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Atomic mechanism for dislocation emission from nanosized grain boundaries

H. Van Swygenhoven, P. M. Derlet, and A. Hasnaoui
Paul Scherrer Institute, Villigen, CH-5232, Switzerland
~Received 22 February 2002; published 24 June 2002!

The present work deals with the atomic mechanism responsible for the emission of partial dislocations from
grain boundaries~GB’s! in nanocrystalline metals. It is shown that in 12 and 20 nm grain size samples GB’s
containing GB dislocations can emit a partial dislocation during deformation by local atomic shuffling and
stress-assisted free volume migration. The free volume is often emitted or absorbed in a neighboring triple
junction. It is further suggested that the degree of delocalization surrounding the grain boundary dislocation
determines whether atomic shuffling can associate displacements into the Burgers vector necessary to emit a
partial dislocation. Temporal analysis of atomic configurations during dislocation emission indicates that cre-
ation and propagation of the partial might be separate processes.

DOI: 10.1103/PhysRevB.66.024101 PACS number~s!: 62.25.1g, 87.64.Aa, 61.72.Mm, 61.72.Bb
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I. INTRODUCTION

For some polycrystalline metals with grain sizes in t
nanoregime, experiments have suggested a deviation a
from the Hall-Petch relation1,2 relating yield stress to averag
grain size.3 The debate continues whether or not such dev
tions are a result of intrinsically different material properti
of nanocrystalline~nc! systems or due simply to inheren
difficulties in the preparation of fully dense nc samples a
in their microstructural characterization. Nevertheless, it s
gests that the traditional work hardening mechanism
pileup of dislocations originating from Frank-Read sourc
may no longer be valid at the nanometer scale.In situ defor-
mation testing in a transmission electron microscope~TEM!,
performed on Cu and Ni3Al nc samples, reveals a limite
dislocation activity in grains below 50 nm.4,5 However, due
to the presence of large internal stresses, which makes g
boundaries~GB’s! in TEM images difficult to observe, an
also possible artifacts induced by thin-film geometry such
dislocations emitted from the surface,6 the issue of disloca-
tion activity remains a heavily discussed matter.

The use of large scale molecular dynamics~MD! in the
study of the mechanical properties of nc materials provide
detailed picture of the atomic-scale processes during pla
deformation at room temperature.7–17 The primary observa-
tion of this simulation work has been the observed transiti
with increasing grain size, from an entirely intergranu
plastic deformation mechanism based on grain bound
sliding ~GBS!, to one which consists of both grain bounda
accommodation mechanisms and the intragranular defor
tion process consisting of dislocation activity. MD perform
at room temperature suggests that the GB accommoda
mechanism can be identified with GB sliding triggered
atomic shuffling and to some extent stress assis
diffusion.9,10 On the other hand, MD performed at temper
tures above 0.7Tm by Yamakovet al.14,15 suggest a Coble
creep mechanism; in other words, the GB sliding is gover
by GB diffusion. These authors further suggest an extrap
tion of Coble creep to room temperatures. There is, howe
no real justification for such an extrapolation since one
in no way assume that the rate limiting process close to
melting temperature remains dominant at room temperat
0163-1829/2002/66~2!/024101~8!/$20.00 66 0241
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Indeed, even for the simpler case of unassisted GB diffus
there exists for a general GB network no detailed MD stu
of the corresponding atomic-scale activity as a function
temperature.

At larger grain sizes, dislocation activity is observed.
fully three-dimensional~3D! GB networks, which have bee
modeled now up to 20 nm grain sizes, only partial disloc
tions have been observed. They are always emitted from
GB’s, often close to triple junctions. In the work of Yamako
et al.,16 full dislocations have been observed in 2D column
network structures with columnar diameters up to 70 nm

It is the aim of the present work to reveal atomic mech
nisms responsible for the emission of the partials from
GB’s. It is shown that in the observed cases, a GB dislo
tion dissociates into a partial lattice dislocation, meanwh
changing the grain boundary structure and its dislocation
tribution. This mechanism is the reverse of what is oft
observed during absorption of a lattice dislocation, where
impinging dislocation is fully or partially absorbed in th
GB, creating local changes in the structure and GB dislo
tion network.18

II. SAMPLE PREPARATION

Nanocrystalline samples are created using the Voro
construction19 with random nucleated seeds and rando
crystallographic orientations. The sample is then relaxed
minimum enthalpy at 300 K for 100 ps using isokinetic m
lecular dynamics. For the 12 nm sample, the relaxed st
ture has a final density of 97% of the perfect crystalli
value. Each sample contains 15 randomly oriented grain
such a way that different types of interfaces appear, with
types of misfit from low angle to high angles. A more d
tailed description of this procedure can be found in Refs
and 9. For the present work we consider three model
samples containing the same general microstructure,
scaled to three characteristic grain diameters: 5, 12, and
nm. The 12 nm grain size sample has been used recent
study the atomic mechanism of GB sliding.10

All MD is performed within the Parrinello-Rahma
approach,20 with periodic boundary conditions and fixe
orthorhombic angles. The second-moment tight-binding
©2002 The American Physical Society01-1
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tential of Cleri and Rosato is used for describing the atom
interactions for a model fcc Ni.21 For studying deformation
properties a uniaxial tensile stress is applied at 300 K.
the 5 nm sample a stress of 1.5 GPa was used and, for th
and 20 nm samples, 2.6 GPa. After an initial transient per
the strain rate can be approximated by a linear function
time, dropping to value of 43106/s after 300 ps of deforma
tion for the 12 nm sample. To analyze the grain bounda
we calculate the local crystalline order according to the H
neycutt analysis,22 a technique based on determining the co
figuration of the common neighbors of a selected atom p
For more details about this procedure applied in our simu
tions we refer to Ref. 9. Using this analyzing technique
defined four different classes of atoms to which differe
colors are attributed: gray represents fcc atoms, red re
sents first-nearest-neighbor hcp-coordinated atoms, g
represents other 12-coordinated, and blue represents no
coordinated atoms. For black and white figures, light g
represents fcc atoms and black represents the other cla
This tool proved to be very helpful in the visualization of th
grain boundary structures and is helpful in identifying tw
planes and stacking faults.7,8,10

III. EMISSION OF PARTIAL DISLOCATIONS

We will consider dislocation activity occurring in grain 1
for the three scaled samples of average grain diameters 5
and 20 nm. In particular we consider the interface betw
grains 13 and 12. Figure 1~a! shows a section of the GB
12-13, including part of the triple junction~TJ! involving
grain 1, for the loaded 12 nm grain size sample just at
onset of plastic deformation. Such a configuration will
referred to as the elastically deformed case. The view
along a@11̄0# direction of grain 13, where for this grain th
unit cell has been highlighted in yellow. The grain bounda
plane is close to a (1,1,̄13) plane of grain 13 and the til
angle between the observed~111! planes in grain 13 and 12
is approximately 24°. Figure 2~a! is now a view along a
~111! plane of grain 13, in which the GB plane is not so f
from the plane of the page. The displayed~111! planes of
both grains are highlighted in Fig. 1~a!, by a single black line
passing through both grains. From this viewing orientation
twist angle of approximately 18° is found.

The GB structure has to accommodate the above m
tioned misfit through a GB dislocation~GBD! network. This
is evidenced in Fig. 1~a! where a clear coherence across t
GB between a set of (111) planes in grain 12 and in grain
is seen, separated by GBD’s indicated by yellow circles.
this orientation, the extra~111! plane identifying the GBD is
in grain 13. Such GBD’s will be referred to as GBD’s of typ
A. Figure 3~a! now shows another view of this GB. Th
atoms of grain 13 contained in this view are those from
(111) planes indicated by the two black arrows in Fig. 1~b!,
numbered as 1. The viewing direction of Fig. 3~a! is also
indicated by the black arrow numbered as 2. This view
direction is a along the@11̄0# axis of grain 12, which is also
not far from a similar direction in grain 13, as can be se
from the indicated unit cells. Two GBD’s can be observed
02410
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this orientation. To guide the eye, lines that connect
(110) planes across the GB are drawn on the plots. These
referred to as GBD’s of type B and, in this case, are ide
fied by an extra (112̄) plane in grain 12. Thus the GBD

FIG. 1. ~Color! View of a grain boundary in the 12 nm samp
for ~a! the configuration at elastic loading and~b! the configuration
at a plastic strain of 2.3%. Grain boundary dislocations~of type A!
that accommodate the misfit between the grains are highlighte
yellow circles.
1-2
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ATOMIC MECHANISM FOR DISLOCATION EMISSION . . . PHYSICAL REVIEW B66, 024101 ~2002!
network within this GB consists of at least two GBD types:
and B.

To identify a specific GB Burgers vectors for a gene
GB and relate it to a lattice dislocation Burgers vector
mains an unclear task. For such GB’s, the GBD’s are
pected to be less localized23 when compared to lattice dislo
cations, and therefore the corresponding local Burgers ve
content will be different from those of lattice Burgers ve
tors. Furthermore, structural disorder and the smallnes
the nanoscale GB planes make it difficult for an accur
Burgers vector content analysis using, for example,
Frank-Bilby equation.24

During deformation of this sample, the GBD of type A~in
Fig. 1!, which is closest to the TJ, dissociates into a Shock
partial, traveling through grain 13. This can be seen in F
1~b!, showing the same GB after 2.3% plastic strain,
which this GBD has annihilated. The two (111) planes,
red hcp atoms indicate the intrinsic stacking fault left beh
when the partial is traveling through grain 13. Since the B
gers vector of the lattice dislocation is not the same as
Burgers vector of the GBD, other types of local changes
to be expected in the GB. We will now show that the em
sion of the partial occurs along with local changes in G
orientation, GB structure, and GBD distribution.

The atomic mechanism behind this dislocation emissio
the following: during deformation sliding is observed in a
GB’s, including GB 12-13. In previous work10 we have iden-
tified the atomic-scale activity associated with GBS’s as c
sisting of atomic shuffling and stress assisted free volu
migration. In the case of GB 12-13 the free volume migra
from the nearby triple junction and diffuses under the appl
stress towards the GBD of type A nearest to the TJ@Fig.
1~a!#. Or, equivalently, two atoms from the core region of t
GBD migrate to nearby positions within the GB. The stre
assisted diffusion of free volume originating from a TJ line
shown in Fig. 4. Here, a view perpendicular to GB 12-13

FIG. 2. A view of a few~111! planes of grain 12-13~a! at elastic
loading and~b! at 2.3% plastic strain.
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given. For clarity, the fcc atoms are not shown and thus o
the GB atoms can be seen. The blue dashed line repres
the surrounding TJ region. The atomic positions are th
after the emission of the partial and thus the double h
planes of the stacking fault can be seen. Additionally,
figure shows the regular pattern of the GB structure whi
although not a special coincidence site lattice~CSL! struc-
ture, still shows significant order. Atomic displacements b

FIG. 3. Section of grain boundary 12-13 indicated in Fig. 1 w
arrows numbered 1 and in a viewing direction given by the arr
numbered 2. The@110# unit cells are shown for both grains.
1-3
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FIG. 4. ~Color! Grain boundary 12-13 from
which the partial dislocation nucleates. Only no
fcc atoms are shown for the configuration at 2.3
plastic strain. The dark yellow vectors~.1.2 Å!
represent the atomic displacement after elas
deformation. The dashed blue line indicates t
surrounding triple-junction regions. The black a
row indicates the region in which the dislocatio
nucleates. Stress-assisted free volume migrat
is observed~the thicker dark yellow lines! from a
nearby triple-junction region.
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ger than 1.2 Å between the elastically and plastically
formed ~after dislocation emission! configurations are
displayed in dark yellow. The black arrow indicates whe
the partial has nucleated, and the thicker dark yellow lin
indicate the path where the free volume migrates from the
to the corresponding GBD region. Figures 5~a! and 5~b!
show a closeup of the GB for the same two configuratio
with the viewing direction the same as that in Fig. 1. On

FIG. 5. Close up of Fig. 1 showing only the grain bounda
atoms and the partial lattice dislocation~a! after elastic deformation
and~b! after 2.3% plastic strain. The displacement vectors of all
surrounding atoms are also shown. Two atoms from the g
boundary/dislocation nucleation region move into grain 12.
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the atomic positions of the~111! planes that become the
stacking fault are shown together with some GB atoms.
Fig. 5~a! the positions are those of the elastically deform
sample, and in Fig. 5~b!, those of the plastically deformed
sample. The displacement vectors of all the surrounding
oms are also shown. The free volume migration can be id
tified by the larger displacement vectors in the GB begini
at a nearby TJ~not shown! and ending at the lattice disloca
tion nucleation/GBD region. Or alternatively, at the end
this replacement sequence where the dislocation nuclea
two atoms move in a direction towards grain 12, demonstr
ing that a local shuffling of atoms around the GBD allow
the creation of the necessary Burgers vector for the Shock
partial. It is interesting to note that the partial does not pro

e
in

FIG. 6. ~Color! Triple junction 8-13-14 for the 20 nm sample a
2.7% plastic deformation. The atomic displacements correspond
to the plastic deformation are also shown. Atomic activity can
seen between the nearby triple junction and the two nucleation
gions which occur slightly below the displayed plane of atoms.
1-4
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ATOMIC MECHANISM FOR DISLOCATION EMISSION . . . PHYSICAL REVIEW B66, 024101 ~2002!
gate immediately; nucleation and propagation are separ
in time by about 10 ps during which a small amount
structural relaxation occurs around the nucleation point.

Upon dislocation emission, the resulting slip induces
reorientation of the grain and thus also the missorientatio
GB 12-13. In part this is reflected by the removal of a dis
cation of type A. Also, when looking along the~111! plane in
Figs. 2~a! and 2~b! @where Fig. 2~b! shows the same atoms
2.3% strain# it can be seen that after the emission of t
partial a local reorientation of the~111! planes of grain 13
allows the reduction of the twist angle. Inspection of Fig
3~a! and 3~b! shows that there is also a redistribution
GBD’s of type B. Before deformation, two type-B GBD’s a
seen, and after partial dislocation emission and the rem
of a GBD of type A, there is also the creation of an ad
tional GBD of type B, rearranging in the same time the oth
type-B dislocations already present in that GB.

The emittance of the partial and the incorporation of
GBD type B induces local reorientation generating a n
intrinsic interface structure which differs from the initia
structure because of a change in total Burgers vector con
Close examination of the GB structure shown in Figs. 1 a
3 shows that the GB structure tends to be more faceted
the emission of the partial, which indicates that this mec
nism lowers the total energy of the GB. The tendency of G
ordering during grain boundary sliding triggered by atom
shuffling and stress-assisted diffusion has also been
cussed recently in Ref. 25. These results suggest the be
cial effect of GB disorder in the mechanism of plastic def
mation of nanosized GB’s, but they also suggest the prese
of a hardening mechanism during plastic deformation.
Ref. 25 we further showed that the cohesive energy distr
tion of the GB atoms shifts to more negative values a
result of the tensile loading and unloading cycle.

As mentioned, an increased dislocation activity is o
served when the grain size increases from 12 to 20 nm.
the 20 nm sample a similar mechanism for the emission
the partials is observed. Figure 6 shows the triple-junct
region between grains 8, 13, and 14. Roughly perpendic
to the viewing direction and below the displayed atoms
GB 12-13. Figure 6 shows the displacements of the ato
between the elastically deformed configuration and tha
2.7% of plastic strain. Between these configurations two p
tials ~indicated by the red stacking fault! have been emitted
The first dislocation is emitted from GB 12-13 very close
the triple junction with grain 8. This process of emittance
very similar to the one described in the former paragraph
the 12 nm sample. The second partial is emitted at the tr
junction between grains 12, 13, and 14. Both nucleation
gions are indicated by open yellow circles. Here, free volu
is ‘‘squeezed’’ out of the nearby quadrupole between gra
8, 12, 13, and 14, which then migrates to the misfit reg
between grains 13 and 14. Figures 7~a! and 7~b! show GB
12-13 in the same viewing direction as the one in Fig. 1. T
elastically deformed configuration is given in~a! and shows
the presence of five GBD’s, highlighted by the black circl
The configuration after the emission of the partials is giv
in ~b! and it shows that there are only three GBD’s left. It
cleary shown that both nucleations of partial lattice dislo
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tions involve dissociation of GBD and modification of th
remaining GBD distribution. The emittance of the partia
also induces structural relaxation and changes in the GB
in GB 13-14. This is shown in Figs. 8~a! and 8~b!. GB 13-14
has an orientation not far from a perfect twin, and theref
the GB relaxed to the twin plane-stair structure as is
scribed in Refs. 8,10 and 25. The plot views the GB sligh
off along the twin planes which are indicated by the rig
horizontal arrow in Fig. 8~b! and visualized by a (111) plan

FIG. 7. ~a! The elastically deformed configuration and~b! the
2.7% strain configuration for the GB 12-13 in the 20 nm sample
shown. The viewing direction is the same as in Fig. 1. For
elastically deformed configuration, five grain boundary dislocatio
are identified, which, upon the nucleation of two partial lattice d
locations, reduce to three.
1-5
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FIG. 8. ~Color! ~a! Same section as that in Fig. 6 with a slightly different viewing orientation. A grain boundary dislocation is highli
with a yellow circle.
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of red atoms. Before the partial is emitted, the GB contain
GBD close to the triple junction, where the associated (1
plane in grain 13 have been indicated by the open yel
circle in Fig. 8. After emittance, this GBD disappears and
twin plane relaxes to a more ordered configuration. The la
is demonstrated by the presence of a larger single red p
after dislocation emission.

We now view the same GB 12-13 but in the scaled sam
with a mean grain size of 5 nm, in which no dislocatio
activity is observed. The plastic deformation is fully acco
modated in the GB: only GBS is observed, which is fac
tated by atomic shuffling and stress-assisted free volume
gration. Figures 9~a! and 9~b! show the GB between grain
12 and 13 prior to deformation and at 2.8% total strain in
same orientation as Fig. 1 for the 12 nm sample. Similar
dislocations of type A can be observed that are necessar
accommodating the misfit between the~111! planes. Upon
deformation, however, the GBD can move upwards by
shuffling of atoms without the emission of a partial disloc
tion. In order to make this more clear, we have numbered
~111! planes in Fig. 9 for both grains 12 and 13. Befo
deformation, the GBD is situated between row 8-10 of gr
13 and row 2-3 of grain 12. During deformation the GB
climbs to 6-8 of grain 13 and 1-2 of grain 12. Careful e
amination of the atomic displacement demonstrates a lo
shuffling and in one case a free volume migration under
applied stress. Moreover, the sliding induces GB migrati
comparing Fig. 9~b! with 9~a!, it can be seen that befor
deformation plane 4 in grain 12 had the orientation of
~111! planes of grain 12, whereas at 2.8% load, this plane
taken partly the orientation of the~111! planes in grain 13.
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IV. DISCUSSION

That GB’s act as sinks for lattice dislocations under t
action of applied stress is a well established property, but
also known that the opposite mechanism, i.e., emission
lattice dislocations from GB’s is also possible.23,26 A few
possible dislocation reactions that lead to the emission
partials from a GBD are discussed in Ref. 27. There is, ho
ever, no detailed understanding of the emission process
of the local changes in GB structure accompanying the em
sion. This is mainly due to the fact that these kinds of obs
vations can only be done in a high-resolution electron mic
scope, a method that needs a thin-film or wedgel
geometry, making it very difficult to distinguish among in
trinsic properties and sample geometry artifacts.6,28

Valiev et al.23 suggested that the Burgers vector of t
lattice dislocation may be obtained in the GB by the summ
tion of small Burgers vectors of GBD’s; i.e., a lattice disl
cation may be formed by association of GBD’s. As a mat
of fact, this is the opposite process of what was suggeste
Gleiter26 for core spreading when a lattice dislocation is a
sorbed in a GB.

In previous work8 we have shown that GB’s in nanocrys
talline samples show ordered structures that are not diffe
from what is known in coarse-grained materials, includi
features such as GBD and GB steps. We have also sh
that localized activated atomic processes, identified
atomic shuffling and stress-assisted free volume migrat
are the stress relaxation mechanisms that facilitate the G
An important observation in this paper is that the precur
to the nucleation of lattice dislocations in the regions of m
fit is a similar atomic activity. Indeed, our results show th
1-6
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ATOMIC MECHANISM FOR DISLOCATION EMISSION . . . PHYSICAL REVIEW B66, 024101 ~2002!
local atomic shuffling often involving stress-assisted dif
sion of free volume from a nearby TJ to the region of mis
surrounding a GBD allows the ‘‘formation’’ of the Burger
vector of a partial lattice dislocation~PLD!, resulting in a
dissociation of the GBD. This is the first time a direct lin
between the GBS process, its associated atomic scale a
ity, and the nucleation of an initial PLD from the GBD ha
been observed.

We further demonstrated that the generation of the P
in which the Burgers vector is different to the observ
GBD. In other words, a GB of a certain GBD content tran
forms to a lattice partial dislocation and a GB of anoth
GBD content. It is worth to note that in the 12 nm sample
short elapsed time is observed between the generation o
partial and the propagation of the partial, suggesting that
stresses necessary for the two processes are different a
the importance of the local relaxation of the GB by gene
tion of the PLD. Upon subsequent propagation of the P
further structural relaxation within the GB region tak
place, especially at these regions where the partial dislo
tion impinges on the GB’s. The resulting slip across the gr

FIG. 9. The grain boundary between grains 12 and 13 of th
nm grain size sample prior to loading~a! and at 2.8% total strain~b!
in the same orientation as Fig. 1 for the 12 nm sample.
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can be accommodated in the GB’s leading to changes in
missorientation of neighboring grains and thus further str
tural changes at atomic level.

These observations address the questions of~1! why no
partials are observed in samples with grain sizes of 5 nm
~2! why only partial dislocations are seen and not full dis
cations in 3D samples with grain sizes up to 20 nm. W
suggest that the answer to both questions lies in the ato
activity that is observed in the GB’s during deformation a
that accompanies the creation and the propagation of
PLD. In the present work, many of the regions of misfit se
in the 12 and 20 nm sample also exist in the scaled 5
grain size sample, however, as expected, no dislocation
tivity is observed. What is seen is significantly more atom
scale activity for a given plastic strain within the GB and
regions. We propose that the regions of misfit, the GBD
are less localized in the 5 nm sample compared to the 12
20 nm sample due to spatial restrictions. We emphasize
by this, we do not suggest that a fundamental change in
structure occurs with a reduction in grain size, but rather
level and density of connectivity in terms of misfit region
leads to more delocalized GBD’s. Delocalization hinders d
location nucleation by association of GBD’s but favors
climb of the GBD by local shuffling and stress-assisted f
volume migration and, thus, the GBS mechanism for pla
deformation. Moreover, the extensive atomic activity c
lead to a reduction of shear across grains and thus fur
reduce the likelihood of dislocation activity.

On the other hand, with increasing grain size, an incre
in partial dislocation nucleation is seen, with several parti
nucleating in different regions of misfit in a GB, rather tha
the emission of any trailing partial constituting a full dislo
cation. Important to note is that even at 20 nm grain siz
the contribution of the partials to the observed plasticity
minor, compared to the contribution from the GB slidin
triggered by the atomic activity. With subsequent GB rela
ation and changes in GBD array distributions during the g
eration of the partial, especially in the vicinity of the GB
from which a dislocation has nucleated, it becomes incre
ingly clear that from a structural and energetical perspect
there is noa priori reason for the emission of the secon
trailing partial. This in turn opens the question of whether
not partial dislocations at these grain sizes need to be see
precursors to a full dislocation. In the 2D columnar work
Yamakov et al.,16 full dislocations are seen. However, w
caution in generalizing these observations to the more r
istic case of a fully 3D GB network, where many more s
planes are active and the accommodation mechanism ma
quiet different. In any event, the energetics of a full disloc
tion — or rather the leading and trailing partial, and t
corresponding stacking fault defect — is expected to be q
different in a three-dimensional grain where the dislocat
core line is pinned at both ends to a general GB, compare
an essentially 2D infinitely extended dislocation structure

V. CONCLUSION

In conclusion, we have provided a number of exampl
in which we have identified the nucleation of a partial latti
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dislocation from a GBD. The nucleation process is facilita
by atomic shuffling and often by the emission of free volum
from a nearby TJ—in other words, the same atomic activ
which has also been identified as constituting the GB slid
process. The nucleation and propagation induce change
the resultant GBD distribution and additional structural
laxation is observed in the GB and nearby TJ. From a te
poral analysis there is an indication that nucleation a
propagation are separated in time. For increased grain d
-

in
s—

nd

A.
f
E

J
l
te

02410
d
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g
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-
-

d
m-

eters, an increase in partial dislocation activity is seen, bu
full dislocations are observed probably due to subsequ
structural relaxation after the emission of the partial.
smaller grain sizes, the same GBD’s are observed. They
dergo significantly more atomic-scale activity resulting in
climb of the GBD without the generation of partials, sugge
ing that GBD’s are more delocalized and therefore GBD m
tion by atomic shuffling is facilitated and the association
GBD’s into a partial dislocation is hindered.
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