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We report on recent molecular-dynamics (MD) fracture simulations of mode-I tensile loading at high
strain rates. Because cracks emit sound waves, previous simulations became unreliable beyond one
sound traversal time. Using massively parallel MD, we show how to eliminate unwanted boundary
effects and study unimpeded crack propagation mechanisms. In order to represent tensile stress condi-
tions near the crack tip, we employ uniaxial, homogeneously expanding periodic boundary conditions,
examining the effects of strain rate, temperature, and interaction potential. Because our samples are
sufficiently large, we see dislocations being emitted from the crack tip at nearly the shear-wave sound

speed e, . As they move many lattice spacings away from the crack, they slow down, finally moving at
about —c, . Each time dislocations are emitted, the crack tip "fishtails, "and at sufficiently high strain, the

crack can fork; dislocations can climb and become nucleation sites for additional microcracks. We find

that we can suppress ductile behavior by including viscous damping in the equations of motion, thereby
demonstrating a transition to brittle crack propagation as static, zero-strain-rate conditions are ap-
proached. Finally, we show that, by altering only the attractive tail of the pair potential, we can change
a ductile material into a brittle one. Under dynamic crack propagation, the distinction between ductile
and brittle behavior is blurred: in brittle materials, dislocations are asymptotically bound to the crack
tip, while in ductile materials, they can escape.

I. INTRODUCTION

The first significant molecular-dynamics (MD) simula-
tions of crack propagation were described in a landmark
paper in 1976 by Ashurst and Hoover' and followed up
by Moran. They simulated plane-strain tensile loading
in a two dimensional (2D) triangular lattice, containing
either a notch or an elliptical hole. Since a total of about
1000 atoms were involved, the time and distance scales
were extremely small, of the order of picoseconds and
nanometers, invoking the oft-heard criticism of any at-
tempt to relate MD simulations to "real-world" laborato-
ry experiments. The interaction potential they used was
intentionally simplistic —two quadratic regions of equal
and opposite force constants joined at an infIection point
(similar in shape to the familiar Lennard-Jones pair po-
tential). Beyond these quadratic regions the potential is
zero, representing a broken bond. As a consequence of
this short-ranged, pseudoharmonic potential, very little
blunting of the crack tip by emission of dislocations was
seen, if at all —only for samples at initial temperatures
that were a sensibly large fraction of the melting point.
Moran correctly noted that, in addition, the narrowness
of the sample transverse to the propagation direction
might have inhibited realistic fracture mechanisms, and
concluded that some more intelligent kind of boundary
region, such as coupling to the continuum, was required
in order to make further progress in MD simulations, at
least for that generation of computers.

At about the same time, Mullins and Dokainish pro-
posed embedding an atomistic crack-tip region into a

finite-element boundary region (much in the same spirit
as Sinclair et al. , who proposed a much more complicat-
ed three-ring circus called "Flex-II," composed of a
center ring —the atomistic crack-tip region —interacting
with a ring of atoms farther out, which would themselves
response to the outermost ring of elastic continuum
atoms via a Green's function technique). Though this
was a good idea and a valiant effort at the time, the sam-
ples were tiny 3D crystals composed of at most 400
atoms —a size which is totally inadequate to assure true
independence from boundary effects. Also at that time,
deCelis, Argon, and Yip proposed a constant-stress
boundary condition, which would eliminate some of the
difficulties of the preceding methods, mainly in the
transmission of dislocations emitted from the crack tip.
Both these groups and the Paskin-Dienes group, who
were studying larger (10000-atom) 2D systems, were able
to observe either brittle or ductile behavior, depending on
the potential used; for example, they noted that the
Johnson alpha-iron potential behaves in a brittle fashion,
like the Hoover-Ashurst-Moran (HAM) potential.
(These simulations and boundary treatments are dis-
cussed in some detail by Yip and Wolf in their review ar-
ticle on grain-boundary fracture. ) The constant-force
boundary treatment has recently been used by Cheung
and Yip in their study of the brittle to ductile transition
in a-Fe. Again, their calculations showed that disloca-
tions are emitted from the crack tip, though the size of
their 3D system (3000 atoms, or 10 nm on a side) is still
far too small to achieve completely realistic crack propa-
gation, including the nature of dislocation motion follow-
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ing emission from the crack tip.
With the advent of massively parallel computers, simu-

lations of millions of atoms are now feasible, as demon-
strated by recent spaHation simulations. ' Our motiva-
tion here is to avoid, at least at first, the complex bound-
ary treatments that have been employed in the past, opt-
ing instead for brute-force, massively parallel computa-
tions, where the systems are su%ciently large that distur-
bances emanating from the crack do not have time to
reAect or transmit through boundaries and interfere with
the propagation mechanisms. As we will see, of course,
there are still limitations on the length of time over which
even these large-scale simulations can be believed. In
particular, the complexities introduced in 3D are beyond
the scope of this paper.

In order to model the interior of an "infinite" (i.e.,
macroscopic) sample being pulled on at its edges, as in a
tensile experimental setup, one can either attempt in an
MD simulation to apply a constant force ("dead weight" )
to atoms in boundary reservoir regions, or one can con-
strain reservoir atoms to move at a constant velocity. In
either case (as we have found by trying it out on these
large systems), the "clamp" regions at the edges notify
the interior notched region of this tension by sending out
sound waves toward the notch at the center. After a time
(of the order of twice the distance from the boundary to
the notch, divided by the sound speed), the velocity
profile across the sample can be well approximated by a
linear function of distance from the notch outward,
which corresponds to a constant initial strain rate. Fol-
lowing this acceleration phase, the material begins to be
strained —that is, atoms are forced to expand homogene-
ously in tension. At a critical strain e„;,=it„;,the crack
begins to open up at the weakest spot, namely the tip of
the notch, where the stress is concentrated. The critical
time t„;,depends on the inverse of the imposed strain
rate i, so that lower strain rates, which are closer to those
experimentally achievable in laboratory experiments,
cause greater expense in MD simulations if nothing is
done to circumvent this so-called "induction time. "

The organization of the paper is as follows: in the next
section we discuss the interaction potentials we have em-
ployed in our simulations, the crack and crystal
configuration, and the simulation of constant strain rate
by using expanding boundary conditions. " In Sec. III,
we present our main results. ' We will show that the
opening of the crack causes emission of sound waves
(which can rattle around in the computational MD
volume if left unattended, even in systems where periodic
boundary conditions are imposed). Later, plastic ffow
causes the crack tip to blunt, as dislocations are emitted
from the crack tip and slippage occurs. The mobile dislo-
cations, along with their attendant interactions with the
sound waves, eventually reach the edge of the computa-
tional cell, where, if they are not absorbed somehow, they
come back to the region of crack propagation and per-
turb it in an unphysical way. These considerations lead
us to investigate system size eFects and to attempt to
make MD fracture simulations resemble more closely the
interior response of a material to uniaxial tension by em-
ploying constant strain-rate initial conditions (a linear

II. SIMULATIQN METHODS

A. Interatomic potentials

In our simulations we have investigated the eFect of in-
teratomic potential on the dynamics of crack propagation
by using two pair potentials —Lennard-Jones (LJ) 6-12
and Morse —and an analytic many-body embedded atom
method (EAM) potential. As we will see later, the poten-
tial aff'ects dislocation production (ductility) and crack
propagation velocity. Elastic constants and other proper-
ties of the triangular 2D lattice are given for these poten-
tials in Table I.

Throughout the paper, we use as units the atomic mass
m, distance ro between neighbors in the zero-temperature
and zero-pressure crystal, and bond energy E; hence the
unit of time to is given by c=mrolto (Th, e symbol .c, for
energy should not be confused with e for strain. ) The
nearest-neighbor approximation has been used to com-
pute all equation of state information.

The cohesive energy is given by

E„h=—,'%, e= —,'d(d + l)E,

TABLE I. Elastic constants for LJ, Morse (o.'=4. 5), and
EAM 2D crystals. Moduli: 8= bulk, G= shear, C&l = longi-
tudinal (V/X= volume per particle); sound speeds c are in
units of ( c, /m) '

BV/Xe GV/Xe CI) V/2Ve cb„)q c,h„, c) „g
LJ
Morse
EAM

54
30
22

81
46
31

7.3
5.5
4.7

5.2
3.9
3.0

9.0
6.8
5.6

expansion-velocity profile) and absorbing reservoir-region
boundary conditions to soak up sound waves and mobile
dislocations.

We will next discuss the main diFerences in crack
propagation found from constant strain-rate simulations
using three diFerent types of interatomic potentials. Fol-
lowing the discussion of these experiments, we show that
we can turn an otherwise inherently ductile material into
a brittle one by altering the attractive tail of the pair po-
tential (from the minimum of the potential out to the
cutoF distance). We also observe an unexpected mode of
brittleness, in that the crack in this more brittle material
is still able to generate dislocations, but they are almost
immediately consumed by the crack, which zigzags to
keep up with them. In other words, in a brittle material,
we find that a more appropriate description for dynamic
cracks is that dislocations are asymptotically bound to the
crack tip, while in a ductile material, dislocations are
asymptotica/ly free.

Lastly, we show, by means of introducing viscous dissi-
pation into a plane-strain fracture process, that ductility
in crack propagation can be suppressed, even for a ma-
terial that is otherwise inherently ductile. The artificial
dissipation proves to be a useful tool for showing that the
process of generating mobile dislocations at the crack tip
is a thermally activated one, and that dynamic cracks can
be qualitatively diFerent from static ones. We present
our conclusions and remarks for future work in Sec. IV.
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where N, =d(d+1) is the number of nearest neighbors
in a close-packed crystal in d dimensions; for a pair po-
tential, c is the well depth. The volume per atom is given
by

0=—=g r d
d 1 (2.2)

where the nearest-neighbor spacing at zero temperature
and pressure is r& =ro,' for a pair potential, ro is the dis-
tance to the minimum of the potential; gd is a geometric
factor, gd

=
—,'(5 —d)'~ . The ratio of the bulk modulus to

the cohesive energy, a measure of the stiffness of the ma-
terial in compression, is given by

m cooro mc o BOFFO
2 2 2

2(x (2.3)
Ecoh

2 2 2
po r r

w(„)— d(d +1) y. 2 —1

0, r~r

0&r &r

(the fractional pairwise contribution 0(y~ 1 approxi-
mates the ratio of vacancy formation energy to cohesive
energy), is given by

N —y g @(rj)+(1—y) V(p, )
i =1 jWi

V(p; ) = P; lnP;,
Po

(2.8)

where a is the stiffness parameter, m is the atomic mass,
coo is the fundamental harmonic frequency, co=rocuo is
the 1D (longitudinal) sound speed, and 80 is the bulk
modulus. These three parameters ( ro, c, , and a ) deter-
mine the harmonic equation of state for continuous-
potential materials; the first anharmonic correction is
given by the cubic anharmonicity coeKcient, which, for a
pair-potential material, is defined as

The force on atom i is

= —g I yy'(r, , )+(1—y)I 7'(p, )w'(r, , )
(2.9)

(2.4)

In 3D, the cubic anharmonicity is related to the pressure
derivative of the bulk modulus dBo /dI' from static
compression data, the slope s of the shock velocity vs par-
ticle velocity Hugoniot, and the thermal pressure depen-
dence of the solid (via the Griineisen parameter yo):

dBo

2 dP
—1 =6s —3=3yo+1 . (2.5)

In the following, energies are in units of E and distances
in units of ro.

The Lennard Jones pair pote-ntial (a —=6, a3=10.5):

q(r) =r "—2r (2.6)

( )
—2a(r —) ) 2

—a(r —1) (2.7)

In most of our simulations, we used a cubic spline, begin-
ning at the inAection point, to make an intermediate-
range version of the LJ potential (at normal density in
2D, this is a nearest-neighbor potential, while in 3D
close-packed lattices, two shells of neighbors are includ-
ed); details of the spline function are provided in Appen-
dix A.

The Morse potential (a3= —3a; when +=6, the Morse
and LJ 6—12 potentials are virtually indistinguishable in
the region near the minimum):

d9 cob 1'(p; ) = = ( lnp;+1), 7'(po) =0—=.po=-
dp;

From this, we see that in the approximation of only
nearest-neighbor interactions, the pressure at normal
density and zero temperature is zero, and the negative of
the total potential energy per particle is the cohesive en-
ergy. Thus, this model analytical EAM is easily charac-
terized for any metal. An alternative form for the embed-
ding function V, which is perhaps more realistic at
moderate compressions, but which we did not use in these
fracture studies, is given by

(2.10)

In addition to these potentials, we also employed a
shorter-range LJ potential, where the spline was begun at
the minimum of the potential, in order to see how modi-
fying the attractive part of the potential would affect
dislocation emission. As will be discussed later, the
anharmonicity of the attractive part of the potential plays
a crucial role in dislocation production. Details of these
modifications as well as analytic forms of other potentials
(HAM' and Johnson ) discussed in the text are to be
found in Appendix A.

B. Setup of the simulations (initial
and boundary conditions)

Again, as in the LJ case, we used an intermediate-range
version of this Morse potential.

Model analytic EAM The total potential energy of a
system of N atoms, including contributions from a pair
potential y (we have used the intermediate-range LJ
spline potential) and many-body embedding function V

The systems studied consisted of rectangular samples
of the 2D triangular lattice, with aspect ratios
(horizontal:vertical length) between 1 and 2 and system
sizes of 16000—300000 atoms. A triangular notch with a
ratio of width:depth of 1:5 was cut in the middle of the
lower horizontal boundary; notch depths varied between
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FIG. 1. Atomic region around a triangular notched crack,
showing its orientation with respect to the triangular lattice and
dislocation slip planes in this geometry.

L (t) =L„(0)[1+i(0)t], (2.11)

so that, for example, the right-hand periodic boundary,
initially located at —,'L (0), moves at a constant velocity
—,
' E(0)L„(0). When particles cross the periodic boun-
daries, their velocities must be adjusted in magnitude by
twice the boundary velocity, with the sign chosen so as to
preserve the sense of expansion. Wagner, Holian, and

10 and 50 atomic spacings. In a few cases, an elliptical
hole, oriented transverse to the strain, was cut out of a
1:2 aspect ratio bulk sample; major axes ranged from 6 to
68, with minor axes of 1 —1.5. In all simulations reported
here, the notch or hole points in the direction of a close-
packed (slip) line in the triangular lattice, which is the
natural direction for cleavage. Figure 1 shows the
geometry and orientation of a typical notch as well as the
slip lines along which dislocations propagate.

We employed uniaxial, homogeneously expanding
periodic boundary conditions, which mimic the behavior
in the interior of a large sample that is expanding at con-
stant energy. This kind of boundary condition was first
proposed to study fragmentation of a Quid. " A constant
Lagrangian strain rate (in the x direction, say) is imposed
by adding to the x component of each atom's thermal ve-
locity a term proportional to its x coordinate, namely ix.
The sidelength of the computational box in the x direc-
tion increases with time as

u = u; —i(t)x;, i(t) = e(0)
1+i(0)t

(2.12)

However, we emphasize that with any supercritical
strain, even if arrived at by this gentle ramping-up pro-
cedure, the crack is dynamic, and its characterization as
brittle or ductile may be different from a static considera-
tion.

We used strain rates of 10 and 10 to ' in most of
our fracture simulations. The equations of motions were
integrated using the Stdrmer (Verlet) central-difFerence
method' with a time step of 0.02to, or about —,', of the
Einstein vibrational period. Consistency in the time evo-
lution of the cracks was checked by using half and one-
quarter of this value. Unless otherwise noted, the initial
temperature To of the samples was virtually zero
(10 T,&, ). Our simulations were carried out on the
Connection Machine CM-200 for smaller systems (up to
65 000 atoms) and for larger systems (up to 300000
atoms) on the CM-5.

In the next section we discuss the effect of strain rate,
interatomic potential, notch size and shape, and viscous

Voter subsequently verified by MD simulations that spal-
lation experiments, which cause fracture by shock waves
and their subsequent release, produce just such linear ve-
locity profiles about the spall plane. ' They then used
this same kind of homogeneous expansion to map out the
failure stress (and strain) as a function of strain rate.

Of course, in a simulation of fracture under typical lab-
oratory conditions, this constant expansion cannot go on
forever; instead, it represents the transient response to a
suddenly imposed tensile force at the edge of a macro-
scopic sample. For example, we do not expect that con-
stant strain-rate simulations are capable of extracting a
steady crack propagation velocity that results from a
dead weight applied at the boundary, or the equivalent
(for small strains) of a constant displacement. If a con-
stant strain-rate experiment is pursued, the sample is
strained beyond its elastic response, so that the crack be-
gins to open up. One by one, a series of instabilities will
be probed, until eventually, the material reaches the ulti-
mate instability —bulk mechanical failure.

The long-time behavior of a crack under steady loading
at infinity can be studied by constant displacement simu-
lations (zero strain rate). The sample with either an ellip-
tical hole or a notch at a free surface can be strained sud-
denly to a supercritical value. This induces a rarefaction
wave at surfaces that are approximately orthogonal to
the applied strain. An alternative procedure, which
avoids this additional perturbation to the system, is to
ramp up the strain gradually at a small rate, allowing the
free surfaces to relax to zero stress. Then, when a critical
strain is achieved, the crack begins to move: a plot of
atomic velocities transverse to the direction of crack
propagation shows distinctly the breaking of the first
bond, which generates a sound wave. A short time there-
after, the strain can be frozen at a small value above criti-
cal by subtracting off the linear velocity profile associated
with the slow expansion:
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damping on the dynamics of crack propagation and dislo-
cation production.

III. RESULTS

Simulations with the LJ potential and a strain rate of
e= 10 to ' (about 10' per second in engineering units),
although well below the sonic expansion limit, lead to ca-
tastrophic failure of the sample with no crack propaga-
tion. At an initial temperature of about one-fourth melt-
ing, ductile holes were nucleated throughout the sample
after a time of about 3to (a strain of about 3%), wherever
the local thermal fluctuations led to low density. Rather
than opening up the crack at the notch tip, the entire
sample pulled apart plastically, like taffy. Reducing the
temperature to almost zero led to results that were quali-
tatively similar to the higher-temperature simulations.

At a strain rate one order of magnitude lower (10 )

and at nearly zero temperature, we found that the crack
began to open up in a brittle fashion, namely, by bond
breaking at the notch tip in response to a critical stress
concentration. The induction time to reach this critical
strain of 2%%uo was about 20to At an. even lower strain
rate of 10, the same critical strain is reached at a time
of over 200to. Sound waves were emitted by the bond-
breaking process (the measured velocity of the waves was
about 90% of the longitudinal sound speed). Soon after
the crack opened up by about 10 lattice spacings in the
forward direction, pairs of dislocations were emitted from
the crack tip, moving off along the slip lines at +60' at
about 90% of the shear-wave sound speed (c, ). These
mobile dislocations themselves appear to emit sound
waves as they go, leaving behind wakes like speedboats in
water, and slowing down to about two-thirds of c, far
from the crack.

Accompanying the dislocation emission every 10 or so
atomic spacings, the crack zigzags slightly, and finally, at
a strain of a little over 3%%uo for LJ crystals, it bifurcates
(no such forking occurs for the softer Morse and EAM
systems). This forking instability sets in at a particular
supercritical strain that seems to be strain-rate indepen-
dent. A series of closely spaced snapshots reveals that
branching sometimes occurs in an asymmetric way: in-
stead of opening up on both sides, a slow dislocation is
emitted on one side, which then climbs up as many as ten
slip planes and then forms a nucleation site for the second
branch.

As the simulation of crack propagation proceeds,
sound waves that have been emitted from the opening of
the crack tip return to the central crack region —either
by reflection from free boundaries or transmission
through periodic boundaries. One can ask whether these
sound waves perturb the propagation of the crack in an
unphysical way; to assess this, we carried out simulations
for systems differing in transverse width.

A. System size effects

We studied the dependence of these fracture simula-
tions on system size (or equivalently, on boundary condi-
tions) by comparing the results of imposing a strain rate

of —10 on two LJ crystals differing only in their
widths transverse to the notch direction. The first was
composed of 300000 atoms and had an aspect ratio of
unity, while the second was twice as wide and contained
600000 atoms. The two systems are shown at a time of
312to (approximately 75to after crack initiation) in Fig. 2.
In Fig. 2(a) (300000 atoms), the full periodic system is
shown. Particles are colored by a rainbow ranging from
deep blue for the maximum leftward velocity of —u, to
green for zero velocity, to bright red for a velocity of
+u, where i=2uz/L is the expansion velocity of the
periodic boundaries consistent with the initial strain rate
and L is the periodic length in the transverse (x) direc-
tion. In Fig. 2(b) (600000 atoms), only the central half is
shown at the same scale (the periodic boundaries them-
selves are outside the field of view; the velocities are
colored as in Fig. 2(a)).

In Fig. 2(b), the dislocation cores from the forked
crack show up as dark clusters moving out at +60 from
the vertical (crack-propagation direction). The dark, fiat
patterns immediately above the forked crack are sound
waves or acoustic interference caused by slippage accom-
panying the dislocation cores. The sound waves emitted
from the crack opening due to bond breakage have al-
ready bounced off the top free surface and appear as a
family of concave upward arcs that intersect concave
downward arcs from later bond-breaking events. In con-
trast to the larger system, the lower half of the map for
the smaller system in Fig. 2(a) is mottled, indicative of
sound wave interference from the periodic image cracks
on either side. This interference has prevented the crack
in the smaller system from forking; fewer dislocations
have been emitted, and the crack is narrower, though the
crack lengths are similar.

The observed differences in crack morphology for the
two system widths are much too large to be accounted for
by initial conditions, since in both cases, the initial tem-
perature is virtually zero (10 T,&, ). Moreover, up un-
til this time, a series of snapshots of the two systems tak-
en every 25to look completely identical. Figures 2(a) and
2(b) clearly show that if sound waves generated by the
crack are not absorbed at the boundaries, there is a limit-
ing time for unperturbed crack propagation. This limit-
ing time is the sound traversal time, t~ =L /c, where c is
the sound speed. If longer simulation times are required,
care must be exercised in treating the boundary regions;
otherwise, conclusions drawn from samples that are too
narrow will be qualitatively, as well as quantitatively,
wrong. To this end, in Appendix B we describe special
atomistic reservoirs, the purpose of which is to reduce
the influence of reflected or transmitted disturbances on
the crack-tip region.

In Fig. 2(c), we show the results of a successful fracture
simulation in a 250000-atom LJ system, using these ab-
sorbing boundaries (20 atomic layers wide, with a gra-
dient in viscous damping coefficient of about 1/roro),
where the time after crack initiation (75to) is significantly
longer than tz ( —60to). The strain in this simulation
was built up at a gradual rate of 10 and then frozen at
3%; note therefore that the velocity in the applied strain
direction is mostly green, indicating zero expansion ve-
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FIG. 2. Comparison of system-size {periodic boundary condition e6'ects} on crack propagation at constant strain rate (10 ) in the
2D LJ crystal at time t =312tp for two system sizes: (a) 300000 atoms, aspect ratio (horizontal/vertical) = 1, entire sample shown;
(b) 600000 atoms, aspect ratio =2, middle half of sample shown —same area as in (a). Constant strain simulation (3%) for 250000
atoms at t =75tp after crack initiation is shown in (c};ramped viscous damping is applied at left and right boundary regions (each 20
atomic layers thick).

locity Jin contrast to the constant strain rate simulations-
shown in Figs. 2(a) and 2(b)]. The crack has forked in an
unhindered fashion, as in Fig. 2(b). A movie of the crack
propagation, of which Fig. 2(c) is the final frame, demon-
strates that all sound waves have been absorbed at the
boundaries, and that no disturbances have returned to
the central crack region.

The quantitative results in this paper, wherever these

absorbing boundaries were not used, were obtained from
early-time crack-propagation measurements (i.e., times
less than tI beyond crack initiation).

B. Crack yroyagation measurements:
LJ, Morse, and RAM systems

As mentioned in Sec. II A, in order to test the effect on
the dynamic crack process of the intrinsic brittleness or
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ductility of the interaction potential, we studied, in addi-
tion to the LJ pair potential, the Morse pair potential and
the EAM many-body potential, which is appropriate to
metals and has significantly lower vacancy and surface
formation energies. The Morse potential was chosen to
mimic the EAM equation of state, including bulk sound
speed, which is roughly half that of the LJ system.
(These potentials are described, along with their affect on
plastic Sow, elsewhere. '

)

In Fig. 3, we show a pair of time sequences of maps of
the x component of particle velocity for the Morse and
EAM crystals (300000 atoms, aspect ratio of unity), at a
homogeneous strain rate of a=10 to ' for Morse and
1.12 X 10 for EAM. Note that the critical strain for in-
itiation of the propagation of the crack is reached first in
the EAM system, beginning at a time of about t =220to
for a critical strain of 2.5%; for Morse, the time is 290
and the strain is 2.9%. For the EAM potential, the ener-

gy required to form new free surfaces is lower than for
Morse. At the end of the sequence, the Morse crack is
about 15% longer. The EAM crack generates an extra
pair of dislocations, which absorb energy from the propa-
gation process. The EAM system, however, does not
differ appreciably in its ductility from the LJ and Morse
systems under these dynamic crack propagation condi-
tions.

For the LJ, Morse, and EAM systems at strain rates
from 10 to 10, the critical strain for initiation of
crack propagation is nearly independent of strain rate.
At the lowest strain rate, the order of crack initiation
among the three interaction potentials can be estimated
by the Griffith criterion, a simple energy balance between
the elastic strain energy, which is proportional to the lon-
gitudinal modulus C» times the square of the critical
strain e„;„andthe energy required to form a surface per
unit length, y. In Table I, we present the 20 elastic con-
stants and sound speeds for the three interaction poten-
tials. The surface energies are roughly y&J—y~„„-2yz~~,because the reduced density near a free
surface of the many-body EAM has a pronounced effect
on y compared with the two pair potentials. Hence, for a
constant notch shape (narrow triangle), we can rank the
potentials according to «„;,-(y/C» )'~, i.e.,
Morse:EAM:LJ= 1.34:1.11:1. The observed results are
reasonably close, as shown in Table II, where we summa-
rize the strain-rate dependence of the critical strain for
atomistically sharp cracks.

In Fig. 4, we present crack velocities (the slope of mea-
sured crack-tip positions), whose differences can be ex-
plained on the basis of sound speeds of the three materi-
als. These materials are all ductile, at least at these strain

TABLE II. Critical strain (%%uo) for initial crack motion as a
function of potential and strain rate (in units of to ).

FIG. 3. MD simulations of 2D fracture at constant strain
rate ( 10 ) for Morse pair potential (time sequence
t =275 —400to on left-hand side) and many-body EAM potential
(on right-hand side, t =245 —356to).

Strain rate ~
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Morse
EAM

0.0020
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TABLE III. Sound-pulse, dislocation, and crack velocities in
units of (c/m)' for LJ, Morse {a =4.5), and EAM 2D crystals
at a strain rate of 10 to '

(A, =measured peak-to-peak wave-
length at front in units of ro).

v~„~„(k) U dis]ocation U crack (average) U crack (peak)

LJ
Morse
EAM

8.1 (5.5)
5.9 (4.4)
5.2 (5.2)

3.3
2.7
2.0

1.6
1.1
0.6

2.0
1.2
1.0

rates. Note that the crack velocity is a weakly decreasing
function of strain rate, due to the higher rate of disloca-
tion production. Also, the LJ crack velocity exhibits
markedly oscillatory behavior. Velocity measurements of
various types are summarized in Table III for the three
interaction potentials at the lowest strain rate. The peak
crack velocity appears to be consistently about one-third
the shear-wave sound velocity (c, ) for all three potentials,
while the average (plateau) value is lower, especially for
the EAM crystal. The sound pulse that emanates from
the early bond-breaking (brittle) phase of crack initiation
moves out at 90% of the longitudinal speed for all three
potentials. This is consistent with the rather long wave-
length that is seen, namely about five interatomic spac-
ings, as well as the tensile strain of 2 —3%%uo. The velocities
of the dislocations emitted from the crack tip, when they
have moved well away from the crack and have separated
from each other (by tens of lattice spacings), approach a
constant speed of about two-thirds of c, .

Dislocations emitted per unit crack length for EAM,
Morse, and LJ crystals are 0.11, 0.07, and 0.05, respec-
tively. On that basis, we could conclude this is also the
order of intrinsic ductility in these three materials; on the
other hand, the rate of dislocation emission is highest for
the LJ crystal, followed by EAM and Morse. The emis-
sion rate decreases by a factor of 4 when the strain rate
drops by a factor of 10. Nevertheless, the crack velocity
does not increase very much as strain rate drops.

C. Eft'ect of the attractive region
of the potential upon ductility

At the strain rates investigated, we found these three
materials (LJ, Morse, EAM) to be ductile. Only by add-
ing viscous dissipation to the atomic equations of motion
(discussed later), were we able to get completely brittle
fracture. However, other potentials, such as the pseu-
doharmonic (HAM' ) and Johnson a-Fe, appear to be
intrinsically brittle. Why is this so? We wish to ascertain
what aspect of these potentials is crucial to their inability
to produce dislocations during the fracture process, at
least for low supercritical strains. As we have shown in
Sec. II A, a continuous pair potential can be character-
ized by at least three quantities: distance and energy
scales (ro, the minimum of the potential, which deter-
mines the normal density and c, the well depth of the po-
tential, which determines the cohesive energy) and 2a,
the curvature at the minimum of the potential (ratio of
bulk modulus to cohesive energy). The quantities ro, E,
and 2e determine the condensed-matter equation of
state, at least for low temperatures and densities near
normal. It is our view that modifications to the attractive
tail beyond the potential minimum can give rise to non-
equilibrium behavior in expansion, including intrinsic
brittleness or ductility.

We can construct a variety of short- to intermediate-
range potentials using, for example, cubic spline func-
tions that begin at r, + ro and terminate at the maximum
interaction distance r with zero potential and force. At
r„werequire that the pair potential, force, and curvature
be continuous, thereby leaving the compressed equation
of state unchanged, at least in the nearest-neighbor ap-
proximation. At one end of the spectrum of potentials
we can construct this way is the attractive part of the
HAM potential beginning at r, =ro. We expect this
short-range modification to exhibit brittle behavior at
zero temperature, just like the full HAM potential.
Moreover, this modification —in contrast to the full
HAM potential —preserves, in the nearest-neighbor ap-
proximation, the correct anharmonic behavior in
compression, including realistic values for the pressure
derivative of the bulk modulus, the slope of the shock
Hugoniot (shock velocity versus particle velocity), and
the thermal part of the solid pressure (via the Gruneisen
parameter), as well as the correct sign of the thermal ex-
pansion. At the other end of the spectrum of potentials,
the intermediate-range LJ spline potential, where r, is the
inAection point, ( —", )' ro= l. 109ro, exhibits ductile dy-
namic fracture behavior, as does the full LJ potential. In
Fig. 5, we present the LJ potential and these modified LJ
potentials.

With this discussion, we are now in a better position to
see how the Johnson a-Fe potential, whose fracture
behavior at zero temperature is brittle, fits into this pic-
ture. The Johnson potential is very harmonic, having a
cubic anharmonicity of +3=2.62, and very short ranged,
going smoothly to zero just beyond the closely spaced
first and second neighbors in the 3D body-centered cubic
lattice. In Fig. 6, we show that the compressive part of
the Johnson potential can be well approximated by a
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Morse potential with a =5 (a3 =7.5); in expansion, it can
be represented by the short-range cubic spline beginning
at the minimum. The fact that the intermediate-range
Morse spline potential (a=4.5) is ductile leads us to
speculate that brittleness or ductility is determined within
a very narrow range in the attractive part of the poten-
tial, where the attractive force between atoms is strong-
est.

We tested this hypothesis using the short-range, cubic-
spline version of the LJ potential. We placed a zero-
temperature sample of 16000 atoms under periodic
boundary conditions, cut an elliptical hole in the center
aligned perpendicular to the strain direction (radii 10 and
2ro), and imposed a sudden uniaxial strain of 3%. (The
critical strain was observed to be about 2.8% under sud-
den strain, rather than 3.15% observed for gradual
ramp-up of the strain. )

In Fig. 7, we show a sequence of snapshots detailing
the brittle opening of the crack. We had expected to see
a sharp, straight crack. To our surprise, the fracture was
much more complex, in that dislocation pairs could be
seen to be forming, but as soon as they did, the crack
would jump over and absorb one of them, healing up the
other. Thus, the crack was seen to oscillate back and
forth —a common feature in brittle fracture —though in

this case, the amplitude is only one atomic layer. At a
higher strain of 6%, the dislocations could get a little far-
ther away from the crack, but the crack would fork and
chase after the pair of them. We see, therefore, that the
difference between brittle and ductile behavior in dynam-
ic cracks is a subtle one: in a brittle material, the disloca-
tions are asymptotically bound to the crack while in a
ductile material, they are asymptotically free It i.s largely
a matter of the difference between the formation energy
of the crack surface and formation energy of the disloca-
tion; in a ductile material, it is easy to make free-moving
dislocations, while in a brittle material, even if disloca-
tions are generated„ the crack can follow the dislocation
more easily.

We conclude that the larger the attractive force at the
critical strain, the more likely it is that the material will
be brittle. We observe that the size of the dislocation
core —4—5 atomic spacings for the short-range LJ spline,
compared to 7—8 for the intermediate-range LJ spline-
and the inertia of the dislocation, i.e., its mobility, are in-
versely proportional to this maximum attractive force,
while the surface energy is determined primarily by the
well depth of the potential. In the brittle case, the dislo-
cations are smaller (more discrete) and therefore more
"massive" than in the ductile case. Work in progress
focuses on making these arguments more quantitative.

Recently Zhou, Carlsson, and Thomson suggested that
the unstable stacking fault energy determines intrinsic
ductility (the so-called ZCT criterion' ). Our emphasis
on the maximum attractive force of the potential appears
to converge with their view. However, direct comparison
with their work is difficult, since the potentials they used
were considerably softer than any that we used. More-
over, they considered static (zero-velocity, zero-
temperature) cracks in a material infinitesimally above
the critical strain —much in the same spirit as our
artificial viscous damping experiments, to be described
next. On the other hand, most of our calculations were
at either a finite strain rate or a finite strain above criti-
cal. Since they assume a single dislocation is emitted,
while we see often that pairs are emitted almost simul-
taneously, it is clear that dynamical effects —including
finite "temperature" at the crack tip —are important for
crack propagation at a finite velocity. In a future paper,
we will report on comparisons of our MD results to their
work.

1.5 Johnson a-F e D. Effect of viscous dissipation upon ductility

1

0.5
Oa 0 I*

0.7 0.8 0.9 1 F 1
distance

1.2 1.3 1.4

FIG. 6. Johnson o.-iron potential (solid line); Morse potential
(o.=5, dashed line); "spl " is the short-range cubic spline.

In the foregoing fracture simulations, we observed that
the nonequilibrium (i.e., transient) kinetic temperatures
of atoms in highly localized regions —near the crack tip
and mobile dislocation cores —were surprisingly hot, ap-
proaching the equilibrium melting temperature (although
the samples always remained completely crystalline,
apart from the dislocations). We therefore undertook the
study of uniaxial plane-strain crack propagation with
varying rates y of viscous dissipation in the equations of
motion for all the atoms (the symbol y for viscous dissi-
pation should not be confused with that for surface ener-
gy). Our hypothesis was that if y were made sufficiently
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FIG. 7. Brittle fracture (without viscous dissipation) in a 2D crystal whose atoms interact via the short-range LJ spline potential.
(a) Grain map emphasizing dislocation cores (atoms colored by 60-periodic rainbow according to orientation of hexagon of nearest
neighbors: red at vertical, green at 30 to right, blue at 60 ) shown for initial strain of 3% in the horizontal direction at t =11, 15,
19tp', (b) initial strain of 6', for t =6, 8, and 10tp.
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FIG. 8. E6ect of viscous dissipation on ductility (grain map as in Fig. 7) in the 20 LJ crystal, prestrained in the horizontal direc-

tion to 5%; (a) viscous damping coe%cient y =0.2 at t =22tp (note pair of dislocations along +60 slip lines); {b) y = 1 at t =30tp
(brittle crack).
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large, the heating near the crack tip, where bonds have
been broken and potential energy has been converted to
kinetic, would be dissipated so quickly that dislocations
could not be formed to blunt the tip. Since dislocations
require energy to be generated, as well as to be made
mobile, the viscous damping thus could be viewed as a
competing dissipation mechanism, allowing brittle crack
propagation. We emphasize that we used this dissipation
merely as an artifice for investigating the thermal activa-
tion process, as distinguished from the continuum picture
of Langer and Nakanishi, ' where their damping is
meant to account for a variety of underlying dissipative
mechanisms.

We introduce homogeneous viscous damping into the
equations of motion via the irreversible Berendsen ther-
mostat:"

Tpmx=F —y 1 — mx,T
(3.1)

where y is the viscous damping rate at zero temperature,
Tp is the temperature of the thermal bath, and T is the
instantaneous kinetic temperature for X atoms in d di-
mensions:

dN kT= g m;~x; ix;x~— (3.2)

(In the case of constant strain, the local expansion veloci-
ty is zero, since i= 0 )—At .To=0, the usual viscous
damping equations of motion are recovered. Berendsen
et al. motivated these equations of motion by imagining
that the atoms are massive solute particles irnrnersed in a
sea of light solvent particles. Such a picture has recently
been used to model thermal motion of metal ions in an
electron gas, ' where local viscous (Berendsen) damping
in the equations of motion can be justified by electron-
phonon coupling between the electron gas and the ions.
In LJ units of t p

', this coupling constant corresponds to
y=0. 1 for (3D) copper, which is well below critical
damping for harmonic LJ crystals: y„;,=2cop- 17.

We chose to study first a small LJ system (16000
atoms), prestrained to about twice the threshold value
(5%), with an elliptical hole cut out in the middle, an ini-
tial temperature set to Tp =0, and y =0.1. The resulting
fracture was ductile, as was the case when y was in-
creased to 0.2. However, in the case of y=1, the crack
opened up in a completely brittle manner; no dislocations
could be generated at the crack tip, which remained
atomically sharp during bond breaking (see Fig. 8). With
y = 1 and kTo/e=O. 1 (about one-fourth the LJ melting
temperature in 2D), ductile behavior —dislocation
generation —was seen once again, with new cracks open-
ing up away from the original crack tip at dislocation
cores that had escaped along the +60 slip lines. This
leapfrogging appeared to occur in much in the same
manner as forking we observed at lower temperatures un-
der homogeneous strain-rate conditions.

By increasing the initial strain to 10%%uo ( To =0), so that
more energy would be released upon bond breaking, a
value of y=1 was no longer sufficient to ensure brittle
behavior; for this case, a value near y=3 was required.

TABLE IV. Crack velocities in units of (c/m)' under
artificial viscous damping (coefficient y, in units of to ) in the
LJ crystal, at constant strain of 5%.

0
0.2
1.0

v„„k(average)

1.6
1.45
1.41

v„.„,k (peak)

2.0
1.77
1.5

E. Dependence of critical strain on crack length

We note that the critical strain we have observed ap-
pears to be independent of crack length, and to depend
instead upon the curvature at the crack tip. In our earli-
est simulations, we chose to study narrow triangular
notches that were about 17 atomic spacings deep and 3
wide, so that the crack surface was not atomically
smooth; the critical strain was just a bit above 2%, for
samples containing either 30000 or 300000 atoms. From
this, we can conclude that the critical strain depends only
on the initial crack geometry, not the system size, provid-
ed that the crack volume is small compared to the total.
Then, for a series of long, narrow notches 2 atomic layers
wide, we determined the critical strain for crack motion
by examining snapshots taken at time intervals of tp at a
strain rate of 10 tp so that the uncertainty in critical
strain was about 0.1%. Critical strain as a function of
crack length is presented in Table V. Independently,

TABLE V. Critical strain (%) as a function of crack length
(width = 2ro).

Crack length (rq)

68
46
23
10
6

Crj.tIcal strasn (%)

2.3
2.2
2.4
3.15
3.7

These experiments, where rather large values of damping
and overstrain are applied, are nevertheless instructive to
our understanding of the energetics of brittle versus duc-
tile fracture. For the LJ crystal strained to 5%, we show
crack velocity vs y in Table IV. Crack velocities de-
crease with increased viscous damping, showing the
dynamical effect of dissipation, rather than increased
brittleness. In the y =0.2 case, the early-time velocity of
an emitted dislocation is relatively unaffected by the
viscous damping, namely, it is about 90% of the shear-
wave speed; similarly, the acoustic pulse emanating from
the early bond-breaking events is about 90% of the longi-
tudinal speed.

From these experiments with artificial viscous damp-
ing, we conclude that quasistatic cracks in the LJ system
are, in fact, brittle. When the strain is raised above the
critical value, the crack propagation becomes
dynamic —the velocity increases, and the crack tip
"heats up. " At that point, dislocations can be emitted,
and the material becomes ductile. Dynamic crack propa-
gation can therefore be qualitatively different from static
predictions.
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Dienes and Paskin found a critical strain of 2.9% for
their longest crack of length 10ro, compared to our value,
3.15%. However, they stopped at a length which fortui-
tously agrees with their continuum formulation of the
Griffith criterion (predicting that the critical strain de-
pends on the inverse square root of the crack length).
From our results, on the other hand, we conclude that for
a narrow notch whose length is 20 or more atomic spac-
ings, the critical strain is independent of length.

IV. CQNCLUSK)NS

Massively parallel molecular-dynamics simulations
make it possible to study fracture at the atomistic level in
samples that are far more macroscopic in extent than
ever before. Nevertheless, the severe time and space limi-
tations of MD —primarily represented by the sound
traversal time —require that clever boundary conditions
be applied so as to mimic a large system embedded in an
"infinite medium. " Dynamic crack initiation at finite
strain rates is achieved most efhciently by imposing a
linear velocity profile transverse to the propagation direc-
tion (pointed to by a notch in the sample). A constant
strain above the critical value can then be achieved by
subtracting off the linear profile and setting the boundary
velocities to zero. This gentle ramp-up to the final strain
prevents extraneous rarefaction waves caused when a
sudden strain is imposed. We have shown that even ap-
parently innocent sound waves reAected from the boun-
daries can affect crack morphology by inhibiting or heal-
ing bifurcations, or by inhibiting the emission of disloca-
tions. We have therefore investigated a number of reser-
voir methods for absorbing sound waves and dislocations
emitted from the crack tip. The best method, which min-
imizes the mismatch between reservoir and sample, is to
gradually ramp up the viscous damping coe%cient for
reservoir-atom velocities over a distance of about 20
atomic layers.

Over a wide range of strain rates and for temperatures
up to at least one-fourth of melting, we observe that the
critical strain is nearly a constant for a given material.

By introducing an artificial viscous damping mechanism
into constant plane-strain fracture simulations, we ob-
served that ductility can be suppressed, so that brittle
behavior alone is observed, with a crack velocity that de-
pends on the amount of strain above critical. The
amount of dissipation required to inhibit dislocation
emission is also roughly proportional to the excess strain.
From these experiments, we see that dynamical effects
are important in assessing brittleness and ductility. Also,
we see that ductile fracture is a thermally activated pro-
cess. Increasing the strain rate j.n the case of constant
strain-rate simulations, or increasing the supercritical
strain in constant plane-strain simulations, results in
effectively higher "temperatures" at the crack tip, and
leads to generation of higher numbers of mobile disloca-
tions, i.e., ductile behavior.

The interaction potential in the attractive (expansion)
region dominates the intrinsic brittleness or ductility of a
material at zero temperature. We were able to alter the

behavior of an otherwise ductile material by making the
attractive potential more short ranged, and thereby the
force more strongly attractive. The unexpected complex-
ity of the resulting brittle behavior showed, however, that
the distinction between brittleness and ductility is very
fuzzy, since the degree to which dislocations are bound to
the crack tip depends on the applied strain. Moreover,
we note that a crack moving at a nonzero velocity
behaves differently from a static one. In dynamic crack
propagation, we see that the kinetic temperatures can be
locally very high in the vicinity of the crack tip and
mobile dislocation cores —approaching the melting tem-
perature.

We restate the distinction between brittle and ductile
behavior for dynamical cracks by noting that in brittle
materials, dislocations are asymptotically bound to the
crack tip, while in ductile materials, the dislocations are
asymptotically free. We observe that the early time ve-
locities of the emitted dislocations in ductile materials ap-
pear to be approximately the shear-wave speed. The
dislocations then slow down far from the crack (at tens of
lattice spacings) to a velocity of about two-thirds of the
shear speed. We also see that dislocation emission and
climb is important in crack forking.

In a forthcoming paper, we will report on our obser-
vation that the direction of crack propagation in the 2D
triangular lattice can also affect the apparent ductility,
that is, the rate of production of mobile dislocations. In
the simulations we have discussed so far, we launched
cracks in the direction parallel to the close-packed
lines —the so-called "natural" cleavage direction. (In the
2D triangular lattice, close-packed "planes" occur in
three orientations. These are the three distinct slip direc-
tions along which dislocations can move, and they are
also the natural cleavage planes. ) The 2D lattice is elasti-
cally isotropic, so that long-wavelength sound waves
travel at the same speed in any direction. However, frac-
ture involves very nonlinear deformation, so that direc-
tionality can well affect crack propagation, even in an
elastically isotropic medium. We find that the LJ system,
which exhibits ductile behavior for dynamic crack propa-
gation along the natural cleavage direction, is much more
brittle when a crack is launched perpendicular to the
close-packed rows, along which tension is applied. In
this case, the formation of dislocations is inhibited, and
the crack tends to zigzag rather than blunt. Moreover,
the zigzag amplitude is much larger than in the natural
direction, where it is typically one atomic layer.

The brittleness observed in this zigzag instability is not
too surprising, since in the transverse direction there are
two cleavage planes at +30', rather than straight ahead
as in the natural cleavage direction. As a consequence,
the crack velocity is significantly higher in the transverse
direction than in the natural direction. When the strain
is ramped up at a rate of 10, past the critical strain of
2% in either direction —up to 2.5%%uo —the crack velocity
in either case reaches an asymptotic value: the transverse
direction velocity is about 2.0, while the velocity in the
natural cleavage direction asymptotes at about 1.4 (38%%uo

and 27%%uo of the shear-wave speed, respectively). Because
of this peculiar directional behavior, one should be cau-
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tious about claims that the 2D lattice can be used as a
universal example of fracture behavior, particularly as a
model for glassy materials that are truly isotropic. '

In addition to studying polycrystalline materials, we
are in the process of applying the fracture simulation ap-
proaches we have developed to 3D, where the chal-
lenges of adequate boundary treatment and visualization
are considerably more severe than in 2D.
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APPENDIX A: POTENTIALS

In this appendix, we present potentials we have
used —other than Lennard-Jones, Morse, and
embedded-atom method potentials, which are presented
in the main text.

Johnson potential:

y(r)= ar +br —cr+d, —
b C d

(A 1 )
min max

156.296 555.131 629.128
45.4964 162.529 188.568
79.3611 279.008 322.114
0 0 0

HAM potential
—1+a (r —1), 0(r

0.91721
1.14651
1.31467

0
0.91721
1.14651
1.31467

—a (r r), r, (r(r—
v'2

r =1+, r, =
—,'(1+r ) .

CK

splineCubic
p"(r, )%0]:

y(r) =y, +y,'(r r, )+ ,'qj'(r r, )
—

—,
' A3(—r—r, )——

[r, ~r~r

(A3)
Vs V 'Ps Tests

rm =rs+2
0's

II
0's %'s

(r —r, )~ (r —r, )

3V's
r =r-

m s
0's

Tote on units. It is unfortunate that for our first few
calculations, we chose to represent the LJ potential in our
MD computer code in the "conventional way, "where the
unit of distance is the crossing point or zero of the LJ po-
tential o =rol2'~ . Thus, the careful reader will notice
that the strain rates for some of the LJ and EAM calcula-
tions are slightly larger, by a factor of 2' = 1.12, than in
the Morse case, where the unit of distance is naturally ro.
We recommend the abandonment of the "conventional"
units for the LJ systems; their only utility is to make the
3D close-packed density equal to one, rather than V2.

APPENDIX 8: RESERVOIRS

In the course of this MD fracture investigation, we ex-
amined, albeit in a rather Edisonian fashion, a variety of
treatments of atomistic reservoir regions, whose principal
purpose is to absorb sound waves and mobile dislocations
that have been generated in the process of crack propaga-
tion. We chose to restrict ourselves to simple atomistic
reservoirs, rather than the more complex methods em-
ployed in the past, mainly because the tremendous in-
crease in computer memory afforded by massively paral-
lel computers enables us to use a more brute-force ap-
proach. Past methods, even the closely related stress
boundary treatment of Yip and co-workers, ' ' have nev-
er been implemented on sufFiciently large systems to in-
sure that truly boundary-free results have been obtained.
This is not to say that coupling of sample atoms to some
kind of a continuum treatment, particularly a particlelike
method, would not be greatly advantageous in reducing
the ratio of reservoir to sample degrees of freedom.

The first continuous-potential, nonequilibrium MD
simulation, carried out by Vineyard and co-workers' for
a radiation damage cascade introduced the use of surface
reservoir atoms, whose sole purpose was to damp outgo-
ing shock waves arising from the atom initiating the col-
lision cascade (having been struck by a high-energy neu-
tron). The surface atoms were attached to fixed lattice
sites by harmonic springs, and their velocities were
damped by viscous dashpots tuned to the critical damp-
ing of longitudinal sound waves. In our case, we need to
be able to absorb dislocations, too, so that, were we to use
the Vineyard group's approach of fixing atoms in the
reservoir, we would be preventing dislocation outAow.
Thus, in all the methods we considered, we assumed that
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the reservoir was open, that is, atoms could enter or leave
the reservoir region at will, but once they had crossed
over into "no-man's land, " anything could be done to
their equations of motion. Apart from initial conditions
and these boundary conditions, atoms in the central sam-
ple region —"the meat" in the sandwich —always obey
Newton's equations of motion.

Of the many approaches that we tried for absorbing
energy that emanates from the crack-opening process, the
unsuccessful ones include the following: velocity rescal-
ing, where the kinetic energy of the reservoir region is
controlled at each time step so as to conform to a fixed
temperature (in all the thermostatting methods we tried,
we subtracted the local expansion velocity from each
atom s own velocity, to obtain its peculiar velocity);
Nose-Hoover thermostatting, ' where, instead of impos-
ing a rigid constraint on the kinetic energy in the reser-
voir, deterministic feedback ensures that the time-average
kinetic energy is equal to the imposed value; introduction
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