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A transition of brittle to ductile propagation of a sharp crack in a crystal is observed by molecular-
dynamics simulation and the transition mechanism shown to be the emission of dislocations at the crack
tip and activation of specific slip systems appropriate to the crystal structure. Implications for extension

of current theories are discussed.

PACS numbers: 62.20.Mk, 46.30.Nz, 62.20.Fe, 81.40.Np

A crystal is said to be intrinsically brittle if an existing
crack is able to propagate along a crystallographic plane
in a cleavage manner when the solid is under stress. On
the other hand, the crystal is considered to be ductile if
the crack-tip extension is accompanied by plastic defor-
mation. While transitions from brittle to ductile behav-
ior have been observed in a number of materials,'™? this
basic phenomenon, despite its obvious technological in-
terest, is not well understood in the mechanistic aspects
of dislocation nucleation and mobility.?=> It is recog-
nized that existing models of dislocation nucleation,
based on continuum mechanics, are lacking in the atom-
istic treatment of thermal and nonlinear stress effects in
the vicinity of the crack tip; on the other hand, such local
information is not available experimentally or theoreti-
cally.

In this Letter we report a molecular-dynamics study of
the response of a crystal containing a sharp crack to
varying stress and temperature. A transition from brittle
to ductile fracture occurring over a limited temperature
range is directly observed. Detailed analyses of the
atomic displacements generated by the simulation reveal
the transition mechanism to be the emission of disloca-
tions from the crack tip, the characteristics of which de-
pend on the crystal structure and the crack orientation.
As the transition implies an activation barrier for dislo-
cation nucleation, we find that the existing continuum
description? is unable to account for the magnitude of
the activation energy. We also show that thermal fluc-
tuation and local stress effects play an important role in
significantly reducing the overestimate of the activation
energy.®

The general setup of our crack-tip simulation is illus-
trated schematically in Fig. 1. We imagine a sharp
crack embedded in a crystalline material of macroscopic
dimensions which is subjected to uniaxial tension. The
simulation cell covers only the crack-tip region; it con-
tains /V atoms which interact with each other through a
prescribed interatomic potential function. The coupling
between these atoms and the surrounding medium exter-
nal to the cell is expressed through a set of external
forces imposed on atoms at the borders of the cell.
These forces, determined at the outset and held constant

during the simulation, represent the interactions between
the atoms in the simulation cell and those in the sur-
rounding medium when all the atoms are displaced ac-
cording to the linear-elasticity solutions to the crack-tip
problem.” The advantage of this particular border condi-
tion® is that the simulation cell, with the surrounding
medium removed during the simulation, is free to deform
in response to the stresses generated at the crack tip as
the crack propagates. In the present study the previous
implementation of this border treatment® has been im-
proved to ensure the stability of the corners of the simu-
lation cell.®

The interatomic potential adopted for this work has
been constructed using a version of the effective-medium
approximation for the bcc metal a-iron.” The potential
was fitted to give the experimental values of lattice pa-
rameter and sublimation energy precisely, and elastic
constants and vacancy formation energy reasonably well.
In our data analysis and interpretation we do not use ex-
perimental values for any of the physical parameters; for
self-consistency all numerical values of physical proper-
ties are obtained directly from the model potential func-
tion.

We have examined three crack-tip configurations in
the bcc crystal lattice; these will be labeled as
[1001(001), [110](001), and [100]1(011) cracks, where
the crack front direction is specified and the plane is that
in which the crack lies (see Fig. 5 below for an illustra-
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FIG. 1. Schematic of a macroscopic body containing an
atomically sharp crack of length 2¢ subject to tensile stress o
(left-hand figure) and the molecular-dynamics simulation cell
representing the crack-tip region (right-hand figure).
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tion).® The simulation cell is taken to be periodic in the
direction along the crack front. Because we are simulat-
ing the condition of plane strain, most of the config-
urations are 2 to 4 atom layers in this direction.

A typical simulation run consists of setting up the
crack-tip configuration according to the elasticity solu-
tion for the atomic displacements’ at a prescribed level
of applied tensile stress, expressed as the quantity K;
=o+/rc, the stress intensity factor for mode / fracture.
The atoms are then allowed to move according to
Newton’s equations of motion with the system tempera-
ture maintained at a constant value by rescaling the par-
ticle velocities after every time step of the simulation. If
K; is greater than the threshold value for the crack to

propagate, interatomic bonds will begin to break at the
crack tip.'? On the other hand, if the stress is below the
threshold level, one will see crack healing through the
formation of new bonds.

In the case of brittle fracture a well-known criterion
for the critical stress required for crack extension has
been derived from an equilibrium condition between
strain-energy release rate and twice the surface free en-
ergy of the crack surface.'' For an isotropic medium the
predicted critical value of K, K., depends only on the
Young’s modulus, the surface energy y, and the Poisson
ratio. When the anisotropic effects of a discrete crystal
lattice are taken into account,’ the Griffith criterion be-
comes

Kig =2y{(s11522/2) P [(s20/511) >+ Q2s12+566) /25111 /3 7172, (1)

where s, are the compliance constants with indices 1, 2,
and 6 referring to the directions of plane strain, crack
propagation (normal to crack front), and normal of the
crack plane, respectively. In Fig. 2 we show for all three
crack orientations the number of bonds broken or formed
at various stress intensity values observed during a fixed
interval of simulation. Broken bonds indicate that the
crack is propagating under the imposed stress, while
healed bonds indicate that the crack is receding. At the
critical stress the crack should be stationary. It is seen
that Eq. (1) is satisfied to within about 5%, which is a
significant improvement over previous studies which
showed deviations ranging from 20% to a factor of 3.8
We regard this agreement as an indication of physical
meaningfulness of our simulation model, particularly
concerning the treatment of the border condition and the
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FIG. 2. Number of bonds broken (n positive) or formed (n
negative) during 4.4 psec of simulation at various stress inten-
sity factors K;/K;; diamonds, squares, and triangles refer to
[1001(0T1), [1101(001), and [1001(001) cracks, respectively.

anisotropy of the crack-tip structure.

To study the transition from brittle to ductile fracture
we examine each crack tip at a supercritical stress value
of 1.1K;c over a range of temperatures. In these runs
the number of atoms in the cell ranges from 2400 to
3000, with corresponding cell dimensions ranging from
120 Ax80 A to 120 Ax120 A in the two directions
shown in Fig. 3. At low temperatures brittle cleavage is
observed in all cases. An example of cleavage fracture is
given in Fig. 3, which shows the instantaneous atomic
positions of a [1001(011) crack after 3000 times steps
(4.4 psec) of simulation at T=200 K. The atomic
configuration of the same crack simulated at 7=400 K
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FIG. 3. Brittle fracture of a [1001(011) crack at 7=200 K
and K;/K;; =1.1; instantaneous atomic configuration at time
step 3000. The ordinate and abscissa are Z and Y axes (see
Fig. 5) with scales in units of angstroms. The cross indicates
the initial position of the crack tip.
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is shown in Fig. 4. Here one sees clearly the presence of
two edge dislocations and a significant opening of the
crack tip; both are characteristic features of ductile frac-
ture.

The transition from brittle to ductile behavior as the
temperature is increased is also observed in the other two
crack-tip orientations.® While the transition tempera-
ture is found to be somewhat different in each case, the
fact that the transition occurs around room temperature
is in agreement with available data.? To determine the
deformation mechanism associated with the transition, a
detailed analysis of the atomic trajectories during the
transition is carried out. We choose to work with the
[1001(011) crack because in this case the analysis is con-
siderably simplified by the fact that the slip planes are
inclined at 90°.

From the simulation data on the [100](011) crack
model, dislocations are observed to be emitted from the
crack tip with line direction parallel to the crack front
direction of [100]. From the time trajectories of the
atoms in adjacent (011) slip planes, one can discern ap-
preciable movements in both the [100] and [011] direc-
tions, thus suggesting the presence of a screw component
of the dislocation in addition to the edge component. We
have developed a method for the quantitative characteri-
zation of dislocations through the use of an atomic dis-
registry function which is a measure of the relative dis-
placement between corresponding atomic sites across the
slip plane.® With this method we find the dislocations
nucleated from the [1001(011) crack to have mixed edge
and screw components with Burgers vector b in the
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FIG. 4. Ductile fracture of a [1001(011) crack (same as
Fig. 3) at 7=400 K and K,/Kic =1.1; instantaneous atomic

configuration at time step 3000. Two dislocations nucleated
from the crack tip are marked.
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s [111] direction, as shown in Fig. 5. The analysis
therefore confirms that in the simulation dislocations are
indeed nucleated from the crack tip and they move away
by gliding on the (011) plane; the (111){011} slip in this
process is known from crystallography as well as experi-
mental observations'? to be a major slip system for bcc
crystals. It is interesting to note that although our par-
ticular choice of crack plane is not the conventional
(001) cleavage plane for bcc iron, nevertheless, the de-
formation mechanism activated in our simulation of duc-
tile fracture involves the same slip systems as observed in
experiments.

Current understanding of the brittle-to-ductile transi-
tion is based on the model of Rice and Thomson,*’
which describes the change in the free energy AG of the
crack system resulting from the creation of a dislocation
half-loop, AG(z) =U . (z)+U,(z) —U,(z), where U, (z)
is the elastic self-energy of the dislocation loop of size z,
U, is the energy required to form a ledge as the loop ex-
pands to the surface, and U, is the energy gained by the
loop in the stress field of the crack tip. If one considers a
crack in an isotropic material and the formation of a
half-square dislocation loop on a glide plane perpendicu-
lar to the crack plane,* the expression for the elastic line
energy of a planar, square dislocation loop of length L is
U,=aLln(cL), where a is a function of the elastic con-
stants and c is a factor which contains the cutoff distance
for the dislocation core.'® For U, one can simply take
vb.L, y being the free surface energy and b, the edge
component of the Burgers vector. For U, an expression
based on elasticity is aoL\/I: where a, is another func-
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FIG. 5. Schematic showing dislocations with Burgers vector
b= [1T1] gliding on the (011) plane, the mechanism of duc-
tile fracture deduced from the simulation data on the propaga-
tion of a [100]1(0T1) crack.
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tion of the elastic constants.* The term U, will eventual-
ly dominate at sufficiently large loop, so AG(z) rises
from zero at zg, the core cutoff, reaches a peak at a value
z*, and decreases to negative values at large z. The loop
size z* characterizes the activated or saddle-point
configuration with corresponding activation energy bar-
rier AG*=AG(z*). Combining the three estimates
above with typical numerical values for a-iron we obtain
a value of 80 eV for AG*.® This translates into a transi-
tion temperature of several hundred thousand degrees,
clearly incompatible with observation.

We have introduced several modifications of the Rice-
Thomson model using softened elastic constants at finite
temperatures and stress, and the nonlinear stress distri-
bution at the crack tip, both obtained by simulation.®'*
Thus in U, the coefficient a becomes a function of tem-
perature and the local stress distribution, and U, be-
comes a,(T) [ dro,.(r), where a,(T) accounts for the
thermal softening of the elastic constants and o,,(r) is
the stress distribution calculated directly by molecular
dynamics. These modifications give a significantly re-
duced value of AG*, approximately 5 eV. Although
such a barrier height is still too large to account for the
observed transition, our analysis clearly points to the im-
portant role of thermal and stress softening effects and
that of nonlinear stress distribution.

In summary, we have demonstrated that while contin-
uum mechanics and elasticity provide an appropriate
framework for the description of intrinsic fracture be-
havior of crystalline solids, an integrated approach incor-
porating the atomic-level information available from
molecular dynamics is necessary to achieve a level of
quantitative understanding.
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