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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.

1. Introduction

Metallic glasses (MGs) have attracted tremendous attention in the
past few decades and are considered a new class of structural materials
due to their attractive physical and chemical properties [1-3]. Their re-
sponse to radiation is also significantly different from crystalline solids
due 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-
talline counterparts, providing more locations and channels for ion dif-
fusion [8-10]. The effect of this structure on the properties of the mate-
rial during irradiation, especially as it relates to the mechanical behavior
of MGs, has been widely investigated [11-14]. For instance, the unlim-
ited swelling of the crystalline solids under continuous irradiation, and
the expansion or contraction of MGs following irradiation [15,16]. Irra-
diation generally embrittles crystalline solids, and studies have shown
that some irradiated MGs become more ductile and soft and retain a fully
amorphous state [17]. This occurs because radiation can induce exces-
sive free volume in localized regions, and these “defects” can anneal
out in MGs [18,19]. However, once nanocrystals are formed, the pre-
cipitated nanoparticles can induce the pinning of shear bands [20,21],
which in turn results in reversed ductility and hardness changes. More-
over, energetic swift-heavy ion irradiation in the electronic stopping
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regime leads to the “ion hammer” and the viscous surface flow effect
[18].

When helium ions (He) are irradiated, in addition to the radiation
effects, high-flux He implantation can lead to He ion precipitation into
bubbles and voids due to the extremely low solubility and fast diffusion
of He atoms [15,16,19]. In crystalline solids, dislocation loops and He
bubbles are treated as two separate pinning centers to cause hardening
in the grain interior [22,23]. The irradiation-induced hardening of con-
ventional crystalline solids has been attributed to the strong hindrance
of dislocation movement due to the generated defects and the weak ob-
stacles resulting from the formation of He bubbles [22]. Nonetheless,
it is generally considered that MGs possess no translational symmetry,
therefore contains no conventional crystal defect. This lack of lattice
sites leads to the potential for MGs to be suitably used as structural com-
ponents in nuclear systems [19,24]. However, the resistance to crystal-
lization of MGs will directly affect their suitability in these types of en-
vironments [25], He bubble evolution, as well as the nature of MG com-
position, such as atomic spacing [26] and the binding ability for trapped
He [24]. Among this processes, a sound understanding of the He bubble
evolution in MGs without crystallization is important not only from an
academic point of view to understand the physical processes occurring
in MGs under high doses He irradiation but also as the foundation for
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Fig. 1. (a) The indentation-depth profiles of the nanoindentation hardness at various fluences and (b) the plot of H? 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).

developing a new class of structural materials with unprecedented ra-
diation resistance. Although numerous studies have been conducted on
the evolution and microstructure of He bubbles, the effects of He bub-
bles on changes in the hardness of MGs remain not clear. In the current
work, ZrTiHfCuBeNi MG was chosen to investigate the effects of He bub-
bles on the hardness evolution during irradiation. A localized hardness
fluctuation along the ion irradiation direction was observed. The kinet-
ics and related mechanism associated with the hardness change were
discussed.

2. Materials and methods

The bulk metallic glass ZrTiHfCuBeNi, were synthesized via a cop-
per mould suction casting technique in a Ti-gettered high-purity argon
atmosphere. Then ®5 mm cylindrical rods were cut into wafer sam-
ples with 2.0 mm thickness. Irradiation experiments were conducted
at room temperature with 100 keV He" ions using a 400 kV electro-
static accelerator. The selected maximum ion fluence value is up to
1.0 x 10'8 ions/cm?. The corresponding displacements per atom (dpa)
at various fluences were calculated using a TRIM-code in SRIM 2008
software [23], as plotted in Fig. S1. Structural analysis of the sam-
ple was characterized by X-Ray diffraction (XRD) with Cu-Ka radia-
tion. XRD patterns of pristine and irradiated MGs both exhibit only one
broad diffraction peak without any sharp Bragg peaks, further confirm-
ing the glassy structure, as shown in Fig. S2. Thermal stability and phase
transformation of ZrTiHfCuBeNi MG were investigated by differential
scanning calorimetry (DSC) experiments at a constant heating rate of
20 K/min. The measured glass transition temperature (Tg) and onset
temperature of the crystallization (T,) are 410 °C and 460 °C, respec-
tively, as shown in the DSC traces in Fig. S3, which are similar to the
findings of previous studies [27,28]. Nanoindentation experiments were

subsequently performed using a Nano Indenter G200 (Agilent Technolo-
gies) equipped with a Berkovich-type indentation tip in the continu-
ous stiffness measurement (CSM) technique. Each sample was subjected
to five trials and the maximum indentation depth was up to 1000 nm.
Transmission electron microscopy (TEM) observations were performed
via an FEI Tecnai G2 microscope operating at 200 kV to investigate
the microstructural evolution of the samples. The cross-sectional TEM
samples were obtained via the gallium focused-ion beam (FIB) lift-out
technique on a ZEISS Auriga FIB-SEM workstation.

3. Results and discussion

Fig. 1 (a) shows the indentation-depth profiles of the nanoinden-
tation hardness of the pristine and irradiated MGs. A considerable de-
crease in the nanoindentation hardness of the MGs was observed. This
was attributed to the irradiation-induced increase in the liquid-like zone
content, and no enhanced phase, e.g. nanocrystalline, appeared to pro-
hibit the formation and propagation of the shear bands during irradi-
ation [24,29]. Even more interestingly, unlike most monotonically de-
creasing indentation-depth curves (at the indentation depth of h > 50
nm) without irradiation [30,31], there is a noticeable increase in the lo-
calized hardness at the low fluence of 2.5 x 107 ions/cm?. The hardness
initially increased and then rapidly decreased at the depth of ~300 nm.
Likewise, at the moderate fluence of 5.0 x 1017 jons/cm2, the location
of the peak moved to the right and the value increased. Nevertheless,
when the fluence reached higher up to 1.0 x 108 ions/cm?, a rever-
sal in the hardness occurred, i.e., the hardness decreased slightly at
a depth of ~550 nm and then recovered rapidly. The plot of H, ver-

sus 1/h was created based on the Nix-Gao model, H = Hj4/1 + "7, to

describe this behavior in more detail (Fig. 1(b)). Here, H is the hard-
ness corresponding to the depth of indentation h, Hy, is related to the
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macroscopic hardness, and h* is the characteristic length. It is evident
in Fig. 1(b) that there was a nonlinear localized hardness change in the
fluctuation stage, i.e., a peak was observed when the fluence was below
1.0 x 10'8 ions/cm?, whereas a valley was observed at the high fluence.
In general, the stressed volume from an indent can range from 4 to 10
times the displacement into the surface in the nanoindentation test. The
reason for this difference is probably the fact that a plastic zone with
an approximately hemispherical shape is induced by indentation under
the surface and its radius is about 4-10 times of the depth which the
indenter tip reaches [32,33]. Hardness values at the depths of hardness
peaks are affected by the whole plastic zone. The dpa levels and He
concentrations around their peaks are much higher than other regions
and defects around the peaks are much higher in density or size [34].
Therefore, we suggest the peak of local hardening in fact indicates the
effects of defects around the peak displacement damage and peak He
concentration regions. Moreover, Fig. 1(c) shows the indentation-depth
profiles of the Young’s modulus at various fluences. It is found that the
modulus decreases accordingly with the increase of irradiation fluences.
For comparing the modulus changes before and after irradiation, the
retention percentage of Young’s modulus depending on the irradiation
fluence is plotted in Fig. 1(d). Here, the retention percentage is defined
as the percentage ratio of the Young’s modulus after implantation to the
one before implantation. It can be seen that the Young’s modulus reten-
tion percentage decreases as the He fluence increases. When the fluence
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Fig. 2. Cross-sectional micrographs showing the morphol-
ogy of the MGs irradiated at different dosages; (a)
2.5 x 107 ions/cm?2, (b) 5.0 x 107 ions/cm2, and (c)
1.0 x 10'® jons/cm?. 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.

reaches 1.0 x 10! ions/cm?2, the Young’s modulus declines by about
20%. This reduction is related to the He irradiation induced structure
changes, such as the weakened atomic bonding and He bubble induced
porous structures [35].

TEM observations were conducted to examine the nanoscale
structure and He bubble evolution induced by the irradiation. The
cross-sectional TEM images of the MGs irradiated at various fluences
are presented in Fig. 2. As shown in Fig. 2(a), a band like structure
corresponding to the He concentration layer is clearly visible at a depth
from 400 nm to 600 nm (B region, the center of the He concentration
layer), which is deeper than the He projected range. More detail, many
small and irregularly voids are visible in the B region, suggesting a
relatively low mass/atomic number density. These are related to the
generation of He clusters. Whereas from the surface to about 300 nm
(A region, the edge of the He concentration layer), voids are barely
observed. However, at the moderate fluence, as shown in Fig. 2(b), a
He bubble layer appeared at the depth of 300 nm-650 nm below the
surface, and many well-defined He bubbles of irregular shapes were
concentrated in the B region. The He bubbles from the center to bottom
sides gradually decreased in size to a few nanometers. In contrast, at
the highest fluence, as shown in Fig. 2(c), the He bubble layer was
wider, and the He bubbles were larger. Meanwhile, the bubbles in the B
region began to coalesce and even overlap, and the edges became more
rounded and more distinct. The He bubble growth and overlapping
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process is similar to previous researches [36,37]. Moreover, as the flu-
ence increased, the He clusters in A Region continued to accumulate and
grow, eventually forming He bubbles of appreciable size at the highest
fluence. If the irradiation level continuous increased, the He bubbles
could not accommodate more helium to maintain a mechanical equi-
librium between the internal pressure and the sintering stress [38], and
then embrittlement occurred [39]. The selected-area electron diffrac-
tion (SAED) patterns were taken from the whole region including He
bubble layers, as marked with the white dotted box in Fig. 2(a—c). Only
one halo ring can be observed in both SAED patterns, indicating that the
MGs maintained a fully glassy structure without any nanocrystallizaiton
after irradiation. The radius of the diffraction halo decreased (from
0.9176 1/A to 0.8797 1/1&) with the increase in the irradiation fluence,
implying an expansion of the mean nearest neighbor atomic spacing
with an increase in the liquid-like zone content [28,40-42]. Xie et al.
[43] have reported that the hardness enhancement had been observed
in all He irradiated CusqZrysTis glassy alloy, due to both nanocrystal

formation and bubble formation. Here, He irradiation does not induced
nanocrystallizaiton in ZrTiHfCuBeNi MGs, which implying that the
localized hardness change may only be attributed to the bubble forma-
tion. Therefore, the bubble size and density distribution were calculated
to obtain quantitative information on the evolution of the He bubbles.
Fig. 3(a) shows the average bubble size in the irradiation direction.
At low fluence, the bubble size was almost evenly distributed, with an
average bubble diameter of ~3 nm. While at the moderate fluence, a
peak of the bubble size appeared at a depth of ~470 nm. The maximum
bubble diameter is about 15 nm. However, at the highest fluence, the
peak in the bubble size shifted to the right and the maximum bubble
diameter increased to more than 20 nm. The He bubble density Ny ppie»
which is the number of bubbles per unit area (25 nm x 25 nm) was deter-
mined at different depths. As shown in Fig. 3(b), there was no significant
difference in the He bubble density between 1.0 x 10'® and 5.0 x 107
ions/cm?, suggesting that the nucleation of the He bubbles might have
reached saturation. Fig. 3(c) shows the concentration of He atoms, as
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calculated by SRIM. Notably, the peaks of the calculated He concentra-
tion were all located at depths of ~450 nm. There was an apparent dif-
ference between the peaks of the He concentration and the bubble size
distribution. In fact, the SRIM-calculated depth-dependent dose level is
usually determined under the implicit assumption that the target does
not undergo any significant changes in volume during the process, in
particular SRIM ignores the effect of injected ions and void swelling
on the redistribution of the dose and injected ion profiles. However, in
the present study, continuous He penetration led to the microstructural
changes inside the glassy matrix, such as void swelling and He bubble
induced higher porosity. These microstructural changes further compli-
cated the injected ion and bubble profiles due to the volume averaged
change in MG density causing ions to penetrate to deeper depths com-
pared to fully dense materials [44-46].

Generally, in crystalline solids, irradiation hardening is ascribed to
the interaction of irradiation-induced defects, of which two types of
approximate defect hindrance models have been used. The Orowan
model [47,48] is used for strong hindrances (i.e., interstitials, intersti-
tial 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-
crease in the irradiation-induced liquid-like zones cause a decrease in
the global hardness. On the other hand, since He atoms have a very
small atomic radius and differ greatly from alloying atoms in MGs, it
is not likely that He atoms will diffuse in a way involving collective
movements. Also, as a noble gas, He atoms will not stick chemically
to other atoms. Their super fast diffusion and their low solubility fa-
vor bubble formation. Actually, the plastic deformation of MGs during
nanoindentation is essentially different from that in crystalline solids,
which is usually caused by intense shearing in narrow shear bands. The
plastic flow is confined in the tiny space along the indenter tip [52,53].
Therefore, the propagating shear bands will be inhibited or slowed once
they encounter a He bubble or its boundary during nanoindentation. On
the other hand, ion irradiation can result in the deformation transition
from a single shear band to the simultaneous operation of multiple shear
bands in MG [24,40,54,55], but the formation of He bubbles may also
affect the formation of multiple shear bands. As a result, the He bubble
may act as the obstacle to affect the motion of the local shear bands dur-
ing deformation, and eventually leading to the local hardness change.
Since no crystalline phases or precipitates have been detected in the
irradiated MGs, the increase in the localized hardness, AH, is closely re-
lated to the size and density of the He bubbles. The modified localized
hardness values have been plotted against d Ny, values at all three
irradiation fluences, as shown in Fig. 4. Interestingly, when the fluence
was below 1.0 x 10'8 ions/cm?2, the calculated d Ny, Was in good
agreement with the change in localized hardness. Here, we propose a
semiquantitative bubble-induced hardening model for MGs to describe
the dependence of the localized hardening on the He bubbles:

AH  dNpgppe (6]

where d is the average bubble size and Nype is the bubble density. In
addition, according to early studies of He bubble [56-59], elastic inter-
actions between two pressurized bubbles can lead to an attractive force
between them. As He bubbles grow rapidly, the attractive force between
them increases, which increases the internal stress inside the glassy ma-
trix and may lead to an increase in the local hardening in the areas of
He concentration [60]. However, at the highest fluence, the change in
localized hardness was not correlated with the calculated d Nyppe. In
my opinion, as the bubbles grow and exceed a critical size, the localized
liquid-like zone near the He bubbles do not provide sufficient space for
their continued growth. The overlapping bubbles may have a negative
effect on the localized hardening of the MGs. Moreover, the continuous
coalescence and overlapping of the He bubbles may have resulted in
large voids or open areas in the bubble layer, which eventually result in
softening because of the collapse of the glassy structure [23].
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Fig. 4. Calculated dN,,,,, as a function of depth and the local hardening for
He* irradiated MGs at various fluences.

4. Conclusions

The microstructure evolution and mechanical properties of ZrTiH-
fCuBeNi MGs under He irradiation were investigated. A localized hard-
ness change along ion irradiation direction was discovered under the
condition that He ion irradiation does not induced nanocrystallizaiton.
The peak position of the localized hardness shifted to the right as the
irradiation fluence increased, and this is accompanied by the nucleation
and growth of the He bubbles. In addition, coalescence and overlap of
the He bubbles were observed in the central region of the bubble layer.
The change in the localized hardness is well described by a semiquanti-
tative model based on the size and density of the He bubbles. However,
at high fluence, the overlapping bubbles might have a negative role on
the localized hardening in the MGs. The results of this study provide in-
sights into the effects of He bubbles on the hardness evolution in MGs.
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