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Effects of compression cycles on the atomic mobility in metallic glasses
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Molecular-dynamics methods have been employed to investigate atomic displacement mechanisms in
NisoZrso metallic glasses both in the absence and in the presence of an elastic shear stress. Calculations were
performed on systems subjected to a different number of hydrostatic compression cycles. In all the cases, local
collective rearrangements of Ni and Zr atoms connected in clusters are observed. Numerical findings indicate
that rearrangements occurring in unstrained and strained systems involve roughly the same regions. In addition,
compression cycles produce the same effects on atomic mobility in unstrained and strained systems. This
suggests the existence of regions characterized by a particular structural instability that determines a significant
correlation of atomic displacements in unstrained and strained systems.
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I. INTRODUCTION

Metallic glasses combine the amorphous structure with
remarkable mechanical properties.!™* Their elastic moduli
are in fact on the same order of magnitude of the ones of the
crystalline counterparts, but the room-temperature strength is
larger.*% Unfortunately, they also exhibit a tendency to strain
localization that severely limits the room-temperature
ductility.*7 As a consequence, strained metallic glasses can
nucleate shear bands and possibly undergo a brittle failure.*’
This behavior must be related to the absence of long-range
structural order, which suppresses the dislocation-mediated
deformation mechanisms characteristic of crystalline
phases.>”* Deformation promotes instead high-energy atomic
rearrangements localized in shear transformation zones
(STZs).*'° These can be regarded as groups of 10 to 100
atoms that undergo a transition between two relatively low-
energy configurations separated by a relatively high-energy
barrier.*~1?

At present, the research on STZs is central to the field of
metallic glasses and matter of a lively debate.*> A detailed
understanding of STZ activity is in fact a crucial issue to
better understand the mechanism underlying the formation of
shear bands and contrast the undesired brittle behavior.*~
Nevertheless, no definite answer has been given yet to sev-
eral fundamental questions. Open questions are, for example,
the size, the shape, and the activation mechanisms of STZs
as well as the relationship between potential STZs and local
atomic arrangements.*>

As for the latter aspect, the inhomogeneous character ex-
hibited by the amorphous structure on the atomic scale'~ is
thought to play a key role. Atomic arrangements are ex-
pected to possess an intrinsic degree of instability against
local rearrangements.'=>-1% The first STZs operating under
deformation can be therefore thought to involve preferen-
tially those particular sites, or groups of atoms, characterized
by the highest structural instability and then more prone to
structural changes. Under such circumstances, local irrevers-
ible plastic events in which atoms cooperatively modify their
positions could take place even at small shear strains and, in
the limit, under purely thermal activation.

1098-0121/2009/79(6)/064205(8)

064205-1

PACS number(s): 61.43.Fs, 66.10.—x, 64.70.P—, 66.30.—h

A possible way to ascertain the existence of particularly
unstable regions in the metallic glass structure relies upon
the identification of atoms undergoing local displacements
both in the absence and in the presence of an applied shear
stress. Should such atoms be to a large extent the same, an
intriguing connection between thermal mobility and dis-
placements induced by shear would emerge. It would point
out that thermal mobility in the absence of shear stress and
atomic rearrangements under deformation conditions are de-
termined, or at least significantly affected, by the structural
stability of local atomic arrangements. This not only would
open the door to a correlation between thermal mobility and
STZs but also could allow to identify potential STZs on the
basis of local structural features.

The present work employs Molecular-dynamics methods
precisely to investigate the above-mentioned scenario for a
model NisyZrs, metallic glass. To such aim, amorphous
structures were suitably generated and relaxed. Successively,
the mobility of atomic species under simple thermal activa-
tion as well as under shear deformation was studied. To
strengthen the hypothesis that metallic glasses contain
atomic arrangements with different structural stability, initial
relaxed configurations were also subjected to hydrostatic
compression cycles. These could in fact be able to induce the
rearrangement of at least part of most unstable regions.
Should this be the case, the number of atoms undergoing a
rearrangement under thermal activation or under shear defor-
mation should in general decrease with the number of com-
pression cycles carried out. Such decrease could provide fur-
ther information on both thermal and shear-induced
rearrangements.

Two additional introductory comments are in need to suit-
ably frame this work. First, calculations were carried out at a
temperature relatively close to the one of glass transition. In
fact, only such temperature regime allows significant mass
transport in the absence of shear stress. Second, the structural
response of the model metallic glass is studied only at small
strains. Unstable regions as well as the relationship between
thermal and shear-induced atomic rearrangements should be
indeed more clearly identified precisely under such condi-
tions.
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II. NUMERICAL SIMULATIONS

A many-body semiempirical tight-binding potential was
used to reproduce interatomic forces.? The cohesive energy
E was expressed as
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where r;; represents the distance between atoms i and j, ry 4
is the distance between nearest neighbors of species a and
at 0 K, and N is the total number of atoms. The potential
parameters A g, €4, Pap and g, for pure and cross inter-
actions, computed within a cut-off radius of about 0.8 nm,
were taken from literature.?’2> Such parameters were opti-
mized to satisfactorily best fit the thermodynamic and me-
chanical properties of the equilibrium crystalline phases of
Ni and Zr as well as of their intermetallics.2®22 However,
amorphous structures can also be reliably studied.”’?? Ac-
cordingly, although more accurate force schemes are avail-
able to investigate Ni-Zr systems,?* the tight-binding poten-
tial is well suited for the qualitative purposes of the present
investigation.

Calculations were carried out in the NPT ensemble with
number of atoms N, pressure P, and temperature T
constant.”*?5 Equations of motion were solved with a fifth-
order predictor-corrector algorithm?® and a time step of 2 fs.
A relatively large NisyZrs, metallic glass consisting of
131 064 at. arranged in a 13.3X6.5X27.2 nm® simulation
cell was employed to have a significant statistics on the be-
havior of atomic species. This allowed, in particular, a satis-
factory characterization of the atomic mobility both in the
absence and in the presence of an applied shear stress with-
out carrying out repeated averages over different time inter-
vals. The metallic glass was prepared by quenching the cor-

responding liquid system from 2000 to 700 K at a rate Q of
2 Kps~' and null pressure. Periodic boundary conditions
(PBCs) (Ref. 26) were applied along the x, y, and z Cartesian
directions. The glass transition took place at about 1020 K, in
accordance with previous work.”” Once the temperature
reached 700 K, the system was relaxed for 50 ps to produce
the initial unstrained configuration. Starting from the latter,
ten different unstrained configurations were generated by
carrying out ten compression cycles. Any compression cycle
consists of three stages. First, the pressure P is raised at a
rate of 0.1 GPaps™' up to a P,,, value of about 12 GPa.
Second, P is kept constant at P, for a time period Azp of
50 ps. Finally, a zero pressure condition is restored by re-
moving the load. The pressure generally takes about 70 ps to
attain the zero value. In any case, the metallic glass was
relaxed successively for additional 30 ps to give the third
stage of each compression cycle a total duration of 100 ps.
The systems did not suffer, in the relaxation stage, any severe
volume oscillation. Rather, the pressure reaches the zero
value gradually, probably due to the relatively large size of
the system. It is only after the relaxation stage that the
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atomic mobility is studied both in the absence and in the
presence of applied shear stress over time intervals as long as
1 ns.

The characteristics of compression cycles leave the door
open to a possible comparison with experimental studies
where a load is gradually applied to a sample, the maximum
pressure kept constant for a given time interval and finally
the load suddenly removed. It should be also noted that P,
and Arp values different from the ones mentioned above
were used, though not systematically, to obtain an indication
of their effect on the system dynamics.

It is here worth noting that the mobility of atomic species
was studied after the Nos¢ thermostat was removed. Such
thermostat is indeed based on a stochastic control of the av-
erage temperature,” and its use could affect the distribution
of kinetic energy among the atoms. The evaluation of the
kinetic temperature 7 after the thermostat removal did not
point out, however, any temperature drift. The study of mo-
bility was associated to a characterization of atomic volumes
under the hypothesis that these are important quantities in
determining the possibility of displacement for individual at-
oms. The atomic volumes were estimated via a Voronoi
space tessellation.?

All the computations were carried out at least twice to
explore different initial conditions. However, calculations at
cooling and compression rates of 1 Kps™! and
0.05 GPaps~' produced similar results, which will not be
explicitly discussed in the work.

III. CALCULATIONS IN THE ABSENCE OF SHEAR
STRESS

The mobility of Ni and Zr atoms in unstrained configura-
tions was measured by estimating the diffusion coefficient D
through a quantification of the root-mean-square (rms)
displacements® of individual atoms. Calculations were per-
formed at four different pressure values, namely, 0, 4, 8, and
12 GPa. These values were reached by increasing the pres-
sure at a nominal rate of 0.1 GPas~!. Once we attained the
desired pressure, the system was relaxed for 50 ps and rms
displacements, successively evaluated over time intervals of
20 ps long. The calculation of D at different pressures per-
mitted estimation of the activation volume for diffusion
Q.= —kgT(d In D/ IP)y, where kg represents the Boltzmann
constant. The ()., value was determined by the slope of the
plot obtained by reporting the logarithm of D, In D, as a
function of P.?’ The procedure described above was repeated
for all the unstrained configurations subjected to m compres-
sion cycles. The (), estimates for the various unstrained
configurations are shown in Fig. 1 as a function of the num-
ber m of compression cycles. It can be seen that (), under-
goes a progressive increase with m, which points out a de-
crease in atomic mobility. Additional (,, data for the
unstrained configurations with m=0, 3, and 8 were obtained
using P, and Azp values, respectively, equal to 18 GPa and
100 ps. The resulting ), values, also shown in Fig. 1, are
larger than the others. This suggests that ()., increases with
both P, and Azp, with being Afp more influent than P,,,,.
The Ni and Zr species exhibit different (), values, which
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FIG. 1. (Color online) The activation volume (), for Ni and Zr
as a function of the number m of compression cycles. Best-fitted
lines are also shown. Additional points at m equal to 0 and 3 refer to

P (@) and Arp (A) values equal to 18 GPa and 75 ps,
respectively.

amount to about 4.5 and 11.2 A3, respectively. These values
must be compared with the average Ni and Zr atomic vol-

umes Qy; and ), obtained from the Voronoi tessellation,?
which are instead approximately equal to about 11.5 and
23.5 A3. In accordance with previous work,2=! a coopera-
tive diffusion scenario can be inferred from the aforemen-

tioned Q. and Q) values. Larger Q. values are indeed ex-
pected for diffusion mechanisms mediated by vacancylike
defects.?3!

In light of this, atomic mobility was characterized by re-
sorting to the self-part of the van Hove function G(/,Ar) and
the non-Gaussian parameter a,(Ar). These quantities mea-
sure, respectively, the probability for atoms to cover a dis-
tance / in a time interval Ar and the deviation of G(I,Ar)
from the Gaussian shape.*?* The behavior exhibited by Ni
and Zr atoms is similar. For both species G,(/,Ar) develops a
second peak at the distance r,, ,, of nearest neighbors indi-
cated by the partial aar pair-correlation function (PCF).2° At
the same time, also a,(Ar) attains a maximum value. This
points out that Ni and Zr atoms undergo a heterogeneous
correlated motion in groups on a time scale measured by
7.3233 For both Ni and Zr, the time period 7 is roughly equal
to 24 ps. Moreover, 7 is independent of the number m of
compression cycles and of their characteristic parameters
P and Afp.

The atoms participating in correlated motion were identi-
fied by wusing the conditions 0.35r,,<|r{(7)—r/0)|
<0.86ry, and minl|r(7)—r;(0)],|r,(7)-ri(0)|]<0.43r,,3>3
Here r,(z) is the ith atom position at time ¢, whereas r,, and
rmin are, respectively, the average nearest-neighbor distance
and the first-minimum distance indicated by the global PCF.
The former condition selects the atoms mobile within the
time period 7. The latter identifies instead the pairs of atoms
with remaining nearest neighbors in correlated displacements
on the same time scale.??3* As for the former condition, it
should be noted that the value 0.35r,,, roughly identifies the
amplitude of thermal vibrations. It follows that the displace-
ment of a given atom is considered as part of a collective
motion only if it is longer than the thermal vibration ampli-
tude. The value 0.86r,,;, represents instead a limit to the
length of collective displacements. The condition exploiting
such limit originates from the need to distinguish between
cooperative motion and individual atomic displacements due
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FIG. 2. (Color online) (a) The number N, of mobile atom clus-
ters and their average size 7, in unstrained configurations and (b)
the ratio . between the number of Ni and Zr atoms participating in
correlated motion in unstrained configurations as a function of the
number m of compression cycles. Best-fitted curves are also shown.

to a vacancylike mechanism. This latter is however practi-
cally absent in metallic glasses. In accordance, in all the
cases investigated the percentage of displacements longer
than 0.86r,;, was below the 1%. Finally, the distance 0.43r,,,
used in the second condition assures that collectively dis-
placing atoms remain very close after the displacement has
occurred. It should be noted here that the numerical coeffi-
cients satisfactorily discriminate between collective rear-
rangements and other forms of motion,>* but slightly differ-
ent values also can be profitably used. In all the cases, the
qualitative inferences on the atomic dynamics that can be
obtained from such analyses do not change.

It must be also noted that cooperatively displacing atoms
can be identified only a posteriori after the system has
evolved according to its dynamics through the analysis of
stored atomic positions. Such analyses are necessarily cum-
bersome, and the method is relatively far from the ideal ac-
curacy. For example, a source of inaccuracy is the length of
the time period 7. It only represents an average value, and
unavoidably there will be atomic species undergoing coop-
erative displacements over either longer or shorter time in-
tervals. Their number is however acceptably small, amount-
ing approximately to 3%. Other sources of inaccuracy
produce as well only small uncertainties, enabling the meth-
ods applied to satisfactorily work out the qualitative features
of atomic dynamics.

The analyses performed indicate that mobile species form
connected groups, or clusters in which any given atom is
nearest neighbor of at least another one. The number N, of
such clusters and their average size n, are affected by the
number m of compression cycles undergone by the atomic
system. In particular, the data reported in Fig. 2(a) as a func-
tion of m show that both N, and 7. exhibit a linear decrease.
This suggests that the decrease in the atomic mobility is
related to the average decrease in the number of atomic spe-
cies participating in the collective motion.

Additional information is given by the ratio r. of Ni-to-Zr
atoms participating in cooperative motion, which describes
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FIG. 3. The stress o, along the x Cartesian direction as a func-
tion of the strain &,.

the chemical composition of the atomic clusters undergoing
collective displacements. As shown in Fig. 2(b), r. decreases
from about 2.12 to about 1. The decrease in atomic mobility
is thus associated with a decrease in the number of Ni atoms
involved in cooperative displacements. It is here worth re-
membering that Ni and Zr atoms in metallic glasses exhibit a
different mobility,??=3! partly due to the different atomic size.
Accordingly, Ni is often referred to as the fast diffuser.?*-3!
Therefore, the r. decrease suggests that the gradual reduction
in atomic mobility produced by compression cycles must be
ascribed to mobile Ni atoms.

IV. CALCULATIONS IN THE PRESENCE OF SHEAR
STRESS

Mechanical deformation was obtained by applying a shear
stress to any given unstrained configuration that has under-
gone m compression cycles. Strained configurations were
thus correspondingly generated. Following previous work,®
rigid reservoir regions 1.5 nm thick were defined at the top
and the bottom of the simulation cell along the z Cartesian
direction. PBCs were instead applied along the remaining
ones. Shearing along the x Cartesian direction was produced
by imposing to reservoirs incremental displacements at a
nominal strain rate of about 0.14 ns~'. Reservoirs were kept
at constant distance. Atomic mobility was quantified by com-
paring via affine transformations the atomic positions in suc-
cessive configurations. This permits application of the same
conditions used to identify mobile atoms in unstrained
confgurations.32’34 In this case, however, such conditions use
atomic positions r,(¢) implicitly accounting for the relative
displacement due to shear deformation. A strain &, interval
between 0 and 0.052 was considered to deal with elastic
deformation. The choice of such interval is motivated by the
shape of the stress-strain curve of the metallic glass shown in
Fig. 3. It can be seen that the roughly linear increase in the
stress o,, which describes the elastic deformation regime,
extends up to a strain &, value of about 0.06. The curve
exhibits then a maximum due to a yield and a flow state
regime of plastic deformation, the characteristics of which
compare well with literature data.>

Since the beginning of shearing, the progressive accumu-
lation of strain &, along the x Cartesian direction is accom-
panied by atomic rearrangements characterized by irrevers-
ible changes in the position of atomic species. Structural
modifications were initially characterized by evaluating the
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FIG. 4. (Color online) The total number 7, . of atoms rear-
ranging their positions at least once as a function of the strain &,.
Data refer to strained configurations that have undergone zero (0J),
five (O), and ten (A) compression cycles.

total number ny, . of mobile atoms that rearrange their po-
sitions at least once. The case of a few strained configura-
tions is shown in Fig. 4, where n,,, . is reported as a func-
tion of the strain &,. A monotonic ny , . increase is observed,
the rate of which depends on the number m of compression
cycles undergone by strained configurations. More specifi-
cally, the rate of n, . increase decreases with n.

Further insight into the dynamics of individual atomic re-
arrangements was gained by evaluating the instantaneous
number n, . of atoms involved in such local processes as a
function of a scaled time 7,. Used only for simplicity, this
represents the time elapsed since the beginning of a given
local rearrangement. Its zero corresponds then to the instant
at which the rearrangement starts. Typical results are shown
in Fig. 5. Only a relatively small number of atoms, connected
in clusters and undergoing collective displacements, are in-
volved in local bursts of atomic mobility. The average size
i, . of the clusters observed in a strained configuration is not
sensitive to strain &,, keeping an approximately constant
value as the latter increases. It undergoes instead a linear
decrease with the number m of compression cycles under-
gone by the configuration, as shown in Fig. 6(a) where 7, , is
reported as a function of m. The number N, . of mobile atom
clusters as well as the ratio r, , of Ni-to-Zr mobile atoms at
any given strain &,, reported in Figs. 6(a) and 6(b), respec-
tively, as a function of the number m of compression cycles,
exhibit also a decrease. The change in r, . with the strain &,
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FIG. 5. (Color online) The instantaneous number n, , of mobile
atoms involved in given individual rearrangements as a function of
the rescaled time ¢,. Curves refer to atomic rearrangements occur-
ring in configurations experiencing a strain &, value equal to 0.03
that have undergone two (black, solid) and eight (red, dotted) com-
pression cycles.
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FIG. 6. (Color online) (a) The number N, . of mobile atom
clusters and their average size 7, , and (b) the ratio r, , between the
number of Ni and Zr atoms participating in correlated motion as a
function of the number m of compression cycles. Data refer to
configurations experiencing a strain &, value equal to 0.02. Best-
fitted lines are also shown.

for a configuration that has undergone two compression
cycles is instead shown in Fig. 7. Analogous results were
obtained for strained configurations that have undergone a
different number of compression cycles.

V. ATOMIC MOBILITY AND COMPRESSION CYCLES

According to the evidences as yet discussed, atomic dis-
placements in unstrained and strained configurations share
various common features. First, they exhibit a cooperative
character, with mobile atoms connected in clusters. Second,
the number and average size as well as the chemical compo-
sition of such clusters are sensitive to compression cycles.
The similar responses of unstrained and strained configura-
tions support the hypothesis that metallic glasses are com-
plex assemblies of local atomic arrangements with a defined
hierarchy of stability. Correspondingly, most unstable ar-
rangements rearrange even under the effects of small thermal
or mechanical perturbations.

A comparison between collective displacements was car-
ried out to point out possible correlations between mobile
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FIG. 7. The ratio r, . between the number of Ni and Zr atoms
participating in correlated motion as a function of the strain €,. Data
refer to strained configurations that have undergone two compres-
sion cycles.
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FIG. 8. (Color online) The probabilities P, ; ((J) and P,, .11 (O)
as a function of the number m of compression cycles. Data were
calculated by considering configurations strained at a e, value of
0.03.

atoms in unstrained and strained configurations and identify-
ing possible unstable regions. To such aim, the probabilities
P,, and P, .., were defined. The former represents the
probability for a given atom that has participated in a rear-
rangement in a given unstrained configuration to undergo a
rearrangement also in the corresponding strained configura-
tion. The latter represents instead the probability for a given
atom rearranging in a given unstrained configuration as well
as in the corresponding strained one to lose its mobility si-
multaneously in the unstrained and strained configurations as
a consequence of a compression cycle.

It is here worth noting that the evaluation of the above
mentioned probabilities is complicated by two aspects. First,
both P, ; and P, ,,, are expected to depend on the strain &,.
Second, the number of mobile atoms in unstrained configu-
rations is generally smaller than in strained ones. Such com-
plications have been dealt with by using the number of mo-
bile atoms in unstrained configurations as a reference value.
The calculation of P, reduces then to the identification in
strained configurations of the same atoms that have under-
gone a rearrangement in unstrained configurations. Such at-
oms are counted only if they have rearranged also in strained
configurations. P, is finally obtained by normalizing the
total number of atoms rearranging in strained configurations
to the total number of atoms rearranging in unstrained con-
figurations. Correspondingly, P, ; would be equal to 1 when
the atoms rearranging in unstrained and strained configura-
tions are the same. P, ,,,; can be instead calculated by iden-
tifying in strained configurations the same atoms that have
lost their mobility in unstrained ones after a compression
cycle. If such atoms have lost their mobility also in strained
configurations, they are counted. P,, ., is finally obtained
by normalizing the total number of immobilized atoms in
strained configurations to the total number of atoms immo-
bilized in unstrained configurations. Therefore, P,, ,,,; would
be equal to 1 when the atoms that have lost their mobility in
unstrained and strained configurations as a consequence of a
compression cycle are the same.

The P, and P, ., values obtained are shown in Fig. 8
as a function of the number m of compression cycles. It can
be seen that, although P, ; undergoes a slight decrease with
m, its values keep close to 1. Thus, most of atoms involved
in collective displacements in unstrained configurations also
participate in cooperative motion in strained ones. P, .
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values are slightly smaller than P, ones, which means that
the atoms that lose their mobility in cooperative rearrange-
ments in unstrained and strained configurations are approxi-
mately the same. The data shown in Fig. 8 were obtained by
considering a configuration strained at a €, value of 0.03, but
analogous results are obtained with other strained configura-
tions.

The evidences concerning P, and P, ., suggest that
cooperative rearrangements in the absence of shear stress,
i.e., under simple thermal activation, and in the presence of
shear stress, i.e., under mechanical deformation, involve ap-
proximately the same regions of metallic glass. The number
of such regions is decreased by compression cycles, which
are then able to modify the structure of local atomic arrange-
ments and thus affect atomic mobility.

VI. LOCAL STRUCTURES AND ATOMIC MOBILITY IN
UNSTRAINED CONFIGURATIONS

The decrease in the ratios r. and r, . between Ni and Zr
mobile atoms with the number m of compression cycles rep-
resents a signature of the effects of individual compression
cycles. The decrease in the number of mobile Ni atoms plays
thus a key role in the overall atomic mobility decrease due to
structural modifications of local atomic arrangements. For
this reason, the coordination of Ni atoms in unstrained con-
figurations was characterized in detail by taking advantage of
the space tessellation with Voronoi polyhedra.?® The different
Voronoi polyhedra were described in terms of the specific
Voronoi indices (s,7,v,w), which indicate respectively the
number of faces with three, four, five, and six vertices.?® The
frequency f of the different Voronoi polyhedra observed in
the unstrained configuration that has not undergone compres-
sion cycles is shown in Fig. 9. It can be seen that a signifi-
cant fraction of polyhedra has an icosahedral (ih) geometry.
However, the Ni average coordination number is quite far
from 12. It approaches indeed to 9 in accordance with pre-
vious work.?” The coordination number of Zr atoms, roughly
equal to 14, also agrees with molecular-dynamics data given
in the literature.*® Compression cycles determine only little
changes in the distribution of Voronoi polyhedra, which
mostly concern the (0,0,12,0), (0,2,8,2), and (0,1,10,2) ik and
ih-like coordination shells. The frequency f of these Voronoi
structures varies with the number m of compression cycles as
shown in Fig. 10. The fractions of ik polyhedra with indices
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FIG. 10. (Color online) The frequency f of ih and ih-like
Voronoi polyhedra in unstrained configurations as a function of the
number m of compression cycles. Polyhedra are specified by their
Voronoi indices.

(0,0,12,0) and (0,2,8,2) gradually increase, whereas the frac-
tion of ih-like (0,1,10,2) ones decreases. On the whole, the
fraction of ih polyhedra increases however from about 0.24
to 0.27.

It is now worth noting that the number ny; . of mobile Ni
atoms in unstrained configurations and the one ny; ., of mo-
bile Ni atoms in strained configurations for any given strain
g, correlate quite well with the number ny;;;, of Ni atoms
with ik and ih-like coordinations. As shown in Fig. 11, ny; .
and ny; . decrease indeed linearly as ny;,;, increases. This
behavior can be tentatively related to the relatively small
volume of Ni atoms with ik and ih-like coordinations, which

amounts on the average only to about 0.8 (;=9.6 A3. The
consequence of such small value on the mobility of Ni atoms
with ik and ih-like coordinations can be inferred by estimat-
ing the activation volume ), n;;, for the displacement of
these species in unstrained configurations. Substantially in-
dependent of compression cycles undergone by unstrained
configurations, ). i takes an average value of about
6.2 A3 that is significantly larger than the average activation
volume Q,, of 4.5 A3. Ni atoms with ik and ih-like coordi-
nations should then exhibit a remarkably lower mobility than
others.

Such inference is supported by an extensive analysis of
the dynamics of Ni atoms with ¢4 and ih-like coordinations
in unstrained configurations. It appears that only 5% of the
above-mentioned species participates on the average in local
rearrangements. This also suggests that rearrangements occur

9000
| 5. ©.
7000 o-.g EJ .
8o N
5000+ n. o 8 o
o a. o

g

3000 .
16000 17000 18000
Miin

FIG. 11. (Color online) The number of mobile Ni atoms in un-
strained configurations, ny; ., and in configurations strained at a &,
value of 0.03, ny; ., as a function of the number ny; ;; of Ni atoms
with ik and ih-like coordinations in unstrained configurations. Best-
fitted lines are also shown.
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EFFECTS OF COMPRESSION CYCLES ON THE ATOMIC...

(a)

e
g

g

FIG. 12. The Ni (light gray) and Zr (dark gray) atoms involved
in cooperative rearrangements in the unstrained configurations that
have undergone (a) three and (b) four compression cycles. The iso-
lated atom in the darker gray approximately at the center of (b) is
the Ni atom with ih-like coordination appeared after the fourth
compression cycle.

where Ni atoms do not have ik and ih-like coordinations.
Investigations along such a line were pursued further by
monitoring in detail the structural evolution of local atomic
arrangements. Useful support in such analysis came from the
direct comparison between before mobile atoms and after a
given compression cycle. An example is given in Figs. 12(a)
and 12(b), which show the Ni and Zr atoms participating in
collective motion in unstrained configurations that have un-
dergone three and four compression cycles, respectively. It
can be seen that the clusters of mobile atoms involved in
displacements as well as their positions after three and four
compression cycles are substantially the same, except for the
cluster approximately at the center of Fig. 12(a). No collec-
tive rearrangement is observed in such position after the
fourth compression cycle. Such modification can be appar-
ently ascribed to the appearance of a Ni atom with ik or
ih-like coordinations in the position shown in Fig. 12(b). The
same happens for a number of similar cases. A change in the
coordination shell of an individual Ni atom seems therefore
sufficient to suppress a collective rearrangement. To
strengthen this evidence, the distribution P(r) of the dis-
tances r between Ni atoms with ik or ih-like coordinations
and the nearest atom participating in a collective rearrange-
ment was calculated. Typical data are shown in Fig. 13,
where P(r) is compared with the global PCF of the metallic
glass. On the average, Ni atoms with ik and ih-like coordi-
nations are relatively far from rearranging clusters. Similar
data are obtained in all the cases investigated. Accordingly, it
can be inferred that such species hinder local cooperative
rearrangements.

Based on the findings mentioned above, the effects of
compression cycles on the atomic mobility in metallic
glasses should be connected with a redistribution of atomic
volume. Such a redistribution induces the transformation of
structurally unstable regions into more stable ones with an

PHYSICAL REVIEW B 79, 064205 (2009)

PCF

P(r)
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FIG. 13. (Color online) The distribution P(r) of the distances r
between Ni atoms with i and ih-like coordinations and the nearest
atom participating in a collective rearrangement. The data refer to
an unstrained configuration that has undergone five compression
cycles. The global PCF of the metallic glass is also shown for
comparison.

increase in the number of Ni atoms with iz and ih-like coor-
dinations. The atomic density p of the metallic glass should
therefore increase with the number m of compression cycles.
Since the density p increase per compression cycle is quite
small, a large number m of compression cycles must be car-
ried out to obtain reliable evidence in this direction. To this
specific aim, a smaller NisyZrs, metallic glass system of
about 8000 atoms was generated and subjected to a total of
50 compression cycles. The results obtained are shown in
Fig. 14, where the atomic density p can be seen to increase
as the number m of compression cycles increases. Compres-
sion cycles can then be used to stabilize the structure of
metallic glasses obtained at high quenching rates.

VII. CONCLUSIONS

An attempt of relating local structural features to coopera-
tive atomic mobility in metallic glasses in the absence and in
the presence of elastic shear stress has been carried out. The
numerical findings suggest that metallic glasses are complex
systems characterized by structural heterogeneity. More spe-
cifically, local atomic arrangements exhibit a characteristic
degree of stability against structural modifications. This has
crucial consequences on the atomic mobility under simple
thermal activation in the absence and in the presence of elas-

60

Atomic density , p (at nm'3)

Number of compression cycles , m

FIG. 14. (Color online) The atomic density p of unstrained con-
figurations as a function of the number m of compression cycles.
The best-fitted line is also shown.
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tic shear stress. The structure of local arrangements can be
also modified by hydrostatic compression cycles, which de-
termine a decrease in atomic mobility as a result of a de-
crease in number and average size of mobile atom clusters.
The loss of mobility in unstrained and strained configura-
tions is correlated, with the atoms losing mobility being the
same.

The aforementioned behavior can be at least in part as-
cribed to the increase in the number of Ni atoms with i or
ih-like coordinations. Characterized by a much lower mobil-
ity than others, these latter species represent a serious ob-
stacle to the occurrence of local atomic rearrangements.
Since their lower mobility is related to the larger activation
volume for diffusion, a significant role of atomic volumes in
the occurrence of local atomic rearrangements can be in-
ferred.

The results obtained support the hypothesis that the local-
ization of cooperative displacements in a given region is
governed by the relative stability of local atomic arrange-
ments. Being highly improbable to observe a rearrangement
in the neighborhood of Ni atoms with ik or ih-like coordina-
tions, atomic arrangements containing such species cannot
be regarded as potential STZs. In contrast, such evidences
provide information on what a potential STZ actually should
be. In the present case, it can be indeed roughly defined as a
small region of metallic glass in which Ni atoms have coor-
dination different from the i/ or ih-like ones and the struc-

PHYSICAL REVIEW B 79, 064205 (2009)

tural arrangement is unstable against thermal and mechanical
perturbations. It is precisely the latter point that needs clari-
fication. A quantity able to quantitatively measure such de-
gree of structural stability should be in fact defined. A re-
sponse to such question could open the door to an operative
classification of local arrangements in unstrained configura-
tions and to a prediction of potential STZs, with an addi-
tional information about the temperature and strain condi-
tions at which they could operate.

The emerging scenario of a heterogeneous metallic glass
structure with regions specifically hindering local rearrange-
ments entails in principle some relationship to the conceptual
framework based on the percolation of short-range
order.?®*! In accordance with previous work,*' the regions
including Ni atoms with ik or ih-like coordinations undergo
exclusively elastic deformation. It seems therefore that the
presence of Ni atoms with ik or ih-like coordinations could
represent a necessary condition for a relatively ordered local
structuring of atomic species, which could recall the quasic-
rystalline order observed in the short range in numerical
studies. 40
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