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For applications, metallic glasses need to retain their high strength over enhanced strain
ranges. However, many metallic glasses show catastrophic failure, even in or close to the
end of the regime that conventionally has been thought to be elastic. Recent observations
of irreversible events at low strains shed some doubt on this nomenclature. In fact, these
observations indicate that although the macroscopic response indicates elastic behavior,
the microscopic processes might at least partially be irreversible and time-dependent. In
that respect, shear bands as the result of shear localization and as the cause of shear
softening play a decisive role with respect to the performance of metallic glasses under
mechanical load. Therefore, in this work, we are aiming at understanding the correlations
between glass structure, glass properties and the thermomechanical history of the glass
including the shear bands on one hand and the plastic yielding on the other hand.
Various attempts have been made to explain or model the response of metallic glasses
to externally applied shear stresses. Hypotheses have been put forward concerning the
impact of materials parameters or structural aspects that might favor homogeneous
plastic flow. Additionally, scenarios have been suggested for the early stages of anelastic
and plastic deformation as well as for the transition to localization and shear band
formation/activation. In this contribution, we present a focused viewpoint both from
theory and modeling as well as an experimental perspective set on the structure and
properties of glasses under shear, with a special focus on shear banding. We also discuss
the impact of the local structure of glasses (that depend on the synthesis and processing
path-way) in terms of their medium range order. The impact of chemical composition
(including microalloying effects) on kinetic properties of shear bands and elasto-plastic
properties (Poisson’s ratio and three-point bending) is evaluated. These aspects have
seen relatively sparse coverage, but are of far-reaching consequences concerning the
properties of glasses under mechanical stress. Moreover, these aspects can reveal new
insight into the underlying dominant mechanisms and, equally important, allow also to
infer about the early stages of strain localization and to analyze the impact of structural
heterogeneity or processing conditions on plastic yielding.
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1. INTRODUCTION

Bulk metallic glasses (BMGs), being the youngest member of the
materials group of glasses, present a combination of properties
that renders them favorable as real-world representatives of
model glassy materials with structures and properties that
are dominated by local topology and packing fraction (Ashby
and Greer, 2006). With respect to mechanical properties and
plasticity, as this presents the focus of the present article,
metallic glasses as other glasses too show macroscopically
homogeneous or inhomogeneous flow, depending on the applied
deformation parameters and boundary conditions (i.e., strain
rate and temperatures) (Lewandowski et al., 1993; Kumar et al.,
2013).

However, upon straining at low homologous temperatures,
with the glass transition temperature as a metric, metallic
glasses in contrast to covalent glasses, have an extended regime
where macroscopic shear stresses are accommodated by localized
inhomogeneous flow. Thus, metallic glasses provide conditions
that allow to access more easily the investigation of deformation
localization than other glassy systems.

Although most glasses, including metallic glasses, do not
suffer from low strength and while specifically metallic glasses
present a large macroscopically elastic regime, it is still
their mechanical performance, which makes them unattractive
for applications. In fact, due to the formation of plate-like
mesoscopic defects that are termed shear bands, work softening
occurs during plastic deformation that leads to catastrophic
failure under tension at the latest at the end of the elastic regime.
On the other hand, metallic glasses can sustain large macroscopic
strain before catastrophic failure if external shear stresses are
applied or if the deformation proceeds under (partially) confined
conditions. To compare experiment and simulation, it should
be noted that the experimental application of an external shear
stress, as e.g., during rolling, in almost all cases involves also a
significant hydrostatic (pressure) component of the stress tensor.

The commonly accepted picture of plastic deformation of
metallic glasses involves structural response on different length
and time scales. The initial response involves local yielding of
localized regions that involve a group of tens of atoms that
undergo a local structural transformation under an applied
stress. Such regions that preferentially yield have originally been
termed “shear transformation zones” (STZ). Since the early work
by Argon (1979) several different terms for related local entities
have been coined that describe the local response to an applied
shear stress on the basis of a rather similar physical picture. The
local shear transformation of a group of atoms then creates a
quadrupolar stress field in the adjacent regions, similar to an
Eshelby inclusion in an elastic continuum. These stress fields
grow, overlap and align upon continuous straining such that
percolating shear bands (SB) are formed. In metallic glasses, a
broad spectrum of STZs seems to exist (Maafl et al., 2014), which
display a rather broad range of activation energies. Some STZs
can show rather early activation at low stress within the range
that classically has been thought of as reacting purely elastic.

Inherent to this description is the local irreversible response
already during macroscopically elastic deformation, due to the

broad distribution of activation barriers for the unit shear
transformation of a STZ. Thus, strictly speaking glasses have
no truly elastic regime, if the microscopic response is taken
into account.

Once SBs have formed, deformation proceeds in a
localized, inhomogeneous fashion under work softening
conditions. Depending on the deformation geometry, the
deformation parameters and boundary conditions as well as
the specific material, catastrophic failure through fracture
will present the final stage of the glass response to the
external strain. Even in cases where for a bulk specimen
only one major shear band was present and active, slip
proceeds often in a stick-slip manner giving rise to the
typical “serrated flow” behavior (Klaumiinzer et al, 2011).
Non-serrated flow behavior can be observed if deformation
proceeds at lower temperatures. These observations point
toward the importance of relaxation of the glass within the
shear bands.

Without regarding specific details or differences between
different model descriptions of glass plasticity, it seems clear that
the applicability of glasses as structural materials would benefit
from enhancing the macroscopic toughness, not necessarily the
strength, in order to avoid early failure. For this reason, the
response to externally applied stresses needs to be understood
from the initial local response of localized groups of atoms to
the macroscopic yielding along system-spanning shear bands.
In particular, although metallic glasses are rather isotropic, it is
necessary to take the atomistic nature of matter into account,
since the local STZ activity depends on the local atomic structure
and the flow properties of material within the shear band
regions are also affected by their atomic structure and the related
mechanical properties.

Shear bands have been shown to present a range of values
concerning their properties, such as width or specific volume
(Klaumitinzer et al., 2011; Maafd et al., 2014). Our own work
has shown that even for a single shear band, properties such
as the specific volume, chemical composition, and atomic
configurations may vary along the shear band. In fact, these
results indicate unambiguously that both, densification or
dilatation occurs, which are probably inherent for stick-slip
deformation behavior. Measurements of the atomic diffusion
inside shear bands of a metallic glass indicate strongly accelerated
diffusion and an intricate dependence on the relaxation of the
glass after deformation (Bokeloh et al, 2011). These results
render tracer diffusion as a unique and extremely sensitive tool
for a detailed investigation of structural changes in shear bands
induced by deformation and heat treatment, including the impact
of chemical heterogeneity.

Thus, the focus of the present work is on the analysis of the
local atomic structures in the glass and on their dependence
on strain as well as on the spatio-temporal dynamics of atoms
in glasses under strain. Complementing investigations based on
experiments and on molecular dynamics simulations have been
carried out to elucidate the local response in detail. With this
study, we are focusing on generic features of glassy systems and
thus provide also a link between metallic and inorganic glasses
with respect to their mechanical responses.
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2. METHODOLOGY

2.1. Sample Preparation

Experimentally, glassy samples of Pd4oNigP2o (in at.%) were
prepared by alloying the appropriate amounts of pure Pd
(99.995wt.% purity) with the compound NiP (99.99 wt.%
purity) under partial Argon pressure in an arc melting facility.
The resulting crystalline ingot of a few (2-6) grams in weight
was repeatedly molten and solidified inside a B, O3 flux to extract
impurities from the material that are likely to form catalytically
potent nucleation sites (Wilde et al., 2000, 2006). Subsequently
the metallic alloy was inductively molten inside a SiO; crucible
that was equipped with a nozzle. At a temperature of about
1,100 K, the melt was blown out through the nozzle by a pressure
difference of about 200 mbar of Argon and vitrified inside a
massive Cu mold that was kept at room temperature. Estimations
concerning the cooling rate during glass synthesis result in about
(dT/dt) 5 ~ 300K/s.

The resulting massive samples of glassy Pd4oNigoP2o were
then checked for the absence of any detectable crystalline
fractions. If the absence of detectable crystallinity was confirmed,
then the samples were further used for the analysis.

In cases where samples have been annealed, the concept of the
limiting fictive temperature according to Tool and Eichlin (1931)
has been applied to define the relaxation state on a common basis.

Deformation was applied by cold rolling at room temperature,
which amounts to about half of the glass temperature by different
means. A macroscopic strain rate of the order of 10~! was utilized
to apply a macroscopically uniform deformation on an entire
sample. If the quasi-elastic limit was exceeded, then shear bands
formed under an angle of about 40-45° with respect to the rolling
direction. The total strain was 5-10% measured through the
thickness reduction of the plate-like sample.

The amorphous state of each sample was carefully
characterized by X-ray diffraction (Siemens D5000) using a
Cu cathode, an e-monochromator and a rotating sample holder
in the 20-geometry. The chemical composition after casting was
analyzed by energy dispersive X-ray spectroscopy (EDS) using
a Nova Nano SEM 230 (FEI) scanning electron microscope and
verified by atomic absorption spectroscopy (Mikroanalytische
Labor Pascher, Germany).

Differential scanning calorimetry (DSC) was performed using
a Perkin-Elmer Diamond DSC with a typical heating rate of
20 K/min. It was proven that different parts of the same ingots
are characterized by almost identical DSC signals verifying the
reliability of the data.

Transmission electron microscopy (TEM) was performed
using a Titan Themis G3 300 TEM (FEI). Electron-transparent
TEM samples were prepared by either -electropolishing
(AlggY7Fes) or focused ion beam (FIB) preparation (Vitl05
and Pd4oNigoP20). More details are given in Rosner et al. (2014),
Schmidt et al. (2015), and Hieronymus-Schmidt et al. (2017).
We used high-angle annular dark-field (HAADF) imaging for
the investigations of the shear bands since their visibility is
better under these imaging conditions compared to conventional
BF/DF imaging. This is because the materials’ contrast (Z-
contrast) is maximized and the imaging is largely independent

of diffraction contrast. For the fluctuation electron microscopy
(FEM) analyses, the information was calculated from usually
more than 80 individual nanobeam diffraction patterns to have
significant good statistics for the variance signal. Sampling with
different parallel coherent probe sizes, R, gives insight into the
structural ordering length scale and provides a semi-quantitative
measure of volume fraction of the medium-range order (peak
height or peak integral). This is called VR-FEM (Treacy and
Gibson, 1996; Treacy et al, 2005) and was used to extract
information on the medium-range order size.

The details of the diffusion measurements are provided
in Bokeloh et al. (2011), Binkowski et al. (2016), and
Hieronymus-Schmidt et al. (2017). The measurements are
performed on macroscopically large samples (typical diameter
is about 8 mm) providing sample-averaged concentration-depth
profiles over 100 and more microns. The tracer diffusion
coefficients are determined using an appropriate solution of
the diffusion problem. A typical uncertainty of diffusion
measurements is below 50% of the reported diffusion coefficient
for the shallow parts of concentration profiles representing fast
shear band diffusion. A scatter of the data between the different
measurements on identical samples is within these limits.

The Poisson’s ratios were determined using ultrasonic
measurements carried out in an Olympus 38DL Plus device. A
low scatter (several percents at most) has been observed between
the data measured on separately cast samples. These deviations
were less than the statistical uncertainty (error bars) between
multiple measurements on the same sample.

The sample-to-sample variability was found to be low,
particularly for the calorimetricc, XRD, and ultrasonic
measurements. In each case, at least two different samples
were analyzed from each cast ingot and a comparison was made
for samples produced from different ingots, too. No significant
deviations between the measurements were observed.

2.2. Particle-Based Computer Simulation
To model glassforming NigoP,¢ mixtures under mechanical load,
we perform Molecular Dynamics (MD) simulation, i.e., we
solve Newton’s equations of motion for systems consisting
typically of several thousands to about 10° particles. The effective
interactions between the atoms are described in terms of a
Lennard-Jones (LJ) model proposed by Kob and Andersen
(1994), where the interaction between a particle of type o and
one of type B («, B = A, B with A = Niand B = P), separated by
a distance r from each other, is given by

de
Hap(r) = Bup (1) = Gup (r) = (r =10 =2 (), (1)
o, 12 o 6
¢aﬂ = 45aﬂ[(iﬂ> - (Lﬁ) ]s for r <r. (2)
r r
=0, otherwise. (3)
The values of the interaction parameters are set to eap = 1.0,
eap = L.5epn, €8 = 0.5€pA, 0aa = 1.0, oap = 0.8044,
and ogg = 0.880a4. In the simulations, the parameters epa

and oaa set the units for energy and length, respectively. The
other parameters are chosen as eap = 1.56a4, €3 = 0.56a4,
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oA = 0.8044, and opg = 0.88044. The cut-off length for the

potentials is r, = 2.5044. The masses of both particle species
are assumed to be equal, m = my = mp = 1. Time is
m(r‘iA

measured in units of ;. = /=784, The equations of motion

are integrated with a time step §t = 0.005 r7j. Note that in
the original model used by Kob and Andersen, the third term
on the right-hand side of Equation (1) was not introduced,

leading to a discontinuity of the forces at r.. Moreover, in their

model the cut-off lengths for the potentials were set to P =

2.504p, i.e., they used different cut-off lengths for AA, AB, and
BB interactions.

To give an idea about the conversion to the experimental
length, energy, and time scales, we can convert exa and oaa
to typical scales of a Ni-P alloy and set eaa = 1,000kpK
and opap = 3.5A (with kg the Boltzmann constant). In these
units, the L] time scale is 7y = 0.93 ps (here, we have set m
to the mass of Ni, m = 97.431 x 107*"kg). In the following,
we consider systems at the mass density p = 1.2m/o;, =
2.73 g/cm’. Systems in a cubic box geometry with a linear size
L = 300as = 105A are considered. These systems contain
32,400 particles.

Typically, the protocol of our simulations is as follows:
We equilibrate the system in the supercooled liquid state at
a temperature T = 0.44ep5/kp = 440K over a time scale
of 107y &~ 9.3ns. Note that the mode coupling transition
temperature for the considered binary L] mixture is at T, =
0.435ep4/kp = 435K. Then, we perform a quench from the
supercooled liquid to a glass state at T = 0.2ex4/kg = 200K.
Here, the sample is annealed for t, = 10* 115, followed by
the shearing of the system with a constant strain rate y. The
shear is realized via Lees-Edwards boundary conditions (Lees
and Edwards, 1972), imposing a planar Couette flow along the
xz plane in the direction of x. The system’s temperature is
kept constant via dissipative particle dynamics which provides
local momentum conservation and an unbiased thermostating
of the system (Soddemann et al., 2003). The LAMMPS package
(Plimpton, 1995) is used to perform the simulations. As a typical
shear rate, we have chosen y = 107*/71; ~ 0.1ns~!. More
details about details of the simulation can be found in Binkowski
et al. (2016), Shrivastav et al. (2016a), Shrivastav et al. (2016b),
and Golkia et al. (2020).

The response to an external shear is well understood for
the case of a fluid in the Newtonian or linear response regime
(Chhabra and Richardson, 2008), i.e., at sufficiently low shear
rates y. In the steady state, one obtains a homogeneously
flowing fluid, associated with a linear velocity profile in the
considered planar Couette flow geometry. The steady-state shear
stress in the Newtonian regime exhibits a linear dependence on
shear rate, o5, = ny with n the shear viscosity. When one
decreases temperature toward the glass transition temperature
in a glassforming fluid, the Newtonian regime shifts to smaller
and smaller shear rates. Eventually, at the glass transition, the
Newtonian regime is no longer accessible experimentally. So,
below the glass transition, there is no linear response regime and
the flow curve, ie., o as a function of y, can be usually well-
fitted by a Herschel-Bulkley law at low shear rates (Chhabra and
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FIGURE 1 | Stress-strain relations, as obtained from the simulation, for
different shear rates at the temperature T = 0.2, i.e., the initial states, before
the shear is switched on, are glasses. Note that the shear rates are given in
units of /..

Richardson, 2008; Ovarlez et al., 2013),
Ogs = Oy + A)}a (4)

with the yield stress oy, an amplitude A, and an exponent & which
is usually in the range between 0.4 and 0.6. For a recent discussion
of the Herschel-Bulkley law in glasses, we refer to Agoritsas and
Martens (2017). It predicts the existence of a yield stress oy which
has, however, a purely kinetic origin. It is due to the inaccessibility
of the Newtonian regime on the time scale of the experiment
or simulation.

Both supercooled liquids in the non-Newtonian regime and
glasses typically display a similar behavior with respect to the
average shear stress (Zausch et al., 2008; Zausch and Horbach,
2009), (o), as a function of the strain y = yt. In Figurel,
stress-strain relations are shown for different shear rates at the
temperature T = 0.2, i.e., the initial unsheared samples are in
a glass state. Note that the results in Figure 1 are obtained from
an average over 250 independent runs for each shear rate. For
y < 0.08, there is an elastic response to the external shear where
the stress increases linearly with increasing y, (oy;) = Gy with
G the shear modulus. The curves for the different shear rates
are almost on top of each other which indicates that the shear
modulus G has only a very weak dependence on y. The elastic
regime is followed by a stress overshoot around a strain of the
order of 0.1 from where the stress decays toward the steady-state
shear stress. A characteristic feature in the latter transient regime
is the occurrence of inhomogeneous flow patterns; in particular,
there is the possibility of the formation of horizontal shear
bands, i.e., bands of high mobility parallel to the flow direction.
Although these horizontal bands are transient, they are relatively
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long-lived. One observes a sublinear growth of their width as a
function of strain (Alix-Williams and Falk, 2018; Golkia et al.,
2020). The stress-strain relations of supercooled liquids in the
non-Newtonian regime also show typically a maximum around
y ~ 0.1 and, at sufficiently low shear rates, inhomogeneous flow
patterns (Golkia et al., 2020). As in glasses, there are also long-
ranged strain correlations in supercooled liquids (Chattoraj and
Lemaitre, 2013; Hassani et al., 2018), similar to those caused by
Eshelby inclusions in an elastic medium. However, horizontal
shear bands have not been observed in supercooled liquids under
shear (Golkia et al., 2020). Their appearance in simulated glasses
under shear is discussed in more detail below.

3. STRUCTURE OF SHEAR BANDS

3.1. Microstructural Investigations Using
Analytical Transmission Electron
Microscopy (TEM) and Fluctuation Electron
Microscopy (FEM)

Our experiments showed an alternation of higher and lower
density regions along the propagation direction of the shear
bands for three different metallic glasses (Rosner et al., 2014;
Schmidt et al., 2015; Hieronymus-Schmidt et al., 2017; Hilke
et al, 2019). The density changes along shear bands are
correlated with small deflections along the propagation direction
(see Figure 2), structural changes in the medium-range order
(MRO) and in some incidences, with compositional changes. The
observation of densification for the bright shear band regions
was somewhat unexpected since macroscopic measurements
reported dilation only (Lechner et al., 2010; Klaumiinzer et al.,
2011; Shao et al., 2013).

3.2. New Method Developed

A new method was developed to quantify the density changes
using the intensity of the recorded electron micrographs (Rosner
et al, 2014). A simple correlation was found for the intensity
ratio of shear band and the matrix material (ISB/IM) with the
relative density changes (Ap/p). Simulations confirmed the high
precision of this approach (Radek et al., 2018), % = %B -1

3.3. Model Based on Continuum
Mechanics Explaining the Observations of
Density Oscillations With Smaller Positive
and Larger Negative Amplitudes as

Deformation Mechanism

A model was proposed based on the idea that the density
changes in the shear bands are caused by an alignment of
quadrupolar stress concentrators (Eshelby-like quadrupoles)
(Dasgupta et al, 2012, 2013), which follow a o cos(46)/r>
dependence (Hieronymus-Schmidt et al., 2017). This model
provides the non-trivial connections between the different
magnitudes for dilated and densified regions (see Figure 2) and
the bulk modulus K. The difference in magnitude between
the negative and positive amplitudes can be explained now
since the amplitude height of the density variations scales with

the compressibility k = 1/K of the material, which is the
second derivative of the interatomic potential with respect to
the volume or the curvature of the interatomic potential. Due to
the asymmetry of the interatomic potential it is easier to achieve
expansion than compression.

3.4. Topological Order (MRO) as the

Structural Element in Glasses

The medium-range order of different metallic glasses was
quantified using fluctuation electron microscopy (FEM) (Treacy
and Gibson, 1996; Voyles and Muller, 2002; Treacy et al., 2005).
FEM is a microscopic technique that is sensitive to MRO in
disordered materials since it contains information about the four-
body correlation of atom pairs (pair-pair correlation function).
For this purpose, a statistical analysis of the diffracted intensities
I (12, R, 7) from nanometric volumes obtained either by tilted dark-
field TEM or STEM microdiffraction was carried out. Sampling
with different parallel coherent probe sizes, R, enhances the
sensitivity to the structural ordering length scales and provides
a semi-quantitative measure of the MRO volume fraction. This is
called variable resolution FEM (VR-FEM).

This technique was applied to our metallic glass materials. The
MRO of both as-cast and deformed states of different metallic
glass [Al88Y7Fe5, Zr52.5Cul7.9Nil4.6Al10Ti5 (Vitreloyl05),
Pd4oNigP2 and «-Si] were analyzed using variable resolution
fluctuation electron microscopy (VR-FEM). The investigated
metallic glasses span the entire range of characteristic properties
of metallic glasses [marginal to good glassforming ability (GFA)
as well as brittle to ductile behavior]. After deformation we
observe significant structural changes in the MRO inside the
shear bands and the adjacent matrix; the MRO was altered
in terms of types, size and volume fractions (Schmidt et al.,
2015; Hilke et al., 2019). The changes in the matrix MRO
upon deformation confirm the existence of a shear-affected zone
around the shear band. The results are graphically illustrated
in Figure 3.

The presence of MRO was also confirmed for amorphous
Si (@-Si) (Radi¢ et al, 2019), which in turn, span the range
from metallic glasses to inorganic silica glasses. In essence, the
MRO regions can also be seen as carriers of plasticity (like
shear transformation zones) bridging the mechanical behavior
of metallic glasses and silica glasses. This concept also suggests
connections to the physics of granular materials and jammed
systems with the MRO as granules.

4. CHARACTERIZATION OF SHEAR BANDS
ON A MICROSCOPIC LEVEL

As we have mentioned above, our non-equilibrium molecular
dynamics simulations of the NigoP¢ model show the occurrence
of horizontal shear bands in the considered sheared glasses at
the temperature T = 0.2 e4a/kp (in real units, this corresponds
to a temperature of the order of 200K, see above). Now, we
characterize the properties of horizontal shear bands and discuss
the conditions under which they form.
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FIGURE 2 | (Top) Electron micrograph (HAADF-STEM) showing contrast changes (bright-dark-bright) in a shear band of cold-rolled AlggYFes metallic glass.
(Bottom) Corresponding quantified density changes along the shear band. Note the difference in the amplitude height for the denser shear band segments.
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FIGURE 3 | Graphical illustration of the medium-range order (MRO)
distribution around a shear band in a metallic glass as carriers for deformation
accommodating the external stress.

Unlike the supercooled liquid state, the response of glasses to
shear can be qualitatively different from sample to sample. In
the transient regime after the stress overshoot, one can obtain
different flow patterns when the shear is applied to glass samples
with the same thermal history. This is exemplified in Figure 4.
Here, Figures 4a,b show respectively the shear stress and the
potential energy as a function of strain y for two individual
samples. While the stress-strain relations are similar for both
samples, the potential energy shows significant differences with
respect to the behavior between yma.x = 0.08 (location of the
stress maximum) and the steady state which is reached for
both samples around y = 1.0. In one sample (corresponding
to the cyan curve in the figure), the potential energy has a
shallow minimum after a local maximum at yp,y, followed by

an increase toward the steady-state value Ug. The other sample
(corresponding to the orange curve), on the contrary, increases
monotonically toward Us. In fact, the two samples are associated
with different flow patterns, one with two vertical bands (orange
curve) and the other one with a horizontal band (cyan curve).
This is illustrated for each case in the snapshots in Figure 4 at the
strains ¥ = 0.2, 0.5, 1.0, and 3.0. These snapshots show mobility
color maps of single particle square displacements in z-direction
(direction of the shear gradient), 8r§(t) = (ri(t) — r,-Z(O))2 with
riz(t) the z-component of the coordinate of particle i at time
t. We can infer from the snapshots that the horizontal shear
band (Figure 4a) has a longer lifetime than the vertical bands
(Figure 4b).

An interesting question is about the connection of the type of
shear band with structural heterogeneities in the initial quiescent
glass sample. Is it predetermined by the initial configuration
whether it will evolve into a vertical or a horizontal shear band?
To analyze this issue, we have done shear simulations starting
from the same sample, but using different initial random seeds for
the DPD thermostat. In some cases, horizontal shear bands, albeit
at different locations, are formed, while in other cases vertical
bands are seen where the evolution toward the homogeneous
steady-state flow is significantly faster. This indicates that the type
of shear band and also its location is not predetermined by the
initial undeformed glass. Note that our findings are in agreement
with those of Gendelman et al. (2015) for a two-dimensional
binary Lennard-Jones glass model in a confined geometry with
circular shape. Their and our results challenge the assumption
made in shear transformation zone (STZ) theory (Taub and
Spaepen, 1980; Falk and Langer, 1998), according to which plastic
events happen at some hot spots that are connected to structural
heterogeneities in the glass state from which the shear is started.

The formation of horizontal shear bands becomes more likely
with increasing system size (Golkia et al., 2020) and it becomes
more pronounced also at very low temperature where the thermal
motion of the particles is no longer relevant. Using an athermal
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FIGURE 4 | (a) Stress-strain relation, o, (y), for individual samples with vertical shear bands (orange curve) and horizontal shear band (cyan curve) at the shear rate
y = 10~* and the temperature T = 0.2. (b) Potential energy as a function of strain, U(y), for the same samples as in (a). The vertical dashed lines in (a,b) mark the
strain values at which the mobility maps are shown in the lower panels for the case with horizontal shear band (A) and vertical shear bands (B).

quasi-static shear (ags) protocol, Ozawa et al. (2018) have
demonstrated that the formation of a shear band is intimately
linked to the degree of annealing of the initially undeformed glass
sample. Then, horizontal shear bands are associated with a very
sharp stress drop that becomes sharper with increasing system
size which is reminiscent of a first-order phase transition. In fact,
the authors of Ozawa et al. (2018) argue that, under athermal
conditions, the yielding of a well-annealed amorphous solid can
be interpreted as a first-order non-equilibrium phase transition.
It is also interesting that inhomogeneous states with horizontal
shear bands can be stabilized via oscillatory shear. This has been

recently demonstrated in a simulation study by Parmar et al.
(2019).

Our work shows that the formation of horizontal shear bands
is associated with a peculiar behavior of the system’s potential
energy. After the formation of such a band right after the
occurrence of the stress drop in the stress-strain relation, the
potential energy function U(y) has local minimum, followed by
an increase of U with further deformation toward the steady state
value. We note that this behavior becomes more pronounced
with decreasing temperature as well as the degree of annealing of
the initial unsheared glass state (Golkia et al., 2020). The findings
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FIGURE 5 | Side-view of a cold-rolled PdNiP glass (left) with a sketch of an
anticipated distribution of the 1197 Ag tracer atoms after diffusion annealing
(center) and a hypothetical penetration profile measured by a parallel
sectioning parallel to the specimen’s surface (right). It is assumed that a
remnant activity on the surface is remaining. A single family of shear bands is
seen with some irregularities. ¢ is the layer concentration of the tracer and x is
the penetration depth.

may also reveal what one sees on the typical experimental time
and length scales which are both much larger than those of the
simulation. In experiments of bulk metallic glasses, shear banded
structures appear to maintain after yielding and a subsequent
switch-off of the mechanical load. This is due to the efficient stress
release in combination with the minimization of the system’s
potential energy via the formation of a shear band.

5. ATOMIC TRANSPORT ALONG SHEAR
BANDS

Detailed calorimetric investigations substantiated an absence
of any measurable changes of the calorimetric response of
a bulk metallic glass, particularly of a model PdNiP one
(Mitrofanov et al., 2014, 2015), on shear banding induced by
cold rolling to low strain, about 10% of thickness reduction.
All main calorimetric parameters, including glass transition
temperature, Ty, crystallization temperature, total enthalpy, and
low temperature heat capacity remain unchanged in the limits of
typical experimental uncertainties (Mitrofanov et al., 2014, 2015).

However, the structure and local atomic configurations—as
revealed by, e.g., the MRO parameter (Hilke et al., 2019)—are
different in the shear bands from the surrounding matrix. The
strain-induced differences in the atomic configurations might be
traced by dedicated investigations of the atomic transport rates,
and indeed the tracer diffusion measurements substantiated
kinetic differences between the shear bands and the glassy matrix
(Bokeloh et al., 2011).

5.1. Shear Bands as Short-Circuits for

Enhanced Diffusion

In Figure 5, a side view on off-sets induced by shear band
propagation is presented (left panel). Before the one-pass rolling
to about 5%, the sample was polished to a mirror-like finish that
allowed to visualize the shear bands.

In a typical radiotracer experiment (Paul et al., 2014), we are
depositing a tiny amount of a suitable radioactive isotope on
the polished surface and subjecting the specimen to a diffusion
annealing treatment. In order to quantify the diffusion rates
along the shear bands, the conditions of the diffusion treatment

are typically chosen which corresponds to the absence of any
volume diftusion in the glass (i.e., the corresponding diffusion
depths, «/Dyt, are smaller than an interatomic distance, with Dy
and t being the volume diffusion coefficient and the diffusion
time, respectively). An anticipated tracer distribution after such
annealing is sketched in Figure 5 (central panel). In this figure,
one can recognize a remnant activity of the tracer material
(in a particular case of the !'"Ag isotope) on the surface,
which correspond to not-diffused isotopes and some potential
irregularities in the depth distribution of the tracer atoms
due to heterogeneities of the shear banding. Formally, these
diffusion conditions correspond to the C-type kinetic regime of
diffusion along short circuits in crystalline solid after Harrison’s
classification (Harrison, 1961; Paul et al., 2014).

After diffusion annealing, the sample is sectioned by, e.g.,
precision mechanical grinding, parallel to the initial surface in
thin slices and the total activity in the sections is measured. As a
result, a penetration profile corresponding to the layer activity of
the tracer, ¢, vs. the penetration depth, x, is measured, Figure 5,
right panel.

In some cases, we are applying a second tracer, e.g., the >’ Co to
the sample surface after annealing just before sectioning. If there
would be micro-cracks in the sample, the >’ Co isotope would be
detectable to similar depths as 1*™ Ag. Our experiments (Bokeloh
et al., 2011) confirmed the absence of the second isotope at large
depths and substantiated a deep penetration of the first isotope,
which experienced a diffusion annealing treatment. Thus, the
observed deep penetration of the '™ Ag isotope is not due to
deformation-induced cracks.

The shear band diffusion coefficients, D, can be determined
as (Paul et al., 2014)

-\ -1
Dsb=i< 81nc) . 5)

Here, the factor g takes into account the orientation of the short-
circuit path with respect to the normal to the sample surface and
it is equal to about 2 since the shear bands are oriented at about
45° to the sample surface.

The determined shear band diffusion coefficients of Ag atoms,
Dy, turned out to be eight to nine orders of magnitude larger
than the volume diffusion coefficients measured in as-cast PANiP
samples for Au (Duine et al., 1993) or Pd (Bartsch et al., 2010)
tracers. At 473 K, the volume diffusion coefficients are less than
10726 m?/s at 473 K, while the shear band diffusion coefficients
are of the order of 10~!7 m?/s at the same temperature (Figure 6).

These data substantiate the possibility to use tracer diffusion
measurements in deformed glasses as a unique and very sensitive
probe of changes of local atomic structures. Tracking the shear
band diffusion in dependence of the annealing time in the
same way as the as-quenched and deformed material indicates
differences in structure of the matrix material as well as the shear
band structure in the relaxed material.
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FIGURE 6 | Arrhenius plot for Ag diffusion along shear bands (red symbols
Binkowski et al., 2016) in comparison to the extrapolation of the Arrhenius
dependence measured for Au bulk diffusion (Duine et al., 1993) in PdNIP glass
of nominally the same composition (black line). For comparison, the shear
band diffusion coefficients measured for Ag diffusion in cold-rolled PdNiP-Co
glass (Hubek et al., 2020) are shown (blue symbols).

5.2. Relaxation Behavior of Enhanced
Shear Band Diffusion

The shear band diffusivities behave in an abnormal fashion
(unlike expected when structural relaxation is considered to
lower diffusivities) for the deformed as-quenched samples. Yet,
this behavior is not observed for samples relaxed previously to
deformation. In contrast to the deformed as-quenched metallic
glass state, the deformed relaxed samples reach much earlier a
metastable equilibrium state, in which the atomic mobility inside
the shear bands is no longer time dependent.

In cold-rolled as-quenched Co-free PANiP glass, fast shear
band diffusion was measured (the diffusion coefficients are of
the order of 1077 m?/s) and interpreted in terms of a single
family of shear bands. A cross-over relaxation behavior of shear
band diffusion is observed and explained as a counteraction of
redistribution of excess free volume in deformation-modified
volume and in shear bands.

Relaxation-annealed PdNiP at 503K for 1 day reveal
unexpectedly the existence of two kinds of short-circuit
contributions with conventional fast (about 1077 m?/s) and
ultra-fast diffusion (about 10~1> m?/s) coefficients (Figure 7).

The ultra-fast shear band diffusivity in relaxed samples shows
not only time-independent, but rather shows unexpectedly a
diffusion enhancement in comparison to the deformed as-
quenched state of about 1-2 orders of magnitude (Figure 7).
Since atoms in general need less energy to move through a more
open structure, the shear band structure in relaxed glasses differs
to the shear bands in as-quenched glasses indicating the presence
of an enhanced amount of free volume.
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FIGURE 7 | Time dependence of diffusion enhancement in model PANiP glass
deformed by cold-rolling as compared to that in PdNIP preliminary relaxation
annealed (Top) or to as-quenched Co-microalloyed PANIP glass (Bottom).
Further, the time dependencies of the diffusion coefficients are compared with
that of the fictive temperature Tictive Of the BMGs. The systematic uncertainty
of a single diffusion experiments can be approximated to be about 50%.
These are not shown for better visibility of the graph.

Similarly, the Co micro-alloyed glass reveals unambiguously
two families of short circuits, namely the “fast” diffusion paths
(essentially the same diffusion coefficients) and a second type
of “ultrafast” paths (with diffusion coefficients of the order
of 10715-107* m?/s), correspondingly open and filled blue
symbols in Figure 6. We are attributing this second path to a
special type of shear band. Such shear bands are either absent in
the as-quenched Co-free glass or their number density is below
the detection limit of the applied radiotracer technique. There is
a clear difference between the optically observable primary and
secondary shear bands—available in fact in both types of the
glassy systems—and the kinetically different shear bands. So far,
it is a very first observation of this behavior.

Furthermore, the exceptional time-evolution of the glass
transition observed in the heat flow curves of the deformed as-
quenched glass is not observed for the relaxed and deformed
glass. The macroscopically measurable atomic rearrangements
during annealing are missing. Annealing treatments below
the glass transition temperatures of glasses are known to
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change the glassy structure causing physical aging. Free volume
annihilates and “anneals out” as the structural relaxation occurs
(Haruyama and Inoue, 2006). The more dense structure contains
decreasingly sites for increased atomic movement known as
STZ. Thus, taking the STZs as precursors for the formation of
shear bands, shear band emergence is strongly decreased. The
excess energy barrier to effectuate a shear transformation is
much higher when lacking of adequate amount of free volume.
If the amount of shear deformation is, however, high enough
to provide the necessary energy, shear transformations are
activated. An increase in input energy engenders an increase in
release of energy during shear band formation and, as a resulting
consequence, may force a more open structure of the resulting
shear bands.

We may argue that shear banding in relaxed glass induces
stronger variation of local configurations with respect to those in
as-quenched glasses and, importantly, these stronger variations
correspond to energy configurations being more stable with
respect to their further structural relaxation. As a result, we
may suggest that the shear bands induced in relaxed metallic
glass represent a more stable, but different glassy configuration
as the matrix itself that could be further investigated with
respect to production of nano-glasses (Gleiter, 2013) by plastic
deformation. These changes are strongly localized at the shear
bands and the corresponding contribution is almost invisible in
the DSC measurements.

5.3. Micro-Alloying

5.3.1. Structural Changes and Mechanical Response

Micro-alloying was performed on monolithic Pd4NigoP2o bulk
metallic glass by adding small amounts of Co and Fe. The
material was melted in a melt-spinner using induction melting
and subsequently casted into Cu-molds (Nollmann et al., 2016)
(see the flow chart of Figure8). The amorphous state was
confirmed by X-ray diffraction and it was further characterized
by electron diffraction and differential scanning calorimetry,
left and central panels in Figure 8, respectively. The 3-point
bending tests were performed showing an improved ductility
when Co was added, Figure 8, right panel. However, the addition
of Fe led to embrittlement, whereas the ternary PdyoNigoP2
alloy showed quite some ductility. Recent microstructural
investigations using fluctuation electron microscopy showed
that a second larger MRO correlation length was observed in
the ductile material (Davani et al., 2020), which explains the
difference in the deformability.

5.3.2. Mechanical Properties (Poisson’s Ratio) of
Deformed BMGs

It is still a matter of debate, whether the ductility of bulk
metallic glasses is related to their elastic constants. Here we
present experiments on the Poisson’s ratio of Pd-based BMG
in dependence of the degree of deformation. For this purpose,
Pd4oNigoP29 was cold rolled up to 50% deformation and the
elastic constants were subsequently determined from ultrasonic
measurements (Nollmann et al., 2016). Our experiments
(Figure9) show that there is no measurable change in

the Poisson’s ratio, comparing undeformed with deformed
metallic glass.

5.3.3. Shear Band Diffusion in Microalloyed State

The radiotracer measurements substantiated that cold-rolled Co-
microalloyed PANiP glasses reveal the existence of two families
of shear bands, slow and fast ones (Hubek et al., 2020), see open
and filled blue symbols in Figure 6. From the measurements with
the *Co tracer the resulting ratio for the PANiPCo profiles lies
between 1:10 to 1:100 of ultrafast to fast diffusion paths.

Multiple kinds of shear bands, defined as primary and
secondary (Schroers and Johnson, 2004; Chen and Lin, 2010) or
“hot” and “cold” (Lewandowski and Greer, 2005) shear bands,
were previously reported in the literature. While one could
interpret the two measured shear band diffusion coeflicients as
indication for primary and secondary shear bands, this is not
clearly the case.

In the present case of a low imposed deformation, mainly
primary shear bands were detected (Hubek et al., 2020). However,
a strong heterogeneity of shear band offsets was reported (Hubek
et al., 2020) for Co-microalloyed PdNiP glass. Those results
indicate a correlation between the distribution of shear band
offsets and the existence of different families of short-circuit
diffusion paths in the PdNiP-based metallic glasses. Although
our measurements do not provide a direct verification that the
ultra-fast diffusion paths are represented by the shear bands
with large shear offsets, there is a direct correlation between
the structure heterogeneity and the kinetic heterogeneity of the
shear band properties. This finding is encouraging and demands
further investigations.

The different shear band types were reported for different
glasses, irrespective of their composition (Schroers and Johnson,
2004; Chen et al,, 2010). Thus it is important to highlight that
in Hubek et al. (2020), an increased heterogeneity of the shear
band properties induced by micro-alloying was for the first
time reported. Moreover, the tracer diffusion data document
the existence of kinetically different classes of shear bands. The
structural difference between these types has to be elucidated
yet. It is probably not just different thickness of the shear
bands, especially since the extensive structural and chemical TEM
studies (Schmidt et al., 2015) have not revealed an abnormal
variation of the shear band thickness which is about 10 nm or less.

One might suggest that porosity could be the origin of the fast
diffusion path, but the experiments with the 3’ Co tracer ruled out
this explanation.

6. SUMMARY AND CONCLUSIONS

In this work, we have used a combination of experiment and
molecular dynamics (MD) computer simulation to investigate
the formation and properties of shear bands in bulk metallic
PdNiP glasses under and after mechanical load. While the
experiments focussed on the materials properties after shear band
formation, in the MD simulation we were aiming at studying the
shear band formation during shear on a microscopic level.

An important tool in the experiments is the measurement
of tracer diffusion in shear-banded regions. In a cold-rolled
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model PANiP glass, significantly enhanced (akin short-circuit)
shear band diffusion is determined at the temperatures at
which volume diffusion in as-cast glass is frozen. A cross-over
relaxation behavior of shear band diffusion is reported and
explained as a counteraction to the redistribution of excess
free volume in the deformation-modified volume and in the

shear bands. The Co micro-alloyed glass reveals unambiguously
the existence of at least two distinct families of short circuits,
namely the “fast” diffusion paths (typically for Co-free PANiP
glasses) and a second type of “ultrafast” paths (with the diffusion
coefficients higher by two orders of magnitude). The second
path is attributed to a special type of shear bands. Such shear
bands are either absent in the Co-free glass or their number
density is below the detection limit of the applied radiotracer
technique. There is a clear difference between the optically
observable primary and secondary shear bands—available in
fact in both types of the glassy systems—and the kinetically
different shear bands. Co micro-alloying was unambiguously
shown to enhance ductility of a model PANiP glass, whereas
addition of Fe or Cu increases brittleness. A correlation of the
enhanced ductility, appearance of specific MRO motives and the
existence of kinetically specific shear bands upon Co alloying is
established. The diffusion enhancement in plastically deformed
Co-alloyed glass shows specific response upon annealing below
glass transition temperature with a cross-over type of behavior
and the different time scales of relaxation for kinetically different
types of shear bands.

In the MD simulations, we consider a binary Lennard-Jones
model that can be considered as a model for NiggP;g. Shear at
a constant shear rate is imposed on this system using a planar
Couette flow geometry. The sheared glasses show the typical
stress-strain relations with an overshoot around a strain of y =
0.08, marking the onset of plastic flow. Right after the stress
overshoot, prior to the steady state, there is the emergence of
inhomogeneous flow patterns. Both vertical and horizontal shear
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bands are observed. While the vertical bands lead to a relatively
quick approach of the steady state, the horizontal bands are
associated with a local potential energy minimum and a slow
growth with increasing strain (we note that the width of the shear
band increases in a subdiffusive manner; Golkia et al., 2020).
The emergence of horizontal shear bands is intimately linked to
the level of annealing of the initial undeformed glass state and
the the applied strain rate (Golkia et al., 2020). Well-annealed
glasses in combination with low shear rates exhibit a high affinity
to form horizontal shear bands. This finding indicates why, on
the experimental scales, shear banding appears to be a common
feature in BMGs.

Another issue that we have addressed in our work is the
question whether one can infer the plastic response of BMGs
from their elastic properties. The evolution of the Poisson’s
ratio of Pd4oNigP20 BMG during deformation was measured
by ultrasonic measurements revealing no detectable changes.
These findings are supported by the MD simulations. Thus, we
conclude that the value of the Poisson’s ratio cannot be used as an
unambiguous criterion of the ductility of any BMG. As the MD
simulation indicates, this is also true for other elastic properties
Golkia et al.. We propose that the specific changes of MRO
parameters and the kinetic response of deformed glasses are
key features for adequate description of deformation phenomena
both in BMGs as well as in inorganic glasses. The comparison of
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