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a b s t r a c t 

When exposed to He radiation, metallic glasses (MGs) often undergo a unique transformation and mechanical 
evolution, unlike their crystalline counterparts. However, the relationship between He bubble evolution and the 
mechanical response is largely unknown. Here, a localized hardness change along ion irradiation direction was 
discovered under the condition that He ion irradiation does not induced nanocrystallizaiton. The location of the 
localized hardening peak shifted to the right, and this was accompanied by nucleation and growth of the He 
bubbles as the fluence increased. Besides, coalescence and overlap of the He bubbles were observed in the central 
of the bubble layer at the highest fluence. The localized hardness change was quantified by a model based on the 
He bubbles size and density. The results of this study provide insights into the effect of He bubbles on mechanical 
evolution and pave the way for designing MGs suitable for the nuclear industry. 
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. Introduction 

Metallic glasses (MGs) have attracted tremendous attention in the
ast few decades and are considered a new class of structural materials
ue to their attractive physical and chemical properties [1–3] . Their re-
ponse to radiation is also significantly different from crystalline solids
ue to the lack of self-interstitials, vacancy loops, and grain boundaries
4–7] . In addition, the density of MGs is lower than that of their crys-
alline counterparts, providing more locations and channels for ion dif-
usion [8–10] . The effect of this structure on the properties of the mate-
ial during irradiation, especially as it relates to the mechanical behavior
f MGs, has been widely investigated [11–14] . For instance, the unlim-
ted swelling of the crystalline solids under continuous irradiation, and
he expansion or contraction of MGs following irradiation [15 , 16] . Irra-
iation generally embrittles crystalline solids, and studies have shown
hat some irradiated MGs become more ductile and soft and retain a fully
morphous state [17] . This occurs because radiation can induce exces-
ive free volume in localized regions, and these ‘‘defects’’ can anneal
ut in MGs [18 , 19] . However, once nanocrystals are formed, the pre-
ipitated nanoparticles can induce the pinning of shear bands [20 , 21] ,
hich in turn results in reversed ductility and hardness changes. More-
ver, energetic swift-heavy ion irradiation in the electronic stopping
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egime leads to the “ion hammer ” and the viscous surface flow effect
18] . 

When helium ions (He) are irradiated, in addition to the radiation
ffects, high-flux He implantation can lead to He ion precipitation into
ubbles and voids due to the extremely low solubility and fast diffusion
f He atoms [15 , 16 , 19] . In crystalline solids, dislocation loops and He
ubbles are treated as two separate pinning centers to cause hardening
n the grain interior [22 , 23] . The irradiation-induced hardening of con-
entional crystalline solids has been attributed to the strong hindrance
f dislocation movement due to the generated defects and the weak ob-
tacles resulting from the formation of He bubbles [22] . Nonetheless,
t is generally considered that MGs possess no translational symmetry,
herefore contains no conventional crystal defect. This lack of lattice
ites leads to the potential for MGs to be suitably used as structural com-
onents in nuclear systems [19 , 24] . However, the resistance to crystal-
ization of MGs will directly affect their suitability in these types of en-
ironments [25] , He bubble evolution, as well as the nature of MG com-
osition, such as atomic spacing [26] and the binding ability for trapped
e [24] . Among this processes, a sound understanding of the He bubble
volution in MGs without crystallization is important not only from an
cademic point of view to understand the physical processes occurring
n MGs under high doses He irradiation but also as the foundation for
). 

. 

https://doi.org/10.1016/j.mtla.2020.100691
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2020.100691&domain=pdf
mailto:zhangkun@imech.ac.cn
mailto:weibc@imech.ac.cn
https://doi.org/10.1016/j.mtla.2020.100691
Microsoft
Highlight



Y. Wang, K. Zhang and Y. Feng et al. Materialia 11 (2020) 100691 

Fig. 1. (a) The indentation-depth profiles of the nanoindentation hardness at various fluences and (b) the plot of H 

2 versus 1/ h . And (c) The indentation-depth 
profiles of Young’s modulus at various fluences and (d) the Young’s modulus retention percentage varies with irradiation fluence. (The highlighted areas and the 
arrowheads show the localized hardness fluctuation). 
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eveloping a new class of structural materials with unprecedented ra-
iation resistance. Although numerous studies have been conducted on
he evolution and microstructure of He bubbles, the effects of He bub-
les on changes in the hardness of MGs remain not clear. In the current
ork, ZrTiHfCuBeNi MG was chosen to investigate the effects of He bub-
les on the hardness evolution during irradiation. A localized hardness
uctuation along the ion irradiation direction was observed. The kinet-

cs and related mechanism associated with the hardness change were
iscussed. 

. Materials and methods 

The bulk metallic glass ZrTiHfCuBeNi, were synthesized via a cop-
er mould suction casting technique in a Ti-gettered high-purity argon
tmosphere. Then Φ5 mm cylindrical rods were cut into wafer sam-
les with 2.0 mm thickness. Irradiation experiments were conducted
t room temperature with 100 keV He + ions using a 400 kV electro-
tatic accelerator. The selected maximum ion fluence value is up to
.0 × 10 18 ions/cm 

2 . The corresponding displacements per atom (dpa)
t various fluences were calculated using a TRIM-code in SRIM 2008
oftware [23] , as plotted in Fig. S1. Structural analysis of the sam-
le was characterized by X-Ray diffraction (XRD) with Cu-K 𝛼 radia-
ion. XRD patterns of pristine and irradiated MGs both exhibit only one
road diffraction peak without any sharp Bragg peaks, further confirm-
ng the glassy structure, as shown in Fig. S2. Thermal stability and phase
ransformation of ZrTiHfCuBeNi MG were investigated by differential
canning calorimetry (DSC) experiments at a constant heating rate of
0 K/min. The measured glass transition temperature ( T g ) and onset
emperature of the crystallization ( T x ) are 410 °C and 460 °C, respec-
ively, as shown in the DSC traces in Fig. S3, which are similar to the
ndings of previous studies [27 , 28] . Nanoindentation experiments were
ubsequently performed using a Nano Indenter G200 (Agilent Technolo-
ies) equipped with a Berkovich-type indentation tip in the continu-
us stiffness measurement (CSM) technique. Each sample was subjected
o five trials and the maximum indentation depth was up to 1000 nm.
ransmission electron microscopy (TEM) observations were performed
ia an FEI Tecnai G2 microscope operating at 200 kV to investigate
he microstructural evolution of the samples. The cross-sectional TEM
amples were obtained via the gallium focused-ion beam (FIB) lift-out
echnique on a ZEISS Auriga FIB-SEM workstation. 

. Results and discussion 

Fig. 1 (a) shows the indentation-depth profiles of the nanoinden-
ation hardness of the pristine and irradiated MGs. A considerable de-
rease in the nanoindentation hardness of the MGs was observed. This
as attributed to the irradiation-induced increase in the liquid-like zone

ontent, and no enhanced phase, e.g. nanocrystalline, appeared to pro-
ibit the formation and propagation of the shear bands during irradi-
tion [24 , 29] . Even more interestingly, unlike most monotonically de-
reasing indentation-depth curves (at the indentation depth of h > 50
m) without irradiation [30 , 31] , there is a noticeable increase in the lo-
alized hardness at the low fluence of 2.5 × 10 17 ions/cm 

2 . The hardness
nitially increased and then rapidly decreased at the depth of ~300 nm.
ikewise, at the moderate fluence of 5.0 × 10 17 ions/cm 

2 , the location
f the peak moved to the right and the value increased. Nevertheless,
hen the fluence reached higher up to 1.0 × 10 18 ions/cm 

2 , a rever-
al in the hardness occurred, i.e., the hardness decreased slightly at
 depth of ~550 nm and then recovered rapidly. The plot of H 2 ver-

us 1/ h was created based on the Nix-Gao model, 𝐻 = 𝐻 0 

√ 

1 + 

ℎ ∗ 

ℎ 
, to

escribe this behavior in more detail ( Fig. 1 (b)). Here, H is the hard-
ess corresponding to the depth of indentation h, H 0 is related to the
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Fig. 2. Cross-sectional micrographs showing the morphol- 
ogy of the MGs irradiated at different dosages; (a) 
2.5 × 10 17 ions/cm 

2 , (b) 5.0 × 10 17 ions/cm 

2 , and (c) 
1.0 × 10 18 ions/cm 

2 . The left column shows the bright-field 
images and the insets show the SAED patterns. The right col- 
umn shows different HRTEM images of the He bubbles in dif- 
ferent regions. 
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acroscopic hardness, and h ∗ is the characteristic length. It is evident
n Fig. 1 (b) that there was a nonlinear localized hardness change in the
uctuation stage, i.e., a peak was observed when the fluence was below
.0 × 10 18 ions/cm 

2 , whereas a valley was observed at the high fluence.
n general, the stressed volume from an indent can range from 4 to 10
imes the displacement into the surface in the nanoindentation test. The
eason for this difference is probably the fact that a plastic zone with
n approximately hemispherical shape is induced by indentation under
he surface and its radius is about 4–10 times of the depth which the
ndenter tip reaches [32 , 33] . Hardness values at the depths of hardness
eaks are affected by the whole plastic zone. The dpa levels and He
oncentrations around their peaks are much higher than other regions
nd defects around the peaks are much higher in density or size [34] .
herefore, we suggest the peak of local hardening in fact indicates the
ffects of defects around the peak displacement damage and peak He
oncentration regions. Moreover, Fig. 1 (c) shows the indentation-depth
rofiles of the Young’s modulus at various fluences. It is found that the
odulus decreases accordingly with the increase of irradiation fluences.

or comparing the modulus changes before and after irradiation, the
etention percentage of Young’s modulus depending on the irradiation
uence is plotted in Fig. 1 (d). Here, the retention percentage is defined
s the percentage ratio of the Young’s modulus after implantation to the
ne before implantation. It can be seen that the Young’s modulus reten-
ion percentage decreases as the He fluence increases. When the fluence
eaches 1.0 × 10 18 ions/cm 

2 , the Young’s modulus declines by about
0%. This reduction is related to the He irradiation induced structure
hanges, such as the weakened atomic bonding and He bubble induced
orous structures [35] . 

TEM observations were conducted to examine the nanoscale
tructure and He bubble evolution induced by the irradiation. The
ross-sectional TEM images of the MGs irradiated at various fluences
re presented in Fig. 2 . As shown in Fig. 2 (a), a band like structure
orresponding to the He concentration layer is clearly visible at a depth
rom 400 nm to 600 nm (B region, the center of the He concentration
ayer), which is deeper than the He projected range. More detail, many
mall and irregularly voids are visible in the B region, suggesting a
elatively low mass/atomic number density. These are related to the
eneration of He clusters. Whereas from the surface to about 300 nm
A region, the edge of the He concentration layer), voids are barely
bserved. However, at the moderate fluence, as shown in Fig. 2 (b), a
e bubble layer appeared at the depth of 300 nm–650 nm below the

urface, and many well-defined He bubbles of irregular shapes were
oncentrated in the B region. The He bubbles from the center to bottom
ides gradually decreased in size to a few nanometers. In contrast, at
he highest fluence, as shown in Fig. 2 (c), the He bubble layer was
ider, and the He bubbles were larger. Meanwhile, the bubbles in the B

egion began to coalesce and even overlap, and the edges became more
ounded and more distinct. The He bubble growth and overlapping
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Fig. 3. Plot of the depth-dependence of (a) the av- 
erage size and (b) density of He bubbles derived 
from extensive cross-sectional TEM analysis. (c) He 
concentration distribution calculated in the TRIM- 
code. 
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rocess is similar to previous researches [36 , 37] . Moreover, as the flu-
nce increased, the He clusters in A Region continued to accumulate and
row, eventually forming He bubbles of appreciable size at the highest
uence. If the irradiation level continuous increased, the He bubbles
ould not accommodate more helium to maintain a mechanical equi-
ibrium between the internal pressure and the sintering stress [38] , and
hen embrittlement occurred [39] . The selected-area electron diffrac-
ion (SAED) patterns were taken from the whole region including He
ubble layers, as marked with the white dotted box in Fig. 2 (a–c). Only
ne halo ring can be observed in both SAED patterns, indicating that the
Gs maintained a fully glassy structure without any nanocrystallizaiton

fter irradiation. The radius of the diffraction halo decreased (from
.9176 1/Å to 0.8797 1/Å) with the increase in the irradiation fluence,
mplying an expansion of the mean nearest neighbor atomic spacing
ith an increase in the liquid-like zone content [28 , 40–42] . Xie et al.

43] have reported that the hardness enhancement had been observed
n all He irradiated Cu Zr Ti glassy alloy, due to both nanocrystal
50 45 5 
ormation and bubble formation. Here, He irradiation does not induced
anocrystallizaiton in ZrTiHfCuBeNi MGs, which implying that the
ocalized hardness change may only be attributed to the bubble forma-
ion. Therefore, the bubble size and density distribution were calculated
o obtain quantitative information on the evolution of the He bubbles. 

Fig. 3 (a) shows the average bubble size in the irradiation direction.
t low fluence, the bubble size was almost evenly distributed, with an
verage bubble diameter of ~3 nm. While at the moderate fluence, a
eak of the bubble size appeared at a depth of ~470 nm. The maximum
ubble diameter is about 15 nm. However, at the highest fluence, the
eak in the bubble size shifted to the right and the maximum bubble
iameter increased to more than 20 nm. The He bubble density N bubble ,
hich is the number of bubbles per unit area (25 nm × 25 nm) was deter-
ined at different depths. As shown in Fig. 3 (b), there was no significant
ifference in the He bubble density between 1.0 × 10 18 and 5.0 × 10 17 

ons/cm 

2 , suggesting that the nucleation of the He bubbles might have
eached saturation. Fig. 3 (c) shows the concentration of He atoms, as



Y. Wang, K. Zhang and Y. Feng et al. Materialia 11 (2020) 100691 

c  

t  

f  

d  

u  

n  

p  

o  

t  

c  

i  

c  

c  

p
 

t  

a  

m  

t  

[  

c  

t  

s  

i  

m  

t  

v  

n  

w  

p  

T  

t  

t  

f  

b  

a  

m  

i  

S  

i  

l  

h  

i  

w  

a  

s  

t

Δ

w  

a  

a  

b  

t  

t  

H  

l  

m  

l  

t  

e  

c  

l  

s

Fig. 4. Calculated 𝑑 𝑁 

𝑏𝑢𝑏𝑏𝑙𝑒 
as a function of depth and the local hardening for 

He + irradiated MGs at various fluences. 
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alculated by SRIM. Notably, the peaks of the calculated He concentra-
ion were all located at depths of ~450 nm. There was an apparent dif-
erence between the peaks of the He concentration and the bubble size
istribution. In fact, the SRIM-calculated depth-dependent dose level is
sually determined under the implicit assumption that the target does
ot undergo any significant changes in volume during the process, in
articular SRIM ignores the effect of injected ions and void swelling
n the redistribution of the dose and injected ion profiles. However, in
he present study, continuous He penetration led to the microstructural
hanges inside the glassy matrix, such as void swelling and He bubble
nduced higher porosity. These microstructural changes further compli-
ated the injected ion and bubble profiles due to the volume averaged
hange in MG density causing ions to penetrate to deeper depths com-
ared to fully dense materials [44–46] . 

Generally, in crystalline solids, irradiation hardening is ascribed to
he interaction of irradiation-induced defects, of which two types of
pproximate defect hindrance models have been used. The Orowan
odel [47 , 48] is used for strong hindrances (i.e., interstitials, intersti-

ial loops, and precipitates), and the Friedel-Kroupa-Hirsch (FKH) model
49–51] is used for weak hindrances (i.e., He bubbles). In MGs, the in-
rease in the irradiation-induced liquid-like zones cause a decrease in
he global hardness. On the other hand, since He atoms have a very
mall atomic radius and differ greatly from alloying atoms in MGs, it
s not likely that He atoms will diffuse in a way involving collective
ovements. Also, as a noble gas, He atoms will not stick chemically

o other atoms. Their super fast diffusion and their low solubility fa-
or bubble formation. Actually, the plastic deformation of MGs during
anoindentation is essentially different from that in crystalline solids,
hich is usually caused by intense shearing in narrow shear bands. The
lastic flow is confined in the tiny space along the indenter tip [52 , 53] .
herefore, the propagating shear bands will be inhibited or slowed once
hey encounter a He bubble or its boundary during nanoindentation. On
he other hand, ion irradiation can result in the deformation transition
rom a single shear band to the simultaneous operation of multiple shear
ands in MG [24 , 40 , 54 , 55] , but the formation of He bubbles may also
ffect the formation of multiple shear bands. As a result, the He bubble
ay act as the obstacle to affect the motion of the local shear bands dur-

ng deformation, and eventually leading to the local hardness change.
ince no crystalline phases or precipitates have been detected in the
rradiated MGs, the increase in the localized hardness, ΔH , is closely re-
ated to the size and density of the He bubbles. The modified localized
ardness values have been plotted against 𝑑 𝑁 bubble values at all three
rradiation fluences, as shown in Fig. 4 . Interestingly, when the fluence
as below 1.0 × 10 18 ions/cm 

2 , the calculated 𝑑 𝑁 bubble was in good
greement with the change in localized hardness. Here, we propose a
emiquantitative bubble-induced hardening model for MGs to describe
he dependence of the localized hardening on the He bubbles: 

𝐻 ∝ 𝑑 𝑁 bubble (1) 

here 𝑑 is the average bubble size and N bubble is the bubble density. In
ddition, according to early studies of He bubble [56–59] , elastic inter-
ctions between two pressurized bubbles can lead to an attractive force
etween them. As He bubbles grow rapidly, the attractive force between
hem increases, which increases the internal stress inside the glassy ma-
rix and may lead to an increase in the local hardening in the areas of
e concentration [60] . However, at the highest fluence, the change in

ocalized hardness was not correlated with the calculated 𝑑 𝑁 bubble . In
y opinion, as the bubbles grow and exceed a critical size, the localized

iquid-like zone near the He bubbles do not provide sufficient space for
heir continued growth. The overlapping bubbles may have a negative
ffect on the localized hardening of the MGs. Moreover, the continuous
oalescence and overlapping of the He bubbles may have resulted in
arge voids or open areas in the bubble layer, which eventually result in
oftening because of the collapse of the glassy structure [23] . 
. Conclusions 

The microstructure evolution and mechanical properties of ZrTiH-
CuBeNi MGs under He irradiation were investigated. A localized hard-
ess change along ion irradiation direction was discovered under the
ondition that He ion irradiation does not induced nanocrystallizaiton.
he peak position of the localized hardness shifted to the right as the

rradiation fluence increased, and this is accompanied by the nucleation
nd growth of the He bubbles. In addition, coalescence and overlap of
he He bubbles were observed in the central region of the bubble layer.
he change in the localized hardness is well described by a semiquanti-
ative model based on the size and density of the He bubbles. However,
t high fluence, the overlapping bubbles might have a negative role on
he localized hardening in the MGs. The results of this study provide in-
ights into the effects of He bubbles on the hardness evolution in MGs. 
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