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Abstract
TheFe78Si8B14 and Fe78P8B14 ribbonswith different wheel speedswere prepared bymelt-spinning, and their responses toHe?

ion irradiationwere investigated. Previous studies had shown that the ion beam resistance capability of amorphous ribbonswas

better than their corresponding crystalline counterparts. However, no significant changes on the surface at low fluence are

observed. At a relatively higher fluence, both the ribbons prepared at low and high wheel speeds behave the similar irradiation

responses: peeling, flaking and multi-layer damages occur. The fully amorphous ribbons prepared at a high wheel speed can

accommodate partial incident ions owing to the inherent disordered structure. As the irradiation fluence increases, they fail to

accommodate the excess incident ions, which easily aggregate to result in the surface damage. While the partial amorphous

ribbons prepared at a low wheel speed possess lots of unstable crystalline grain boundaries owing to the precipitation of Si- or

P-rich phase, which may act as the source for the irradiation-induced defects annihilation. Results show that the size and the

fraction of precipitate phases in amorphous matrix may play a dominated role in resisting the ion irradiation.
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1 Introduction

Bulk metallic glasses (MG) have attracted great interest in

recent decades for its unique mechanical and chemical

properties such as high strength, large elastic strain and high

corrosion resistance [1–6]. Due to their inherent disordered

structure, they are supposed to be ideal potential candidates

for application in nuclear-irradiated environments or deep

space. Besides, the nanocrystalline alloys also exhibit won-

derful anti-irradiation performance [7–14]. This attributes to

the existence of numerous grain boundaries which act as the

‘‘trap’’ for absorbing the point defects induced by ion beam

[12–19]. Thus, there is a great deal of research interest in

prefabricating controlled grains in MGs, which may present

different irradiation effects owing to the combined role of the

MG matrix and nano- or micro-sized precipitated phase. Fe-

based melt-spun ribbons fabricated by rapid quenching are

found to exhibit superior soft magnetic properties, while

different sizes of crystalline phase can be directly formed by

controlling the wheel speed. However, there have been few

studies on the ion irradiation effects on Fe-based melt-spun

ribbons with different wheel speeds. Whether they possess a

better anti-radiation performance is worthy to further study.

In this paper, Fe78Si8B14 and Fe78P8B14 melt-spun rib-

bons with different wheel speeds were prepared by melt-

spinning, and their responses to He? ion irradiation were

studied. These aspects of research could help understand the

interaction between the matrix and ion beam, which further

promote their application in irradiation environment.

2 Experimental

The melt-spun ribbons of Fe78P8B14 and Fe78Si8B14 alloys

were prepared using a single roller machine (sdj-11) with

different wheel speeds (15, 25, 35 and 45 m/s, respectively).
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The raw materials used for alloy had a purity of 99.99%.

The alloy was melted through induction heating in a quartz

crucible under argon atmosphere, which was completely

remelted five times to ensure its chemical composition

homogeneity. And then, the molten alloy was ejected by the

pressured argon gas from a 0.8-mm-diameter orifice onto a

high-speed rotating molybdenum roller cooled by air cool-

ing. The molybdenum roller was polished by 1200 mesh

sand paper with a dimension of /220 mm 9 60 mm. After

rapid solidification, the phase structures were studied by

X-ray diffraction (Rigaku Smart lab Diffractometer) using

Co Ka radiation. Prior to irradiation experiments, the sur-

faces of the samples were mechanically polished to a mirror

finish and cleaned ultrasonically. Next, the prepared samples

were irradiated at normal incidence with 100 keV He? ions

using the BNU-400 kV electrostatic accelerator. The tem-

perature of the target plate was under 100 �C by wind

cooling during the whole irradiation process. The total flu-

ence was about 5 9 1017 ions/cm2.

SRIM program (SRIM2008) was carried out to calculate

the range of the incident ions and the displacement damage

in the target materials. Thermal analyses were performed in

differential scanning calorimeter (DSC Netzsch-404C) at a

constant heating rate of 20 K/min under argon atmosphere.

The morphology of irradiation damage was obtained using

a scanning electron microscope (SEM JSM-6460).

3 Results and discussion

Figure 1 shows the XRD patterns of Fe78P8B14 and Fe78-
Si8B14 melt-spun ribbons at different speeds. It is noted

that the Fe78P8B14 and Fe78Si8B14 ribbons keep fully

amorphous states at the highest wheel speed. With the

decrease in the wheel speed, some nano- or micro-sized

crystalline phases were precipitated. In Fe78P8B14 melt-

spun ribbons, Fe2P phase is observed. While in Fe78Si8B14

melt-spun ribbons, Fe3Si phase is obtained. Besides, as the

wheel speed decreases, the intensity of the precipitated

phase is higher, which means a large number of the pre-

cipitated grains are formed.

Figure 2 displays the variation in thickness and width

with the wheel speeds for Fe78P8B14 and Fe78Si8B14 melt-

spun ribbons. The thicknesses of the Fe78P8B14 and Fe78-
Si8B14 melt-spun ribbons are decreased from 62 to 33 lm
and 67 to 32 lm with the wheel speed increasing from 15

to 45 m/s. Besides, the widths of the Fe78P8B14 and Fe78-
Si8B14 melt-spun ribbons are decreased from 2.57 to

1.62 mm and 2.42 to 1.64 mm, respectively. The thickness

of the ribbon is dependent on the solidification time which

is inversely proportional to the wheel velocity [20].

Figure 3 shows the DSC curves of Fe78P8B14 and

Fe78Si8B14 melt-spun ribbons prepared at different wheel

speeds. Therefore, the amount of the precipitate phase can

be calculated by the thermal analyses. It is assumed that the

sample prepared at the highest wheel speed (45 m/s) is

fully amorphous. The crystallization fractions x(t) of the

above-mentioned melt-spun ribbons can be estimated as:

x tð Þ ¼ DHf � DHp

DHf

ð1Þ

where DHf is the entropy of fully amorphous sample pre-

pared at the wheel speed of 45 m/s; and DHp is the entropy

of partial amorphous sample prepared at the wheel speeds

of 15, 25 and 35 m/s.

Table 1 shows the crystal fraction of Fe78P8B14 and

Fe78Si8B14 melt-spun ribbons obtained by Eq. (1). It is

found that the crystal fraction increases with the decrease

in the wheel speed, which reaches the maximum values

29% for Fe78P8B14 and 11% for Fe78Si8B14 ribbons.

Fig. 1 XRD patterns of Fe78P8B14 (a) and Fe78Si8B14 (b) melt-spun ribbons prepared at different speeds
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Figure 4 shows the SEM surface morphology images

of Fe78P8B14 and Fe78Si8B14 melt-spun ribbons with a

fluence of 2 9 1017 ions/cm2. No significant damage on

the surface of Fe78P8B14 and Fe78Si8B14 ribbons is

observed. In my opinion, ion irradiation can change the

structure by increasing the content of free volume in the

fully amorphous ribbons (45 m/s). Therefore, the surface

of fully amorphous ribbons still keeps smooth. However,

the partial amorphous ribbons prepared at lower wheel

speeds (15, 25 and 35 m/s) possess lots of unstable crys-

talline grains owing to the precipitation of Fe2P and Fe3Si

phases, which may also exhibit an excellent anti-irradia-

tion performance.

Figure 5 shows the SEM photographs of surface mor-

phology of Fe78P8B14 and Fe78Si8B14 melt-spun ribbons

at the highest fluence of 5 9 1017 ions/cm2. It could be

clearly observed that peeling, flaking and multi-layer

damages occur on the surface of all melt-spun ribbons

after irradiation. As shown in Fig. 5, the un-exfoliated

area is black, while the exfoliated area is grey. The un-

exfoliated fractions of Fe78P8B14 and Fe78Si8B14 melt-

spun ribbons with the different wheel speeds are various.

The detailed ratio of the un-exfoliated area to the total

irradiated area is calculated in Fig. 6. The largest un-ex-

foliated ratio is found in wheel speed 35 m/s in both two

above-mentioned melt-spun ribbons. As the wheel speed

increases to 45 m/s, the irradiation damage becomes more

severe again.

In fact, as the irradiation fluence reaches a critical value,

the accommodated irradiation-induced defects of the free

volume in the fully amorphous ribbons would reach the

saturated value. With the continuous increase in the irra-

diation fluence, the fully amorphous structures fail to

Fig. 2 Variations in thickness and width with wheel speeds for Fe78P8B14 (a) and Fe78Si8B14 (b) melt-spun ribbons

Fig. 3 DSC curves of Fe78P8B14 (a) and Fe78Si8B14 (b) melt-spun ribbons prepared at different wheel speeds

Table 1 Crystal contents of Fe78P8B14 and Fe78Si8B14 melt-spun

ribbons

Wheel speed/(m s–1) 45 35 25 15

Crystal fraction of Fe78P8B14/% 0 4.2 19 29

Crystal fraction of Fe78Si8B14/% 0 6.5 7.5 11
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accommodate the excess irradiation-induced defects and

incident ions. Thus, surface damages such as peeling,

flaking and multi-layer damage would appear. As shown in

Figs. 1 and 3, the structures of the melt-spun ribbons at the

wheel speed 35 m/s may possess the relative high density

of the grain boundaries in the ribbons owing to the

appearance of the sub-micro-sized crystalline phases. Pre-

vious studies showed that the grain boundary may act as a

source, emitting defects into the amorphous matrix

[16–19]. Therefore, the partial amorphous ribbons at the

wheel speed of 35 m/s exhibit better anti-radiation per-

formance when compared with the fully amorphous ones.

Fig. 4 SEM images for irradiated Fe78P8B14 (a–d) and Fe78Si8B14 (e–h) melt-spun ribbons at fluence of 2 9 1017 ions/cm2
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Previous study indicated that the surface of Fe80Si7.43-
B12.57 amorphous ribbons remains smooth at the fluence of

5 9 1017 ions/cm2 when irradiated by 500 keV helium

ions [21]. However, significant irradiation-induced dam-

ages occur on the surface of Fe78Si8B14 ribbons at the same

fluence in present study. It should be emphasized that the

composite of current Fe78Si8B14 ribbons is nearly close.

However, the incident energy (100 keV) in present exper-

iment is much smaller than that (500 keV) in the literature

[21]. Displacements per atom (DPA) is introduced to

measure the level of irradiation damage in ribbons [22],

which is calculated by TRIM2008. As shown in Fig. 7, the

Fig. 5 SEM images for irradiated Fe78P8B14 (a–d) and Fe78Si8B14 (e–h) melt-spun ribbons at fluence of 5 9 1017 ions/cm2
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largest DPA value at the lower incident energy is larger

than that in higher incident energy. The depth of the largest

DPA in lower incident energy is closer to the surface. That

means the low-energy ion irradiation is more prone to

induce the surface damage.

4 Conclusion

The Fe78Si8B14 and Fe78P8B14 ribbons with different wheel

speeds were prepared by melt-spinning, and their responses

to He? ion irradiation were investigated. No significant

changes on the surface are observed when irradiated at the

fluence of 2 9 1017 ions/cm2. While at the fluence of

5 9 1017 ions/cm2, all ribbons behave the similar irradia-

tion responses in which peeling, flaking and multi-layer

damages occur. By calculating the damage area, the melt-

spun ribbons at a wheel speed of 35 m/s show the best anti-

irradiation performance. The results show the size and a

fraction of precipitate phases in amorphous matrix may

play a dominated role in resisting the He? ion irradiation.
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