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Abstract

In this work, doppler broadening spectroscopy (DBS) and positron annihilation lifetime
spectroscopy (PALS) measurements were employed to investigate the evolution of

irradiation-induced defects in Zr7oNi3p binary metallic glass exposed to 93.2 MeV



129Xe*** heavy-ion irradiation at room temperature. The combined results revealed that
ion irradiation initially increases the free-volume density with a homogeneous spatial
distribution up to a fluence of (< 2x10'* Xe cm™). In contrast, increasing fluence (>
2x10" Xe cm™), a reduction in open-volume defects was observed, which could be
related to structural relaxation accompanied by modifications in atomic arrangement and
defect distribution. Moreover, the correlation between the S-parameter and W-parameter
was discussed to identify the nature of defects affecting the performance of Zr7oNiso

metallic glass after ion irradiation.
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1. Introduction

Metallic glasses are considered promising structural candidates for nuclear reactors due
to their excellent resistance to irradiation damage. However, the formation and evolution
of defects at the atomic level under ion irradiation present an interesting challenge that
needs to be studied more thoroughly for their application in harsh operating conditions of
nuclear reactors [1, 2]. These environments, characterized by high temperatures varying
between 300°C to 700 °C, radiation damage levels reaching up to 100 displacements per
atom (dpa), and contact with corrosive compounds, are the main factors influencing the
degradation of construction materials, including Zr/ Ni-based alloys, and austenitic
stainless steels. The selection of each material is based on its specific properties, which
are tailored to particular applications in these environments [3]. Zr-based alloys, in
particular, exhibit a very low thermal neutron absorption coefficient (0.008 cm™),
excellent corrosion resistance [4]. Accordingly, they are considered the most prevalent

fuel rod cladding material, especially in light-water reactors (LWRs).



With the continuous advancement in nuclear technology, the accident-tolerance of Zr
alloy fuel claddings could be improved through several methods proposed in the
literature, such as (i) improving the Zr alloy cladding's oxidation resistance by applying
appropriate coatings, (ii) using alternative cladding materials that show superior
performance compared to Zr alloys, (iii) using the suitable fuel systems that exhibit better
thermal conductivity and density [5]. Many researchers have focused on coating layers as
thin protective surfaces to improve corrosion or oxidation resistance [6, 7, 8]. Thin film
metallic glasses (TFMGs) have emerged as one of the promising coating materials in
nuclear structural applications [9]. Specifically, MGs are characterized by a disordered
structure and lack of crystalline defects (for example, dislocations and grain boundaries),
which usually exist in crystalline materials. This structure is responsible for unique
mechanical characteristics, including a high hardness (typically ranging from 5 to 10
GPa), significant yield strength (up to 2 GPa), and relatively high fracture toughness
compared to their crystalline counterparts [10, 11]. For example, Wei et al. [12]
elaborated on the Cu—Zr—Al TFMGs by magnetron sputtering process, reporting good
resistance to corrosion and reached higher values for both elastic modulus (145.92 GPa)

and hardness (8.18 GPa).

To understand the behavior and performance of these materials in nuclear facilities,
different types of particles, such as neutrons [13], electrons [14], and ions [15, 16] have
been used in both experimental and simulation studies. Nagase et al. [17] found the
formation of nano-crystalline phases in Zres7Pd333 and Zres7Cuszz MGs after 2 MeV
electron irradiation. On the other hand, despite radiation exposure, the initial amorphous
structure was retained in Zrsz sCu179Ni146Al10Tis and ZrsaNixgAlig MGs irradiated by Ni
flux of 3 MeV and 12 MeV, respectively [18, 19]. These contradictory findings can be

attributed to the fact that sufficient energy deposited to atoms during irradiation induces



displacements of atoms, leading to high-density fluctuations (a couple of free volumes
with anti-free volume) and subsequently improving atomic mobility. The change in
atomic structure allows the formation of a new phase incorporated in MGs [20].
Moreover, irradiation has been demonstrated to enhance the corrosion resistance of MGs
significantly [21], which mainly offers their possibility to use in industrial field
applications, particularly in irradiated environments [8, 22]. For instance, Blink ez al. [23]
proposed the application of Fe-based metallic glass coating in nuclear waste containers

to store spent nuclear fuel.

Furthermore, the evolution of the mechanical properties against irradiation lacks
sufficient clarity. Previous studies have reported both hardening and softening effects.
Chen et al. [24] found that at a high radiation dose (1dpa), the precipitate of He bubbles
with an average size of 8.23 + 1.84 nm and the decrease in free volume could be potential
factors contributing to the hardening of ZrssCusoAl10Nis MG, as evidenced by an increase
in hardness from 5.78 GPa to 6.06 GPa (~ 4.8 % rise). In contrast, Sadeghilaridjani et al.
[25] found a reduction in mechanical properties due to an enhancement in the amount of
free volume without altering the disordered atomic structure. Unlike crystalline materials,
MGs exhibit the self-healing process of defects in their microstructure [2]. In other words,
the rearrangement of free volume leads to annihilating defects induced by irradiation.
More generally, it has been shown that changes in the functional behavior of MGs (e.g.,
mechanical, chemical, etc.) after irradiation exposure are linked to modifications in their
atomic structure, and the variation of free volume, defined as the surplus atomic volume
from that the ideal dense, disordered structure [26]. Consequently, understanding defects
at the atomic level is key for predicting the performance of MGs in practical applications.
However, the study of defects generated by irradiation incidence in MGs is limited in the

literature, particularly in binary Zr-Ni systems, with only a few publications discussing



the structure and impact on the performance of these materials [16, 2,27, 28]. In addition,
The Zr-Ni system serves as a simple model binary alloy for studying irradiation effects
due to the high glass-forming ability (GFA) with different composition. The specific
metallic glass with a composition Zr70Nizo was selected because it lies proximity to the
amorphization boundary and exhibits high mechanical properties (hardness and strength),

as previously reported [ 29].

The present research investigates the defects and the evolution of the free volume
generated in binary Zr-Ni metallic glass irradiated by swift heavy ions using the positron
annihilation spectroscopy (PAS) procedure. PAS is particularly sensitive to microscopic
empty spaces and enables high-precision detection of free volume, making it an excellent
tool for studying irradiation-induced defects. In this work, we primarily focus on the
analysis of the Doppler Broadening Spectroscopy (DBS) depth profile, while the Positron
Annihilation Lifetime Spectroscopy (PALS) data serving as supporting information to
complement the findings, highlighting the impact of irradiation fluence on the types of
defects and their evolution. This investigation extends the previous research [30], which
concluded that heavy ion irradiation can induce surface smoothening, leading to enhanced
corrosion resistance and modified mechanical properties (initially decreased hardness,
followed by an increase at higher fluence).

2. Experimental procedures

2.1. Material and sample preparation

Zr70Ni30, TFMGs with an average thickness of approximately 1.2 um, was deposited onto
a monocrystalline Si substrate by magnetron sputtering. The sputtering technique was
performed using a suitable target of 99.99 % pure Zr and 99.95 % pure Ni. Further details

for the sample preparation can be found in our previous work [31].



2.2. Irradiation experiments

The heavy ion irradiation experiment was performed at room temperature in GANIL
(Caen, France) using the IRRSUD experimental line. The metallic glass Zr;0Nizo was
subjected to 93.2 MeV 2Xe?** heavy ions at fluences ranging from 5x10'? ions cm™ to
8x10'3 Xe cm~. Each part of the five samples was masked with an aluminum sheet, which
served as a reference for comparison with the irradiated one. A simulation with SRIM
(Stopping and Range of Ions in Matter) code [32] indicates that the Xe ion interaction
with Zr7;0Nizo was dominated mainly by electronic energy losses (S,.), and the energy
transfer mainly occurs through inelastic collisions (see Figure 1).

2.3. Positron annihilation techniques

The positron annihilation techniques are non-destructive processes used to probe the open
structures of solid materials [33], including both crystalline [34] and amorphous systems
[35]. In particular, Positron Annihilation Lifetime Spectroscopy (PALS) is a direct way
for characterizing free volume. It is often used to measure the open spaces and free
volumes within various samples. In this study, PALS measurements were performed
using a fast-fast coincidence system, measuring the time interval between two y-rays: the
y-ray of 1274 keV serving as the start signal and accompanied by positron emission, and
the y-ray of 511 keV, produced by positron annihilation, indicating the stop signal. The
positron source was prepared by depositing a solution of about 30 pCi of 2NaCl on a thin
aluminum foil (5 pm thick), which was then sandwiched between two sample
components. Due to the limited availability of film samples, only one film sample was
used per measurement. One side consisted of the film covered, while the other side was
the silicon (Si) substrate. Positrons emitted from the source (**Na encapsulated in Kapton)
have an energy spectrum ranging from zero up to 546 keV, with an average energy of

approximately 182 keV. The low energy positrons around 29 keV, primarily annihilate



within the thin films, while the high energy positrons penetrate through the metallic glass
Zr70Ni30 and implant into the underlying silicon substrate.

For the y-ray detection, a plastic scintillator (BC422, Saint-Gobain Crystals, Ohio, USA)
coupled to the photomultiplier tubes (PMT R2059, Hamamatsu Photonics Deutschland
GmbH, Herrsching, Germany) mounted on a PMT Base (265A, Ortec AMETEK GmbH,
Meerbusch, Germany) operating at negative 2010 volts was used. Two constant fractional
differential discriminators (CFDD 583B, Ortec AMETEK GmbH, Meerbusch, Germany)
were used for the window settings of 1274 keV and 511 keV and for generating timing
signals. A time-to-amplitude converter (TAC 266, Ortec AMETEK GmbH, Meerbusch,
Germany) was used to convert pulses of different heights into a time-to-pulse-height
signal. The converted signals were then fed to a multichannel analyzer (Ethernim MCA
919E, Ortec AMETEK GmbH, Meerbusch, Germany). The spectroscopic data obtained
from MCA were analyzed using the LT-92.3 software [36] to determine the lifetime and
intensity, thus providing information on the free volume. The system's resolution was
about 320 ps, and a million counts were recorded for each run.

In addition, Doppler Broadening Spectroscopy (DBS) has been performed. This positron
technique is based on the Doppler broadening of the annihilation gamma, offering
valuable insights into the momentum distribution of the annihilated electron-positron
couples. When a positron comes into contact with an electron in a material, the
momentum of the combined positron-electron system in the annihilation direction is
transmitted to the 511 keV gamma line from annihilation, causing it to broaden due to the
Doppler shift [37, 38]. The Doppler broadening spectrum can be divided into five distinct
parts, focusing on the center and wing parts. Sharpness (S) and wing (W) parameters are
measured by how much the center and wing parts of the peak cover the overall area of

the peak [37, 38]. The S parameter, which is related to the low momenta of valence



electrons, varies due to positron annihilation in the vacancy defects and within the free
volume of the material. Variations in the S parameter have been widely reported in the
literature as an indicator of changes in free volume within metallic glasses (MGs) [39].
In contrast, the W parameter, related to the high momenta of core electrons, varies with
the chemical defects.

3. Results and discussion

3.1. Analysis of coincidence Doppler broadening spectroscopy data

Figure 2 presents six profiles of the S-parameter as a function of positron incident energy
and the corresponding mean depth for both non-irradiated and irradiated Zr70Nizo TFMGs
at different fluences. All the profiles are irregular at shallow depths (below 1 keV,
corresponding to a mean depth of 5.54 nm) due to the diffusion of positrons and their
annihilation near the surface. However, with further increase in depth, all profiles
gradually reach a plateau, where the S-parameter converge to stable values. This plateau
indicates a homogeneous distribution of defects in the bulk region for all samples. The
recorded profiles show a similar trend to those reported for the advanced metallic systems
[40]. The data collected within the positron energies above 1 keV will be considered to

describe the characteristics of annihilation positron-electron in the samples.

Compared to the non-irradiated sample, the S parameter of irradiated films increases with
increasing ion fluence up to 2x10' Xe cm™ and beyond displays a slight decrease. The
evolution of Doppler characteristics is more evident in Figure 3, where the average values
of the § parameter (<S>) are plotted as a function of the Xe ion fluence. It is evident that
the <S> parameter increases from 0.51 + 1.8x107% in the unirradiated film to almost 0.52
+ 1.8x107 in the film irradiated at 2x10'* Xe cm™. The increase of the <S> parameter in

the first phase can be explained by generating free volumes within the irradiated films.



Similar behavior was observed by Sue et al. [41] in Fe-based MGs under 28.8 MeV Ne!%*
ions irradiation. Subsequently, the S-parameter slightly decreases and remains unchanged
despite further increasing irradiation fluence to 4x10"* Xe cm? and 8x10" Xe cm™,
indicating a reduction in the amount of free volume. Qiu ef al. [42] reported that 3 MeV
Au?" ion irradiation induced changes in free volume, which affected the mechanical
properties of NisoNbioZrisTi1sPt7.5Cu2s MG. They demonstrated that the free volume
formed at low doses (0.49 and 4.9 dpa) can be annihilated at higher doses (49 dpa),
suggesting the formation of regions with local order. Furthermore, another study has
demonstrated a good correlation between the increase in defects and displacement
damage generated by irradiation [43]. This relationship is particularly pronounced at low
fluences, where structural changes in the irradiated thin film are primarily driven by an
increase in free volume rather than the modifications in the glassy atomic configuration.
However, the accumulation of free volume during cascade collisions reaches a threshold
due to saturation effects. As aresult, it's possible that the local atomic arrangement relaxes
into more stable configurations, thereby reducing the open volume available for positron
annihilation. Such changes in defect types can significantly affect the shape parameter,
highlighting the interplay between irradiation-induced defects and structural relaxation

mechanisms.

As well known, the slope of the S- curve serves as a fingerprint to identify the type of
defects [44]. Therefore, to define these defects, the surface effect from the samples was
removed based on the aforementioned data. Consequently, we plotted the curve of the S-
parameter versus the W-parameter (S, W), as depicted in Figure 4 (a). The dotted black
line represents the linear fit of all data points with a slope towards (-0.54 + 0.06). The
linear correlation between S-W points signifies the presence of a single type of defect. In

the current study, the data points (S, W) of samples irradiated at 5x10'%, 1x10'3, and



2x10'3 Xe cm™ are represented by the colors red, blue, and magenta, respectively. These
points gradually shift towards higher values of the S-parameter and lower values of the
W-parameter. They are distributed approximately around the fitted straight line, reflecting
that a unique type of defect predominates in these samples. Sue ef al. [41] observed a
similar distribution in the FesoSi7B13 MG irradiated at 4.6x10'> Ne cm™. As the irradiation
fluence increases, the appearance of dispersed points below the fitted line suggests the
presence of additional defect types. Hence, the positron annihilation mechanism is not

identical. Thus, the process of positron annihilation does not follow the same mechanism.

To clarify this point, we plotted the average values of <S> and <W>, normalized to the
unirradiated reference values Su.i, and Wi, respectively, as demonstrated in Figure 4 (b).
From this figure, two distinct slopes are clearly observed. The first straight line represents
the best correlation - a linear relationship - of the normalized data (Snor, Whor), €xhibiting
a negative slope at lower fluences (< 2x10" Xe cm™), indicating the presence of an
identical annihilation site where positron trapping occurs. This confirms that a single type
of defect is present in each sample. However, at high fluences (> 2x10'3 Xe cm™), the
normalized data (Snor, Whor) shift towards the bottom and to the left, with a significant
change in slope, revealing the presence of a different type of defect. Flores et al. [45]
previously demonstrated that shifts in the distribution of the S-W points indicate that
positrons annihilate at different annihilation sites, reflecting structural changes that could
be associated with crystallization. In the present case, the specimen exhibits significantly
lower <S> and <W> values, suggesting that positrons predominantly annihilate at
different sites. This implies a structural modification that alters the nature of positron
interactions, likely due to changes in atomic arrangement and defect distribution. This
observation is in accordance with the ion track formation. It is well known that high-

energy swift heavy ions (SHIs) induce intense electronic excitations along their ion path,
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leading to phenomena such as ion track via electron-phonon interactions. At high fluence,
the ion tracks probably accumulate, which is responsible for the material's properties of
Zr70Nizo0 MG. Furthermore, point defects can be generated near the track formed under

irradiation, reducing the free volume.

3.2. Positron annihilation lifetime spectroscopy (PALS)
The deconvolution results of the measurement PALS before and after Xe ion irradiation,

are summarized in Table 1.

The positron lifetime profile of the virgin Zr;oNizo metallic glass consists of three
components (7, 7, and 73), each corresponding to the trapping of positrons in different
types of open-volume regions at the atomic scale. The first component (7;) is the shortest
lifetime, which is attributed to the intrinsic micro-voids, similar to Bernal holes, located
between regions of short-range atomic order. This component mostly reflects structural
characteristics and includes contributions from para-positronium (p-Ps). For this work,
the p-Ps is neglected due to its extremely short lifetime. The second lifetime component
(7») represents a combined signal from both the Zr70Niso thin film and the silicon (Si)
substrate. The positron lifetime in defect-free crystalline silicon has been experimentally
determined to be approximately 220-230 ps. This range is consistent with theoretical
calculations and experimental measurements reported in the literature [46]. However, the
7, values obtained in our measurements are significantly higher ranging from 0.247 to
0.272 ns. The value of positron lifetime before irradiation (7, = 0.272 ns) is in good
agreement with previous studies for Zrs2TicAlioCuigNii4 MG, which reported a 7, value
of approximately 0.277 ns [47]. This value is also comparable to those observed in binary

ZreoNigo and ZrsoNiso MGs, where 7, values are around 0.24 ns and 0.22 ns, respectively
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[48]. This confirms that lifetime 7, originate from open-volume within the MG rather
than from the Si substrate [46]. The implantation profiles for both the metallic glass and
silicon substrate (see supplemental file) demonstrate that while the many positrons
penetrate deep into the silicon, a significant fraction are implanted at lower energies (<
30 KeV), within nanometer-scale depths in the film. These near-surface regions are
particularly sensitive to defect formation due to the irradiation process. The presence of
these defects enhances positron trapping, thereby prolonging the residence time of
positrons, and affecting the lifetime spectrum, mainly the lifetime (z,) and its intensity
(I2). Since the contribution of the positron lifetime from the Si substrate remains relatively
constant, it can be inferred that the observed variation in the lifetime spectrum is primarily
attributed to the irradiation-induced modifications in the ZrjoNiso film. Therefore, the
second lifetime (7;) is interpreted as a reflection of the free volume within the densely
packed disorder structure of the MG. The 7, value of 0.272 ns, with an associated
intensity of 61.3 % for the unirradiated specimen demonstrates the incorporation of
significant free volume into the prepared amorphous metallic glass. This is expected, as
sputtering is a highly non-equilibrium technique that tends to produce materials with high
free volume content. These results are consistent with the findings of Yavari et al. [49],
who identified excess free volume in metallic glasses. The last component ( 73), represents
the longest lifetime, characterized by lowest intensity, and assigned to the lifetime of
ortho-positronium (o-Ps). This appears when positrons are trapped in regions of low
electron density, such as voids or holes formed during the preparation process [50]. The
observed three component (7;, 7, and 73) for the prepared sample, are in agreement of
those reported for other metallic glasses [50, 51]. Similarly, Yang et al. [2] reported three

comparable lifetime components in a binary metallic glass.

It is clear that the lifetime value (7,) is higher than the corresponding values reported in
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the literature for the bulk of both Zr and Ni, and it differs from the positron trapping in
the monovacancies of the two metals [52]. This suggests the absence of vacancy defects,
probably due to the structural relaxation occurring after ion irradiation.

The evolution of the second positron lifetime component (7,) and its intensity (/2) with
Xe ion fluence is presented in Figure 5. As the ion irradiation fluence increases up to
2x10" Xe ecm™?, 7, decreases from 0.272 ns to 0.247 ns, corresponding to a relative
reduction of approximately 9 %, while > increases from 61.3 % to 75.9 %, (24.8%
increment), revealing an inverse relationship between these parameters. The increase in
D> suggests a higher concentration of free volume defects, as more positrons are trapped
within the irradiated thin film. This behavior is attributed to atomic displacements,
resulting in loosely atomic packed regions, and the generation of additional free volume.
Simultaneously, the decrease in 12 reflects a reduction in the average size of these free
volumes, which facilitates faster positron annihilation at trapping sites. This trend
suggests a redistribution of free volume, leading to a more homogeneous distribution of
smaller voids throughout the MG. Before irradiation, positrons in metallic glasses are
predominantly trapped in pre-existing shallow open-volume regions [53]. However, high-
energy ion irradiation generates new defects that serve as more effective positron traps
compared to the original ones. Previous study [2] has reported that vacancy-like defects
induced by irradiation in metallic glasses are unstable and tend to transform into extensive
free volumes. Similar increase in free volume fraction has been observed both
experimentally by Bian ef al. [54], and in molecular dynamics simulations by Avchaciov
et al. [55]. Overall, at low fluences (<2x10'* Xe cm™), ion irradiation promotes the
homogeneity of smaller free-volume defects distribution in Zr70Nizo MG.

As the ion irradiation fluence increases to 4x10'* and 8x10'3 Xe cm™, both 7, and I,

tend to reach a saturation level. Although 7, shows a slight increase at 4x10'* Xe cm2, it
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remains below its initial value, reflecting an overall reduction of ~7%. Meanwhile, the
intensity I, gradually decreases, probably due to a diminished in the number of open-
volume defects. Hori et al. [43], reported a significant reduction in free volume in
ZrsoCusoAlio metallic glass irradiated by 2.5 and 200 MeV Xe ions at fluences of 1x10'*
Xe cm™ and 1x10'* Xe cm2 respectively, without making any crystallization. This
behavior is mainly attributed to structural relaxation. Similar structural relaxation has
been observed in Zr-based MG at high irradiation doses (4 dpa), which resulted in
increased hardness from 6.19 to 6.49 GPa [56]. Nagel et al. [57] also reported a decrease
in free volume during the annealing process of ZrssAl7sNijoCuizs metallic glass,
consistent with our findings. These observations imply that changes in defect
concentration, rather than defect size, play a more significant role in determining the
material properties and trapping characteristics under heavy ion irradiation. At higher
fluences, both parameters remain nearly constant, indicating a saturation point, where
further irradiation does not significantly alter the positron trapping characteristics.
Notably, in comparison to the DBS results, the intensity I, exhibits a trend similar to that
of the Doppler broadening S-parameter under xenon irradiation conditions (see Figure 3
and Figure 5). This variation in I,, i.e. defect density, further supports its role as a

complementary parameter to S following ion irradiation.

Additionally, from the Table 1, it is clear that both the third positron lifetime (z3) and its
intensity (I3 ) decrease considerably with increasing irradiation fluence. Specifically, 73
decreases from 1.92 £+ 0.037 ns for the unirradiated sample to 1.49 + 0.041 ns, while I3
drops from 1.90 + 0.031 % down to 0.768 £+ 0.022 %, respectively. This reduction
suggests changes in the distribution of the density fluctuation within the disordered

structure of the metallic glass, likely affecting both the size and the abundance of voids

14



or holes. Comparable values were recorded by Vishwanath et al. [47] and Flores et al.
[50]. Moreover, the concentration (I3) is negligible. Hence, we focus only on 7, and I,
data, which describe the significant characteristics of positron annihilation in Zr70Niso
MG.

The above results demonstrate a strong correlation between the evolution of the intensity
(I,) and the S-parameter, supporting the evolution of the mechanicals properties [30]. In
particular, structural relaxation occurs through a gradual decrease in free volume size,
which can lead to changes in defect distribution. Supplementary research using the
transmission electron microscopy (TEM) is required to determine the nature of defects at

high-fluence irradiation.

4. Conclusion

In this investigation, the defect evolution of deposited Zr70Ni3o thin-film metallic glass
after 93.2 MeV xenon heavy ion irradiation at room temperature was studied using
advanced positron annihilation spectroscopy technique. At low fluences (<2x10" Xe cm’
%), the S-parameter increased initially, and positron annihilation lifetime spectroscopy
(PALS) revealed that ion irradiation promotes a more homogeneous distribution of
smaller free-volume defects, resulting in changes in the distribution of the short-range
order. At higher fluences (up to 2x10'* Xe cm™?), the S parameter, I, and 7, values
decreased slightly and approached saturation. Moreover, the S-W analysis indicated a
change in the type of defect beyond this fluence, suggesting the formation of defects near
the ion tracks. Further investigation is necessary to elucidate the structure of these defects.
These results demonstrate that Zr;oNizo metallic glass exhibits excellent resistance to

defect accumulation, depending on the level of irradiation fluence.
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Figures captions

Figure 11111+. Distribution of electronic energy loss (S,) and nuclear energy loss (S,,) as
a function of depth for 93.2 MeV Xe ions in Zr7oNiz metallic glass. The shaded

rectangle in the plot indicates the thickness of the analyzed film.

Figure 2. Evolution of S parameter versus positron incident energy (keV) as well as the
depth (nm) for Zr;0Ni3 metallic glass before and after Xe ion irradiation at different
fluences with the standard deviation. The shaded rectangle in the plot indicates the surface

effect.

Figure 3. Variation of the average <S> parameter as a function of irradiation fluence for

Zr70N1i30 metallic glass. The short-dotted lines for guiding the eye.

Figure 4. (a) S-W curve for unirradiated and irradiated Zr70Ni3o metallic glass with the
standard deviation. The short-dotted line represents the linear fit of the data points, (b)
The calculated normalized W, parameter (<W>/W ;) versus Syo-parameter (<S>/Sun;) for
unirradiated and irradiated Zr7o0Nizo metallic glass. The red line represents the best

correlation of the data points (Suor, Wior).

Figure 5. Fluence irradiation dependence of the lifetime component (7,) (red triangles)
and the corresponding intensity (I;) (blue triangles) for Zr7oNizo metallic glass with the

standard deviation. The short-dotted lines are interconnecting to the data.
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Tables

Table 1. Positron annihilation lifetimes components (7,7, and 73) with their

corresponding intensities (I;, I; and I3) for the virgin and irradiated Zr70Ni3p metallic

glass at different fluences.

Table 1.
7, (ns 7, (ns 73 (ns
Irradiation fluence (Xe cm™?) () z (o) 2 (1)
I (%) I (%) I3 (%)

0 0.150£0.001 0.272+0.0009 1.924+0.037
(36.840.390) (61.3+0.380)  (1.90+0.0310)
0.148+0.002 0.271£0.0007 1.93+£0.048

5%10'
(31.140.350) (67.5+0.350)  (1.45+0.0310)
X103 0.148+0.002 0.257+0.0009 1.70+£0.076

X
(25.540.620) (73.9+0.620) (0.690+0.0320)
0.151£0.002 0.247+0.0004 1.77£0.049

2x10"3
(23.940.170) (75.9+0.170) (0.588+0.0220)
0.151£0.001 0.253£0.0005 1.66+0.053
4x10"
(26.140.230)  (73.3£0.230) (0.680+0.0220)
0.154+0.001 0.252+0.0004 1.49+0.041
8x10"3
(26.4+£0.170) (72.8+£0.170) (0.768+0.0220)
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