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The nucleation and emission of dislocations from the crack tip under mode II loading are analyzed
by the molecular-dynamics method in which the Finnis—Sinclair potential has been used. A suitable
atom lattice configuration is employed to allow one to fully analyze the nucleation, emission,
dissociation, and pileup of the dislocations. The calculated results show that although the pure mode
IT loading is applied, the crack tip generally exhibits a combined mode. The stress distributions
before the dislocation emission are in agreement with the elasticity solution, but are not after the
emission. The critical stress intensity factor corresponding to the dislocation nucleation Ky, is
dependent on the loading rate K. The separations of a pair of partial dislocations and the full
dislocations are also dependent on the loading rate. When the first partial dislocation is blocked, a
pileup of dislocations can be set up. It is also found that the dislocation can move at subsonic wave
speed (less than the shear wave speed) or at transonic speed (greater than the shear wave speed but
less than the longitudinal wave speed) depending on the loading rate, but at the longitudinal wave

speed which just corresponds to Ky = 1.15 MPa \/r;/ps for copper, the atom lattice breaks

down. © 7995 American Institute of Physics.

I. INTRODUCTION

The dislocation nucleations from the crack tip have been
investigated by many researchers.””* Rice and Thomson?
used linear elasticity to establish the criterion of nucleation
of a discrete dislocation and the transition of ductile and
brittle fracture.” Sinclair and Finnis® extended Rice and
Thomson analysis to address the problem of whether the
presence of one or more emitted dislocation affects the com-
petition between further emission and cleavage. Lin and
Hirth® studied the changes of stress with dislocation emission
from a crack. More recently, Rice® used the Peierls concept
to reanalyze the dislocation nucleation from a crack tip and
proposed a new solid-state parameter 7,,, the unstable stack-
ing energy, to evaluate the critical external loading which
corresponds to dislocation nucleation. Wang* extended
Rice’s analysis with a set of new governing equations which
can be employed to analyze the dislocation emission.

The above analyses were unsatisfactory because of their
use of the continuum elasticity for crack tip stress field.
When a dislocation is very near the crack tip where the non-
linear and atomic lattice effects are great, the atomic force
law needs to be considered. The experimental results of Choi
et al.” showed that the core size of dislocation is far beyond
that predicted by the linear continuum elasticity theory. It is
essential to analyze the dislocation nucleation and emission
from the crack tip by atomistic simulation utilizing appropri-
ate interatomic law and correct crystallographic geometry of
the simulated specimen.

Bullough® and Cotterill and Doyama® made what was
probably the first such calculation. The potentials of Born—
Mayer and Morse were used in their calculation. deDelis
et al.'% used molecular dynamics with the Johnson and
Morse potential to simulate stressed crack tip processes in
a-iron and copper.
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Daw and Baskes!! developed the embedded-atom

method to calculate the ground-state behaviors. Using the
embedded-atom method, Baskes et al.'? investigated the dis-
location mobility in nickel. Tan and Yang'® also used the
embedded-atom method to calculate the nucleation and emis-
sion of dislocations at and near the crack tip. A new com-
bined atomistic-continuum method was proposed. But a sim-
plified atom lattice configuration was used in their
calculation. Cheung er al.'* also used the embedded-atom
method to analyze the dislocation nucleation from crack tips
in a-iron; their emphasis was put on the thermoactivity.

Here we use the “N-body” potential proposed by Finnis
and Sinclair'® and constructed by Ackland ez al.'® to simulate
the crack tip processes in the ground state. The principal
differences between the Finnis and Sinclair potential and the
Daw and Baskes potential lie in the derivation and interpre-
tation of electron density and the embedded function. Finnis
and Sinclair used a square-root function for embedded func-
tion and identified electron density with the second moment
of density of states.

Kitagawa and Nakatani'” used the Finnis and Sinclair
potential to calculate the crack tip processes. Several atom-
istic lattice geometries and crack modes were employed to
calculate the nucleation and emission of dislocations.

In order to investigate the dissociation, nucleation, emis-
sion, dislocation-free zone, and pileup of dislocations and
compare them with the elasticity solution, a mode II crack
under the prescribed K-displacement field is employed to
analyze the crack tip processes in the present atomistic simu-
lation. The calculated results obtained in the present paper
can give us some comprehensive understanding about the
nucleation, emission, dislocation-free zone, dissociation, and
pileup of dislocations and some behaviors of moving dislo-
cations.
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The plan of the paper is as follows. In the next section,
we shall consider the atom model; these inciude (a) the in-
teratomic potential, (b) the method of solution, (c) the atom-
istic geometry, and (d) the boundary conditions. In Sec. III,
we shall give out our simulated results and compare them
with the elasticity solutions. Finally, we shall give some con-
clusions in Sec. IV.

il. ATOM MODEL
A. Interatomic potential

The interatomic potential used here is the *“N-body™ po-
tential proposed by Finnis and Sinclair. The ansatz they used
is

i
Utot:"z pi“2+ EE ; Z Vi (1)
i i(i#])
p is the second moment of the density of states, and
p= 2 . 2
JED

V;; and ¢;; are functions only of the interatomic distance,
and can be obtained by assuming some function forms and
then fitting with the experimental data.

B. Method of solution

The mode II isotropic displacement field is prescribed to
the border of discrete atoms for the initial positioning of
atoms in an incremental fashion. The loading rate Kj; is used
as the loading control parameter. The inner atoms follow law
of Newton:

&Utot
- ari =m;-a;. (3)
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In the present paper, the leapfrog algorithm is used:
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where m; is the mass of the ith atom, and v;(#) and r¢)

the velocity and position of the ith atom at time ¢, respec--

tively. The above scheme provides an update formulation;
the time step in the present calculation is taken to be
1.18X107"s.

The atomic level stress associated an atom is calculated
by using the potential of Finnis and Sinclair: :
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FIG. 1. Crack tip and crystallographic geometry in fcc crystal.

C. The atom lattice geometry

The {110}, {111}, and {112} crystallographic planes of the
parallelepiped with a slit are used in present calculations.
The coordinate system is selected to be x, y, and z axes
along the (110), (112), and (111) directions, respectively. In
fce crystal, dislocation moves in the (110} direction on the
{111} plane. So in the present model, the crack plane is taken
to be {111} plane and the crack front is along the (112) di-
rection. Under mode IT loading, the dislocations shall move
along the (110} direction (see Fig. 1). The periodicity along
(111} is three layers, along (110} is two layers, and along
{112} is six layers. Figure 2 shows the lattice atoms in our
model on the {111} plane. Since a long extension in slip
direction is particularly important, here the (110) slip direc-
tion is made as extensive as is computationably feasible.

A full dislocation in copper will be dissociated into two
partial dislocations, i.e.,

J110]1—=42111+ 1211
Between the two partial dislocations, there is a faulted plane.
As for the periodicity condition is used along the (112} di-

rection, the nucleation and motion of partial dislocations can
be described with the present lattice configuration.
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FIG. 2. The lattice atoms on the {111} stacking plane.
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along x: 90 periods, 180 layers
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FIG. 3. (a) The schematic diagram of present calculated model, (b) the
schematic diagram for the border treatment, and (c) the initial positioning of
atoms near the crack tip, six layers projected at the {112} plane.
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D. The boundary conditions

The calculated mode] is schematically shown in Fig.
3(a). The boundary conditions applied to the boundaries of
the discrete atom region A and B as shown in Fig. 3(b) have
been that of a prescribed displacement distribution dictated
by a model II isotropic K field in the x-z plane. The atoms in
region A are used to calculate the electron density of the

atoms in region B. The atoms in region B interact directly
with the atoms in mginn C governed hy Newton’s law, The

i e Ul RARERL N B oraele v Wil o 14y ~ 210

© width of regions A and B should be greater than the cutoff

distance of the potential. Along the y direction, a six layer
periodic representation is applied. So the present atom lattice
is actually three dimensional. Figure 3(c) shows the atom
arrangement for copper of six adjacent {211} planes pro-
jected on the same layer near the crack tip. The total number
of atoms for the simulation is N=10 760. The length along
the x direction is (\/5/4)><180ao (aq is the lattice constant)
and the width along z direction is (\/?7/3)><60a0. The dis-
tance between the crack tip and the left boundary is
(v/2/4)X20a,. As the length from the crack tip to the right
boundary is large enough, the effect of the boundary con-
straints on the nucleation and emission of dislocations can be
neglected if the dislocations are not too close to the bound-
ary. On the other hand, if we take the boundary as an ob-
stacle to block the moving of dislocations, then the pileup of
dislocations can then be set up.

Ill. RESULTS AND DISCUSSIONS

In the present paper, several cases under different load-
ing rates have been calculated, but here mainly the case a
loading rate, K;=0.02034 MPa \/Ellps (1 ps=10"12s), and
case b, Ky=0.05102 MPa \/E/ps, are reported in detail.
Then some other results obtained from other cases are also
reported.
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FIG. 4. The variations of positions of the partial dislocations with the iso-
tropic loading level K. Two partial dislocations have been emitted
( Kp=0.02034 MPa m/ps).
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FIG. 5. The lattice atoms near the crack tip at Ky=0.48 MPa \/EL The two partial dislocations can be clearly observed.

A. The caiculated results for case a

Although the pure mode I loading is applied, the
moving-away direction is not along the x direction, i.e.,
{110), but along 30° from the x direction on the x-y plane,
i.e., {112). The moving-away direction is just one of the par-
tial dislocations. So the loading mode of the crack tip is a
mixed one due to the dissociation of a full dislocation.

The first partial dislocation is nucleated at Ky=0.33
MPa \/E; it only takes 0.553 ps for this partial dislocation to
be accelerated to an approximate constant speed at y=1812
m/s. But at the distance 11.55a, from the crack tip, the dis-
location changes its speed to about 1549 mfs. At Ky
= (.43 MPa \/—n—n, the second partial dislocation is nucleated;
it accelerates very quickly to the speed of about 1816 m/s. At
a distance 14.68a, its speed becomes approximately 1460
m/s. All these speeds are below the shear wave speed 2215
m/s and longitudinal wave speed 4560 m/s for copper. The
separation between two partial dislocations is about 60 A; it
is well in the range predicted by Rice.® Figure 4 shows
curves of the dislocation positions versus loading level Ky It
can be seen that the separation of the two partial dislocations
remains approximately the same except when the first dislo-
cation is blocked by the border. When the first full disloca-
tion is emitted, there exists a dislocation-free zone between
the crack tip and the full dislocation. Figure 5 shows the
atom configuration at Ky = 0.48MPa \/5 The two partial
dislocations can be clearly observed. The shear stress along
the prolongation of the crack plane is shown in Fig. 6(a) and
6(b) at loading level Ky = 0.24 and 0.48 MPa ym. The
shear stress of the elastic crack tip field and discrete disloca-
tion (the shear stress at the dislocation core is corrected by
Peierls dislocation) is also plotted on the same figure. The
linear elastic solution of the interaction field produced by
singularity of the crack tip and the edge dislocation with
Burgers’ vector b is'®

KII 22 X b
27(l-») Vx ©)

X x—x;

a' =
= 2ax
The stress produced by Eq. (6) ensures no traction at the

crack planes. The shear stress very near the dislocation core
corrected by Peierls dislocation is'®

- =t ud 1)
2 2m(l—v) x>+

It is shown that before the dislocation nucleation, our
results are in good agreement with the elasticity solution [see
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Fig. 6(a)]. After the dislocation emission, our results are in
disagreement with the elasticity solution [see Fig. 6(b)]. The
stress level of our results is lower than the elasticity solution.
This is because the stress of our results does not have singu-
larity at the crack tip and the stress level at the dislocation
core is lower than that of the Peierls dislocation due to the
relaxation of the atoms at dislocation core.

B. The calculated results for case b

The curves of the dislocation positions versus loading
level are shown in Fig. 7. As for the loading rate, case b is
larger than that of case a, the moving speed of dislocation is
faster, and the separation of the two partial dislocations and
the separation of the full dislocation are less than that of case
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FIG. 6. The comparison of atomistic results and elasticity solutions, (a)
before dislocation nucleation at Ky=0.24 MPa \/t—n— and (b) after dislocation
emission at Ky=0.48 MPa Jm (Kp=0.02034 MPa \/Ellps).
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FIG. 7. The variations of the posiﬁons of the partial dislocations with the
isotropic loading level K. Six partial dislocations have been emitted
{ Ky=0.05102 MPa +m/ps).

a. The speed of the first partial dislocation remains approxi-
mately constant at 2123 m/s. When the first partial disloca-
tion is blocked, it wanders near the border. When the follow-
ing partial dislocation approaches the first blocked
dislocation, it slows down and also wanders near the first
partial dislocation. At this time the separation of these two
partials is very close. It can be also noted that the
dislocation-free zone at this case becomes smaller because of
the increasing loading rate. The atom lattice configuration at
Ky = 1.2MPa \[r; is shown in Fig. 8. There are six partial
dislocations between the crack tip and the border. The pileup
of the dislocations can be clearly observed. The shear stress
along the prolongation of the crack plane is shown in Figs.
9(a) and 9(b) at loading level Ky=0.24 and 0.72 MPa Vm.
m. Comparison of our calculated results with the elasticity
solution shows the same as that of case a.

C. Some other resulis

Our calculations also show that the edge dislocation can
not only move at subsonic velocity, but also move at tran-
sonic velocity. At either the Rayleigh wave speed or shear
wave speed, no special effects occur, But at the longitudinal
wave speed, the atom lattice breaks down. The results are
consistent with that of Weiner and Pear.?’
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FIG. 9. The comparison of the atomistic results and elasticity solutions, (a)
before dislocation nucleation at Ky = 0.24 MPa \/—l';l- and (b) after disloca-
tion emission at K;=0.72 MPa m (K = 0.05102 MPa Jm/ps).

The relation between the critical stress intensity factor of
the first partial dislocation K1, and loading rate Ky is shown
in Fig. 10. We find that Ky, increases with the increase of
Ky. We also find that when Ky = 1.15 MPa \/r;/ps, a
partial dislocation is nucleated, but at same time, the atom
lattice breaks down. The speed of the partial dislocation un-
der the loading rate just corresponds to the longitudinal wave
speed. The loading rate is the critical loading rate for transi-
tion from the ductile to brittle,

partial dislocations
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FIG. 8. The lattice atoms near the crack tip at Ky = 1.2 MPa \/E The six partial dislocations can be clearly observed.
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FIG. 10. The critical stress intensity factor of the first partial dislocation
nucleation Ky, versus loading rate Ky .

At a higher loading rate, the separations of the partial
dislocations and of full dislocations become very close. We
also find that even at a lower loading rate, when the pileup of
the dislocations develops at some Ky, the atom lattice also
breaks down. For example, when loading rate K’H=O.0638
MPa \/B/ps, is applied, atom lattice breaks down at
Ky=1.36 MPa ym. But at same loading rate K}y and loading
level Ky the failure does not take place when we enlarge the
length along the x direction.

Figure {1 shows the partial dislocation core structure.
The core structure is different from that of the discrete dis-
location and the Peierls dislocation. It can be seen that the
relaxation of core atoms takes place due to the high stress
level at the dislocation core.

It should be noted that there are several aspects which
may influence the present calculated results. The first one is
the inappropriate boundary condition of using the isotropic
displacement field. The work of Cheung et al.'* shows that
the effect of the anisotropic K-displacement field may reduce
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FIG. 11. The atom configuration at the dislocation core. The relaxation of
atoms can be observed.
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FIG. 12. The variations of the positions of the partial dislocations with the
anisotropic loading level K. Eight partial dislocations have been emitted
( Ky = 0.05102 MPa vm/ps).

the critical stress intensity factor for the crack propagation.
Our preliminary work of using the anisotropic field does
show that the critical value for the dislocation emission is
reduced by 24% and the more dislocations are emitted at the
same loading level as shown in Fig. 12. But our work also
shows that the use of the anisotropic displacement boundary
condition does not change the overall qualitative features of
the crack tip processes of using the isotropic displacement
boundary condition. The second aspect is the size effect. The
narrowest distance from the crack tip to the boundary along
the z direction in the present calculation is (\/5/4)><30a0
(ag=3.615 A).We enlarge the distance along the z direction;
the calculated results show no apparent difference. So the
size effect along the z direction in the present simulation is
comparatively small. This is in agreement with the discus-
sions made by McCoy and Markworth?! and Hoagland
er al.,?2 who show that diameters greater than 4 nm, of the
atom region around the crack tip, appear adequate.

IV. CONCLUSIONS

The present molecular-dynamics simulation of crack tip
processes can give us several insights of nucleation, emis-
sion, dissociation, and pileup of dislocations and the behav-
iors of moving dislocations.

(1) The critical stress intensity factor for the first partial
dislocation Ky, is associated with the loading rate; the higher
the loading rate, the higher the Ky, . For copper, the critical
loading rate for transition from ductile to brittle is
Kyp=1.15 MPa \m/ps.

(2) The stress fields are consistent with the elastic stress
field before the dislocation nucleation, but inconsistent with
the elastic stress field plus discrete dislocations (stress at the
dislocation core is corrected by the Peierls dislocation field
stress) after the dislocation emission, and the dislocation core
structure is not the same as the discrete dislocation and the
Peierls dislocation because of the relaxation of atoms at the
dislocation core.
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(3) For copper, a full dislocation always dissociates into
two partial dislocations. The separation of the two partial
dislocations is smaller than that of the full dislocations, and
both depend on the loading rate.

(4) The dislocation can move at subsonic speed and tran-
sonic speed depending on the loading rate. When dislocation
moves at longitudinal wave speed, the atom lattice breaks
down; this means that the brittle failure occurs.

(5) The present boundary condition can be used to simu-
late the pileup of the dislocations. The pileup of dislocations

increases the Ky, because of the back stress of the pileup of -

dislocations. The brittle failures may occur due to the high
Ky, . Here the failure exhibits the breakdown of the atom
lattice.

(6) The size of the dislocation-free zone depends on the
loading rate. The higher the loading rate, the smaller the size
of the dislocation-free zone.
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