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ABSTRACT: The crack tip processes in copper under mode II loading have been
simulated by a molecular dynamics method. The nucleation, emission, dislocation
free zone (DFZ) and pile-up of the dislocations are analyzed by using a suitable atom
lattice configuration and Finnis & Sinclair potential. The simulated results show that
the dislocation emitted always exhibits a dissociated fashion. The stress intensity
factor for dislocation nucleation, DFZ and dissociated width of partial dislocations
are strongly dependent on the loading rate. The stress distributions are in agreement
with the elasticity solution before the dislocation emission, but are not in agreement
after the emission. 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), but at the longitudinal wave speed the atom lattice
breaks down.
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L. INTRODUCTION

In the study of fracture of crystal solids, the dislocation nucleation from the crack
tip remains an important problem requiring further insight!~4. Rice and Thomson!? used
linear elasticity to establish the criterion of nucleation of a discrete dislocation and the tran-
sition of ductile and brittle fracture. More recently, Ricel® used Peierls concept to reanalyze
the dislocation nucleation from a crack tip and proposed a new solid state parameter 7,,,
the unstable stacking energy, to evaluate the critical external loading which corresponds to

“the dislocation nucleation. The above analysis was unsatisfactory because of its use of the
continuum elasticity for crack tip stress field. When a dislocation is very near the crack tip
where the nonlinear and atomic lattice effects are great, the atomic force law needs to be
considered.

Using the Embedded-Atom Method (EAM)[! | Baskes, Daw and Foiles!®! investigated
the dislocation mobility in nickel. Tan and Yang!?#! used EAM to calculate the nucleation
and emission of dislocations at and near crack tip. Cheung, Argon and Yipl also used
EAM to analyze the dislocation nucleation from crack tips in a-iron.

Here we use the “N-body” potential proposed by Finnis and Sinclairl!? and constructed
by Ackland, Tichy, Vitek and Finnis*! to simulate the crack tip processes in the ground
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state. The simulated results give us some comprehensive understandings about the crack
tip processes.

II. CALCULATION PROCEDURE

1. Interatomic potential
The interatomic potential used here is the “N-body” potential proposed by Finnis and
Sinclair. The equation they used is

Etot=—2p2/2+%z > vy (1)
: )

pi is the second moment of the density of states, and

pi= Y & ()
F(i#4)
V;; and &;; are functions depending only on the interatomic distance, and can be obtained
by assuming some function forms and then fitting with the experimental data.

2. Method of solution
The mode II isotropic elastic displacement field is used to prescribe the displacement
of the border discrete atoms. The loading rate K is used as the loading control parameter.

The inner atoms follow the law of Newton
F,~=—%=mi-ai (3)
In the present paper, the Leapfrog Algorithm is used, which provides an update for-
mulation. The time step in the present calculation is taken to be 1.18 x 10~ 4s,
The atomic level stress associated with an atom is calculated by using the potential of
Finnis and Sinclair
i pid
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3. The atom lattice geometry

The {110}, {111} and {112} crystallographic planes of the parallelepiped with a slit are
used in the present calculations. The z, y and z axes of the coordinate system are selected
to be along (110), (112) and {111) directions, respectively. In FCC crystal, dislocation moves
in (110) direction on {111} plane. So, in the present model as shown in Fig.1, crack plane
is taken to be {111} plane, crack front is along (112) direction. Under mode II loading,
the dislocations shall move along (110) direction. The periodicity along (111) is 3 layers,
along (110) is 2 layers and along (112) is 6 layers. Since a long extension in slip direction
is particularly important, here the (110} slip direction is made as extensive as is feasible in
the computation.

A full dislocation in copper will be dissociated into two partial dislocations, between
the two partial dislocations, there is a faulted plane. As for the periodicity condition is used
along (112) direction, the nucleation and motion of partial dislocations can be described
with the present lattice configuration.
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displacement boundaries
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[100] crack front along y: 1 period, 6 layers
along z: 20 periods, 60 layers
Fig.1 Crack tip and crystallographic Fig.2 The schematic diagram of
geometry in FCC crystal present calculated model

4. The boundary conditions

The calculated model is schematically shown in Fig.2. The boundary conditions applied
to.the boundary of the discrete atom region in our molecular dynamics simulation are that
of a prescribed displacement distribution dictated by mode II isotropic K field in z-z plane.
Along y-direction, a six layer periodic representation is applied. So the present atom lattice
is actually three dimensional. The total number of atoms for the simulation is N = 10760.

2
The length along z-direction is \/T— x 180ag (ag is the lattice constant), the width along 2-

direction —\/E x 60ag. The distance between the crack tip and the left boundary is Q x 20ag.
As the length from the crack tip to the right boundary is large enough, the effect of the
boundary constraints on the nucleation and emission of dislocations can be neglected if the
dislocations are not too close to the boundary. On the other hand, if we take the boundary
as an obstacle to block the moving dislocations, then the pile-up of dislocations can then be
set up.

ITII. RESULTS AND DISCUSSIONS

In the present paper, several cases under different loading rate have been calculated,
but here only one of these cases, with the loading rate K = 0.02034 MPa+/m/ps (1ps =
10712s), is reported in details. The results obtained from other cases are also reported.

For the case of K;; = 0.02034 MPa+/m/ps, the first partial dislocation is nucleated at
Kj; = 0.33 MPay/m, and it only takes 0.553ps for this partial dislocation to be accelerated
to an approximate constant speed of v = 1812 m/s. But at the distance of 11.55a¢ from the
crack tip, the dislocation changes its speed to about 1549 m/s. At Kj; = 0.43 MPa,/m,
the second partial dislocation is nucleated, it accelerates very quickly to the speed of about
1816 m/s. At the distance of 14.68ay, its speed becomes approximately 1460 m/s. All these
speeds are below the shear wave speed of 2215 m/s and longitudinal wave speed of 4560 m/s

(e}
for copper. The separation between two partial dislocations is about 60A, which is well in
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the range predicted by Ricel®l. Figure 3 shows curves between the dislocation positions vs.
loading level Krr. It can be seen that the separation of the two partial dislocations remains
approximately the same except when the first dislocation is blocked by the border. When
the first full dislocation is emitted, there exists a DFZ between the crack tip and the full
dislocation. Figure 4 shows the atom configuration at Kj; = 0.48 MPa+/m. The two partial

60.0 dislocations can be clearly observed. The
T 400 - the first partial shear stresses along the prolongation of the
= crack plane are shown in Figs.5(a)(b) at the
;é 20.0 loading levels of K;; = 0.24 MPa+/m and
2, Kir = 0.48 MPay/m. The shear stresses of
%'3 0.0.r the second partial elastic crack tip field and discrete dislocation
~20.0 . . (the shear stress at dislocation core is cor-
0.30 0.40 0.50 0.60 . . .
K11 (MPam!/?) rected by Peierls dislocation) are also plotted
Fig.3 The variations of positions of the  ©on the same figure. The linear elastic solu-
partial dislocations with the load-  tion of interaction field produced by singu-
ing level Kr;. Two partial disloca-  larity of crack tip and the edge dislocations
tions have been emitted with Burgers’ vector b is
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Fig.4 The lattice atoms near the crack tip at K;r = 0.48 MPa/m.

The two partial dislocations can be clearly observed

The stress produced by Eq.(5) ensures traction-free at crack planes. The shear stress
very near the dislocation core corrected by Peierls dislocation is

_ ub x
T 2r(l-v) 22 + (2

Oze (6)

It is shown that before the dislocation nucleation, our results are in good agreement
with elasticity solution(see Fig.5(a)). After the dislocation emission, our results are in
disagreement with elasticity solution(see Fig.5(b)). The stress level of our results is lower
than the elasticity solution. This is because the stress of our results does not have singularity
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.
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Our calculations also show that the edge dislocation can not only move at subsonic
velocity, but also move at transonic velocity. 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.5 The comparison of atomistic results and elasticity solutions, (a) before
dislocation nucleation Ki; = 0.24 MPa+/m; (b) after dislocation emis-
sion Ky = 0.48 MPay/m (K = 0.02034 MPa/m/ps)
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Fig.6 The critical stress intensity factor of Fig.7 The atom configuration at the disloca-
the first partial dislocation emission tion core. The relaxation of atoms can
Kire vs. loading rate K II be observed

The relation between the critical stress intensity factor of the first partial dislocation
K. and loading rate K 71 is shown in Fig.6. We find that K;j. increases with the increase
of Ky7. We also find that when Kir=115 MPa,/m/ps, a partial dislocation is nucleated,
but at the same time, the atom lattice breaks down. The speed of the partial dislocation
under the loading rate just corresponds to the longitudinal wave speed. The loading rate is
the critical loading rate for transition from ductile to brittle.

At higher loading rate, the separations of the partial dislocations and those of full
dislocations become very close. We also find that even at lower loading rate, when the
pile-up of the dislocations develops at some Ky, the atom lattice also breaks down. For
example, when the loading rate K5 = 0.0638 MPa./m/ps is applied, atom lattice breaks
down at Kj; = 1.36 MPa/m. But at the same loading rate K1 and loading level Ky, the
failure does not take place when we enlarge the length along z-direction.
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Figure 7 shows the partial dislocation core structure. The core structure is different
from that of the discrete dislocation and Peierls dislocation. It can be seen that the relaxation
of core atoms takes place due to a high stress level at the dislocation core.

IV. CONCLUSIONS

The present molecular dynamics simulation of crack tip processes can give us several
insights and comprehensive understanding of nucleation, emission, DFZ, pile-up of disloca-
tions and the behaviours 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 K;;. will be. For copper,
the critical loading rate for transition from ductile to brittle is K;; = 1.15 MPa,/m/ps
in the present calculation.

2. The stress fields are consistent with the elastic stress field before the dislocation nu-
cleation, but inconsistent with the elastic stress field plus discrete dislocations (stress
at dislocation core is corrected by Peierls dislocation field stress) after the dislocation
emission, and the dislocation core structure is not the same as the discrete dislocation
and Peierls dislocation because of the relaxation of atoms at the dislocation core.

3. For copper, a full dislocation always dissociates into two partial dislocations. The
separation of the two partial dislocations depends on the loading rate. The separation
of the full dislocations also depends on the loading rate.

4. The dislocation can move at subsonic speed and transonic speed. When dislocation
moves at longitudinal wave speed, the atom lattice breaks down, which means that the
brittle failure occurs.

5. The present boundary condition can be used to simulate the pile-up of the dislocations.
The pile-up of dislocations increases Kjj. because of the back stress of the pile-up
of dislocations. The brittle failures may occur due to the high Kjj., here the failure
exhibits the breakdown of the atom lattice.

6. The size of DFZ depends on the loading rate. The higher the loading rate, the smaller
the DFZ size will be.
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