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Dislocation constriction and cross-slip: Anab initio study
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A model based on the Peierls framework of dislocations is developed. The theory allows the study of
dislocations spreading at more than one slip planes. As an example, we study dislocation cross-slip and
constriction processes in two contrasting fcc metals, Al and Ag. The energetic parameters entering the model
are determined fronab initio calculations. We find that the screw dislocation in Al can cross-slip spontane-
ously in contrast with the screw dislocation in Ag, which splits into partials and cannot cross-slip without first
being constricted. The response of the dislocations to an external stress is examined in detail. We determine the
dislocation constriction energy and the critical stress for cross-slip, and from the latter, we estimate the
cross-slip energy barrier for the straight screw dislocations.

DOI: 10.1103/PhysRevB.66.144103 PACS nunifer62.20.Fe, 61.72.Lk, 62.20.Mk

The cross-slip process, by which a screw dislocatiorplanes. It is the purpose of this paper to introduce a PN
moves from one slip plane to another, plays an important rolenodel that involves two intersecting slip planes. This devel-
for plastic deformation in materials. For example, cross-slipppment represents an effort to extend the PN model to mul-
is responsible for the onset of stage Ill of the stress-straifiple slip planes, which in turn allows the study of dislocation
work-hardening curve and the anomalous high temperaturiéinctions and other interesting dislocation processes as in-
yield stress peak observed lif, intermetallic alloys. How- Vvolving multiple slip planes. We will demonstrate that this
ever, theoretical studies of dislocation cross-slip have bee@pproach reproduces in precise detail the cross-slip behavior
proved to be challenging because one has to deal with bot®f the straight dislocations, when it is compared to the results
long-ranged elastic interactions between dislocation segfom direct atomistic simulations.
ments and short-ranged atomic interactions due to the con- We begin by developing an appropriate energy functional
striction process, in which the two partial dislocations havefor a Peierls dislocation at two intersecting slip planes. To
to be recombined into a screw dislocation before cross-sliacilitate the presentation, we adopt the following conven-
takes place. tions: In Fig. 1, a screw dislocation placed at the intersection

There are currently two theoretical approaches to stud@f the primary(plane ) and the cross-slip plarilane 1)) is
cross-slip. The first is based on the line tension approxima@llowed to spread onto the two planes simultaneously.Xhe
tion which completely ignores atomic interactiorfsand ~ (X') axis represents the glide direction of the dislocation at
hence is not reliable in treating the constriction process. Théhe plane I1). For a fcc lattice, the two slip planes atEL1)
second approach is based on atomistic simulations employnd (111), forming an angl#~71°. The dislocation line is

ing empirical potentials:* Although this approach is quite along the{ 101] (Z axig direction, and_ represents the outer
powerful in determining the cross-slip transition path and inadijus of the dislocation beyond which the elastic energy is
estimating the corresponding activation energy barrier, it ignored. In the spirit of the PN model, the dislocation is

time consuming and critically depends on the accuracy angepresented as a continuous distribution of infinitesimal dis-
availability of the empirical potentials employed in the simu-

lations. In this paper, we present an alternative approach to y [111]
study the cross-slip process based on the Peierls framework
with ab initio calculations for the relevant energetics. In fact,
there has recently been a resurgence of interest in applying
the simple and tractable Peierls-NabaiPiN) model to study
dislocation core structure and mobility in conjunction with dislocation line
ab initio y-surface calculations:'° This approach represents [N <
a combination of the atomisti@b initio) treatment of inter- ¢ h
actions across the slip plane and the elastic treatment for the
continua on either side of the slip plane. Therefore, this ap-
proach is particularly useful for studying the interactions of
impurities with dislocations, when empirical potentials are
either not available or not reliable to deal with such multi-
element systems. However, to date all the models based on
the Peierls framework are only applicable to a single slip FIG. 1. Cartesian set of coordinates showing the directions rel-
plane while cross-slip process requires at least two activevant to the screw dislocation located at the intersection of the two
intersecting slip planes, i.e., the primary and the cross-sliglip planes.
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locations with densities gf'(x) andp'(x’) on the primary
and the cross-slip planes respectively. Hemndx’ are the

coordinates of the atomic rows at the two planes. Following

the semidiscrete Peierls framework developed edrfiave
can write the total energy of the dislocation Hg,=U,
+U,+U. HereU, andU,, are the energies associated with
the dislocation spread on planes | and II, respectively,@nd
represents the elastic interaction energy between the disloc
tion densities from the two planeld, andU, are essentially
the same expression given earlier for the single plane case,

while U is a new term and can be derived from Nabarro’s
equation for general parallel dislocatidhs

1(1y
1

(11
1

(1
2

I(11)
2

1 oy s
Uiy =2 3 (K™ (01" (1) + 95" (1)p5" ()]

(1

+Ksp3

(1)pg" (i)}
+ 2 Axys(F (i), 150 (), 15 (i)

X(i)2—x(i —1)2

5 pi" (i) 7" +Kb2nL,

%

U=—i2j Ksp'3<i>p§<j>Ai,-—iEj Kol pi(1)p8())

+p'2(i>p2<j>]Ai,-—iEj Kol ph(i)p5(j)B;;

+p3()pR(1)Cij — p5(1) PR Dy
—pi()p8(i)Dj; -

Here " (i), fX" (i), andf{" (i) represent the edge, verti-
cal, and screw components of the general dislocation di
placement at theth nodal point in the plane(ll), respec-
tively, while the corresponding component of dislocation
density in plane () is defined asp'™ (i)=[f'V(i)

— (i —1)]/[x(i)—x(i —1)]. The projected density®(i)

is the projection of the density' (i) from the plane Il onto
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FIG. 2. They surface (J/rf) for displacements along @11)
plane for Ag. The corners of the plane and its center correspond to
identical equilibrium configuration, i.e., the ideal lattice. Theur-
face is truncated to emphasize the more interesting region.
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Svhere xo=L —x+Xx'cosé, andy,=—x’siné. The equilib-

rium structure of the dislocation is obtained by minimizing
the total energy with respect to the dislocation density.

To contrast and to understand the different cross-slip be-
havior in Al and Ag, we have carried oab initio calcula-

tions for they surface of Ag while they surface of Al has

plane |, introduced to deal with nonparallel components ofyqqap published elsewheté supercell containing six atomic

displacement. They surfaceys, which in general includes
shear-tension coupling can be determined fiaminitio cal-
culations.7|" is the external stress components interactin

with the corresponding|" (i) (1=1,2,3), which contrib-

layers in thg 111] direction is used to calculate thesurface

for Ag. The ab initio calculations are based on the pseudo-
Yotential plane-wave methtfdwith a kinetic energy cutoff

of 55 Ry for the plane-wave basis and-point grid consist-

utes to the total energy as the elastic work done by the eXng of (16,16,4 divisions along the reciprocal lattice vectors.

ternal stres$.The response of the dislocation to the external
stress is achieved by optimizationgf'" (i) at a given value

Owing to the planar nature of the dislocation core structure
of fcc metals, we disregard the displacement perpendicular to

of 7-,'(”) . The dislocation core energy is defined as a sum ofhe slip planes, and partially consider the shear-tension cou-
the density-dependent part of the elastic energy and the epling by performing volume relaxation along thiL1] direc-

tire misfit energy, in the absence of external str&ssandKg

tion in the y-surface calculations. We present the complete

are the edge and screw components, respectively, of the gesdrface for Ag in Fig. 2. The most striking difference be-

eral prelogarithmic elastic energy factsr x;;, Ajj, Bjj,

CI] y

tween they surfaces of Ag and Al is the vast difference in
andDj; are double-integral kernels defined as follows: the intrinsic stacking fault energy, which is 165 m3fior Al
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and 14 mJ/rh for Ag. This dramatic difference in the sur- (a)

face gives rise to very different dislocation core structures

and cross-slip behavior that we are going to explore. 0.5
The model calculation is set up by introducing a screw "

. . . . . . cross-slip plane
dislocation at the intersection of the two slip planes without o fo-es-ee es a0 0 a0 2202 28 8225 s 2292 22 9000 -
applying external stress to the system at first. The initial \
configuration of the dislocation is specified by a step func- 05| : ::’e‘” i |
tion for the screw displacemerft's(x)=0 for x<L and ' e
f'3(x)=b for x=L. All other displacement components, in-
cluding those on the cross-slip plane, are set to zero initially. = $
This corresponds to a pure screw dislocation with a zero ;‘”]
width “spread” on the primary plane. We then relax the dis- o5 | ‘
location structure according to the energy functional. The [
Burgers vector of Agb=2.84 A, is determined fromab
initio calculations and elastic constants are chosen from the
experimental valueS® The corresponding parameters of Al
have been given elsewhetéiaving determined all the pa- 24 5

primary plane

o a0 a0 o2 20 2022 00 08 #F [::: .:—:' 22-00 00 20 20 020 00 00 00 o

- 0 10
rameters entering the model, we can calculate the equilib- nodal distance (b)

rium structure of the dislocations, represented by their den-

sity p(x) shown in Fig. 3, using the new PN model. The (b)

screw dislocation in Al which starts out at the primary plane
spontaneously spreads into the cross-slip plane, as the del 0.4 . ; .
sity peak at the cross-slip plane indicates. As expected, the
edge component of the density is zero at the cross-slip plan:
because only screw displacement can cross-slip. On the othe 02 ¢
hand, the screw dislocation in Ag dissociates into two par- No cross-slip from the partials
tials, separated by 708(~22 A) distance. These partial diS- 0.0 s s e ss se es-ss-20 e2 as aa a2 55 83555550 000 00 20 20 200
locations cannot cross-slip, as the arrows indicate, without
first annihilating their edge component. As a consequence . . .
the dislocation density on the cross-slip plane is essentially partial * 7.8b *® partial
zero. The partial separation distance we obtained from the i
model calculation is in an excellent agreement with the TEM 0.2 l || primary plane -
measurement for that in Ag, which is about 20*RAObvi- .. EIY
ously, the lack of a clear dissociation in Al results from the "=
fact that the intrinsic stacking fault energy in Al is much
higher than that in Ag.

In order to examine the effect of external stress on the—0.2_10 ' : . .

e e screw .
== edge cross-slip plane

.
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dislocation core structure and cross-slip process, we next ag nodal distance (b)
ply external Escaig stress to the dislocation. The Escaig

stress defined as the edge component of the diagonal stressgg. 3. Dislocation displacement densiigx) for Al (a) and Ag

tensor interacts only with the edge component of dislocationy). The peaks in the density plot represépartialy dislocations.
densities, extending or shrinking the stacking fault width de-

pending on its sign. The results of the partial separation as good agreement with the atomistic simulations for Cu, re-
function of Escaig stress are summarized in Fig. 4. Withouporting a corresponding value of b.8° In the wake of the
external stress, the partial separation i7/@ Ag and zero  constriction process, a pure screw dislocation segment is
for Al. Under positive Escaig stress, the partial separatiorformed at the intersection of the two planes, which in turn
rises rapidly for Ag whereas it remains zeroAh until the  can cross-slip. On the other hand, further increasing the
stress reaches the threshold required to separate the overlaggative stress does not complete the constriction but rather
ping partials. To activate cross-slip, however, one needs tincreases the partial separation distance. This is due to the
apply a negative Escaig stress so as to annihilate the eddact that the remaining edge component of the partials inter-
components of the partials’ displacement, known as a comacts with the stress, and as a result the two partials exchange
striction process. Upon application of the negative stress, thsigns and move away from each other until the lattice breaks
partials in Ag move toward each other and reduce the widtldlown. Associated with the inversion of the edge component
of the stacking fault. During this process, the edge compoef the partials, a run-on stacking fault is formed between the
nents of displacement from the two partials annihilate eaclpartials, with an energy of about 1.0 JnAcross the stack-
other while the screw component is being built up. Howeveling fault plane, the atoms from the neighborifid.1) planes
there is a lower limit that the two straight partial dislocationssit right on top of each other, and therefore the run-on stack-
can approach each other, which isi.for Ag. This is in  ing fault is the most unstable fault configuration in an fcc

10
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which in the context of our calculations is defined as the
. difference in dislocation core energy before and after cross-
| slip takes place by applying the above mentioned critical
4 . stress. In other words, we calculate the core energy differ-
: ence for the dislocation between its normal state and the state
that the dislocation just starts to cross-slip under the applica-
| tion of the critical cross-slip stress. We find that the cross-slip

I
° e Ag i
,E energy barrier for Ag is 0.31 e¥/ much higher than that of

= = Al

-
o
T

compress stretch

?

: 0.05 eVb for Al. One needs to be cautious when comparing
our results for the cross-slip energy barrier directly with ex-
| periments, since the dislocations are assumed to be straight
in our current implementation of the PN model. Nevertheless
= the present model is still capable of providing reliable ener-
getics for straight dislocations. Moreover, it is possible to
extend the present formalism to deal with an arbitrarily
curved dislocation where a more realistic cross-slip energy
barrier can be obtained.

FIG. 4. Partial separation as a function of applied Escaig stress. 10 conclude, we have presented a model based on the
The vertical dashed line represents the zero stress separating th@ierls framework that allows the study of dislocation cross-
compress and stretch regions. The horizontal dashed line indicat&ip and constriction. They surface entering the model is
the minimal separation distance for Ag. determined fronab initio calculations which provide reliable

) ) ) ) atomic interactions across the slip plane. We have demon-
lattice. Such a high energy state of a straight screw dislocasirated that the model successfully reproduces the different
tion can only exist in real materials under very high stressyisjocation cross-slip behaviors in Al and Ag. We find that
levels. , o _ the screw dislocation in Al can spontaneously spread into the

We hav_e also estimated critical energetics tha_t are relevar&rross_snp plane, while in Ag it splits into partials and cannot
to cross-slip. For example, we calculated constriction energyoss-slip without first being constricted. The response of the
defined as the difference in dislocation core entggtween gigiocations to external stresses is examined, and in particu-
the normal and the constricted states. By approximating thg,. negative Escaig stresses are applied to the dislocations to
state with 1.B separation between partials as the constrictedjmy|ate the constriction process. It is found that one cannot
state, we were able to estimate the constriction energy for Agchjeve full constriction for straight partial dislocations. By
to be 0.14 eVb. A similar approach has been used to evalu-computing the dislocation core energy in different stress
ate the constriction energy for a screw dislocation in Custates, we have estimated the dislocation constriction energy
based on atomistic simulations, reporting a value offor A| and Ag. We have also calculated the critical stress and
0.17 eVhb, which is in good agreement with our model cal- the energy barrier for dislocation cross-slip, and from which
culations. Obviously the constriction energy for Al is zeroye confirmed that dislocation cross-slip is much easier in Al
because its normal state is fully constricted. We have alsghan in Ag. Since oumb initio model calculation is much
calculated the critical stress for cross-slip which is defined agygre expedient than direab initio atomistic simulations, it
the glide stress in the cross-slip plane to move a partiallan serve as a powerful and efficient tool for alloy design
constricted dislocation from the primary plane to the crossynere the goal is to select the “right” elements with the
slip plane:® Of course, this approximation assumes that Un=right” composition to tailor the desired mechanical, in par-
der the critical glide stress, the constricted dislocation moVvegcylar, dislocation properties.
to the cross-slip plane. Within this approximation, we deter-
mined the critical stress for cross-slip in Ag to be 1.68 GPa, Two of us(G.L. and N.K) acknowledge the support from
comparing to 0.32 GPa in Al. The critical stress for cross-slipGrant No. DAAD19-00-1-0049 through the U.S. Army Re-
from our calculations is of the same order of magnitude asearch Office. G.L. was also supported by Grant No.
that required to move a straight screw dislocation in the bc&49620-99-1-0272 through the U.S. Air Force Office for Sci-
structure, and shares the same origin of the nonplanar coentific Research. We thank E. Kaxiras for suggesting this
structure. Finally we estimated cross-slip energy barrierinteresting problem to us.
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