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Plasticity of a scandium-based nanoglass
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The mechanical properties of a Sc75Fe25 nanoglass and monolithic metallic glass (MG) with identical chemical composition were investigated by
means of nanoindentation tests and quantitative in situ compression tests and tensile tests in a transmission electron microscope. The nanoglass
exhibits excellent plastic deformation ability relative to the monolithic MG. It is particularly interesting to ﬁnd that the 400 nm Sc75Fe25 nanoglass
exhibits a 15% plastic strain under uniaxial tension. Such a nearly uniform tensile plasticity is unprecedented among MGs of similar sample sizes. The
enhanced plasticity of the nanoglass can be attributed to its unique microstructure.
Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanoglasses, a new type of amorphous material
with an inhomogeneous microstructure, were ﬁrst proposed
by Jing et al. in 1989 [1]. So far, nanoglasses have been produced by consolidating nanometer-sized glassy clusters [2],
magnetron sputtering using powder targets [3] or electrochemical transformation [4]. The microstructure of nanoglasses consists of nanoscaled (<100 nm) contiguous
glassy regions (grains) and glass–glass interfaces (GGIs)
between these regions. The GGI is usually about one or
several nanometers wide with a locally reduced density relative to the densities in the interior of the glassy grains
[2,3,5]. The diﬀerence in the density of grains and interfaces
induces a bimodal distribution of free volume in the nanoglass [2]. Preliminary investigations have shown that nanoglasses present enhanced catalytic activity [3], diﬀerent
magnetic properties [6], remarkable biocompatibility [7]
and ultrastable kinetic behavior [8] when compared with
chemically identical monolithic metallic glasses (MGs).
These novel features of nanoglasses seem to open the way
for new technological applications of MGs. Furthermore,
nanoglasses show enhanced plasticity due to multiple shear
banding [2,9]. However, the underlying mechanism is not
clear, and needs further experimental investigation. In this
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paper, a Sc75Fe25 nanoglass was selected as the model material. It is found that the nanoglass exhibited excellent plastic deformation ability (tensile plasticity in particular)
relative to a monolithic MG with identical chemical composition, which usually has zero tensile plasticity. This
enhanced plasticity is thought to be due to the unique
microstructure of the nanoglass.
The Sc75Fe25 nanoglass specimens were produced by
inert-gas condensation (IGC) [2], and consist of hard zones
(glassy grain of diameter D of 10 nm) with low free volume and soft zones (GGI 1 nm thick) with high free volume, and increased potential energy [9]. The structure of
the nanoglasses can be tuned by varying the size of the
glassy regions or the thickness of the GGIs. A study of
the atomic structure of this nanoglass and its structural
evolution during annealing can be found in Ref. [2]. For
comparison, ribbons of a monolithic MG with an identical
chemical composition were prepared by melt-spinning.
The mechanical properties of the present nanoglass were
investigated by means of nanoindentations and quantitative in situ compression/tension in a transmission electron
microscope (TEM). In small-scale tests, the porosity introduced by IGC can be avoided and the mechanical properties related to the microstructure can be investigated in
detail. Nanoindentations were carried out using a nanoindenter (TI950, Hysitron Inc., USA) with a Berkovich
indenter. All indentation tests were performed to a peak
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load of 10 mN at diﬀerent loading rates (10, 100 and
1000 lN s 1).
A set of square taper-free pillars with nominal sizes of
300 nm (for compression tests) and 400 nm (for tensile
tests) of a Sc75Fe25 nanoglass and of a monolithic MG were
fabricated by focused ion beam (FIB) techniques. The
300 nm compressive pillars with a cross-section of square
and an aspect ratio of 2 were fabricated using a FEI
Helios NanoLab 600i dual-beam FIB system. The tensile
sample gauge was trimmed to approach the designed width
(400 nm), length (1600 nm) and thickness (400 nm). In
situ experiments were performed inside the chamber of a
JEOL JEM-2100F TEM, using a Hysitron PI95 TEM PicoIndenter with a 2 lm diamond ﬂat punch (for compression
tests) or a tungsten grip (for tensile tests) that was fabricated using FIB, under displacement-controlled mode with
a constant value 2 nm s 1 (nominal strain rate
1  10 3 s 1). The data acquisition rate was about
200 points s 1. The fabrication method and test method
of tensile tests is similar to that used by Tian et al. [10].
Figure 1 displays the nanoindentation load–displacement (P–h) curves for the nanoglass as well as for the
monolithic MG. Only the loading portions of the P–h
curves are shown. The origin of each P–h curve has been
displaced for clarity. Usually, the P–h curves of MGs are
segmented due to numerous discrete bursts of rapid displacements at nearly constant load (Fig. 1a), while at various loading rates, no bursts of rapid displacement were
observed in the curves of the nanoglass (Fig. 1b). These
behaviors (discrete bursts of rapid displacements) are analogous to the serrated ﬂow that has been reported for various MGs in compression tests [11]. Each serration
corresponds to the nucleation and growth of one shear
band. With increasing loading rate, the serrated ﬂow
changes from small step-like P–h curves (at low rates) to
relatively smooth curves. This change agrees with the
observations reported for various MGs such as in Pd–Ni–
P and Mg–Cu–Gd [12]. The absence of discrete bursts of
rapid displacements in the P–h curves suggests that the
nanoglass might deform uniformly by numerous shear
bands being activated simultaneously. The deformation
features noted at the free surfaces of the nanoglass and
monolithic MG under plastic indentation can be seen in
the insets of Figure 1a and b, respectively. The shape of
the indent observed in the nanoglass is similar to that
observed in ductile materials with material pileup mounds
near the indent, whereas the indent shape of the MG
appears to be similar to that in brittle materials.
In order to investigate the processes involved in the
deformation of the nanoglass in comparison to the monolithic MG, quantitative in situ compression tests and tensile

Figure 1. Typical load–displacement (P–h) curves measured at diﬀerent loading rates for (a) Sc75Fe25 monolithic MG, and (b) Sc75Fe25
nanoglass. The insets of (a) and (b) are the SPM surface features for
monolithic MG and nanoglass after nanoindentation, respectively.
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Figure 2. (a) The compressive stress–strain curves of the nanoglass and
the monolithic MG; post-mortem TEM pictures of (b) nanoglass pillar
and (c) monolithic MG pillar.

tests were performed for both the nanoglass and the monolithic MG in a TEM. The compressive stress–strain curves
are shown in Figure 2a. In the case of the 300 nm nanoglass, the initial linear elastic deformation was followed
by a plastic yield. As the plastic deformation process went
on, the stress increased to 1.27 GPa and no large stress
drops were observed until the test was stopped at a preselected strain of 50%. Numerous small stress drops with
amplitudes of <0.1 GPa were noted during the deformation
of the nanoglass. Although not every shear band can be
identiﬁed in the movie, these stress drops should originate
from the propagation of a large number of smaller shear
bands [11]. It is suggested that the nanoglass sample
deformed uniformly due to multiple shear band mechanism
rather than localized shear. The plastic strain was 43% in
the axial direction and 35% in the transverse direction
(Fig. 2b). The monolithic MG pillar exhibited purely elastic
behavior until a stress drop with an amplitude of 0.3 GPa
occurred while the stress goes up to 1.53 GPa (corresponding to the burst at point A in Fig. 2a). This stress
drop was correlated with an obvious shear oﬀset appearing
on the free surface of pillar (point A in Fig. 2c), followed by
another catastrophic stress drops (point B in Fig. 2a and c).
The entire deformation processes of two samples can be
found in the online Supplementary Information (Movies
1 and 2, respectively).
The tensile stress–strain curves of the nanoglass and the
monolithic MG are shown in Figure 3a. The nanoglass
deformed like a ductile material. It displayed signiﬁcant
plasticity after the yield point and before ﬁnal failure.
The entire tension process can be seen in Movie 3. Numerous small shear banding events corresponding to small
stress drops in stress–strain curves can be seen during the
deformation of the nanoglass. Whether or not the plastic
deformation counts as uniform depends on the time/load/
spatial resolutions of the instrument [13].
Several snapshots from this movie are displayed in
Figure 3c. These snapshots correspond to points 1–6 on
the stress–strain curve. At the beginning of the deformation
process, the stress–strain relationship was linear. The nanoglass yielded at a stress of 1.3 GPa and at a strain of 5.2%.
Subsequently it softened and continued to undergo plastic
deformation. After a uniform plastic deformation of about
6.2% (total strain 11.4% at point 4), an obvious necking in
the gauge length appeared. Finally, a total strain of 18%
was obtained when the in situ tensile test was stopped at
a pre-selected tensile displacement. After unloading, elastic
deformation recovered and a plastic strain of 15.6% was
retained. The scanning electron microscopy (SEM) image
of the as-deformed sample revealed the formation of a
gradual neck in the gauge length due to the signiﬁcant plastic deformation as shown in Figure 3d. The enlarged SEM
image indicated a plastic strain of at least 15% in the axial
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Figure 3. (a) The tensile stress–strain curves of the nanoglass and the monolithic MG; (b) tensile sample of the monolithic MG after test; (c) frames
extracted from the recorded movie; (d,e) tensile sample of nanoglass after test. The inset of (e) is the corresponding selected-area diﬀraction pattern.

direction and 17% in the transverse direction as shown in
Figure 4e. The HRTEM selected-area diﬀraction patterns
for the necking section of the specimen excluded the crystallization during the deformation (Fig. 3e inset). Unlike
this ductile fracture behavior of nanoglass, the monolithic
MG fails in a brittle manner as usual. It displayed an
initially elastic deformation behavior and fractured at a
stress of 1.8 GPa without any measurable plastic deformation (Movie 4). The sample failed along a 45° shear plane,
and the fracture surface was found to be featureless on the
scale of SEM observation (Fig. 3b) rather than the core and
vein patterns seen in bulk metallic glasses (BMGs) when
these fail under tensile stress [14–16].
The nanoglass deformed more uniformly due to multiple
shear banding and displayed signiﬁcant plasticity. In contrast, the same sized monolithic MG fractured in a brittle
manner with a single shear band. It is noted that the homogeneous deformation and enhanced tensile plasticity of
nanoscale MG could be introduced by the ion irradiation
during FIB preparation and e-beam damage in in-situ
observation by increasing the ﬁctive temperature of the
MG [17]. These eﬀects of ion irradiation can be ruled out
because the present monolithic MG, which was subject to
the same preparation and testing as the nanoglass, indeed
exhibits diﬀerent results. Furthermore, the nanoglass

Figure 4. Schematic of the deformation process and TEM images for
the nanoglass before and after deformation. (a) High-resolution TEM
image of an undeformed nanoglass; the inset is the selected-area
diﬀraction pattern recorded from the region shown in (a). (b) Shear in
the nanoglass initiates in soft zones (GGIs). The propagation of the
GGI ﬂow defect will be impeded by the hard zones (glassy grains).
Plastic ﬂow then will take place in other sites, resulting in signiﬁcant
global plastic strain. (c) The deformed nanoglass shows the broadened
interfaces due to plastic deformation; the inset is a low-magniﬁcation
image, and yellow region is shown in (c). (For interpretation of color in
Figure 4, the reader is referred to the web version of this article)

displays outstanding plasticity at a sample size that is larger
than the “ductilization sample size” for the other monolithic MG (100 nm in tensile tests [18,19] and 100–
300 nm in compression tests [13,20,21]). Moreover, the
entire gauge length of the nanoglass sample contributed
to the plastic strain rather than only the necking region
[18] (Fig. 3e). Therefore, it is proposed that the change in
the mechanical behavior of nanoglass compared to the
monolithic MG is due to its unique microstructure.
The microstructure of the nanoglass consisting of glassy
grains of diameter D of 10 nm and a GGI 1 nm thick is
shown in Figure 4a. These GGIs and the glassy grains are
referred to as soft zones and hard zones, respectively,
because the former has a much higher free volume concentration than the later. It should be noted that, in addition to
GGIs, there are triple junctions among the glassy grains.
Here, the triple junction is still much smaller than glassy
grain and has similar size as the thickness of the GGI. Therefore, the GGIs and the triple junctions are both called GGIs
for simplicity.
Upon loading, the plastic ﬂow of MGs that occurs as a
result of a series of ﬂow defects (i.e. shear transformation
zone (STZ)) will initiate stochastically but independently
from fertile sites where there is usually an abundance of free
volume. As the requirements for barrier energy [22] and orientations [23] have been met, a series of STZs shear cooperatively to generate a larger ﬂow defect (embryonic shear
band). When a critical incubation size scale linc is reached,
the embryonic shear band will develop into a mature shear
band. Inside the shear band, there is always shear softening
due to free-volume generation and subsequently heating
through elastic energy release [24–26]. Eventually, there is
so much softening in one major shear band that cavitations
occur inside, leading to fracture along the shear plane [27].
For the present nanoglass, its inhomogeneous microstructure readily induces STZs to initiate in a small subset of
the soft GGIs where the Schmid factor is the largest. Soon
after it initiates, the ﬂow defect (STZs or embryonic shear
band) in the GGI grows to approach the size of the glassy
grain, where it will be impeded by the harder grain with less
free volume. Thus the size of ﬂow defect is limited by D,
where D is the grain size of the nanoglass. If far-ﬁeld stress
is kept constant, the ﬂow defect either has to penetrate the
grain, or deﬂect the sliding to another GGI with less optimal
Schmid factor. This eﬀectively imparts a strain-hardening
mechanism, on top of the strain-softening contribution
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Table 1. Movies of in situ tests.
Samples
Movie
Movie
Movie
Movie
*

1
2
3
4

300 nm
300 nm
400 nm
400 nm

nanoglass compression test
monolithic metallic glass compression test
nanoglass tensile test
monolithic metallic glass tensile test

All the movies are speeded up ﬁve times.

inside the GGI ﬂow defect due to the creation of free
volume. This would delay the catastrophic localization
tendency seen in monolithic MG (where there is strain
softening from the outset), and plastic ﬂow will then occur
in many soft zones, resulting in a more uniform and
enhanced plastic strain. As shown in Figure 4c, the thickness
of many soft zones (bright regions) has broadened, providing the evidence that the soft zones have been extensively
plastically deformed to accommodate applied strain. Of
course, as the deformation continues and the local stress is
further increased, the stopped or new GGI ﬂow defects
may subsequently penetrate the harder grain, or deﬂect to
another GGI. Once its size grows beyond an incubation size
scale linc > 100 nm [25], there is so much strain softening
inside the shear band that the strain-hardening contribution
above can no longer counteract it, and then catastrophic
strain localization will start to develop as in the monolithic
MG, and so failure would eventually occur in the nanoglass.
Many BMGs which are prepared by consolidating microsized gas-atomized glassy powders usually present poor plastic deformation ability [28–30]. The basic structural units of
BMGs produced by consolidation and of the present nanoglass are both glassy regions and GGIs. The main diﬀerence
lies in their sizes: the former has D > 100 nm and the latter
has D < 10 nm. Mature shear band with size linc > 100 nm
[25] therefore can form in one single GGI of BMGs by consolidation, whereas it would hit a GGI deﬂection ﬁrst in a
nanoglass. Therefore, BMGs produced by consolidation will
fracture in a brittle manner along a main shear band, while
the nanoglass can display enhanced global plasticity. The
above comparison implies that the deformation mechanism
of nanoglasses is microstructure size dependent, i.e. whether
the grain size is larger or less than a critical incubation size
scale linc. This can be also veriﬁed by the recent molecular
dynamics simulation of Adibi et al. [31], who proposed that
there was a drastic change in deformation mode from a single
shear band to homogeneous superplastic ﬂow with a
decrease in the glassy grain size.
In summary, the nanoglass exhibits signiﬁcantly
enhanced plastic deformation ability. Multiple shear band
formation is the dominant deformation mode, which diﬀers
from that of the monolithic MG with identical chemical
composition. The unique mechanical behavior is proposed
to be due to the bimodal distribution of free volume in
10 nm sized harder grains vs. 1 nm wide softer GGIs.
This work also veriﬁed an intrinsic strategy to improve
the plasticity of MGs by introducing inherent nanoscale
heterogeneities, below the critical incubation size scale for
an embryonic shear band to grow into a mature shear band
with subsequent catastrophic strain softening (see Table 1).
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