angle until x = 15 and then shifts to the higher angle 
side with further increasing Co content. According to 
Bragg’s Law [30], this shift indicates that the nearest 
neighbor atomic distance in the amorphous structure 
increases slightly with Co addition until x = 15, and 
then decreases with further increasing Co content. 
This compositional dependence has been interpreted 
a result of free electrons in the outer shell of the 15 
at% Co amorphous alloy, which can contribute to the 
attainment of high Bs. This decrease in the number of 
free electrons in the outer shell can then contribute 
to the formation of metallic-like bonding among the 
constituent elements [31], which may be regarded as 
one of the reasons for the change in Bs.

In this section, we will discuss the possible rea-
sons for the changes in magnetic properties. Previ-
ous studies [32] have shown that the destruction of 
B, P, and Si on the magnetic moment (ms) in Fe-base 
amorphous increases successively. P, Si, and Ge are 
considered as substitutional elements, whereas B 
and C are interstitial elements. The mass density of 
substitutional elements decreases significantly when 

they are added to the alloy, while the mass density 
of interstitial elements decreases less.

The relationship between the spontaneous magnet-
ization (Ms) and the temperature (T) of amorphous 
ferromagnets can be treated with traditional effec-
tive molecular field approximation. For ferromagnet 
systems with two kinds of magnetic atoms, it can be 
expressed as follows [33],

where m
Fe

 and m
Co

 are the magnetic moment of Fe and 
Co, � relates to the atomic spin quantum number and 
the exchange integral of the spin.

Due to the stronger exchange interaction between 
Fe–Co and Co–Co atoms compared to Fe–Fe atoms 
[34], the addition of Co atom increases the value of 
�  . For alloys without Co addition, � < 1, both terms 
on the right side of the equation are positive. With 
the increase of Co content, � gradually increases and 
becomes greater than 1. At this point, the first term on 
the right side of the equation is positive, but the sec-
ond term becomes negative. As a result, the absolute 
value of the sum of the two, Ms decreases.

The Slater-Pauling curve based on the rigid band 
model [35], also can explain the changes of Bs. Accord-
ing to this model, the ms of  Fe70Co30 is the largest. 
There are holes in both positive and negative spin 
bands in Fe. With the addition of Co, the excess d elec-
trons enter the positive spin band with high state den-
sity, which increases the positive spin number and ms. 
However, near 30 at% Co, the positive band is almost 
filled, then the d electrons begin to enter the negative 
band, and the m

s
 decreases with the increase of d elec-

trons. The same trend was also found in amorphous 
Fe–Co–B alloys [36]. And the maximum value of Bs 
corresponding to 10–20 at% Co, which is consistent 
with conventional amorphous alloys.

The Hc of the amorphous alloys can be expressed 
as follows [37]:

where δ is thickness of domain wall, Bs is saturated 
magnetization, K is anisotropy constant, λs is saturated 
magnetostriction, σ is internal stress. Based on these 
relations, the lower Hc seems to be dominated by the 
release of internal stress. The internal stress would 
be gradually released with the increasing annealing 
temperature until the optimal temperature. How-
ever, higher annealing temperature can lead to the 

(1)M
s
(T) = |

|mFe
(T)� +m

Co
(T)(1 − �)||,

(2)H
c
∝ (�∕B

s
)(K + 3∕2�

s
�),

Fig. 4  Annealing temperature dependence of µm for 
 Fe82− xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) alloy ribbons
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formation of crystalline phase, such as bcc-Fe, which 
increases the anisotropy and ultimately deteriorates 
the soft magnetic property.

A notable phenomenon observed is that there is a 
small hump for the Hc of alloy ribbons annealed at 
300 °C with x ≥ 5, which can be explained by the exist-
ence of induced anisotropy. When the annealing tem-
perature is much lower than Tc, magnetic softness will 
not be achieved, and will even be worsened in high-Tc 
systems [38].

For further understanding soft magnetic proper-
ties, magnetic domains were examined. As shown 

in Fig. 6, for the as-quenched  Fe82−xCoxSi4B13C1 
alloy ribbons, the magnetic domains direction (see 
Fig. 6a, c, e) is almost in sensitive direction and all 
alloy ribbons exhibit small strips. The internal stress 
distributions within the strips differ due to the influ-
ence of the quench curing mode and heat treatment 
process, resulting in varying magnetoelastic energy 
and related induced uniaxial anisotropy (Ku) values. 
The magnetic anisotropy will directly affect the mag-
netic structure of amorphous crystals without grain 
boundaries and other defects. Due to the uniaxial 
properties of Ku, the domain walls in amorphous 
materials are mainly 180° (see in Fig. 6a–e) [39].

Fig. 5  a Hysteresis loops, b soft magnetic properties and c XRD patterns of  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 15, 20, 25, and 30) alloy 
ribbons after annealed at 380 °C for 10 min
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For alloy ribbons without Co, the domain direction 
and width is more uniform after annealing because 
of the release of internal stress. However, for 15 at% 
Co addition alloy ribbons, the annealing treatment 
makes the domains more wider. Co addition results 

in a large annealing induced anisotropy due to the 
well-known pair ordering effect where Ku becomes 
proportional to the square of Co content [40]. For 
30 at% Co addition alloy ribbons, the domain struc-
ture does not become uniform so much as change 

Fig. 6  Magnetic domains 
of  Fe82−xCoxSi4B13C1 (x = 0, 
15, and 30) alloy ribbons in 
as-quenched (a, c, and e) and 
annealed at 380 °C (b, d, 
and f)
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into worse. After annealing, the magnetic domain 
structure changes from narrow to wide and then to 
disordered, indicating an increase in Ku and Hc. In 
summary, the domain structure makes a good expla-
nation for the changes of soft magnetic properties.

Table 1 presents a summary of magnetic proper-
ties of the  Fe82−xCoxSi4B13C1 (x = 5, 10, and 15) amor-
phous ribbons, along with other representative 
alloys reported for comparison [9, 25, 41]. One sees 
from Table 1 that  Fe82−xCoxSi4B13C1 alloy ribbons 
exhibit a smaller Hc than the traditional non-oriented 
Fe–Si alloy but a larger Bs than  Fe78Si9B13, indicat-
ing that they can reduced both the core loss and 
the device volume. In contrast to Metglas 2605Co 
 (Fe67Co18B14Si1), the  Fe82−xCoxSi4B13C1 alloy ribbons 
do not require the application of magnetic-fields 
annealing, making them promising for potential 
applications in the electric motors industry.

4  Conclusion

Effects of Co addition on thermal parameters and 
magnetic properties of  Fe82−xCoxSi4B13C1 (x = 0, 5, 10, 
15, 20, 25, and 30) amorphous alloys are investigated. 
And origin of the changes in soft magnetic proper-
ties of these Co-doped FeSiBC amorphous alloys are 
explored. The results obtained can be summarized 
as follows:

1) Bs of   Fe82−xCoxSi4B13C1 amorphous alloys is 
effective enhanced from 1.64 T to 1.73 T with Co 
addition from 0 to 15 at%, and then decrease to 
1.63 T with Co addition from 15 to 30 at%. Tc of 
 Fe82−xCoxSi4B13C1 amorphous alloys increases 

greatly. While Hc and µe deteriorated after Co 
addition.

2) The high Bs is contributed to the optimum Co/Fe 
content ratio with the maximum magnetic interac-
tion. The magnetic domain structure changes from 
narrow to wide and then to disordered, indicating 
the increase in Hc.

3) Compared to the traditional materials, the 
 Fe82−xCoxSi4B13C1 amorphous alloys with more 
applicable Hc and Bs without the application of 
magnetic-fields annealing, making them highly 
suitable for potential applications in the field of 
electric motors.
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Table 1  Magnetic properties of typical soft magnetic alloys

*Annealed at magnetic fields

Alloys Bs (T) Hc (A/m) 

Fe77Co5Si4B13C1 1.68 11.4
Fe72Co10Si4B13C1 1.70 18.4
Fe67Co15Si4B13C1 1.73 19.7
Fe-6.5wt%Si [41] 1.85 45.0
Fe-3.5wt%Si [25] 1.97 41.0
Fe78Si9B13 [9] 1.56 2.6
2605Co  Fe67Co18B14Si1 [19, 

25]
1.80 2.0*
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