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Dislocation Pinning by Small Interstitial Loops: A Molecular Dynamics Study
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Molecular dynamics simulations show that, in an embedded atom method nickel crystal, interstitial
loops with appropriate geometries, made of foL0) dumbbells, are absorbed by the Shockley partials
of both static and gliding edge dislocations. Depending on the applied stress, the loops may be either
dragged and undergo atomic-level rearrangements or unpin from the dislocation. Such loops induce
an additional friction for the dislocation glide which is evaluated from the simulations. Similar effects
are also observed when loops with different geometries stabilize a few lattice planes away from the
dislocation glide plane. [S0031-9007(99)08918-8]

PACS numbers: 61.72.Bb

Irradiation induced hardening of metals and alloys islevel reactions and evaluate the effect of the cluster on the
known experimentally since the early 1950s [1] but thedislocation mobility.
hardening mechanisms are still open to discussion. Two The main characteristics of the simulations are as fol-
main mechanisms have been proposeddiBpersed bar- lows. The embedded atom method potential developed
rier hardening[2], on the one hand, where irradiation de- by Angeloet al. [14] is used to simulate a nickel crystal.
fects (vacancy or interstitial clusters) act as barriers to th&@he simulation cell is sketched in Fig. 1. Its dimensions
motion of the dislocations and treource hardening3], are20 nm X 17 nm X 6 nm in directionsX, Y, andZ,
on the other hand, where dislocation sources are locked irespectively, and it contains 200000 atoms. An edge
by defect clouds. Extensive calculations of dislocation/de«/2[110](111) dislocation is inserted by virtue of its elas-
fect interactions were carried out in the 1960s and 19708c displacement field along the cential= [112] atomic
(e.g., [4]) but mainly dealt with long-range forces sincerow of the cell. A conjugate gradient energy minimiza-
they were based on elasticity theory. tion allows the dislocation to dissociate in thid 1) plane

In the last decade, the renewal of molecular dynamicat Z = 0 into two Shockley partials with Burgers vec-
(MD) simulations of displacement cascades gave new intors Ag and BC. The following boundary conditions,
sights on defect clustering. In face-centered-cubic (fccadapted from those used by Dast al.[10,11], turned
metals, small dislocation loops that are made of less thaaut to be very effective. Periodic boundary conditions are
20(110) dumbbell interstitials, were found to form at the used in theX = [110] and Y = [112] directions: an ar-
periphery of the cascades [5,6]. Similar small glissileray of infinite parallel dislocations is thus simulated. In
loops also form in simulations of bcc iron andLNi;Al the Z = [111] direction, the atoms lying in the upper and
[7]. These loops are highly mobile in one dimension, alongower (111) surfaces are constrained to two-dimensional
their glide cylinder. Recently, Trinkaus, Singh, and Fore-dynamics: they are fixed in the direction. Similar con-
man [8] proposed that such dumbbell clusters could playlitions were used recently in static simulations [15] and
a major role in source hardening since they can glide oveallow for atomic relaxations inside ti&11) surfaces both
large distances and be trapped in the strain field of dislo-
cations, resulting in the formation of defect clouds. How- a) z=1111] (b)
ever, the above analysis was based on elasticity theory.
Moreover, the direct observation in transmission electron
microscopy (TEM) of the one-dimensional glide of in- X=[110]
terstitial loops and their agglomeration in the vicinity of
edge dislocations have only been possible for loops of radii
greater than 1 nm [9], because of the TEM resolution.

Following the pionnering work of Davet al.[10,11]
and in view of the recent advances in the MD simulations
of dislocation dynamics [12,13], we have undertaken an
atomistic study of dislocation pinning by small interstitial
loops. We report here the first results concerning the
interactions between an i_nterstitiql I_oop made_of fdu'(_» _FIG. 1. Schematic view of the simulation cell (a) and corre-
dumbbells, and both static and gliding edge dislocations idponding Thompson tetrahedron (b). The origin of the coordi-
a fcc nickel crystal. Our aim is to characterize atomic-nate system is taken at the center of the cell.

Y=[112]
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when the dislocation is at rest and when it moves in its
glide plane.

A shear stressr,, may be applied by superimposing
constant forces in thgl 10] direction to the forces felt by
the atoms in thé111) surfaces, as shown in Fig. 1(a). The
forces in the upper and lower surfaces have opposite direc-
tions and the upper force is scaled to account for the two
extra half planes introduced by the edge dislocation. The
stresso,; ranges from 7.5 to 300 Mpa which corresponds
to stresses froM.006% to 0.24% of C44, the shear modu-
lus (125 GPa).

We consider the interactions between the dislocation de-
scribed above and a four-interstitial cluster. The inter-
stitials are insertedy handin the crystal between two FIG. 2. Portion of the dislocation glide plane. Atoms in black
{111} planes. In the case of the cluster shown in Fig. 1(a)Pelong to the cores of the and BC partials. Two dumbbells
the interstitials are inserted between t@d 1) planes. In appear in grey.
the absence of the dislocation, as discussed in Ref. [6], the
configuration of lower energy for such a cluster consists ofationalized by the fact that the loop and the partial locally
dumbbells centered around a singilé1) plane and aligned form aDA + AB = Dj junction which is energetically
in a samg110) direction which, in the present case, is thefavorable according to Frank’s rule [17].

BD direction of Fig. 1(b). At finite temperature, the clus- The binding energy of the cluster to the dislocation is
ter glides erratically along this direction. THBD vector defined as the balance between, on the one hand, the sum
is the Burgers vector of the cluster when the latter is conef the energies of the present configuration plus that of
sidered as a small dislocation loop. the defect free cell, and, on the other hand, the sum of

In presence of thetaticedge dislocation, the loop may the energies of the cell with the dislocation alone plus that
either be absorbed by one of the Shockley partials or mawith the cluster alone placed at a reference position. The
stabilize away from the dislocation. We discuss first thebinding energy thus found is high: 6 eV, i.e., 1.5 eV per
case of absorption and focus on the configuration of Fig. Humbbell. It is independent of the cell dimensions and of
where the reaction is assisted by a change of the Burgethe reference position of the cluster as long as the latter is
vector of the defect cluster. The interstitials are initially not too close to th¢l11) surfaces. The magnitude of the
placed 1 nm below the stacking fault ribbon of thebinding energy implies that the cluster cannot escape by
dislocation. In the course of an energy minimization, theythermal activation. By varying the initial distance between
first relax to form the fouBD dumbbells expected in the the loop and the dislocation, the maximum capture distance
absence of the dislocation. Upon further minimization,below the dislocation was estimated to be 3.5 nm at 100 K
the loop starts to glide along its Burgers vector towardsand only 1.8 nm at 0 K. A study of this temperature depen-
the dislocation and stops when it reaches the plane justence is underway and will be discussed in Ref. [18].
below the stacking fault ribbon. The system is then in The loop may also be absorbed byglaling dislocation.
an energy minimum and the loop cannot glide any furtheiThis point is made clear by placingBD loop ahead of
since its glide cylinder intersects the plane of the stackindghe dislocation, 2 nm either above or below its glide plane.
fault. The dislocation is set in motion by applying, at 100 K, a

The loop is absorbed when thermal vibrations arestresss = 30 Mpa. When the dislocation approaches, the
allowed: a fixed temperature is imposed by periodicallyloop is gradually attracted to the glide plane in agreement
rescaling the atomic velocities [16]. At 100 K, the defectwith elastic calculations [4]. The defect is thikit by the
transforms within 1 ps into a new loop with both a newfront partial and absorbed in the core of this dislocation
plane, parallel to th&CD plane of Fig. 1(b), and a new resulting in the same configuration as the static one.
Burgers vector equal to th&D vector. Two of the four Therefore, a gliding dislocation absorbs irradiation defects
dumbbells are now in the@l 11) plane of the stacking fault that lie near its glide plane. Thisweepingmechanism
while the other two are in the plane just below. Thecertainly contributes to the formation of tldear bands
loop then glides along its new Burgers vector towards the@bserved experimentally in deformed irradiated materials
A B partial dislocation and is absorbed in the core of thig4,19]: in such materials, the deformation is localized along
dislocation as shown in Fig. 2. This figure presents theslip bands which, after deformation, are nearly clear of any
region of the stacking fault plane of the dislocation nearirradiation defect.
the loop. The cores of the partial dislocations, defined We now consider the response of the dislocation con-
as regions where the local atomic order is neither fcc notaining a cluster to an applied shear stress. The initial
hcp, are shown in black. The attraction of tAd® loop  configuration is the static configuration considered above
to the AB partial, rather than to th@C partial, can be maintained at 100 K. At time = 0 ps, a low stress
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(30 Mpa) is applied and the dislocation gradually accelHocation drag theory [21]: the dissipation of the deforma-
erates to reach a terminal steady velocity, dragging alongon field of the dislocation in the phonon gas of the crystal
the loop in much the same way as a classical jog [20]. Thénduces a viscous friction on the dislocation that limits its
loop glides along itsAD Burgers vector at0° from  velocity. The friction coefficient, calculated from the ini-
the glide direction of the dislocation. The partial contain-tial slope of the free velocity at 100 K, igy = ob/v =
ing the loop bows out between the defect and its periodié X 107° Pas which is a lower limit for experimental
images, with a curvature increasing with stress. The sed¥iction coefficients [21].
ond partial remains almost straight. If a higher stress is At high stresses, the velocity saturate2dtnmps !,
applied (150 Mpa), an atomic-level reaction is observedi.e., 72% of the transverse sound wave velocity
Figure 3 shows the configuration of the dislocation before(2.9 nmps'!), independently of the temperature in the
during, and after the transformation. During the initial ac-range 10 to 100 K, and of the cell dimensions. It compares
celeration phase [Fig. 3(a)], the loop is dragged inAll®  well with that found by Dawet al. [11].
direction as in the previous case. The distance between the The defect clusters increase the friction on the disloca-
loop and the back partial gradually decreases until this distion up tor = 8 X 107° Pas at low stresses and 100 K.
location is in contact with the defect cluster, resulting in aFigure 4 shows that below the threshold stress of 110 Mpa,
constriction of the dissociated dislocation [Fig. 3(b)]. Thisthe steady velocity increases with stress and saturates at
configuration is unstable and the front partial breaks awag.9 nmps !, independently of the temperature. Since the
leaving the loop inside the core of the back partial. Thdoop has a Burgers vector ab° from that of the disloca-
loop remains attached to the back partial and rearranges timn, it travels twice as fast as the dislocation. Its velocity
adopt a new Burgers vector, teC vector parallel to the reached.8 nmps ! which is the highest velocity reached
glide direction [Fig. 3(c)]. It is then dragged in this di- by aloop in all our simulations. The plateau may therefore
rection by the dislocation which reaches a steady velocitybe explained by a relativistic saturation of the loop veloc-
The binding energy is 5.3 eV, therefore lower than beforety, as considered in the case of jog drag [20]: the defect
the change of the Burgers vector. cluster has reached its maximum velocity and limits the
At still higher stresses (300 Mpa), unpinning is ob-velocity of the dislocation. Beyond the threshold stress,
served but only as a transient state: because of the periodite loop rearranges as described above and glides in the
boundary conditions, the dislocation comes back onto theame direction as the dislocation and therefore at the same
cluster and interacts again with it. The dumbbells remairvelocity. The dislocation velocity is no longer limited to
then attached to the back partial with the same configura®.9 nmps ™!, and, as seen in Fig. 4, jumpst® nmps .
tion as in Fig. 3(c). This velocity is lower than the free velocity which implies
We now discuss the dislocation terminal velocity as athat theAC loop is also a source of additional friction for
function of the applied stress, as shown in Fig. 4. In the dislocation glide.
the absence of defect clusters (the dashed curve) and atThe influence of the loop density along the dislocation
low stressesd < 30 Mpa), the free dislocation velocity line (5/1) was studied by using a simulation cell shorter
is proportional to the applied stress in agreement with disin the Y direction ( = 8.5 nm instead ofl = 17 nm).
Details of the calculations will be given elsewhere [18].
Briefly, we found, as shown in Fig. 5, that the velocity
of the dislocation is a function o&bl, the total force

2 (b)
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FIG. 3. Snapshots of the dislocation @at= 150 Mpa, T =

100 K, and after, respectively, 3 ps (a), 9 ps (b), and 15 ps (c)FIG. 4. Dislocation velocity as a function of applied
The dumbbells appear in black. The vectors indicate thestress. The dashed curve corresponds to the free dislocation.
Burgers vector of the loop. The figure includes part of theEmpty symbols were obtained & = 10 K; full symbols,
periodic image of the dislocation. T =100 K.
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