N

N

Swift heavy ion irradiation effect on structural,
morphological and mechanical properties of Zr 70 Ni 30
metallic glass
Watfa Boukhemkhem, Mahmoud Izerrouken, Matteo Ghidelli, Thomas
Pardoen, Ali Sari, Abdel Yazid Khereddine, Ali Meftah

» To cite this version:

Wafa Boukhemkhem, Mahmoud Izerrouken, Matteo Ghidelli, Thomas Pardoen, Ali Sari, et al.. Swift
heavy ion irradiation effect on structural, morphological and mechanical properties of Zr 70 Ni 30
metallic glass. Physica Scripta, 2023, 98 (8), pp.085311. 10.1088/1402-4896/ace387 . hal-04178323

HAL Id: hal-04178323
https://hal.science/hal-04178323v1
Submitted on 7 Aug 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04178323v1
https://hal.archives-ouvertes.fr

Swift heavy ion irradiation induced defects in Zr7oNi3 metallic glass

W. Boukhemkhem?, M. Izerrouken®, M. Ghidelli¢, T. Pardoen¢, A. Sari¢, A.
Kheireddinefand A .Meftah?

ALRPCSI, Faculty of Sciences, Université 20 Aot 1955-Skikda, 21000 Skikda, Algeria.
SNuclear Research Center of Draria, BP 43, Sebbala, Draria, Algiers, Algeria
‘Laboratoire des Sciences des Procédés et des Matériaux (LSPM), CNRS, Université
Sorbonne Paris Nord, 93430, Villetaneuse, France

dUnstitute of Mechanics, Materials and Civil Engineering, UCLouvain, Place Sainte-

Barbe 2, 1348 Louvain-la-Neuve, Belgium

*Nuclear Research Center of Birine, BP 108, Ain-Oussera, Djelfa, Algeria
Center for Development of Advanced Technologies, Algiers, Algeria
Corresponding author: M. Izerrouken

Email: izerrouken@yahoo.com

m-izerrouken@crnd.dz



mailto:izerrouken@yahoo.com
mailto:m-izerrouken@crnd.dz

Swift heavy ion irradiation induced defects in Zr70Ni3 metallic glass

Metallic glass films are considered more and more in the nuclear field for
different coating applications owing to the advantageous performances but
the response to irradiation remains to be properly investigated. Zr7oNi3o
metallic glass films were irradiated by 0.71 MeV/u '®Xe*? ions in the
fluence range 5x10'? to 8x10' ions/cm?. After ion irradiation, the
structural, morphological, and mechanical properties were determined
using grazing incidence X-ray diffraction (GI-XRD), atomic force
microscopy (AFM), and nanoindentation for the as-deposited and
irradiated samples. Interestingly, the Xe ion-induced surface smooth when
the ions fluence is set to 1x10'> Xe/cm?. One-dimensional power spectral
density of the AFM data of irradiated film demonstrated that the
irradiation-induced evolution of the surface morphology can be attributed
to a transition between viscous flow and the evaporation-condensation
mechanism. The amorphous structure was unaffected after irradiation up
to a fluence of 8x10' ions/cm”. Nanoindentation revealed first a softening
as the fluence increases up to 4x10'3 ions/cm?, reflecting the creation of
free volume defects. While the hardness and Young’s modulus slightly
increasing when reaching 8x10'® ions/cm?. Moreover, at a critical dose of
109 dpa, the hardness is found to increase. We show by the inelastic
thermal spike model that the metallic glass’s overall performance also
reveals the track’s formation with a radius of 7 nm under ion irradiation.

Keywords: Zr70Ni3 metallic glass; ion irradiation; structural evolution; thermal

spike model.

1. Introduction

Zirconium alloys constitute one of the most attractive and convenient materials for
cladding applications in nuclear reactors owing to the low thermal neutron capture
cross-section and adequate mechanical performances [1,2]. In contrast to the
conventional crystalline Zr-alloys, amorphous alloys or metallic 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 interesting mechanical and chemical properties such as high strength (2-3 GPa),
high elastic limit (~2 %), good fracture toughness (40-50 MPa.m!?), and excellent
resistance to corrosion [4,6]. Thin-film metallic glasses (TFMGs) can be prepared using
different kinds of methods, such as physical vapor deposition (PVD), including
evaporation and sputtering [7,8] and pulsed laser deposition [9], showing fascinating
mechanical size effects boosting mechanical properties beyond those of bulk
counterparts [10]. For instance, Jiang et al. [11] found a high elastic strain limit of about
6.6% for the NisoNba4o metallic glass films. Jang et al. [12] also observed that the 100
nm Zr-based MG has an outstanding combination of high strength (~2.25GPa) and
increased ductility (~25%).

In addition, Zr-based MGs have very high thermal stability with an exceptionally wide
super cooled liquid region reaching [3,13] enabling large stability of the glass phase.
For these reasons, Zr-based MGs 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 induced more severe peelings on the surface of the
crystalline material Zre7Ni33 than the Zra7.9Ti03Cu393Ni3.1Al9.4 bulk MG, which shows
the formation of tiny bubbles of Helium. On the other hand, according to Wang et al.
[17], in the case of 500 keV helium irradiated polycrystalline tungsten (W) at a fluence
of 1x10'® ion/cm?, the high-stress concentration at bubbles helium precipitated at grain
boundaries causes delamination and peeling, whereas no obvious damage was observed

in the Zrs4Cui17.8Ni10.7Al7.5 bulk MG.



Despite these promising results, few and controversial studies still deal with
understanding the structural/mechanical evolution of MGs 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-based MGs ribbons as well as bulk systems [15,23]. Irradiation-induced
crystallization was investigated by Nagase et al. [24] who proposed three mechanisms
to explain this phenomenon: the first 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 bulk MGs 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], of interatomic distances [15,29], and some structural relaxation
[30] in the Zr-based MGs. The collapse of short-range order (SRO) has been further
reported by Qiu et al. [31] in NisoNbi1oZrisTi15Pt75Cu2.s MG ribbon irradiated with 3
MeV Au?"ions at a fluence of 1 x 10'* ions/cm?. Moreover, the mechanical properties
were modified after ion irradiation [15,23]. Igbal et al. [23] found that hardness and
elastic modulus increase by 43% and 25%, respectively. Similar results were also
reported by Luo et al. [15] for Zrs1.5Cu215FesAli2 bulk MG irradiated by 300 keV Ar"
ions due to the precipitation of nanoparticles with a face-centered cubic (fcc) structure
and a size of 5 nm.

In this paper, we investigate the ion irradiation damage of Zr-Ni thin-film metallic

glasses. This composition was selected owing to the high stability at room temperature



together with a large region of amorphization, from 10 up to 80 at % of Zr [32,33]. To
our knowledge, only Nagase et al. [19,20] and Tyagi and colleagues [34,35] investigated
the effect of radiation damage on the binary (Zr-Ni) MGs, in particular for the
compositions Zres6Ni333 and Zre7Nizs. The present work is mainly focused on the
impact of swift heavy ion irradiation, where the electronic energy loss is dominant, on
the structural, morphological and mechanical properties of the binary Zr70Ni3o thin film
metallic glass by using several techniques. The goal is to characterize the micro-
structured surface evolution as well as mechanical behavior under ion irradiation,
understand the underlying mechanisms, and, consequently, to determine its potential
applications as coatings for nuclear reactor components. In addition, inelastic thermal
spike [36] calculations are performed to further highlight the impact of electronic

energy loss and investigate latent track formation in Zr7oNi3o metallic glass.

2. Experimental procedures

ZrxNiiox (x=70 at.%), thin-film metallic glasses (TFMGs) were prepared by DC-
magnetron sputtering on a cleaned Si (100) substrate within a clean room (class 1000)
to limit contamination [10,37].

After processing, the Zr7oNiso films were irradiated with 0.71MeV/u'??Xe*** ions at
room temperature to fluences of 5x10'2, 1x10'3 2x10'%, 4x10'* and 8x10'3 ions/cm?.
The irradiations were performed at GANIL, Caen, France, using the IRRSUD beam
line. The samples were partially masked, enabling a direct comparison between the
irradiated and the non-irradiated parts for each sample. The electronic stopping power
Se, nuclear stopping power S» and projected ion range R, deduced using the code SRIM
2008 (Stopping and Range of Ions in Matter) [38] are respectively equal to 23.29

keV/nm, 0.22 keV/nm and 7180 nm. The ion range is larger than the film thickness;



hence no Xe ion is implanted in the irradiated sample. The displacement per atom (dpa)
corresponding to the irradiation fluences was calculated using equation (1) to
characterize the irradiation damage [39]:

N, A

1
Tl (1)

dpa =

where ¢ is the Xenon ion fluence, N is the number of displacements per ion, 4 is the
target material’s molecular mass, p is the atomic density of Zr7oNiso, d is the
penetration depth, and N4 is Avogadro’s number. The displacement damage (Na/d) was
calculated using SRIM 2003 code with displacement energy of 40 eV for Zr and Ni
atoms, respectively, and using the ‘quick calculation of damage mode.” The total
vacancy induced in the layer is 1454/ion leading to a total dose of 13.64, 27.28, 54.56,
109.12 and 218.24 dpa, respectively, for each fluence.

The radiation damage was then investigated using several techniques. The structural
characterization was performed by grazing incidence X-ray diffraction (GI-XRD) using
a Panalytical X’PERT-PRO MPD X-ray diffractometer with a Cu Ko radiation (A
=1.5406 A) and a PIXcellD detector. The incident angle was optimized to be 1.6° to
avoid the influence of the Si substrate on the collected data. The root-mean-square
(RMS) roughness and surface topography of unirradiated and irradiated films were
examined using atomic force microscopy (AFM) (type: MFP-3D from Asylum
Research, an Oxford Instruments company) in contact mode, with a silicon probe of 9
nm tip radius. In addition, the Power Spectral Density (PSD) was then used to provide
further information regarding the dominant mechanism responsible for RMS evolution
versus fluence. The power spectral density of a surface is a mathematical tool that

decomposes the surface into contributions of different spatial frequencies (wave



vectors) via Fourier analysis of the surface [40]. The one-dimensional PSD is calculated
from the AFM images by the WSxM (Windows Scanning X Microscope) software [41].
Nanoindentation experiments were used to probe the mechanical properties. All
measurements were carried out using a continuous stiffness measurement (CSM) mode
with a Berkovich diamond indenter at room temperature. A maximum load of 3.5 mN
and a loading time of 10 s were applied for each sample. In order to obtain accurate
statistical data, different indents were performed on each sample with 0.15 mm spacing
between each indent. The hardness (H) and Young’s modulus (E) values were
determined using the Oliver-Pharr method [42]. Additional analysis using a thermal
spike model was also performed to check the effect of 0.71 MeV/u Xe ion irradiation on

the formation of the ion track in Zr7oNi3o.

3. Results and discussion

3.1. Characterization of the as-deposited Zr79Ni3o metallic glass

Figure 1(a) shows GI-XRD spectrum collected in the 26 range of 20-80°. A broad halo
is observed at 37°, confirming the amorphous structure of the Zr70Nizo TFMG, which is
according to that finding in previous works [37,43]. Figure 1(b) shows 2D and 3D AFM
images over a 10 pumx10 pm of the Zr70Ni3o film, respectively. The RMS roughness of
the surface is about 0.94+0.18nm and is rather consistent, with little hills (protrusions)-
like morphology as indicated by white arrows.

Figure 1(c) shows the morphologies of the Zr70Nizo TFMGs in a cross-section view.
Observations have been carried out using a field-emission scanning electron microscope
(FE-SEM) after cleavage of the Si substrate enabling propagation of a crack from the Si
substrate to the films, see Refs. [44,45] for more details, Figure 1(c) reveals that the film

thickness is uniform, with a variation of by only a few nm, as expected for sputtered



deposition [44]. The film thickness is about 1200 nm. The hardness (H) and Young’s
modulus (E) are respectively equal to 7.7+0.45 GPa and 105.8+11.3 GPa, similar to the

values determined by Volland et al. [46].

3.2. Irradiation effects on the Zr7Ni3 metallic glass properties

3.2.1. Structural evolution

The GI-XRD patterns obtained before and after irradiation can be found in Figure 2. All
patterns show a broad band without any sharp diffraction peaks. This indicates that ion
irradiation up to a fluence of 8x10' ions/cm? does not modify the structure of Zr7oNi3o
TFMG, and that all samples are still amorphous. The maintained amorphous structure is
in agreement with the results obtained on Zre7Nis3 MG irradiated by 100 keV He ion at
a fluence lower than 6x10'” He/cm? [34,35]. On the other hand, the electron irradiation-
induced crystallization was reported in the works conducted by Nagase et al. [19,20] on
Zre6.6Ni333 amorphous alloy irradiated at room temperature with 2 MeV electrons for a

flux between 1.6x10** and 1.1x10% e/m?.s.

However, after fitting the results with a Lorentzian function, we did not observe any
clear evolution of the band position and full width at half maximum (FWHM) of the
band after ion irradiation in the investigated fluence range from 5x10'? to 8x10'
ions/cm?. In the literature, Contradictory results show the band position shifting or
remaining unchanged without any form of precipitation of crystals. For example, for
Zrs0.7Cu2sNioAl123 MG irradiated with 7 MeV Xe?* 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 associated to an increase
of free volume. Qiu et al. [31] found that for NisoNb1oZri15Ti15Pt75Cu2s MG ribbon
irradiated by 3 MeVAu?" ions, no apparent change in the broad peak position, they also

8



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 the atomic mobility.

3.2.2. Surface morphology evolution

The surface morphology after 0.71 MeV/u '2*Xe?" ion irradiation at different fluences
is shown in Figure 3. The small hills observed on the deposited sample disappear after
ion irradiation, and the surface becomes smoother. This is further confirmed in Figure 4,
with the root-mean-square (RMS) roughness evolution under different fluences. First,
the RMS roughness decreases in the fluence range of 0 up to 1x10' ions/cm? from
0.94£0.18 nm for unirradiated sample down to 0.19£0.01 nm for sample irradiated at
1x10" ions/cm?. Then, the RMS roughness increases slightly to 0.37+0.09 nm and
0.5140.02 nm, respectively, at a fluence of 2x10" ions/cm? and 4x10'* jons/cm?.
Finally, it remains approximately constant at higher fluence, up to 8x10'® ions/cm?.
According to the literature, ion irradiation has thus two main effects on the surface
morphology of a solid: surface roughening and smoothening. The first is caused by the
sputtering atoms, and the second is induced by material transport [47]. The above
results agree with previous work [48] on amorphous Fe-Ni thin films irradiated with
103 MeV Au’* ions. Several authors also reported that irradiation-induced smoothening
and roughening phenomena depend on the material, particle energy, and fluence. For
example, similar surface smoothening was reported in Refs. [49,50]. Moreover, surface
roughening was found in other investigations [51,52] and attributed to the damage

induced under ion irradiation in different metallic glasses.



The Power Spectral Density (PSD) is used to interpret the RMS evolution with
irradiation fluence. This gives a representation of the surface roughness amplitude as a
function of the spatial frequency of the roughness [40], which helps understand the
mechanism responsible for smoothening and roughening the surface after ion
irradiation. The PSD data (see Figure 5) show two distinct domains. One domain at a
low spatial frequency (region I) corresponds to the uncorrelated white noise, and the
second one at a high frequency (region II) represents correlated surface features [48,53].
Moreover, according to Tong and Williams study [54], at low spatial frequency values,
a flat plateau extends out to the critical spatial frequency, after which the power spectral
density decreases linearly due to surface smoothening. Four mechanisms were
discussed; plastic flow, evaporation-condensation, bulk diffusion, and surface diffusion
corresponding respectively to the slop values of 1, 2, 3 and 4 [55]. In our case, the
fitting is performed in the linear region, which begins from the critical spatial frequency
value (0.045nm™). The obtained values of the slope of the linear fit are summarized in
Table 1. When the fluence increases from 0 to 2x10'3 jons/cm?, the slope varies from 3
to 1. Thus, the surface morphology modification is interpreted as a combination
between plastic flow and evaporation-condensation at low fluence (<2x10'3 ions/cm?).
At higher fluence (>2x10' ions/cm?), the value is close to 2, which means that the
evaporation-condensation process can explain the roughness increase at high fluence.
The latter evolution is attributed to the temperature increase along the ion path as found
using the thermal spike model addressed hereafter. A similar change of the roughness
has been observed by Pookat et al. [56] in amorphous Co77Fe23 thin films irradiated
with 100 MeV Ag’’, where the smoothening of the surface topography is due to the

viscous flow occurs at a fluence of 1x10'' jons/cm? and the evaporation-condensation
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mechanism caused by the sputtering is already activated at a fluence of 1x10'2? ions/cm?

and 3x10" ions/cm?.

3.2.3. Mechanical properties

The load-depth response obtained during the nanoindentation experiments were used to
extract the mechanical properties summarized in Table 2. Figure 6 provides the
evolution of hardness (/) and Young’s modulus (E) as a function of the fluence. Both
(H) and (E) decrease with increasing fluence up to 4x10'* ions/cm? from 7.7+0.45 GPa
down to 4.9+0.15 GPa and from 105.8+11.3 GPa down to 62.6+4.6 GPa, respectively.

This is followed by a slight increase when then fluence grows up to 8x10'* ions/cm?.

As well known, the Young’s modulus of a material is inversely correlated with the
distance to neighbor atoms, hence a decrease in the amount of the free volume tend to
lead to an increase of the modulus [57]. Thus, the elastic modulus evolution reveals an
irradiation-induced free volume enhancement (decrease of atomic density) up to a
fluence of 4x10"3ions/cm?, which means that the observed reduction in the stiffness and
strength can be attributed to the damage induced by either free volume or nano-voids
through ion-solid collision [58], which probably results in the softening of the Zr7oNis3o
films. The decrease in stiffness and strength was also observed after ion irradiation at
room temperature in several Zr-based bulk metallic glasses [14,59]. Brechtl et al. [60]
found that fast neutron irradiation (Ex>0.1MeV) at 70°C to a fluence of 1.4x10*°n/cm?
induced an excess of free volume defects, which leads to mechanical softening of
Zrs525Cu179N114.6Al10Nis bulk MG and a decrease of Young’s modulus. While Onodera
et al. [61] reported that the drop in hardness is attributed to irradiation-induced atomic

disordering in the metallic glass.
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The dose-dependence of the change in hardness in metallic glasses is opposite to what is
observed in the case of crystalline pure metals and metallic alloy systems [62], in which
irradiation induces hardening. The evolution of the hardness can be described by the

following phenomenological equation [62]:
[AH|=|(H ~H )| = h(dpa)" , @

where /4 and n are two empirical parameters representing the magnitude of irradiation-
softening. Ho is the hardness of an unirradiated sample and H is the hardness after ion

irradiation.
The variation of |AH | = |(H -H 0)| 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 about D.=109 dpa in the high dose-regime. This
result reveals that irradiation induces the softening of Zr7oNi3zo at a dose lower than a

critical value of D, then the material gradually hardens with increasing dose.

The slight increase of (H) and (E) values at high fluence (8x10'3 ions/cm?) suggests that
the thin film reached a saturation in the concentration of defects leading to the high
atomic mobility, which subsequently favour rearrangement atomic processes which can
then induce nano-crystals formation due to thermal effects. With a further increase in
the irradiation fluence, the amount of free volume is reduced, leading to an increase of
hardness [63]. Other studies [15][64] deduced the formation of nano-crystals is the
fundamental reason for the hardening effect in metallic glasses after ion irradiation.
Note that the annealing of Zr bulk MG at 300-325°C leads to free volume annihilation,

resulting in structural relaxation and increased mechanical properties. Indeed, structural
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relaxation is known to occur through different mechanisms: (i) defects or free volume
annihilation; (ii) recombination of defects of opposing character; (iii) change in both
topological and compositional short-range order [65,66]. More research is required to
understand the delicate balance of mechanisms that causes the hardness variation at
high fluence.

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 7 MeV
Xe?*" ion irradiated Zrso.7Cu2sNioAli23 bulk MG [28], where the mechanical properties
tend to decrease for a dose of 1 dpa and then to slightly increase at 5 dpa. Our results
suggest a strong correlation between hardness and free volume evolution in agreement
also with the previous work by Jiang et al. [67]. The authors discussed the relationship

between the amount of free volume and the mechanical behaviour of metallic glasses.

Finally, Table 2 shows also that the H/E ratio, a key parameter in the context of wear
resistance [68], slightly decreases after irradiation up to a fluence of 2x10'* ions/cm?
and then remains almost identical to that of the unirradiated sample at high fluence
(>2x10" ions/cm?). This suggests that ion irradiation does probably not significantly
affect the wear resistance of Zr70Nizo metallic glass, which is an interesting finding for
application as coating in irradiated environments, especially when explored to moving
fluids, such as coating in the nuclear waste containers [15,69]. New TFMGs with
excellent hardness and corrosion resistance were recently developed (see Ref. [70] and
references therein), making them attractive for coating structural materials. Due to the
limited corrosion of zirconium alloys fuel cladding material under accident conditions,
oxidation-resistant coatings are used to prevent thermal oxidation and to consequently
protect the zirconium alloy substrate [71,72]. Metallic glass coating based on Zr-

composition could constitute an attractive option, with expected good adhesion owing
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to element compatibility.

3.3. Thermal spike model calculations

In order to analyze the swift heavy ion irradiation-induced track formation in
amorphous Zr70Ni3o, the thermal spike model, was applied to take into account only the
electronic energy loss Se (keV/ A) for 'Xe?** ion of a specific energy 0.71MeV/u.
According to this model, the heat diffusion in the two; electronic (index e) and atomic

(index a) sub-systems is described by the following equations [36]:

ey L0 g ()l | o T+ () 3)
ot ror or
oT 10 oT
C (T a ——— |\ rK (T “a\+o(T =T , 4
(1) a[ a<a>ar} ¢(T.-T) @

where the parameters 7Te, Ta, Ce, Co, Ke, and K. are the temperature, the specific heat
capacity and the thermal conductivity of the electronic and atomic subsystems,
respectively, g is the electron-phonon coupling, ¢ and r are the variables of the time and
space from the ion trajectory, and A(7, t) is the deposited energy to the target electrons
obtained from Monte Carlo simulation in the work of Waligérski et al. [73]. The
numerical solution of these two equations gives the temperature evolution for the two
subsystems as a function of time (¢) and space (). According to a study conducted by
Ichitsubo et al. [74], the structure of the Zr70Nizo amorphous alloy resembles that of the
Zr2Ni crystalline phase. So, since there is no literature-available thermodynamic data for
Zr70Niso, the calculations were performed using the specific heat of the Zr:Ni as a

function of the temperature from Ref. [75].
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The thermal conductivity (K) is estimated using the relationship K=C p D, where C is
the specific heat, p is the density, and D= 0.02cm? /s is the thermal diffusivity [76]. The
latent heat of fusion was determined for Zr2Ni using the software MTDATA and the
SGTE solution database. The value for the coupling parameter used for the simulation

was taking from reference [77].

This calculation gives the variation of atomic temperatures in Kelvin as a function of
the time and radius around the ion track, as shown in Figure 8. The horizontal dotted
line indicates the melting temperature (7). This plot reveals that the lattice temperature
reaches the melting point, indicating the phase solid-liquid transformation. This
suggests the melting of Zr7oNi3zo by swift heavy ion irradiation, leading consequently to
track ion formation after the quenching of a melting phase. The track radius is about 7
nm, which supports the results obtained by nanoindentation at high fluence. Thus, this
simulation indicates that the high deposited energy dissipated in a short time in Zr7oNizo
thin film is mainly responsible for induced such point defects and could decrease the
free volume leading to increased mechanical properties. However, despite the thermal
spike process, structural changes within damage cascades coupled with the free volume
and anti-free volume have a significant role in forming nano-crystals after irradiation
with 1 MeV Ni" ion in the Ni2s sNbioZrisTi1sPt7.s metallic glass ribbon [78]. According
to the literature, the precipitation of nano-crystals with an average size of 6 nm in the
MG under 7MeV Xe?*" ion irradiation can also be observed at 5 dpa using the TEM and
leading to the increase in the mechanical properties [28]. Thus, based on the theoretical
analysis results, the track radius with a 7 nm diameter is estimated in our study, but we
cannot determine their nature. According to the literature, the TEM analysis visible the

nature of the phase formed with their size in the MGs under ion irradiation.
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Hence the amorphous metallic glass ZroNizo is therefore sensitive to electronic
excitations. Thus, depending on the electronic stopping power, latent tracks with
spherical and cylindrical morphology can be induced by irradiation in Zr7oNi3o metallic

glass, which leads to a change in mechanical, electrical and structural properties.

In order to check the electronic energy loss threshold of track formation in the Zr70Ni3o

126Xe?3* jon irradiation, we carried out a series of calculations

metallic glass under
starting with the Xe ions energy of 0.71MeV/u down to a possible low value using the
parameters of the thermal spike model described above. Thus, the track radius formed
was estimated for each electronic energy loss at different energies. The results given the
evolution of the track radius in Zr7oNiso versus electronic energy loss are shown in
Figure 9. The track radius increases above a threshold value of about 6.32 keV/nm.

Therefore, the track formation radius starts to be observable in the Zr7oNiso at an

electronic energy loss threshold of Sex> 6.32 keV/nm.

4. Conclusion

In this investigation, Zr7oNizo thin film metallic glass films deposited onto silicon

Browift

substrate via the DC magnetron sputtering were irradiated by 0.71MeV/u'*Xe
heavy ion within the fluence range 5x10'? - 8x10'3 ions/cm?. The GI-XRD, SEM and
AFM analyses revealed that the films are amorphous structure with a thickness of about
1200 nm and the RMS roughness is equal to 0.94 nm. Furthermore, 0.71MeV/u Xe ion
irradiation induced surface smoothening and modification of the hardness and Young’s
modulus. The combination of the AFM and nano-indentation data reveal that at a low
irradiation dose up to a critical value of 109 dpa, the irradiation-induced increase of the

free volume causes Zr7oNizo softening. An increase of the irradiation dose above 109

dpa presumably leads to the formation of nano-crystals responsible for the slight

16



increase of the hardness. The nano-crystals are not detected using GI-XRD, and TEM is
needed to confirm this claim. Whereas theoretical analysis based on the thermal spike
model reveals a track formation with a radius of about 7 nm, to be also confirmed by
TEM.

In addition, the electronic energy loss threshold for track generation in Zr7oNizo was

calculated to be 6.32 keV/nm using thermal spike calculations.
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Figures captions

Fig. 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-SEM micrograph of the as-deposited Zr7oNiso

thin-film metallic glass.

Fig. 2. Grazing incidence X-ray diffraction (GI-XRD) patterns of metallic glass Zr70Nizo
before after 0.71MeV/u '2Xe?** ion irradiation at different fluences. The vertical dotted
line indicates the band position. The red line is the Lorentzian fit of the experimental
data.

Fig. 3. Two- and three-dimensional AFM images of irradiated Zr70Nizo metallic glass at
a fluence of (a) 5x10'2 Xe/cm?, (b) 1x10" Xe/cm?, (c) 2x10"* Xe/cm?, (d) 4x10"3
Xe/cm? and (e) 8x10' Xe/cm?.

Fig. 4. Variation of the roughness as a function of the fluence irradiation for Zr70Niso.
The dotted line is to guide the eye. The error bars for RMS represent standard

deviations obtained from various experimental measurements.

Fig. 5. Power spectral density (PSD) as a function of the spatial frequency of surfaces
for Zr7oNi3o before and after ion irradiation.

Fig. 6. Variation of nano-hardness (/) and Young’s modulus (£) of metallic glass
Zr70Nizo as a function of fluences irradiation, with the statistical standard deviations

obtained from repeated experimental measurements.

Fig. 7. Dose dependence of irradiation softening / hardening in Zr70Ni3o. The solid line
is the linear fit of the experimental data. The dotted line indicates the dose-dependence

at a high dose regime.
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Fig. 8. Variation of the atomic temperature for Zr7oNiso as a function of the time at
different track radii caused by 0.71MeV/u '*Xe?*** ions irradiation. The dotted line
indicates the melting temperature 7.

Fig. 9. Variation of the track radius as a function of the electronic energy loss in

129X623+

Zr70Ni3o thin film for different deposited energies by ion irradiation. The line in

the plot is the fit of the data points.

Table 1
Mechanical properties of the Zr70Niso thin film before and after ion irradiation from the

nanoindentation experiments.

Table 2
Root mean square (RMS) roughness and calculated values of the slope of the power
spectral density (PSD) curves of unirradiated and irradiated Zr70Niso thin film at

different fluences.
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Irradiation fluence RMS (nm) slope of the PSD curve
(Xe/cm?)

0 0.94%0.18 2.8410.04
5x10"? 0.31+0.01 1.8620.06
1x1013 0.1940.01 1.67+0.03
2x1013 0.37£0.09 1.87£0.10
4x1013 0.51+0.02 2.6410.04
8x10"3 0.3340.18 2.07£0.09

Table 1
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Irradiation fluence Nano-hardness H ~ Young’s Modulus £ H/E
(Xe/cm?) (GPa) (GPa)

0 7.72+0.45 105.79+11.34 0.07+0.01
5x10"2 5.99+0.30 102.35+4.39 0.06+0.01
1x10" 5.55+0.50 88.71+6.86 0.06+0.01
2x10" 5.24+0.60 89.09+9.82 0.06+0.01
4x10" 4.89+0.15 62.63+4.64 0.08+0.01
8x10" 6.00+0.41 81.19+6.10 0.07+0.01

Table 2
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