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Abstract
Metallic glassfilms are considered for coating applications in the nuclearfield owing to their
advantageous performances. However, the response to irradiation remains to bemore thoroughly
characterized. Zr70Ni30metallic glass filmswere irradiated by 0.71MeV/u129Xe23+ ions in the fluence
range from5× 1012 to 8× 1013 ions cm−2. The structural,morphological, andmechanical properties
were determined using grazing incidence X-ray diffraction (GI-XRD), atomic forcemicroscopy
(AFM), and nanoindentation for the as-deposited and irradiated samples. TheXe ion induced surface
smoothening, thereby increasing the corrosion resistance. One-dimensional power spectral density of
theAFMdata of irradiated film demonstrated that the irradiation-induced evolution of the surface
morphology could be attributed to a transition between viscousflow and the evaporation-
condensationmechanism. The amorphous structurewas unaffected after irradiation up to a fluence
of 8× 1013 ions cm−2. Nanoindentation revealed first a softening as the fluence increases up to
4× 1013 ions cm−2, reflecting the creation of free volume defects. Then the hardness andYoung’s
modulus slightly increase when reaching 8× 1013 ions cm−2.Moreover, at a critical dose of 0.008 dpa,
the hardness is found to increase.Moreover, the calculation of the inelastic thermal spikemodel
reveals the formation of the trackwith a radius of 7 nm.

1. Introduction

Zirconium alloys constitute one of themost attractive and convenientmaterials for cladding applications in
nuclear reactors owing to the low thermal neutron capture cross-section and adequatemechanical performances
[1, 2]. In contrast to the conventional crystalline Zr-alloys, amorphous alloys ormetallic glasses (MGs)
counterparts with diverse compositions were processed through exploiting their high glass-forming ability [3,
4].MGs show a liquid-like atomic configuration and the absence of crystalline defects such as grain boundaries
and dislocations [5, 6]. This confers interestingmechanical and chemical properties such as high strength (2-3
GPa), high elastic limit (2%), good fracture toughness (40-50MPam−1/2), and excellent resistance to corrosion
[4, 6]. Thin-filmmetallic glasses (TFMGs) can be prepared using different kinds ofmethods, such as physical
vapor deposition (PVD), including evaporation and sputtering [7, 8] and pulsed laser deposition [9], showing
fascinatingmechanical size effects boostingmechanical properties beyond those of bulk counterparts [10]. For
instance, Jiang et al [11] found a high elastic strain limit of about 6.6% for theNi60Nb40metallic glass films. Jang
et al [12] also observed that the 100 nmZr-basedMGexhibits outstanding combination of high strength (∼2.25
GPa) and enhanced ductility (∼25%).
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In addition, Zr-basedMGs have very high thermal stability with an exceptionally wide super cooled liquid
region [3, 13] enabling large stability of the glass phase. For these reasons, Zr-basedMGs appear as a class of
promising candidates in nuclear irradiation environments [14, 15] due to the unique combination of large
mechanical properties, thermodynamic stability and the absence of crystalline defects providing a high
irradiation resistance, unlike their crystalline counterparts [16, 17]. Li et al [16] reported that helium irradiation
inducedmore severe peelings on the surface of the crystallinematerial Zr67Ni33 than the
Zr47.9Ti0.3Cu39.3Ni3.1Al9.4 bulkMG,which shows the formation of tiny bubbles of helium.On the other hand,
according toWang et al [17], in the case of 500 keV helium irradiated polycrystalline tungsten (W) at afluence of
1× 1018 ions cm−2, the high-stress concentration at bubbles heliumprecipitated at grain boundaries causes
delamination and peeling, whereas no obvious damagewas observed in the Zr64Cu17.8Ni10.7Al7.5 bulkMG.

Despite these promising results, few and controversial studies still deal with understanding the structural/
mechanical evolution ofMGs during irradiation through different categories of radiation (charged particles,
neutrons and gamma rays). As an example, irradiation by electrons [18–20] and by ions [21, 22] induces the
crystallization of Zr-basedMGs ribbons aswell as bulk systems [15, 23]. Irradiation-induced crystallizationwas
investigated byNagase et al [24], who proposed threemechanisms to explain this phenomenon: thefirst one is
the increase of free energy of the system,which reaches a threshold value due to the formation of radiation
defects such as free volume and anti-free volume inside the amorphous solid. The second one is the random
formation of a crystalline cluster near the radiation defects due to a reduction of the local strain, while the
facilitated atomic diffusion represents the third one due to the damage caused by irradiation promoting
crystallization.Other results, in contrast, indicated that Zr bulkMGs remain amorphous under high energy ion
irradiation (E> 1MeV) [14, 25, 26]. Different studies reported that ion irradiation induces variations of free
volume [27, 28], interatomic spacing [15, 29], and some structural relaxation [30] in the Zr-basedMGs. The
collapse of short-range order (SRO) has been further reported byQiu et al [31] inNi50Nb10Zr15Ti15Pt7.5Cu2.5
MG ribbon irradiatedwith 3MeVAu2+ ions at a fluence of 1× 1014 ions cm−2.Moreover, themechanical
properties weremodified after ion irradiation [15, 23]. Iqbal et al [23] found that hardness and elasticmodulus
increase by 43%and 25%, respectively in Zr55Cu30Al10Ni5 amorphous alloy irradiated by 10keVAr+. Similar
results were also reported by Luo et al [15] for Zr61.5Cu21.5Fe5Al12 bulkMG irradiated by 300 keVAr+ ions due to
the precipitation of nanoparticles with a face-centered cubic (fcc) structure and a size of 5nm.

In this paper,we investigate the ion irradiationdamage of Zr-Ni thin-filmmetallic glass. This compositionwas
selected owing to the high stability at room temperature togetherwith a large region of amorphization, from10up
to 80 at%ofZr [32, 33]. The atomic structure ofZr-Nimetallic glasswas investigated in the previous study [34],
concluding that the icosahedral clusters are the unit structure of suchmaterials; only a fewworks have beendevoted
to radiationdamage study inbinaryZr-basedMGs (Zr-Ni) thinfilms. The latter studies investigated electrons
[19, 20] and100 keVHe ions [35, 36] induceddefects inZr66.7Ni33.3 andNi33Zr67 thinfilms. Toour knowledge, no
workhas been published about the behavior of binaryZr-basedMGs (Zr-Ni) thinfilms under swift heavy ions
irradiation, equivalent tofission fragment ejectedwithhigh energy (> 100MeV). In this study,we investigated 0.71
MeV/uXe ion effect on themechanical,morphological, and structural properties ofZr70Ni30 thinfilmmetallic
glass. Various techniqueswere utilized to provide a thoroughunderstanding of themicro-structured surface
evolution andmechanical behavior under ions irradiation. Theultimate objective is to unravel the underlying
mechanisms and todetermine thepotential applicationof thesematerials inhigh-energy environments as coatings
for nuclear reactor components. In addition, inelastic thermal spike [37] calculations are performed to further
highlight the impact of electronic energy loss and investigate latent track formation inZr70Ni30metallic glass.

2. Experimental procedures

ZrxNi100−x(x= 70 at.%) thin-filmmetallic glasses (TFMGs)were preparedby aDC-magnetron sputtering system
(AllianceConceptAC450)ona Si (100) substratewithin a clean roomof class 1,000 tominimize contaminationof
the sample. Thefilmswere deposited at thePlateformeTechnologiqueAmont (PTA)within theCentre Energie
Atomique (CEA) inGrenoble. The designed target used for sputtering consistedof rectangular slicesmadeof high-
purityNi (>99.995%) inserted into aZrmatrix of highpurity (>99.95%). Afixeddistance between the target and
substrate at 7 cmwas imposed to ensure thickness uniformity.During the experiment, theDCpower and the
background gas (Ar)pressure remained constant at specific values of 300Wand0.3 Pa, respectively [10, 38].

After processing, the Zr70Ni30filmswere irradiatedwith 0.71MeV u Xe129 23+ ions at room temperature to
fluences of 5× 1012, 1× 1013, 2× 1013, 4× 1013 and 8× 1013 ions cm−2. The irradiations were performed at
GANIL, Caen, France, using the IRRSUDbeam line. The samples were partiallymasked, enabling a direct
comparison between the irradiated and the non-irradiated parts for each sample. The electronic stopping power
Se, nuclear stopping power Sn and projected ion rangeRp deduced using the code SRIM2008 (Stopping and
Range of Ions inMatter) [39] are respectively equal to 23.29 keVnm−1, 0.22 keV nm−1 and 7180 nm. The ion
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range is larger than the film thickness; hence noXe ion is implanted in the irradiated sample. The displacement
per atom (dpa) corresponding to the irradiation fluences was calculated using equation to characterize the
irradiation damage [40]:

dpa
N A

d N
, 1d

A

f
r

= ( )

wheref is the Xenon ion fluence,Nd is the number of displacements per ion,A is the targetmaterial’smolecular
mass, ρ is the atomic density of Zr70Ni30, d is the penetration depth, andNA is Avogadro’s number. The
displacement damage N dd( )was calculated using SRIM2008 codewith displacement energy of 40eV for Zr and
Ni atoms, respectively [29], and using the ’quick calculation of damagemode.’The total vacancy induced in the
layer is 1454 ions−1, leading to a total dose of 0.001, 0.002, 0.004, 0.008 and 0.017 dpa, respectively, for each
fluence.

The radiation damagewas then investigated using several techniques. The structural characterizationwas
performed by grazing incidence X-ray diffraction (GI-XRD)using a Panalytical X’PERT-PROMPDX-ray
diffractometer with aCuKα1 radiation (λ= 1.5406Å) and a PIXcel 1D detector. The incident angle was
optimized to be 1.6° to avoid the influence of the Si substrate on the collected data. The rootmean square (RMS)
roughness and surface topography of unirradiated and irradiated filmswere examined using atomic force
microscopy (AFM) (type:MFP-3D fromAsylumResearch, anOxford Instruments company) in contactmode,
with a silicon probe of 9nm tip radius. In addition, the power spectral density (PSD)was then used to provide
further information regarding the dominantmechanism responsible for RMS evolution versus fluence. The
power spectral density of a surface is amathematical tool used to decompose the surface into its constituent
spatial frequencies (wave vectors) via Fourier analysis of the surface [41]. The one-dimensional PSD is calculated
from theAFM images by theWSxM (Windows ScanningXMicroscope) software [42].

Nanoindentation experiments were used to probe themechanical properties. Allmeasurements were carried
out using a continuous stiffnessmeasurement (CSM)modewith a Berkovich diamond indenter at room
temperature. Amaximum load of 3.5mNand a loading time of 10swere applied for each sample. In order to
obtain accurate statistical data, different indents were performed on each sample with 0.15mm spacing between
each indent. The hardness (H) andYoung’smodulus (E) valueswere determined using theOliver-Pharrmethod
[43]. Additional analysis using a thermal spikemodel was also performed to check the effect of 0.71MeV/uXe
ion irradiation on the formation of the ion track in Zr70Ni30.

3. Results and discussion

3.1. Characterization of the as-deposited Zr70Ni30metallic glass
Figure 1(a) shows theGI-XRD spectrum collected in the 2θ range of 20–80°. A broad halo is observed at 37°,
confirming the amorphous structure of the Zr70Ni30 TFMG,which is according to that finding in previous works
[38, 44]. Figure 1(b) shows 2D and 3DAFM images over a 10μm× 10μmof the Zr70Ni30 film, respectively. The
RMS roughness of the surface is about 0.94± 0.18 nmand is rather consistent, with little hills (protrusions)-like
morphology as indicated bywhite arrows

Figure 1(c) shows themorphologies of the Zr70Ni30 TFMGs in a cross-section view.Observations have been
carried out using a field-emission scanning electronmicroscope (FE-SEM) after cleavage of the Si substrate
enabling propagation of a crack from the Si substrate to the films, see [45, 46] formore details, figure 1 (c) reveals
that the film thickness is uniform,with a variation of only a fewnm, as expected for sputter deposition [45]. The
film thickness is about 1200 nm. The hardness (H) andYoungʼsmodulus (E) are respectively equal to 7.7± 0.45
GPa and 105.8± 11.3GPa, similar to the values determined byVolland et al [47].

3.2. Irradiation effects on the Zr70Ni30metallic glass properties
3.2.1. Structural evolution
TheTheGI-XRDpatterns obtained before and after irradiation are provided infigure 2. All patterns show a
broad bandwithout any sharp diffraction peaks. This indicates that ion irradiation up to afluence of 8× 1013

ions cm−2 does notmodify the structure of Zr70Ni30 TFMG, and that all samples are still amorphous. The
maintained amorphous structure is in agreementwith the results obtained onZr67Ni33MG irradiated by 100
keVHe ion at afluence lower than 6× 1017He cm−2 [35, 36]. On the other hand, the electron irradiation-
induced crystallizationwas reported in theworks conducted byNagase et al [19, 20] onZr66.7Ni33.3 amorphous
alloy irradiated at room temperature with 2MeV electrons for a flux between 1.6× 1024 and 1.1× 1025m−2 s−1.

However, after fitting the results with a Lorentzian function, no clear evolution of the band position and of
the full width at halfmaximum (FWHM) of the band after ion irradiationwas found in the investigated fluence
range from5× 1012 to 8× 1013 ions cm−2. In the literature, contradictory results show the band position
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shifting or remaining unchangedwithout any formof precipitation of crystals. For example, for
Zr50.7Cu28Ni9Al12.3MG irradiatedwith 7MeVXe26+ ions in the dose range (0.5 and 1 dpa), Bian et al [28] found
band position shifts towards a lower angle after irradiation, interpreted as an increase of the average inter-atomic
spacing associatedwith an increase of free volume.Qiu et al [31] found that forNi50Nb10Zr15Ti15Pt7.5Cu2.5MG
ribbon irradiated by 3MeVAu2+, no apparent change in the broad peak position, they also reported that at a low
dose of 0.49 and 4.9 dpa, the destruction of the short-range order (SRO)was occurred, which leads to an excess
of free volume, with a further increase of the dose to 49 dpa, the free volume decreases which is attributed to the
formation of a local structure caused by the enhancement of atomicmobility.

3.2.2. Surfacemorphology evolution
TheThe surfacemorphology after 0.71MeV/u129Xe23+ ion irradiation at different fluences is shown infigure 3.

The small hills observed on the deposited sample disappear after ion irradiation, and the surface becomes
smoother. This is further confirmed infigure 4, with the rootmean square (RMS) roughness evolution under
differentfluences. First, the RMS roughness decreases in thefluence range of 0 up to 1× 1013 ions cm−2 from
0.94± 0.18 nm for unirradiated sample down to 0.19± 0.01 nm for sample irradiated at 1× 1013 ions cm−2.
Then, the RMS roughness increases slightly to 0.37± 0.09 nmand 0.51± 0.02 nm, respectively, at afluence of
2× 1013 ions cm−2 and 4× 1013 ions cm−2. Finally, it remains approximately constant at higherfluence, up to
8× 1013 ions cm−2. The smoothening behaviormakes Zr70Ni30 a suitable protective coating in nuclear
applications since the decrease in roughness increases the corrosion resistance [48–50]. According to the

Figure 1. (a)Grazing incidence X-ray diffraction (GI-XRD) pattern in the range of 20–80°. Dashed line shows the center of the broad
halo at 37°, (b)Two—and three—dimensional AFM images and (c)Cross-sectional FE-SEMmicrograph of the as-deposited Zr70Ni30
thin-filmmetallic glass.
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literature, ion irradiation has thus twomain effects on the surfacemorphology of a solid: surface roughening and
smoothening. Thefirst is caused by the sputtering atoms, and the second is induced bymaterial transport [51].
The above results agree with previous work [52] on amorphous Fe-Ni thin films irradiatedwith 103MeVAu9+

ions. Several authors also reported that irradiation-induced smoothening and roughening phenomena depend
on thematerial, particle energy, and fluence. For example, similar surface smootheningwas reported in [53, 54].
Moreover, surface rougheningwas found in other investigations [55, 56] and attributed to the damage induced
under ion irradiation in differentmetallic glasses.

The power spectral density (PSD) is used to interpret the RMS evolutionwith irradiation fluence. This gives a
representation of the surface roughness amplitude as a function of the spatial frequency of the roughness [41],
which helps understand themechanism responsible for smoothening and roughening of the surface after ion
irradiation. The PSDdata (see figure 5) show two distinct domains. One domain at a low spatial frequency
(region I) corresponds to the uncorrelatedwhite noise, and the second one at a high frequency (region II)
represents surface features that are correlated [52, 57].Moreover, according to Tong andWilliams study [58], at
low spatial frequency values, aflat plateau extends out to the critical spatial frequency, after which the power
spectral density decreases linearly due to surface smoothening. Fourmechanismswere discussed; plastic flow,
evaporation-condensation, bulk diffusion, and surface diffusion corresponding respectively to the slope values
equal to 1, 2, 3 and 4 [59]. In our case, thefitting is performed in the second region, which begins from the critical
spatial frequency value ( 0.045 nm−1).

Figure 2.Grazing incidence X-ray diffraction (GI-XRD) patterns ofmetallic glass Zr70Ni30 before and after 0.71MeV/u129Xe23+ ion
irradiation at different fluences. The vertical dotted line indicates the band position. The red line is the Lorentzian fit of the
experimental data.
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The slopes of the linearfit are summarized in table 1.When thefluence increases from0 to 2× 1013 ions
cm−2, the slope varies from3 to 1. Thus, the surfacemorphologymodification is interpreted as a combination
between plastic flow and evaporation-condensation at lowfluence (� 2×1013 ions cm−2). At higher fluence

Figure 3.Two-and three-dimensional AFM images of irradiated Zr70Ni30metallic glass at afluence of (a) 5 × 1012 Xe cm−2 , (b)
1 × 1013 Xe cm−2, (c) 2 × 1013 Xe cm−2, (d) 4 × 1013 Xe cm−2 and (e) 8 × 1013 Xe cm−2.

Figure 4.Variation of the roughness as a function of thefluence irradiation for Zr70Ni30. The dotted line is to guide the eye. The error
bars for RMS represent standard deviations obtained from various experimentalmeasurements.
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(>2× 1013 ions cm−2), the value is close to 2, whichmeans that the evaporation-condensation process can
explain the roughness increase at highfluence. The latter evolution is attributed to the temperature increase
along the ion path as found using the thermal spikemodel addressed hereafter. A similar change of the roughness
has been observed by Pookat et al [60] in amorphousCo77Fe23 thin films irradiatedwith 100MeVAg7+, where
the smoothening of the surface topography is due to the viscous flow [61] occurs at afluence of 2× 111 ions
cm−2 and the evaporation-condensationmechanism caused by the sputtering is already activated at afluence of
1× 1012 ions cm−2 and 3× 1013 ions cm−2.

Figure 5.Variation of the power spectral density (PSD) as a function of the spatial frequency of surfaces for Zr70Ni30; (a)Unirradiated,
and irradiated at different fluences of (b) 5 × 1012 Xe cm−2, (c) 1 × 1013 Xe cm−2, (d) 2 × 1013 Xe cm−2, (e) 4 × 1013 Xe cm−2 and (f)
8 × 1013 Xe cm−2. The short red dotted line in the plots denotes the linear fit of the data.
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3.2.3.Mechanical properties
TheThe load-penetration response extracted by nanoindentationwere used to determine themechanical
properties reported in table 2.

Figure 6 provides the evolution of hardness (H) andYoungʼsmodulus (E) as a function of the fluence. Both
(H) and (E) decrease with increasing fluence up to 4× 1013 ions cm−2 from7.7± 0.45GPa down to 4.9± 0.15
GPa and from105.8± 11.3GPa down to 62.6± 4.6GPa, respectively. This is followed by a slight increase when
thenfluence grows up to 8× 1013 ions cm−2.

The Youngʼsmodulus of amaterial is inversely correlatedwith the distance to neighbor atoms, hence a
decrease in the amount of the free volume tends to lead to an increase of themodulus [62]. Thus, the elastic
modulus evolution reveals an irradiation-induced free volume enhancement (decrease of atomic density)up to a
fluence of 4× 1013 ions cm−2, whichmeans that the observed reduction in stiffness and strength can be
attributed to the damage induced by either free volume or nano-voids through ion-solid collision [63], which
probably results in the softening of the Zr70Ni30 films. The decrease in stiffness and strengthwas also observed
after ion irradiation at room temperature in several Zr-based bulkmetallic glasses [14, 64]. Brechtl et al [65]
found that fast neutron irradiation (En> 0.1MeV) at 70 °C to afluence of 1.4× 1020 n cm−2 induced an excess
of free volume defects, which leads tomechanical softening of Zr52.5Cu17.9Ni14.6 Al10Ni5 bulkMGand a decrease
of Youngʼsmodulus.WhileOnodera et al [66] reported that the drop in hardness is attributed to irradiation-
induced atomic disordering in themetallic glass. The dose-dependence of the change in hardness inmetallic
glasses is opposite towhat is observed in the case of crystalline puremetals andmetallic alloy systems, inwhich
irradiation induces hardening. The evolution of the hardness can be described by the following
phenomenological equation [67]:

H H H h dpa , 2n
0D = - =∣ ∣ ∣( )∣ ( ) ( )

where h and n are two empirical parameters representing themagnitude of irradiation-softening,H0 is the
hardness of an unirradiated sample andH is the hardness after ion irradiation. The variation of

H H H0D = -∣ ∣ ∣( )∣as a function of the dose (dpa) is given in figure 7 in log-log format. It reveals two distinct
irradiation regimes: a low-dose regime and a high-dose regime. In the low-dose regime, n is equal to 0.23.
However, the slope changes sign beyond a critical dose of aboutDc= 0.008 dpa in the high dose-regime. This
result reveals that irradiation induces the softening of Zr70Ni30 at a dose lower than a critical value ofDc, then the
material gradually hardenswith increasing dose.

The slight increase of (H) and (E) values at highfluence (8× 1013 ions cm−2) suggests that the film reached a
saturation in the concentration of defects leading to a high atomicmobility, which subsequently favours
rearrangement of atomic processes, which can then induce nano-crystals formation due to thermal effects.With

Table 1.Rootmean square (RMS) roughness and calculated values of the
slope of the power spectral density (PSD) curves of unirradiated and
irradiated Zr70Ni30 thin film at different fluences.

Irradiationfluence

(Xe cm−2) RMS (nm)
Slope of the PSD

curves

0 0.94 ± 0.18 2.84 ± 0.04

5 × 1012 0.31 ± 0.01 1.86 ± 0.06

1 × 1013 0.19 ± 0.01 1.67 ± 0.03

2 × 1013 0.37 ± 0.09 1.87 ± 0.10

4 × 1013 0.51 ± 0.02 2.64 ± 0.04

8 × 1013 0.33 ± 0.18 2.07 ± 0.09

Table 2.Mechanical properties of the Zr70Ni30 thinfilm before and after ion
irradiation from the nanoindentation experiments.

Irradiation fluence

(Xe cm−2)
Hardness

H (GPa)
Youngʼsmodulus

E (GPa) H/E

0 7.72 ± 0.45 105.79 ± 11.34 0.07 ± 0.01

5 × 1012 5.99 ± 0.30 102.35 ± 4.39 0.06 ± 0.01

1 × 1013 5.55 ± 0.50 88.71 ± 6.86 0.06 ± 0.01

2 × 1013 5.24 ± 0.60 89.09 ± 9.82 0.06 ± 0.01

4 × 1013 4.89 ± 0.15 62.63 ± 4.64 0.08 ± 0.01

8 × 1013 6.00 ± 0.41 81.19 ± 6.10 0.07 ± 0.01
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a further increase in the irradiation fluence, the amount of free volume is reduced, leading to an increase of
hardness [68]. Other studies [15, 69] deduced that the formation of nano-crystals is the fundamental reason for
the hardening effect inmetallic glasses after ion irradiation. Note that the annealing of Zr bulkMGat 300 °C–
325 °C leads to free volume annihilation, resulting in structural relaxation and increasedmechanical properties.
Indeed, structural relaxation is known to occur through differentmechanisms: (i) defects or free volume
annihilation; (ii) recombination of defects of opposing character; (iii) change in both topological and
compositional short-range order, which can be uncovered through an analysis of the local arrangement of
neighboring atoms [70–72].More research is required to understand the delicate balance ofmechanisms that
causes the hardness variation at highfluence. In addition, it should also be noted that the irradiated samples
exhibit the same evolution of both (H) and (E) parameters as was observed earlier in the case of 7MeVXe26+ ion
irradiated Zr50.7Cu28Ni9Al12.3 bulkMG [28], where themechanical properties tend to decrease for a dose of 1

Figure 6.Variation of hardness (H) andYoungʼsmodulus (E) ofmetallic glass Zr70Ni30 as a function of fluences irradiation, with the
statistical standard deviations obtained from repeated experimentalmeasurements.

Figure 7.Dose dependence of irradiation softening / hardening in Zr70Ni30. The solid line in the plot is the linearfit of the
experimental data, while the dotted line represents the dose-dependence in the high dose regime.

9

Phys. Scr. 98 (2023) 085311 WBoukhemkhem et al



dpa and then to slightly increase at 5 dpa. Our results suggest a strong correlation between hardness and free
volume evolution in agreement alsowith the previouswork by Jiang et al [73]. The authors discussed the
relationship between the amount of free volume and themechanical behaviour ofmetallic glasses.

Finally, table 2 shows also that theH/E ratio, a key parameter in the context of wear resistance [74], slightly
decreases after irradiation up to afluence of 2× 1013 ions cm−2 and then remains almost identical to the
unirradiated sample at high fluence (>2× 1013 ions cm−2). This suggests that ion irradiation does probably not
significantly affect thewear resistance of Zr70Ni30metallic glass, which is an interesting finding for application as
coating in irradiated environments, especially when exposed tomoving fluids, such as coating in the nuclear
waste containers [15, 75]. NewTFMGswith excellent hardness and corrosion resistance were recently developed
(see [76] and references therein), making them attractive for coating structuralmaterials. Due to the limited
corrosion of zirconium alloys fuel claddingmaterial under accident conditions, oxidation-resistant coatings are
also used to prevent thermal oxidation and consequently protect the zirconium alloy substrate [77, 78].
Therefore,metallic glass coating based onZr-composition could constitute an attractive option, with expected
good adhesion owing to element compatibility.

3.3. Thermal spikemodel calculations
In order to analyze the swift heavy ion irradiation-induced track formation in amorphous Zr70Ni30, the thermal
spikemodel, was applied to take into account only the electronic energy loss Se (keVÅ−1) for 129Xe23+ ion of a
specific energy 0.71MeV/u. According to thismodel, the heat diffusion in the two; electronic (index e) and
atomic (index a) sub-systems is described by the following equations [37]:
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where the parametersTe,Ta,Ce,Ca,Ke andKa are the temperature, the specific heat capacity and the thermal
conductivity of the electronic and atomic subsystems, respectively, g is the electron-phonon coupling, t and r are
the variables of the time and space from the ion trajectory, andA(r, t) is the deposited energy to the target
electrons obtained fromMonteCarlo simulation in thework ofWaligórski et al [79]. The numerical solution of
these two equations gives the temperature evolution for the two subsystems as a function of time (t) and space
(r). According to a study conducted by Ichitsubo et al [80], the structure of the Zr70Ni30 amorphous alloy
resembles that of the Zr2Ni crystalline phase. So, since there is no literature-available thermodynamic data for
Zr70Ni30, the calculations were performed using the specific heat of the Zr2Ni as a function of the temperature
from [81]. The thermal conductivity (K ) is estimated using the relationshipK= CρDwhereC is the specific
heat, ρ is the density, andD=0.02 cm2s−1 is the thermal diffusivity [82]. The latent heat of fusionwas determined
for Zr2Ni using the softwareMTDATA and the SGTE solution database. The value for the coupling parameter
used for the simulationwas taking from reference [83].

This calculation gives the variation of atomic temperatures inKelvin as a function of the time and radius of
the ion track, as shown infigure 8. The horizontal dotted line indicates themelting temperature (Tm). This plot
reveals that the lattice temperature reaches themelting point, indicating the phase solid-liquid transformation.
This suggests themelting of Zr70Ni30 by swift heavy ion irradiation, leading consequently to track ion formation
after the quenching of amelting phase. The track radius is about 7 nm. The track concentration increases with
increasingfluence. At high doses these tracks probably accumulate to formnano-crystals responsible for the
enhancedmechanical properties of Zr70Ni30metallic glass. In addition, point defects can be induced around the
ion trackwhich could decrease the free volume leading to improvedmechanical properties (H, E). However,
despite the thermal spike process, structural changes within damage cascades coupledwith the free volume and
anti-free volume have a significant role in forming nano-crystals after irradiationwith 1MeVNi+ ion in the
Ni25.5Nb10Zr15Ti15Pt7.5metallic glass ribbon [84]. According to the literature, the precipitation of nano-crystals
with an average size of 6 nm in theMGunder 7MeVXe26+ ion irradiationwas found at 5 dpa using the TEMand
leading to the increase in themechanical properties [28]. Hence the amorphousmetallic glass Zr70Ni30 is
therefore sensitive to electronic excitations. Thus, depending on the electronic stopping power, latent tracks
with spherical and cylindricalmorphology can be induced by irradiation in Zr70Ni30metallic glass, which leads
to a change inmechanical, electrical and structural properties.

In order to check the electronic energy loss threshold of track formation in the Zr70Ni30metallic glass under
129Xe23+ ion irradiation, we carried out a series of calculations starting with the Xe ions energy of 0.71MeV/u
down to a possible low value using the parameters of the thermal spikemodel described above. Thus, the track
radius formedwas estimated for each electronic energy loss at different energies. The results given the evolution
of the track radius in Zr70Ni30 versus electronic energy loss are shown infigure 9. The track radius increases
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above a threshold value of about 6.32 keV nm−1. Therefore, the track formation radius starts to be observable in
the Zr70Ni30 at an electronic energy loss threshold of Seth� 6.32 keVnm−1.

4. Conclusion

In this investigation, Zr70Ni30 thinfilmmetallic glass deposited onto silicon substrate via theDCmagnetron
sputteringwas irradiated by 0.71MeV/u129Xe23+ swift heavy ionwithin the fluence range from5× 1012 to
8× 1013 ions cm−2. TheGI-XRD, SEMandAFManalyses revealed that the films exhibit an amorphous
structure with a thickness of about 1200 nm, and the RMS roughness is equal to 0.94 nm. Furthermore,

Figure 8.Variation of the atomic temperature for Zr70Ni30 as a function of the time at different track radius caused by 0.71MeV/
u129Xe23+ ions irradiation. The dotted line indicates themelting temperature (Tm).

Figure 9.Variation of the track radius as a function of the electronic energy loss in Zr70Ni30 thinfilm for different deposited energies
by 129Xe23+ ion irradiation. The line in the plot is thefit of the data points.
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0.71MeV/uXe ion irradiation induced surface smoothening, andmodification of the hardness andYoungʼs
modulus. The combination of theAFMand nano-indentation data reveal that at a low irradiation dose up to a
critical value of 0.008 dpa, the irradiation-induced increase of the free volume causes Zr70Ni30 softening. A slight
increase of the hardness above a dose of 0.008 dpamay be ascribed to nano-crystals formation. This is supported
by the results of the thermal spike calculations indicating the formation tracks of 7 nm. Further studies using
transmission electronmicroscopy are needed to confirm the results. This will be the subject of our next work:
the evolution of themicrostructure under swift heavy ion irradiation.

In addition, the electronic energy loss threshold for track generation in Zr70Ni30 was calculated to be 6.32
keVnm−1 using thermal spike calculations.
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