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The  present  study  focuses  on  the  molecular  dynamics  of  a  model  Cu–Ti  metallic  glass  undergoing  shear
deformation.  Numerical  findings  indicate  that  deformation  induces  atomic  coordination  changes  and
local  irreversible  rearrangements.  These  two processes  are  intimately  connected  with  each  other.  In
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particular,  at least  one  coordination  change  is  observed  at the  onset  of  any  given  rearrangement.  It is  also
shown that  coordination  changes  and  rearrangements  are  preceded  by  a  local increase  of  atomic  stresses
as well  as by  the  emergence  of  local  gradients  in  atomic  stress  and  atomic  volume.

© 2011 Elsevier B.V. All rights reserved.
lastic deformation

. Introduction

Predicted on a theoretical basis about thirty years ago [1–5],
he inelastic distortion of shear transformation zones (STZs) is cur-
ently regarded as the elementary mechanistic event underlying
he response of metallic glasses (MGs) to shear deformation [6–17].
lthough the direct observation of rearranging STZs has not yet
een achieved by experiments, local irreversible rearrangements
IRs) ascribable to the operation of STZs have been neatly observed
n numerical studies [8–36]. The numerical findings indicate that
Rs roughly involve 10–100 atoms [8–36]. These undergo a transi-
ion between two relatively low-energy configurations separated
y an activation barrier 30–80 kJ mol−1 high [8–36]. The non-
ffine atomic displacements accompanying IRs have been widely
mployed to identify the structural and mechanical features char-
cterizing the STZs [8–36]. Along this line, it has been recently
hown that, under suitable deformation conditions, neighbouring
TZs can interact with each other [37–39] and that IRs are sensitive
o the local structure [40–43].  In spite of this, no reliable criterion
or identifying STZs on a structural basis has been yet identified and
he IR activation mechanism is still relatively obscure.

The present work attempts to gain further insight into the above
entioned crucial issues by using molecular dynamics simulations.

n particular, the work aims at identifying the common features
hared by different IRs by comparing the position of individual

toms before and after the IR of a STZ induced by the MG homo-
eneous shear deformation. The study focuses on a model Cu50Ti50

∗ Tel.: +39 070 675 50 73; fax: +39 070 675 50 67.
E-mail address: delogu@dicm.unica.it

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.031
MG  to compare the simulation results with the recent literature on
the subject [44].

2. Molecular dynamics simulations

Calculations were carried out by using an embedded-atom
method potential [45]. Used in the past to simulate Cu–Ti systems, it
is able to satisfactorily reproduce their structural, thermodynamic
and mechanical properties [46,47]. Forces were computed within a
cut-off radius of about 0.7 nm.  Simulations were performed in the
isobaric-isothermal ensemble [48,49]. Equations of motion were
solved with a fifth-order predictor–corrector algorithm [50] and a
time step of 2 fs.

The model Cu50Ti50 MG studied in the present work roughly
includes 131,000 atoms arranged in a cubic volume with sides
about 12.4 nm long. The MG was  prepared by quenching the melt
from 3000 to 20 K at a rate of 0.02 K ns−1 and zero pressure. Periodic
boundary conditions (PBCs) were applied along the x, y and z Carte-
sian directions. According to the Wendt–Abraham method [51], the
glass transition occurs at about 620 K, in accordance with previous
work [44]. The obtained MG was  relaxed for 0.5 ns. The pair distri-
bution function, not shown for brevity, demonstrates that the MG
has an amorphous structure. It compares fairly well with the exper-
imental radial distribution function. It follows that the simulated
MG has a structure similar to the one of real systems despite the
higher quenching rate used in calculations.

Following previous work [28,44,52],  rigid reservoirs 1.5 nm
thick were created at the top and at the bottom of the simula-

tion cell along the z Cartesian direction. PBCs were kept along the
x and y ones. The MG was  homogeneously shear deformed along
the x Cartesian direction by keeping the reservoirs parallel and at
constant distance from each other. They were displaced by about

dx.doi.org/10.1016/j.jallcom.2011.10.031
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:delogu@dicm.unica.it
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252 F. Delogu / Journal of Alloys and Compounds 513 (2012) 251– 255

F
ε

3
m
s
g
h
r
o

q
o
m
f

u
c
T
t
s
b
v
e
a

a
I
a
e
fi
i
e
w
T

l

c
d

3

s
r
s
t
t
c
o
o

p

associated with coordination changes occurs over a εmacro,x interval
of about 2 × 10−3. This interval is much longer than the single shear

Fig. 3. (a) The number N�n of atoms undergoing a coordination change (black, solid)
and  the average atomic stress �̄ (red, dotted), and (b) the average potential energy ū
ig. 1. The average macroscopic stress �macro,x as a function of the average strain
macro,x .

.1 × 10−3 nm every 100 ps. This resulted in a shear strain incre-
ent ıεx of about 2.5 × 10−4 every 100 ps, corresponding to a shear

train rate of about 2.5 × 10−3 ns−1. This value is lower than the ones
enerally used in numerical simulations [6,8–36], but remarkably
igher than the ones imposed in experiments [6].  Despite this, the
esults obtained in the present work still provide useful information
n the mechanisms operating in real MGs  [50].

The shear strain rate has a limited effect on the processes and
uantities monitored in the present work. Similar results were
btained at 1 × 10−3 and 5 × 10−3 ns−1. In all of the cases, the defor-
ation was limited to the macroscopic shear strain εmacro,x range

rom 0 to 0.2, and performed in the absence of thermostat.
A Voronoi polyhedra space tessellation [53] was  used to eval-

ate the volume  ̋ of individual atoms. In turn,  ̋ was used to
alculate the average atomic volume ˝av and the average Cu and
i atomic volumes ˝Cu,av and ˝Ti,av.  ̋ was also used to evaluate
he atomic stress � according to standard methods [54]. The macro-
copic stress �macro,x along the x Cartesian direction was  estimated
y averaging � over all of the MG  atoms. The obtained �macro,x

alues are about 5% lower than the ones resulting from the virial
xpression [50]. The number n of nearest neighbours of a given
tom was set equal to the number of faces of its Voronoi cage.

Following previous work [6,8–21,44,55],  the length d of non-
ffine displacements was used to identify the atoms involved in
Rs. For any given atom, d measures the difference between the
ctual position and the one predicted by affine deformation. It was
valuated on an incremental basis by considering consecutive con-
gurations separated by a single shear strain increment ıεx. Taking

nto account that the average amplitude of atomic vibrations is
qual to about 0.1 Å, a given atom was considered involved in IRs
hen its non-affine displacement length d was longer than 0.5 Å.

his value is in line with the threshold used in previous work [44].
Atomic positions, stress, and volumes were averaged over 5 ps

ong time intervals.
Three simulations were carried out starting from different initial

onditions. The results obtained were substantially the same, with
ifferences in the average quantities of about 1%.

. Results and discussion

The stress–strain curve typically exhibited by deformed MGs  is
hown in Fig. 1. The macroscopic shear stress �macro,x undergoes a
oughly linear increase from 0 to about 10 GPa as the macroscopic
hear strain εmacro,x increases approximately from 0 to 0.04. Yield
akes place in correspondence of εmacro,x and �macro,x values equal
o about 0.07 and 13 GPa, respectively. A steady-state flow regime
haracterized by �macro,x values oscillating around 8 GPa is attained
nce εmacro,x becomes larger than 0.09. The stress–strain curve here

btained is similar to the one exhibited by the same MG  at 10 K [44].

Atomic coordination changes occur throughout the deformation
rocess. They appear as localized events involving a number N�n
Fig. 2. The volume (right) originating from the overlapping of spherical regions (left)
around the atoms involved in coordination changes.

of atoms. Each atom changes �n  nearest neighbours. Such change
can regard the number of nearest neighbours, their type, or both.

Coordination changes were studied in detail by defining spher-
ical regions with a radius of 1 nm around each atom of the set
of N�n atoms undergoing a coordination change. On the aver-
age, individual spherical regions include 280 atoms. However, the
N�n atoms are close to each other. Therefore, to a large extent
the spherical regions overlap as schematically shown in Fig. 2.
Thus, the number of atoms to consider is significantly smaller than
280 × N�n. The behaviour of these atoms was investigated by eval-
uating their stress �, volume ˝,  potential energy u, and non-affine
displacement length d. In turn, these quantities were used to cal-
culate the corresponding averages �̄, ¯̋ , ū, and d̄. All of the above
mentioned quantities were monitored in the strain interval from
εmacro,x,on − �εx to εmacro,x,on + �εx. Here, εmacro,x,on is the macro-
scopic shear strain at which the coordination changes take place
and �εx is set equal to 5 × 10−3.

The average atomic stress �̄, potential energy ū,  and non-affine
displacement length d̄ for a representative case in which N�n is
equal to 10 are shown in Fig. 3 as a function of the macroscopic shear
strain εmacro,x. It can be seen that N�n changes discontinuously from
0 to 10 in a single shear strain increment ıεx. Marked rises in �̄
and ū precede the coordination changes. Once these have taken
place, �̄ and ū drop roughly to their initial values. In contrast with
the case of �̄ and ū, the increase of d̄ is much more marked and
its subsequent decrease slower. According to the d̄ change, the IR
per  atom (black, solid) and the average non-affine displacement d̄ (red, dotted), as a
function of the average strain εmacro,x . The vertical dotted line marks the εmacro,x value
of  0.1290 at which coordination changes occur. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. The number N�n of atoms undergoing a coordination change (black, solid)
and the average atomic stress �̄ (red, dotted) (a), and the number NIR of atoms
participating in the IR (b), as a function of time t. Vertical dotted lines mark the
�̄  and NIR values corresponding to the N�n increases. The configuration attained
after 100 ps by the 89 atoms involved in the IR is also shown in (b) (left), together
with the one regarding a different IR involving 52 atoms (right). Light and dark gray
indicate Cu and Ti atoms, respectively. Data refer to the IR activated at an average
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Fig. 5. The statistical distributions p of the number NIR of atoms involved in an
IR  (a), the number N�n of atoms changing coordination (b), and the atomic stress
drops � �̄ at each coordination change (c). The � �̄ curve in (c) has been best-fitted
by a Gaussian function, also shown. The insets in (b) and (c) show, respectively, the
acroscopic strain εmacro,x of 0.1290. (For interpretation of the references to colour
n  this figure legend, the reader is referred to the web  version of the article.)

train increment ��x of 2.5 × 10−4 over which coordination changes
ake place.

Contrary to the other quantities, in general the average atomic
olume ¯̋

 does not undergo significant changes. In the 85% of
ases, the difference � ¯̋ between the ¯̋

 values before and after the
Rs only amounts to about 0.11 ± 0.04 Å3 at−1. ¯̋

 is equal to about
4.53 ± 0.05 Å3 at−1, a value almost coincident with the average
tomic volume �av, equal to 14.55 ± 0.04 Å3 at−1. In the remain-
ng 25% of cases, ¯̋

 increases roughly by 1.43 ± 0.08 Å3 at−1, which
orresponds to an average volume increase of about 10%. This value
s in line with volume dilatation effects caused by the deformation
f MGs  [6–17].

Since all the coordination changes take place in the 100 ps fol-
owing a single shear strain increment ıεx, attention was  focused on
he dynamics undergone by atoms within such time interval. The
umber N�n of atoms changing coordination, the average atomic
tress �̄, and the number NIR of atoms participating in the IR are
hown in Fig. 4 as a function of time t. Data in Fig. 4a indicate that
�n increases discontinuously by undergoing a series of rapid rises.
ach N�n rise is associated with a marked drop � �̄ in the aver-
ge atomic stress �̄. Two groups of coordination changes involving

 and 4 atoms, respectively can be identified. Within each group,
he average time interval �t  separating consecutive coordination
hanges is about 1.5 ps long. Instead, the average time interval �t
eparating the two groups is equal to about 8 ps. It can be seen from
ig. 4b that NIR becomes different from zero, and then the IR starts,
nly after the first coordination change has occurred. NIR under-
oes a smooth monotonic increase and reaches a plateau value of
9 after about 40 ps. The 89 atoms exhibit the relatively compact
onfiguration shown in Fig. 4b. An elongated atomic arrangement
bserved in a different case is also shown for comparison.

The behaviour described above is common to all the about
.2 × 104 IRs observed during the MG  shear deformation. A detailed
tatistical analysis of IRs was performed by focusing on the num-
er NIR of atoms involved in a single IR, the number N�n of atoms
hanging coordination, the number �n  of nearest neighbours

hanged per atom, the atomic stress drop � �̄ at each coordination
hange, and the time interval �t  separating consecutive coordi-
ation changes. The distribution curves p(NIR) and p(N�n) of NIR
statistical distribution p of the number �n of nearest neighbours changed per atom
and  of the time interval �t separating consecutive coordination changes.

and N�n, respectively shown in Fig. 5a and b, are asymmetric. The
most probable NIR and N�n values range respectively from 80 to
100 and from 6 to 10. As shown in the inset of Fig. 5b, most of the
atoms involved in coordination changes change only one nearest
neighbour. However, the number �n  of changed nearest neigh-
bours can be as large as 5. The semi-logarithmic plot of p(�n) as a
function of �n, not shown for brevity, is substantially linear. This
means that �n  distributes according to an approximately expo-
nential decreasing trend. The statistical distribution p(� �̄) of the
average atomic stress drop � �̄ is shown in Fig. 5c. It can be seen
that it is roughly Gaussian, the average � �̄ values amounting to
about 2.4 GPa. Finally, the inset of Fig. 5c shows that the statistical
distribution p(�t) of the time interval �t separating consecutive
coordination changes exhibits bimodal features. Accordingly, the
most probable �t  values amount to about 3 and 10 ps.

The observed bimodality of p(�t) must be connected with the
different time scales governing coordination changes. Individual
coordination changes typically occur in about 0.5 ps. Two or more
coordination changes taking place during the same IR can group
in a cascade, which can be defined as a sequence of coordination
changes separated by relatively short time intervals. These short
time intervals originate the first peak of p(�t). When the number

N�n of coordination changes is relatively small, a single cascade is
generally observed. However, N�n can be as large as 18. Large N�n
values typically give rise to two or three cascades, separated by
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Fig. 6. Cross-sectional views of the atomic configurations of a set of atoms involved
in  an IR starting at an average strain εmacro,x value of 0.1030. The differences �� (left)
and �  ̋ (right) are indicated by the colour codes shown on the right. The atomic
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Fig. 7. The spatial distribution �˝(�r)av of the volume differences for the atoms
inside spherical shells as a function of the shell distance �r  from the most stressed
atom. Data refer to average macroscopic strain differences �εmacro,x , equal to
−0.0120 (solid line, black), −0.0055 (dashed line, red), and −0.0005 (dotted line,
onfigurations are taken at the average macroscopic strain εmacro,x values of 0.0930
a),  0.0990 (b) and 0.1025 (c). Only a single strain increment ıεx separates the latter
alue from the one of 0.1030 at which the coordination changes occur.

elatively long time intervals. These long time intervals originate
he second peak of p(�t).

The statistical analysis performed only pointed out a generic
elationship between N�n and NIR. In particular, the larger the num-
er N�n of atoms affected by coordination changes, the larger the
umber NIR of atoms participating in the IR. Apart from this, no
ther correlation was found among the monitored quantities. The
eight of stress drops � �̄ and the length of time intervals �t do
ot correlate with N�n or NIR. Furthermore, the N�n and NIR values
hange irregularly from one IR to the successive one, and this is also
rue for � �̄ and �t  values.

A feature common to all of the observed IRs emerges only
hen the differences ��  = � − �av and �  ̋ =  ̋ − ˝av are calcu-

ated. Here, �av and ˝av are the average atomic stress and volume of
he IR atoms at a given macroscopic shear strain εmacro,x. The atomic
olume differences �  ̋ were evaluated by distinguishing between
u and Ti, which have quite different average volumes �Cu,av and
Ti,av. The former amounts to about 12.4 Å3 at−1, whereas the latter

s equal to about 18.6 Å3 at−1.
The ��  and �˝ values have been used to describe the evo-

ution of local conditions undergone by the atoms involved in IRs
hen the macroscopic shear strain εmacro,x increases. Information

elative to such conditions can be visualized by using a colour code
o indicate ��  and �  ̋ values. An example is given in Fig. 6, which
hows three cross-sectional views of the configurations reached
y the atoms involved in the IRs already analyzed in detail in
igs. 3 and 4. Data refer to increasing macroscopic shear strain
macro,x values. It can be seen that the stress experienced by the
toms located in the core of the region occupied by the atoms
nvolved in the IR increases as εmacro,x increases, whereas their vol-
me  correspondingly decreases. The outer atoms exhibit opposite
rends. The observed ��  and �˝ differences suddenly disappear
s the IR occurs.

The atomic volume differences �  ̋ between inner and outer
toms were further investigated by studying their spatial distribu-
ion �˝(�r). For any given IR, the atom experiencing the highest
tress � in the strain increment ıεx immediately preceding the
oordination changes was identified. Concentric spherical shells

.05 nm thick were defined around such atom. The volume differ-
nces �� shown by the atoms inside each shell were summed and
ormalized to their number. The �˝(�r) curves for IRs occurring
t different εmacro,x values were compared by using a relative scale.
green). (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of the article.)

This scale is based on the values of �εmacro,x = εmacro,x − εmacro,x,on,
referred to the macroscopic shear strain εmacro,x,on at which the
first coordination change takes place. �εmacro,x, is negative for the
macroscopic shear strain values preceding the IR onset, and positive
for others. The cumulative spatial distribution �˝(�r) was calcu-
lated by combining the �˝(�r) values of different IRs sharing the
same macroscopic shear strain difference �εmacro,x. The �˝(�r)
values for the different IRs were summed and normalized to the
number of IRs.

The �˝(�r)av curves obtained at different �εmacro,x values are
plotted in Fig. 7 as a function of the distance �r of each shell
from the central atom. �˝(�r)av is quite flat for large, negative,
�εmacro,x values. As �εmacro,x increases, i.e. as the set of atoms
approaches the onset of the IR, �˝(�r)av takes negative values at
short �r  distances and positive values at relatively long distances.
This indicates an atomic volume compression due to locally high
atomic stresses at short distances, and an atomic volume expan-
sion at long ones. Thus, a gradient in the atomic volume appears
inside the sets of atoms involved in the IRs. This is a characteristic
feature of IRs, irrespective of their size and of the strain at which
they occur.

The numerical findings indicate that the response of MGs  to
shear deformation is significantly inhomogeneous. In fact, only a
few regions of the whole MG volume are instantaneously involved
in IRs. The correlation between the onset of IRs and the occurrence
of atomic coordination changes further supports the hypothe-
sis that the MG volume includes local structures with different
propensity to IR. It is interesting to note that similar conjectures
are discussed also in connection with fragility scenarios for glass-
forming liquids [56,57].

Before concluding, a comment on the thermal behaviour of the
deformed MG  is necessary. The atoms undergoing IRs throughout
the deformation process undergo instantaneous temperature rises
on the order of 100 K. On the average, such temperature spikes dis-
appear in about 200 ps. At the end of simulations, the average MG
temperature has increased by only 5 K. This confirms that only a
relatively small number of atoms is involved in IRs. The amount of
energy dissipated as heat is correspondingly small.

The 5 K temperature rise is slightly smaller than the ones
observed in other simulation works for similar deformation
degrees. For example, in the case of a Ni–Zr system the average tem-
perature increased by about 40 K [53]. However, such system was
deformed at 2.4 and 0.2 ns−1, which are quite higher than the strain
rate of about 2.5 × 10−3 ns−1 used in the present work. In addition,
simulations were carried out at 100 K [53], whereas the present

Cu–Ti system was studied at 20 K. In principles, these differences
can be at the basis of the different temperature rises observed.

In this regard, it is worth noting that the amount of energy
dissipated crucially depends on the deformation conditions [6].
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xperimental and theoretical studies suggest that a significant tem-
erature increase must be expected whenever strain rates are high
nough to assure almost adiabatic deformation processes [6,9,10].
umerical simulations seems to be particularly suited to study adi-
batic deformation, being the strain rates employed quite higher
han experimental ones [6,9,10]. However, it must be noted that the
hear bands formed during experiments are about 10–100 nm thick
nd appear in MG samples with volumes of 1–10 cm3 deformed for
ime intervals 10–100 s long [6–17,58,59]. The deformation con-
itions accessible to numerical studies are significantly far from
hese, and it cannot be reasonably expected that the temperature
ises observed in experiments are correctly reproduced [6–17].
n addition, the temperature at which deformation is carried out
lays a fundamental role in shear localization processes [6–17]. In
articular, low temperatures greatly facilitate the operation of indi-
idual STZs and the localization of the STZ activity in small regions
6–17,37–39]. Also, the number of STZs activated is in general
maller [6–17]. The results obtained in the present work suggest
hat temperature rises can be smaller at lower temperatures. The
ack of direct experimental measurements of the temperature rise
n shear bands formed by low-temperature deformation limits our
nderstanding of this issue.

. Conclusions

The shear deformation of MGs  is mediated by the occurrence of
Rs. Each IR involves a relatively small region and is preceded by

 coordination change. Before the coordination change occurs, the
toms involved in the IR undergo a local stress increase, followed by

 sudden stress drop every time a coordination change occurs. Each
egion involved in IRs exhibits gradients in atomic stresses and vol-
mes. The atoms in the inner part of the region experience higher
tresses, whereas the outer atoms experience lower stresses. At the
ame time, the atoms in the inner part exhibit a smaller volume,
hereas the outer ones are characterized by a larger volume.

Further studies are needed to throw light on the intimate details
f the mechanisms leading to the onset of individual IRs.
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