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Flow state in molecular-dynamics-simulated deformed amorphous NikZr 5
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Results are reported from molecular dynamics simulations about the deformation behavior of amorphous
metallic Ny sZrq 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 X8 2° m®. Deformation simulation with large
constant shear stress leads to an instability, identified as the transition into the flow state.
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[. INTRODUCTION especially referred to the early work of Spaep&mho de-
scribes the deformation as arising from diffusional single-
The present contribution reports results from molecula@tom Jumlgs biased by an external load, or the investigations
dynamics(MD) investigations of a model metallic glass sub- Of Argon,™ where, briefly summarized, the plastic response
jected to shear deformations. External mechanical deformdS vViewed to be due to reorientations of atomic clusters con-
tions provide an alternative tool to probe the dynamical propi@ining a number of atoms, and also the work of Tomida and

erties of the glassy state in addition to the more Commorjlzgg:“’o ngqa:i\églogi? mg ggg\?:xmc:r?tinogneegq?nc\?ea}srt]ilszr&ons
methods like neutron- or light-scattering, dielectric spectros, qzestion remai%s whether there exist state variagles for
Copy, o raer ifusion essurements, Mechanial e dassy syt that deerming he st of e ystm an
1 . . ’ 2 fience a possibly varying response to external deformations.
by Kawamurget al” as tensile deformatlpns, by Kaéa al- A promising first approach regarding this was provided by
as compression tests, or as creep_'experln(?ets €9 Mad- " rq and Lange?! They investigated the response of a two-
glrnoir:a?ik'\g?il]g?m&-rauu Strombon et al.,” Weissetal”  gimensional Lennard-Jones glass exposed to an external

) ) shear stress by introducing the density of shear transforma-
Here we report results from MD simulations of pure sheartion zones as an additional state quantity. We should quote
deformations for a computer model adapted to the binarfere also the Monte CarlC) simulations for a Lennard-
intermetallic compound NisZro 5. The processes studied are Jones model by Utet al?? When subjecting the system to
close to the experimental situations investigated by, e.glarge strain deformations, the authors find a rejuvenation of
Kato et al? for the constant-strain-rate case and Weisal®  the structure, which means a loss of aging, interpreted as a
for the constant-stress case. Thg #iry s System was chosen return of the system into the state before annealing.
because it is a glass-forming alloy investigated well in MD  The mentioned work gives hints at the possible changes
simulations(see, e.g., Teichlérand the references thergin  of the glassy state by plastic deformations. Our intention is to
indicating qualitative as well as quantitative conformity. elucidate for metallic glasses the effects of mechanical de-
Teichlef) to experiment¥*and because its elements are formations on their structure and to consider also modifica-
important components of some of the recently discoveredions in the atomic dynamics affecting, e.g., the relaxation
massive glass-forming metallic systeM#&iechanical defor-  processes.
mation studies are aimed at contributing results on the low- In the following section Il we present the basics of our
frequency dynamics of glasses, complementary to the highsimulation study, the characterization of our MD model, and
frequency data available, for example, from spin-echoa brief description of the applied methods. Section Ill reports
measurements’ the results of our simulations. Sections Il A—Ill D cover in
Regarding the research on metallic glasses in the past, detail results from constant-strain-rate deformations,
should be mentioned that attempts have been made to und@mnstant-shear-stress deformations at different stages of pre-
stand the mechanical behavior of the glasses not only frorstrained systems, fluctuation behavior of prestrained systems,
the experimental and computational side but also from theoand constant-shear-stress deformations of undeformed sys-
retical calculations based on microscopic pictures describingems. Section IV completes the present work, including the
the reorientations of atoms under shear. Here the reader @§scussion of our results and the conclusions.
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II. SIMULATION 2000

The MD simulations are carried out as isothermal simu- 1500 |
lations for a system dil=5184 particles in an orthorhombic
simulation box with periodic boundary conditions. In our 1000 F
studies, the equations of motion of tiNeparticles at tem- 500 |
perature T are numerically integrated by a fifth-order

predictor-corrector algorithm with time steps of typically 2 £ 0
X 10 1®s. Temperature is introduced as the kinetic tempera- =)
ture determined from time averages of the kinetic energy g 1500 |
(MD simulation details can be found in various textbooks— 1000 |
for example, Allen and Tildesl&).

The interatomic couplings are modeled by short-ranged 500 |
pair potentials, aimed at taking care of the electrahitate
interactions, and a volume-dependspp-state part as used 0

in our previous studiee.g., Teichle?*?.

The deformations are carried out at two different tempera-
tures below the computer model glass transition temperature, g, 1. Stress-strain curves for the deformation with a strain rate
which is found to beT ;=~1050 K for the accessible cooling of 1 30%/ns(line) and 13.5%/ngdashed ling at two temperatures.
rates? Therefore configurations are prepared by cooling arhe lines denoted by—F define different stages in the deformation
2000 K melt to 1020 K within nominally 270 ns (1.35 history. Structures belonging to the stagesr are investigated by
x 10% integration stepsand subsequently annealing it at this further simulationgcf. Secs. 111 B and 11l G.
temperature for about 100 ns. After that the temperature is

further decreased to 810 K with a cooling raf  where P=1Tr(o) denotes the hydrostatic pressure. The
=10"K/s. Configurations aT =1000 K andT=810 K are  strain measure,, is derived in the same way from

picked and annealed at the respective temperatures the next
10 ns and will be called parent configurations from now on. _ _
Similarly received configurations at different temperatures A. Deformation under constant shear strain

will be denoted depending on the particular temperature—for  rigyre 1 shows the stress-strain curves for two different

example, 1100 K-parent configuration, etc. __ strain rates for deformations at the denoted temperatures.
Deformations are imposed on these parent configurationghe shape of the stress-strain curves permits the definition of
using the Parrinello-Rahman schethehere the simulation 4y distinct regimes(i) The linear regime for strains up to

box extensiond.; ;- . are introduced as new dynamical 204 | this regime the stress increases strongly and nearly
variables(the program uses the constraint of right angles forjnear with increasing strain(ii) The flow regime for the

the simulation box Two modes of deformation are ana- girain value exceeding 7%. In this regime the stress value is
lyzed: First, the forcegor stressesacting on the faces of the yastically decreased compared to the maximum value at the
simulation cell are defined. In order to attain these predefinegie|q point and is only slightly varying with increasing

forces a change of thig;’s is allowed. This mode is used to gtrain.
simulate constant-shear-stress deformations. Second, the rateRegarding the shape of our simulated stress-strain curves

of change of the box dimensiors can be setted indepen- it should be mentioned that its pronounced strain softening
dently, resulting in a change of the systems stress state. Tle#fect is well known for the deformation of polymeric
values can be taken in the way that the resulting shear straiglasse®' and it has been found to be a characteristic feature
rate is constant, whereas the strain in, e.g. xtd@ection at  of some bulk metallic glasses strained at very high deforma-
time t is defined agL,(t)—L,(0)]/L,(0). This mode is tion rates’ There are also computer simulation studies like
used to model deformations at a constant strain rate. Morthe MC simulations of Utzet al,?> which yield similar
detailed information about the simulation program used andesults.
the simulation techniques can be found in Refs. 27-29. In Fig. 2 the development of the potential energy per
atom, Ep, is plotted for the stress-strain simulation runs
shown in Fig. 1. After a quadratic increase at low strains, the
IIl. RESULTS energy turns to a linear strain dependence at large strains.
i ) . The linear regime in the potential energy, Fig. 2, corresponds
In the following we use the second invariants of the stress, the flow regime of the stress-strain curves, Fig. 1. Appar-
tensor o and strain tensore in order to introduce a ently, the weak dependence Bf,; on ey, is a fingerprint of
coordinate-invariant measure of the shear deformaﬁ?.)ns.thiS flow state. The energy of the simulated flow state de-
For example, the stress measure is given by pends on the applied strain rate, with a higher strain rate
leading to a higher value d& ;.
o _ '_I'he enhanced potential energy of the flqw state obviously
o= [ETr[(a-— P )2]] 1) indicates a change of the structure of the simulated model. In
M™2 ' order to measure this change, we use the Wendt-Abraham

g, [%]

184205-2



FLOW STATE IN MOLECULAR-DYNAMICS-SIMULATED. . .. PHYSICAL REVIEW B 66, 184205 (2002

-5.76 T
=577 ¢ I e ] 0.26 |
_ =578
g
% =579 021 parents
= 13%/ms 4,
Lu§ -5.81 1.3 %/ns 1 0.16 .
I
L Lt /
-5.82 ‘_'DErET'DE y Vs
7
-5.83 - - : 0.11 « .
0 5 10 15 400 800 1200 1600
€, [%] Temperature [K]
FIG. 2. Development oE, with strain for the deformations FIG. 3. Temperature dependenceRf{f, (open squarés Indi-
whose stress-strain curves are displayed in Fig. 1. cated by arrows are the values for the parent configurations used for

the deformation simulationésolid circles. Additionally plotted is
parametet’ R\%\;A in the Zr subsystemR\ﬁ;A is defined in the calculated Wendt-Abraham parameter for the flow regime of the
terms of the radial distribution functiagy,7(r) by the ratio  stress-strain curve f6F=1000 K andey = 13%/ns(cross.
of the g,z (r) values at the first minimum and the first

; zZr : -
maximum. Table | shows thRy, values for different strain - gyain rates. A pure shear with constant shear stress is im-
regions of the stress-strain curves at different temperatur€S,seq on these initial configurations, described through
and strain rates. For evaluati VA g;rZr(r) is calculated = 0yy=0 as the only nonzero values of the stress ten-
by averaging over several configurations of the system beg, note that the value is only equal to our stress measure
longing to the particular strain regions. Compared to the Un-=_ tor this two-dimensional deformation mode

. M =
deformed state, the flow state has an increz&gg value, Figure 4 displays the creep curves for configurations

reflecting the change of structure. _ .
Regarding the degree of modification of the system struci 6[(;4 ?/IllP?: them subjected to the same shear stresspf

ture under the transition into the flow state at large plastic It is obvious that the response of the system strongly de-

deformations, consider Fig, 3, showing the known IInearpends on the regime of the stress-strain curves to which the

temperature dependence Rfj,, vzvr|th a change in slope at - ¢,figrations belongh andC, from the linear regime, show
Tq. Included in the diagram ar@, values for the 810 K-y significant creep, where@sandD (flow regime are dra-
and 1000 K-parent configurations. Further, the diagram premgagically deformed. In terms of the shear viscosity, which
sents theRﬁ,rA value deduced for the flow state from the can be calculated as the ratio @f, and the creep ratéM,
deformation with a strain rate of 13%/ns at 1000 K. They,o -onfigurations from the flow stat8 @ndD) are charac-
figure shows that th&, value in the flow state becomes oj,64 by a viscosity being about four orders of magnitude
comparable with that of an equilibrium system at a temperagmajier than that for the configurations from the linear re-

ture which is about 200 K higher. gime (A andC).
B. Deformation of prestrained configurations
For further characterizing the flow state, we have carried 25 | D 1000 K
out constant-shear-stress deformations with predeformed . < 664 MPa
configurations taken from the stress-strain-curve simulations B "
at 1000 K. The considered configurations are indicated in
Fig. 1 by the label®\-D. They are taken from the linear and s 7
flow regimes, respectively, and from 1.3%/ns and 13%/ns =
w
TABLE I. R§/, deduced for different strain windows for the 51
stress-strain curves of Fig. 1. A
RZ!, s , , C
T[K]  ey[%/ng €m<0.02 0.08<ey<0.13 €y>0.14 0 2 4 6 8 10
810 1.3 0.1437 0.1576 0.1572 Time [ns]
810 13 0.1456 0.1637 0.1759 FIG. 4. Creep curves of four reference configurati(see text
1000 1.3 0.1572 0.1675 0.1665 The deformation simulations are carried out in the same way for
1000 13 0.1554 0.1793 0.1804  configurationA—D. The configurations are only distinguished by

the deformation historycf. Fig. 1).
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1.0 : : : : : in these cases. For cur¢e) the vibrational decay is stronger
due to the increased thermal motion. Accordingly, the short-
time behavior below 0.2 ps seems to depend only on the
\ (iii) simulation temperature with a more pronounced decay when
08 - R i) the temperature is increased.

By QL Regarding thex decay, let us first consider curvéig—

V\\ ' (iii ). For the weakly prestrained curvi), Fig. 5 displays a
N\ O
AY

P(g.D)

delayeda decay compared to the undeformed parent struc-
0.6 | ™) \ ture (i). In contrast to this behavior, for the strongly pre-

’ strained configuratiofiii ), deformed up to the flow regime,
the a decay takes place earlier than in the parent structure.
Hence, the weakly prestrained configuration appears more

04 5 5 : 5 5 : 4 rigid than the undeformed one and the strongly prestrained
107 1000 100 100 100 100 10 - P - - e
i configuration displays a decreased viscosity. This is in agree-
Time [ps] ment with the findings of Sec. Il B.

In the B regime, which extends between the initial vibra-
tional decay and the final decay, the intermediate scatter-
ing function of the weakly prestrained structuie exhibits
no significant change compared to the parent strucfre

C. Fluctuation dynamics of prestrained configurations Different from this behavior, the structuf@i), taken from

Here we provide results about changes of the fluctuatioshe flow state, shows a stronggr decay and falls below
dynamics after straining the systems, visible, for example, ifurves(i) and(ii). In the mode-coupling theory, the form of
the intermediate scattering function. Regarding this, Fig. §he intermediate scattering function in tieregime is as-
presents the self-part of the intermediate scattering functiofifiPed to the “cage effect.” In this picture, the decrease of
®(q,7) deduced from 10-ns simulation runs starting with the intermediate scattering function in tjferegime is sup-
different initial configurations as given in Table Il. The Pressed because atoms are trapped in “cages” built by the
evaluation of®(q, 7) is carried out for the last 5 ns of these Surrounding atoms. The delayed breaking off of these cages
runs withg=21 nnmi %, aqvalue that corresponds to the first /eads to the latg8 and thea decays. Therefore, the modifi-
maximum of the structure factor. The time window displayedcation in thes regime of curveliii) indicates that the cages
in Fig. 5 covers the whole frequency range from thermal@re broken off easier in the strongly predeforr_ne(_:i structure
vibrations to the- and a-decay regimes of density fluctua- than in the undeformed parent structure, again implying a
tions as described by the mode coupling thédif The pre-  loss of rigidity. . _ o
sented curves therefore display the fluctuation characteristics L€t us now consider configuratiortis’) and(v) and com-
of a particular, history-dependent nonequilibrium state of th?are them with the configuration from the flow state, con-
system. figuration (iii). Like curve (iii), curve (v) from the 1100

Curves (i)—(iv) result from MD simulations at 1000 K K-parent configuration shows a markedly lowerdecay
using different initial configurations; curve) is simulated at  time than(i) and (ii). But compared to curvéii), the short-
1100 K. The intermediate scattering functidiis-(iv) coin-  time vibrational decay for curvev) is too strong. The fea-
cide — more or less — in the initial vibrational decay regime tures of the strongly prestrained configuration can be inter-

below 0.2 ps. This reflects similar vibrational atomic motionsPreted in more detail by introducing the concept of short-
range order in the structure and its temperature dependence.

Regarding this, we consider a simulated melt equilibrated at
1200 K and rapidly quenched to 1000 K. The system thus
with numbers(i)—(v) are displayed in Fig. 5. For the deformed has the_short—range order of the 1200 K.melt’ bUt. the thermal
configurationsA—F, cf. Fig. 1. The relaxation times, are calcu- fluctuatlo.ns of a 1000 K struqture. The |n_termed|ate scatter-
lated (see text for these simulation runs. ing function of this structure is included in Fig. 5 as curve
(iv). This curve shows the fluctuation decay expected at 1000
K but a fastere decy — a similar behavior as found for the
strongly prestrained curv@i ). Therefore, taking the simula-

FIG. 5. Intermediate scattering function for the configurations
defined in Table II.

TABLE Il. Characterization of the initial configurations for the
10-ns simulation runs used to calculadg(q,7). Configurations

No Initial configuration Simulation temperature 7

a

(i) 1000 K-parent 1000 K 92ns  tion temperature as a reference, the flow state behaves like a
(i) deformedC 1000 K 165 ns system having a fluctuation spectrum as expected for this
(iii) deformedD 1000 K 3lns temperature but a structure similar to that at a higher tem-
(iv) 1200 K-parent 1000 K 30 ns perature.

(v) 1100 K-parent 1100 K 27 ns To obtain a quantitative picture of the change in the

- deformedA 1000 K 189 ns regime, the relaxation times, are calculatedsee Table I

- deformedB 1000 K 39 ns from the adaptation of a stretched exponential function

- 810 K-parent 810 K 1190 ns  ®%(q,7)~exd —(7/7,)P] to the determinedP(q,7) curves

- deformedE 810 K ~3700ns for long times® (adapted curves are not shown in Fig. 5 for

- deformedE 810 K 67 ns clarity). These values indicate, as is visible in tidq, 7)

curves in Fig. 5, an increasing relaxation time for weakly
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strained systems and a decrease for initial configurations be- 4
longing to the flow regime. If ther, values are taken as a

measure of the “age” of the simulated system, the fluctua- Hs
tion dynamics indicates deformation-dependent changes of &,
the system age. Thus, the here-described modified fluctuation

719 MPa

—

dynamics and the structural changese Sec. Ill A can be
interpreted in terms of the aging and rejuvenation effects
reported for polymeric glassés>®

The changes in the fluctuation dynamics for the system ' ' '
belonging to the flow state show the same features as re- b) 810K
cently described by Berthier, Barrat, and KurcHarased on | 1006 MPa

vl

w
T

a theoretical model whose dynamics is given by a Langevin §§2 hauiatiiiy it

equation. Their model was subjected to a driving force hav- 862 MPa

ing in mind the situation of a sheared fluid. The investigated L

correlation functiod’ is comparable to that used in our work. 0 . .

They found for the driven steady state a so-called two-time- 10 20 30 40 50
scale, two-temperature scenario: a typical two-step decay in Time [ns]

the correlation function with the modification that only the , i , )
FIG. 6. (a) Strain evolution during deformation of our MD

Pr:g?%la?ﬁ”():é}l/'rlwse esqel:;(i)lntg a?; l%li?]g?\éir;;g ?;G:Z;ﬁ?ddgg ttgeth emod_el for two different initial s_hear stresses at 1OOQ K. Halying is

o - - applied att=20 ns and unloading &t=30 ns.(b) Strain evolution

driving effects and could be described by an increased eﬁe%ith time at 810 K. The load is removed &t 30 ns

tive temperature. But note that Berthieral>’ observe the ' '

faster decay during the action of the driving force, while it isthen is reduced to half its value and the system is allowed to
found in a load-free prestrained situation in our simulationsyelax and deform under this lower stress value for an addi-
According to our results, the faster decay is due to a changgonal 10 ns. After that time, the applied stress is removed
of the viscosity of the system and not an effect of the drivingand the relaxation of the system is recorded for further 10 ns.
force. At 810 K, a constant shear stress is applied for 20 ns and is
removed after that time so that the system can relax for a
D. Deformation under constant shear stress further 20 ns without a load. Variable initial shear-stress val-

ues are used at both temperatures and the loading and un-

Nig Zrg5 System subjected to deformations under constanloaOllng is done with a shear-stress raig=1300 MPa/ns

shear stress. The parent configurations are exposed to a pu% aII_S|mu_Iat|o_ns. AS an exam_pl_e_, Fig. 6 shows the strain
. . evolution with time for different initial stress values at 1000
shear stress characterized by a stress tensor awitk o,

— 20, ando; =0 if i %] K and 810 K, respectively.
= - = ) o o :
In the following, we distinguish between deformation For the initial creep in Fig. 6 — before changing the load

. . . ) . — one observes a nearly linear increase indfjét) curves,
simulations restricted to strain values well below the yield, .- " " o0 oo e Dalastic-anelastic oreen. The load
point strain ofey; ~5% (cf. Fig. 1) and those reaching strains piying y P.

: . - . reductions after 20 ns for the 1000 K case and the unloading
beyond this point. According to the constant-strain-rate .

) . . . after 30 ns for both temperatures are accompanied by subse-
simulations of Secs. Il A—IllI C, in the first case the system

remains close to the linear, elastic deformation regime Wher%ent strain drops, reflecting the elastic parts of the strain.

In this section we report results for the simulated

; ) : . fter the strain drops, the system shows strain relaxation
increased deformations induce structural changes, which lea enomena, resulting in slight decreases indfit) curves
to a more aged behavior. In the second case, the deform% ' 9 9 y

. : : ; . uch an anelastic recovery effect is well known for the low-
tions reach strain values for which rejuvenation occurs unde, . Y . .
load deformations of metallic glasses and was investigated

constant-strain-rate conditions, which means that a signifi- - ) 5 .
xperimentally, for example, by Weiss al.” who interpreted
cant change of the structure takes place. Below, the resulis ™ ! )
eir results in terms of the earlier model of Tsao and

for the low-strain case are analyzed in terms of the conveng 3 : . :
tional theory of thermally activated deformation Spaeperf At least for the 1000 K simulations, Fig(d, our

processed®intended to describe structural reorientations ofSEEP CUrves show that the recovery seems to be more pro-

small volume fractions inside an unchanged matrix. In thenounced for the weaker-deformed system. This is in agree-

large-strain case, the deformations completely destroy thment with the discussion by Argon and Shen the transi-

topology of the undeformed system and lead to a situatior{:Ton from an anelastic to plastic response in amorphous

. o . systems under increasing deformation. According to these
outside the applicability of these conventional models. ; . )
authors, plastic deformation evolves at larger strains, because

the overall fraction of transformed regions increases, raising
the possibility of finding closely neighbored deformed zones,
The deformations are analyzed by use of the creep curvesshich results in a loss of memory in the surroundings of a
which reveal the evolution of strain with time. The simulatedparticular deformed region. After reducing the load during
deformation procedures are as follows: For the simulations a&he 1000 K simulations, no strain increase is observed be-
1000 K a constant shear stress is applied for 10 ns. The stresseen 20 and 30 ns. This may be an indication that in the

1. Deformations below 5% strain
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60 | @ Eha.lving
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wE
20
1006 MPa
2 0
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S 021 Ry (T, +200K)
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o ~ 018 f / \O\O
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0.12 : : : : :
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Time [ns]
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FIG. 8. (a) Evolution of strain with time during creep &t

FIG. 7. Strain rate vs shear-stress dependence evaluated from1000 K and an initial stress aef,,=1006 MPa. The dotted lines
the MD-simulated deformation of our NiZr, s model at two dif-  indicate the simulation times at which changing of the imposed load
ferent temperatures. occurs. (b) EvaluatedR{ »-values at different times for the creep

curve from(a) (see text

considered time window anelastic recovery dominates the
dynamics. For both temperatures the final plastic deforma=q 5¢t;—t;). As guides to the eye thBZl, values for T
tion is less than 1%, while deformations at the higher tem— T, andT=T,+200 K are contained in Fig.(B) indicated

perature result in larger final strains. by lines. During the instability a strong increase of &,
_ Figure 7 displays the strain rates deduced from deformag, e is observed whereas after unloadiRg, decreases
tions at various initial stress values for the two temperaturesagain reaching nearly the starting value
The st.rain rate§ are c;alculgted using a linear regression Acéordingly, the instability seems to be caused by a struc-
analysis ofew(t) in the time windows between 11 and 19 ns tural change in the system. Comparison of these findings
at 105 OI K(ll:jlzlnszg)r the :ag%%sthtrFe_ss vall71e_ E:;[_ 10t00 Kwith those from the constant-strain-rate deformations of Sec.
see below an —e2 ns a - rigure 7 Indicales a, A yeyeals that the instability is analogous to the transition

non-Newtonian creep beha.wor Wh'(.:h IS aglé%%gcraracterlsthnto the flow state. Thus, application of large enough stresses
for the homogengous flow in metglhc glgs - \Q/e US€ leads to a change of the system state towards one which
the well-established hyperbolic sine [W° ew easily is able to maintain the large strain rates.

~sinfQoy /KT] to analyze the shear-strain rate versus

shear-stress dependence at a given temperature. This leads to

an activation volume of the ord€t~7—-8x 10 2° m*. This IV. DISCUSSION
is close to the values of experimentally determined activation _, . . .
volume$¥32 and also similar to that reported for a MD- First let us summarize the basic results presented so far in

the paper.

(1) Simulated plastic deformation under a constant high
strain rate leads to stress-strain curves resembling the experi-
mental ones(see especially Katet al?). The stress over-

Figure 8a) displays the creep curve &t=1000 K result-  shoot and the subsequent strain softening effect reflect a tran-
ing from a simulated deformation with an initial stress of sjtion from a hardly deformable state into a flow state, which
oy =1006 MPa. It exhibits an instability under constantcarries the plastic deformation easily. Depending on the
shear stress: The MD model shows a deformation withstrain rate, the potential energy of the flow state is altered to
nearly linear increasing strain as expected. Then, after abOlhigher values, which imply a change of structure in the MD
t=17 ns, an increasing strain rate can be observed, leadingiodel towards a more liquid one.
to a dramatic shearing of the model. &t 20 ns, when re- (2) Shearing with a constant shear-strain rate results in
ducing the loading stress to half its value, the increase stopaging or rejuvenation of the structure, depending on the de-
During the following 10 ns of deformation with the reduced gree of deformation. As can be seen from theelaxation
load, the system seems to establish another steady-state cregpes of prestrained samples, weakly prestrained ones show
where the strain rate decreases again to a smaller value. Aftarlarger relaxation time than the unstrained samples. That
unloading att=30 ns, the final plastic deformation is about means there is an aging effect under these conditions. Aging
60%. is oberserved as long as the system remains in the linear

Figure 8b) represents th®, values which result from  regime during prestraining. In the case of large prestraining,
an evaluation of the radial distribution functions for different after the transition into the flow state, the samples exhibit a
time windows of the MD data from the simulated creep-decreaseda-relaxation time compared to the unstrained
curve displayed in Fig. @). If a specific time window has ones, which means they show the feature of rejuvenation.
initial and final timest; andt;, respectively, then thé&ﬁ,’A (3) Deformation under constant shear stregsleads to a
value for that particular time window is plotted at tinte linear increase in strain, which means a constant strain rate

simulated Lennard-Jones system by Tomida and Egami.

2. Deformations above 5% strain
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€y, at least for the here studied deformations of less than —5.89
5% total strain. The stress dependenceegfcan be well 1.3 %fns
described by the sinh lal;*°yielding an activation volume =97
of 7-8x10 2°m® which nearly equals 5 times the atomic g
volume. § =591 ¢

(4) In the particular case of a high, constant shear stress, IC)
well above the flow stress value, an instability was observed s 392
after about 5% deformation: a dramatic reduction of the vis- n
cosity of the system takes place, leading to a catastrophic o 503 [ 810K
increase of the strain rateompare Fig. 8, Sec. Ill P From
the deformation dependence of the Wendt-Abraham param- _5.04 .

zr e i AR '

eter, Ry, this instability under constant shear stress has 0 10 20
been identified as the transition into the flow state. &y (%]

. Zr . .
, e f“’te. that V&?'“es “kRWA. or the relaxation .tlr_ne“ are FIG. 9. Evolution of Epo—Eyj, with strain for the MD-
isotropic diagnostic means aimed at characterizing the gros

Smulated deformation of our BiZro. s model at two different tem-

features of the structural changes induced by hlgh'Stra'"]'r"’llgeratures for a strain rate of 1.3%/ns. The curves were lightly

defqrmatjons. One sho.ulld be aware that mechanical defo smoothed to get a clearer distinction between the energies of the
mations induce, in addition, an anisotropy of the system agent configurationse, =0).

analyzed, e.g., by Tomida and Egafhi.

more “disordered.” They also make suggestions on the man-
A. Deformation with large strain rates ner in which the enhanced disorder could occur: du@)ta

As a consequence of high-strain-rate deformations, ou‘rgreater compo_smonal d|s”0rd_er|ng dii) an Increase in the
average atomic volume.” It is also argu&tithat this non-

simulations clearly show a change of state of the system®"= “< . I

towards a more easily deformable one: the flow state. It i;qumbrlu.m structure is compar:_;lble to an equilibrium struc-

characterized by an obvious increase in the potential ener?[l%re at h',?lher temperatures “without an actual temperature

and a change of the structure towards a more disordered o crease. . . .

indicated by the change 6t2, and has to be viewed as a Our simulation study is in agreement with these assump-
) . VA . tions. For our model amorphous metal, the enhanced struc-

driven, stationary state, differing from that of the respective

. . tural disorder arises from an increase in compositional disor-
parent configuration. The latter can be concluded from the P

instability and its stopping under load reduction, Fig 8: Whender' A change of the average atomic volume can be excluded

the catastrophic straining is stopped by reducing the load thtﬁ)}ecause the volume in our constant-strain-rate simulations is
' _.Kept constant. The Wendt-Abraham parameter can be used as
structure of the model, as far as reflected by the Wend.ta simple measure of the effective structural temperature in-
Abraham parameter, relaxes back towards that at the beg'rc]:'reas o(cf. Sec. 11 A)
nmghc;f it::grg;iipodfetfﬁémeargn' and the enhanced structural We further note that evidence is found also in experiments
: L 9y . . for the here-described transition into the flow state—for ex-
disordering in the flow state depend mainly on the strain rat%m le_in those by Pope<dion tensile deformation tests of
and only weakly on the simulation temperature. The gap be: Pie, y rop 142 on the rolling and

tween the potential energy curves at different temperaturegggﬁzzr? r‘r;?tslllcNigleK/Tg gr bgn}éog&tﬁi FaSi B, metallic
visible in Fig. 2, Sec. lll A, is due to vibrational displace- 9 Gol\l3gV104D1 B6! 1 10m &5 ShaBa7

ments of the atoms. According to the virial theorem for har_glasses. Comparing the x-ay difiraction patterns of as-
monic excitations, the mean potential enegy, stored in guenc.hed and dgformed samples, _they found a decreasing
the vibrational displacements is equal to the mean kineti(’:m(:"nsIty for th? first am_j second dlffracuon_ pgak; for the

) . deformed specimen, which they use as an indication of in-
energy per atonk,;,. Therefore, the configurational part of . &
e potental enegy can be estmated by CONSUSHRS e o o et e S e
— Exin,» Which means elimination of the vibrational contribu- 9 9

. . . . . tions are due to an increased compositional disorder, al-
tions. In Fig. 9,E,4—Eyj, is plotted against the strain for P

. ¢ ! ; . though volume conservation is not maintained in his experi-
the deformation simulations with a strain rate of 1.3%/ns.r,n entgs P

The data indicate an independence of the configurational part
of the potential energy,o:— Ein, from the initial tempera-
ture for the flow-state regime.

Regarding the structural changes during the transition into  Analysis of the structural fluctuations in our MD model in
the flow state, it is noteworthy to refer to the work of Polk terms of the self-part of the intermediate scattering function
and Turnbulf®® There the authors speculate on how the strucd(q,7) reveals the effects of aging and rejuvenation, de-
ture of a glassy system is affected by a deformation at @ending on whether the reached strain is small or large. Re-
given strain rate or stress, when the latter is above somgivenation of a Lennard-Jones glass has been reported by
characteristic limif® They explain that during deformation Utz et al?? from MC simulations of shearing. There, rejuve-
at high rates a nonequilibrium structure should be presentation is characterized through a change of the radial distri-
which differs from the one in equilibrium in a way that it is bution function and an increase in potential energy.

B. Aging and rejuvenation during shear deformation
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4 : C. Homogeneous and heterogeneous deformations
1000 K in metallic glasses

pre—deformed From experiments it is known that the deformation in me-
tallic glasses depends on temperature and imposed load, al-
lowing two different modes of deformatidii:homogeneous
deformation at high temperatures and low loads and hetero-
geneous deformation at low temperatures and high loads.
The latter mode leads to the formation of shear bands appear-
ing as localized highly deformed regions in the sample.
These properties are often summarized in so called deforma-
tion maps as, for example, presented by Spaepen for Pd-
based metallic glassé$.

Although our simulations are carried out at temperatures
close to the homogeneous deformation regftayo dis-

0 ' tinctable modes of deformation are observed. It well may be
10 15 20 that these modes can be related to the structural dynamics in
Time [ns] the experimentally found homogeneous and heterogeneous
deformations.

FIG. 10. Simulated creep curves with, =719 MPa at 1000 K ) . . . . .
. N~ . : o The first mode, observed in the simulations, is present in
for two different initial configurations. The parent curve is identical

to that in Fig. €. The curve “predeformed” starts from the the constant-she.ar—stress deformaFions of Sec. .II.I D and leads
simulation run of the parent configuration after a deformation att® Moderate strain ratethe curve with the instability should
ow=719 MPa for a time of nearly 10 ns. Obviously these two Pe excluded heje In this mode, the deformation is not ac-
creep curves describe a similar response of the MD model again§ompanied by a drastic change of the state of the system as
loading. That means a significant change in the structure has naan be seen in Fig. 10, where a predeformed system is
occurred during predeformation. sheared again, resembling a more or less unchanged creep
curve compared to the first oridetails in Fig. 10. The sec-

Our MD simulations demonstrate that rejuvenation alsg®"d mode appears as the transition into the flow state for
involves modifications of the fluctuation dynamics of the deformations at high strain ratésee Sec. Il A, changing
system, in addition to the structural changsse Sec. Il ¢ the state of the system in the above-described maihigirer
The modifications of the dynamics are visible in the positionPotential energy, etg. .
and heights of thex relaxation peak. They imply a change of I_Expenments |nd|cat_e structural _changes in _shear ban_ds
the fluctuation behavior in thg-regime, while the thermal Which are often explained by an increased disorder. This

vibrations are not affected by rejuvenation but reflect thdS concluded, for example, from observations of a modified
simulation temperature. etching behavior of surfaces in regions where shear

51 ot ; :
Apart from that, our simulations exhibit a phenomenonPands occuf* or from variations in the microhardnes,

which is reported, to our knowledge, for the first time: anWith —decreasing microhardness if the measurements
increase in ther-relaxation time of weakly sheared systems, Weré performed in regions of increased shear band density,
indicating additional aging of the model amorphous structurd™PlYing & loss of rigidity in those regions. Note that the
(and offering the possibility of generating more rigid amor- flow state is characterized through an increased disorder, tak-
phous structures by weakly shearing them ing RS\,’A as a measuréSec. Il A) and a lowered rigidity
These findings can be explained in the energy landscage€c- I1B). _ .
picturé®*" as an effect of exploration of the high- Therefrom it is tempting to assume that our first mode
dimensional potential energy hypersurface by the systeninodels the structural dynamics during homogeneous defor-
By weakly straining, the system is driven rapidly through mat|_0n qnd the second mode characterlzes the dynamics in
the configuration space until regions of increased potentidin€ interior of a shear band during heterogeneous deforma-
barriers are reached, resulting in the reported increaseldPn. In this picture, the occurrence of shear bands reflects a
rigidity (Sec. IIB) or the increase in a-relaxation transition into this second mode for a confined, platelike part
times (Sec. I1O. If the deformation proceeds, the Of the volume.
system surmounts those higher-energy barriers after a
certain time and is driven into regions of the potential

energy hypersurface normally belonging to an equilibrium ACKNOWLEDGMENTS
melt, resulting in the rejuvenation effect as determined,
for example, by the decreased relaxation tirf@sc. Il O. The authors acknowledge support by the Research

Details of possible mechanisms allowing the explorationCenter Jilich and the RRZN Hannover by providing
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