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a b s t r a c t

Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11) bulk metallic glass was irradiated by neutrons to a fluence of 1.4� 1020

n/cm2 (E> 0.1MeV) (0.1 displacements per atom, dpa) at a temperature of ~70 �C and then analyzed
using multiple mechanical property and structural characterization techniques. Nanoindentation hard-
ness measurements revealed that irradiation led to softening and a reduced Young's modulus in the alloy
while annealing at 300e325 �C caused an increase in the hardness and modulus. Neutron diffraction
results indicated that primary knock-on events caused rejuvenation (structural disordering) while
annealing resulted in structural relaxation. Furthermore, it was found that annealing after irradiation
reversed the disordering effects caused by the irradiation. The increased disordering in the alloy during
irradiation is thought to be attributed to the enhanced free volume content caused by the neutron
collision cascades in the matrix. Indeed, immersion density measurements revealed that irradiation led
to a decrease in the density of the alloy. This decrease in the macroscopic density was linked to an in-
crease in the structural disorder of the alloy while an increase in the density corresponded to an
increasing degree of order. Additionally, synchrotron X-ray diffraction related the structural relaxation of
the alloy to a loss of ductility, which is in agreement with the literature. Overall, an increase in the
structural disorder in the sample is linked to a softening of the alloy and to a higher concentration of soft-
zone defects in the glass.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs), are composed of a disordered
structure which prohibits the creation of Frenkel pair defects [1].
This disordered structure is characterized by an absence of trans-
lational periodicity that is accompanied by a continuous spectrum
of locally defined structures [2,3]. This lack of crystalline structure
in amorphous alloys may (or may not) provide substantial advan-
tages in terms of radiation resistance. In terms of material prop-
erties, metallic glasses exhibit acceptable toughness [4e8], high
strength [9e13], exceptional hardness [14e16], wear and corrosion
resistance [17e21]. Additionally, BMGs have exhibited room tem-
perature irradiation resistance [1,22]. One perceived disadvantage
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is that these alloys do not work harden like crystalline alloys, and
exhibit deformation in the form of localized shear bands [3,5,23]. It
is interesting to note that although the percent strainwithin a shear
band is quite large, it does little to contribute to the overall plastic
strain [24].

Therefore, it has been suggested that bulk metallic glasses could
potentially be a viable material for use in different components of
advanced fission or fusion reactors such as piping or windows.
Table 1 shows previous studies which investigated the effects of
neutron irradiation on amorphous alloys [25e30]. For these ex-
periments, samples were irradiated by neutrons at various energies
and temperatures that ranged from ambient to ~120 �C. As can be
observed in the table, none of the metallic glasses were found to
crystallize during irradiation.

In terms of the mechanical properties, a couple of investigations
reported that neutron irradiation led to an embrittlement of the
alloy [25e27]. For instance, Gupta et al. observed that helium for-
mation was a possible cause of embrittlement in Fe40Ni40B20
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Table 1
Summary of neutron irradiation studies in amorphous alloys. R.T.: Room temperature.

Alloy Specimen Type Neutron Energy Neutron Fluence (cm�2) Irr. Temp (oC) Crystallized? (Y/N) Source

Fe40Ni40B20 Ribbon Thermal 1018e1019 ~R.T. N [25]
Fe78Si9B13 Ribbon Thermal 1018e1019 ~R.T. N [25]
Fe40Ni40B20 Ribbon Thermal, fast 8� 1019 <70 N [26]
Fe40Ni40B20 Ribbon Thermal, fast 6.5� 1019 (thermal)

4.3� 1019 (fast)
<120 N [27]

(Mo0.6Ru0.4)82B18 Foil 1MeV 1� 1019 R.T. N [28]
NixP1-x
0.15< x< 0.26

Electroplate 15meV 5.91� 1010 e N [29]

Fe73.5Cu1Nb3Si13.5B9 Ribbon Thermal 3� 1017-1019 <70 N [30]
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metallic glass, and not phase separation or cluster formation [25].
However, this result is not surprising since approximately 20% of
the initial boron transmutes into He during neutron irradiation
[31e33]. Gerling et al. [26] reported that the cause of embrittlement
in the Fe40Ni40B20 metallic glass was attributed to phase separation
or (Fe, Ni)3B cluster formation that results from radiation enhanced
diffusion. Furthermore, transmission electron microscopy results
showed that this alloy could remain amorphous after calculated
neutron doses of ~26 dpa near room temperature (where most of
the displacement damage was due to B transmutation recoils) [27].
It has also been suggested that embrittlement may be the result of
the structural relaxation of the alloy induced by the thermal
annihilation of excess free volume in the glass [34].

On the other hand, some studies have also reported that neutron
irradiation led to an increase or restoration in the ductility of
metallic glass [28,30,35]. For example, a study conducted by I.
Skorvanek et al. found that the ductility of thermally embrittled
Fe73.5Cu1Nb3Si13.5B9 amorphous ribbons could be restored by
neutron irradiation [30]. In Ref. [34], the restoration of ductility in
Fe40Ni40B20 metallic glass was attributed to a generation of excess
free volume or swelling during irradiation. They concluded that the
observed swelling resulted from the creation of radiation induced
defect zones, and not by any changes in composition during
irradiation.

The effects of neutron irradiation on the microstructure in
amorphous alloys has also been the subject of previous research.
One study involved the irradiation of Fe78-xNixSi8B14 (with x¼ 0,15,
25, 38, 53, 58) amorphous ribbons with thermal neutrons to a
fluence of 1019 n/cm2 [36]. Mӧssbauer spectroscopy revealed that
before irradiation, increasing the Ni concentration in (Fe, Ni)-
metalloid glass drove Fe atoms to sites with higher metalloid
nearest coordination. Furthermore, it was found that neutron
irradiation tended to randomize the system, partially destroying
the occupancy of metalloid depleted sites by Ni.

Despite the previously mentioned research on the irradiation of
metallic glasses, there are currently no known prior studies on the
effects of neutron irradiation (E> 0.1MeV) on Zr based BMGs.
Furthermore, there are no studies which have compared the effects
of irradiation damage and heat treatment on the nanoscale me-
chanical properties of amorphous alloys. The current investigation
examines the effects of neutron irradiation and annealing on the
nanoindentation hardness and short-range ordering of a Zr-base
BMG alloy. This work expands upon previous studies that exam-
ined the competing effects of irradiation and annealing on the
properties of metallic glasses. Therefore, the present endeavor is
intended to increase the knowledge pertaining to the effects of
annealing and irradiation displacement damage on the behavior of
these complex alloy systems.

2. Experimental procedures

The Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11) BMG alloy was fabricated
at ORNL by arc melting in an argon atmosphere using a mixture of
basemetals with the following purities: 99.5% Zr, 99.99% Cu, 99.99%
Ni, 99.99% Al, and 99.99% Ti. As was done in Ref. [37], the alloys
were then remelted and drop cast in a Zr-gettered helium atmo-
sphere. Subsequently, the rod was remelted and drop cast into a
water-cooled 7mm diameter cylindrical Cu mold contained within
a Zr-gettered helium atmosphere. Differential scanning calorimetry
and X-ray Diffraction (XRD) characterization of the drop cast rod
confirmed the material to be fully amorphous. After the micro-
structural confirmation, the samples were prepared from the as-
cast rods by an electrical discharge machine.

After fabrication, BAM-11 BMG specimens were exposed to
neutron irradiation at the ORNL High Flux Isotope Reactor. Here the
samples were exposed to a neutron fluence of 1.4� 1020 n/cm2

(E> 0.1MeV), which corresponded to a damage level of ~0.1 dis-
placements per atom (dpa), in a perforated hydraulic rabbit
capsule. To keep the samples at an average temperature of ~70 �C
during irradiation, specimens were wrapped in aluminum foil such
that the external surface of the foil was directly exposed to flowing
primary loop water coolant. To compare the effects of thermal
annealing, some as-cast and irradiated samples were annealed at
325 �C for 72 h and 300 �C for two weeks. The samples were heated
using a ramp rate of ~5 �C/min under vacuum (~10�6 torr) and then
cooled at a rate of ~5

�
C/min after annealing.

Microstructural characterizations of the irradiated and annealed
bulk metallic glass specimens were performed via neutron
diffraction at the Spallation Neutron Source at Oak Ridge National
Laboratory. For the neutron diffraction experiments, samples were
carefully suspended in 6mm diameter vanadium cups in which
glass wool was centered on top of the canister. Samples were
positioned such that their cross-sectional areawas perpendicular to
the neutron beam. Here, samples with a mass of ~0.5 g were
exposed to a neutron flux of ~108 n/cm2s and environmental tem-
perature of 25 �C for a duration of 3 h. After data was collected,
PDFgetN software was utilized to determine the pair distribution
function (PDF).

The TEM characterization was conducted in the Low Activation
Materials Development and Analysis (LAMDA) laboratory at ORNL
and the Joint Institute for Advanced Materials (JIAM) at the Uni-
versity of Tennessee. The electron transparent TEM foils were
fabricated using an FEI Quanta Dual-beam focused ion beam (FIB)/
SEMwith a final thinning step of 2 kV Gaþ ions at a glancing angle
of about 4� to minimize ion beam milling damage. After the thin-
ning step, the sample was polished using a Fischione Nanomill
4 keV Arþ ion polisher at low incident angles. The unirradiated and
irradiated samples were then examined in the ZEISS LIBRA 200 HT
FE (at JIAM) and JEOL JEM-2100F TEM/STEM (at LAMDA), respec-
tively. The TEM bright field (BF) images and diffraction patterns
(DPs) were all taken using an acceleration voltage of 200 kV.

To examine the effects of neutron irradiation and annealing on
the volume of the alloy, density measurements were performed at
room temperature. This was done using an immersion density in-
strument, which consists of an ultra-sensitive balance, the Satorius
ME215S, a density kit, and a high-precision digital thermometer.



Fig. 1. TEM SAD and BF images for the (a) as-cast, (b) annealed 300 �C (2 weeks), (c)
neutron irradiated (0.1 dpa), (d) neutron irradiated (0.1 dpa) and post-annealed 325 �C
(72 h), and (e) neutron irradiated (0.1 dpa) and post-annealed 300 �C (two weeks).
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Samples were immersed in a 3M FluorinertTM Liquid FC-43 which
has high density, low surface tension, low thermal expansion, low
vapor pressure and low water/air solubility. At least five measure-
ments were taken for each sample condition.

Nanoindentation experiments were performed at room tem-
perature using a KLA-Tencor G200 Nano-indenter with a Berkovich
diamond (3-sided pyramidal tip) in continuous stiffness measure-
mentmodewith a constant loading rate of 400 mNs�1. For statistical
accuracy, ~20 indents were made where the contact stiffness was
measured as a function of depth from the point of contact of the
nanoindenter with the surface to a depth of ~2,500 nm. From the
stiffnessmeasurements, the nanoindentation hardness and Young's
modulus were estimated. In terms of these values, data below a
depth of ~100 nm and ~200 nm, respectively, were omitted from
the specimen surface due to large data scatter and anomalously
high values that are associated with surface roughness. Hardness
was calculated using the Oliver and Pharr method [38,39]. The area
function of the tip in addition to the machine stiffness for the
nanoindenter was calibrated by indenting on a standard fused silica
sample [1].

Bulk hardness measurements were performed at room tem-
perature using a Buehler Micromet 3 hardness indenter equipped
with a Vickers indenter tip. The tests were performed on the as-
cast, neutron irradiated (0.1 dpa) and the unirradiated annealed
sample (300 �C, 2 weeks). For each indent, a 500 gf load with a
dwell time of 15 s was used. Five indents were taken on each
specimen to a depth of ~6.5 mm and spaced 500 mm apart. Prior to
indentation, both specimens were surface polished with 1 mm
diamond lapping film.

The 3-point bending tests were performed using a MTS model
Insight 2e52 tensile screw-driven machine with a load capacity of
2 kN. Specimens consisted of rectangular coupons with linear di-
mensions of 3� 5� 0.9mm3. Before testing, samples were me-
chanically polished to a mirror finish using colloidal silica. During
the experiment, a computer interface system which utilizes MTS
TestSuite™ TW Software was used to record the load vs. crosshead
displacement data for an applied crosshead speed of 0.1mm/s.

To examine the effects of annealing on the microstructure of the
BAM-11 BMG during compression, in-situ high energy XRD was
conducted on the as-cast and the unirradiated annealed sample
(300 �C, 2 weeks) via synchrotron XRD at the 1-ID beam line of the
Advanced Photon Source at Argonne National Laboratory. Samples
were cut into rectangular geometries with dimensions of
4� 2� 1.5mm3. In-situ high-energy XRD during mechanical
deformationwas performed on the samples exposed to amaximum
compressive stress of 1.5 GPa. The beam energy at 1-ID was 100 keV
(l¼ 0.12358 Å). 2D detectors with 2048� 2048 pixels and
200 mm� 200 mmpixel size were used to collect data. The detector
was placed about 40 cm behind the sample. Calibration was per-
formed using the CeO2 NIST powder standard. The high-energy X-
ray 2D diffraction data were processed by FIT2D software [40] to
correct the data. Because of the elastic deformation induced
anisotropy [41], anisotropic PDF analysis was applied [42]. For this
analysis, the spherical harmonic expansion and Bessel trans-
formation were applied to the data in which the isotropic and
anisotropic PDFs were generated and analyzed.

3. Results

Fig. 1(a)-(e) displays the TEM BF and DPs of the as-cast, neutron
irradiated (0.1 dpa), and the unirradiated annealed specimens. The
BF imaging did not reveal the presence of any nanocrystallites in
any of the samples, indicating that the samples remained amor-
phous during irradiation and annealing at the prescribed temper-
atures and neutron dose. This lack of crystallization was further
confirmed by the corresponding DP, where there were only
concentric rings with no observable Bragg spots or rings in the
pattern.

Fig. 2 shows the PDFs obtained from the neutron diffraction of
the as-cast, un-irradiated annealed, and neutron irradiated
(annealed and non-annealed) BAM-11 BMG samples in which the
inset highlights the upper portion of the first peak. The wavy
pattern of the PDFs signifies the amorphous nature of the samples,
indicating that they did not crystallize during neutron irradiation or
annealing. Furthermore, the changes in the profile of the peaks
suggest that the microstructure of the metallic glass underwent
changes caused by both primary knock-on events and thermal
treatment. For instance, the non-irradiated sample annealed at
300 �C for two weeks had the highest and most narrow (smallest
FWHM) peak as compared to the other conditions. In contrast, the
specimen that underwent irradiation without heat-treatment
exhibited the opposite trend. On the other hand, the samples that
underwent post-irradiation annealing exhibited peak behavior that
was intermediate between the as-received and the irradiated-only
cases. In particular, the sample heated at 325 �C for 72 h after
irradiation had a slightly larger peak as compared to 0.1 dpa
annealed at 300 �C for two weeks.

Table 2 displays the results of the immersion density
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measurements. The density of the irradiated-only specimen was
the lowest as compared to all other conditions, with a value ~2%
below the as-cast density. In contrast, the density was highest for
the unirradiated as-cast sample heated at 300 �C for two weeks,
with a value ~1% higher than the as-cast density. Thermal annealing
of the neutron irradiated samples restored the density to within
~0.5% of the as-cast state density; the samples heat treated after
irradiation had density values that were in between the purely
irradiated and the as-cast condition.

To examine how annealing and irradiation affects the disor-
dered structure in the alloy, the first coordination number (CN) was
estimated from the pair distribution function curves (Fig. 2) using
Eq. (1):

C:N:i ¼ 4pr
ðri

ri�1

r2gðrÞdr (1)

where g(r) is the PDF, r is the calculated number density of the
BAM-11 BMG for the different conditions (using values listed from
Table 2). The CN is important since it is linked to the degree of
structural disorder in the metallic glass [43]. The calculated values
for the first CN are displayed in Table 3. Interestingly, this behavior
exhibited a similar trend as compared to the density and the
neutron diffraction results. Namely, the neutron irradiationwithout
heat treatment led to a decrease in CN as compared to the as-
received condition while annealing without irradiation had the
opposite effect. Furthermore, the coordination numbers for the
samples heat treated after irradiation were greater than the one for
the irradiated only sample. Moreover, the coordination number for
the sample annealed at 300 �C for two weeks after irradiation was
larger than the sample post-annealed at 325 �C for 72 h. Fig. 3
shows the plot of the immersion density vs. the first CN. As can
be observed, there was a strong linear coorelation between the
Table 2
Immersion density measurements for the as-cast, neutron irradiated, and annealed
BAM-11 BMG.

Sample Condition Density (g/cm3)

As-cast 6.67± 0.02
Annealed 300 �C 2 weeks 6.73± 0.02
0.1 dpa 6.53± 0.02
0.1 dpa 300 �C 2 weeks post-anneal 6.64± 0.02
0.1 dpa 325 �C 72 h post-anneal 6.63± 0.01
macroscopic density and the coordination number (R2 value was
0.99).

Fig. 4 presents the nanoindentation hardness vs. depth results
for the five experimental conditions discussed above. The
measured hardness decreased with respect to the nanoindentation
depth for all conditions (indentation size effect). Importantly,
neutron irradiation to a dose of 0.1 dpa was found to significantly
decrease the hardness at a given depth as compared to the as-
received state. Similar to the observed trends for the neutron
diffraction and immersion density results, annealing to 300 �C for
two weeks had the opposite effect of inducing an increased hard-
ness as compared to the as-cast condition. Moreover, heating after
irradiation negated some of the softening induced by irradiation.
Interestingly, post-irradiation annealing at 300 �C for two weeks
and 325�C for 72 h produced similar changes in the hardness
following irradiation. Vickers hardness values of the as-cast,
neutron irradiated, and unirradiated annealed (300 �C, 2 weeks)
BAM-11 BMG specimens are presented in Table 4. For the neutron
irradiated sample (0.1 dpa, ~70 �C), there was a modest hardness
increase of ~7%. On the other hand, the hardness significantly
increased (25%) after annealing at 300 �C.

The bulk hardness was also evaluated from the nanoindentation
data using the Nix-Gao extrapolation technique [44]. The results of
the analysis are displayed in Table 5, and as can be seen, the
extrapolated hardness values followed a similar trend as the
neutron diffraction and density results. In contrast to the slight
hardening observed for the bulk Vickers hardness tests, it was
found that the neutron irradiation led to a �47% change in the
extrapolated (from nanoindentation testing) bulk hardness value as
compared to the as-cast condition. For the 300 �C, 2 weeks
annealed condition of the as-cast sample, however, there was a 15%
increase in the extrapolated bulk hardness value as compared to
the as-cast condition; this followed a similar trend as the thermal
annealing result from the Vickers hardness tests. It should be
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Fig. 3. The immersion density vs. the first coordination number for the as-cast,
neutron irradiated, and annealed BAM-11 BMG.
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Table 4
Vickers hardness results for the as-cast, neutron irradiated (0.1 dpa),
and unirradiated annealed samples (300 �C, 2 weeks) BAM-11 BMG.

Sample Condition Hv

As-cast 444.7± 5.2
0.1 dpa 474.9± 27.8
Annealed 300 �C, 2 weeks 560.0± 6.4

Table 5
Nix-Gao extrapolated hardness results for the as-cast, neutron irradiated, and
annealed BAM-11 BMG samples.

Sample Condition Nix-Gao Extrapolated Hardness (GPa)

As-cast 5.58
Annealed 300 �C 2 weeks 6.41
0.1 dpa 2.97
0.1 dpa 300 �C 2 weeks post-anneal 4.11
0.1 dpa 325 �C 72 h post-anneal 4.44
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Fig. 5. The nanoindentation Young's modulus vs. nanoindentation depth for the as-
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mentioned that the nanoindentation hardness data did not obey
the linear trend for the square of the measured nanoindentation
hardness versus the reciprocal of indentation depth that is pre-
dicted by the Nix-Gao extrapolation model. This discrepancy sug-
gests that the Nix-Gao model, which was developed for crystalline
materials, may not be applicable to metallic glasses. A similar de-
viation away from linearity in the Nix-Gao analysis was also
observed for as-cast and ion irradiated (9MeV Ni3þ) BAM-11 BMG
specimens [22].

The nanoindentation Young's modulus vs. depth results for the
five experimental conditions are displayed in Fig. 5. Similar to the
hardness results, the measured modulus decreased with respect to
the nanoindentation depth for all of the conditions. Furthermore, as
compared to the as-cast state, neutron irradiation (0.1 dpa) led to a
significant decrease in themodulus for all depths. Also, annealing at
300 �C for two weeks had the opposite effect of inducing an
increased modulus compared to the as-cast condition. It was also
observed that annealing after irradiation led to values that were
intermediate between the irradiated (without annealing) and the
as-cast samples.

Fig. 6 presents the flexural stress-displacement (deflection)
curves for the neutron irradiated and annealed BAM-11 BMG. The
corresponding strain is also plotted as a secondary abscissa on the
graph. All specimens fractured with very limited plastic tensile
elongation (<0.5%). The as-cast sample exhibited slight
deformation (~0.5%) before fracturing. The flexural data for the
unirradiated annealed sample (300 �C, 2 weeks) is not shown since
the specimen fractured during initial loading after approximately
10 N (0.4MPa) was applied during the test. As compared to the
other samples, the specimen that was annealed at 325 �C for 72 h
after being irradiated to a dose of 0.1 dpa reached the largest stress
before fracturing, namely ~3.3 GPa. Similar to the trend displayed in
the nanoindentation data (Figs. 4 and 5), the linear gradient of the
curves for the samples that were annealed after irradiation dis-
played behavior that were intermediate between that of the as-cast
and irradiated only conditions. Compared to the dynamic Young's
modulus measurements for the as-cast and neutron irradiated
samples (75e79 GPa) in the previous work [45], themodulus values
calculated from the elastic loading portion of the flexure curves are
much lower; the observed slopes are likely only measuring the
stiffness of the test machine and fixture since precise specimen
extensometry was not used for these tests.

Fig. 7(a)-(b) compares the high-energy XRD results for the
isotropic PDF, r00ðrÞ, of the uncompressed BAM-11 BMG (as-cast and
annealed) specimens. As can be observed in Fig. 7(a), the general
shape of the curves are quite similar. However, the first peak for the
annealed specimen annealed at 300 �C (2 weeks) exhibited a
greater amplitude, which is clearly evident in Fig. 7 (b). As can be
seen in the inset in Fig. 7 (b), the first peak of the r00ðrÞ for the
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annealed sample exhibits a slightly higher and narrower profile as
compared to the as-cast condition. This result indicates that
annealing led to structural relaxation in the BMG which is accom-
panied by a more ordered microstructure.

The anisotropic component of the PDF, r02 (r), for the as-cast and
annealed (300 �C, 2 weeks) specimens that were subjected to an
applied stresse of 1.5 GPa, is displayed in Fig. 8(a)-(b). Here, r02 (r)
was calculated using a spherical Bessel transformation as described
in Ref. [41]. At the long r range, beyond 8Å, the anisotropic PDF of
the as-cast and annealed specimen overlap with each other. How-
ever, below 8Å, especially in the first shell range (Fig. 8 (b)), the
amplitude of r02 (r) for the as-cast specimen is smaller than that of
the annealed specimen.

To further interpret the anisotropic PDF results, a reference state
of the sample under affine deformation is introduced [46], namely
the affine anisotropic PDF, r02; aff ðrÞ, which corresponds to the ideal
elastic (affine) deformation of the sample. Fig. 9 displays the fitting
of the affine anisotropic PDF to the experimental anisotropic PDF,
i.e., r02; aff ðrÞ to r02; expðrÞ of the as-cast BAM-11 BMG sample. As can
be observed in the inset that is located in the bottom right side of
Fig. 9, there is a sufficiently good fit for r> 6.5Å. However, there is a
clear difference at small distances (see inset in top half of Fig. 9),
especially in the first nearest neighbor shell, suggesting that local
structural relaxation duringmechanical deformation is activated by
the stress exerted on the specimen. Fig. 10 displays the deviation of
Fig. 7. (a) Comparison of the isotropic PDF, r00 (r) and a (b) comparison of the first peak
in the isotropic pair distribution function, r00ðrÞ, for the as-cast and the unirradiated
annealed (300 �C 2 weeks) BAM-11 BMG samples that were uncompressed.

Fig. 8. Comparison of the anisotropic PDF, r02 (r), for the as-cast and the unirradiated
annealed (300 �C 2 weeks) BAM-11 BMG samples compressed at a stresse of 1.5 GPa.
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the experimental anisotropic PDFs from the affine anisotropic PDF,
Dr02 ¼ r02;exp � r02;aff for both the as-cast and annealed conditions. It
is found that in the first shell, the annealed sample exhibited a
smaller amplitude in the oscillations as compared to the as-cast
specimen. This result indicates that the BAM-11 BMG underwent
structural relaxation during annealing and is therefore less sus-
ceptible to relaxation under an applied load as compared to the as-
cast sample. Furthermore, this decreased susceptibility is accom-
panied by an embrittlement of the glass.
4. Discussion

As observed in Fig. 2, the PDF curve for the sample irradiated to
0.1 dpa had a slightly lower and broader peak as compared to the
as-cast condition, indicating that neutron collision cascades led to
slight structural disordering (rejuvenation) in the alloy. On the
other hand, annealing BAM-11 BMG at 300 �C for 2 weeks resulted
in a taller and narrower peak, which is evidence for an increase in
the short-range order (relaxation). It should be emphasized that
this structural relaxation was not a result of the crystallization of
the specimens during heating, as indicated by the TEM results [see
Fig. 1(a)e(e)]. This result was also observed in the synchrotron
diffraction results, where peak narrowing (and heightening)
occurred in the annealed specimen [see Fig. 7(a)e(b)]. Thus, it can
be surmised from the above results that neutron irradiation leads to
slight structural rejuvenation in BAM-11 BMG. Interestingly,
annealing the BMG after neutron bombardment was found to
partially reverse the structural disordering in the glass, as exhibited
by a narrower and increased peak height. Furthermore, annealing
at 325 �C for 72 h appears to have a slightly greater reversing effect
as compared to heating at 300 �C for 2 weeks, as illustrated by a
relatively higher peak.

Furthermore, the neutron diffraction results are apparently
correlated with the macroscopic density data, as can be surmised
from Tables 2 and 3 and Fig. 3. As previously discussed, neutron
irradiation led to a decrease in the density of the glass. Since a
decrease in the density of a metallic glass corresponds to an in-
crease in the free volume of the alloy, an increase in the free volume
content during neutron irradiation is therefore accompanied by
atomic disordering. This correlation is observed for the first nearest
neighbor shell. Thus, it appears that the irradiation induced reju-
venation in the alloy corresponds to a decrease in the density that is
associated with the introduction of free volume/anti-free volume
defects [47,48]. This increase in the free volume content of a Zr
based metallic glass after neutron irradiation was reported by Yang
et al. [49]. The irradiation induced structural disordering also ap-
pears to correspond to a decrease in the coordination number in the
alloys, which also supports the theory that irradiation induced
disordering is tied to the creation of free volume in the matrix. In
contrast, annealing the alloy, which corresponds to structural
relaxation, leads to an increase in the macroscopic density and the
coordination number.

The nanoindentation results and three-point bend test results,
as shown in Figs. 4e6, follow a similar trend as the neutron
diffraction and immersion density measurements. Namely, the
irradiation induced disordering leads to softening and a decreased
modulus in the metallic glass, while heating results in hardening
and an increased modulus. However, this softening was not clearly
observed in the Vickers hardness results, which was unexpected
since the bulk Vickers hardness should have a similar trend as the
nanoindentation hardness behavior. With respect to the annealed
only sample, the depth dependent nanoindentation hardness
behavior followed a similar trend as the Vickers microhardness
testing, where both tests yielded significant hardening in the alloy
after annealing compared to the as-cast condition.

The discrepancies between the extrapolated hardness (Nix-Gao)
and the Vickers hardness values (see Tables 4 and 5) may be a
consequence of a surface modification which affects the strain
gradient plasticity of the BAM-11 BMG. In addition, the nano-
indentation hardness data did not obey the linear trend between
the square of the measured hardness and the inverse indentation
depth that is predicted by the Nix-Gao model. This deviation of the
data might be associated with the amorphous structure of the
BAM-11 BMG, i.e., it does not contain dislocations that are required
by the model [44]. This nonlinearity of the data was previously
observed in BAM-11 BMG nanoindentation testing after irradiation
by 9MeV Ni3þ ions to a midrange dose of 10 dpa [22].

Based on the neutron PDF results (see Fig. 2), the softening
exhibited by the alloy after neutron irradiation is accompanied by
an increase in the atomic disordering (and free volume), and hence
rejuvenation that is induced by primary knock-on events. Pan et al.
observed that rejuvenation of a metallic glass via mechanical
deformation led to a decrease in the microhardness in
Zr64.13Cu15.75Ni10.12Al10 BMG [50]. Furthermore, they suggested that
rejuvenation in a metallic glass also reduces the yield stress. Since
the results suggest that the free volume content is inversely related
to the density, it appears that introducing regions of lower density
into the specimen corresponds to a decreased resistance to
yielding. Furthermore, it is suggested that this decrease in the
hardness may be linked to the creation of soft-zone defects, as
discussed in Ref. [51]. On the other hand, the increase in hardness is
most likely due to the thermally induced structural relaxation
occurring in the alloy [52]. The link between free volume and
hardness was also discussed in Ref. [53], where they proposed that
a decrease in free volume, which accompanies structural relaxa-
tion, results in a higher resistance to plastic deformation.

The increase in the modulus during annealing may be due to the
thermal annihilation of soft-zone defects during structural relaxa-
tion. It has been proposed that soft-zone defects, which can be
thought of as liquid-like atoms and their neighbors [54,55], consist
of structural heterogeneities [56] that can accommodate shear
deformation under an applied load. Thus, these defects can be
thought of as loosely packed regions that are less resistive during an
applied stress. Egami et al. showed that an increase in the number
of liquid-like sites in the glassy matrix results from a change in the
distribution of atomic level stresses and volume in a metallic glass
[57,58]. Thus, it can be thought that neutron irradiation leads to the
creation of these defects. On the other hand, Li et al. [51,59] found
that annealing reduces the concentration of these defects in the
glass, which in turn leads to embrittlement of the alloy. This
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suggestion is supported by the results of the high energy XRD,
where the difference in the anisotropic PDFs was more pronounced
for the as-cast, as compared to the annealed sample (Fig. 10).

Since these soft-zone defects consist of free volume, and hence
are lower in density, their destruction would lead to a decrease in
the local interatomic distance throughout the glass. Furthermore,
since the modulus is inversely proportional to the distance be-
tween neighboring atoms, a decrease in the quantity of these de-
fects, therefore, would lead to an increase in the modulus. The
thermal annealing-induced increase of the modulus in BAM-11 has
also been reported in Ref. [53]. Conversely, irradiationwould lead to
a decrease in the modulus via the reduction in density that ac-
companies the creation of soft-zone defects during particle
bombardment. This increase in the free volume fraction in metallic
glass during irradiation was reported by Bian et al. for a Xe ion
irradiated Zr based BMG [60]. Finally, the intermediate modulus
values for the irradiated and annealed samples (see Fig. 5) indicates
that thermal annealing reduced the number of soft-zone defects
that were created during the neutron irradiation.

With regards to the high-energy XRD results, the good fitting at
the long r range in Fig. 8(a) implies that the average strain at the
long r range is basically affine, εaffine. On the other hand, in the first
nearest neighbor shell the local strain is smaller than the εaffine,
which results from a local structural relaxation during elastic
deformation. This local relaxation is caused by the local topological
rearrangement (LTR) of the BMG sample under the applied stress
[41], which is characteristic of BMGs. The overlapping of the r02 (r)
at the long r range in Fig. 8(a) implies that the average strain in the
as-cast and annealed BMGs during compresson is affine at the long
r range. Furthermore, based on the stress-induced LTR effect that is
apparent in Fig. 9, the larger amplitude of the r02 (r) in the first shell
for the annealed specimen indicates less local strain relaxation as
compared to the as-cast specimen. This finding suggests that the
annealed BMG is already significantly relaxed and the local LTR
sites are already exhausted, resulting in the brittleness of the
annealed BAM-11 BMG. This observation is reconfirmed by Fig. 10
where the difference between the r02; expðrÞ and r02; aff ðrÞ quan-
tifies the local strain relaxation. More local strain relaxation (larger
Dr02) suggests a greater degree of stress accommodation during
mechanical deformation, and thus an enhancement in the plasticity
of the BMG. In this case, the smaller Dr02 of the annealed specimen
(Fig. 10) indicates the brittleness of the annealed BMG as compared
to the as-cast sample.

Based on the above discussions, an increase in nanoindentation
hardness, as observed in Fig. 4, is associated with an embrittlement
in the alloy. On the other hand, neutron irradiation appears to lead
to softening and a reduction in the Young's modulus which may be
attributed to an enhanced ductility in the alloy. Furthermore, the
hardening experienced by the BAM-11 BMG appears to correspond
to a decreased ductility as observed by the nanoindentation and
XRD results (Figs. 4 and 10). It was also found that the hardness of
the BAM-11 BMG was higher in the samples that were annealed
after irradiation as compared to the irradiated only samples.

5. Conclusions

For this study, BAM-11 bulk metallic glass was irradiated by
fission neutrons to a fluence of 1.4� 1020/cm2 at a temperature of
~70 �C. Neutron irradiation and thermal annealing were observed
to act as competing processes with regards to their effect on the
mechanical and microstructural properties of the BMG. For
instance, annealing after irradiation largely reversed the atomic
disordering effects caused by the irradiation. Nanoindentation
hardness measurements found that irradiation led to softening and
a reduction in the Young's modulus of the alloy, while annealing
caused an increase in the hardness and modulus. On the other
hand, Vickers hardness tests indicated that the BAM-11 BMG
hardened after irradiation to a dose of 0.1, dpa. Furthermore, the
sample density was reduced by ~2% after neutron irradiation but
was increased by ~1% after annealing at 300 �C for two weeks.
Neutron diffraction results indicated that primary knock-on events
caused rejuvenation (structural disordering) while annealing
resulted in structural relaxation. Additionally, synchrotron XRD
linked the temperature induced structural relaxation of the alloy to
a loss of ductility and increase in nanoindentation hardness, which
agrees with the literature. In general, an increase in the structural
disorder of the glass is linked to a softening of the alloy and perhaps
also linked to a higher concentration of soft-zone defects in the
alloy. Finally, results indicate that hardening caused by heat treat-
ment corresponds to structural relaxation, densification, and a loss
of ductility in the BMG, while the decrease in the ductility appears
linked to the annihilation of soft-zone defects, and thus the free
volume of BAM-11 BMG.
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