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ABSTRACT

Ion irradiation was applied to tailor the structural heterogeneities in Zr-based metallic glasses at room tem-
perature. Experimental methods of X-ray diffraction, nanoindentation, and micropillar compression were con-
ducted to examine the irradiation effects on their structural and mechanical property changes. It is found that the
irradiated materials retained amorphous structure after room-temperature Ni ion irradiation. The reduction of
elastic modulus and hardness measured by nanoindentation indicated the irradiation-induced mechanical
degradation. A unified statistic model was employed to quantitatively predict the density and strength of irra-
diation defects, although their specific structural and physical nature is not explicitly included in this model. The
transition of non-intersecting shear bands to multiple intersecting shear bands was observed on compression tests
of irradiated micropillars with the increase of irradiation dose. The analysis of the displacement excursion of
micropillar compression tests indicated a different deformation mode from the unirradiated state. These results
from nanoindentation pop-in and micro-pillar compression tests suggested that irradiation eventually leads to a
new state with different types and characteristics of structural heterogeneities from violent displacement cas-
cades and non-equilibrium energy deposition/dissipation processes, which also proves ion irradiation as an
effective method to tune the structure and mechanical properties of metallic glasses.

1. Introduction

atomic structural description; candidate measures include the free vol-
ume, shear transformation zone (STZ), and effective temperature [4-6].

Due to the amorphous structure that lacks the long-range order and
geometric defects such as grain boundaries and dislocations, metallic
glasses (MGs) have shown unique mechanical properties such as high
strength, high fracture toughness, good corrosion resistance and form-
ability [1-3]. On the other hand, metallic glasses as structural materials
have the notorious problem of poor ductility at temperatures below the
glass transition temperature, Ty. A tendency towards catastrophic failure
at room temperature is characterized by localized plastic shear bands,
which has not been clearly linked to a specific well-defined micro-
structural feature, in contrast to the dislocations in crystalline metals.
Nevertheless, deformation theories must have a connection to the
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Generally, it is well accepted that the shear band trends to initiate at
local structural heterogeneity described as high free volume zones,
liquid-like zones [7] or soft spots [8], which are usually defined as de-
fects in MGs. While the ductility of MGs can be enhanced by introducing
second phases and geometric constraints to block the propagation of
shear bands [9], it is these structural inhomogeneities or defects that
should be investigated and tuned in regards of the intrinsic ductility of
MGs. Usually, both thermal processing and mechanical loading can
introduce such structural inhomogeneities, resulting in various levels of
ductility improvement [10,11]. It has been reported that non-affine
thermal strain is utilized to improve room-temperature compressive
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plasticity which is attributed to thermal cycling induced rejuvenation
with the evolution of heterogeneities during thermal cycling [12]. A
mechanical relaxation-to-rejuvenation transition of Zr-base bulk
metallic glass (BMG) was observed through elastic compression at
ambient temperature [13], which states that stress-driven structural
change of defects (e.g., loosely packed regions and densely packed re-
gions) could be achieved. All the above observations reveal that the
dynamic structure of MGs can be tailored by thermally and mechanical
induced rejuvenation, resulting from the change of structural disorder-
ing, be it described by the free volume, the fictive temperature, or
others.

Irradiation could be another approach to tailoring the amorphous
structure in an alternative way to thermal processing and mechanical
loading, since the bombardment of MGs with energetic particles such as
electrons, neutrons, and ions induces structural heterogeneities [14-16].
Energetic charged particles (ion beams) have been used to investigate
defect kinetics and dislocation dynamics under non-equilibrium or
far-from equilibrium conditions. Ion beams create very localized (i.e., a
few nanometers) supersonic shockwaves with extremely high pressures
(e.g., 10-50 GPa) and temperatures (e.g., several thousands of degrees
Kelvin). Specifically, ion-solid interactions along ion paths generate
high-energy recoils. The evolution of high-energy displacement cascades
processes leads to atomic displacements that eventually result in either
localized defect production and structural damage, or atomic
re-arrangement and new phase formation [17-19]. Recently, in the
experimental investigation of the mechanical response of molded MG
nanowires subjected to ion irradiation, a transition from originally
brittle-like to ductile-like tensile behavior was found as a direct result of
the structural change [20]. In this study, the observed increase of
ductility and reduction of yield strength were understood by changes in
the fictive temperature, and the resultant mechanical softening proved
that the material was changed to a different structure state by ion irra-
diation. These irradiation-induced defects assist the formation of shear
bands, similar to the thermally and mechanically induced structural
heterogeneities. In another study, X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) have demonstrated that the dy-
namic structure of MGs could be changed under low-dosage irradiation
by increasing the free volume and homogenizing its distribution, which
is equivalent to decreasing in the yield strength by increasing the
deformation temperature [21]. On the contrary, irradiation induced
hardening has also been observed in many MGs, among which nano-
crystallization is believed to be responsible for the hardness increase
[22,23].  Overall speaking, few direct observations of
irradiation-induced defects were reported experimentally, despite
extensive characterizations from molecular dynamics (MD) simulations.
Recent MD research suggested that the plastic deformation mode of the
MG nanopillars transits from localized shear banding to homogeneous
shear flow due to irradiation-induced structural disordering [24]. A
similar numerical study stated that ion-beam bombardment successively
modifies the compositional and structural order toward a universal
state, which leads to an increase in free volume and reduction of yield
stress in irradiated MGs [25]. All these studies indicate that, by carefully
controlling particle energy, temperature, and irradiation fluence, ener-
getic ions can be applied as a unique tool to reduce local rearrangement
and to tune the structures and properties of MGs.

As mentioned above, the macroscopic properties are related to the
local structural changes due to irradiation caused by charged particles
through collision and ionizing interactions. The characterization and
quantification of such structural variations have been a long-term
challenge, especially for low-dose early-stage ion irradiation damage,
for which difficulties mainly arise from the small defect size, nonuniform
damage profile, and shallow penetration depth. While the subtle
changes in defect formation and evolution are hardly detectable by
transmission electron diffraction constrained in the tiny local regions
unless nanocrystalline phases form [20,21], their mechanical properties
can be significantly affected. Statistical analysis is essential to bridge the
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structure and properties in such circumstances. Additionally,
high-energy X-ray diffraction (HEXRD) using intense synchrotron
sources has been used to detect microscopic structural modifications in
atomic scales, but it is still elusive to directly quantify or correlate to the
mechanical behavior [26]. Consequently, the quantitative character-
ization of early-stage irradiation defects is still not sufficiently investi-
gated, especially using direct experimental methods, which brings a vast
field for the exploration of the structure-property relationship.

In this work, a mechanically-based structural probing technique with
high throughput capability is proposed to uncover the above scientific
issues. As a nanoscale structural probing method, nanoindentation pop-
in tests have been utilized to characterize structural heterogeneities
quantitatively in MGs [27,28]. Pop-ins, or sudden displacement-bursts
on the load-displacement curve in a nanoindentation test, are typically
attributed to heterogenous dislocation nucleation sources triggered in
the very small stressed volume in crystalline metals [29,30], and they
correspond to structural heterogeneities associated with shear bands
formation in MGs [31,32]. It is suggested that the irradiation particles
change the amorphous structure inhomogeneously, so that performing
statistical nanoindentation pop-in tests enables a thorough evaluation of
the atomistic structural features in irradiated MG samples.

In this study, a Zr-base MG is subjected to Ni ion irradiation to
different dosages to study the structural and mechanical changes by the
experimental methods of XRD, nanoindentation, and micropillar
compression. For nanoindentation, a unified statistic model is proposed
to predict the density and strength of irradiation induced defects in MGs.
For micropillar compression, direct observation of the shear band con-
figurations and in situ monitoring of the stress-strain responses can
reveal the related statistical nature of the shear banding behavior.
Irradiation induced mechanical softening is observed and the transition
of the amorphous state is controlled by irradiation induced defects. As a
result, a different amorphous state is generated by ion irradiation which
is distinguished from the relaxed state. These observations suggest that
ion irradiation be an effective method for tailoring the structure and
properties of MGs by introducing structural heterogeneities.

2. Experimental methods

Metallic glasses with a nominal composition of ZrsysCuyz.g.
Nij4.6Al19Tis (BAM-11) were fabricated by arc-melting a mixture of the
pure base metal element in an argon atmosphere. The alloy was re-
melted and formed rod-like material with a diameter of 7 mm by sub-
sequent drop cast in a Zr-gettered helium atmosphere. The cast sample
was annealed at 200 °C for 24 h for further processing. Six samples were
cut by electrical discharge machining (EDM) with a thickness of 1 mm.
They were then ground and finally polished by colloidal silica
suspensions.

The ion irradiation experiments were conducted at the Ion Beam
Materials Laboratory (IBML) located at the University of Tennessee [33].
The annealed MG samples were irradiated at room temperature with 10
MeV Ni* ions at flux 1.04 x 10'2cm™2s! in an area of 6 x 6 mm?. The
displacement ion profiles of Ni irradiation were simulated using the
Stopping and Range of lons in Matter (SRIM-2013) [34] as shown in
Fig. 1. Displacements per atom (dpa) is used to measure the amount of
radiation damage. SRIM simulations in the full-cascade mode [35] were
used under the condition of the threshold displacement energy as 40eV
and the sample density as 6.7 g/cm3 [36]. The conversion factor from
ion fluence (10'* cm™2) to peak damage in dpa, based on the
full-cascade versus quick SRIM, is 0.21 at a depth of ~3210 nm. The
corresponding peak concentration of implanted Ni is 0.0018% at 3550
nm. In this study, the highest Ni fluence is 1.11 x 10'® cm™2 and the
peak injected Ni concentration is ~0.19% (Fig. 1), which has negligible
influence on the composition or chemical effects. Based on the calcu-
lation result from SRIM, the irradiation fluences vary from 1.11 x 10'3
to 1.11 x 10 ions cm 2 to achieve the peak doses of 0.023, 0.12, 0.46,
2.3, and 23 dpa at the depth of around 3.2 pm beneath the surface. The
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Fig. 1. Damage (triangles) and ion (diamonds) profile calculated by SRIM with
full-cascade option after 10 MeV Ni ion irradiation at the highest influence of
1.1 x 10'® cm™2 under the assumed condition of the threshold displacement
energy as 40 eV for all elements and the sample density as 6.7 g/cm>. The
dashed lines are curve fits to guide the eye. The red circle indicates the average
does of the depth region (shaded area) for nanoindentation pop-in tests where
the dpa is about 21.5% of the peak dose value.

applied fluences and resultant doses are summarized in Table 1. The
average dose beneath surface less than 1 pm is about 21.5% of the peak
dose.

Instrumented nanoindentation tests were performed at room tem-
perature on annealed and irradiated samples using Nanoindenter® XP
system equipped with a spherical indenter of radius R = 1.78 pm. All the
tests were carried out in the continuous stiffness mode with a constant
strain rate of 0.05 s~* and holding for 10 s at peak load. The maximum
load on the sample is 4 mN and the maximum depth is less than 1 pm. A
total number of 120 indents were conducted on each sample, and these
indents were placed far enough to avoid interference. The first pop-in
load was recorded for the subsequent calculation of the maximum
shear stress. The nanoindentation modulus and hardness were estimated
using a simple predictive model for spherical indentation [37].

The structure of annealed and irradiated samples was investigated by
XRD using a PANalytical’s X-ray diffractometer with Cu-Ka radiation.
The XRD is used to identify the amorphous state of MGs after annealing
and irradiations.

Micropillars with an initial diameter of ~2 pm with an aspect ratio
>2 were fabricated using a dual beam focused ion beam (FIB) system
(FEI Nova 200) operated at a constant accelerating voltage of 30 kV.
Using the top-down circular milling approach, the materials between
two concentric circles can be retained. The selected beam current was
gradually decreased from 6.5 nA to 86 pA when decreasing the size of
the inner circle. A detailed description of the top-down milling method
can be found in previous works [38,39]. Every pillar is located in a crater
with about 40 pm diameter, leaving enough space for 20 pm-wide flat
punch tip to avoid interference with the surrounding bulk material. The
mechanical properties of the FIB-milled micropillars were measured in
compression tests using a Nanoindenter® XP equipped with a flat punch
diamond tip. The morphology of micropillars were examined using a

Table 1
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tabletop scanning electron microscope (SEM) operated in the
back-scattered electron (BSE) mode at an acceleration voltage of 15 kV.
High-resolution SEM was conducted to observe the morphology of shear
bands after compression using a field emission gun (FEG) SEM JEOL
6500 at an acceleration voltage of 20 kV.

3. Results

The XRD patterns of specimens before and after irradiation show two
broaden peaks in Fig. 2, revealing fully amorphous without visible
Bragg’s peaks within the XRD resolution. Even the highest dose of 23
dpa does not lead to crystallization. The first diffuse peaks are fitted by
pseudo-Voigt function and the full width at half maximum (FWHM) is
used to characterize the structural evolution as plotted against the
dosage in Fig. 3. The inset curve is the illustration of the fitting of the
first diffuse peak of the annealed sample, where the red line is the fitted
result, the black line is the experimental result and the arrow line in-
dicates the FWHM. The value of FWHM rapidly increases with
increasing doses from 0 to 2.3 dpa and slightly increases to 23 dpa. The
evolution of FWHM suggests that the amorphous state becomes more
disordered after irradiation and it changes quickly at a low dose level
and then increases slowly at high doses. It can be deduced that the
disorder will be saturated at a higher dose which will probably produce
a disorder-to-order change.

Since the maximum depth of nanoindentation is less than 1 pm, the
effective irradiation near the surface is about 1/5 of the peak dose. Thus,
the nanoindentation results is discussed as a function of doses as 0,
0.0046, 0.023, 0.092, 0.46, and 4.6 dpa. The representative load-
displacement curves of nanoindentation at different irradiation doses
are displayed in Fig. 4. The pop-in event is regarded as the sudden

Intensity (a.u.)
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Fig. 2. XRD patterns of annealed and irradiated samples under different dos-
ages show the first and second diffuse peaks without sharp Brag peaks within
the XRD resolution, verifying the fully amorphous features of the samples and
no crystallization after irradiation.

Fluences and doses as calculated by the damage profile of Ni ion irradiation in Fig. 1.

# Sample Fluence (cm™2) Peak dose (dpa) at 3.2 pm Average dose up to 1 pm (dpa) Peak concentration (%) at 3.55 pm
1(annealed) 0 0 0 0

2 1.11 x 10" 0.023 0.005 0.00019

3 5.56 x 10'% 0.12 0.025 0.00097

4 2.22 x 10™* 0.46 0.1 0.0039

5 1.11 x 10'® 2.3 0.5 0.019

6 1.11 x 10'® 23 5 0.19
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Fig. 3. Full width at half maximum (FWHM) of annealed and irradiated sam-
ples as a function of irradiation doses. The inset is the illustration of peak fitting
by pseudo-Voigt function and FWHM of the first diffuse peak.

displacement excursion highlighted by the black circle on the load-
displacement curves, whereas the first pop-in represents the initiation
of plastic deformation and formation of the first shear band. The pop-in
events were observed in each nanoindentation test of the samples with
doses of 0, 0.0046, and 0.023 dpa. However, pop-in events were not
observed in approximately half of 120 nanoindentation tests on the
sample under an irradiation dose of 0.092 dpa. Interesting, pop-ins
vanished in all the nanoindentation tests for samples under doses of
0.46 and 4.6 dpa. With the increase of irradiation doses, the pop-ins are
more difficult to detect mainly because of the irradiation-induced high-
density defects to assist the formation of the shear band, so the
displacement burst is smaller than the instrument resolution. As a result,
the pop-ins disappeared in the nanoindentation tests of highly irradiated
samples. Even without direct microstructural evidences, one can pre-
sume that the deformation in such highly irradiated regions presents a
different regime and is seemingly homogeneous.

The load at the first pop-in is denoted as P,4_in, which is used to

45
40 +
35}
3.0 -
Z 25 pop-in
£
o 20 +
©
9 15+ *— Odpa
——0.0046 dpal
1.0 + —a—0.023 dpa
——0.092 dpa
05 +— 0.46 dpa
—+— 46 dpa
0.0 40 nm
_0-5|I.I.II.I.II.II.I.II.I.I.I.

Displacement (nm)

Fig. 4. Representative load-displacement curves of nanoindentation pop-in
tests at different irradiation dosages. The black circles indicate the first pop-
ins, which gradually disappear as the dosage increases to 0.46 dpa and 4.6
dpa due to high density defects and limitation of instrument resolution.
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calculate the maximum shear stress 7,,x under the spherical nano-
indentation by [40].

€8]

16P, B2\
93 R?

Tmax = 0.445 <

where E, is the reduced modulus, and R = 1.78 pm is the radius of the
spherical indenter. The reduced modulus E, is determined by E, =
[(1-v3)/Es+ (1 - viz)/Ei]fl, where Ej, vs, E; and v; are Young’s moduli
and Poisson ratios of samples and diamond indenter, respectively. The
maximum shear stress 7, of the first pop-in is statistically analyzed as
shown in Fig. 5. The box displays the average, maximum, minimum and
standard deviation of the distribution of 7. It can be clearly seen that
the annealed sample possesses the highest averaged 7,,,x value of about
3.26 GPa. The averaged 7,,, reduces to about 2.91 GPa with the increase
of dose up to 0.092 dpa. The annealed sample shows the largest 7,
distribution, which indicates that the plastic deformation of the unir-
radiated sample is the most inhomogeneous. The standard deviation of
Tmax iD O dpa sample reveals the inhomogeneous deformation. After
irradiation, the stresses required for the onset of plastic deformation
decreased, and the deformation becomes more homogeneous.

The hardness and the reduced modulus were estimated by a simple
predictive model for spherical indentation [37]. The schematic illus-
tration in Fig. 6 shows the relationship between the depth of loaded and
unloaded indentations. The radius of the circle of contact is calculated

from a = |/2Rh, — h;, where h,, is the depth of penetration below the

circle of contact. Meyer’s hardness is defined as the mean pressure over
the circle of contact. Hence, the hardness can be calculated from the load
P and the radius of the contact circle a by H = P/za®. The indentation
depth, §, can be obtained from the depth below the original surface
during both loading and unloading, which are termed as h, and h,,
representatively. Assuming the elastic displacement is evenly divided
above and below the circle of contact, the relationship of h;, h,, 5 and h,
is given as hy = h,+ 6 = hy+ 6/2. Fig. 6 displays the hardness and
modulus as a function of irradiation doses. The hardness of the 0 dpa
sample is 5.9 GPa and the modulus is 116.9 GPa. The irradiation up to
0.023 dpa does not affect the hardness and modulus. The transition is
found at the irradiation dose of 0.092 dpa. Further irradiation signifi-
cantly reduces the hardness and modulus. At the peak dose level, the
hardness decreases by 22% and the modulus decrease by 15%. There-
fore, the high dose irradiation could induce mechanical degradation in
these samples, and the softening is significant above the dose of 0.092
dpa.

To further understand the mechanism for the irradiation induced
softening, the cumulative probability 7., is analyzed in Fig. 7 at
different doses of 0, 0.0046, 0.023 and 0.092 dpa using dot plotting. The
cumulative probability curves shift leftward to low stress value. The
slopes of cumulative probability curves of 0.0046 dpa and 0.023 dpa
samples are similar, but different from those of 0 dpa and 0.092 dpa
sample. The curve profile of the unirradiated sample presents a larger
tail at low stress level compared with 0.0046 dpa and 0.023 dpa sam-
ples. The difference of the cumulative probability curves at varying
doses derives from irradiation induced structural heterogeneities, which
is investigated by a proposed model in the following.

A unified statistic model is employed to quantitatively correlate the
irradiation structural heterogeneities to the cumulative probability,
resulting from a synergy between the thermally activated homogeneous
nucleation process and the pre-defect-assisted heterogeneous process.
Specifically, the nucleation process is pointed out to be a well-known
deformation mechanism. Governed by the homogeneous process, the
shear bands nucleate until the applied stress 7 exceeds the theoretical
shear stress 7. The equation 7 = rig exp[(7v" —¢) /kT] determines the
nucleation rate, where ri is a pre-factor, v" is the activation volume, T is
the absolute temperature, ¢ is the intrinsic nucleation energy barrier,
and k is Boltzmann constant. Homogeneous survivability gpom, that
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represents the probability of no homogeneous defect nucleation is given

by

pop—in .
off TV ) 1
omo = € A € ( —dr,
G XP( 0/00 P\ T T off

where Ag and v" are fitting parameters. Thus, the cumulative probability

for homogeneous shear band nucleation process is simply written as
Sfhomo = 1 — Qromo- The heterogeneous shear band formation process is
2 governed by pre-existing defects, i.e., the structural heterogeneities in
MGs. It is assumed that the first pop-in will occur if the applied stress is
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at different irradiation doses, where the dots represent experimental data and
the solid lines are fitting results by the unified statistical model.

larger than the defect strength 74¢f in a given volume Vg4, within which a
pre-existing defect is discovered. For simplicity, the value of defect
strength 74, is given by the bulk flow stress as the initial trial value for
curve fitting. The probability of no defects found in Vg4 distributes by
Poisson function

Ghetero = exp( - pdefect Vd) (3)

The given volume Vj; is determined by a dimensionless analysis V;/
a® = Vd(rdef /Tmax) With a being the contact radius [29]. The values of
Pacfece @0d Tger are fitted and updated in the prediction. Hence, the cu-
mulative probability for a heterogeneous shear band formation process
is determined bY fuerero = 1 — Qhetero = 1 — exp( — pdefeavd). Considering
that the homogeneous process and heterogeneous process as two inde-
pendent events, the total survivability iS o = Ghetero X Qhomo- CONSe-
quently, the unified cumulative pop-in probability is given by fipm = 1—
Qo and further simplified as

fora =1 = exp( = Al (v ™ [KT) = poyVa) @

The exponential integral I is defined by I(t) = [*_ tle'dt.

The fitting results by the above model are presented in Fig. 7 as solid
lines, which reasonably predict the experimental investigation, except
for the result of the sample irradiated to 0.092 dpa at the bottom. The
corresponding fitting parameters are given in Table 2, where it is clearly
seen that the irradiation increases the defect density. Specifically, the
defect density is 2.2 x 10'® m~3 for the unirradiated sample. In this case,
the pop-in event of this sample is governed by the thermally activated
homogeneous nucleation and the pre-defect-assisted heterogeneous
process at the same time. As a result, the cumulative probability curve
shows an enhanced tail at a lower stress level. However, the pop-in
events are dominated by the defects after irradiation. The irradiation
induced defects have a higher strength than the intrinsic defects retained
from the prior thermal processing. As more irradiation is applied, the
defect density continues to increase, but the strength of irradiation
induced defects reduces. Due to the extensive defects induced by irra-
diation, the defect spacing is decreased as illustrated in Table 2.
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Table 2
Fitting parameters of the unified model corresponding to the plots in Fig. 7. The
defect spacing is calculated by 1/./Pgefect-

Samples v Ao ( x Tdef Pdef Defect spacing
(nm®) 10722 (GPa) (m~3) (um)
0 dpa 0.0685  5.96 1.14 2.2 x 3.57
1016
0.0046 0.0726 3.32 2.58 5x 107 126
dpa
0.023dpa  0.0707 4.40 2.51 1x10®  1.00
0.092dpa  0.0758 4.38 1.56 5x10®  0.585

Consequently, the pop-in evens are completely controlled by the defect-
assisted heterogeneous processes since each indent encounters the
irradiated induced defects in the stressed volume below the indenter.

Since most pop-ins of the 0.092 dpa sample and those irradiated to
higher doses are not detectable due to the machine limitation, micro-
pillars were fabricated to investigate the deformation mechanism thor-
oughly by compression tests. Representative micropillars before
compression at each irradiation level are presented in Fig. 8. The
micropillars were carefully milled by FIB with the diameter in the range
of 1.87-2.32 pm. The aspect ratio (height/diameter) is constrained
within 2.62-3.67. The dimensional details of all the micropillars are
given in Table 3.

The compressive engineering stress-strain curves are shown in Fig. 9
at the irradiation level of 0, 0.12, 0.46, 2.3, and 23 dpa. The SEM images
of each compressively deformed micropillars are overlaid in these plots.
The engineering stress and strain values were determined from the
measured force on the micropillar F, and the displacement Ah of the
micropillar by ¢ = 4F/zd?> and ¢ = Ah/h, where d is the diameter of
micropillar in the position of 1/3 to the top and h is the height of the
micropillar. As shown in Fig. 9, before the onset of displacement, the
curves all exhibit predominantly elastic behavior on loading up to the
transition of elastic to plastic deformation. Since the machine stiffness is
not calibrated, the absolute value of elastic modulus is not discussed
here. Shear band formation is the expected mode of deformation at high
stresses, which gives rise to a displacement excursion accordingly to the
stress-strain curve. The largest displacement excursion is observed on
the stress-strain curve of the unirradiated sample in Fig. 9(a), indicating
the formation of a major shear band immediately leads to a catastrophic
failure. Except for this sample, multiple small-displacement excursions
are observed. However, micropillar compression tests on the sample
irradiated to 0.46 dpa exhibits smooth stress-strain curves with hardly
detectable displacement excursions, indicating a structural transition
occurred at a certain irradiation level. After inspecting the geometry of
shear bands in Fig. 10, it is found that multiple parallel shear bands
formed in the same direction in the samples irradiated below 0.46 dpa,
whereas the shear band intersection is observed in the samples irradi-
ated at higher dpa.

4. Discussion

It is well known in crystalline materials that irradiation by a single
atom displacement could induce Frenkel defects, or interstitial vacancy
pairs based on the assumption that every atom received energy greater
than a certain threshold displaces from its lattice site and remains a
vacancy permanently [41]. Such irradiation defects in MGs, which are
often described as a pair of free volume defect and anti-free volume
defect or interstitial-like and vacancy-like defects, result in density
fluctuation [14,42]. Crystallization is also observed in some MGs after
irradiation, which usually results in mechanical hardening [32,43,44].
In the current study, even the irradiation dose is applied up to 23 dpa,
there is no crystalline phase observed on the XRD pattern in Fig. 2. At the
same time, the observed mechanical softening such as the decrease in
hardness and modulus evidently excludes the likelihood of nano-
crystalline formation even without high-resolution TEM. Hence, it is
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Fig. 8. Representative micropillars at different doses (a) 0 dpa to (b) 0.12 dpa, (c) 0.46 dpa, (d) 2.3 dpa and (e) 23 dpa before compression showing high-quality
cylinders milled by FIB. One of three micropillars of each irradiation doses are illustrated here.

Table 3

Dimension of the FIB-milled micropillars at different irradiation doses. The
micropillars were carefully milled with the diameter in the range of 1.87-2.32
pm and the aspect ratio (height/diameter) constrained within 2.62-3.67.

Peak Dose Pillar #. Diameter(mm) Height(mm) Aspect ratio
0 dpa pl 2.29 6.70 2.93
p2 2.31 6.38 2.76
p3 2.07 7.20 3.48
0.12 dpa pl 2.15 6.64 3.09
p2 2.27 6.94 3.23
p3 1.98 6.69 3.38
0.46 dpa pl 1.87 5.73 3.07
p2 2.02 5.97 2.96
p3 2.17 5.17 2.38
2.3 dpa pl 2.35 5.84 2.49
p2 2.42 6.72 2.78
p3 1.99 5.37 2.69
23 dpa pl 2.17 5.69 2.62
p2 2.18 6.16 2.83
p3 2.00 7.33 3.67

proposed that a new state with different types and characteristics of
structural heterogeneities is induced by ion irradiation based upon the
mechanical changes of nanoindentation pop-in tests and micropillar
compressions.

Mechanical softening can also be caused by thermal processing [10],
plastic deformation [45], profuse shear banding [46], and residual

stresses [47]. The hardness reduction reported in the above research is
less than 10%. Even the combination of shear band and residual stresses
does not reduce the hardness of more than 15% [47]. Compared with
inhomogeneous softening caused by the above approaches in the same
materials and some other MGs, the irradiation in the current work re-
sults in a higher decrease in hardness as much as 22%.

To further understand the underlying mechanism of irradiation
induced mechanical softening, Fig. 11 schematically illustrates the
irradiation induced defects and the structural changes after irradiation,
which is referred to as “irradiation-induced rejuvenation”. The intrinsic
defects are directly retained from thermal history such as annealing. As a
result of nanoindentation pop-in tests, the shear band formation at first
pop-in is controlled jointly by thermally activated nucleation and pre-
existing-defect-assisted nucleation [27,28]. The micropillars exhibit
brittle-like deformation as the formation of the main shear band causes
immediate failure. After ion bombardment, newly formed defects
distinguish from the intrinsic defects because the defect strength is
increased according to the fitting results from the proposed unified
model of cumulative probability as previously shown in Fig. 7. Because
of the high defect density and corresponding small defect spacing, the
heterogeneous nucleation of first pop-in is easily triggered by irradiation
defects. In agreement with Fig. 7, the shear band formation is dominated
by irradiation induced defects in the sample irradiated to a low dose
level. These high-density defects promote the shear band formation and
the intersection of multiple shear bands performs ductile-like compres-
sive deformation. More defects generate as the irradiation dose
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Fig. 9. Compressive engineering stress-stain curves of (a) the unirradiated sample and the samples irradiated to (b) 0.12 dpa, (c) 0.46 dpa, (d) 2.3 dpa and (e) 23 dpa.

The SEM images of each deformed micropillar are inserted.

increases. As a result, the first pop-in becomes less detectable due to the
machine limitation. A similar phenomenon of the pop-in vanish was also
found in a Ti-based MG after ion irradiation [48]. Overall, it concludes
that irradiation-induced rejuvenation results in a new state that has
different types and characteristics of structural heterogeneities than the
as-cast or annealed materials, but no crystallization is found in those
samples after high dosage irradiation.

Again, this new state with different structural heterogeneities can
also be verified from mechanical degradation, i.e., the decrease in elastic

modulus and hardness. The elastic modulus of a material is determined
by the atomic bonds that depend upon the interatomic distance.
Therefore, the change in elastic modulus by irradiation is, in fact, the
change in interatomic distance. Due to the irradiation induced defects
with high free volume, the high-density defects eventually increase free
volume in the material, thus increasing the atomic distance. In turn, the
elastic modulus decreases with the increase of the irradiation-induced
free volume. The change of interatomic distance could be further
investigated by pair distribution function using synchrotron x-ray [49,
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Fig. 10. Representative SEM images of the micropillar at irradiation doses of (a) 0 dpa, (b) 0.12 dpa, (c) 0.46 dpa, (d) 2.3 dpa and (e) 23 dpa in high resolution
showing the shear band morphology after compression under a flat-ended indenter. One of three micropillars of each irradiation doses are illustrated here.
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Note: The size of defect is not specified.

Fig. 11. Schematic illustration of irradiation induced defect and the structural changes indicating a transition from the annealed state, to an intermediate state, and
finally to a different state of structural heterogeneities obtained in irradiated samples after relatively high-level irradiation.

50]. Meanwhile, the hardness reduction is attributed to irradiation de- of Fig. 10. Lacking microstructure as hindering propagation of shear
fects. In micropillar compression tests, the shear band trends to initiate bands, a dominant shear band leads to a shear crack rather readily, so
in soft spots, i.e., irradiation induced defects. Thus, high-density irra- that the shear band formed in the unirradiated sample and low-dose
diation defects facilitate multiple shear band formation and their irradiated sample in Fig. 10 present a poor ductility. Increasing the
intersection in the sample irradiated to high dose as seen in SEM images possibility of intersections among shear bands is regarded as an effective
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way to enhance ductility [51]. Thus, the observations of mechanical
softening by nanoindentation and shear band intersection after micro-
pillar compression indicate that irradiation not only increases defect
density and free volume in the atomic scale but also increases plasticity
in the macroscopic response. A similar structural transition was inter-
preted by the research of deformation mode in the MG nanowires using
in-situ SEM mechanical testing [20], where the deformation was char-
acterized as shear bands mediated in the as-molded sample and char-
acterized as ductile at high ion fluences. Between the shear band
mediated regime and ductile regime, an intermediate regime was
observed as the fracture surface was not clearly a shear band or ductile
mode, which indicates the transition of deformation modes.

The displacement excursion is an important indicator of a deforma-
tion mode of shear banding associated with elastic energy release.
Generally, a shear band can only propagate an incremental distance if
the strain energy relief associated with the propagation is larger than the
energy increase of the shear band [52]. In the simplest analysis, the
shear band propagates along the micropillar of an angle of 45°, relieving
applied stress or strain. The elastic strain energy is decreased by an
amount of FAx and the shear band energy is increased by an amount of
V/2rnd? /4T, where I is the energy per unit area of a shear band. A value I’
is estimated by the structural disordering [52]. Although larger plastic
strain does not result in the further disordering of the structure, irradi-
ation induced defects will increase the disordering, which is revealed
from the increased FWHM at the dose higher than 2.3 dpa in Fig. 3. Since
each displacement excursion corresponds to energy release by shear
banding, analyzing the magnitude of excursion displacements is crucial
in identifying the deformation mode. All the measurable displacement
excursions are summarized as histograms in Fig. 12 and schematically
fitted by Gaussian and exponential functions. As seen from Fig. 10, the
excursion displacements were approximately described by a Gaussian
function in the unirradiated sample with the peak displacement near
25-50 nm. After irradiation, the distribution of excursion displacements

Intermetallics 121 (2020) 106794

is changed. In the sample irradiated to 0.12 dpa, the histogram is
illustrated by an exponential fitting where the most excursion dis-
placements concentrate in small magnitude. As the irradiation is
increased to 2.3 dpa, the histogram consists of a combination of
Gauss-like distribution and exponential-like distribution, suggesting the
structural transition induced by irradiation. When the sample is irradi-
ated to 23 dpa, the excursion displacement distribution returns to a
Gaussian distribution. However, the peak position and width are
different from the unirradiated sample, indicating that this is a new state
with different types and characteristics of structural heterogeneities
induced by irradiation.

5. Conclusions

In this study, we investigated the ion irradiation effect on structural
and mechanical changes in Zr-based MGs under different irradiation
doses. Mechanical degradation and a transition to a new state with
different structural heterogeneities were observed. The irradiation
induced defects were quantitatively predicted by a statistic model uni-
fying the thermal activated homogeneous nucleation of the shear band
and defect-assisted heterogeneous nucleation of the shear band. The
results and conclusions of the study are shown as follows:

(1) The XRD patterns indicate that fully amorphous structure after
ion irradiation, while the structural discording was increased by
irradiation as evidenced by the increase in FWHM.

(2) The reduction in modulus and hardness was observed after ion

irradiation in nanoindentations tests and estimated by a simple

model of the spherical indenter. The reduction was not significant
until the irradiation dose exceeded 0.092 dpa.

In the nanoindentation pop-in tests, the pop-in events vanished in

the samples irradiated to high doses. The cumulative probability

curves of 7, for the first pop-ins indicated that the irradiated

3

10.023 dpa
Exponential

N

100

150 250

Excursion dispacement (nm)

Fig. 12. Histograms of excursion displacement of micropillar compression tests in the sample irradiated to 0, 0.12, 2.3, and 23 dpa. The histogram is schematically

fitted by Gaussian and exponential functions.
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samples deformed more homogeneously than the unirradiated
sample. By analyzing the cumulative probability curves by a
unified statistic model, we proposed that the deformation of the
unirradiated sample was governed by thermal activated homo-
geneous nucleation and pre-existing intrinsic detects simulta-
neously whereas the deformation of irradiated samples was
completely dominated by the irradiation defects. Different from
intrinsic defects in the annealed state, these irradiation-induced
defects tended to reduce the strength as increasing irradiation
doses.

(4) The shear band patterns after micropillar compression showed a
transition of deformation modes from parallel non-intersecting
shear bands to multiple intersecting shear bands as increasing
the irradiation doses. The analysis of displacement excursion in
micropillar compression confirms the transition of the structural
state to a different state of structural heterogeneities.
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