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Abstract

The assessment of irradiation effects in metallic glasses is important considering the renewed interest
for this class of material for a variety of nuclear applications. The Zr,(Niz thin films metallic glass
(MG) deposited on Si substrate by magnetron sputtering technique were exposed to 93.2MeV
129Xe*** heavy-ion irradiation at room temperature, covering a range of ion fluences from
5%10"%ionscm ™ to 8 x 10" *ionscm 2. The evolution of the irradiation-induced defects in Zr,(Nis
MG has been investigated using Doppler broadening spectroscopy (DBS) and positron annihilation
lifetime spectroscopy (PALS). Three lifetime components were distinguished, indicating the presence
of different types of open-volume regions at the atomic scale in thin film. The combined results of
both DBS and PALS demonstrated that ion irradiation initially increases the excess free-volume
density with a homogeneous distribution up to a fluence of (<2 x 10"*ionscm ™). In contrast, with
increasing fluence (>2x 10"%jonscm ?), a reduction in excess free-volume was found, which could
be related to structural relaxation accompanied by modifications in atomic arrangement and defect
distribution. Moreover, the correlation between the shape and wing parameters provides a basis to
identify the nature of the defects, indicating that the type of defect changes at the higher fluence of
4x10"ionscm > and 8 x 10"*ionscm %, which affects the performance of Zr,,Nis, metallic glass after
ion irradiation.

1. Introduction

Metallic glasses are considered as promising structural candidates for nuclear reactors due to their high
resistance to irradiation damage. However, the formation and evolution of defects at the atomic level under
irradiation needs to be studied more thoroughly before application in harsh operating conditions of nuclear
reactors [ 1, 2]. These environments, characterized by high radiation damage levels extended to 100
displacements per atom (dpa), elevated temperatures changing between 300 °C to 700 °C, and contact with
corrosive substances, control the durability and degradation of structural nuclear materials. The selection of a
material is based on its specific properties with respect to the constraints induced by these environmental

© 2026 IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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factors, which vary as a function of the position in the reactor core [3]. Zr-based alloys, in particular, exhibit a
very low thermal neutron absorption coefficient and excellent corrosion resistance [4]. Accordingly, these
alloys are considered the most prevalent fuel rod cladding material, especially in light-water reactors (LWRs).

With the continuous advancement of nuclear technology, there is pressure to keep improving accident-
tolerance of Zr alloy fuel claddings through several strategies proposed in the literature, such as (i) enhancing
the Zr alloy cladding’s oxidation resistance by applying suitable coatings, (ii) using alternative cladding materi-
als that show outstanding performance compared to Zr alloys, (iii) introducing appropriate fuel systems that
show better thermal conductivity [5]. Numerous researchers have focused on coating layers as thin protective
surfaces to improve corrosion or oxidation resistance [6, 7]. Thin film metallic glasses (TFMGs) have emerged
as one of the suitable coating materials in nuclear structural applications [8]. Specifically, metallic glasses (MGs)
are characterized by a structure with atomic disorder and the absence of crystalline defects (for example, grain
boundaries and dislocations), which are ubiquitous in crystalline materials. This structure is responsible for the
salient mechanical characteristics, including a significant yield strength (up to 2 GPa), high hardness (ranging
from 5 to 10 GPa), and relatively high fracture toughness in comparison with their crystalline counter-
parts[9, 10].

To understand the behavior and performance of metallic glasses (MGs) in nuclear facilities, different types
of particles, such as neutrons [2], electrons [11], and ions [ 12, 13] have been used in both experimental and
simulation studies. Irradiation has been demonstrated to significantly enhance the corrosion resistance of MGs
[14], which provides further motivation for application in irradiated environments [ 15]. For example, Huang
etal[16] investigated the corrosion behavior of Fe-based metallic glass and demonstrated its performance for
applying in nuclear waste environments to store spent nuclear fuel.

According to theliterature, radiation induces different types of defects in amorphous alloys. Petrusenko
etal[17] reported the creation of vacancy-like and interstitial-like defects, corresponding to density fluctua-
tions created along ion tracks in metallic glasses under electron irradiation (E.=2.5MeV). At the atomic scale,
irradiation in metallic glasses generates excess free volume, thereby reducing the atomic packing density. This
excess free volume is referred to as free volume in much of the literature. The free volume is commonly defined
as the surplus atomic volume relative to an ideal dense, disordered structure [18]. While both terms are often
used interchangeably, ‘free volume’ applies strictly to specific free-volume models. In this work, to avoid ambi-
guity, we designate the additional volume as excess free volume, consistent with our positron annihilation
spectroscopy analysis. Depending on the irradiation conditions, the excess free volume in metallic glasses can
either increase or decrease: in the case of an increase, structural rejuvenation is promoted and softening may
occur, whereas a decrease enhances structural relaxation and may lead to hardening [19, 20]. Molecular
dynamics simulations further suggest that, unlike crystalline materials, amorphous metallic glasses exhibit a
self-healing process in their internal microstructure [2]. High-resolution transmission electron microscopy
(HRTEM) observations have also shown that irradiation with 2MeV electrons induces nanocrystallization and
the formation of nanocrystalline phases in Zrge ;Cus; 3 and Zrgg ;Pd33 3 metallic glasses (MGs) [21].

Overall, irradiation-induced modifications in the atomic structure are directly linked to changes in the
functional properties of MGs, including their mechanical and chemical behavior. Understanding these defects
at the atomic scale is therefore essential for predicting the performance of MGs in practical applications. Such
effects are typically characterized using several techniques, including transmission electron microscopy (TEM),
atom probe spectroscopy for compositional analysis, and positron annihilation spectroscopy (PAS). The latter
has been widely used and remains the best technique for probing open-volume defects (void spaces) as well as
their associated chemical environments [22].

The positron annihilation lifetime spectroscopy measurements revealed a substantial concentration of
vacancy-like defects in H~Nb—Ta—Ti-Zr high-entropy amorphous films [23]. A study by Onodera et al[13]
demonstrated that irradiation with 10MeV I’ * ions produced no significant change in the coincidence Doppler
broadening (CDB) ratio of the Zr5oCuyoAl; o metallic glass, suggesting the absence of long-range atomic reor-
dering. However, a reduction in positron lifetime was also observed under all irradiation conditions, indicating
a decrease in excess free volume, which is linked to inelastic collisions with electrons throughout irradiation.
According to Fukumoto et al [24], positron lifetime of ZrCuAl MG increased after electron irradiation
(E.=2MeV), indicating an enlargement of the excess free volume without affecting the atomic arrangement.
whereas, Xe-ion irradiation (Ex,=200 MeV) caused a decrease in positron lifetimes, suggesting that the excess
free volume is reduced and the amorphous structure is maintained after ion irradiation.

Nevertheless, limited experimental studies are available for Zr-based systems under irradiation, particularly
those conducted using positron annihilation spectroscopy (see [13, 25, 26] and the references therein), motivat-
ing the present study. The Zr-Ni system serves as a model binary alloy to investigate irradiation effects because
of its high glass-forming ability (GFA) with different compositions as well as its well-reported structural prop-
erties in the literature. Particularly Zr,(Ni;o metallic glass was selected for its proximity to the amorphization
boundary and exhibiting good mechanical properties, like hardness and strength, as previously reported [27].
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Figure 1. Distribution of electronic energy loss (S,) and nuclear energy loss (S,,) as a function of (a) incident Xe ion energy and (b) the
penetration depth in Zr,(Niso metallic glass. The shaded area in the plot indicates the film thickness.

This research studies the evolution of ion irradiation-induced defects in binary Zr-Ni metallic glass using
the PAS technique. This latter is sensitive to microscopic open-volume defects, and has high detection preci-
sion. We primarily focus on the analysis of the Doppler broadening spectroscopy (DBS) depth profile, while the
positron annihilation lifetime spectroscopy (PALS) data provides supporting information to complement our

findings. The goal is to highlight the impact of a range of ion fluences on defect formation and evolution, as
reflected by variation in DBS and PALS characteristics. This investigation extends the previous research [28],
which reported that heavy-ion irradiation can induce surface smoothening, leading to enhanced corrosion
resistance and a complex variation of the hardness.

2. Materials and methods

2.1. Material and sample preparation

Zr;oNi3p, TEMG with an average thickness equal to ~1.2um, 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. Additional details on the sample preparation are available in previous work [29].

2.2.Irradiation experiments
The heavy-ion irradiation experiment was performed at the GANIL (Grand Accélérateur National d'Tons

Lourds) laboratory by employing the IRRSUD (IRRadiation SUD) experimental line at room temperature. The

Zr;oNiso metallic glass films were subjected to 93.2MeV '2°Xe?>" heavy-ions irradiation over a range of ion
fluences from 5x10'? ions cm™ > to 8 x 10'? ions cm 2. Part of the five samples was masked with aluminum
sheets, which served as a reference for comparison with the irradiated regions. A simulation with the SRIM
(Stopping and Range of Ions in Matter) software [30] indicates that the interaction of Xe-ions with Zr,oNiszo

MG is predominantly governed by electronic energy losses (S,), consequently, the energy transfer mainly occurs

through inelastic collisions (see figures 1(a) and (b)).

The TRIM simulation results were determined using the SRIM software relying on detailed calculation with
full damage cascades for 10,000 incidents ions. As illustrated in figures 2(a),—(d), the mean projected range Xe
ions is approximately 7.1 ym. In addition, the total damage induced during the collision cascade is mostly
attributed to vacancy creation (78,749 vacancies per ion) then the replacement collisions (1,808 events per ion)
occurring in the Zr,(Ni,, target. During irradiation, a small proportion of Xe ions directly interact with lattice
sites, whereas the most prominent interactions occur with the target electrons of the thin film, indicating that

most of incidention energy is dissipated through the ionization mechanism. These results demonstrate that
electronic energyloss (S,) is the primary process responsible to irradiation-induced defects in the Zr,oNi;,
thin film.

2.3. Positron annihilation techniques

The positron annihilation techniques are non-destructive processes that probe the open structures of solid
materials, including both crystalline [31] and amorphous systems [32]. In particular, positron annihilation
lifetime spectroscopy (PALS) is a direct technique for characterizing free volume. In this study, PALS
measurements were performed using a fast-fast coincidence system, which determines the time interval
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Figure 2. TRIM simulation results for 93.2MeV Xe ion irradiation of the Zr,(Nis, thin film (a) Schematic representation of the 2D
view of Xe ions trajectories at Y-axis passing through the target material, and 3D views of (b) total damage, (c) target ionization, and
(d) target phonons induced during irradiation, as determined using the SRIM code.

between two y-rays: the y-ray of 1274 keV serves as the start signal and is accompanied by positron emission,
and the v-ray of 511keV, produced by positron annihilation, indicates the stop signal. The positron source was
prepared by depositing a solution of about £2Ci of **NaCl on a thin aluminum foil (5 yzm thick), which was then
sandwiched between two samples. Only one film sample was used per measurement; however, the
measurements were repeated to obtain accurate statistical data for each irradiation fluence. One side consisted
of the covered film, while the other side was the silicon (Si) substrate. Positrons emitted from the source
(**NaCl encapsulated in Kapton) have an energy spectrum ranging from zero up to 546keV, with an average
energy of approximately 182keV. The low energy positrons around 29keV, primarily annihilate within the thin
films, while the high energy positrons penetrate through the metallic glass Zr;(Ni;p 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 1274keV and 511keV 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 spectro-
scopic data obtained from MCA were analyzed using the LT-92.3 software [33] to specify the lifetime and inten-
sity. The system’s resolution was around 320 ps, and a million counts were recorded at each PALS
measurement.

In addition, Doppler broadening spectroscopy (DBS) has been conducted. This positron technique is based
on the Doppler broadening of the annihilation gamma; it offers valuable insights into the momentum distribu-
tion of the annihilated electron-positron couples. When a positron comes into contact with an electron in a
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material, the momentum of the combined positron-electron system in the annihilation direction is transmitted
to the 511keV gamma line from annihilation, causing it to broaden due to the Doppler shift [34, 35]. The
Doppler broadening spectrum can be divided into five distinct parts, focusing on the center and wing parts. The
sharpness (S) and wing (W) parameters are defined as the fractions of counts in the central and wing regions of
the Doppler-broadened annihilation peak relative to the total area of the peak [34, 35]. They are calculated
using the following relations:

- IR , NE)dE » IR ) dE + [, ) dE
fA 5 NE) dE fA o NE) dE

Where N(E) is the number of counts at energy E, AE, defines the central low-momentum window around the
511keV peak, and AErcorresponds to the total integration window of the annihilation peak.

The S parameter mainly reflects annihilation with low-momentum valence electrons, whereas the W para-
meter is associated with high-momentum core electrons, providing information about the chemical environ-
ment surrounding the annihilation sites.

Because the S parameter represents an integrated fraction of counts in the central region, even subtle redis-
tributions of counts within the annihilation peak can lead to measurable variations in S, although these changes
may not be easily visible by direct inspection of the spectra. The S parameter, which is related to the low
momentum of valence electrons, varies due to positron annihilation in the vacancy defects and within the free
volume of the material. Variations of the S parameter have been widely reported in the literature as an indicator
of changes in excess free volume within metallic glasses [36]. In contrast, the W parameter, which is related to
the high momentum of core electrons, is sensitive to the chemical environment and varies with the presence of
chemical defects. DBS measurements were conducted utilizing a high-purity germanium (HPGe) detector
(Canberra GC2519) paired with a spectroscopic amplifier (ORTEC 572A) and a multichannel analyzer
(ORTEC ASPEC-927).

Depth-dependent defect characteristics of the irradiated Zr,Ni;, alloy were investigated using DBS in
combination with a variable-energy positron beam (VEPOS) system. The Doppler broadening line-shape para-
meters, S and the W, were determined with the SP-SE analysis software [37]. The S parameter was calculated by
fixing the central region of the annihilation photopeak—calibrated against a Si reference sample—to a normal-
ized width of 0.5, whereas the W parameter was obtained by defining the high-momentum wing regions with a
constant value of 0.05.

Because the mean positron penetration depth is governed by the incident positron energy, monitoring the
variation of the S parameter as a function of energy allows direct assessment of the depth distribution of open
volume defects throughout the material. The mean positron implantation depth was estimated using the
empirical relation [34, 38]:

Z(E) = QEL6 (D)
p
where Z (E) represents the average implantation depth (nm), E is the positron energy (keV), and p denotes the
material density (g cm ). This VEPOS—-DBS methodology thus provides a powerful means of correlating
energy-dependent Doppler parameters with defect profiles extending from the near-surface region into the
quasi-bulk.

3. Results and discussion

3.1. Analysis of Doppler broadening spectroscopy data

The Doppler broadening spectra for the Zr;oNiso metallic glass before and after Xe ion irradiation exhibit very
similar spectral shapes at different positron incident energies, indicating that the irradiation induces only subtle
modifications in the annihilation line shape. To avoid presenting crowded data and to improve clarity, the
spectra obtained at a representative positron incident energy of 11 keV are shown. Furthermore, only the
spectra corresponding to the unirradiated sample and the irradiated sample at a fluence of 2 x 10" *ionscm ™% are
displayed in figure 3. This presentation allows the slight difference in the central part of the annihilation peak to
be more clearly observed. Although the overall spectral shapes appear nearly identical, a small increase in the
central region of the peak is visible for the irradiated sample. This subtle change corresponds to an increase in
the fraction of low-momentum electrons contributing to the annihilation process and is quantified by the S
parameter, which was extracted from the Doppler broadening spectra. Figure 4 presents six profiles of the S-
parameter as a function of positron incident energy and the corresponding average depth for both non-
irradiated and irradiated Zr,(Niso TFMGs at different fluences. All the profiles are irregular at shallow depths
(below 1keV, equivalent to an average penetration depth of about 5.54 nm) due to the diffusion of positrons
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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, such as high-entropy alloys [39]. The data collected within the positron energies
above 1keV will be considered to describe the characteristics of annihilation positron-electron in the samples.
Compared to the as-deposited sample, the S-parameter of irradiated films increases with increasing ion
fluence up to 2x 10" ions cm ™ * while then displaying a slight decrease. The evolution of Doppler character-
istics is more evident in figure 5, where the average values of the S parameter (S) are plotted as a function of the
Xeion fluence. Although the variation of the (S) parameter from 0.514-1.8 x 10~ in the unirradiated film to
approximately 0.524-1.8x 10" in the film irradiated at 2x 10"* ions cm ™~ * appears small, it is consistent with
the expected sensitivity of positron annihilation spectroscopy to local atomic-scale changes in metallic glass. As
the change is greater than the experimental error, the trend is considered significant, because the uncertainties
are primarily governed by counting statistics due to the low repetition rate of the positron beam, resulting in
relatively large error bars. Systematic errors, such as those arising from detector efficiency or instrumental drift,




10P Publishing

Phys. Scr. 101 (2026) 155913 W Boukhemkhem et al

0.522
ol (S)

0.520
051 8 i - ......................................................
0.516

0.514

0.512 1

Average S parameter

0.510

0.508

0 2 4 6 8

Fluence (x10"® ions cm?)

Figure 5. Evolution of the average S parameter ((S)) as a function of irradiation fluence for Zr,(Niz, metallic glass. The short-dotted
lines for guiding the eye. Error bars denote the standard deviation of repeated experimental measurements.

are effectively minimized because the analysis relies on ratios to determine the relative S parameter, which
cancels many common systematic effects.

The slight increase in the (S) during the initial stages of irradiation can be explained by the generation of
excess free volume in the irradiated films. A similar behavior has been found by Suo et al[25] in Fe-based MG
under 28.8MeV Ne'®" ion irradiation. The subsequent slight decrease of the average S-parameter, when the
fluence changes from 4x 10" ions cm™*to 8 x 10" ions cm 2, presumably indicates a reduction of the amount
of excess free volume. Qiu et al [40] reported that 3MeV Au*" jon irradiation induced changes in excess free
volume, which affected the mechanical properties of NisoNb, (Zr;5Ti,5Pt; sCu, s MG. They demonstrated that
the free volume generated at irradiation levels of 0.49 and 4.9 dpa can be annihilated when the dose is increased
to 49 dpa, suggesting the formation of regions with local order. Furthermore, another study has demonstrated a
good correlation between the increase of excess free volume and displacement damage generated by irradiation
in amorphous alloys [41]. This relationship is particularly pronounced at low fluences, where structural chan-
gesin the irradiated thin film are primarily driven by an increase in excess free volume rather than by modifica-
tions of the glassy atomic configuration; the structure remains amorphous, as previously reported [28].
However, the accumulation of excess free volume during cascade collisions reaches a threshold due to satur-
ation effects. As aresult, it is possible that the local atomic arrangement relaxes into more stable configurations,
thereby reducing the open volume available for positron annihilation. Such changes in excess free volume can
significantly affect the S parameter, highlighting the relationship between the defects induced by swift heavy ion
irradiation and structural relaxation mechanisms.

The slope of the Wversus S curve serves as a fingerprint to identify the type of defects [40]. Therefore, to
define these defects, the surface effect from the samples was removed based on the aforementioned data.

Figure 6(a) illustrates the W-parameter as a function of the S-parameter , the error bars are hidden and shown
mainly for the unirradiated sample to prevent clutter and to maintain clarity in the figure. The dotted black line
is the linear fit of all data points, with a slope of (-0.48 £ 0.04). The linear correlation between the Sand W
parameters signifies the presence of a single type of open volume defects. In the present study, the data points
(S, W) of samples irradiated at 5x 10'%,1x10"%, and 2x 10" ions cm ™~ ? 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. Suo et al [25] observed a
similar distribution in the Feg,Si;B;3 MG irradiated at 4.6 x 10" Ne cm ™% As the irradiation fluence increases,
the appearance of dispersed points below the fitted line suggests the presence of additional defect types, leads to
adifferent mechanism of the positron annihilation process.

To clarify this point, we plotted the normalized average W-parameter ((W)/W,,,;) against the normalized
average S-parameter ((S)/Suni), as shown in figure 6(b), where W,,; and S,,,; denote the unirradiated reference
values for both parameters. Two distinct slopes are clearly observed. The straight line represents the best corre-
lation of the normalized data, exhibiting a negative slope at lower fluences (<2 x 10"? ions cm™?), which reveals
the presence of an identical annihilation site where positron trapping occurs. This confirms that a single type of
defect is present in each sample, and the three irradiated films exhibit the same evolution of excess free volume
with different concentrations, reaching their minimum level at lower fluence (5 10"%ions cm %) and max-
imum level at a fluence of 2 x 10*? ions cm ~2. However, at high fluences (>2 x 10'% ions cmfz), the normalized
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Figure 6. (a) Evolution of Was a function of S for unirradiated and irradiated Zr,oNi;o metallic glass with standard deviation shown.
The short-dotted line indicates the linear fit to the data points. (b) Plot of the normalized average W-parameter ((W)/W,,,;) versus
the normalized average S-parameter ((S)/S,y;) for unirradiated and irradiated Zr;(Nis, metallic glass. The red line denotes the linear
fit to the data [adj. R* = 0.914].
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Figure 7. Positron annihilation lifetime spectra for Zr,,Ni;, metallic glass before and after Xe ion irradiation.

data 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 [42] 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 our case, the specimen exhibits significantly lower (S) and (W) values,
indicating that positrons predominantly annihilate at different sites. This implies structural modifications that
alters the nature of positron interactions, and these modifications can be associated with changes in the atomic
arrangement and defect distribution along the swift heavy ions path. SRIM simulations demonstrate that the
high energy deposition in the target Zr;(Nis, thin film is predominantly governed by electronic excitations (see
figure 1). These excitations can result in localized heating and structural modifications, leading to ion-track
formation via electron-phonon coupling [43]. Furthermore, point defects generated near irradiation tracks
may reduce the free volume, further influencing positron annihilation characteristics.

3.2. Positron annihilation lifetime spectroscopy analysis
Figure 7 shows the positron lifetime (LT) spectra of Zr,oNi;, metallic glass before and after Xe ion irradiation.
The deconvolution results of these PALS measurements are summarized in table 1.

The positron lifetime profile of the virgin Zr,oNi;, metallic glass consists of three components (71,7,,and
T3), each corresponding to positron trapping in different types of open-volume regions at the atomic scale. The
presence of these three components (7,,7,,and 73) in the prepared sample is consistent with those reported for
other metallic glasses [44, 45]. Similarly, Yang et al [2] reported three comparable lifetime components in a
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Figure 8. The mean positron implantation depth as a function of incident energy, calculated using Makhovian distribution for (a)
Zr;oNizo metallic glass and (b) silicon.

Table 1. Positron annihilation lifetimes components (71, 7, and 75) with their associated intensities (I;, I, and I5) for the virgin
and irradiated Zr,(Nis, metallic glass at different fluences.

Fluence (ions cm™?) 71 (ns) 1) (%) 7, (ns) (1) (%) 73 (ns) (I3) (%)

0 0.15040.001 36.8+0.4 0.27240.001 61.34+0.4 1.9240.04 1.9040.03
5%10'? 0.148+0.002 31.1£0.4 0.27140.001 67.5+0.4 1.93£0.05 1.4540.03
1x10" 0.148+0.002 25.5+0.6 0.25740.001 73.9+0.6 1.7040.08 0.690+0.032
2x10" 0.15140.002 23.940.2 0.247040.0004 75.940.2 1.7740.05 0.588+40.022
4x10" 0.15140.001 26.1£0.2 0.25340.001 73.3£0.2 1.66£0.05 0.680+0.022
8x10" 0.15440.001 26.4+0.2 0.252240.0004 72.8+0.2 1.4940.04 0.768+0.022

binary metallic glass. The first component (7;) is the shortest lifetime, which is ascribed 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). The second life-
time component (7,) represents a combined signal from both the Zr,,Nij; thin film and silicon (Si) substrate.
The positron lifetime in defect-free crystalline silicon has been experimentally determined to be approximately
0.220 - 0.230 ns. This range is consistent with experimental measurements and theoretical calculations reported
in the literature [46]. However, the 7, values obtained in our measurements are significantly higher, ranging
from 0.247 t0 0.272 ns. The value of positron lifetime before irradiation (7,= 0.272 ns) exhibits strong con-
cordance with the value of approximately 0.277 ns reported for Zrs, TigAl;(Cu;Ni; s MG in previous research
conducted by Vishwanadh et al [47]. Similarly, Flores et al [44] recorded that the 7, values are range from 0.268
10 0.371 ns for Zrsg sCuy5 6Nij; sAl19 3Nb, g metallic glass. These results confirm that the 7, lifetime originates
from open-volume defects within the MG rather than from the Si substrate [46]. To further support these
findings, the simulated positron implantation profiles for the Zr;,Nis, binary metallic glass and silicon were
conducted using the Makhovian distribution function [48], defined as:

m—1 m
P(z, E) = mz exp ( ad )
zo(E)" zo(E)
Where m: the shape parameter depending on the material, z: the implantation depth and E: the energy of the

incident positron. The parameter zy(E) depends on the incident positron energy (E) and is estimated using the
following equation:

40E"
e

Where p: the density of the target material, n: a material-specific constant.

The resulting implantation profiles presented in figures 8(a) and (b), reveal that while a substantial number
of positrons penetrate deeply into the silicon, a significant fraction is implanted at lower energies (< 29 keV) at
nanometer-scale depths within the film. As the implantation energy increased above 29keV, majority of the
collected information derives from the silicon substrate, while the near-surface regions of Zr,(Nis, thin film are
notably sensitive to irradiation-induced defects. The presence of these defects enhances positron trapping,

zo(E) =

9
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Figure9. (a) Fluence-irradiation dependence of the lifetime component (7,) (red triangles) and the corresponding intensity (I,)
(blue triangles) for Zr,(Niso metallic glass with the standard deviations, and (b) Variation of the average positron annihilation
lifetime as a function of irradiation fluence for Zr,(Nis, metallic glass with the standard deviations. The short-dotted lines are
interconnecting the data.

thereby prolonging the positron residence time and affecting the lifetime spectrum, mainly the 7, component
and its corresponding intensity (I,). 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 mainly due
to the irradiation-induced modifications in the Zr;(Nis, film. Therefore, the second lifetime (7,) is interpreted
asareflection of the excess 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 within the prepared amorphous metallic glass. This is due to the sputtering method,
which is a highly non-equilibrium deposition technique, producing materials with high free volume. These
observations are consistent with the findings of Yavari et al [49], who demonstrated the presence of free volume
in MGs. The 7, and I, evolution versus Xe ion fluence is presented in figure 9(a). As the ion irradiation fluence
increases to 2x 10'? ions cm ™2, 7, decreases from 0.272 ns to 0.247 nis, corresponding to a relative reduction of
approximately 9 %, while I, increases from 61.3 % to 75.9 %, (24.8% increment), revealing an inverse relation-
ship between these parameters. The increase in I, suggests a higher concentration of excess free volume, as more
positrons are trapped within the irradiated thin film. This behavior is attributed to atomic displacements that
create regions with low atomic packing density. Additionally, the decrease in 7, indicates a reduction in the
average size of the excess free-volume sites, suggesting a redistribution of the excess free volume within the
Zr,oNizo metallic glass. Before irradiation, positrons in metallic glasses are predominantly trapped in pre-exist-
ing shallow open-volume regions [50]. However, high-energy ion irradiation generates more defects that serve
as more effective positron traps compared to the original ones. Yang et al [2] reported that vacancy-like defects
induced by irradiation in metallic glasses are unstable and tend to transform into extensive free volumes
regions. Similar increases in the excess free-volume fraction have been observed in both experimental measure-
ments and molecular dynamics simulations [51, 52]. Overall, at low fluences (<2 x 10 ions cmfz), swift heavy
ion irradiation promotes a more uniform distribution of smaller free-volume sites within the Zr,oNiz;y MG.

As the ion irradiation fluence increases to 4x 10'® and 8 x 10** ions cm ™2, both 7, and I, tend to reach a
saturation level. Although 7, shows a slight increase at 4x 10" ions cm ™2, it remains below its initial value,
reflecting an overall reduction of approximately 7%. Meanwhile, the intensity I, gradually decreases, probably
due to areduction of the density of open-volume defects. Hori et al [41], reported a significant reduction in free
volume in Zrs,CuyoAl; o metallic glass irradiated by 2.5 and 200 MeV Xe ions at fluences of 1 x10**ions cm >
and 1x10"? jons cm ™2, respectively, without inducing crystallization. This behavior is mainly attributed to
structural relaxation. Similar relaxation behavior has been observed in Zr-based MG at irradiation dose of 4
dpa[53]. On the other hand, Nagel et al [54] reported a decrease in free volume of Zrg5Al; sNi; (Cu, 7 s metallic
glass during the annealing process, consistent with present findings. These results indicate that changes in
defect concentration, rather than defect size, play a more significant role in determining the material properties
and positron-trapping behavior under heavy-ion irradiation. At higher fluences, both parameters remain
nearly constant, suggesting that a saturation threshold is reached and the positrons trapping are not sig-
nificantly affected with additional irradiation fluence.

Itis clear that the lifetime value (7,) is higher than the corresponding values noted in the literature for the
bulk of both Zr and Ni (7,= 0.156 ns, Tnj= 0.096 ns). It also differs from the positron associated with mono-
vacancies in the two metals (7,= 0.269 ns, 7; = 0.169 ns) [55]. This suggests the absence of vacancy-like
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defects in the irradiated films, likely due to the structural relaxation occurring after swift heavy ion irradiation.
During this structural relaxation process, the vacancy-like defects generated by the collision cascades are
unstable, and they are annihilated or transformed into large free volumes [2]. The last component (73) repre-
sents the longest lifetime, characterized by the lowest intensity, and assigned to the lifetime of ortho-posi-
tronium (o-Ps). This appears when positrons are trapped in areas of low electron density, namely voids or holes
formed during the preparation process [44]. Comparable values were observed by Flores et al [44]. As presented
in table 1, both the third positron lifetime (73) and its corresponding intensity (I3) decrease considerably with
increasing irradiation fluence. Specifically, 75 decreases from 1.92 4 0.04 ns for the unirradiated sample to 1.49
=+ 0.04 ns, while (I3) drops from 1.90 £ 0.03 % to 0.768 & 0.022 %. This reduction indicates changes in the
distribution of density fluctuations within the disordered structure of the metallic glass, likely influencing both
the size and the abundance of voids or holes. Moreover, the concentration (I3) is negligible; hence, in the above
discussion, we focused only on the data of 7, and (I,), which describe the key characteristics of positron annihi-
lation in Zr,(Nizo MG.

Figure 9(b) shows the variation of the average positron lifetime (7,,,=)";7I;, where 7;and I; are respec-
tively, the positron lifetime associated with a specific type of open-volume defect i and its corresponding inten-
sity) as a function of irradiation fluence. The 7,,, exhibits a trend similar to 7, indicating that the excess free-
volume defects dominate the positron annihilation process. This evolution in 7, reflects a reduction in the
concentration of the average open-volume defects. At higher irradiation fluence, Tavg tends to stabilize, indicat-
ing a saturation state in the defect.

The comparison with the DBS results reveals that the intensity (I,) exhibits behavior similar to that of S-
parameter under xenon irradiation (see figures 5 and 9(a)). This correlation highlights the value of (I,) as a
complementary parameter to the S-parameter for evaluating the evolution of irradiation-induced excess free-
volume. This suggests that 12°Xe?*” heavy-ion irradiation primarily affects the distribution and density of
excess free-volume sites through rearrangements of atoms and relaxation processes within the thin film. The
latter phenomenon can be attributed to a redistribution of the generated excess free volume, as previously
reported by Egami et al [56]. In addition, the DBS analysis revealed other defects that may appear at high irra-
diation fluences. To confirm the current results, future research will focus on the use TEM analysis to investi-
gate the formation and morphology of the additional defect structures.

4. Conclusion

In this investigation, the defect evolution of deposited Zr;(Nis, thin-film metallic glass after 93.2 MeV xenon
heavy-ion irradiation at room temperature was examined using advanced positron annihilation spectroscopy
techniques. At low fluences (<2x 10" ions cm™?), the S-parameter initially increased, and PALS analysis
indicated a redistribution of free-volume sites and a reduction in their size, leading to modify of the short-range
order distribution in Zr;(Nizy MG. At higher fluences (up to 2 x 10" jonscm ?), the S parameter, [ and 7,
values decreased slightly and approached saturation. Furthermore, the S-W correlation analysis indicated a
change in defect type above this fluence, suggesting the formation of additional irradiation-induced defects
near the ion tracks. These findings demonstrate that the Zr,(Nis, thin film exhibits good irradiation tolerance,
showing outstanding resistance to further defect accumulation beyond the fluence threshold.
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