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The effect of theminor addition of carbon on the amorphous forming ability and soft magnetic properties for the
Fe83.5–xSi2B14Cu0.5Cx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) alloys were investigated. With the addition of minor C in
Fe83.5Si2B14Cu0.5, the amorphous forming ability and the soft magnetic properties are improved clearly. The
phase structure identified by XRD reveals thatminor C addition inhibits the surface of crystallization and improve
its amorphous-forming ability, when x = 0.2 and x = 0.3, a fully amorphous alloys were successfully obtained.
All the as-quenched Fe-Si-B-Cu-C alloy ribbons show two separated distinct exothermic peaks from DSC curves.
The addition of minor C element is contributed to increase the onset temperature of crystallization and a better
thermal stability of the amorphous alloys. VSM and DC-BH loop tracer measurements show that the
Fe83.3Si2B14Cu0.5C0.2 amorphous alloys exhibit saturation magnetic flux density of 151.5 emu/g and low Hc of
4.0 A/m, respectively. By annealing, these amorphous alloys exhibit higher saturated magnetization. Low mate-
rial cost and excellent soft magnetic properties make the FeSiBCuC alloys promise soft magnetic materials for in-
dustrial applications.

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

The development of soft magnetic alloys has been noticed a variety
of electromagnetic applications such as sensors, transformers, motors,
actuators, and electronic and power devices, especially for energy sav-
ing [1–3]. These alloys have attracted great attention due to their excel-
lent soft magnetic properties combining high saturation magnetization
(Bs), high effective permeability (μe), low coercivity (Hc) and low core
loss (W). Unfortunately, there are few amorphous/nanocrystalline al-
loys that at the same time satisfy a core loss (P) lower than that of
grain oriented steel and Bs approaching that of the grain oriented
steel. It is important to search for a new alloy with superior structural
and functional properties, since this alloy can contribute to the sustain-
able development of human society and maintenance of the global en-
vironment [3–5]. The previously mentioned studies have found that a
fine dense distribution of nanocrystals can be achieved in Finemet
Fe73.5Si13.5B9Cu1Nb3 [5]. As we all know that the small addition of Cu
to the Fe-Si-B alloy results in clusters acting as potent nucleation sites
for the α-Fe nanocrystals, while Nb element restricts coarsening of
these nanocrystals [6]. Thus these alloying additions result in lower co-
ercivity but have relatively low saturation magnetic flux density, Bs of
1.5–1.6 T. These can be attributed in part to the lower concentration of
Fe in Finemet [6–11]. And with the addition of Cu element in FeSiB

system, it is difficult to use in the current production machines due to
their low amorphous forming ability [12–15]. Therefore, it poses a seri-
ous challenge to develop methods further increase the Fe content, im-
prove amorphous forming ability and choose a new composition
concurrently. Recently, low cost Fe-based nanocrystalline soft magnetic
alloys with high saturation magnetic flux density Bs based on FeSiBCuP
have been reported [16–20]. Although this alloy has shown many ad-
vantages, there are still some deficiencies that need to be solved. For ex-
ample, the P elementmakes the alloy easy to be oxidized and difficult to
control, which leads to high demand for vacuum. Thus, it limits their ap-
plication [21,22].

So in this paper, with the aim at increasing glass forming ability and
magnetic properties of Fe83–83.5Si2B14Cu0·5C0–0.5, and melt-spun alloys
were developed, which are free from expensive metal elements such
as Nb, Zr, Mo, and are not contained volatile P element. The effect of
minor C addition on amorphous forming ability, magnetic properties
and the phase structure in FeSiBCuC alloy system are explored.

2. Materials and methods

Multicomponent alloy ingots with nominal compositions of Fe83.5–
xSi2B14Cu0.5Cx were prepared by high frequency induction, and melting
the mixtures of low-cost raw materials Fe (99.9 mass%), Si (99.99
mass%) Fe-20mass% B, Cu (99.9mass%) and C (99.9%) under a high-pu-
rity argon atmosphere. The ingots were inverted and remelted four
times to ensure homogeneity. Melt-spun ribbons were prepared by a
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single roller melt-spinning method with roller wheel speed of 50 m/s.
Ribbons had a width of about 1 mm and a thickness of 25 μm. The as-
quenched ribbons were annealed at various temperature for 600 s
under nitrogen atmosphere. The structure of as-quenched ribbons
were examined by X-ray diffractometer (XRD) with CuKα radiation.
The thermal stability of themelt-spun ribbonswere examined by differ-
ential scanning calorimeter (DSC) at a heating rate of 20 K/min, under
nitrogen atmosphere. Crystallization onset temperature (Tx) and peak
temperature (Tp) were determined from DSC curves. Saturation flux
density (Ms) was measured with a vibrating sample magnetometer
(VSM) under amaximum applied field of 15,000 Oe. A DC-BH loop trac-
er with themaximum applied field of 800 A/mwas used tomeasure the
coercivity Hc.

3. Result and discussion

3.1. Structural analysis

Fig. 1 shows the XRD patterns of all the as-quenched ribbons. The
XRD measurements were performed on the roller wheel surface of rib-
bons. Only a broad peak at around 2θ = 45° exhibiting an amorphous
character was detected for the ribbons at Fig. 1(c) and (d), while a no-
ticeable diffraction peak revealing a partial nanocrystallization ap-
peared at around 2θ = 65° corresponding to α-Fe for ribbons at Fig.
1(a), (b), (e), (f). It is not difficult to understand that the cooling rate
of free surface is lower than the wheel surface, resulting in a surface
crystallization behavior.

But with the addition of minor C element, the crystallization peak
gradually weakens until disappears and the sample exhibits a typical
halo diffraction peak, indicating the amorphous structure. As can be
seen from the picture that the amorphous forming ability of Fe-Si-B-
Cu-C alloy depends on the carbon content. Meanwhile, with further ad-
dition of C element, the crystallization peak reappears and is getting
stronger. On the one hand, large negative mixing enthalpies among
the constituent elements are benefit for a highly amorphous forming
ability. The addition of C increases the alloys negative mixing enthalpy,
which improves the alloys amorphous forming ability. On the other
hand, the size of the difference between atomsmay form highly packed
atomic configuration and reinforced its original structure in the amor-
phous structure, resulting in suppressing grain growth. When x = 0.2
and 0.3, the addition of minor C make the alloys have a strong amor-
phous forming ability. Although the addition of C increases the atom
size differences in the alloy and enhances the negativemixing enthalpy,
AFAhas not been improved. The reasonmay be thatwith the increase of

C content makes the alloy composition deviate from the eutectic point
of the alloy, which reduces the AFA [10–12].

Hence, the phase structure analysis indicated that addition of minor
C inhibits the surface crystallization of Fe83.5Si2B14Cu0.5 and contributes
to the improvement of its amorphous forming ability.

3.2. Thermal analysis

The presence of the amorphous phase was confirmed by DSC stud-
ies. As shown in Fig. 2, the DSC curves for the as-quenched Fe83.5–
xSi2B14Cu0.5Cx (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) alloy ribbons exhibit two
exothermic peaks which means that there exists a two-step crystalliza-
tion processes before the final stable phases are obtained. Obviously the
crystallization occurs in two distinct stages corresponding to the
nanocrystallization process of α-Fe. The characteristic temperatures of
Tx1 and Tx2 in all DSC curves were noticed. The first broad peak (Tx1)
corresponds to the precipitation of the α-Fe solid solution from the
amorphous phase and the second sharp peak (Tx2) corresponds to the
formation of Fe-B compounds [16–19].

It was also observed in the DSC data that the first crystallization
reached the maximum about at 452.2 °C when 0.3 at.% carbon was
added to Fe-Si-B-Cu alloys. All the as-quenched ribbons indicate that
the Tx1 gradually decreased and ΔTx = Tx2 − Tx1 gradually widened
with the increase of C, but for Fe83.3Si2B14Cu0.5C0.2 and
Fe83.2Si2B14Cu0.5C0.3. With the changing of x, there is no effect on Tx2
and Tp2. As it is well known, the crystallization onset temperature is re-
lated with the nucleation process, and the peak temperature is associat-
ed with the growth process. Therefore, the results imply that C content
up to 0.2–0.3 at.%,makes nucleation and growthmore difficult, thus im-
proving its thermal stability [20–23]. For the Fe-Si-B-Cu-C alloy system,
the Tx1 gradually decreased and the temperature difference (ΔTx) be-
tween Tx1 and Tx2 expands, to some extent, reflecting that the
Fe83Si2B14Cu0.5C0.5 alloy exhibits a large annealing temperature range,
which is advantageous for synthesizing nanocrystalline alloy with
good soft magnetic properties. Detailed results of the DSC curves are
summarized in Table 1.

3.3. Magnetic properties

Fig. 3 illustrates the magnetic hysteresis loops for the Fe-Si-B-Cu-C
alloys. Fig. 4 shows the dependence of saturated magnetization (Ms)
on carbon content.

It can be seen that Ms increases from 150.5 emu/g to 187.5 emu/g as
Fe content increases from 83 at.% to 83.5 at.%, proving that high Fe

Fig. 1.XRDpatterns of various Fe83.5–xSi2B14Cu0·5Cx (x=0, 0.1, 0.2, 0.3, 0.4, 0.5)melt-spun
ribbons.

Fig. 2.DSC curves at a heating rate of 20K/min for Fe83.5–xSi2B14Cu0.5Cx (x=0, 0.1, 0.2, 0.3,
0.4, 0.5) melt-spun ribbons.
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