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Strain localization during plastic deformation drastically reduces the shear band stability in metallic
glasses, ultimately leading to catastrophic failure. Therefore, improving the plasticity of metallic glasses
has been a long-standing goal for several decades. In this regard, nanoglass, a novel type of metallic
glass, has been proposed to exhibit differences in short and medium range order at the interfacial
regions, which could promote the formation of shear transformation zones. In the present work, by
introducing heterogeneities at the nanoscale, both crystalline and amorphous, significant improvements
in plasticity are realized in micro-compression tests. Both amorphous and crystalline dispersions resulted
in smaller strain bursts during plastic deformation. The yield strength is found to increase significantly

in Cu-Zr nanoglasses compared to the corresponding conventional metallic glasses. The reasons for the
mechanical behavior and the importance of nanoscale dispersions to tailor the properties is discussed in

detail.

Metallic nanoglasses are an emerging class of amorphous mate-
rials characterized by glassy core regions surrounded by inter-
faces, similar to grain boundaries in crystalline materials [1-4].
Such interfacial regions distributed at a length scale on the order
of 5-10 nm, are characterized by a different chemistry and
enhanced free volume compared to the core of the glassy grains.
Tailoring the amorphous structure in this way results in distinct
physical properties compared to conventional metallic glasses
synthesized by liquid quenching routes. Metallic nanoglasses
have already shown some interesting and promising properties.
Properties like ferromagnetism, enhanced bio-compatability,
improved glucose detection and increased thermal stability are
some of the properties improved in nanoglasses when compared

to the metallic glasses of a similar composition [5-11]. However,

©The Author(s) 2021

the role of the interfacial structure on these properties seems to
elude us until now.

Unsurprisingly, the presence of modified short-range order
at the interfaces also affects mechanical properties such as plas-
ticity and yield strength in nanoglasses. Sc,;Fe,; nanoglasses
showed more plastic deformation in uniaxial micro-pillar com-
pression tests compared to the conventional metallic glasses for
pillar diameters less than 300 nm. [12]. Along with compres-
sion, even tensile plasticity was observed in the same nanoglass
for a sample size of 400 nm [13] with a significant amount of
necking during tensile deformation. However, no improvement
in plasticity was observed in Pd-Si nanoglasses compared to
the corresponding melt-spun ribbons [11]. Similar results were
also obtained in Ni-P nanoglasses prepared by electrodeposi-
tion [14]. An interesting observation here is that the effect of
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chemical segregation is found to be negligible in both Pd-Si
and Ni-P nanoglasses. Improved plasticity was also reported in
Fey,Sc,, nanocomposites where Fe nanocrystals were found to
be distributed in the amorphous matrix [15]. Besides plasticity,
significant variation of the yield strength was also reported in
literature, with Cu-Zr and Sc;;Fe,; nanoglasses showing higher
yield strength during nanoindentation, while Pd-Si and Ni-P
showed lower yield strength during micro-pillar tests compared
to their conventional amorphous counterparts [10, 11, 14, 16].

Despite the work presented on the mechanical behavior
of nanoglasses, several ambiguities still remain unanswered in
literature. Till now, to the authors’ knowledge, except Sc,;Fe,;
nanoglasses, plasticity improvement is not shown in other alloys
and even in Sc-Fe system, the improvement in plasticity is only
substantial in samples below 300 nm. In view of this, we would
like to clarify if the plasticity enhancement is possible in other
alloy systems as well. We would also try to shed some light on
the reasons for the improvement in mechanical behavior of
nanoglasses. For this purpose, we have taken into consideration
two alloy systems with crystalline and amorphous heterogenei-
ties i.e., Cu-Zr, where amorphous heterogeneities were present
[10] and Fe-Sc, where crystalline dispersions were revealed
by advanced characterization tools like atom probe tomogra-
phy (APT) and field ion microscopy (FIM) [15]. To this end,
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micro-compression tests on Cu-Zr and Fe-Sc nanoglasses/com-
posites are performed and compared with conventional metallic
glass of the same composition. The reasons for the experimental
observations in the two nanoglasses will be addressed in the
current report.

Results
Cu-Zr nanoglasses

The amorphous nature of the consolidated Cus,Zr;, nano-
glass was verified by XRD. Transmission electron microscopy
(TEM) was performed to reveal the microstructural features
of the sample as shown in Fig. 1a and b. As shown in Fig. 1b,
the high angle annular dark field (HAADF) image showed
a uniform microstructure with very little contrast. The dark
regions in the image indicate the residual pores present in
the TEM sample. In order to observe the presence of chemi-
cal variation in the nanoglass, atom probe tomography (APT)
was performed and fluctuations in the size range of 5-10 nm
was observed in the Cu-Zr nanoglass as shown in Fig. 1c.
This result fits to the chemical inhomogeneity observed in a
Cu-Zr nanoglass in molecular dynamic (MD) simulations,
where ~ 10 at.% segregation was noticed between the core and
the interface regions [17]. APT investigations carried out on
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Figure 1: (a) TEM image of CusyZrs, nanoglass. Inset shows a selected area electron diffraction pattern with the diffused halo confirming the
amorphous nature of the sample. (b) STEM-HAADF image showing the Cu-Zr nanoglass, arrow indicates a porous region. (c) Composition profile along
the length of the APT tip (shown in the inset) obtained using a cylinder of diameter 3 mm. Micro-pillars of (d) nanoglass and (e) metallic glass before

compression imaged by SEM.

© The Author(s) 2021
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Cu-Zr metallic glasses showed no such chemical segregation
at the nanometer scale [18].

Uni-axial compression was performed on the micron-sized
pillars shown in Fig. 1d and e to understand the deformation
behavior. The displacement excursions in the stress—strain
curves resulted from the serrated flow behavior and are typi-
cal of a load-controlled experiment. Engineering stress was
calculated considering the diameter of the top of the pillar and
engineering strain was calculated considering the portion of
the pillar where the taper is less than 3°, neglecting the bot-
tom portion where the diameter of the pillar increases signifi-
cantly. The compliance of the material underneath the pillar
is subtracted applying Sneddon’s correction [19]. The elastic
modulus obtained from the nanoindentation data [10] is used
for correcting the compliance of the substrate. Note that at
higher strains, due to localized flow of the material, correct
determination of the stress is very difficult. The stress—strain
curves of the nanoglass and metallic glass showed an ini-
tial linear elastic response followed by plastic deformation
as shown in Fig. 2. A clear onset of yielding was observed
in the metallic glasses at around ~ 2400 MPa followed by a
distinct strain burst. On the other hand, nanoglasses showed
a deviation from linearity around 2700-2800 MPa beyond
which the stress kept on increasing until it reaches a stress
of ~3100-3300 MPa as shown in the inset of Fig. 2. To make
a distinction between these effects, 2% offset yield stress is
taken as the yield strength and the values of all the tested
conditions are presented in Table 1. The yield strength of the
pillar with pre-existing pores showed lower yield strength than
the other nanoglass pillars, but still higher strength than the
corresponding metallic glass (see Table 1). The effect of poros-

ity on the plastic deformation behavior of nanoglasses will
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Figure 2: Engineering stress—strain curves for the nanoglass and
metallic glass samples determined from micro-compression tests at
a displacement rate of 10 and 20 nm s™". Inset magnifying the elastic
region of the stress—strain curve.
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TABLE 1: 2% offset yield stress of Cu-Zr nanoglass and metallic glass for
all the tests.

Displacement rate in nm s™' Nanoglass Metallic glass
10 3317 2292
10 29642 2089
10 3405 2453
20 3148 2355
20 3781 2569
100 3621 2409

All the values are in MPa.

2Pillar with porosity—Fig. 8a.

be discussed in ‘Factors affecting the deformation behavior’
section.

Besides differences in the yield strength, contrasting features
are also observed in the plastic regime of the nanoglass and
the metallic glass. Pronounced displacement bursts observed
in the metallic glasses are absent in the nanoglasses. The data
acquisition rate during the current compression test is 10 Hz,
which translates to 0.1 s for each data point in the stress—strain
curve. In the nanoglass, several data points are recorded dur-
ing each displacement burst as shown in the stress—strain curve
(see Fig. 2), while no data point can be recorded during the
displacement bursts observed for the metallic glass. This gives
us a strong indication that the shear instability in a nanoglass
is not as catastrophic as in a conventional metallic glass. All
the nanoglass micro-pillars behaved in a similar way under
all test conditions. Each data point in the plastic region of the
nanoglass is separated by ~ 5-10 nm, while it is approximately
around 100 nm in the metallic glass. One can make a rudimen-
tary estimate of the strain rate during the displacement burst
with the available information. Assuming all the shear displace-
ment is localized in the shear band, strain accommodated in
the shear bands is 1, width of shear band is ~ 10 nm and time
taken for the shear band to traverse the distance between two
data points as 0.1 s, then shear strain rate can be estimated to
be 10 s™! in the nanoglass and 100 s™! in the metallic glass. As a
word of caution, the estimates made here provide us only with a
qualitative understanding about the strain rate in a shear band,
but not a realistic quantitative description. To gain a quantita-
tive understanding of pop-in length and strain rate, one has to
consider the effects of the machine control parameters on the
strain bursts [20].

In a micro-compression test, especially at low strains, each
displacement burst in the stress—strain curve can be directly
correlated to the generation of an individual shear band [21].
Deformed pillars were then observed by SEM to gain more
insight into the number of shear bands and their morphology.

A clear difference can be noticed in both the number of shear
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Figure3: SEM images of deformed pillars of Cu-Zr nanoglass deformed
at(a) 10nms~', (b) 20 nm s~', Cu-Zr metallic glass at a displacement rate
of () 10nms~, (d) 20 nms™".

bands and also their size. Compressed nanoglass pillars exhibit
faint shear bands as shown in Fig. 3a and b, while the metallic
glass pillars showed prominent and distinctive shear bands as
illustrated in Fig. 3¢ and d. The nanoglass pillar in Fig. 3b clearly
does not show any major shear band and seems to deform in a
homogeneous manner. To decipher if the deformation is homo-
geneous or not, one of the nanoglass pillars was deformed to a
strain of about 0.25 and the compressed pillar showed a mush-
room kind of bulge in the top portion as shown in Fig. 4a and b.
Earlier reports on micro-pillar studies have claimed that such
mushroom kind of deformation in glassy materials is the result
of homogeneous deformation [22]. However, in the present case,
a closer observation of the pillar showed a number of faint shear
bands as shown in Fig. 4a and b. At least five shear bands can be
observed in the post-compressed pillars, while the correspond-
ing stress—strain curve showed three strain bursts. To summa-
rize, the deformation in the nanoglass proceeds in a pseudo-
homogeneous manner with the formation and propagation of
fine shear bands.

Fe-Sc nanocomposites

To understand the deformation behavior and the influence of
crystalline heterogeneity in contrast to an amorphous disper-
sion, we also performed micro-compression tests on FegoSc,
nanocomposites. Initial characterization of the specimen was
performed by XRD and further characterization was conducted
by TEM. Figure 5a shows scanning transmission electron micro-
graph (STEM) images of Fe-Sc nanocomposites with bright and
dark contrast regions corresponding to chemical variations and

residual porosity present in the sample after the compaction

© The Author(s) 2021

Figure 4: (a) and (b) SEM micrographs of a compressed Cu-Zr
nanoglass pillar imaged from two opposite sides. Microcompression
was conducted at a displacement rate of 20 nm s~' to a maximum
displacement of 500 nm. Arrows indicate the shear bands in (a).
Mushroom kind of bulge is indicated by the lines in (b).

in IGC. HRTEM images in Fig. 5b confirmed that both amor-
phous and crystalline phases are present in the nanoglass sam-
ples. Inset in Fig. 5b revealed an amorphous halo along with
a few defined diffraction spots highlighting that a crystalline
phase, i.e. a-Fe, is present in the nanoglass sample, which in the
following will be referred to as nanocomposite. The exact phase
fraction of the crystalline regions is estimated to be around 10
vol.%, which was earlier confirmed by Mossbauer spectroscopy
in a similar Fe-Sc nanocomposite [5]. a-Fe is a by-product of
the IGC synthesis because of the inherent difficulty in control-
ling the evaporation of the Fe-Sc alloy. From the characteriza-
tion performed on the Fe-Sc nanocomposites, it was concluded
that they are primarily composed of interfaces, cores and a-Fe
crystallites [15]. Previous reports claimed that the segregation
between core and interfaces is not very significant, only in the
order of few atomic percent [23]. Crystalline regions are clearly
revealed in the HRTEM images of Fig. 5¢ and the correspond-
ing Fast Fourier Transform (FFT) in a metallic glass composite.
For the sake of clarity, we will address Fe-Sc samples made by
IGC as nanocomposites, while the Fe-Sc melt-spun samples as
metallic glass composites.

Deformation behavior of the Fe-Sc nanocomposites showed
similar features like Cu-Zr nanoglasses as shown in Fig. 6a.
The initial elastic regime is followed by an elastic limit in the
nanocomposite, after which there is a deviation from the linear
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Figure 5: TEM images of Fey,Sc,, (a) and (b) nanocomposite and (c) metallic glass composite. (a) The intensity differences in the HAADF-STEM image
reveal chemical fluctuations and residual porosity in the nanoglass. The HRTEM images in (b) and (c) with the corresponding FFTs as insets exhibit the
presence of crystalline phases giving rise to the defined diffraction spots in the FFTs. The FFTs correspond to the full areas of the micrographs shown.
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Figure 6: (a) Engineering stress—true strain curves for the micro-
pillar compression tests of FegSc,, nanocomposite and (b) metallic
glass composite. Images in the inset show the corresponding post-
compressed micro-pillars.

portion of the curve until the maximum stress is reached. Fur-
ther deformation proceeded at a constant flow stress and smaller
displacement bursts (see Fig. 6a). A large number of faint shear

bands facilitate the deformation in the Fe-Sc nanocomposite

© The Author(s) 2021

as shown in the inset of Fig. 6a. It is interesting to observe that
the pillar deformed to very large strains, without showing any
catastrophic failure. In comparison, Fe-Sc metallic glass com-
posites of the same composition is also tested in cyclic load-
ing conditions and it displayed pronounced strain bursts as
shown in Fig. 6b. As expected, the deformed pillars exhibited
distinct shear bands representing the strain bursts as shown in
the inset of Fig. 6b. Since it was difficult to resolve the shear
bands in the nanoglass pillar compressed to high strains (inset
of Fig. 6a), one of the pillars was deformed to a lower strain of
0.15 and it showed only one displacement burst as shown in
the stress—strain curve of Fig. 7a. The deformed micro-pillar
revealed a small mushroom kind of bulge in the top portion
of the pillar similar to Cu-Zr nanoglasses. Also, two faint and
distinct shear bands were clearly observed as shown in Fig. 7b.
Therefore, like in the case of Cu-Zr nanoglasses, the deforma-
tion in Fe-Sc nanocomposites is predominantly controlled by
the generation and propagation of a number of shear bands.

Discussion
Factors affecting the deformation behavior

In the literature, several extrinsic and intrinsic factors have been
discussed to be responsible for the shear band stability in bulk
metallic glasses. Among the extrinsic factors, testing machine
stiffness [24], strain rate [25], size of the sample [26] and tem-
perature of the measurement [27] are found to be crucial fac-
tors influencing the deformation behavior. In the current set of
experiments, all the above-mentioned extrinsic factors are main-
tained constant for a particular alloy system during micro-com-
pression. Furthermore, the variation of the machine stiffness due
to the two indenters used to test the Fe-Sc pillars did not show
any differences. Therefore, we can conclude that the extrinsic
factors do not influence the observed shear band stability in
the nanoglasses/composites. The intrinsic factors responsible for
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Figure7: Engineering stress—strain curve of (a) Fey,Sc,, nanocomposite tested to an intermediate strain of 0.16 and (b) corresponding pillar with two

major shear bands indicated by the two arrows.

the deformation behavior are residual porosity, internal micro/
nanostructure, and the presence of oxides. Presence of oxides
can be ruled out because both APT measurements, done on the
surface and the carrier gas hot extraction method, which is a
bulk technique showed less than 2 at.% oxygen in the nanoglass
samples [10]. The samples were also stored in the glove box filled
with Ar to prevent any contamination during storage. Based on
the existing evidence, we can assume that the effect of oxygen
may not be playing a significant role in the deformation pro-
cess. The other influencing factor is the residual porosity present
in the sample after the compaction in IGC. To unambiguously
rule out the effect of porosity, nanoglass micro-pillars obvi-
ously containing residual porosity were tested in both Cu-Zr
and Fe-Sc alloy systems. The micro-pillars before the tests are
shown in Fig. 8a and ¢ The stress-strain curves of the porous
pillars clearly showed a brittle failure in the nanoglass/compos-
ites as shown in Fig. 8a. Both the micro-pillars after compres-
sion clearly showed distinct shear bands as shown in Fig. 8b
and d. This concludes that the observed shear band stability in
nanoglasses is not due to the effect of micro or nano porosity
present in the sample. Additionally, porosity should result in a
reduction of the strength, while compared to the metallic glass
samples, the nanoglass/composite samples showed higher oft-
set yield stress. Therefore, we can conclude that the mechanical
behavior observed in the nanoglasses/composites is a result of

the inherent structure of the material.

Effect of heterogeneities on the yield strength

Yielding in a metallic glass at room temperature requires
the co-operative movement and percolation of several shear
transformation zones (STZ’s) resulting in the formation of a
shear band. Percolation of STZ’s is found to be triggered by the

© The Author(s) 2021

rotation and activation of neighboring clusters in a metallic
glass [28] and the activation of STZ’s is largely dependent on
the local atomic arrangements (or physical structure) as well
as the chemical make-up of elements [29]. In Cu-Zr nano-
glasses, Cu and Zr-rich zones were observed by APT in the
size range of less than 10 nm and the compositional variation
is between CuysZrg; and Cus,Zr,; as shown in Fig. 1c. Such
compositional changes naturally result in structural changes,
which may also result in the local change of elastic moduli and
the yield strength. Since the exact correlation between chem-
istry and the free volume is not completely understood in the
nanoglasses, we can discuss on the consequences of these
features on the strength individually. The effect of chemistry
can be understood by comparing the yield strength of Cu-Zr
metallic glasses with varying Cu concentrations. The bulk
yield strength values of Cu,sZrs; and Cus,Zr,; metallic glasses
are ~ 1.6 and ~ 2 GPa, respectively [30]. The yield strength of
the Cu-Zr nanoglass is close to the value of Cus,Zr,; metallic
glass. This result is in agreement with the data presented on
bulk metallic glass (BMG) composites presented by Narayan
et al. [31]. Their observations clearly highlighted that the yield
strength is largely controlled by the harder phase present in
the composite.

However, one should look at the above analysis with a
degree of caution as we have neglected the effect of free vol-
ume and the variation of the local atomic structure in the
interfacial or core regions. In fact, Hirmukhe et al. [32] have
recently used finite element simulations to study the effect
of free volume in the interfacial regions to understand the
higher strength in Sc,;Fe,; nanoglasses compared to metallic
glasses. They have found that the pressure sensitivity of the
glass-glass interfacial regions creates an additional hardening
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Figure 8: (a) Representative engineering stress—strain curve of Cu-Zr nanoglass with porosity. SEM images of Cu-Zr nanoglass pillar with porosity (b)
before testing and (c) after testing, and Fe-Sc nanocomposite pillar with porosity (d) before testing and (e) after testing. Arrows in (b) and (d) denote

the pores present in the pillars.
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effect. Interfacial regions, which are pockets of additional free
volume densify when a stress is applied to them. In the past,
a Zr based bulk metallic glass was found to show strain hard-
ening because of densification due to the pressure dependent
flow [33]. However, compositions like Pd-Si, Ni-P nano-
glasses have shown lower hardness than the bulk metallic
glass compositions [12, 16]. This leads us to conclude that
the increase in strength in certain nanoglass compositions is
a consequence of both chemical and structural change at the

interfacial regions.

Effect of heterogeneities on the plastic deformation

Plastic deformation in metallic glasses at room temperature
involves the formation of a shear band and its propagation.
In general, regions of high free volume are considered to be
favored nucleating sites for the formation of STZ’s in amorphous
materials [34]. In nanoglasses, STZs are nucleated both in the
interfaces and the cores, with interfaces being the preferential
nucleating sites, according to MD simulations [35]. Therefore,
the stability of shear bands in nanoglasses largely depends on
how the STZs percolate through the cores from the interfacial
regions. It has been observed both experimentally and by MD
simulations in Pd-Si nanoglasses by Nandam et al. [12], that
when the chemical segregation is not significant, like in the case
of Pd-Si, percolation of STZs can occur through the glassy core
regions easily making the shear band formation and propaga-
tion quite straightforward. However, in nanoglasses like Cu-Zr,
such a combination of STZs is difficult because of the constant
change in the chemical as well as the physical structure. In other
words, local changes in the chemistry inherently results in a
local change in the physical structure, which induces a change
in the local deformation. It consequently leads to a deflection
and thus further spreading of the STZ formation and thereby a
dissipation in a much wider region. Note that the critical length
necessary to cause a run-away shear band failure was estimated
to be ~ 100 nm [36]. Since the amorphous phase is dispersed in
the size range of ~ 10 nm in Cu-Zr nanoglasses, formation of
a mature shear band to the size of 100 nm is largely delayed in
nanoglasses and thus causes the deformation to proceed with-
out catastrophic failure of the sample. Furthermore, the relative
content of Cu or Zr can influence the plastic behavior of Cu-Zr
binary metallic glasses as reported both in experiments and
atomistic simulations [29, 30]. Increase in Zr content typically
results in an increase in the plasticity of Cu-Zr binary metallic
glasses.

To understand the importance of chemical segregation in
terms of shear band propagation, one can look at the strain rate
that is occurring in a shear band. It can be expressed according
to the following equation: y = py,v, exp(—(AG/KgT)), where

p is the number of sites available for STZ activation, y, is related

©The Author(s) 2021

to the strain associated in a shear band, v, represents the charac-
teristic frequency, K is the Boltzmann constant, and T is room
temperature (in the present case) [37]. It is evident from the
equation that there is a linear correlation between the number of
free volume sites and the strain rate in a shear band. Assuming
the characteristic frequency is the same, then the contributing
factor to decrease the shear band velocity in the nanoglass is
the activation energy required for the STZ activation. It is clear
from the equation that if the activation energy increases by 1%,
then the shear band propagation can be significantly decreased
by almost 11%. Since there is no available data on Cu-Zr binary
alloys regarding the STZ activation energies, we rely on the data
available in ternary alloys for making an argument regarding
the shear band velocity. The average activation energy for STZ
formation in Cu-Zr-Al metallic glasses is found to change by
almost 50% when the Zr concentration is increased from 45 to
65 at.% [38]. Thus, it is reasonable to conclude that the compo-
sitional fluctuations play a significant role in slowing down the
propagation of a shear band. Such compositional inhomogeneity
also delays cavitation events, which are responsible for the final
fracture of the sample [39].

Similar plastic behavior is observed in Fe-Sc nanocompos-
ites with the crystalline dispersions reducing the chances of a
run-away shear band. A probable explanation for the deforma-
tion behavior can be understood as follows. Assuming a homo-
geneous distribution of 10 vol.% crystalline phase fraction [6]
and the size of nanoparticle to be 10 nm, which seems reason-
able from the TEM micrographs, we can estimate the average
crystalline particle spacing to be ~20 nm in Fe-Sc nanocom-
posites. This interparticle spacing falls in the same range as in
Cu-Zr nanoglasses. Along with the interfacial regions between
glassy cores, interfaces between the nanocrystals and the amor-
phous phase are also expected to promote the nucleation of STZs
in the nanocomposites. It is natural to assume that the effective
blocking of the shear bands by crystalline precipitates depends
on their size as well as their interparticle spacing. If the precipi-
tate size is in the same size range as the width of the shear band
(~ 10 nm), they can hinder the propagation of shear bands. This
also comes with the constraint that the shear band should not
be mature enough so that the stress field associated with the
shear band simply wraps around the crystalline precipitate and
moves forward [40]. In other words, the spacing between the
nanocrystals should not be large so that shear bands, which may
form, do not mature to a major one. In Fe-Sc nanocomposites,
a particle size of ~ 10 nm and a spacing of about 20 nm seems
to be sufficient to hinder the formation of a mature shear band.

A common feature in both the Cu-Zr nanoglasses and the
Fe-Sc nanocomposites is the number of fine shear bands car-
rying out the plastic deformation. This is indicative of the fact
that the generation of the shear bands is the key feature in nano-

glasses/composites. It is generally observed that shear bands that
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form during the plastic deformation are difficult to propagate
because of either the compositional fluctuations or the crystal-
line dispersions and therefore in the process promote new shear
bands in other regions of the sample [41, 42]. However, such a
beneficial effect was not observed in the Fe-Sc metallic glass
composite (present work) despite the presence of crystalline
regions. This could be largely due to the higher interparticle
spacing between the crystalline regions in the rapidly quenched
ribbons. Another interesting feature is that the plastic regime
of the present nanoglass/composite pillars resembles the one
of nanocrystalline metals [43, 44], which showed a set of elas-
tic loadings each followed by a softening segment. A lack of
strain hardening capacity is the reasons for shear instability in
nanocrystalline mechanisms. By combining amorphous clusters
and crystalline dispersions, improvement in plasticity can be

accomplished in nanostructured materials.

In the present study, mechanical properties of Cu-Zr nano-
glasses and Fe-Sc nanocomposites were investigated by means
of micro-compression tests. An improvement in plasticity was
demonstrated in both Cu-Zr nanoglasses and Fe-Sc nanocom-
posites compared to conventional rapidly quenched glasses.
Both the nanoglass and the composite deformed by the genera-
tion of multiple shear bands resulting in enhanced plasticity.
Yield strength was also found to be high in Cu-Zr nanoglasses
compared to the conventional metallic glasses. In conclusion,
compositionally tailoring such nanostructures by suitable chem-
istry and using such bottom-up approach synthesis techniques,

better mechanical properties can be realized.

In the present work, inert gas condensation (IGC) was used
to synthesize CusyZrs, and FegySc,, metallic nanoglasses. The
chamber was initially evacuated to a pressure of 107 mbar
and then back filled with an inert gas. Working pressure in
the range of 10! mbar was used to synthesize amorphous
nanoparticles, which are subsequently consolidated in situ by
applying a pressure of up to 1.5-3 GPa. Further compaction
is performed by applying a higher pressure of up to 6 GPa. In
the case of CusyZrs, alloy, magnetron sputtering was used to
ablate the metal atoms, while thermal evaporation was used
to synthesize FeqSc,, nanoparticles. To perform magnetron
sputtering, an alloy target of Cus,Zrs, was used in a continu-
ous flow of Ar and He gases and a power of 420 W was used

with currents of about 1.9 A to extract the metal atoms. In

©The Author(s) 2021

order to synthesize using thermal evaporation, a FegSc,, alloy
was initially made by arc melting of Fe and Sc pieces using
a Edmund Buehler arc melter in Ar atmosphere. Then the
alloy is resistively heated in a tungsten boat in He atmosphere
in an IGC to synthesize nanoparticles. Similar vapour pres-
sures of Fe and Sc helps in obtaining the final powder with
a uniform composition during thermal evaporation in IGC.
To know further details about the synthesis procedure, the
reader is requested to go through the following references [5,
10]. Ribbons of the same composition produced by standard
melt-spinning technique were used as reference samples.
Preliminary characterization was performed by X-ray
diffraction (XRD) using a Phillips Mo Ka X-ray source to
determine the amorphous nature. To investigate the presence
of nanocrystallinity in the samples, transmission electron
microscopy (TEM) was performed using a TITAN 80-300
microscope (FEI Company, Hillsboro, OR, USA) operated at
300 kV, equipped with a US 1000 (Gatan Inc, Pleasanton, CA
USA) slowscan CCD camera and a high-angle annular dark
field (HAADF) detector (Fischione Inc, Export, PA, USA).
Focused ion beam (FIB) milling in a Dual Beam Strata 400 S
(FEI Company, Hillsboro, OR, USA) was used to prepare the
lamellae for TEM observations. APT was performed using a
Cameca-LEAP 4000X HR instrument in laser pulsing mode.
The reconstruction of the APT data was performed with
IVAS 3.6.14. To perform the micro-compression tests, both
the metallic glass and nanoglasses were glued to an aluminum
sample holder using superglue. Subsequently, the pillars were
machined using FIB milling in a Dual Beam Strata 400 and
Scios Nanolab 200 (both FEI Company, Hillsboro, OR, USA).
Prior to the FIB milling, a~ 100 nm thick layer of Platinum
was deposited using the electron beam to protect the surface
during the milling process. The pillars were machined in four
stages with decreasing ion beam currents to limit the damage
caused by Ga* ions. All the Fe-Sc and Cu-Zr pillars had an
aspect ratio of height-to-diameter of ~ 2:1 and ~ 3.5:1, respec-
tively. Diameter of all the pillars is approximately 1 um, as
shown in Fig. 1. The taper of the pillars due to annular mill-
ing was less than 3°. Microcompression testing of the pillars
was carried out in a nanoindenter G200 XP (Agilent/Keysight
Technologies, Inc., Santa Rosa, CA, USA) with a flat punch
of 10 pm in diameter. Selected FeSc nanoglass pillars were
deformed in situ in the SEM using an InSem nanoindenter
(Nanomechanics, Inc., Oak Ridge, TN, USA). Micro-pillars
were tested at different displacement rates to understand their
deformation behavior. The images of the post-deformed pil-
lars were obtained by scanning electron microscopy (SEM,
Dual Beam Strata 400, FEI Company, Hillsboro, OR, USA).
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