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Abstract 

A series of Fe–P–B and Fe–Si–B amorphous alloys with high Fe contents exceeding 90 wt.% was successfully prepared by
combining flux treatment and melt-spinning technique. The effects of Fe content and the flux treatment on the thermal and magnetic
properties of amorphous alloys were studied. The glass-forming ability and the thermal stability of amorphous ribbons can be
improved by a flux treatment, revealing the effective removal of heterogeneous nucleation sites in the ribbons through the flux
treatment. It was found that Fe–Si–B ribbons exhibit higher saturation magnetization levels than Fe–P–B ribbons.
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1. Introduction

Fe-based magnetic amorphous alloys exhibit promising

application prospects in the field of magnetism and

electricity due to their excellent soft magnetic properties,

such as higher effective permeability, lower coercively,

lower hysteresis loss, and core loss [1, 2]. However, Fe-

based amorphous alloys generally have low glass forming

ability (GFA) and lower saturation magnetization (Ms)

(most are lower than 1.65 T), which restricts their extensive

application. There is no doubt that the essential challenge

of future Fe-based amorphous alloy is obtained the alloys

with large GFA and high Ms.

Flux treatment, which is a commonly used technique in

traditional metallurgy for purifying materials or adjusting

microelement. The impurities are one of the important

factors affecting the GFA of amorphous alloys, which

become active heterogeneous nucleation sites in the process

of solidification and result in the deterioration of the GFA

of alloys. In 1984, Kui et al. reported that the GFA of

Pd40Ni40P20 alloy can be improved by the flux treatment

using B2O3 [3]. The bigger sized Pd42.5Cu30Ni7.5P20 alloy

could be prepared with a critical size to 80 mm by

combining flux treatment and water quenching [4]. This

offers great potential for improving the GFA of alloys. In

this way, many magnetic Fe-based amorphous alloys have

been successfully prepared by flux treatment [5-7]. Li et al.

synthesized a ternary Fe80P13C7 bulk metallic glass (BMG)

with a critical diameter of 2.0 mm by combining flux

treatment and J-quenching technique [8]. The critical

diameter of FeCoBSiNb BMG from 1 to 2.5 mm by using

the flux treatment and arc-melting [9]. Therefore, the flux

treatment is an important efficient method to improve the

GFA of Fe-based amorphous.

In this work, we have prepared a series of Fe–P–B and

Fe–Si–B amorphous ribbons with Fe contents of higher

than 90 wt.% by combining flux treatment and melt-

spinning technique, and the effect of Fe content and flux

treatment on the properties of ribbons were studied.
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2. Experimental

Mother alloy ingots were prepared by arc-melting of

high-purity Fe powders (99.9 wt.%), Si pieces (99.9 wt.%),

B pieces (99.9 wt.%) and Fe3P (99.9 wt.%, consisting of 75

at.% Fe and 25 at.% P) under a high-purity argon

atmosphere. The alloy ingots were fluxed in an agent

composed of B2O3 and CaO with a mass ration of 3:1 at

1,150 oC for several hours under a vacuum of ~10 Pa, the

schematic diagram of flux treatment as shown in Fig. 1.

After fluxed treatment, the alloys ingots were cooled down

to room temperature and then the amorphous alloy ribbons

of 20-25 μm thickness and ~1 mm width were prepared by

the single roller melt-spinning under a high-purity argon

atmosphere (roller speed 40 m s−1).

The ribbon structure was identified by X-ray diffraction

(XRD, Rigaku D/Max–2500, Japan) with Cu–Kα radiation.

The thermal behavior was examined with a differential

scanning calorimetry (DSC, Perkin Elmer Diamond, USA)

at a heating rate of 0.67 K/s under argon atmosphere. The

magnetic properties of as–prepared specimens were

analyzed by the vibrating-sample magnetometer (VSM,

Lake Shore 7404 USA) with an applied magnetic field of

1200 kA/m at room temperature. In addition, the density of

the samples was determined by the Archimedes drainage

method.

3. Results and Discussion

Fig. 2 shows the XRD spectra of the as-quenched (a) Fe–

P–B and (b) Fe–Si–B amorphous ribbons by flux treatment

revealing only a broad smooth peak around 2θ–45°and no

obvious crystalline peaks can be observed. These XRD

patterns are the typical amorphous nature of these

specimens.

The DSC thermal curves of the as-quenched amorphous

ribbons at a heating rate of 0.67 K/s are shown in Fig. 3.

DSC curves of Fe–P–B series ribbons (Fig. 3(a)) observed

only one exothermal peak indicating a one-stage

crystallization process; Fe–Si–B series ribbons (Fig. 3(b))Fig. 1. Schematic diagram of flux treatment.

Fig. 2. XRD spectra of the as-quenched (a) Fe–P–B and (b) Fe–Si–B fluxed amorphous ribbons.
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showed a multi-stage crystallization process. The Curie

temperature (Tc), the glass transition temperature (Tg) the

onset of primary crystallization temperature (Tx) of the

specimens can be determined from the DSC thermal scans

and are summarized in Table 1. Many Fe–P–B ribbons

show a clear glass transition, followed by an extended

supercooled liquid region. Compared with Fe–Si–B

ribbons, Fe–P–B ribbons have lower Tc and Tx. As we

know that the onset crystallization temperature mainly

depends on the atomic bonding strength among the

constitution elements [10]. The heat of mixing value

(∆Hmix) is –35 kJ/mol, –39.5 kJ/mol and –26 kJ/mol for

Fe–Si, Fe–P and Fe–B atomic pairs, respectively [11]. The

∆Hmix of Fe–Si and Fe–P atomic pairs are similar, but the

Tx of Fe-Si-B ribbons are quite different from those of Fe-

P-B. It may be the difference in ∆Hmix between P–B (0.5

kJ/mol) and Si–B (–14 kJ/mol) atomic pairs, it can be

expected that the atomic bond strength between Si and B

can be stronger than that between P and B, thus Fe–Si–B

ribbons have higher Tx.

Effects of the flux treatment on the thermal behaviors of

the ribbons were studied. We prepared the Fe80P10B10,

Fig. 3. DSC curves of as-quenched (a) Fe–P–B and (b) Fe–Si–B fluxed amorphous ribbons.

Table 1. Thermal properties and magnetic properties of the as-prepared amorphous ribbons

Composition
Fe content 

(wt.%)
Density 
(g/cm3)

Tc 

(oC)
Tg 

(oC)
Tx 

(oC)
ΔTx 

(oC)

Ms

(emu/g) (T)

#P1 Fe79P12B9 90.39 7.32 352 - 466 - 166.55 1.53

#P2 Fe80P12B8 90.7 7.35 342 - 462 - 169.62 1.57

#P3 Fe81P11B8 91.37 7.38 336 427 463 36 171.78 1.60

#P4 Fe80P10B10 91.45 7.38 355 450 472 22 170.86 1.59

#P5 Fe81P10B9 91.75 7.39 343 440 470 30 170.08 1.58

#P6 Fe82P10B8 92.04 7.41 325 432 461 29 171.83 1.60

#P7 Fe83P10B7 92.32 7.44 309 423 455 32 171.53 1.61

#S1 Fe80Si10B10 91.99 7.42 398 - 513 - 173.16 1.62

#S2 Fe79Si8.5B12.5 92.19 7.44 408 - 540 - 173.90 1.63

#S3 Fe80Si8.5B11.5 92.48 7.45 398 - 525 - 176.08 1.65

#S4 Fe81Si8.5B10.5 92.78 7.47 383 - 504 - 176.51 1.66

#S5 Fe81Si8B11 92.94 7.47 383 - 506 - 177.28 1.66

#S6 Fe82Si8.5B9.5 93.06 7.49 369 - 487 - 177.93 1.67

#S7 Fe83Si7.5B9.5 93.67 7.51 348 - 466 - 178.50 1.69
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Fe83P10B7 and Fe80Si10B10 and Fe83Si7.5B9.5 ribbons without

flux treatment. The comparison of DSC curves between

fluxed and unfluxed samples is shown in Fig. 4, indicating

great influences of the impurity removal on crystallization.

The samples after flux treatment exhibit a higher Tx, which

can be attributed to the influence of potential heterogeneous

nucleation sites [12]. The value of Tx reflects the thermal

stability and resistance to the crystallization of amorphous

alloy in the supercooled liquid region. Thus the

improvement of Tx indicates that the thermal stability of

ribbons can be enhanced by flux treatment. In addition,

compared with unfluxed ribbons, fluxed Fe–P–B ribbons

showed the Tg, which indicates that flux treatment can

improve the glass forming ability [13]. Flux agent B2O3

reacts with other oxides to form metalborates which are

soluble in the agent[14]. After flux treatment at a high

temperature for a long time, the impurities and oxides will

be passivated and transferred from the melt inside to the

surface. Therefore, the flux treatment can efficiently

improve the GFA of amorphous alloys. In addition, the Tc

of the amorphous alloys correlates to the composition and

state determined magnetic atomic interaction. The flux

treatment ribbon exhibits a high Tc, which can be attributed

to the composition change and the influence of potential

heterogeneous nucleation sites [15].

Fig. 5(a) and 5(b) present the hysteresis loops of the as-

Fig. 4. Comparison of DSC curves between fluxed and unfluxed samples.

Fig. 5. Hysteresis loops of the as–prepared (a) Fe–P–B and (b) Fe–Si–B fluxed ribbons at room temperature. The inset depicts the enlarged

partial curves of the hysteresis loops.
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quenched (a) Fe–P–B and (b) Fe–Si–B amorphous ribbons

at room temperature. The inset depicts the enlarged partial

curves of the hysteresis loops. All the samples exhibit

typical soft magnetic properties. The saturation magnetization

values (Ms) of the specimens were determined from the

hysteresis loops and summarized in Table 1. The Ms is

contributed by the magnetic moment of transition elements,

which here is provided by the Fe atoms. Therefore, the Ms

value tends to increase as the Fe content. Compared with

the Fe–P–B series amorphous ribbons, Fe–Si–B amorphous

ribbons have higher saturation magnetization. Based on the

charge transfer model [16, 17] and rigid–band model [18],

for Fe–metalloid amorphous alloys, the valence elements,

i.e. sp electrons, of metalloid elements will transfer to the

3d minority–spin band of Fe atom, leading to decrease of

the magnetic moment, thus reducing the Ms of Fe–metalloid

amorphous alloys. The number of sp electrons of P and Si

atoms is 5 and 4, respectively. Thus, the Fe–Si–B amorphous

ribbons have higher saturation magnetization than the Fe–

P–B system. In addition, the amorphous ribbons exhibit

slightly high Ms after flux treatment [7, 15]. It is known

that the magnetic property is determined by the magnetic

composition of materials. The flux treatment can effectively

remove the heterogeneous nucleation sites which may

include some antiferromagnetc atoms, resulting in slightly

high Ms value after flux treatment.

4. Conclusion

We systematically investigated the thermal stability and

magnetic properties of Fe–P–B and Fe–Si–B amorphous

ribbons by flux treatment with high Fe content, and discuss

the effect of flux treatment. The results show the flux

treatment can improve the thermal stability and glass forming

ability. In addition, it is found that Fe–Si–B series ribbons

have higher saturation magnetization than Fe–P–B system.
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