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Abstract

Amorphous metallic glasses (MGs) convert to crystalline solids upon annealing at a high temperature. Such a phase
change, however, does not occur with the local melting caused by damage cascades introduced by ion irradia-
tion, although the resulting thermal spikes can reach temperatures > 1000 K. This is because the quenching rate

of the local melting zone is several orders of magnitude higher than the critical cooling rate for MG formation. Thus
the amorphous structure is sustained. This mechanism increases the highest temperature at which irradiated MG
sustains amorphous phase. More interestingly, if an irradiated MG is pre-annealed to form a polycrystalline structure,
ion irradiation can locally convert this crystalline phase to an amorphous phase if the grains are nanometers in size
and comparable to the damage cascade volume size. Combining pre-annealing and site selective ion irradiation, pat-
terned crystalline-amorphous heterogeneous structures have been fabricated. This finding opens new doors for vari-

ous applications.
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1 Introduction

Metallic glasses (MGs) form through the rapid quenching
of a molten alloy at a rate exceeding the critical cooling
rate (R,) [1-3]. Composition engineering has been suc-
cessfully used to increase the viscosities of MGs, which
decreases the critical cooling rates that are needed to
fabricate bulk MGs of large volume for practical appli-
cations [1-3]. MGs exhibit exceptional strength and
elasticity [2—4], but have limited plasticity due to shear
localization. Under tensile loading, MGs show almost no
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macroscopic ductility [5]. One way to improve ductility
is by introducing ductile crystalline dendritic particles to
promote shear band initiation and to arrest shear bands
to avoid catastrophic failure [5]. However, it’s essential
for the microstructural length scale of the particles to
match the characteristic dimension of a crack tip’s plastic
zone [5].

Nanocrystals can be easily introduced into MGs
through thermal annealing at temperatures above the
glass transition temperature (T,). The effects on ductil-
ity, however, are controversial, with both embrittlement
and toughening observed [6—-12]. The size, volume frac-
tion, and ductility of the nanoparticles are critical for
tuning the global ductility [13]. From the perspective of
process control, thermal annealing presents challenges
in process control due to the lack of control on nuclea-
tion sites and nuclei densities. Furthermore, in many MG
systems, the activation energies of crystal nucleation are
higher than that of crystal growth [14—16], which makes
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crystal volume control difficult due to easy crystal growth
at temperatures high enough to initiate crystal nuclea-
tion. As a result, it is difficult to use thermal annealing for
ductility improvement. Other methods such as bending
[16], ball milling [17, 18], indentation [19], and pressure
[20], can induce nanocrystals, but typically in a destruc-
tive manner. Ion irradiation or electron irradiation has
also been used to induce crystallization [21-23], but
results vary, with nanocrystallization observed in some
cases and not in others [24]. We believe that the observed
differences in results are a consequence of the irradiation
conditions used and the various mechanisms involved.
Specifically, for ultra-high current ion irradiation, the
total energy deposited at the surface can be high enough
to induce thermal annealing, and therefore ion irradia-
tion acts as a heating source. Evidence of such an effect
is that crystallization occurs throughout the specimen,
including regions well beyond the projected range (R;)
of the ions. For intermediate beam current ion irradia-
tion at high fluence, beam heating is not significant but
crystal nucleation is still possible due to the enhanced
atomic mobility resultant from both the thermal effects
and athermal effects of irradiation. The atomic mobility,D
is calculated by D = Doexp(—E/kT)exp(AVEpy/AVp)
[25, 26], where Dy is a constant, E is migration energy,
k is Boltzmann constant, T is temperature, AVgy is the
excess free volume and AV{ is an activation volume.
Damage cascades create local density fluctuations and
AVpy changes. In combination with the local heating
effect, crystal nucleation is promoted. Microstructural
changes under such conditions exhibit multiple stages.
First, small ordered atoms diffuse into precipitates. Sec-
ond, large crystals grow within the precipitates [27].
There is no linear correlation between ion fluence and
crystal density, and no evidence that the damage cascade
region is directly converted to crystals.

In the present study, we limit our investigation to low
beam current irradiation in which ion-solid interac-
tions are dominated by single damage cascade effects.
The average amount of power deposited by the beam is
ignorable under low beam current conditions. The key
finding, as to be discussed, is that instead of directly con-
verting the local region into a crystalline phase, ion dam-
age cascades sustain the amorphous phase, regardless of
the initial phase conditions (whether the MG starts as an
amorphous material or as an annealed crystalline mate-
rial). In the present study we irradiate a pre-annealed
polycrystalline MG for site selective amorphization. The
study demonstrates that it is critical to control the grain
size of the annealed material. Such an effect occurs over
a very large irradiation temperature range (up to ~T,).
Different from other crystallization methods (deforma-
tion, indentation, annealing, and ion irradiation of an
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amorphous MG), the method can precisely control the
crystalline phase size and volume in a patterned hetero-
geneous structure. The patterning is achieved through
lithography and masking techniques. The method can
be easily adopted to tune the mechanical properties with
crystal morphology satisfying both the length scale and
volume required for ductility optimization.

2 Results and discussions

Although thermal spike temperatures in a damage cas-
cade can initially exceed 1000 K, local heat dissipa-
tion is too fast to allow for crystal nucleation. Figure la
shows the temperature change in a single damage cas-
cade created by 3.5 MeV Cu ion bombardment of a
TiyCuyZr,,Pd;,Sn,Si: MG, simulated by combining
a Monte Carlo simulation (SRIM) of damage cascade
creation and finite element analysis of thermal quench-
ing (further details are shown in Additional file 1: Fig-
ure S1). At 200 ps, the core temperature reaches about
1000 K. At 247 ps, the temperature reduces to 713 K,
which is the glass transition temperature (Tg). The inset
of Fig. 1a shows the cooling rate. The average cooling rate
at 713 K is 3.5x 10" K/s, which is 7 orders of magnitude
higher than the critical cooling rate R, for MG forma-
tion. The critical R, of Ti-Cu based MGs is on the order
of 1x10° K/s [28]. The significance lies in the fact that
the damage cascades cannot directly induce local amor-
phous-to-crystalline phase changes because the ther-
mal quenching of the damage cascade region is too fast.
As a result, the molten MG retains its glassy state upon
cooling to room temperature. Figure 1b and ¢ show tem-
perature contours of the thermal spikes from the dam-
age cascades, at 1 ns and 10 ns, respectively. The melting
point of the Ti-Cu system is about 980 °C [12]. Using this
temperature as a boundary, the temperature contours
of the damage cascades suggest a melting zone of 30 to
50nm in size due to the evolution of the thermal spikes
[see Additional file 1: Fig. S2].

As evidence that the damage cascades cannot directly
convert an MG to a crystalline solid, Fig. 2a-d show
cross sectional transmission electron microscopy (TEM)
micrographs of a Ti,,CuyyZr,,Pd;,Sn,Si: MG irradiated
by 3.5 MeV Cu ions to a fluence of 1x10'® ions/cm? at
temperatures of 440, 450, 460 and 480 °C, respectively.
Irradiation at 440 °C does not induce crystallization, as
indicated by both the amorphous ring diffraction pattern
and the lack of ordered structure in the high resolution
TEM (HRTEM) micrograph shown in Fig. 2a. Super-
imposed in each of the TEM micrographs is the SRIM
calculated displacement-per-atom (dpa) profile. The pro-
jected range (Rp) of the 3.5 MeV Cu ions is about 1.6 pm.
No crystallization or precipitation is observed at depths
beyond the R, (Fig. 2a), suggesting that the original glassy
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Fig. 1 a Results of a simulation showing superfast quenching of one damage cascade core produced by bombardment of 3.5 MeV Cu ions. b, ¢
Temperature mapping of the damage cascade core at 1 ns and 10 ns after ion bombardment. The modeling is obtained by combining the SRIM

code and finite element analysis
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Fig. 2 a-d Cross sectional TEM micrographs, localized diffraction patterns, and HRTEM images of an MG irradiated by 3.5 MeV Cu ions to a fluence
of 1x10'%ions/cm? at 440 °C, 450 °C, 460 °C, and 480 °C, respectively. Superimposed are SRIM damage profiles. All the diffraction patterns
and HRTEM micrographs were collected within the damage zone (depth <Ry)

state is stable at this temperature. At an irradiation tem-
perature of 450 °C, deep regions (>Rp) are crystallized
(Fig. 2b) due to the thermal annealing effect only. But
within the R, the amorphous phase is sustained, as fur-
ther evidenced by the localized diffraction pattern and
HRTEM micrograph. At a higher temperature of 460 °C,
the deep crystalline region (depth>R;) has noticeable
grain growth. But the irradiated region (< Rp) still remains
amorphous, except for the very near surface region where
a few nanocrystals form. Scanning TEM and an EDS line
scan show Cu loss and Ti enrichment within 80 nm below

the surface, which is expected to change the local irra-
diation response and promote local crystallization [see
Additional file 1: Fig. S3]. At the highest temperature of
480 °C (Fig. 2d), the irradiated region is fully crystallized.
These studies show that the formation of a heterogene-
ous structure using ion irradiation requires a very narrow
temperature window. For example, T < 440 °C results in a
full amorphous phase, while T > 480 °C results in a crys-
talline phase.

The composition changes near the surface could
be caused by (1) preferential atomic loss due to ion
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sputtering; (2) elemental segregation towards the surface;
(3) minor surface contamination during irradiation. It is
worth noting that ion irradiation-induced free volumes
are positive and substantial near the surface region [29],
which can promote local crystallization even without
composition changes. Hence, the formation of an ultra-
thin crystalline layer, as observed in Fig. 2c, is compli-
cated and could be a combination of several mechanisms,
both from irradiation and temperature effects.

For irradiation at 480 °C, the crystallization shows
noticeable differences at different depths. In the near-sur-
face region, there is a continuous crystallized layer with a
thickness of about 8 nm. Within the ion irradiated region
and beneath the surface crystallized layer, large crystals
(>50 nm) are observed. The crystal sizes increase with
increasing local damage levels and peak at the depth cor-
responding to the peak damage location. The crystalline
size begins to reduce after the damage peak. At depths
outside of the ion irradiation region, crystalline sizes are
significantly reduced. Clearly, ion irradiation at a high
temperature such as 480 °C promotes crystallization. The
grain growth is promoted due to enhanced atomic mobil-
ity under ion irradiation. For defect-assisted diffusion,
atomic mobility increases with increasing point defect
supersaturation levels.

Since the damage cascades can melt and sustain the
amorphous phase at an irradiation temperature up to T,
the temperature window to form heterogeneous struc-
tures is significantly wider (increased from a window
width of ~10s °C to ~440 °C) if the starting material is
polycrystalline (annealed MG), instead of as-spun mate-
rial. This method consists of thermal annealing the MG
to form nanograined structures, prior to irradiation. This
further requires that the composition of the local melting
zones within the damage cascades is close to that of the
as-spun MG. If the composition is significantly different,
as would be expected if the MG grows into large crys-
tal domains of different crystalline phases, local critical
cooling rates will be significantly changed and increased
up to a rate like “traditional” metals, e.g., pure Ti, such
that irradiation can no longer “freeze” the amorphous
phase upon cooling. If the grain size of the annealed MG
is comparable to a damage cascade volume, atomic mix-
ing and local melting upon damage cascade creation can
average the composition of neighboring domains, lead-
ing to a composition close to the original MG. Hence the
irradiated region will have the capability to form glassy
states. The above hypothesis plays a key role in our pro-
posed methodology. The hypothesis is supported by our
experimental studies, as will be explained below.

Figure 3a and e are schematics of damage cas-
cade melting/mixing in nanograins and large grains,
respectively. Figure 3b and f are TEM micrographs of
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radiation-induced structural changes of a pre-annealed
MG with nanograin and large grain size, respectively.
Both are annealed at T>T,, prior to irradiation, to
form crystalline grains. For low temperature annealing
at 600 °C for 2 h, the average grain size is about 30 nm
(Fig. 3d). After ion irradiation, the irradiated region
(depth<Rp) becomes fully amorphous, while deeper
regions (depth>Rp) are crystalline. Damage cascade
mixing (with a typical size of 30 to 50 nm) over several
small grains (as shown in Fig. 3a) enables the irradiation
response to be comparable to that of an as-spun MG.
The resulting irradiated region is completely amorphous,
as shown by the HRTEM image and diffraction pattern
(Fig. 3c). For a crystalline MG annealed at a higher tem-
perature of 800 °C for 4 h, the resulting grain sizes are
much larger, measured as 435+ 124 nm, and are observed
for depths>R; (Fig. 3h). The majority of the irradiated
region within the R} is found to be crystalline (Fig. 3g).
Only at a few very small regions, is an amorphous phase
observed (see Additional file 1: Fig. S4). X-ray diffrac-
tion shows that the crystalline phases are a combination
of faced-centered cubic Ti and two intermetallic com-
pounds, body-centered tetragonal Cu;Ti; and hexago-
nal TiPd, (see Additional file 1: Fig. S5). Figure 3i and
j compare the Energy-Dispersive X-ray Spectroscopy
(EDS) elemental mapping results within R, and beyond
R, for the specimen shown in Fig. 3f. Large precipitates
are observed beyond R,,. The precipitate size is smaller
within R, suggesting a collision mixing effect.

A technique for phase patterning is therefore proposed,
as shown in the schematic of Fig. 4a, using the procedure
of (1) thermal annealing at 600 °C for 2 h to form a poly-
crystalline MG with nanometer size grains; (2) using a
TEM grid as a mask for irradiation protection; (3) irra-
diation at room temperature (3.5 MeV Cu, 1x10*/cm?)
to convert the crystalline phase of the unmasked region
to an amorphous phase. Figure 4b shows a cross sec-
tional TEM micrograph of the annealed and irradiated
MG. Figure 4c is the dark field image of the same region.
The white dashed line refers to the boundary of the irra-
diated and un-irradiated regions. HRTEM micrograph
(Fig. 4d) and localized diffraction pattern (Fig. 4e), both
collected within the irradiated region (as indicated by
the red circle in Fig. 4b) show that the irradiated region
is fully amorphous. Note that the box-like amorphous
region is 1.6 um deep, which is consistent with the SRIM
calculated R),. In the region>R, (as indicated by the yel-
low circle in Fig. 4b), both the HRTEM micrograph
(Fig. 4f) and diffraction pattern (Fig. 4g) show nanocrys-
tal formation. As further evidence, in the dark field TEM
image (Fig. 4c), the unirradiated region is featured with
nanocrystals which appear with white contrast while the
irradiated region appears dark.
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Fig. 3 a—d Damage cascade schematic, cross sectional TEM micrograph, HRTEM/diffraction pattern within Ro and HRTEM/diffraction pattern
beyond R, of an annealed (600 °C for 2 h) +irradiated (3.5 MeV Cu at room temperature, 1x 10'%/cm?) MG. e-h Damage cascade schematic,
cross sectional TEM micrograph, HRTEM/diffraction pattern within Ry, and HRTEM/diffraction pattern beyond R, of an annealed (800 °C

for 4 h) +irradiated (3.5 MeV Cu at room temperature, 1x 10'%/cm?) MG. i EDS mapping, collected within Rp, for the specimen shown in f. j EDS
mapping, collected beyond R,, for the specimen shown in f. SRIM dpa curves are superimposed in b and f

Additional experiments were conducted to investi-
gate the influence of ion fluence in the ion amorphiza-
tion step. No noticeable ion fluence effect is observed
for room temperature ion irradiation. Different flu-
ences, ranging from 1x10"/cm? to 1x10'/cm?, all
yield similar structural outcomes. However, when
ion irradiation is carried out at a higher temperature
of 250 °C, significant changes occur. The amorphous
regions become narrower with increasing fluence.
This phenomenon is attributed to the growth of grains
in the unirradiated portion, which has not undergone
direct irradiation but has experienced thermal anneal-
ing during prolonged irradiation. The growth of these
grains promotes crystallization and shifts the interface
between the amorphous and crystalline regions toward
the ion-irradiated zone, resulting in a reduction in the
width of the amorphous zone. This complex behavior
suggests that room temperature irradiation is the pre-
ferred choice when aiming to achieve specific phase
patterning.

As one example to demonstrate the unique mechani-
cal properties of the heterogeneous structure having a
patterned phase, micron indentation was performed to
introduce local fracture. As shown in Fig. 5a, indenta-
tion on the crystalline region, which corresponds to the
region protected by the TEM grid in Fig. 4a, induces
a crack from the indenter corner. The crack propagates
and intercepts the crystalline-amorphous boundary. For
site selective characterization, the intercept location was
marked by Pt deposition (Fig. 5b). A focused ion beam
(FIB) lift-out technique was used to prepare TEM lamella
from this location (Fig. 5¢). A propagating crack is visible.
A TEM micrograph shows that the propagating crack
stops at the crystalline-amorphous interface.

The indentation-induced cracking in the crystalline
region suggests embrittlement due to nanocrystalliza-
tion. Previous studies have shown both toughening and
embrittlement in partially crystallized MGs, depending
on the effects of volume fraction, nanocrystal size, and
nanocrystal mechanical properties. For a Zr-based MG,
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Fig. 4 a Schematic of a MG after annealing at 600 °C for 2 h to form nanograins and subsequently irradiated by 3.5 MeV Cu ions to a fluence
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of 1x 10" ions/cm? at room temperature through a mask. b, ¢ Cross sectional TEM bright field and dark field micrographs that show patterned
region. d, e HRTEM image and localized diffraction pattern collected from the irradiated region, as marked by the red circle in b. f, g HRTEM
image and localized diffraction pattern collected from the region beyond Ry, as marked by the yellow circle in b

embrittlement was found to occur if the crystal volume
fraction exceeds 6% [12]. Simulations show that hard
nanocrystals can embrittle a MG while soft nanocrystals
toughen a MG, with both effects increasing with increas-
ing volume fraction of nanocrystals. Hard nanocrys-
tals block shear band propagation, result in narrower
shear band widths and promote local cavitation. Such
embrittlement of the crystalline region, however, can be
reduced by performing low fluence ion irradiation, after
thermal annealing, to modify the crystal volume frac-
tion. It is feasible to combine ion irradiation and masking

to modify the volume fractions in both crystalline and
amorphous regions to optimize the overall mechanical
behavior of the heterogeneous structure.

It is possible to prepare masks of a few nanometer reso-
lution based on the maturity of nanotechnology, bringing
additional benefit from the size effect [30]. Earlier stud-
ies on crystalline-amorphous nanolaminates, fabricated
by physical deposition, have shown a significant ductility
increase and improved homogeneity in flow, contributing
to both the size effect and interface effect [31]. When the
amorphous layer thickness is less than a certain critical
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Fig.5 a SEMimage of an annealed +irradiated MG, after indentation. Specimen is first annealed at 600 °C to induce nanocrystallization, and then
covered by a TEM grid for patterned irradiation by 1x 10™/cm? 3.5 MeV Cu ion irradiation at room temperature. Indentation is performed

on the crystallized region, which is the region protected by the TEM grid from ion irradiation. Indentation induces crack propagation from the sharp
corner of the indenter to the boundary of the crystalline and amorphous phases. b SEM image showing Pt deposition location (circled markers)
during the FIB process for site selective TEM lamella preparation. ¢ SEM image of the TEM lamella lift-out from the crystalline-amorphous interface,
where the crack is arrested. d Cross sectional TEM micrograph of the interface region, showing that the crack is arrested by the amorphous zone

(marked by the white dashed line)

size, it becomes difficult for shear transformation zones
to develop into mature shear bands, in terms of the
aged-rejuvenation-glue-liquid shear band model [31].
The crystalline-amorphous interface, on the other hand,
can absorb dislocations created in the crystalline region,
leading to high strength nanolaminates.

The proposed procedure for phase patterning of MGs
can find various applications. For example, for a Fe-based
MG, it is possible to fabricate ordered nanocrystals with
a given ferromagnetic property in an amorphous matrix,
as a data storage device. Another application could be
radiation detection, based on the resistivity difference
between crystalline and amorphous phases [32]. Using
polycrystalline MGs (by performing thermal annealing)
as the starting material, the radiation dose of heavy ions
or neutrons could be quantitatively determined by meas-
uring resistivity changes. According to the present study,
such phase change occurs up to a temperature close to
T,. This opens a new door for radiation detection from
room temperature to T,. It is feasible to use boron con-
taining MGs to induce nuclear reactions with neutrons,
for improving detection efficiency. It is worthy to note
that electrical resistivity measurement for radiation dos-
age determination is difficult for traditional metals, e.g.,
pure Fe, due to very complicated defect clustering pro-
cesses [33]. Point defect interactions and extended defect

formation under defect supersaturation conditions lead
to multiple stages of quasi-steady states of point defect
populations, in which resistivity readings are challeng-
ing to interpret due to their complicated dependence on
both temperature and time [33]. This makes it impossi-
ble to quantitatively determine the doses. Different from
traditional metals, upon irradiation there is no recovery
or reverse reaction in crystalline-to-amorphous phase
changes. Hence, a linear volume change of amorphous
phase is expected as a function of ion fluence.

3 Conclusions

To conclude, we have shown that ion irradiation of an
amorphous MG cannot induce phase changes in the
damage cascade regions, because the quenching of the
thermal spike and local melting zone is too fast. Ion irra-
diation stabilizes the amorphous phase even when irra-
diation is performed at temperatures slightly higher than
the T,. Ion irradiation of an amorphous MG can create a
heterogeneous structure, but over a very narrow temper-
ature window (Tg+ ~20 °C, in the present study). On the
other hand, ion irradiation of an annealed MG can create
patterned heterogeneous structures over a much larger
temperature window (T <~ Tg). The key in the latter
approach is to control the grain size to be comparable to
the size of the damage cascade. Therefore, atomic mixing
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and local melting in the damage cascade regions create a
liquid MG with a composition close to the original MG.
For large grain sizes, it is difficult to average neighboring
domains to achieve the original MG composition. Thus,
critical cooling rates for MG formation in large crystal-
line domains are dramatically increased to allow crystal-
lization upon quenching.

Applying the technique of thermal annealing and sub-
sequent masked ion irradiation, we created patterned
heterogeneous structures, with the damage cascade
reachable region converted to an amorphous phase,
and un-irradiated regions sustained as a crystalline
phase. Indentation tests show that cracks created in the
crystalline phase are arrested at the amorphous-crys-
talline interface. With the capability to further adjust
crystal size, density and volume fraction in each pat-
terned region, the mechanical properties of the hetero-
geneous structures can be further tuned and optimized.
These findings also open new doors for various applica-
tions from data storage to radiation detection.

4 Methods

4.1 Specimen synthesis and preparation

A TiyyCuyeZr;Pd,,Sn,Siz metallic glass ribbon, ~2 mm
wide and ~30 pum thick was fabricated by melting mix-
tures of pure metal powders and fast quenching and
solidification of the melt on a copper roller in an argon
atmosphere. The study involves irradiation of both as-
spun specimens and specimens after vacuum annealing
at 600 and 800 °C for 2 and 4 h, respectively. The vacuum
during annealing was about 1x 107 torr.

4.2 Modeling

The damage production by 3.5 MeV Cu ions was simu-
lated by using the Stopping and Range of Ions in Mat-
ter (SRIM) code under the full damage cascades model
[34]. The displacement energies of 30 eV (Ti), 30 eV (Cu),
25 eV (Pd), 40 eV (Zr), 60 eV (Nb), 25 eV (Sn), and 15 eV
(Si) were selected [35]. The damage cascade thermal
annealing was simulated by using the SRIM displace-
ment distributions as input in a commercial finite ele-
ment analysis code ANSYS [36]. The temperature of each
heating source at time zero was converted from the inter-
stitials’ kinetic energies, with a locally redefined mesh. A
thermal conductivity of 5 W/mK [37], and specific heat
of 0.383 kJ/kgK were used [38]. For the side facing the
beam, thermal flux is set to zero. For all other sides, tem-
perature is fixed to room temperature.

4.3 lonirradiation
Ion irradiation was performed using a General Ionex
1.7 MV tandetron accelerator located at Texas A&M
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University. The beam current was intentionally con-
trolled to 70 nA to minimize beam heating. A ther-
mocouple was attached over the target heater surface
to monitor temperature. The overall temperature fluc-
tuation over the irradiation was less than +5 °C. A slow
raster beam with a spot size of 12 mmXx6.5 mm was
used. The vacuum during irradiation was 6x1077 to
8x 1077 torr. A beam deflection technique was used to
filter carbon and oxygen contamination [39, 40].

4.4 Specimen characterization

A Bruker-D8 Discover X-ray diffractometer (XRD) with
Cu Ka radiation (A=0.1540562 nm) was used to char-
acterize the specimens. TEM lamellas were prepared by
using a lift-out technique on a Tescan Lyra-3, and TEM
characterization was performed by using an FEI Tecnai
F20. For indentation, a Hysitron TI 950 Triboindenter
was used with a Berkovich indenter at a maximum load
of 3 N. A trapezoidal load function was used with a5 s
load - 2 s hold — 5 s unload.
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Additional file 1: Fig. S1. a Three dimensional distribution of displace-
ments by one 3.5 MeV Cu ion bombardment in a TiyqCu,oZr,oPd;45n,Sis
MG at room temperature, calculated by using the SRIM code. b Building
initial ANSYS simulation with redefined mesh (purple) for high accurate
temperature simulation. Fig. S2. Temperature evolution of the dam-

age cascade region caused by one 3.5 MeV Cu ion bombardment in a
TiyoCuyoZrioPd;,Sn,Sis MG at room temperature. a At time 50 ps. b 150
ps. € 250 ps. d 750 ps. Determined by a temperature boundary of 980

°C, the melting temperature of a Ti-Cu system, the melting zone is about
30 nm to 50 nm, varying among different damage cascades. Fig. S3.
Scanning TEM (STEM) image and EDS line scan of a Ti,qCu,eZr;oPd;,5n,Sis
MG after irradiation at 440 °C. Pt is deposited during the FIB process. The
red dashed line refers to the MG surface. The EDS line scan suggests there
is Cu loss and Ti enrichment in the near surface region, from the surface
to a depth of about 100 nm. Fig. S4. Cross sectional TEM micrograph of
a MG after annealing at 800 °C for 4 hours to form large grains and then
irradiated by 3.5 MeV Cu ions at room temperature. The two insets show
HRTEM micrographs and diffraction patterns collected within the R, The
majority of the characterized regions show crystalline phases. A few local
regions show an amorphous phase, which is attributed to an atom mixing
effect under high fluence irradiation. Fig. S5. X-ray diffraction analysis of
a MG after annealing at 600 °C for 2 h and subsequent Cu ion irradiation.
The resulting crystalline phases are a combination of face-centered cubic
Ti and two intermetallic compounds (body-centered tetragonal Cu,Ti;
and hexagonal TiPd5)
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