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Abstract. Metallic glasses (MGs) exhibit extremely high strength and superior resistance to 
corrosion. They are also supposed to be resistant against displacive irradiation due to their inherent 
disordered structure, and thereby are viewed as potential candidates for applications in irradiation 
environments. However, the structures and properties evolution of metallic glasses, especially bulk 
metallic glasses (BMGs), under irradiation has not been fully understood up to now. In this work, 
the structural stability and damage characteristics of a Zr-based BMG under helium ions irradiation 
environment were investigated. Meanwhile, the effect of structural relaxation and crystallization on 
the irradiation response of the BMG was also studied. Results show that the BMG reserves the 
amorphous structure within the studied range of fluence, and exhibits better irradiation resistance 
compared to that of the crystalline alloys. In our opinion, the initial free volume concentration 
affects the damage morphology of the BMG, while partial crystallization will lead to significantly 
embrittlement under irradiation. 

Introduction 

Metallic glasses (MGs), also named as glassy alloys, have drawn numerous attention since its 
discovery in 1960s for its unique mechanical and chemical properties, such as high strength, 
superior resistance to corrosion etc. [1]. MGs are potential candidates for applications in irradiation 
environments due to their inherent disordered structure [2]. The appearance of bulk metallic glasses 
(BMGs) have vastly increased their usefulness for structural applications [3-6] and created a 
renewed interest in these materials for nuclear applications [7-11]. A deuterium-tritium fusion 
reaction produces helium ions [12] with high energies and the helium ion bombardment of target 
materials can lead to damages, such as bubbling, peeling, flaking, and delamination at the peak zone 
of helium concentration under the surface layer. Till now, few studies have been done on the 
irradiation damage of BMGs upon He ion irradiation. Wang et al. reported that Zr64Cu17.8Ni10.7Al7.5, 
Fe80Si7.43B12.57, (Cu47Zr45Al8)98.5Y1.5 and Co61.2B26.2Si7.8Ta4.8 BMGs had better resistance to 500 
keV He2+ irradiation than the metallic tungsten [13-15]. Xu et al. studied the microstructural 
evolution of amorphous Fe79B16Si5 alloy irradiated with 5 keV or 150 eV He+ ions, and pointed that 
the formation of helium bubbles is related to the formation and migration of vacancy-type defects 
even in amorphous alloys [16]. Obviously, much more work, concerning different ion energies, 
fluences and alloy systems should be done to further understanding the damage feature and 
underlying mechanism of He ion irradiated BMGs. In this work, damage of 
Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG under 30 keV He+ ion irradiation at a high fluence of 3×1018 
ions/cm2 was investigated. Especially, the effect of structural relaxation and crystallization on the 
damage characteristics was also studied to explore the interaction between MGs and He ion. In 
addition, metallic Zr and Zr67Ni33 were studied for comparison. 

Experimental Procedures 

The Zr-based BMG with a nominal composition of Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 (at. %) were 
prepared by arc melting a mixture of elements with purity higher than 99.9% (at. %). The ingot 
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alloy was remelted and chill casted into a 5mm cylindrical copper mold in a Ti-gettered argon 
atmosphere. The BMG rods were cut to 2 mm-thick sections and polished to 1 µm finish, prepared 
for irradiation. The alloy structure before and after irradiation was characterized by X-ray 
diffraction (XRD) using Cu Kα radiation. Thermal analyses of the specimens were performed in 
differential scanning calorimeter (Netzsch DSC 404C) at a heating rate of 20 K/min under argon 
atmosphere. Relaxation and crystallization were obtained by isothermal annealing treatments at 651 
K (Tg -50 K) and 733 K (Tg +20 K), respectively, for different duration. Pure Zr and Ni33Zr67 
compound were also prepared as a comparison. 

The polished specimens were irradiated with 30 keV He+ ion beam at normal angle using a 4.5 
MeV electrostatic accelerator with a fluence of 3×1018 ions/cm2. The dimensions of ion beam are 
~2×1.5 cm2 during irradiation. SRIM program was carried for simulating the ions irradiation 
process to calculate the energy loss of the incident helium ions and the displacement damage in the 
target materials. 

Results and Discussion  

Irradiation-induced damage is usually evaluated by displacement per atom (DPA), which is 
estimated by the NRT formula [17]: 
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where φt is the ion fluence of incident ions per unit area, ρ is the atomic density of the target 
material, Ed is the average displacement threshold of the target material. The weighted mean was 
taken as its displacement energy in case of the multi-element materials [18]. (dE/dx)n is the linear 
energy loss per ion to the target by nuclear processes obtained from SRIM simulation.  

Fig. 1 shows the depth-dependent curves of DPA for Zr, Zr67Ni33 and Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 
BMG at the fluence of 3×1018 ions/cm2. The peak DPA, (dE/dx)n and projected range are shown in 
Table 1. It is obvious that those three curves have the similar distribution of DPA owing to the 
similar average relative atomic mass and displacement energies. It also can be found that the DPA in 
Zr-based BMG increases rapidly under near surface. However, after reaching its peak before 
average projected range, the DPA of BMG will decline dramatically, and extend a short tail. This is 
because that the low energy He+ ions lost its most energy during initial interactions and the rest 
energy isn’t enough to knock away a metal atom. 

 

 
Fig. 1 Depth profile of DPA calculated by SRIM for He+ ion beam of 30 keV in Zr, Zr67Ni33 and 

Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG at the fluence of 3×1018 ions/cm2 
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Table 1 Results of SRIM program simulation 
Specimen Zr Zr67Ni33 Zr-based BMG 
Peak DPA 193 205 200 

(dE/dx)n (eV/nm) 7.359 9.155 9.370 
Projected range (nm) 141.8 126.4 131.8 

Fig. 2 (a) shows the XRD patterns of as-cast BMG, as well as the structurally relaxed BMG after 
different isothermal annealing treatments. As shown in Fig. 2 (a), the XRD patterns of the BMGs 
exhibit only broad diffraction peak without any other sharp Bragg peaks, confirming the fully 
amorphous structure at all states. Whereas as shown in Fig. 2 (b), Zr-based BMG still maintain their 
amorphous structure after a fluence of 3×1018 He+ ion irradiation. In fact, the heating during He+ ion 
irradiation is not obvious, where the surface temperature is elevated to about 100℃[19]. This 
temperature is much lower than the glass transition temperature (Tg, 701K) and crystallization (Tx, 
770K) temperatures of the Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG, which is obtained from DSC tests (not 
shown here). 

   
Fig. 2 XRD patterns for the as-cast and relaxed Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG  

(a) before and (b) after He+ ion irradiation at a fluence of 3×1018 ions/cm2 

Fig. 3 shows the SEM images of surface morphology of pure Zr, Zr67Ni33 and 
Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG. Three different kinds of responses to He+ ion irradiation are found 
on specimen surfaces. Some dome-shaped bubbles form on Zr surface randomly. Serious peelings 
are the main damages on the Zr67Ni33 surface instead of bubbles. While for the BMG sample, lots of 
hole-damages and a few bubbles appear on irradiated surface. The mean diameter, area fraction and 
number density of the damages are also shown in Table 2. On the view of the area fraction of 
damage, the BMG has higher irradiation resistance than pure Zr. 

 
Fig. 3 SEM images for 30 keV He+ ion irradiated  

(a) Zr (b) Zr67Ni33 (c) Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG 

Generally, helium is small, inert and not soluble in metal materials, so helium ions injected in 
target materials migrate mainly by the following physical mechanisms [20]: (i) the migration of 
interstitial helium atoms occurs generally with very low migration energy; (ii) substitutional helium 
atoms may diffuse by a conventional vacancy-exchange mechanism; (iii) substitutional helium 
atoms may also migrate by dissociation mechanism. Gathered helium atoms form tiny bubbles, 
which are confirmed by experiments [21]. The bubbles prefer form on cracks located in irradiated 
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layer when they reach a higher concentration. Evans [22] suggests that the pressure in cracks causes 
plastic deformation, which is called gas pressure model. While Eernisse [23] suggests that lateral 
compressive stress leads to the instability and bending of upper surface and the formation of 
bubbles is a release of stress. For both models, the material brittleness would determine the eventual 
surface morphologies, as the brittle materials apt to fracture during bending of the bubble surface. 
Here, the ductile pure Zr shows bubbles morphology, whereas Zr67Ni33 exhibits severe peeling due 
to its brittle nature and higher damage degree. The BMG are more brittle than Zr but more ductile 
than Zr67Ni33, therefore, it shows both bubbles and holes, in which the latter is caused by the rupture 
of bubbles. It should be noted that the damage area fraction of BMG is smaller than the other two 
crystalline metals, indicating a higher irradiation resistance for the amorphous alloy at the same 
irradiation environment.  

Table 2 Damage parameters on specimens 
Specimen Mean diameter (µm) Area fraction (%) Number density (/mm2) 

Zr 0.9 6.4 91065 
As-cast BMG 1.1 1.4 11154 

1 h relaxed BMG 1.0 1.2 4825 
6 h relaxed BMG 0.6 1.6 21568 

24 h relaxed BMG 0.9 2.0 17673 
Fully crystallized BMG 0.5 1.2 61909 

The surface morphology of Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG in different relaxed states after 3×1018 
He+ ion irradiation was also studied, as shown in Fig. 4. Dome-shaped bubbles and hole-damages 
appear on 1 h-relaxed BMG, similar to that of the as-cast one in Fig. 3 (c). For the BMG relaxed for 
6 h, the bubbles do not appear, instead, only holes form. Further increase of the relaxation time 
could not change the damage morphology obviously, but will bring a slight increase of damage area 
fraction. Previous studies have proved that structural relaxation corresponds to the annihilation of 
extra free volume during annealing, and leads to the BMG approaching a meta-stable equilibrium 
state. The increase of relaxation time contributes to highly relaxed state and thereby less free 
volume, which also gives rise to embrittlement of BMG [24]. The effect of relaxation on the 
damage morphology suggests that more free volume leads to formation of bubbles and less damage 
area fraction. On the other hand, highly relaxed state (less free volume) leads to the rapture of 
bubbles and lager damage fraction.  

 
Fig. 4 SEM images for 30 keV He+ ion irradiated Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG in different relaxed 

states (a) 1 h relaxed (b) 6 h relaxed (c) 24 h relaxed 

To investigate the influence of crystallization on anti-irradiation performance, annealing was 
induced to obtain different crystallization fractions. The transformed crystalline fraction can be 
evaluated by measuring the residual area of the crystallization peak in the non-isothermal DSC 
curves obtained after annealing. The crystallization fractions x(t) in the BMG can be estimated as: 

( ) cast t

cast

H H
x t

H

∆ − ∆
=

∆
.                                                        (2) 

where ∆Ht and ∆Hcast are the measured enthalpy release during the continuous heating with and 
without annealing treatment [25]. Fig. 5 shows the SEM images of Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG 
with different crystallization fractions after 3×1018 He+ ion irradiation. It can be observed that there 
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are two kinds of damage on the 28% crystallized and 57% crystallized BMG: one is round holes as 
seen in the as-cast and relaxed samples, with the average diameter of about 1.2 µm; the other is 
peeling off areas with the size of tens micrometers. Fully crystallized specimens show uniform 
hole-damages and no peeling-off or bubbles. The results suggest that the 28% crystallized BMG has 
the worst irradiation resistance. The helium atoms preferentially gather at the interfaces between 
brittle crystalline and amorphous phases in partial crystallized BMG, therefore, lead to brittle 
fracture and collapse of the surrounded materials when the helium concentration and bubble 
pressure is high enough. While, fully crystallized specimens have no crystalline-amorphous 
interfaces, and exhibit an uniform damage morphology. Damage number density on pure Zr and 
fully crystallized specimens is obviously higher than as-cast BMG, indicating that BMGs are 
potential candidates for applications in irradiation environments. 

 
Fig. 5 SEM images for 30 keV He+ ion irradiated Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG with different 

crystallization fractions (a) 28%, (b) 57%, (c) 100% 

Conclusion 

Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 BMG maintain its amorphous state after 30 keV He+ ion irradiation at a 
fluence of 3×1018 ions/cm2, indicating a high structural stability. Zr-based BMG is more He+ ion 
irradiation resistant than Zr and Zr67Ni33. The effect of structural relaxation on the irradiation 
damage shows that higher initial free volume concentration corresponds to a higher irradiation 
resistance. Partial crystallization leads to the deterioration of the irradiation resistance due to the 
presence of crystalline-amorphous phase boundaries. BMGs are more irradiation resistant than the 
crystalline counterpart materials.  
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