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Modification of Fe-B based metallic glasses using swift heavy ions
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Abstract. We report on small-angle x-ray scattering (SAXS) measurements of amorphous FegB,,, FegsBis,
Feg B135S5135Cy, and FeyNigBy, metallic alloys irradiated with 11.1 MeV/u '**Xe, '**Sm, '’Au, and 8.2
MeV/u >*8U ions. SAXS experiments are nondestructive and give evidence for ion track formation including

quantitative information about the size of the track radius. The measurements also indicate a cylindrical track

structure with a sharp transition to the undamaged surrounding matrix material. Results are compared with

calculations using an inelastic thermal spike model to deduce the critical energy loss for the track formation
threshold. The damage recovery of ion tracks produced in FegyB,y by 11.1 MeV/u 7 Au ions was studied by
means of isochronal annealing yielding an activation energy of 0.4 + 0.1 eV

1 Introduction

Amorphous metals, also called metallic glasses, are
metallic alloys with a disordered non-crystalline atomic
structure. The amorphous structure is quenched from the
liquid state by rapid cooling with rates of 10° to 10° K/s.
In recent years, these highly processable metallic glasses
have attracted a significant degree of both scientific and
technological interest due to their interesting physical
properties such as high mechanical strength, great wear
and corrosion resistance, and high elasticity [1, 2]. The
means of tailoring the structurally governed amorphous
metal properties have the potential to benefit advanced
technological applications.

This research project presents recent results on irradiation
effects when exposing amorphous metals to energetic ion
beams. When passing through matter, ions with kinetic
energy of some MeV per nucleon (MeV/u) lose their
energy predominantly via electronic excitation and
ionization processes. Energy transfer from the electronic
system to the atoms due to electron-phonon coupling may
finally melt the material along the ion path. This molten
zone rapidly cools down, leading to the formation of long
columnar defects along the ion trajectories, so called ion
tracks.

The first evidence of ion tracks in metallic glasses was
inferred from the observation of the so called “ion
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hammering” effect occurring at high fluences [3]. Under
the bombardment of swift heavy ions, amorphous
materials undergo a macroscopic shape change. The
sample grows in dimensions perpendicular to the ion
beam and shrinks in parallel direction. Microscopic
observation of single tracks and analysis of the damage
morphology in amorphous materials is challenging due to
the lack of sufficient contrast required for most
microscopy techniques. Despite this limitation, tracks in
metallic glasses were reported using transmission
electron microscopy (TEM), including a study of the
crystallisation of the material, by means of electron beam
annealing [4].

Measurements of ion tracks in amorphous metals were
also performed traditionally using the technique of
chemical track etching [5], which preferentially dissolves
the radiation-damaged track volume at a higher rate than
the undamaged bulk material [6]. This destructive process
enlarges the nm-sized tracks, erasing the initial damage
structure. In addition to track etching, electrical resistivity
measurements of irradiated samples were performed. The
data allows one to deduce the mean track size from the
damage cross section [7], but does not provide any
information on the track morphology. To obtain more
detailed information about the structure and amorphous
state of ion tracks in metallic glasses we thus applied
small angle x-ray scattering (SAXS). As demonstrated
earlier for a variety of other materials, this nondestructive
technique is capable of measuring structural details of ion
tracks [8-13] and allows retrieving track radii in
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amorphous solids with unprecedented precision [10, 11].
Our investigations also include the evolution of track
recovery upon annealing using simultanecous SAXS and
wide angle x-ray scattering (WAXS) combined with ex
situ annealing.

2 Experimental

Ribbons of Feg()BzQ, F685B15, F681B13_5Si3.5C2, and
Fe,oNiyByy amorphous alloys were irradiated at room
temperature under normal incidence with 11.1
MeV/nucleon (MeV/u) 132Xe, 152Sm, TAu and 8.2
MeV/u **U ions to fluences between 1x10'" and 1x10"
ions/cm? at the UNILAC accelerator at GSI in Germany.
Mass densities and thicknesses of the samples are listed
in Table 1.

Table 1. Nominal compositions (in atomic %), mass densities
and thicknesses of the reported amorphous metals.

Material Mass 3densnty Thickness
Lg/enr’] [um]
FegoBao 7.40 2941
FegsBis 7.50 15+ 1
FegBi3sSi3sCy | 7.32 2041
Fe4oNisoBag 7.74 26 + 1

Fig. 1. (Colour online) SAXS images for FegoB, irradiated with
11.1 MeV/u Au ions at 1x10'" jons/cm? with tracks aligned at
0° (a) and 10° (b) with respect to the x-ray beam.

The track structure was studied using synchrotron SAXS
in transmission mode, performed at the SAXS/WAXS
beamline at the Australian Synchrotron. The x-ray
wavelength was 1.0332 A (12 keV) and the distance
between the sample and the CCD detector varied between
~1000 and 1600 mm. The samples were mounted on a
three-axis goniometer, allowing the precise alignment of
the ion tracks with respect to the x-ray beam.
Unirradiated samples were used as standards for
background subtraction. Measurements as a function of
angle between the x-ray beam and the sample surface (i.e.
the ion tracks) show a high anisotropy of the scattering
pattern (see figure 1) indicating aligned structures of high
aspect ratio and giving clear evidence of the existence of
ion tracks. This is also consistent with a continuous track
morphology and nearly constant energy loss throughout
the sample.

To study the annealing kinetics of the ion tracks, we
performed isochronal ex sifu annealing experiments. The
SAXS signal of an unirradiated FegyB,, sample and a
sample irradiated with 11.1 MeV/u "’Au ions of 1x10"
ions/cm” was compared as a function of temperature. The
annealing of both samples was performed simultaneously,
at ambient pressure for 30 min at temperatures between
200 and 450°C. SAXS data were recorded between the
different annealing steps.

3 Results and Discussion

3.1 lon track morphology

The SAXS measurements provide clear evidence of the
existence of ion tracks in all alloys tested. Figure 2 shows
the experimental scattering intensities originating from an
unirradiated sample and from tracks in FegsB ;s produced
with different ion beams. The SAXS intensities of all
tracks exhibit an oscillatory behaviour indicating
monodisperse scattering objects with a rather abrupt
density change at the track-matrix interface.The SAXS
intensities can be well modeled with cylindrical track
geometry and assuming constant density in the track,
different from that of the matrix material. The scattering
intensity can be expressed as 1(g) ~ |f{g)|’, where where ¢
is the scattering vector and fthe form factor for a cylinder
of constant radial density:

f(q) = 2rLRp, J1(Rq)/q (1

L is the track length, R the track radius, p, the density
difference between the track and the matrix material, and
J; is the Bessel function of first order. To account for
deviations from perfectly identical parallel tracks, a
narrow Gaussian distribution of the track radii was
implemented [10]. The width and position of the
oscillations provide the value of the radius R and its
polydispersity for the given model, also taking into
account the uncertainties of the experimental data in the
full g range which are reflected in the uncertainty of the
obtained parameters. The solid lines in figure 2 show the
fits to the model.

The track radii extracted from SAXS data for FegsB s,
FegoBzo, F681B|3'5Si3_5C2 and FC4QNi4oBzo amorphous
alloys and for existing data on FegsBis from in situ
resistivity measurements [7] are shown in figure 3 as a
function of the energy loss averaged along the projectile
path in the given materials by using the SRIM-2008 code
[14]. The error bars in figure 3 represent the depth
variation of the track radii associated with the radius
polydispersity. It is important to note that the data from
reference [7] correspond to irradiation performed at ~90K
while our irradiation experiments were performed at
room temperature. Smaller track radii are expected at
lower irradiation temperatures [10].
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Fig. 2. (Colour online) SAXS intensities (symbols) as a function
of scattering vector ¢ for FegsB;s unirradiated and irradiated
with 11.1 MeV/u Xe, Sm, Au, 8.2 MeV/u U ions and cylinder
model fits (lines). Scattering 1ilntensitiﬁs for Sm, Alu, and U

1
projectiles correspond to 1x10 ions/cm® and 3x10 ions/cm’
for Xe.
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Fig. 3. SAXS track radii (solid symbols) and data deduced from
resistivity measurements [7] (open symbols) and i-TS fits
(lines) as a function of energy loss.

The good agreement of the SAXS data with a sharp
density change at the track boundary is consistent with a
molten track that has rapidly been quenched. Melting is
the criteria assumed by the inelastic thermal spike model
(i-TS) [15, 16] that has been used to successfully describe
track formation in the electronic energy loss regime in a
variety of materials, including metals [15], amorphous
metallic alloys [17], semiconductors [18] and insulators
[19]. The i-TS calculations include a superheating
scenario during the track formation [9, 20]. The track
radii are associated with the cylinder in which the energy

deposited on the atoms surpasses the energy E,, necessary
to melt the target material along the ion path. Therefore
E,, corresponds to the sum of the energy to reach the
melting temperature plus the latent heat of fusion. We
used this approach to model tracks in amorphous metallic
alloys, assuming a constant electron-phonon coupling of
5%10"* Wem K™, deduced by fitting the i-TS model to
the track radii measured by SAXS for FegsB;s. The
energies E;, necessary to melt the different alloys are
deduced from the model calculation fits to the SAXS data
(see figure 3). The values for E,, and track formation
threshold obtained from these calculations are presented
in Table 2. From the calculation of the track size versus
electronic energy loss, a threshold of 14 + 2 keV/nm was
extracted in good agreement with the value reported in
reference [7].

Table 2. Energy required for track melting E, and track
formation threshold S, deduced from i-T'S fits.

Material E,, [eV/at] S. [keV/nm]
FCgoBzo 0.58 £0.08 13+2
Feg5B15 0.60 +0.08 14+2
Feg B 135515 5C, 0.52 £0.06 10+£2
FC40Ni4OB20 0.51 £0.06 10+2
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Fig. 4. Track radii deduced from the SAXS data versus
annealing temperature for ion tracks in Feg,B,, generated with
11.1 MeV/u '’ Au ions of 1x10'" ions/cm” The line is shown to
guide the eye.

3.2 lon track recovery upon annealing

Annealing of irradiated samples leads to a gradual
decrease of the track radii due to relaxation at the track
boundaries. Figure 4 shows SAXS track radii as a
function of annealing temperature obtained for FegyB,g
irradiated with 11.1 MeV/u Au ions of 1x10'" ions/cm’.

The activation energy for track recovery was estimated
from an Arrhenius plot yielding an activation energy of
0.4 + 0.1 eV (figure 5). WAXS measurements confirmed
that all samples retained their amorphous structure up to
330°C., After the onset of recrystallization at 360°C, no
clear SAXS signal from the ion tracks could be detected.
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Fig. 5. Arrhenius plot of SAXS track radii in FegyByy (Ry
corresponds to the track radius at room temperature). From the
slope an activation energy of 0.4 = 0.1 eV for track recovery is
deduced

4 Conclusions

Synchrotron SAXS measurements provide evidence for
the formation of ion tracks in amorphous FegB,,
Feg5B|5, Feg|B13'ssi3‘5C2, and F€40Ni40B20 ribbons.
Depending on the ion species (energy loss), the tracks
have a diameter between 6 and 10 nm. Ion tracks in
glassy metals can be well described by cylinders of
constant density with abrupt boundaries between track
and matrix material. According to calculations with the
inelastic thermal spike model, the composition of the
different Fe-B based alloys has only a minor influence
on the track size and critical energy density required for
track formation.

Thermal annealing of tracks in FegyB,, generated with
11.1 MeV/u Au ions is characterized by an activation
energy of 0.4 + 0.1 eV. The typical SAXS pattern of
tracks vanishes at a temperature close to the onset of
recrystallization.
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