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Flow state in molecular-dynamics-simulated deformed amorphous Ni0.5Zr 0.5

K. Brinkmann* and H. Teichler
Institut für Materialphysik und Sonderforschungbereich 602, Universita¨t Göttingen, Hospitalstrasse 3/7, 37073 Go¨ttingen, Germany

~Received 21 June 2002; published 15 November 2002!

Results are reported from molecular dynamics simulations about the deformation behavior of amorphous
metallic Ni0.5Zr0.5 alloys near their glass transition temperature. Constant shear strain rate and constant shear
stress deformations are analyzed. Stress-strain curves from constant shear strain rate deformations reveal
different stages of deformation, first a regime with approximately linear stress-strain relation, then a transient
regime with pronounced strain softening, and finally, for large strains, a nearly strain-independent flow stress
region. The strong stress overshoot in the transient regime is ascribed to a delayed transition under steady-state
deformations from the initial glassy state into a structurally and dynamically different one. This flow state
shows a decreased viscosity, an increased potential energy per atom, and a loss of short-range order, the latter
being deduced from the radial distribution functions. In the flow state, the self-part of the intermediate scat-
tering function reveals an unchanged vibration spectrum of the system but a faster decay of density correlations
compared to the starting structure. Creep curves from constant shear stress deformations show a nearly linearly
increasing strain for moderate shear stresses and moderate deformations. The strain rate depends in a non-
Newtonian manner on stress with an activation volume of 7 –8310229 m3. Deformation simulation with large
constant shear stress leads to an instability, identified as the transition into the flow state.

DOI: 10.1103/PhysRevB.66.184205 PACS number~s!: 81.05.Kf, 52.65.Yy, 81.40.Lm, 83.60.Rs
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I. INTRODUCTION

The present contribution reports results from molecu
dynamics~MD! investigations of a model metallic glass su
jected to shear deformations. External mechanical defor
tions provide an alternative tool to probe the dynamical pr
erties of the glassy state in addition to the more comm
methods like neutron- or light-scattering, dielectric spectr
copy, or tracer diffusion measurements. Mechanical de
mations have been carried out at constant rate, for exam
by Kawamuraet al.1 as tensile deformations, by Katoet al.2

as compression tests, or as creep experiments~see, e.g., Mad-
din and Masumoto,3 Taub,4 Stromböm et al.,5 Weisset al.6

or Ocelik et al.7!.
Here we report results from MD simulations of pure she

deformations for a computer model adapted to the bin
intermetallic compound Ni0.5Zr0.5. The processes studied a
close to the experimental situations investigated by, e
Kato et al.2 for the constant-strain-rate case and Weisset al.6

for the constant-stress case. The Ni0.5Zr0.5 system was chose
because it is a glass-forming alloy investigated well in M
simulations~see, e.g., Teichler8 and the references therein!,
indicating qualitative as well as quantitative conformity~cf.
Teichler9! to experiments10–13 and because its elements a
important components of some of the recently discove
massive glass-forming metallic systems.14 Mechanical defor-
mation studies are aimed at contributing results on the l
frequency dynamics of glasses, complementary to the h
frequency data available, for example, from spin-ec
measurements.15–17

Regarding the research on metallic glasses in the pa
should be mentioned that attempts have been made to un
stand the mechanical behavior of the glasses not only f
the experimental and computational side but also from th
retical calculations based on microscopic pictures describ
the reorientations of atoms under shear. Here the read
0163-1829/2002/66~18!/184205~9!/$20.00 66 1842
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especially referred to the early work of Spaepen,18 who de-
scribes the deformation as arising from diffusional sing
atom jumps biased by an external load, or the investigati
of Argon,19 where, briefly summarized, the plastic respon
is viewed to be due to reorientations of atomic clusters c
taining a number of atoms, and also the work of Tomida a
Egami,20 who developed the bond-exchange mechanism.

Beyond the scope of the above-mentioned investigati
the question remains whether there exist state variables
the glassy system that determine the state of the system
hence a possibly varying response to external deformati
A promising first approach regarding this was provided
Falk and Langer.21 They investigated the response of a tw
dimensional Lennard-Jones glass exposed to an exte
shear stress by introducing the density of shear transfor
tion zones as an additional state quantity. We should qu
here also the Monte Carlo~MC! simulations for a Lennard-
Jones model by Utzet al.22 When subjecting the system t
large strain deformations, the authors find a rejuvenation
the structure, which means a loss of aging, interpreted a
return of the system into the state before annealing.

The mentioned work gives hints at the possible chan
of the glassy state by plastic deformations. Our intention is
elucidate for metallic glasses the effects of mechanical
formations on their structure and to consider also modifi
tions in the atomic dynamics affecting, e.g., the relaxat
processes.

In the following section II we present the basics of o
simulation study, the characterization of our MD model, a
a brief description of the applied methods. Section III repo
the results of our simulations. Sections III A–III D cover
detail results from constant-strain-rate deformatio
constant-shear-stress deformations at different stages of
strained systems, fluctuation behavior of prestrained syste
and constant-shear-stress deformations of undeformed
tems. Section IV completes the present work, including
discussion of our results and the conclusions.
©2002 The American Physical Society05-1
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II. SIMULATION

The MD simulations are carried out as isothermal sim
lations for a system ofN55184 particles in an orthorhombi
simulation box with periodic boundary conditions. In o
studies, the equations of motion of theN particles at tem-
perature T are numerically integrated by a fifth-orde
predictor-corrector algorithm with time steps of typically
310215 s. Temperature is introduced as the kinetic tempe
ture determined from time averages of the kinetic ene
~MD simulation details can be found in various textbooks
for example, Allen and Tildesley23!.

The interatomic couplings are modeled by short-rang
pair potentials, aimed at taking care of the electronicd-state
interactions, and a volume-dependents,p-state part as use
in our previous studies~e.g., Teichler24,25!.

The deformations are carried out at two different tempe
tures below the computer model glass transition temperat
which is found to beTg'1050 K for the accessible coolin
rates.8 Therefore configurations are prepared by cooling
2000 K melt to 1020 K within nominally 270 ns (1.3
3108 integration steps! and subsequently annealing it at th
temperature for about 100 ns. After that the temperatur
further decreased to 810 K with a cooling rateṪ
51010 K/s. Configurations atT51000 K andT5810 K are
picked and annealed at the respective temperatures the
10 ns and will be called parent configurations from now o
Similarly received configurations at different temperatu
will be denoted depending on the particular temperature—
example, 1100 K-parent configuration, etc.

Deformations are imposed on these parent configurat
using the Parrinello-Rahman scheme26 where the simulation
box extensionsLi ,i 5x,y,z are introduced as new dynamic
variables~the program uses the constraint of right angles
the simulation box!. Two modes of deformation are ana
lyzed: First, the forces~or stresses! acting on the faces of the
simulation cell are defined. In order to attain these predefi
forces a change of theLi ’s is allowed. This mode is used t
simulate constant-shear-stress deformations. Second, the
of change of the box dimensionsL̇ i can be setted indepen
dently, resulting in a change of the systems stress state.
values can be taken in the way that the resulting shear s
rate is constant, whereas the strain in, e.g., thex direction at
time t is defined as@Lx(t)2Lx(0)#/Lx(0). This mode is
used to model deformations at a constant strain rate. M
detailed information about the simulation program used
the simulation techniques can be found in Refs. 27–29.

III. RESULTS

In the following we use the second invariants of the str
tensor s and strain tensore in order to introduce a
coordinate-invariant measure of the shear deformation30

For example, the stress measure is given by

sM5H 1

2
Tr@~s2P•I !2#J 1/2

, ~1!
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where P5 1
3 Tr(s) denotes the hydrostatic pressure. T

strain measureeM is derived in the same way frome.

A. Deformation under constant shear strain

Figure 1 shows the stress-strain curves for two differ
strain rates for deformations at the denoted temperatu
The shape of the stress-strain curves permits the definitio
two distinct regimes:~i! The linear regime for strains up t
2%. In this regime the stress increases strongly and ne
linear with increasing strain.~ii ! The flow regime for the
strain value exceeding 7%. In this regime the stress valu
drastically decreased compared to the maximum value at
yield point and is only slightly varying with increasin
strain.

Regarding the shape of our simulated stress-strain cu
it should be mentioned that its pronounced strain soften
effect is well known for the deformation of polymeri
glasses31 and it has been found to be a characteristic feat
of some bulk metallic glasses strained at very high deform
tion rates.2 There are also computer simulation studies li
the MC simulations of Utzet al.,22 which yield similar
results.

In Fig. 2 the development of the potential energy p
atom, Epot , is plotted for the stress-strain simulation ru
shown in Fig. 1. After a quadratic increase at low strains,
energy turns to a linear strain dependence at large stra
The linear regime in the potential energy, Fig. 2, correspo
to the flow regime of the stress-strain curves, Fig. 1. App
ently, the weak dependence ofEpot on eM is a fingerprint of
this flow state. The energy of the simulated flow state
pends on the applied strain rate, with a higher strain r
leading to a higher value ofEpot .

The enhanced potential energy of the flow state obviou
indicates a change of the structure of the simulated mode
order to measure this change, we use the Wendt-Abra

FIG. 1. Stress-strain curves for the deformation with a strain r
of 1.3%/ns~line! and 13.5%/ns~dashed line! at two temperatures
The lines denoted byA–F define different stages in the deformatio
history. Structures belonging to the stagesA–F are investigated by
further simulations~cf. Secs. III B and III C!.
5-2
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FLOW STATE IN MOLECULAR-DYNAMICS-SIMULATED . . . PHYSICAL REVIEW B66, 184205 ~2002!
parameter32 RWA
Zr in the Zr subsystem.RWA

Zr is defined in
terms of the radial distribution functiongZrZr(r ) by the ratio
of the gZrZr(r ) values at the first minimum and the fir
maximum. Table I shows theRWA

Zr values for different strain
regions of the stress-strain curves at different temperat
and strain rates. For evaluatingRWA

Zr , gZrZr(r ) is calculated
by averaging over several configurations of the system
longing to the particular strain regions. Compared to the
deformed state, the flow state has an increasedRWA

Zr value,
reflecting the change of structure.

Regarding the degree of modification of the system str
ture under the transition into the flow state at large pla
deformations, consider Fig. 3, showing the known line
temperature dependence ofRWA

Zr , with a change in slope a
Tg . Included in the diagram areRWA

Zr values for the 810 K-
and 1000 K-parent configurations. Further, the diagram p
sents theRWA

Zr value deduced for the flow state from th
deformation with a strain rate of 13%/ns at 1000 K. T
figure shows that theRWA

Zr value in the flow state become
comparable with that of an equilibrium system at a tempe
ture which is about 200 K higher.

B. Deformation of prestrained configurations

For further characterizing the flow state, we have carr
out constant-shear-stress deformations with predefor
configurations taken from the stress-strain-curve simulati
at 1000 K. The considered configurations are indicated
Fig. 1 by the labelsA–D. They are taken from the linear an
flow regimes, respectively, and from 1.3%/ns and 13%

FIG. 2. Development ofEpot with strain for the deformations
whose stress-strain curves are displayed in Fig. 1.

TABLE I. RWA
Zr deduced for different strain windows for th

stress-strain curves of Fig. 1.

RWA
Zr

T @K# ėM@%/ns# eM,0.02 0.08,eM,0.13 eM.0.14

810 1.3 0.1437 0.1576 0.1572
810 13 0.1456 0.1637 0.1759
1000 1.3 0.1572 0.1675 0.1665
1000 13 0.1554 0.1793 0.1804
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strain rates. A pure shear with constant shear stress is
posed on these initial configurations, described throu
2sxx5syy5s as the only nonzero values of the stress te
sor ~note that the values is only equal to our stress measu
sM for this two-dimensional deformation mode!.

Figure 4 displays the creep curves for configuratio
A–D, all of them subjected to the same shear stress ofsM
5664 MPa.

It is obvious that the response of the system strongly
pends on the regime of the stress-strain curves to which
configurations belong.A andC, from the linear regime, show
no significant creep, whereasB andD ~flow regime! are dra-
matically deformed. In terms of the shear viscosity, whi
can be calculated as the ratio ofsM and the creep rateėM ,
the configurations from the flow state (B andD) are charac-
terized by a viscosity being about four orders of magnitu
smaller than that for the configurations from the linear
gime (A andC).

FIG. 3. Temperature dependence ofRWA
Zr ~open squares!. Indi-

cated by arrows are the values for the parent configurations use
the deformation simulations~solid circles!. Additionally plotted is
the calculated Wendt-Abraham parameter for the flow regime of

stress-strain curve forT51000 K andėM513%/ns~cross!.

FIG. 4. Creep curves of four reference configurations~see text!.
The deformation simulations are carried out in the same way
configurationA–D. The configurations are only distinguished b
the deformation history~cf. Fig. 1!.
5-3
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C. Fluctuation dynamics of prestrained configurations

Here we provide results about changes of the fluctua
dynamics after straining the systems, visible, for example
the intermediate scattering function. Regarding this, Fig
presents the self-part of the intermediate scattering func
F(q,t) deduced from 10-ns simulation runs starting w
different initial configurations as given in Table II. Th
evaluation ofF(q,t) is carried out for the last 5 ns of thes
runs withq521 nm21, aq value that corresponds to the fir
maximum of the structure factor. The time window display
in Fig. 5 covers the whole frequency range from therm
vibrations to theb- anda-decay regimes of density fluctua
tions as described by the mode coupling theory.33,34The pre-
sented curves therefore display the fluctuation characteri
of a particular, history-dependent nonequilibrium state of
system.

Curves ~i!–~iv! result from MD simulations at 1000 K
using different initial configurations; curve~v! is simulated at
1100 K. The intermediate scattering functions~i!–~iv! coin-
cide — more or less — in the initial vibrational decay regim
below 0.2 ps. This reflects similar vibrational atomic motio

TABLE II. Characterization of the initial configurations for th
10-ns simulation runs used to calculateF(q,t). Configurations
with numbers~i!–~v! are displayed in Fig. 5. For the deforme
configurationsA–F, cf. Fig. 1. The relaxation timesta are calcu-
lated ~see text! for these simulation runs.

No Initial configuration Simulation temperature ta

~i! 1000 K-parent 1000 K 92 ns
~ii ! deformedC 1000 K 165 ns
~iii ! deformedD 1000 K 31 ns
~iv! 1200 K-parent 1000 K 30 ns
~v! 1100 K-parent 1100 K 27 ns
- deformedA 1000 K 189 ns
- deformedB 1000 K 39 ns
- 810 K-parent 810 K 1190 ns
- deformedE 810 K '3700 ns
- deformedF 810 K 67 ns

FIG. 5. Intermediate scattering function for the configuratio
defined in Table II.
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in these cases. For curve~v! the vibrational decay is stronge
due to the increased thermal motion. Accordingly, the sh
time behavior below 0.2 ps seems to depend only on
simulation temperature with a more pronounced decay w
the temperature is increased.

Regarding thea decay, let us first consider curves~i!–
~iii !. For the weakly prestrained curve~ii !, Fig. 5 displays a
delayeda decay compared to the undeformed parent str
ture ~i!. In contrast to this behavior, for the strongly pr
strained configuration~iii !, deformed up to the flow regime
the a decay takes place earlier than in the parent struct
Hence, the weakly prestrained configuration appears m
rigid than the undeformed one and the strongly prestrai
configuration displays a decreased viscosity. This is in ag
ment with the findings of Sec. III B.

In the b regime, which extends between the initial vibr
tional decay and the finala decay, the intermediate scatte
ing function of the weakly prestrained structure~ii ! exhibits
no significant change compared to the parent structure~i!.
Different from this behavior, the structure~iii !, taken from
the flow state, shows a strongerb decay and falls below
curves~i! and ~ii !. In the mode-coupling theory, the form o
the intermediate scattering function in theb regime is as-
cribed to the ‘‘cage effect.’’ In this picture, the decrease
the intermediate scattering function in theb regime is sup-
pressed because atoms are trapped in ‘‘cages’’ built by
surrounding atoms. The delayed breaking off of these ca
leads to the lateb and thea decays. Therefore, the modifi
cation in theb regime of curve~iii ! indicates that the cage
are broken off easier in the strongly predeformed struct
than in the undeformed parent structure, again implying
loss of rigidity.

Let us now consider configurations~iv! and~v! and com-
pare them with the configuration from the flow state, co
figuration ~iii !. Like curve ~iii !, curve ~v! from the 1100
K-parent configuration shows a markedly lowera-decay
time than~i! and~ii !. But compared to curve~iii !, the short-
time vibrational decay for curve~v! is too strong. The fea-
tures of the strongly prestrained configuration can be in
preted in more detail by introducing the concept of sho
range order in the structure and its temperature depende
Regarding this, we consider a simulated melt equilibrated
1200 K and rapidly quenched to 1000 K. The system th
has the short-range order of the 1200 K melt, but the ther
fluctuations of a 1000 K structure. The intermediate scat
ing function of this structure is included in Fig. 5 as cur
~iv!. This curve shows the fluctuation decay expected at 1
K but a fastera decay — a similar behavior as found for th
strongly prestrained curve~iii !. Therefore, taking the simula
tion temperature as a reference, the flow state behaves l
system having a fluctuation spectrum as expected for
temperature but a structure similar to that at a higher te
perature.

To obtain a quantitative picture of the change in thea
regime, the relaxation timesta are calculated~see Table II!
from the adaptation of a stretched exponential funct
Fa(q,t);exp@2(t/ta)b# to the determinedF(q,t) curves
for long times35 ~adapted curves are not shown in Fig. 5 f
clarity!. These values indicate, as is visible in theF(q,t)
curves in Fig. 5, an increasing relaxation time for weak

s
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FLOW STATE IN MOLECULAR-DYNAMICS-SIMULATED . . . PHYSICAL REVIEW B66, 184205 ~2002!
strained systems and a decrease for initial configurations
longing to the flow regime. If theta values are taken as
measure of the ‘‘age’’ of the simulated system, the fluctu
tion dynamics indicates deformation-dependent change
the system age. Thus, the here-described modified fluctua
dynamics and the structural changes~see Sec. III A! can be
interpreted in terms of the aging and rejuvenation effe
reported for polymeric glasses.31,36

The changes in the fluctuation dynamics for the syst
belonging to the flow state show the same features as
cently described by Berthier, Barrat, and Kurchan37 based on
a theoretical model whose dynamics is given by a Lange
equation. Their model was subjected to a driving force h
ing in mind the situation of a sheared fluid. The investiga
correlation function37 is comparable to that used in our wor
They found for the driven steady state a so-called two-tim
scale, two-temperature scenario: a typical two-step deca
the correlation function with the modification that only th
primary decay is equal to an undriven system~caused by the
‘‘heat bath’’!. The secondary, final decay is faster due to
driving effects and could be described by an increased ef
tive temperature. But note that Berthieret al.37 observe the
faster decay during the action of the driving force, while it
found in a load-free prestrained situation in our simulatio
According to our results, the faster decay is due to a cha
of the viscosity of the system and not an effect of the driv
force.

D. Deformation under constant shear stress

In this section we report results for the simulat
Ni0.5Zr0.5 system subjected to deformations under cons
shear stress. The parent configurations are exposed to a
shear stress characterized by a stress tensor withsxx5syy
522szz ands i j 50 if iÞ j .

In the following, we distinguish between deformatio
simulations restricted to strain values well below the yie
point strain ofeM;5% ~cf. Fig. 1! and those reaching strain
beyond this point. According to the constant-strain-r
simulations of Secs. III A–III C, in the first case the syste
remains close to the linear, elastic deformation regime wh
increased deformations induce structural changes, which
to a more aged behavior. In the second case, the defo
tions reach strain values for which rejuvenation occurs un
constant-strain-rate conditions, which means that a sig
cant change of the structure takes place. Below, the res
for the low-strain case are analyzed in terms of the conv
tional theory of thermally activated deformatio
processes18,19intended to describe structural reorientations
small volume fractions inside an unchanged matrix. In
large-strain case, the deformations completely destroy
topology of the undeformed system and lead to a situa
outside the applicability of these conventional models.

1. Deformations below 5% strain

The deformations are analyzed by use of the creep cur
which reveal the evolution of strain with time. The simulat
deformation procedures are as follows: For the simulation
1000 K a constant shear stress is applied for 10 ns. The s
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then is reduced to half its value and the system is allowed
relax and deform under this lower stress value for an ad
tional 10 ns. After that time, the applied stress is remov
and the relaxation of the system is recorded for further 10
At 810 K, a constant shear stress is applied for 20 ns an
removed after that time so that the system can relax fo
further 20 ns without a load. Variable initial shear-stress v
ues are used at both temperatures and the loading and
loading is done with a shear-stress rateṡM51300 MPa/ns
for all simulations. As an example, Fig. 6 shows the str
evolution with time for different initial stress values at 100
K and 810 K, respectively.

For the initial creep in Fig. 6 — before changing the lo
— one observes a nearly linear increase in theeM(t) curves,
implying a steady-state viscoelastic-anelastic creep. The
reductions after 20 ns for the 1000 K case and the unload
after 30 ns for both temperatures are accompanied by su
quent strain drops, reflecting the elastic parts of the str
After the strain drops, the system shows strain relaxat
phenomena, resulting in slight decreases in theeM(t) curves.
Such an anelastic recovery effect is well known for the lo
load deformations of metallic glasses and was investiga
experimentally, for example, by Weisset al.6 who interpreted
their results in terms of the earlier model of Tsao a
Spaepen.43 At least for the 1000 K simulations, Fig. 6~a!, our
creep curves show that the recovery seems to be more
nounced for the weaker-deformed system. This is in agr
ment with the discussion by Argon and Shi44 on the transi-
tion from an anelastic to plastic response in amorph
systems under increasing deformation. According to th
authors, plastic deformation evolves at larger strains, beca
the overall fraction of transformed regions increases, rais
the possibility of finding closely neighbored deformed zon
which results in a loss of memory in the surroundings o
particular deformed region. After reducing the load duri
the 1000 K simulations, no strain increase is observed
tween 20 and 30 ns. This may be an indication that in

FIG. 6. ~a! Strain evolution during deformation of our MD
model for two different initial shear stresses at 1000 K. Halving
applied att520 ns and unloading att530 ns.~b! Strain evolution
with time at 810 K. The load is removed att530 ns.
5-5
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K. BRINKMANN AND H. TEICHLER PHYSICAL REVIEW B 66, 184205 ~2002!
considered time window anelastic recovery dominates
dynamics. For both temperatures the final plastic deform
tion is less than 1%, while deformations at the higher te
perature result in larger final strains.

Figure 7 displays the strain rates deduced from defor
tions at various initial stress values for the two temperatu
The strain rates are calculated using a linear regres
analysis ofeM(t) in the time windows between 11 and 19
at 1000 K~11–17 ns for the largest stress value at 1000
see below! and 11–29 ns at 810 K. Figure 7 indicates
non-Newtonian creep behavior which is a key characteri
for the homogeneous flow in metallic glasses.3,18,19,4We use
the well-established hyperbolic sine law18,19 ėM
;sinh@VsM /kT# to analyze the shear-strain rate vers
shear-stress dependence at a given temperature. This lea
an activation volume of the orderV'7 –8310229 m3. This
is close to the values of experimentally determined activa
volumes4,38,39 and also similar to that reported for a MD
simulated Lennard-Jones system by Tomida and Egami.20

2. Deformations above 5% strain

Figure 8~a! displays the creep curve atT51000 K result-
ing from a simulated deformation with an initial stress
sM51006 MPa. It exhibits an instability under consta
shear stress: The MD model shows a deformation w
nearly linear increasing strain as expected. Then, after a
t517 ns, an increasing strain rate can be observed, lea
to a dramatic shearing of the model. Att520 ns, when re-
ducing the loading stress to half its value, the increase st
During the following 10 ns of deformation with the reduce
load, the system seems to establish another steady-state
where the strain rate decreases again to a smaller value.
unloading att530 ns, the final plastic deformation is abo
60%.

Figure 8~b! represents theRWA
Zr values which result from

an evaluation of the radial distribution functions for differe
time windows of the MD data from the simulated cree
curve displayed in Fig. 8~a!. If a specific time window has
initial and final timest i and t f , respectively, then theRWA

Zr

value for that particular time window is plotted at timet

FIG. 7. Strain rate vs shear-stress dependence evaluated
the MD-simulated deformation of our Ni0.5Zr0.5 model at two dif-
ferent temperatures.
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50.5(t f2t i). As guides to the eye theRWA
Zr values forT

5Tg andT5Tg1200 K are contained in Fig. 8~b! indicated
by lines. During the instability a strong increase of theRWA

Zr

value is observed whereas after unloadingRWA
Zr decreases

again, reaching nearly the starting value.
Accordingly, the instability seems to be caused by a str

tural change in the system. Comparison of these findi
with those from the constant-strain-rate deformations of S
III A reveals that the instability is analogous to the transiti
into the flow state. Thus, application of large enough stres
leads to a change of the system state towards one w
easily is able to maintain the large strain rates.

IV. DISCUSSION

First let us summarize the basic results presented so fa
the paper.

~1! Simulated plastic deformation under a constant h
strain rate leads to stress-strain curves resembling the ex
mental ones~see especially Katoet al.2!. The stress over-
shoot and the subsequent strain softening effect reflect a
sition from a hardly deformable state into a flow state, wh
carries the plastic deformation easily. Depending on
strain rate, the potential energy of the flow state is altered
higher values, which imply a change of structure in the M
model towards a more liquid one.

~2! Shearing with a constant shear-strain rate results
aging or rejuvenation of the structure, depending on the
gree of deformation. As can be seen from thea-relaxation
times of prestrained samples, weakly prestrained ones s
a larger relaxation time than the unstrained samples. T
means there is an aging effect under these conditions. Ag
is oberserved as long as the system remains in the lin
regime during prestraining. In the case of large prestrain
after the transition into the flow state, the samples exhib
decreaseda-relaxation time compared to the unstrain
ones, which means they show the feature of rejuvenation

~3! Deformation under constant shear stresssM leads to a
linear increase in strain, which means a constant strain

om
FIG. 8. ~a! Evolution of strain with time during creep atT

51000 K and an initial stress ofsM51006 MPa. The dotted lines
indicate the simulation times at which changing of the imposed l
occurs.~b! EvaluatedRWA

Zr -values at different times for the cree
curve from~a! ~see text!.
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FLOW STATE IN MOLECULAR-DYNAMICS-SIMULATED . . . PHYSICAL REVIEW B66, 184205 ~2002!
ėM , at least for the here studied deformations of less t
5% total strain. The stress dependence ofėM can be well
described by the sinh law,18,19 yielding an activation volume
of 7 –8310229 m3 which nearly equals 5 times the atom
volume.

~4! In the particular case of a high, constant shear str
well above the flow stress value, an instability was obser
after about 5% deformation: a dramatic reduction of the v
cosity of the system takes place, leading to a catastro
increase of the strain rate~compare Fig. 8, Sec. III D!. From
the deformation dependence of the Wendt-Abraham par
eter, RWA

Zr , this instability under constant shear stress h
been identified as the transition into the flow state.

We note that values likeRWA
Zr or the relaxation timeta are

isotropic diagnostic means aimed at characterizing the g
features of the structural changes induced by high-strain-
deformations. One should be aware that mechanical de
mations induce, in addition, an anisotropy of the system
analyzed, e.g., by Tomida and Egami.20

A. Deformation with large strain rates

As a consequence of high-strain-rate deformations,
simulations clearly show a change of state of the sys
towards a more easily deformable one: the flow state. I
characterized by an obvious increase in the potential en
and a change of the structure towards a more disordered
indicated by the change ofRWA

Zr and has to be viewed as
driven, stationary state, differing from that of the respect
parent configuration. The latter can be concluded from
instability and its stopping under load reduction, Fig 8: Wh
the catastrophic straining is stopped by reducing the load
structure of the model, as far as reflected by the Wen
Abraham parameter, relaxes back towards that at the be
ning of the creep deformation.

The increase of the energy and the enhanced struc
disordering in the flow state depend mainly on the strain r
and only weakly on the simulation temperature. The gap
tween the potential energy curves at different temperatu
visible in Fig. 2, Sec. III A, is due to vibrational displace
ments of the atoms. According to the virial theorem for h
monic excitations, the mean potential energyEpot stored in
the vibrational displacements is equal to the mean kin
energy per atom,Ekin . Therefore, the configurational part o
the potential energy can be estimated by consideringEpot
2Ekin , which means elimination of the vibrational contrib
tions. In Fig. 9,Epot2Ekin is plotted against the strain fo
the deformation simulations with a strain rate of 1.3%/
The data indicate an independence of the configurational
of the potential energy,Epot2Ekin , from the initial tempera-
ture for the flow-state regime.

Regarding the structural changes during the transition
the flow state, it is noteworthy to refer to the work of Po
and Turnbull.40 There the authors speculate on how the str
ture of a glassy system is affected by a deformation a
given strain rate or stress, when the latter is above so
characteristic limit.40 They explain that during deformatio
at high rates a nonequilibrium structure should be pres
which differs from the one in equilibrium in a way that it
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more ‘‘disordered.’’ They also make suggestions on the m
ner in which the enhanced disorder could occur: due to~i! a
‘‘greater compositional disordering’’ or~ii ! an increase in the
‘‘average atomic volume.’’ It is also argued40 that this non-
equilibrium structure is comparable to an equilibrium stru
ture at higher temperatures ‘‘without an actual temperat
increase.’’

Our simulation study is in agreement with these assum
tions. For our model amorphous metal, the enhanced st
tural disorder arises from an increase in compositional dis
der. A change of the average atomic volume can be exclu
because the volume in our constant-strain-rate simulation
kept constant. The Wendt-Abraham parameter can be use
a simple measure of the effective structural temperature
crease~cf. Sec. III A!.

We further note that evidence is found also in experime
for the here-described transition into the flow state—for e
ample, in those by Popescu41 on tensile deformation tests o
Fe80B20 metallic glass or by Kobaet al.42 on the rolling and
bending of Fe40Ni38Mo4B18 and Co56Ni10Fe5Si12B17 metallic
glasses. Comparing the x-ray diffraction patterns of
quenched and deformed samples, they found a decrea
intensity for the first and second diffraction peaks for t
deformed specimen, which they use as an indication of
creased structural disorder. Popescu41 refers to the work of
Polk and Turnbull40 and gives arguments that his observ
tions are due to an increased compositional disorder,
though volume conservation is not maintained in his exp
ments.

B. Aging and rejuvenation during shear deformation

Analysis of the structural fluctuations in our MD model
terms of the self-part of the intermediate scattering funct
F(q,t) reveals the effects of aging and rejuvenation, d
pending on whether the reached strain is small or large.
juvenation of a Lennard-Jones glass has been reporte
Utz et al.22 from MC simulations of shearing. There, rejuv
nation is characterized through a change of the radial dis
bution function and an increase in potential energy.

FIG. 9. Evolution of Epot2Ekin with strain for the MD-
simulated deformation of our Ni0.5Zr0.5 model at two different tem-
peratures for a strain rate of 1.3%/ns. The curves were lig
smoothed to get a clearer distinction between the energies of
parent configurations (eM50).
5-7
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Our MD simulations demonstrate that rejuvenation a
involves modifications of the fluctuation dynamics of t
system, in addition to the structural changes~see Sec. III C!.
The modifications of the dynamics are visible in the posit
and heights of thea relaxation peak. They imply a change
the fluctuation behavior in theb-regime, while the therma
vibrations are not affected by rejuvenation but reflect
simulation temperature.

Apart from that, our simulations exhibit a phenomen
which is reported, to our knowledge, for the first time:
increase in thea-relaxation time of weakly sheared system
indicating additional aging of the model amorphous struct
~and offering the possibility of generating more rigid amo
phous structures by weakly shearing them!.

These findings can be explained in the energy landsc
picture45–47 as an effect of exploration of the high
dimensional potential energy hypersurface by the syst
By weakly straining, the system is driven rapidly throu
the configuration space until regions of increased poten
barriers are reached, resulting in the reported increa
rigidity ~Sec. III B! or the increase in a-relaxation
times ~Sec. III C!. If the deformation proceeds, th
system surmounts those higher-energy barriers afte
certain time and is driven into regions of the potent
energy hypersurface normally belonging to an equilibriu
melt, resulting in the rejuvenation effect as determin
for example, by the decreased relaxation times~Sec. III C!.
Details of possible mechanisms allowing the explorat
of the energy landscape can be found for example
Ref. 48.

FIG. 10. Simulated creep curves withsM5719 MPa at 1000 K
for two different initial configurations. The parent curve is identic
to that in Fig. 6~a!. The curve ‘‘predeformed’’ starts from the
simulation run of the parent configuration after a deformation
sM5719 MPa for a time of nearly 10 ns. Obviously these tw
creep curves describe a similar response of the MD model ag
loading. That means a significant change in the structure has
occurred during predeformation.
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C. Homogeneous and heterogeneous deformations
in metallic glasses

From experiments it is known that the deformation in m
tallic glasses depends on temperature and imposed load
lowing two different modes of deformation:49 homogeneous
deformation at high temperatures and low loads and het
geneous deformation at low temperatures and high loa
The latter mode leads to the formation of shear bands app
ing as localized highly deformed regions in the samp
These properties are often summarized in so called defor
tion maps as, for example, presented by Spaepen for
based metallic glasses.18

Although our simulations are carried out at temperatu
close to the homogeneous deformation regime,49 two dis-
tinctable modes of deformation are observed. It well may
that these modes can be related to the structural dynamic
the experimentally found homogeneous and heterogene
deformations.

The first mode, observed in the simulations, is presen
the constant-shear-stress deformations of Sec. III D and le
to moderate strain rates~the curve with the instability should
be excluded here!. In this mode, the deformation is not ac
companied by a drastic change of the state of the system
can be seen in Fig. 10, where a predeformed system
sheared again, resembling a more or less unchanged c
curve compared to the first one~details in Fig. 10!. The sec-
ond mode appears as the transition into the flow state
deformations at high strain rates~see Sec. III A!, changing
the state of the system in the above-described manner~higher
potential energy, etc.!.

Experiments indicate structural changes in shear ba
which are often explained by an increased disorder. T
is concluded, for example, from observations of a modifi
etching behavior of surfaces in regions where sh
bands occur50,51 or from variations in the microhardness,42

with decreasing microhardness if the measureme
were performed in regions of increased shear band den
implying a loss of rigidity in those regions. Note that th
flow state is characterized through an increased disorder,
ing RWA

Zr as a measure~Sec. III A! and a lowered rigidity
~Sec. III B!.

Therefrom it is tempting to assume that our first mo
models the structural dynamics during homogeneous de
mation and the second mode characterizes the dynamic
the interior of a shear band during heterogeneous defor
tion. In this picture, the occurrence of shear bands reflec
transition into this second mode for a confined, platelike p
of the volume.
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