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h i g h l i g h t s

� A combination of elastodynamic
deformation and heating was used to
make a metallic glass nanocomposite.

� Homogenous precipitation of
mondisperse round nanocrystals
(20 nm) with an average spacing of
only 150 nm is achieved.

� In situ tensile testing is carried out in
a transmission electron microscope.

� While the monolithic glass shows
catastrophic fracture, the shear band
is stopped in the nanocomposite.
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a b s t r a c t

Bulk metallic glasses (BMGs) have attracted wide interest, but their successful application is hindered by
their low ductility at room temperature. Therefore, the use of composites of a BMG matrix with crys-
talline secondary phases has been proposed to overcome this drawback. In the present work we demon-
strate the fabrication of a tailored BMG nanocomposite containing a high density of monodisperse
nanocrystals with a size of around 20 nm using a combination of mechanical and thermal treatment of
Cu36Zr48Al8Ag8 well below the crystallization temperature. Direct observations of the interaction of the
nanocrystals with a shear band during in situ deformation in a transmission electron microscope demon-
strate that the achieved nanocomposite has the potential to inhibit catastrophic fracture in tension. This
demonstrates that a sufficient number of nanoscale structural heterogeneities can be a route towards
BMG composites with superior mechanical properties.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Due to their structural disorder and thus absence of crystallo-
graphic features such as dislocations, bulk metallic glasses (BMGs)
show desirable properties such as high strength, good wear and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2021.109970&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2021.109970
http://creativecommons.org/licenses/by/4.0/
mailto:christoph.gammer@oeaw.ac.at
https://doi.org/10.1016/j.matdes.2021.109970
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


C. Gammer, C. Rentenberger, D. Beitelschmidt et al. Materials & Design 209 (2021) 109970
corrosion resistance and good formability [1–3]. Their unique func-
tional properties make metallic glasses attractive materials for
applications as magnetic, electrocatalytic materials or for micro-
electromechanical systems [4,5]. To achieve room temperature
plasticity in BMGs great efforts are undertaken e.g. by rejuvenation
of the structure [6,7]. Still, extended tensile ductility in monolithic
BMGs has to date been demonstrated only for sample sizes below
around 100 nm [8–10]. Therefore, ductile BMG composites with a
glassy matrix and crystalline secondary phases have attracted wide
interest for the flexibility they represent for amorphous alloy
design [11–14]. Under compression a significantly improved duc-
tility was found for various composite materials. Increasing the
crystalline volume fraction leads to an increase in the tensile duc-
tility at the expense of strength and hardness [11,12]. In addition,
efforts have been made to design BMGs with nanoscale hetero-
geneities. For example, phase-separated BMGs containing different
glassy-phase structures were shown to exhibit large room-
temperature plasticity [15]. For some BMGs in situ crystallization
during deformation can lead to the formation of nanocrystals and
they can have a positive effect on the mechanical properties
[16,17] and it was even demonstrated that some ductility in ten-
sion can be achieved without loss of hardness [17]. Similarly,
heterogeneities in the form of complex stress distributions have
been shown to enhance the tensile ductility [18,19]. Moreover,
nanolaminates with alternating layers of crystalline and amor-
phous materials have demonstrated good mechanical properties
[20,21]. Finally, porous structures or nanolattices can be used as
a way to suppress brittle failure [22,23]. In the present work the
effect of nanosized crystallites on the mechanical properties of a
BMG is analyzed. For this purpose, a CuZr-based BMG nanocom-
posite containing a large density of homogeneously distributed
mono-disperse nanocrystals is produced and their effect on the
deformation behavior is studied by in situ deformation experi-
ments within the transmission electron microscope (TEM).
2. Materials and methods

Cu36Zr48Al8Ag8 ingots were prepared by arc-melting of high-
purity elements (Al, Cu: 99.99 wt%, Ag: 99.9 wt% Zr: 99.8 wt%)
under a Ti-gettered Ar atmosphere. From the ingots, BMG plates
(75 � 10 � 1.5 mm) were cast into Cu-molds by suction-casting
(modified Bühler MAM1). To make the BMG nanocomposites,
BMG stripes were ground down to a thickness of 0.8 mm and
dynamically loaded in a Netsch DMA 242C dynamical mechanical
analyzer (DMA). A detailed schematic of the setup is given in the
Supplementary Figure S1. Loading was carried out in 3-point bend-
ing mode at 1 Hz with a force of 6.1 N and an amplitude of 10 mm.
This results in a maximum stress of about 26 MPa, being in the
elastic regime. At the same time the samples were heated at a rate
of 2 K/min up to 623 K. It should be pointed out that this temper-
ature is well below the crystallization temperature Tx = 783 K and
below the glass transition temperature Tg = 709 K, measured by
differential thermal analysis using a heating rate of 20 K/min. To
analyze the microstructure of the samples a TEM lamella was
extracted from the specimen using a Zeiss Crossbeam 1540 XB
focused ion beam system (FIB) system and thinned to electron
transparency. In addition to TEM and scanning TEM (STEM) inves-
tigations including diffraction, aberration-corrected high-
resolution TEM (HRTEM) imaging was carried out. The micro-
tensile specimens for in situ TEM deformation were prepared in a
FEI Strata 235 FIB/SEM equipped with an Omniprobe micromanip-
ulator. Rectangles (about 8 � 2 mm in size) were cut from the TEM
lamella and transferred to a Hysitron Push-to-Pull device (PTP),
that transforms the compressive motion of an indenter into a ten-
sile test. The samples were attached to the device using a Pt-
2

deposition system and cut into a miniaturized dogbone specimens.
In situ TEM tensile testing was carried out in displacement control
using a Hysitron PI95 Picoindenter at a strain rate of 0.233 nm/s.
Load-displacement curves were recorded during deformation.
The load–displacement curves were converted into engineering
stress–strain curves using the measured dimensions of the tensile
bars. The maximum elongation of the tensile bar before fracture
was determined by measuring the true elongation measured in
the in situ TEM video. The ratio of the true elongation and the elon-
gation measured by the Picoindenter was used to correct for errors
due to the stiffness of the testing setup.
3. Results

Fig. 1a shows a typical TEM image and diffraction pattern from
the as-cast CuZrAlAg BMG specimen revealing a homogenous
glassy structure, without any sign of nanocrystals or phase separa-
tion. To test the mechanical properties of the monolithic CuZrAlAg
BMG specimen, tensile tests were performed in the TEM using a
Hysitron PI95 indentation holder. Deformation was carried out in
displacement control using a dog-bone-shaped specimen with a
dimension of 1000x200 nm and a thickness of 200 nm mounted
on a Hysitron PTP device [24]. Fig. 1b shows the resulting stress–
strain curve. The stress–strain curve is characteristic for monolithic
BMGs, showing a high yield strength close to the theoretical limit
and large elastic strain limit, but brittle fracture without any sign
of ductility. A video was recorded during deformation in TEM
bright-field mode (see Supplementary Materials). Fig. 1c shows
three frames extracted from the video. The direct comparison of
the initial and deformed state clearly shows the elastic elongation.
After elongation the sample fractures abruptly with a single catas-
trophic shear band. The test clearly demonstrates, that monolithic
BMGs fracture catastrophically in tension, as there is no mecha-
nism to stop the shear band once formed. The limited tensile duc-
tility poses a significant limitation for the successful use of BMGs.

Therefore, to inhibit catastrophic fracture, it is the aim to create
a BMG composite with tailored nanoscale structural hetero-
geneities. To achieve a composite with well-dispersed, densely
spaced and small nanocrystals, the samples were heated to a tem-
perature of 623 K, well below the crystallization temperature. Dur-
ing heating, dynamical mechanical loading was carried out in the
elastic regime in three-point bending. The loading was carried
out at 80% of the maximum elastic stress. Fig. 2a shows an annular
dark-field (ADF) STEM image of the nanocomposite achieved
through the combination of heating with dynamical mechanical
loading. Due to their crystalline nature the nanocrystals show
bright or dark-contrast depending on their orientation with respect
to the electron beam. Inspection of the morphology, size and distri-
bution of the individual nanocrystals formed through the combina-
tion of mechanical and thermal treatment, reveals that they all
have a similar size, round shape and are homogeneously dispersed
in the glassy matrix. They show a narrow size distribution of
22 ± 5 nm (a detailed histogram is given in Fig. 2d). Fig. 2b shows
a high-resolution TEM (HRTEM) image of an individual nanocrys-
tal. The crystal is surrounded by the glass matrix. The nanocrystal
is spherical and shows the Al2Zr crystal structure and the glass
matrix exhibits no signs of crystalline order. The interface between
crystal and glass matrix is well-defined. For better visibility the
image is colorized according to the crystalline order. As a measure
of the crystalline order, we computed and smoothed a Fourier-
filtered image by masking in the FFT all crystalline spots but
excluding the forward scattered beam. The magnified inset in
Fig. 2b clearly demonstrates the regular crystal structure of the
nanocrystal. Close inspection of the nanocrystal confirms that is
defect-free and has a well-defined crystal structure.



Fig. 1. Structure and mechanical properties of the monolithic CuZrAlAg BMG. (a) TEM bright-field image revealing the homogenous glassy structure. The amorphous
structure is also confirmed in the corresponding electron diffraction pattern shown as inset. To study the mechanical properties an in situ tensile is carried out in the TEM. (b)
The engineering stress–strain curve reveals elastic elongation followed by brittle fracture, without any sign of ductility. (c) Three frames were extracted from the video
acquired in TEM bright-field mode during deformation corresponding to (i) the initial state, (ii) the elongated state and (iii) the sample after fracture; their time step is
indicated in the load–displacement curve. To visualize the elongation of the gauge section, the initial length is shown in blue and the elongation in red. The result clearly
demonstrates the brittle nature of the monolithic BMG lacking a mechanism to stop the catastrophic shear band. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Microstructure of the CuZrAlAg BMG nanocomposite. (a) Annular dark-field STEM image revealing homogeneously distributed nanocrystals in the amorphous matrix.
The nanocrystals are round and have a narrow size distribution of 22 ± 5 nm, as shown in the histogram (b). (c) Color-coded high-resolution TEM image of an individual
nanocrystal (green = amorphous, red = crystalline) showing a Al2Zr crystal. For better visibility the crystal structure is magnified by a factor of 5 in the inset. (d) The electron
diffraction pattern shows crystalline reflections and a broad halo from the amorphous matrix. A portion of the pattern is magnified in the inset to better reveal the spots from
the nanocrystals. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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To analyze the crystal structure of the nanocrystals in more
detail, a combination of electron diffraction (see Fig. 2c) and
HRTEM imaging were used, revealing that the nanocrystals can
have multiple different crystal structures. The encountered crystal
structures include Cu2Zr (cF16), Al2Zr (hP12), AlCuZr (cF24) and
Al2.5Cu0.5Zr (cP4), similar to the phases observed after annealing
[25]. A detailed analysis is given in Supplementary Figure S2. In
addition, chemical analysis of the nanocrystals was carried out
using energy-dispersive X-ray spectroscopy (EDS), showing a
3

chemical difference between the nanocrystals and the glassy
matrix. An EDS map of a nanocrystal revealing an increase of Al
and a decrease in Ag compared with the matrix is shown in Supple-
mentary Materials Figure S1a. The difference in chemical composi-
tion between the nanocrystals and the amorphous matrix was also
confirmed using high-angle annular dark-field (HAADF) STEM
imaging showing that the nanocrystals have a lower atomic num-
ber than the matrix (see Supplementary Materials Figure S3b). This
is in good accordance with the Al-rich phases. Few nanocrystals
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show only a small contrast difference to the matrix which can be
attributed to Cu2Zr.

To compare the mechanical properties of the nanocomposite to
those of the monolithic BMG, tensile tests were performed in situ in
the TEM. Deformation was carried out in displacement control
using a dog-bone-shaped specimen with a dimension of 800x300
nm and a thickness of 85 nm. Fig. 3a displays the load–displace-
ment curve obtained during the in situ test. The curve shows an ini-
tial elastic regime that is characterized by a rather linear stress
increase, followed by an abrupt load drop. The load drop stems
from a sudden elongation of the specimen due to the formation
of a shear band. The experiment was carried out in displacement
control controlled by a 78 kHz feedback loop. Therefore, the large
slip from the shear band causes a sudden elongation of the speci-
men leading to an extended stress drop. What is most striking is
the fact that in contrast to the monolithic glass the shear banding
event does not lead to catastrophic fracture and the sample contin-
ues to deform after the load drop. To correlate the mechanical data
with the structural changes, a TEM dark-field video was recorded
during the deformation test. The first halo (diffraction ring) of
the amorphous structure was used as dark-field condition for the
experiment. Fig. 3c-e show three frames extracted from the
in situ TEM video. The full video is provided in the Supplementary
Materials. The time steps of the extracted frames are indicated in
the deformation curve with arrows (see Fig. 3a). Fig. 3c shows
the dog-bone shaped tensile specimen before deformation. Some
nanocrystals are visible exhibiting bright or dark contrasts depend-
ing on their orientation in the amorphous matrix. At the load drop
the tensile specimen experiences a local slip event; however, the
sample does not facture. To study the elongation of the sample
Fig. 3. In situ tensile test of the CuZrAlAg BMG nanocomposite. (a) Load-displacement cu
load-drop, a color overlay of two consecutive frames extracted from the video recorded in
the tensile specimen before (red) and after the load drop (green) reveals a significant elon
time step is indicated in the load–displacement curve. (c) Prior to deformation, some na
failure. The insert shows a zoom-in, where the shear step at the sample edge and the pa
shear band is formed and fractures at a different location. To study the mechanism inhib
inset, revealing the interaction of the nanocrystals with the shear band (indicated in re
referred to the web version of this article.)

4

due to the shear banding, the frames before and after the event
were compared revealing a very large elongation of about 20 nm
(the color overlay of the two frames is shown in Fig. 3b). The frame
extracted after the load drop shows the traces of a shear band in
the bottom left end of the tensile specimen, characterized by a
brighter contrast (see Fig. 3d). Further deformation leads to final
fracture (see Fig. 3e). It Is interesting to note that fracture is not
observed at the location of the shear band, but at the other end
of the gauge section. Shear banding and fracture close to the shoul-
der is in good agreement with the maximum stress location of the
dogbone shaped specimen [26].

The inset in Fig. 3e shows a close-up of the location of the shear
band recorded after the sample has fractured. For better visibility,
the trace of the shear band and the interacting nanocrystals are
marked. The shear band shows local deflection that coincides with
the location of crystallites in the sample. The results indicate that
the interaction of the shear band with the nanocrystals during
deformation prevents final fracture. This unexpected behavior
was confirmed in further tests showing similar behavior; the
stress–strain curves for two additional tensile tests are given in
Supplementary Figure S4. The direct comparison of the monolithic
BMG specimen with the nanocomposite therefore clearly confirms
the beneficial effect of the nanocrystals even for tensile
deformation.

CuZrAlAg shows a very good glass-forming ability and a large
supercooled liquid region, making it an attractive material for ther-
moplastic forming [27]. Minor compositional changes in CuZrAl
(Ag) based BMGs can affect the glass-forming ability, the hidden
order in the amorphous phase, as well as thermal stability and con-
sequently crystallization [28,29]. The present results demonstrate
rve, a major load drop is observed that does not lead to final fracture. To analyze the
dark-field mode during in situ deformation is shown in (b). The direct comparison of
gation during the slip event. (c-e) Three frames were extracted from the video; their
nocrystals are visible. (d) A shear band is formed (see arrow) but does not lead to
th of the shear band is indicated. (e) The sample continues to deform after the first
iting catastrophic fracture, a magnified image of the first shear band is shown in the
d). (For interpretation of the references to color in this figure legend, the reader is
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the precipitation of evenly dispersed nanocrystals in Cu36Zr48Al8-
Ag8 through combined elastodynamic loading and heating up to
623 K. This temperature is significantly below the crystallization
temperature (TX) of 783 K. Studies of the crystallization behavior
of CuZrAlAg metallic glass ribbons have shown that nanocrystals
can be formed by annealing for 30 min at 743 K [25]. The nanocrys-
tals formed during annealing exhibit similar phases to the
nanocrystals observed in the present work (i.e. AlCu2Zr, Al2Zr and
AgZr), but a less uniform distribution and larger size distribution
[25]. Also, during cooling from the melt larger crystals are formed,
corresponding to the Cu10Zr7 and the Zr2Cu + AlCu2Zr eutectic
phases [25,30]. Therefore, it can be concluded, that a combination
of mechanical and thermal treatment significantly below the crys-
tallization temperature is a promising approach for the formation
of well-dispersed nanocrystals. In addition, the nanocrystals in
the present BMG have a different composition to the surrounding
matrix, further inhibiting excessive growth. The formation of a
high number density of nanosized precipitates is of the fundamen-
tal constituent of crystalline high-performance alloys. Therefore,
significant work has been performed to optimize and understand
alloying and heat treatment approaches [31–34]. The present work
demonstrates a strategy towards optimizing the number density
and size distribution of crystalline precipitates in a BMG
composite.

The in situ TEM experiments demonstrate that the interaction of
the shear band with the nanocrystals prevents the sample from
catastrophic fracture even under tension. Therefore, it can be con-
cluded that a high number density of very small nanocrystalline
precipitates is highly beneficial for the tensile deformation behav-
ior. This effect is different to the ductility induced in MGs through
sample size effects, that has attracted wide attention in literature
[9,35]. A transition from brittleness to tensile ductility is observed
when the sample size is reduced below some critical value, typi-
cally on the order of about 100 nm. This transition is caused by a
change in deformation mechanism from shear band formation to
necking with decreasing sample size [9,35]. The effects observed
for the tension tests of the nanocomposite shown in the present
work are different, revealing discrete shear events rather than
homogenous deformation. The observed effect is also different to
the ductility in BMGs induced by in situ crystallization or to the
ductility induced by martensitic transformation of B2 precipitates
[17,36]. In the present case, we have achieved a nanocomposite
with a high number density of hard intermetallic nanocrystals.
Therefore, it can be excluded that the yielding of the nanoparticles
triggers a shear band and mainly two scenarios will occur during
deformation. On the one hand the shear band can be triggered in
the metallic glass matrix or sample surface or on the other hand
it can be triggered by the nanocrystals acting as structural hetero-
geneity in the glass. It has been shown that the difference in elastic
moduli between nanocrystals and matrix leads to stress concentra-
tion at the interface that activates rearrangements of the structure
and the shear transformation zones (STZs) in the glassy phase
[20,37,38]. The observation of the shear band following the
nanocrystals demonstrates that the interaction of the stress around
the shear band and around the crystals is crucial for the nucleation
and propagation of the shear band. Due to the small spacing of the
nanocrystals they can not only trigger local shear, but also interact
with shear bands, leading to the observation of extended shear
events without catastrophic fracture. The main factor affecting
the tensile ductility is the spacing between the nanocrystals. If it
is too large shear bands can pass though the glassy matrix resulting
in early failure [39]. In the present case the spacing between the
nanocrystals is only around 150 nm, making them effective barri-
ers to the shear band propagation. Strikingly, due to the nanosize,
this spacing is achieved while keeping the crystalline volume frac-
tion at 2%, allowing to keep the high strength of the glassy matrix.
5

This deformation mechanism is based on the internal spacing of
the nanocrystals and therefore should be valid independent of
sample size. In the case of an 85 nm thick specimen a single large
shear event was observed and in the case of a 130 nm thick spec-
imen multiple shear events have been encountered.

Serrated flow is typically observed during micro-compression
experiments of metallic glasses reflecting discrete shear events.
In microscale tensile deformation of monolithic BMG, a single
shear band on the other hand leads to brittle failure (see Fig. 1).
In the present case, however extended continued deformation
was observed after the shear events demonstrating the ability of
the nanocrystals to inhibit catastrophic fracture. The proliferation
of soft sites by the electron beam during tensile in-situ experi-
ments as observed recently [40] does not play a role in the present
case since shear banding remains the dominant deformation
mechanism and is clearly correlated with the presence of
nanocrystals.

Multiple different approaches for designing BMG composites
with crystalline precipitates have been discovered. The effect
depends strongly on the size, volume fraction and dispersion of
the crystalline phase [36]. An effective strategy to achieve ductile
BMGs is the formation of a microstructure consisting of ductile
crystalline dendrites embedded in a glassy matrix [41]. Still, an
improvement of the mechanical properties can also achieved with
brittle crystallites, providing that they do not percolate [42]. Exper-
imental studies on the mechanisms responsible for the improved
deformation properties of BMG composites are focused on post-
mortem investigations [36,43]. Samples after fracture show a lar-
ger number of shorter shear bands in composites as compared to
monolithic BMGs [36]. Molecular dynamics (MD) simulations of
metallic glass composites with nanocrystalline precipitates have
shown different possible mechanisms for the interaction of a shear
band with a precipitate [44]. The arrangement of the hetero-
geneities is of great importance, as demonstrated by MD simula-
tions of composites with pores [45]. The length-scale of the
crystalline phase must match that of the shear bands to guarantee
an effective interaction. The BMG composite achieved in the pre-
sent study shows homogenously dispersed nanocrystals on a
length-scale matching the shear band. In addition, the nanocrystals
show intermetallic crystal structures exhibiting high hardness. Due
to their small size, a small spacing can be reached even at a very
low volume fraction of nanocrystals of a few percent, e.g. in the
present case a volume fraction of 2 vol% and a spacing of 150 nm
was estimated from the HAADF images. This enables to inhibit
catastrophic fracture while retaining the beneficial properties of
the BMG.
4. Conclusions

In summary, we have fabricated a BMG nanocomposite using a
combination of mechanical and thermal treatment well below the
crystallization temperature. The resulting specimens contain a
large density of homogenously dispersed nanocrystals with a size
of around 20 nm embedded in a glassy matrix. In contrast to con-
ventional annealing treatments, the use of dynamic mechanical
treatment during heating causes crystallization at lower tempera-
tures and results in highly monodisperse round crystals. To test the
effect of the nanocrystals on the mechanical behavior, in situ ten-
sile tests in the TEM were carried out allowing to directly image
the interaction of the nanocrystals with the shear bands. The tests
show that the nanocrystals can inhibit catastrophic fracture in ten-
sion. This clearly demonstrates that tailored nanocomposites with
well-dispersed crystals have the potential to improve the mechan-
ical properties of BMGs. As the property improvement is based on
the internal spacing of the nanocrystals, it is valid independent of
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sample size. In crystalline high-performance alloys, the beneficial
effect of small but densely spaced precipitates is routinely
exploited [34]. Similarly, a sufficient number of nanoscale struc-
tural heterogeneities in MGs facilitate BMG composites with supe-
rior mechanical properties and present a big potential for future
studies.
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