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Relaxation of shear bands in a Pd40Ni40P20 bulk metallic glass was investigated by radiotracer diffusion
allowing to determine for the first time the effective activation enthalpy of diffusion along shear bands in
a deformed glass. The shear bands relax during annealing below the glass transition temperature and the
diffusion enhancement reveals unexpectedly a non-monotonous, cross-over behavior. The development
of shear bands and the subsequent relaxation of stresses after the shear had been switched off are
characterized on microscopic to mesoscopic length scales by molecular dynamics simulation subjecting a
model glass to a constant strain rate. Mean-squared displacements as well as strain maps indicate that
the heterogeneity, as manifested by shear bands in the systems under shear, persist after the shear was
switched off. We observe a continued relaxation of residual stresses that remain localized in regions
where the shear band has been present before, although the system is e different from the macroscopic
experiment e homogeneous with respect to the local density. These results indicate that even on a local
scale one may expect strong dynamic heterogeneity in deformed glassy solids due to shear banding that
correlates with the existence of short-circuit type diffusion on a macroscale. The results thus suggest that
plastically deformed metallic glasses present poly-amorphous systems that necessitate descriptions that
are analogous to multiphase materials including the presence of heterophase interfaces.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Although non-homogenous plastic deformation of bulk metallic
glasses (BMGs) via the formation of shear bands attracted increased
attention in the past [1,2], it is still far from being resolved, see e.g.
the reviews in Refs. [3,4]. As a generally accepted concept, so-called
“shear transformation zones” (STZ), i.e. areas in which groups of
atoms collectively undergo a local shear transformation, have been
introduced [5] as “unit carriers” of plastic deformation in metallic
glasses. A cross-over from random 3-dimensional shear events (STZ
formation) to correlated 2-dimensional dynamics has been brought
forward to explain the observed shear banding in metallic glasses
[6]. Although the activation of a single STZ event is not inevitably
related to a change of the excess volume, shear bands are often
described in terms of excess volume accumulation [3,7]. Recently,
we investigated diffusion in deformed Pd40Ni40P20 (at. %; in what
follows wewill use the abbreviation PdNiP) glass, inwhich almost a
single family of shear bands was introduced, and were able to
ski).
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unambiguously prescribe the observed enormous enhancement of
the diffusion rate to an ultra-fast atomic transport along these
quasi-2-dimensional pathways [8]. The tracer concentrations in the
corresponding concentration profiles, which were related to shear
band diffusion, were shown to scale with the number density of the
introduced shear bands (that in turn scales with the imposed
strain), substantiating the reliability of the measurements. Never-
theless, dedicated TEM measurements revealed strong and prob-
ably characteristic changes of the specific volume along shear
bands [9,10], with alternating regions of diluted and denser regions.

These results indicate significant modifications of the local
structure of the glassy material inside the shear bands compared to
the surroundingmatrix, which have been revealed by local analyses
via fluctuation electron microscopy [9,10], too. Additionally, these
results point out that deformed glasses containing shear bands
might be treated in analogy to a two-phase material including
heterophase interfaces, with the second phase being the shear
band phase that has undergone strong structural modifications due
to the applied shear. Such structural modifications should also
affect characteristic glass properties such as the relaxation dy-
namics and, potentially, might even affect the structure and prop-
erties of the matrix zones surrounding the shear bands via an
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exchange of the excess volume. On the other hand, structural
relaxation is a characteristic process of glasses and thus serves as a
sensitive probe for analyzing the presence of such an apparent
poly-amorphicity in deformed metallic glasses.

In order to address the relaxation behavior of shear bands, in the
present paper the diffusion rates in plastically deformed PdNiP
glasses are experimentally measured as function of temperature
and varying annealing and pre-annealing times. These measure-
ments target the relaxation behavior that is specific of the glassy
material inside the shear bands only, which is not possible by
macroscopically averaging measurements, since the fraction of
matter inside the shear bands is only of the order of 10�4 to 10�3 in
a moderately deformed glass. Such information is, however, vital in
order to understand the modifications of the structure of the glass
inside the shear bands, as well as the possible coupling of excess
volume fluxes and excess volume re-distribution inside the shear
bands and within the surrounding matrix.

Complementary to the experiments, shear band relaxation is
investigated by molecular dynamics (MD) computer simulations of
a simple model of Ni80P20, namely a binary glass-forming Lennard-
Jones (LJ) mixture, sheared with a constant strain rate. A small
shear rate is applied that is associated with the formation of a shear
band. Subsequently, the stress relaxation was analyzed by switch-
ing off the shear at different strain values. As a matter of fact, the
shear stress does not decay to zero after switching off the shear
field, but it tends to approach a finite value in the long-time limit
and thus the resulting glass structure, albeit not sheared anymore,
is established to remain under stress. Different from the response in
the supercooled liquid state [11], such residual stress has been
found to be the generic case with respect to stress relaxation after
switching-off of shear in glassy solids [12]. Furthermore, the re-
sidual stresses are found to be heterogeneously distributed in the
glass sample, thus reflecting the memory of the shear band, as
formed in the sheared system. We analyze the formation of shear
bands by a methodology that we have recently developed in the
context of a sheared soft-sphere mixture in its glass state [13,14]. To
this end, maps of the local mean-squared displacements (MSDs) are
computed. The simple LJ-type glass-forming system is deliberately
chosen in the present case to investigate the generic features of
strain localization upon deformation on a well-characterized glass.
The results of this approach will be discussed in the context of
analyzing the microscopic origin of the observed macroscopic
diffusion data, particularly concerning the existence of short cir-
cuits for diffusion transport in deformed glasses, namely the shear
bands.

The simulations show that on microscopic to mesoscopic length
scales the shear bands do not lead to heterogeneities that can be
characterized by a significant variation of the local density, as found
experimentally on significantly larger scales [9,10]. However, re-
sidual stresses are spatially localized in the region where the shear
band was created earlier and the simulation can disentangle how
these localized residual stresses affect the mechanical properties of
the glass. Moreover, the direct comparison between experimental
results (which involve macroscopically averaged data) and simu-
lations allows analyzing the unexpectedly complex relaxation
behavior of shear bands in metallic glasses that needs to be taken
into account for any constitutive description of the plastic response
of metallic glasses.

2. Experimental and simulation details

2.1. Material and characterization

PdNiP-based bulk metallic glass with the composition of
Pd40Ni40P20 (in at.%) was prepared by direct melting of palladium
(purity 99.95 %) and Ni2P powder (purity 99.5 %) in an alumina
crucible using an induction furnace in a purified argon atmosphere.
The chemical compositions of the samples were confirmed by
atomic absorption spectroscopy (Mikroanalytisches Labor Pascher,
Germany). The crystalline master alloy was re-melted and then
chill-cast into a copper mold with a 1 � 10 � 30 mm3 cavity.

A glassy sample was plastically deformed by cold rolling in one
step at room temperature. The deformation degree, ε, was deter-
mined by the thickness reduction and the strain rate, _ε, was esti-
mated at about 5.5 s�1. Cold rolling of the glassy samples led to
shear band formation, which was detected by optical microscopy of
the shear offset on the specimens surfaces. Plastic deformation to a
relatively low strain of about 8%was applied and the resulting shear
band density, rSB, was estimated at about 0.06 mm�1.

X-ray diffraction was performed using a Siemens D-5000
diffractometer equipped with a Cu cathode, a Ka monochromator,
and a rotating sample holder in the q�2q geometry, using a point
detector.

Differential scanning calorimetry (DSC) characterization was
performed by a Perkin Elmer Diamond power compensated DSC
applying a constant heating rate of 20 K/min in a temperature in-
terval from 303 K to 798 K. The sample mass was about 20e30 mg.
The measured signals on crystallized samples were used as base-
lines.
2.2. Radiotracer diffusion experiments

The 110mAg radioisotope (half-life of 252 days) with an initial
specific activity of about 17 MBq/mg was produced by neutron
irradiation of a natural silver chip at the research reactor FRM II, TU
Munich, Germany. The activated chip was first dissolved in 20 ml of
HNO3 and dissolved in 20 ml of double-distilled water. A droplet of
the highly diluted 110mAg solution was deposited onto the polished
surface of each specimen and dried. The specimens were evacuated
in silica ampoules to a residual pressure less than 10�4 Pa, sealed,
and annealed. The annealing temperatures were chosenwell below
the calorimetric glass transition temperature. After the annealing
treatments, the samples were reduced in diameter to remove the
effect of lateral and/or surface diffusion.

The penetration profiles were determined by the serial
sectioning technique using a precision parallel grinder. As a key
point wemention that a second g-isotope, 59Fe, was further applied
just before sectioning in order to check for the possible existence of
micro-cracks (not seen by optical microscopy) and to guarantee the
absence of any artifacts related to mechanical sectioning. The
relative radioactivity of each section was measured with an
intrinsic Ge g-detector. The penetration profiles represent the plots
of the measured relative specific radioactivity of the sections with
subtracted background (which is proportional to the layer con-
centration of solute atoms) against the penetration depth, y,
squared (according to the solution of the diffusion equation for the
present boundary conditions). It was proven that the intensity of
the 59Fe isotope decreases below the detection limit already after
several sections, thereby validating the reliability of the penetration
profiles measured for 110mAg diffusion.

The relaxation behavior of shear bands at 498 K was investi-
gated applying the radiotracer diffusion measurements as a sensi-
tive probe of the shear band state. To this end, the diffusion sample,
once annealed at 498 K for 3 days, was re-grinded and polished to
background radioactivity, the 110mAg tracer was deposited again,
and the diffusion annealing at 498 K was repeated for 3 more days.
This step was repeated 3 times, so that the sample was finally
annealed in total for 12 days. In parallel, DSC scans were performed
after each heat treatment on a similar (non-radioactive) sample.



I. Binkowski et al. / Acta Materialia 109 (2016) 330e340332
2.3. Atomistic model

We apply a model for Ni80P20 which has been proposed by Kob
and Andersen [15]. It is a binary mixture of Lennard-Jones (LJ)
particles (say A and B) with ratio 80:20. This mixture is an arche-
typical model for a glass former. Particles interact via the LJ po-
tential which is defined as:

ULJ
ab rð Þ ¼ 4ab rð Þ � 4ab rcð Þ � r � rcð Þd4ab

dr
rcð Þ;

4ab rð Þ ¼ 4εab
sab

r

� �12 � sab

r

� �6� �
;

(1)

for r <rc ¼ 2.5sAA and zero otherwise (with a,b ¼ A, B). The inter-
action among the particles is defined as εAA ¼ 1.0, εAB ¼ 1.5εAA and
εBB ¼ 0.5εAA. The range of interactions is given as sAA ¼ 1.0,
sAB ¼ 0.8sAA and sAB ¼ 0.88sAA. The masses of both particles are
equal, i.e., mA ¼ mB ¼ 1.0. All quantities are expressed in LJ units in
which the unit of length is sAA, energy is expressed in the units of
εAA, and the unit of time is mAAs

2
AA=εAA ð¼ tLJÞ.

We introduce an elongated box geometry with dimensions
Lx � Ly � Lz ¼ 20sAA � 20sAA � 80sAA and density 1.2. We consider
30,720 A-type particles and 7680 B-type particles. The system is
sheared at a constant shear rate using a simple planar Couette flow
geometry, choosing x as the shear direction and y and z as the
vorticity and gradient direction, respectively. Shear is imposed onto
the system via Lees-Edwards boundary conditions [16] (modified
periodic boundary conditions, where a particle that moves out of
the simulation box in z direction is subject to a displacement in x
direction according to the motion of the image cells below and
above the simulation box with constant velocities -Usx and Usx,
respectively. With this scheme a linear velocity profile,
Vs;x zð Þ ¼ _g z� Lz

2

� �
(with _g ¼ 2Us;x=Lz the shear rate), is obtained in

the steady state.
A schematic diagram of the simulation scheme is shown in Fig.1.

We consider first a binary LJ mixture equilibrated in the super-
cooled regime at a temperature of T ¼ 0.45 and then quenched it
instantaneously to a temperature T¼ 0.2, below the glass transition
temperature (LJ units are used). After isothermal relaxation for
t ¼ 10,000tLJ, we deformed the sample via pure shear with a con-
stant strain rate 10�4sAA/tLJ. The shear is switched off after
deforming the sample up to 100% strain and it is allowed to relax
Fig. 1. Schematic diagram of shear-switch off simulation. Gray and red spheres represent N
and z correspond to the vorticity and gradient direction, respectively.
until t ¼ 20,000tLJ. Shearing was used as the most reliable way to
introduce a shear band in the simulation box.

The relaxation was further examined by switching off the shear
at different strain values, ranging from 10 to 100%.
3. Results

3.1. Characterization of the amorphous state

The as-prepared samples were checked to be fully X-ray amor-
phous, Fig. 2a (black line), and the plastic deformation did not
result in any detectable crystallization, Fig. 2a (blue line). Earlier
investigations by TEM and also the observation of an increased low-
temperature excess heat capacity (Boson peak) upon plastic
deformation on the same glass have also confirmed the stability of
the amorphous state of this alloy against deformation-induced
crystal formation [17].

The measured DSC signals of as-quenched and deformed glasses
are plotted in Fig. 2b. The glass transition temperature of the as-
quenched glass was determined as 580 K (evaluated as the onset
of the glass transition) in agreement with earlier reports [18] and it
was almost not influenced by plastic deformation. The details on
the effect of plastic deformation on the calorimetric characteristics
of the PdNiP glass were analyzed in Ref. [19] in detail.
3.2. Radiotracer diffusion measurements

Four temperatures were chosen for the present study and the
measured profiles are presented in Fig. 3. The parameters of
diffusion annealing treatments are listed in Table 1. A deep pene-
tration of the 110mAg tracer, to the depths of ten microns, is seen
under conditions when bulk diffusion in the glassy matrix is
completely frozen (the corresponding penetration depth is a small
fraction of a nanometer). Note that the first several points of the
penetration profiles are to be neglected due to grinding-in effects.
However, the deep branches of the profiles are well resolved and
reliable values of the pertinent diffusion coefficients can be
determined.

The most deeply penetrating branches of the concentration
profiles follow the Gaussian solution of the diffusion problem and
the determined effective diffusion coefficients,
i and P atoms in a model Ni80P20 system, respectively. Shear is applied in x direction, y



Fig. 2. X-ray diffraction of PdNiP glassy samples in as-quenched (black lines) and deformed (blue lines) states (a) and the corresponding DSC scans (b). In b) the DSC scans of as-
quenched (solid lines) and deformed (dashed lines) samples after isothermal annealing treatments at 498 K for 3, 6, 9 and 12 days are shown, too. The arrows indicate additional
peaks at the glass transition temperature observed for deformed samples. The DSC curves in b) are successively shifted along the Y-axis by �5 mW for a better visualization. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. Penetration profiles of 110mAg diffusion in deformed PdNiP glass (a) and the Arrhenius plot for 110mAg diffusion along shear bands (present work, blue symbols) in com-
parison to the diffusion coefficients measured for Au bulk diffusion [20] in PdNiP glass of nominally the same composition (red symbols) (b). In a), three profiles measured at 498 K, a

e c, represent the effect of pre-annealing, see Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Temperatures and times of diffusion annealing treatments and the determined
diffusion coefficients. The experimental uncertainty of the determined diffusion
coefficients does not exceed 20%. The superscript-indexes a-c are used to differen-
tiate three different measurements at 498 K, see also Fig. 3a.

Temperature
T (K)

Diffusion time
tdif (105 s)

Pre-annealing time
tann (105 s)

Diff. coefficient
Dsb (10�17 m2/s)

473 2.59 0 3.16
483 2.59 0 6.18
498 2.59 0 1.33
523 2.59 0 11.8
498a 2.59 2.59 24.6
498b 2.59 5.18 4.75
498c 2.59 7.78 1.52
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Dsb ¼ 1
4t

�
� vlnc

vy2

��1

; (2)

are plotted in Fig. 3b as function of the inverse temperature.
Since radiotracer diffusion measurements were performed on

glassy samples which may reveal a catastrophic failure (cracking)
upon plastic deformation, the absence of interpenetrating internal
porosity was checked. To this end, similarly to our previous study in
Ref. [8], a liquid solution of a second tracer, 59Fe, was dropped on
the sample surface after diffusion annealing before sectioning. If
open cracks would exist and surface diffusion would promote
penetration of the 110mAg tracer, the second tracer would wet their
surfaces, too, and thus would be detected at similar depths as the
110mAg tracer. This was definitely not the case and no signal from g-
decays of the 59Fe radioisotope could be detected at depths larger
than several micrometers. Such approach was previously used by
us, e.g., to verify the existence of minute amounts (a few ppm) of
interpenetrating (percolating) porosity in Cu subjected to severe
plastic deformation [21].

Thus, the specific experimental set-up with application of two
tracers and the dedicated TEM analyses did not reveal any open and
percolating porosity in the deformed specimens, so that the diffu-
sivities measured here represent solid-state diffusion through the
shear bands.

3.3. Isothermal relaxation of shear bands

The relaxation behavior of shear bands at 498 K is investigated
applying the radiotracer diffusion measurements as a sensitive
probe of the shear band state. Unexpectedly, a non-monotonous
time-dependence of the measured diffusion enhancement is
found (Table 1 and Fig. 4a), with the diffusion rate along shear
bands being first increasing and then decreasing at longer total
annealing times.
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Simultaneously, we followed structural changes of the glass by
DSC and the characteristic changes of heat release at the glass
transition temperature were recorded, Figs. 2b and 4b. As a result of
plastic deformation, a second visible “peak” (indicated by arrows in
Figs. 2b and 4b) at the glass transition, around 570 K, appears which
is absent in the un-deformed state. The peak in the apparent spe-
cific heat that is directly proportional to the heat flowmeasured by
DSC is directly related to the relaxation state of the glass [22] and it
shows a distinct evolution with annealing time that is markedly
different from the un-deformed state. After 3 days of annealing, the
glass transition peak appears as two separate maxima of compa-
rable, at least not strongly different magnitudes, see Fig. 4b, indi-
cating the presence of two regions with different relaxational states
(different fictive temperatures [23,24]).

We propose to characterize the deformation-induced changes of
the glassy structures by the difference between the fictive temper-
atures [25] of deformed, Tdeff , and as-quenched, Tqf , glasses,
DTf ¼ Tdef

f � Tq
f . In Fig. 4a, this difference is plotted as a function of

the annealing time and is compared to the measured annealing-
time dependence of the shear band diffusion coefficient. Since
the diffusion annealing time was 3 days in each experiment and
since the shear band structure evolves further by relaxation during
these heat treatments, the determined effective diffusion co-
efficients are plotted as bars spanning the time intervals of the
given diffusion annealing.

Furthermore we have computed the difference between the
fictive temperatures of pre-annealed, Tp�e

f , and as-quenched, Tq
f ,

glasses, DTf ¼ Tp�e
f � Tq

f , and plotted it in Fig. 4a as a function of the
annealing time. The pre-annealing has been performed at 498 K for
3 days.
3.4. Atomistic insights into shear band relaxation dynamics

To identify inhomogeneous flow patterns, information about the
local mobility of particles in the system was quantified. We have
employed two methods that turned out to be very efficient. First,
we construct maps of local transverse displacements in gradient (z)
direction that quantify non-affine motions caused by local struc-
tural rearrangements [13,14]. Secondly, maps of local mean-
squared displacements in gradient (z) direction are computed,
which were shown to reflect the macroscopic rheological response
of the system on a single-particle level [26]. The coarse-grained
Fig. 4. The shear band diffusivity, Dgb, (gray bars, left ordinate), and the difference in the fic
spheres, right ordinate) as well as the difference in the fictive temperatures, DTf ¼ Tp�e

f � T
right ordinate) as functions of the total annealing time at 498 K (a) and the DSC scans of Pd
annealing (black lines) and after isothermal annealing treatments at 498 K for 3 (blue), 6 (r
transition temperature at about 580 K are shown (for full DSC scans see Fig. 2b). The DSC cur
a better visualization. The arrows indicate extra peaks at glass transition temperature in def
reader is referred to the web version of this article).
MSD maps were used to identify the directed percolation transi-
tion marking the onset of the formation of shear bands [26]. These
maps help to understand the atomistic nature of the observed non-
monotonous relaxation behavior of diffusion acceleration inside
shear bands.

In the MD simulation, the glass sample is first sheared applying
a constant shear rate of _g ¼ 10�4. As shown recently [27], at this
shear rate a shear band forms at a strain of about 0.2, the width of
which is growing diffusively with time. Thus, at a certain inter-
mediate value of the strain the system exhibits an inhomogeneous
flow patternwith non-flowing regions and regions of high mobility
where the shear band is located. The central question that we
address here is about the shear stress relaxation after the shear
field has been switched off at a certain level of strain. We determine
the shear stress as a function of time and analyze towhat extent the
inhomogeneous flow patterns, as formed in the sheared system, are
reflected in a spatially inhomogeneous stress relaxation. Note that
the stress is computed from the particle trajectories via the virial
formula as in Ref. [11].

In Fig. 5a the stress relaxation is shown after the given levels of
deformation. At all considered values of strain the stress remains
first constant over about half an order of magnitude in time. This
constant corresponds to the value of the stress that has been
reached before the shear was switched off. After a transition time
(which is shorter for higher imposed shear strains) the stress ex-
hibits a smooth decrease that can be effectively described by a
power law s ~ t�m, with the exponent m ranging from 1/8 (for low
strains) to 1/5 (for 100% shear deformation). Eventually, one may
expect that the stress approaches a constant non-zero value and
thus as a final glass state subject to a finite residual stress is
obtained.

To obtain information about spatial heterogeneities of the
deformed samples with these residual stresses, we analyzed them
in terms of maps of the mean-squared displacement and the non-
affine strain, Figs. 5 and 6, respectively. Before the switching-off
of the shear field, the MSD in the region where the shear band is
located is much higher than in the rest of the system where the
system has essentially not undergone the transition towards plastic
flow, see Fig. 5b for the case of a sample with 100% shear defor-
mation. In view of tracer diffusion data, one may expect that after
the switching-off the mobility of particles is higher in regions
where the shear band appeared before. To analyze this effect, we
tive temperatures, DTf ¼ Tdef
f � Tq

f , of deformed, Tdeff , and as-quenched, Tq
f , glasses (redq

f , of glasses pre-annealed at 498 K for 3 days, Tp�e
f , and as-quenched, Tqf , (red squares,

NiP glass in as-quenched (solid lines) and deformed (dashed lines) states without pre-
ed), 9 (green) and 12 (magenta) days (b). Heat flow signals as measured near the glass
ves for different annealing times are successively shifted along the Y-axis by �5 mW for
ormed samples. (For interpretation of the references to colour in this figure legend, the



Fig. 5. Stress relaxation after 10%, 20%, 60% and 100% deformation for strain rate 10�4 with an inset showing the stress relaxation for strain rates 10�2, 10�3, 10�4 (a); layer-wise
mean squared displacement (MSD) of particles during the stress relaxation after 100% deformation (b); snapshot of system divided into 8 layers of size 10sAA (c), and layer-wise
MSDs for three different samples (def). The time origin in (b) is taken at the time when shear is switched off, tw ¼ 0 and the inset shows the MSD with time origin shifted at
tw ¼ 5000. The color-coded lines correspond to the layers indicated in the snapshot. In (def) the layers in the shear band region are shown in red and layers outside shear band are
shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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decompose the system into 8 layers along the z direction (cf.
illustration in Fig. 5def) and compute the average MSD in each of
these layers. It is obvious that theMSDs in the shear band region are
significantly higher than those in nearby layers (not affected by
shear localization).

Recently, evidence has been given that there is a direct link
between the macroscopic shear stress and the MSD, reflecting the
response of the system to a shear field on a local level [26].
Therefore, one may expect that the behavior of MSD maps is
directly linked to the residual stresses in the system; in particular,
heterogeneities in theMSDmay directly display an inhomogeneous
distribution of residual stresses in the system. In Fig. 5b, the time
where the shear field has been switched off, t0, is chosen as the time
origin for the MSD; the inset displays the corresponding curves for
a time origin shifted by t ¼ 5000 with respect to t0. One can clearly
infer from the figure that at positions where the shear band was
located before the particles have still a much higher mobility. In the
non-mobile regions, the MSD is essentially constant after the initial
microscopic regime indicating the localization of the particles in
the glass sample. The same behavior is also evident from the curves
in the inset where the time origin is shifted with respect to t0. Also
in this case, the MSD increases with respect to the layers where the
shear band was located.

Thus, a striking feature of the present simulation is that the
diffusion enhancement is highly localized towards a shear band, as
it is circumstantiated from the present macroscopic diffusion
measurements. Moreover, the memory about the location of the
shear band in the deformed sample is not only manifested in the
MSD but also in terms of a localization of the non-affine strains in
the system. This is indicated by MSD and strain maps that we show
in Fig. 6 for the two times t ¼ 5000 and t ¼ 10,000 after the switch
off of the shear field. In the shear-band region both theMSD and the
strain are significantly higher than in the “inactive” part of the
system. From this, it is also evident that the residual stresses are
located in the region where the shear band was located before.

4. Discussion

The diffusion coefficients associated with Ag diffusion in shear
bands follow an Arrhenius line and an effective activation enthalpy
of about (55 ± 10) kJ/mol is determined from the corresponding
slope, Fig. 3b. Since bulk diffusion of Ag in the PdNiP glass has not
beenmeasured yet, in Fig. 3b the shear band diffusivity of Ag atoms
is compared to the diffusion coefficients of Au in nominally the
same glass measured by Duine et al. [20]. One recognizes that the
effective activation enthalpy of shear band diffusion, Qsb, is about
one third of that value for bulk diffusion in the glass matrix, Qv, i.e.
Qsb/Qv z 55 kJ mol�1/182 kJ mol�1 z 0.3. In crystalline solids such
ratio would be characteristic for the relationship between the
activation enthalpies of surface and bulk diffusion [28].

Shear banding is reported as a dominant mode of plastic
deformation of granular media or rocks under certain conditions
[29,30], though no data exist about the kinetics of atomic transport
along such short-circuit paths. The present paper reveals for the
first time that shear bands in a metallic glass present a path for
enhanced diffusion with largely enhanced rates and remarkably
low effective activation enthalpy, about 0.3 of that for bulk diffu-
sion. This result appeals for proper investigations of transport
phenomena in a broad range of natural materials which deform via
shear band formation.

The nature of diffusion enhancement was investigated by
isothermal measurements of the diffusion rate. A characteristic
non-monotonic aging behavior is observed, Fig. 4a. Simultaneously,
characteristic changes of the heat release near the glass transition



Fig. 6. MSD maps at t ¼ 5000 and 10,000 (upper panels) and the corresponding strain
maps (lower panels). Shear is switched off after 100% deformation.
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temperature are seen, Fig. 4b. The plastic deformation is respon-
sible for an additional “peak” at the glass transition which evolves
with annealing at the temperature at which the relaxation behavior
of shear band diffusion was analyzed, Fig. 4b. This behavior, espe-
cially the appearance of two separate maxima at Tg, indicates the
presence of at least two regions with different excess volume
content or basically different local configurations that occupy
comparable volume fractions, since this signal is observed in a
macroscopically averaging measurement. The last finding requires
a special consideration. The volume fraction of glass inside of shear
bands is estimated at about 10�3 from the measured density of
shear bands, 0.06 mm�1, and their typical thickness of about 10 nm.
Thus, it is not just glass material inside of shear bands which attain
new properties and contribute to a separate maximum at Tg. Yet, it
is safe to consider that upon cold rolling the glass structure is
modified in extended regions where not all of them result in shear
bands. This view is supported by MD simulations which document
that a signature of plastic deformation, i.e. residual stresses after
shearing is switched-off, being especially manifested at shear
bands, are heterogeneously distributed in the deformed matrix.
Moreover, modifications of the glass structure on a micrometer
scale around shear bands e a wide soft zone e were reported in
nanoindentation experiments [31] and distinct changes of the
glassy matrix related to the appearance of first STZs were
concluded from amplitude dependent internal friction far below
the onset of shear banding [19].
For a PdeNieP glass of slightly different composition, similar
modifications of the glass transition signal have been observed as a
function of thermal annealing in the temperature interval of the
glass transition [32]. Those modifications of the glass transition
signal, that were found to be reversible, but with a significant
hysteresis between formation and annihilation temperatures, have
been shown to be correlated with modifications of the medium
range order. The present findings correlate also with the existence
of a broad spectrum of atomic-packing motifs in a bulk metallic
glass upon deformation, as recently reported in Ref. [33] and the
basically different relaxation of boson peaks in deformed glasses
with respect to the undeformed state [17,34], which also indicates
strongly that deformation can adjust new local medium range or-
der motifs that, in the view of energy landscapes, might present
local minima within a different metabasin. The fact that qualita-
tively similar observations were obtained for two different glasses
(Pd-based [17] or Zr- based [34]) that had been subjected to
different types and amounts of strain substantiates the general
nature of these findings.

Upon continued annealing, the splitting of the peak vanishes,
indicating that the majority of the volume of the specimen is in a
similar relaxational state again, however fundamentally different
from that of the un-deformed glass which does not reveal such a
peak, Fig. 4b. After 6 days of annealing, the peak at the glass tran-
sition is most pronounced and decreases again in height with
further annealing. Such complex time dependence of the relaxation
peak at the glass transition is indicative of so-called “crossover”
behavior [35,36], where the time scale of the annealing treatment
and the time scales for excess volume re-distribution and annihi-
lation compete.

The difference between fictive temperatures of as-quenched
and deformed glasses as function of time at isothermal annealing,
Fig. 4a, shows a generally unexpected and striking feature, it is first
increased and then decreased and the annealing time dependence
of the shear band diffusivity is very similar. In a simple free-volume
picture, this observation is in agreement with the annealing-time
evolution of the relaxation peak at the glass transition: the corre-
sponding enthalpy is maximum when the relaxational state has
acquired the highest amount of excess volume (corresponding to
the highest peakmaximum at the glass transition). Fig. 4a shows an
example of a cross-over behavior observed for shear band diffusion
and the fictive temperature excess related to the shear localization,
both of them are occurring almost 100 K below the glass transition
temperature. Previously, such a cross-over has been observed, e.g.,
for Young's modulus [37], Curie temperature [38], or viscosity [36]
of metallic glasses far from the glass transition. The distinct feature
is that in the present study a metallic glass has undergone plastic
deformation at room temperature instead of thermal annealing
below the glass transition as it was done in previous investigations
concerning the cross-over behavior.

The specific aging behavior of metallic glasses and especially its
rejuvenation as a function of thermal annealing schedules alone
have been interpreted as being driven by atomic-scale internal
stresses, local non-affine deformation, and inherent heterogeneity
at the atomic scale [39,40]. The present results on deformed glass
samples are in line with this view. However, the marked difference
between the calorimetric responses around the glass transition of
deformed and undeformed samples that experienced an identical
thermal history supports the view that at similar excess energy
increments, deformation is more effective in modifying the energy
landscape of the material, giving rise to specific dynamics of glass
relaxation.

In Fig. 4a the effects of room temperature plastic deformation
(rolling) and pre-annealing at 498 K for 3 days on the annealing
dependence of DTf are compared and fundamentally different
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evolutions are observed. While plastic deformation increases the
fictive temperature (DTf > 0) and reveals a crossover-type behavior
of DTf with a distinct maximum, pre-annealing of the as-quenched
glass decreases the fictive temperature (DTf < 0) and subsequently a
monotonic aging behavior, DTf / 0, is seen. These opposite trends
lead us to conclude that the mechanical “activation” is a different
approach to probe and alter the energy landscape of glassy mate-
rials and it cannot fully be described as similar to thermal annealing
at some “effective temperature”. This conclusion is strongly sup-
ported by the data on the Boson-peak behavior of as-quenched and
deformed glasses after annealing treatments [17].

4.1. Phenomenological model for diffusion enhancement in shear
bands

In what follows, a phenomenological model for the diffusion
enhancement in shear bands is proposed that is able to account for
the measured annealing-time dependence of the shear band
diffusivity, annealing behavior of the calorimetric response on
deformation, and the time dependence of MSD maps after
switching off shearing in atomistic simulations.

We may suggest that the deformation of a BMG starts with the
generation of STZs, black curve in Fig. 7a. The deformation level ε1
corresponds to a regime that is still within the macroscopically
'elastic' regime of deformation. These STZs correspond to local
shear events of groups of atoms and are probably not related to
changes of the excess volume, Fig. 7b. A stochastic analysis of
deformation in this regime reveals 3-dimensional generation
(activation) of STZs, thus throughout the entire volume of the
deformed glass [6].

At larger deformation, ε ¼ ε2, a transient regime begins. The
formation of STZs becomes heterogeneous (red curve in Fig. 7a),
and local shear events interact. The intersection of STZs could in-
crease locally the excess volume (densifying the neighboring areas),
Fig. 7b. These processes could be assumed to be accompanied by a
redistribution of excess volume and the excess volume is accu-
mulated at these locations (‘shear band precursors’).

At even higher deformation, ε ¼ ε3, the avalanche dynamics of
STZs becomes clearly 2-dimensional, residual stresses are highly
localized as it is seen in atomistic simulation, and shear bands
appear, blue curve in Fig. 7a. This re-organization is accompanied
by a net flow of the excess volume to the shear band, still one may
assume that some fraction of the excess volume is retained nearby
(in “shear band-affected” zones), Fig. 7b. This scenario agrees well
with measurements of the indentation hardness [31,41] that found
Fig. 7. Schematic evolution of the density of STZs (a) and that of the extra excess volume (b)
there is a macroscopically homogeneous generation of STZs and the excess volume practica
strain increases, ε ¼ ε2 (transient regime), STZs begin to be activated/form inhomogeneous
plasticity), ε ¼ ε3, STZs self-organize in a shear band (marked by the shaded area) at some loc
the references to colour in this figure legend, the reader is referred to the web version of t
a soft zone adjacent to shear bands. In fact, this scenario also agrees
with the observation that no strain was imparted except directly at
shear bands [42], since an enhancement of the content of excess
volume could proceed without macroscopically measurable strain.

Since in the proposed scenario a shear band is initiated as an
avalanche-like self-organization of STZs along a given quasi-2-
dimensional path, one may expect that there is no total flux of
excess volume from the outside; excess volume just redistributes
along the shear band. Still, onemay expect that at later stages of the
shear band propagation some additional excess volume may
migrate in from the outside (where a surface step is formed). This
idea is in agreement with enhanced diffusion along a SB, see Ref. [8]
and the present data, but apparently contradicts to the STEM data
[9,10] that local denser areas are alternatively observed, too. Yet,
such alternating dilatation/densification [9,10] might be associated
with a local topology of the shear band (which is not a plane) and
the related in-plane compressive and tensile regions along the
shear band path during propagation in a stick-slip manner [42], i.e.
such regions might form at a later stage after the shear band has
already been fully developed and serves as a slip “plane” with local
deviations from the direction of maximum stress that act as local
barriers for slip. Measurements of the local strain distribution along
individual shear bands support this view [42]. Thus, we cannot
omit the hypothesis of excess volumemigration into the shear band
if we assume that this additional excess volume contributes to
some ‘delamination’-like events between the shear band and the
surrounding matrix, leaving denser portions of the shear band
unchanged with the concomitant formation of the above described
‘interfaces’ between the shear band and the matrix. In fact, the
recent observation of void formation localized within shear bands
during late stages [41] fully agrees with this interpretation.

Accounting for this model of shear band initiation, one arrives at
the existence of two additional relaxation processes in deformed
glasses, namely inside the shear bands and in the deformation-
activated matrix. Indications for the latter were gained via
detailed analyses of the Boson peak relaxation in deformed glasses
[17], too. Now, we have to take into account that thermally induced
migration of excess volume in amorphous material, akin a delo-
calized vacancy in a crystalline material, might be kinetically more
enhanced with respect to diffusion hops of tracer atoms. Having in
mind a collective mechanism of diffusion in glassy solid, e.g. as a
coupled motion of a string of atoms [43], we arrive at following
scenario: Annealing below the glass transition temperature induces
first a redistribution of excess volume in the shear bands and the
surrounding matrix that increases the excess volume content in the
as function of the strain ε. At low strains (in the macroscopically elastic region), ε ¼ ε1,
lly does not change, i.e. the additional excess volume is almost zero (black lines). If the
ly and dilute and denser local regions appear (red lines). At a higher strain (onset of
ation and areas with additional excess volume appear (blue lines). (For interpretation of
his article).
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shear bands and in fact enhances tracer diffusion along the shear
band. Further relaxation of the excess volume proceeds mainly via
transport along shear bands and the corresponding diffusion
enhancement in shear bands decreases. This is exactly what is seen
experimentally.

The atomistic simulations provide further hints towards this
interpretation since the stress relaxation in the deformed glass
occurs highly heterogeneously and residual stresses are associated
with the formed shear band. Detailed analyses of MSD maps reveal
that atomic mobility (which is related to the mean-squared
displacement) in the deformed glass approaches first a plateau
and then enhances further, exclusively in the layers closely related
to the shear band, Fig. 5. These facts, although gained on different
time and length scales, substantiate a non-monotonous and
strongly heterogeneous relaxation behavior of deformed glasses.
Moreover, this behavior seems to represent a generic feature of a
glass-forming system and it does not necessarily include (although
does not exclude, too) local chemical modifications related to shear
banding.

According to a mesoscopic strain analysis [42], the propagation
of individual shear bands occurs in a stick-slip manner of segments
of the shear bands, accompanied with the formation of alternating
dilated and densified segments of the single individual shear band.
In the latter case the additional excess volume appears most
probably as thin layers between the shear band and the matrix. The
existence of such 'interfaces' (akin grain boundaries in crystalline
materials) can be anticipated from diffusion measurements in
which tracer propagation over at least 10 microns is recorded
whereas dilute and dense regions of a given shear band alternate on
a scale of 100e200 nm. In addition, the existence of such interfaces
is also in agreement with the mechanical integrity of metallic glass
specimens containing shear bands [8]. Note that two different
zones of shear bands were reported in Ref. [7] and supported by
nano-indentation tests in Ref. [40]. We suggest that these “in-
terfaces” between two glassy states (matrix and deformation-
transformed shear band) are responsible for the diffusion
enhancement.

4.2. Heterogeneity of relaxation behavior of the deformed glass

Atomistic simulation substantiates that the residual stress is
frozen in the deformed glass and remains highly localized to shear
bands which promoted the imposed plastic deformation. The
structure and kinetic heterogeneity is revealed on different levels,
starting from the atomistic one (MSD and non-affine strain maps),
mesoscopic (stick-slip behavior as found on a sub-micrometer scale
using Digital Image Correlation analysis [42]) and the macroscopic
level (the present results on tracer diffusion).

The time dependence of the MSD maps indicates different re-
gimes, with a distinct change at longer times, revealing the occur-
rence of a two-stage process that in fact corresponds to a cross-over
behavior. Analyzing the spatial correlations with the measured
time dependence of the MSD showed that the second process,
yielding the increase of the MSD at longer times, is presumably
associated with active centers in the spatial region that was
formerly forming the interface between shear band and matrix
during shear. Even though the time scales between experiment and
simulation are not comparable, this observation is in excellent
agreement with the conclusions drawn from radiotracer diffusion
experiments [8] that gave rise to postulating the presence of
interface-like states that could act as fast diffusion pathways, in-
dependent of the presence of dilated or densified regions along a
given shear band. The fact that an enhanced MSD was observed
long after the shear stress had been turned off substantiates the
occurrence of a structural modification of the shear band regions
serving to enhance mobility.
It is important that the present MD results are of general nature;

in fact we deliberately made a point not to try mimicing a particular
material or its interaction potentials, but to analyze the behavior of
a well-characterized system. A variation of short- or medium-range
order may cause the appearance of secondary peaks at Tg, as it can
be deduced from DSC measurements on a slightly different PdNiP
glass [32]. However, the slight changes in local composition can be
equivalent to (or at least can accompany) a re-organization of local
excess volume and the related building-up of local residual stresses.
In both cases, locally, two different glassy structures would result
that would be heterogeneously distributed in the material. Ac-
cording to the present MD simulations, persistent local residual
stresses on an atomic scale are a direct signature of the deformation
localization in a metallic glass and they are present even in absence
of chemical heterogeneities. The distribution of these stresses
correlates to the MSD map which highlights enhanced kinetics in
shear bands. These findings do independently support the experi-
mental observation of a short-circuit-type of diffusion enhance-
ment in deformed glass and suggest its general nature.

Though an increase of the local excess volumewas not explicitly
found inMD simulation on accessible length scales, we assume that
it is the excess volume accumulation which promotes enhanced
diffusion that is observed on a macro-scale. The generation of the
excess volume might be inherently related to the stick-slip mode of
plastic deformation [42] and an average dilatation related to a shear
band (with alternating dense/dilute regions on a 100 nm scale) was
unambiguously determined in dedicated TEM measurements
[9,10].

It is important to note that the existence of alternating denser
and diluted regions provides conditions for mechanical (meta-)
stability of the localized (extra) excess volume against macroscopic
displacements of the matrix as a whole, as soon as diffusion events
are frozen.

4.3. Diffusion enhancement in a shear band

Adapting the volume-fluctuation model [44,45] that has origi-
nally been developed for polycrystalline solids, the diffusion coef-
ficient Dsb of shear bands (in analogy to the diffusivity of grain
boundaries) may be described as:

Dsb ¼ Dv exp
�
KsbDvsb
2kBT

�
(3)

where Dv is the bulk diffusion coefficient of the glass in the relaxed
state, Ksb is the bulk compressibility of the shear band, Dvgb is the
deformation-induced excess volume per atom within the shear
band, and kB is Boltzmann's constant. The bulk compressibility of a
shear band, Ksb, can be expressed as Ksb ¼ 2Gsb(1þn)/3(1�2n),
where Gsb is the shear modulus of the shear band and n denotes
Poisson's ratio. According to our direct measurements, only small
changes of the elastic moduli and of Poisson's ratio were found in
the deformed glass [46]. As a first-order approximation, we assume
that the shearmodulus of the shear band is similar to that ofmatrix.

The average additional excess volume of a shear band in PdNiP
can be estimated as 0.4%, although local values can approach even
9% [10]. Still, if we assume the formation of 'interfaces' between
matrix and shear band, local values of Dvgb can safely be estimated
as 0.1U, where U is the atomic volume, taken here as 10�29 m3.
Inserting this value into Eq. (2), assuming Gsb ¼ 50 GPa and using
n ¼ 0.4 for PdNiP [46], the ratio Dsb/Dv is about 6,107 at T ¼ 473 K.
Thus, Eq. (2) can reproduce themeasured diffusion enhancement in
shear bands over 7 to 8 orders of magnitude.

Now, relaxation behavior of the diffusion coefficient of a shear
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band shall be analyzed. In the framework of the present model, it is
the evolution of shear band compressibility Ksb and that of the
excess volume Dvgb which have to be evaluated.

Thermal annealing results in a non-monotonous evolution of
the shear band diffusion coefficient. The behavior may be explained
in a way similar to the idea of non-linear segregation suggested for
the non-monotonous evolution of impurities at grain boundaries in
crystalline materials [47,48]. We suggest that there is first a re-
organization of the additional excess volume in shear bands with
a given time constant constrained by mechanical equilibrium
induced by mechanical deformation, i.e. by the formed densified/
diluted regions. This reorganization is accompanied by extra excess
volume flow from neighboring matrix areas. As a result there is a
further increase of the excess volume localized at shear bands and
consequently diffusion enhances. According to Eq. (2), a 10% in-
crease of the local excess volume would be sufficient. Further
annealing results in relaxation of the accumulated excess volume
and the disappearance of the dense/dilute contrast in SBs, which
would also allow the glassy material inside the shear band to re-
organize such that the highest-mobility pathways are annihilated,
resulting in a decrease of the shear band diffusivity as observed in
the experiments. This empirical model is fully in line with the
observed cross-over behavior, since the characteristic time scales
for the initial re-organization/re-distribution of excess volume and
the relaxation of the accumulated excess volume inside the shear
bands are expected to be different. Thus, the present findings
indicate a correlation between the diffusion rate along the shear
bands and the time-evolution of the deformed glassy structures as
revealed by DSC. In fact this correlation is not trivial, since, as
mentioned above, the volume fraction of shear bands and that of
the structure components visible in DSC experiments are strongly
different. We suggest that the annealing treatment modifies the
local glassy structures and presumably induces an extra flux of
excess volume towards shear bands that affects the corresponding
diffusion rates. The annealing-affected relaxation of local hetero-
geneities, which were formed due to deformation localization and
were revealed by DSC, correlates with that of the kinetics of atomic
transport along shear bands, probably along shear band-matrix
‘interfaces’, Fig. 4a. Tracer diffusion probes a state of these ‘in-
terfaces’ and indicates the occurrence of local modifications along
the diffusion path as a result of annealing, though these particular
modifications are not visible for DSC, which presents a macro-
scopically averaging measurement method.

It is not only plastic deformation which modifies the local
structure. Chemistry and the excess volume content of shear bands
also trigger them into a different glassy state (without inducing
nano-crystallization), but post-deformation relaxation imposes
excess volume redistribution and the appearance of built-in re-
sidual stresses which affect the glass structure in terms of its cor-
responding potential energy landscape, thereby enabling the glass
to trace new minima in the energy landscape. This behavior cor-
relates with the fact that annealing does not erase the memory of a
glass concerning the previous plastic deformation, which was
found to persist even up to the crystallization temperature [19]. The
present findings suggest a possibility of a further optimization of
glass properties via combining deformation and heat treatments
below the glass transition temperature. When we compare the
energy input by thermal annealing and by small strain, we might
not expect them to be very different. Yet, considerable changes
were observed, with the deformation being more efficient to alter
the state and the further evolution/relaxation of the glass. This may
be due to the “directionality” or due to the fact that deformation
addresses the “right” sites (the ones that are most susceptible for
shear, which might also be related to the Boson peak). That might
also be an issue concerning discussing the coupling of the Boson
peak with the local structures and the energy landscape [19].
Moreover, time dependent stress relaxation along shear bands has
recently been observed and a shear-band cavitation onmicron scale
has been reported [41]. Formation of cavities might be a finger-
print of excess volume localization in addition to local tensile
stresses, the existence of which was pointed out in Ref. [41].

The involved inherent relaxation dynamics of the shear band
structure has a further consequence on the measured activation
value of shear band diffusion; in fact the latter has to be treated
with caution as an effective value, which is still characteristic for
kinetic processes with the corresponding relaxation times.

5. Summary

We have shown that atomic diffusivity in shear bands is
enhanced by 7e8 orders of magnitude with respect to the glassy
matrix. The effective activation enthalpy of shear band diffusion is
found to be about one-third of the corresponding value for diffu-
sion in the glassy bulk (the undeformed matrix). Moreover, atom-
istic simulation supports directly the view that the zones of
enhanced mobility (the short circuit diffusion paths) are localized
at “interfaces” between shear bands and the glass matrix indicating
an inherent inhomogeneity of the excess volume distribution upon
deformation.

The relaxation kinetics of diffusion enhancement along shear
bands is measured for the first time and an unexpected, strongly
non-monotonous behaviour is found e the effective diffusion co-
efficient increases first and then decreases. These changes are going
in line with the appearance of a distinct calorimetric “peak” at the
glass transition temperature upon relaxation after deformation and
a characteristic development of the corresponding fictive temper-
ature, both being attributed to inhomogeneous relaxation within
the deformed glass. Moreover, a strong increase of the mean-
squared displacement of atoms localized at a shear band is
observed as a result of relaxation, substantiating that the evolution
of the kinetics of atomic transport along shear bands is facilitated
by excess volume re-distribution. In this respect the relaxation after
deformation represents a localized “aging” effect. A phenomeno-
logical model of shear band initiation, evolution and relaxation is
proposed. Generally, the current results point towards the impor-
tance of local stresses and non-affine deformation concerning glass
relaxation and they also indicate clearly that local rearrangements
induced by thermal attenuation or by deformation are not identical,
rendering descriptions based on “effective temperature”- concepts
inapplicable.
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