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Abstract

Grain boundary (GB) migration under stress has been recognized in recent years as an important plastic deformation mechanism
especially in small-grained materials. It is believed to occur via the motion of disconnections along the interface. However, the origin
of these disconnections is a key point for a deeper understanding of this mechanism. In this paper, we consider that GB migration under
stress can occur both due to the motion of pre-existing disconnections and due to disconnections resulting from decomposition of lattice
dislocations interacting with the GB. High-resolution transmission electron microscopy experiments carried out on an aluminum bicrys-
tal with a R41h001if540g GB indeed confirm the existence of different kinds of disconnections and pure steps prior to deformation. In
situ straining experiments performed in the same bicrystal at room and high temperatures reveal the rapid decomposition of lattice dis-
locations in the GB plane. Theoretical investigation of the possible decomposition reactions shows that different types of disconnections
with Burgers vector having both glide and climb components, i.e. parallel and perpendicular to the GB plane, can be produced. Discon-
nections with a small climb component are likely to move along the GB under stress and induce deformation parallel and perpendicular
to the GB plane. Concomitant motion of disconnections with Burgers vectors at right angles to the GB plane is believed to produce GB
migration coupled with grain rotation. It is also shown that disconnection interactions in the GB lead preferentially to purely glissile
disconnections producing a coupling factor in agreement with the observed coupling factor measured in experiments on macroscopic
bicrystals. The idea that shear-coupled GB migration can occur by the continuous feeding of lattice dislocations decomposing in the
GB during the migration is also investigated. This process is thought to play a role during recrystallization.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Grain boundary (GB) migration coupled to deforma-
tion, in particular shear strain, has been proven in recent
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years to be an alternative mechanism of plastic deforma-
tion when typical intragranular processes are suppressed.
In small-grained metals, numerous experimental studies
have provided convincing evidence that stress-assisted GB
migration induces grain growth even at low temperature
[1–9]. Contrary to lattice dislocation mechanisms, which
have been well documented, GB migration under stress
operates by different “coupling modes” [10–13] that may
depend on the GB structure. These coupling modes and
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the corresponding amount of shear strain produced, i.e. the
coupling factor b ¼ s=m (where s is the shear displacement
produced by a migration m) can be predicted by geometri-
cal analysis based on the structure of perfect GBs. A first
approach consists in extending the pioneering work by
Read and Shockley on the migration of a low-angle GB
(LAGB) [14] to high-angle GBs (HAGBs). The motion of
primary intrinsic dislocations perpendicular to the GB
plane leads to two different coupling modes for ½001�
GBs depending on their glide plane [10,11]. However, in
HAGBs, i.e. for misorientations larger than 15�, this
motion would require significant changes in the core struc-
ture of the primary intrinsic dislocations since their separa-
tion distance is of the order of their Burgers vector. This
process is often ruled out because it is supposed to occur
only under a large driving force [15]. To avoid this obstacle,
a phenomenological analysis which assumes that two
adjacent grains separating a GB can always be related by
rotation and shear, regardless of their coincident nature,
has been developed [12,13]. By calculating potential cou-
ples of rotation and shear for a given GB misorientation,
it is possible to predict a much broader spectrum of
coupling modes, with several being available for a given
GB.

GB motion coupled to shear has been experimentally
studied first for LAGBs [16,17] and also for HAGB
bicrystals [18–26,9]. Recently, GB shear-coupled migra-
tion has been investigated in small-grained polycrystals
containing HAGBs [4,5,9]. In the most recent in situ
transmission electron microscopy (TEM) study on a
bicrystal with a symmetrical R41 77:32� h001if540g GB,
it has been shown that (i) GB migration under stress
occurs via the motion of elementary steps that eventually
coalesce and form macro-steps; (ii) the moving steps pos-
sess dislocation content and thus are generally termed dis-
connections [27]; and (iii) the deformation produced
depends on the step character and is not a pure shear
strain but also contains a component perpendicular to
the GB [9]. From the theoretical side, atomistic simula-
tions on bicrystals have also revealed the existence of
different coupling modes depending on the GB geometry
and have shown that the migration occurs by a stick–slip
motion typical of a thermally activated mechanism [11,28–
30]. Detailed study of the shear-coupled migration of a
symmetric R13 h001if230g GB has recently provided
evidence that the GB motion occurs by nucleation and
propagation of disconnection dipoles [31]. This mecha-
nism was also observed in other GBs [32,33]. The
nucleation of disconnections was identified as the limiting
step in the shear-coupled migration process with an acti-
vation energy considerably larger than for the propaga-
tion, as also shown in Ref. [34].

In addition to this homogeneous disconnection nucle-
ation, i.e. the nucleation and expansion of a disconnection
loop embryo, which is an energetically costly mechanism
presumably leading to an ineffective GB migration rate,
there may be initially enough disconnections or disconnection
sources (allowing inhomogeneous disconnection nucle-
ation) in real materials. There is strong evidence that
disconnections can be emitted by GBs either close to triple
junctions [35] or near GB surface grooves [36]. Such strong
stress concentration sites are abundant in polycrystals and
small-grained materials. The concept of disconnection
sources operating on a defect in the GB can also be
invoked. In the pole mechanism for twinning (see Ref.
[37] for review), the source is composed of three disloca-
tions, two sessile ones in the two adjacent crystals and a
glissile one in the GB. Upon stress, the glissile dislocation
decomposes and spirals around the sessile dislocations,
thus resulting in twin growth. The observation of a train
of dislocations close to an impinged dislocation in a
h0 11i GB in Al supports this hypothesis [38]. Serra and
Bacon [39] have identified another efficient source of dis-
connections in f10�12g twin operating at low stress around
a sessile disconnection that follows the GB during its
migration. This idea supposes, however, the existence of
sessile dislocations in the GB, and thus shifts the problem
of shear-coupled migration to the problem of the origin
of the sessile dislocation itself. In that respect, constant ini-
tial defects and the interaction between lattice dislocations
and the GB have to be considered. As an example, the
impingement of a dislocation entering a R9 tilt GB in Si
has been observed by high-resolution TEM (HRTEM)
experiments [40]. This resulted in dislocation dissociation
and the subsequent motion of disconnections along the
GB. Thus, the decomposition of dislocations in the GB
either under stress [41,42] and/or at elevated temperatures
[43] has to be taken into account in the shear-coupled
GB migration mechanism as potential disconnection
sources, and as a strong candidate to explain shear-coupled
migration in small-grained crystals.

In this work, we have investigated disconnections
initially present and disconnections resulting from interac-
tions between lattice dislocations and the GB. We first
studied the structure of defects in an aluminum bicrystal
with a R41h001if540g GB at the atomic scale by HRTEM
(Section 3). Then, in Section 4, in situ TEM straining
experiments on Al bicrystals provide evidence of interac-
tions between lattice dislocations and the GB. In Section 5
a quantitative analysis of the lattice dislocation decomposi-
tion mechanisms in the GB show that the disconnections
observed by HRTEM are compatible with the observed
interaction reactions. This latter process may not occur
during in situ SEM experiments carried out below the elas-
tic limit, but appears more appropriate to in situ TEM
experiments during which intragranular plastic deforma-
tion cannot be avoided and to small-grained crystals in
which GBs are highly defective. Diffusion processes such
as dislocation climb may also be facilitated in a thin foil,
thus promoting deformation out of the GB plane [44].
Finally, in Section 6 the mobility of the disconnections
resulting from the decomposition of dislocations in the
GB will be discussed as well as the coupling modes associ-
ated with mobile disconnections.
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Fig. 1. (a) Schematic description of a bicrystal containing a R41
h001if540g GB. (b) Compact core GB structure represented by sequences
of A and B structural units as jAAAB:AAABj. Two partial dislocations from
each grain, a

2
h0�10il and a

2
h010il shown by blue and red colors comprise

the B structural units. The simulation of the image obtained with the low-
energy structure is also shown. (c) is the previous image (b) superimposed
with the strain field map �xx (x parallel to ½450�l). (d) Image of a GB with
wide core structure composed of separated dislocations from each grain.
(e) Is the previous image (d) superimposed with the strain field map
showing the alternately distributed dissociated dislocations along the
interface. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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2. Experimental

TEM observations were performed on a high-purity alu-
minum (99.9995 %) bicrystal containing a nearly R41h001i
symmetric tilt GB with a f540g interface plane. A bulk
bicrystal was produced by the Bridgman technique. Details
on the crystal growth and bicrystal characterization can be
found in Ref. [23]. The bicrystal was first cut and sectioned
perpendicularly to the misorientation axis into rectangular
2.5 mm � 1 mm samples approximately 500–800 lm thick.
Prior to the cutting, the exact position of the GB was
marked on the surface of the bicrystal. The position of the
boundary is revealed using chemical etching with a solution
of 50% HCl, 47% HNO3 and 3% HF. The marking of the
GB position was preserved on at least one side of the sample
surface throughout all the preparation procedures. The sec-
tioned specimens were then thinned down mechanically to
30–40 lm and finally electrochemically polished using a
methanol solution with 33% nitric acid at T ¼ �10 � C.

HRTEM observations were performed on FEI
TECNAI-F20 and Hitachi HF3300-I2TEM microscopes
operating at 200 and 300 kV, respectively. On both micro-
scopes, the spherical aberration coefficient (Cs) and defocus
was set to zero by use of an aberration corrector. Images
were obtained on a ½00 1� zone axis. In this condition, the
GB plane is positioned edge on. In situ straining experi-
ments were performed on a JEOL 2010HC operated at
180 kV at room temperature and at 400 �C using a custom
straining holder. These experiments involve applying a
controlled displacement and observing the deformation
during stress relaxation. High-definition DVD recordings
of the deformations were made using a 25 fps video rate
MEGAVIEW III CCD camera.

3. HRTEM analysis of GB defects

In this section, the HRTEM study of the R41h001i
f540g (misorientation angle of 77:32�) GB structure is first
performed before investigating and analysing the possible
defects of this structure. Fig. 1a schematically represents
a bicrystal composed of the grains labeled in the following
l and k. The principal crystal directions in the bicrystal are
also indicated.

3.1. GB atomic structure

HRTEM observations reveal various GB structures.
These structures correspond either to the compact struc-
ture of the R41h00 1if5 40g GB with a narrow core and
well-defined structural units (Fig. 1b and c), or to arrange-
ments of well-separated partial dislocations leading to a
wide core GB structure (Fig. 1d and e).

Fig. 1b shows an HRTEM image of the compact GB
structure: the compact structure of the R41h001if540g
GB can be defined as a sequence jAAAB:AAABj of A and
B structural units. A units are strained units of the perfect
crystal and the B unit corresponds to the core of an edge
primary dislocation with a Burgers vector a
2
h1�10il (using

the grain l lattice directions). The equivalent atoms in each
half-period jAAABj are displaced along the tilt axis by
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Fig. 2. (a) GB with a compact dislocation core structure. The partial
dislocations in each crystal are shown in different colors. A defect is
present on the right-hand side of the image, marked by a red circle,
corresponding to a spacing defect between two dislocations. The circuit
mapping method is used to characterize this defect: a circuit composed of
the FGHIJ and JKLMN paths in the upper crystal k and in the lower
crystal l, respectively, with J being common to the two crystals.
FGHIJKLMN is a closed circuit so that F and N coincide and are
common to both grains. (b) The same circuit is repeated in the dichromatic
pattern of the GB in which the black symbols correspond to lattice sites of
grain l and white symbols to grain k. � and � symbols correspond to
positions at z ¼ 0 and z ¼ 1=2. The closure defect of the circuit in the
dichromatic pattern is associated with a disconnection of Burgers vector
~b ¼ 3

41
½�540�l. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

1 In the following the notation will be defined in the l crystal.
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a
2
½001�. The GB period between two coincidence sites is

2.58 nm. Fig. 1c reports the strain field map �xx (x parallel
to ½45 0�l) of the compact structure, obtained using the
geometric phase analysis (GPA) method [45,35]. The strain
field map reveals the dislocations in B units that are
indicated in Fig. 1c. These dislocations are situated at the
termination of pairs of extra ð200Þ planes. Thus, the B unit
can also be seen as composed of two partial dislocations of
Burgers vectors a

2
h0�1 0il and a

2
h1 00il.

A comparison between an HRTEM image of a compact
core GB structure and a simulation of the low-energy cal-
culated structure is shown in Fig. 1b. The slightly imperfect
match could result from a small twisting component. In
fact, the contrast is different for each crystal in all recorded
images.

Fig. 1d presents an example of the wide-core GB struc-
ture, composed of well-separated dislocations with pro-

jected Burgers vectors equal to a
2
h0�10il and a

2
h1 00il. The

corresponding strain field map �xx (x parallel to ½�450�l)

reported in Fig. 1e shows the dissociation of the disloca-
tions alternately distributed with a dissociation distance of
0:8 nm. Although the component parallel to the projection
axis ½001� could not be determined, the dislocations are
probably partial dislocations. The observation of such a
structure for the investigated GB is quite surprising, since
it actually corresponds to the structure of a R41h001i
f910g GB obtained in atomistic simulations by Ref. [46].
According to recent atomistic simulations of LAGBs in
Al a fluctuation in the position of dislocations in the GB
can appear during the solidification process and may
explain the concomitant presence of two GB structures [47].

3.2. GB defect analysis

3.2.1. Spacing defect

Fig. 2a depicts an HRTEM image of the GB with a
compact structure presenting an interfacial defect. The
position of the defect is indicated by a full red circle. This
defect induces a spacing between two B unit dislocations
larger than half the GB periodicity. For this reason it has
been called a spacing defect [48].

Any defect can be characterized by mapping a circuit
around the defect in the GB dichromatic pattern that cor-
responds to the interpenetrated lattices of both crystals.
Using this method, the Burgers vector ~b of the defect and
its step height h are determined by:

~b ¼~tk �~tl ð1Þ

h ¼~n �
~tl þ~tk

2
¼ p þ q

2
ð2Þ

where ~n is the unit vector normal to the GB plane and p

and q denote the step heights in units of lattice planes spac-
ing in k and l. From the circuit FGHIJKLMN around the

defect on Fig. 2a, a mapping of the vectors ~JF and ~JN
(respectively corresponding to the portion of the circuit
in the crystals l and k) in the dichromatic pattern defines
the translation vectors~tl and~tk . The Burgers vector ~b is
defined using the FS/RH convention, considering the
disconnection line pointing along the ½001� direction. The
choice of equivalent sites (J and N in Fig. 2a) is often crit-
ical but can be accurately defined with the position of the
dislocation cores at the GB. The defect Burgers vector

and the step height are: ~b ¼~b�3=3 ¼ 3
41
½�540�l

1 and h ¼ 0.

In the following, the notation adopted for the disconnec-

tion Burgers vector is ~bp=q, where p and q denote the step
heights in units of lattice plane spacing in k and l, respec-
tively [49]. The spacing defect has a Burgers vector perpen-
dicular to the GB plane, with no step. The step heights for
each lattice are indeed h1 ¼ ph0 and h2 ¼ qh0, with

h0 ¼ a=2
ffiffiffiffiffi
41
p

¼ 0:08a, the minimum step height in the

DSC lattice parallel to the ð5�40Þl; ð�4�50Þk plane.
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Fig. 3. (a) A step in the GB with a wide core structure. The blue signs
correspond to the dislocation cores of the k lattice and the red ones are
those of the l lattice. The blue and red translation paths encircle the step
and connect two equivalent lattice sites at the interface together. (b) The
circuit repeated in the dichromatic pattern of the GB connects two
coincidence sites together and this step therefore corresponds to a pure
step. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. (a) A GB step in the wide core structure. The blue signs indicate
the dislocation cores corresponding to k and the red signs show the
dislocation cores corresponding to l. The circuit encircles the step between
two equivalent crystal sites at the interface. These sites are selected
according to the periodicity of the dislocations in l. (b) The circuit in the
dichromatic pattern of the GB shows the association of a disconnection of
Burgers vector~b ¼ 1

82
½�4�5 �41�l and step height �25h0. (For interpretation of

the references to color in this figure legend, the reader is referred to the
web version of this article.)
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3.2.2. GB steps

Several steps were observed randomly distributed along
the GB. In general, the steps in GBs with a wide GB core
structure display smaller step widths (� 10 nm) compared
to those in GBs with a compact structure (� 16 nm).

In a wide core structure, the step corresponds in fact to a
GB facet ð910Þ that reproduces well the equilibrium struc-
ture found by simulation [46]. Most often the structure var-
ies and is perturbed in the vicinity of the step. Fig. 3 shows
the HRTEM image and analysis of a frequently observed
step in the wide core GB structure: the circuit mapping
shows that the step is a pure step of height: h ¼ �41h0 ¼
�1:29 nm, with no dislocation character (Fig. 3b): the dis-
connection is of type ~b�41=�41 ¼~0.

Fig. 4a presents another example of a step of a wide GB
core structure. Contrary to the previous example, the cir-
cuit in the dichromatic pattern presented in Fig. 4b shows

a closure defect~b ¼ 1
82
½�4�5 �41�l and step height h ¼ �25h0 ¼

�0:79 nm, indicating that the disconnection is of type
~b�25=�25, with a Burgers vector belonging to the GB plane.

Fig. 5a shows a step in a compact structure. It presents a
large facet with the GB equilibrium structure situated in a
ð5�40Þl plane at an intermediate level. The two small steps
on each side of this intermediate structure present two
defects with opposite Burgers vectors ~b1�2 ¼~b�7=�7 ¼ a
82

½12 1541�l and ~b3�4 ¼~b�34=�34 and different step heights
(h1�2 ¼ �7h0; h3�4 ¼ �34h0) as depicted schematically in
Fig. 5c.

Table 1 reports all different cases of defects that were
identified by the analysis of the structure of the investigated
R41 h001 if540g GB. In Table 1, the Burgers vector~b, its
parallel and perpendicular components relative to the GB
plane, and the step heights associated with each defect
are reported. It is worth noting that several observed dis-
connections have a Burgers vector with a perpendicular
component.

Assuming that these disconnections are mobile, the
migration of these disconnections under an applied stress
would imply the migration of the GB: hence, a coupling
mode can be associated with each disconnection. The cor-
responding coupling factors defined as bk ¼

bk
h and b? ¼ b?

h
are reported in Table 1. Note that the migration of the
spacing defect (a peculiar case of disconnection) does not
imply the migration of the GB since its step is null, and
thus no coupling mode is associated with such a disconnec-
tion. The different values of the coupling factor reported in
Table 1 support the idea that shear-coupled GB migration
can occur via several coupling modes. In Section 6, the
mobility of these disconnections will be investigated; we
will then be able to draw conclusions as to the possibility
of observing several coupling factors for this GB.
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Fig. 5. (a) GB step in the compact core structure. The structural units
show the position of intrinsic GB dislocations along the interface. (b) The
circuit connecting point 1 and 3 reported in the dichromatic pattern of
the GB shows no closure defect, corresponding to a pure step. However,
the intermediate circuits between points 1–2 and 2–3 reveal two defects
with opposite Burgers vectors and different step heights. (c) A schematic
representation of the overall and intermediate steps and their associated
defects and heights.
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4. In situ TEM observations of lattice dislocations/GB

interactions

In this section, we experimentally analyse the interac-
tions of the lattice dislocations with the GB and with
disconnections initially present as a possible source of
mobile disconnections. Indeed, such interaction may occur
during straining experiments due to the inevitable intra-
granular dislocation activity. Once described and analysed,
the GB is strained and the interaction of a lattice
Table 1
Different cases of interfacial defects characterized in the R41h001if540g GB
Burgers vectors are given in unit parameter, h0 ¼ a=2

ffiffiffiffiffi
41
p

.

Fig. ~bp=q
~bl bk

Fig. 2 ~b�3=3
3

41 ½�540�l 0
Fig. 3 ~b�41=�41 0 0
Fig. 4 ~b�25=�25

1
82 ½�4�5 �41�l �1=2

ffiffiffiffiffi
41
p

Not shown ~b21=20
1

82 ½5�441�l 0
Fig. 5 ~b�7=�7

1
82 ½121541�l 27=

ffiffiffiffiffi
41
p

~b�34=�34
1

82 ½ �12 �15 �41�l �27=
ffiffiffiffiffi
41
p

dislocation with the GB is observed and analysed by
in situ TEM.

4.1. GB disconnections characteristics before in situ straining

In the following, lattice dislocations will be labeled ”d”
and disconnections “GBD” (for GB dislocation). Fig. 6a
shows a dark-field micrograph of the R41h001if54 0g GB
taken with~g ¼ ½111�l and seen inclined � 45� with respect
to the tilt axis (T) parallel to the straining axis.

Straight disconnections (GBD) are visible as parallel
lines along the interface. These disconnections are not
homogeneously distributed and their spacing varies from
30 to 180 nm. Their line ~lGBD is found to be along the
½00 1� direction perpendicular to the surface. This probably
results from GBD line energy minimization.

GBDs have been characterized through the analysis of
their contrast under different two-beam conditions using
the method proposed in Ref. [50].

The asymmetric dark (D)/light (L) contrasts of the GBD
shown in Fig. 6b and c and the faint contrast shown in

Fig. 6d are consistent with a Burgers vector ~bGBD close to

the ½001� direction, presumably ~b	16=	16 ¼ 
 1
82
½4541�l

(step height 	16h0), ~b	25=	25 ¼ 	 1
82
½4541�l (step height

	25h0) or ~b	20=	21 ¼ 
 1
82
½�5441�l (step height 	20:5h0). It

is interesting to note that the disconnection ~b�25=�25 have
indeed been found by HRTEM analysis as shown in Fig. 4.

The fact that these GBDs are not regularly spaced indi-
cates that they are not intrinsic secondary dislocations [51],
but extrinsic disconnections in an intermediate stage of
accommodation.

4.2. Interactions between lattice dislocations and

disconnections

Fig. 7a is a bright-field image taken with~g ¼ ½1 1 1�l of
the bicrystal sample, strained along T, at 400 �C. A lattice
dislocation d1 gliding inside the grain l enters the GB and
the trace of its glide is marked by trd1 (see the schematic
3-D drawing of the configuration in Fig. 7c and Video 1
in the Supplementary Material). Four ½001�-type screw dis-
connections GBD1;GBD2;GBD3 and GBD4 are visible along
the interface (average separation distance 61 nm). These
disconnections are observed to move very slowly along
the interface, in response to straining. A fiducial marker
with their associated Burgers vectors, step heights and coupling factors.

b? h bk b?

�3=
ffiffiffiffiffi
41
p

0 – –
0 �41h0 0 0
0 �25h0 �0:04 0
1=

ffiffiffiffiffi
41
p

20:5h0 0 � 0:1
0 �7h0 � 7:7 0
0 �34h0 � �1:6 0
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Fig. 6. (a) Dark-field image from a GB taken in a sample inclined � 45�
with respect to the tilt axis (T). Straight disconnections with the line
direction lGBD are also visible. (b–d) Images of dislocations for
~gð1...3Þ ¼ ½�1�1�1�; ½�1�11� and ½�200�, respectively. In (b) and (c) the asymmetric
dark/light contrasts at two sides of the dislocations with respect to the
dislocation line oriented from the bottom to the top of the GB plane
indicates ~g1 �~bGBD < 0 and ~g2 �~bGBD > 0. (d) The image with a faint and
symmetric contrast of dislocations suggests~g3 �~bGBD � 0. These conditions
lead to a Burgers vector ~bGBD close to the ½001� direction.

Fig. 7. (a) The sample is strained along the direction T at 400 �C.
The disconnections GBD1;GBD2;GBD3 and GBD4 are visible along the
interface. A fiducial marker (X) is used to locate the position of
the dislocations. A lattice dislocation, d1, moving in grain l, arrives
in the GB. The trace of the glide of the dislocation is indicated by trd1.
(b) GBD3 has disappeared in the boundary as the result of its interaction
with d1. trc is the trace of cross-climb of d1 into the boundary. (c) is a
schematic drawing of the configuration. The Burgers vector of
d1;~bd1 ¼ 1

2
½10�1�l and its line direction~ld1

are also shown.
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X on the surface is used to indicate their positions. Fig. 7b
shows a video frame taken after d1 has entered the GB. The
interaction of d1 with GBD3 leaves a blank space in the
place of GBD3. In the zone where d1 enters the GB another
trace marked by trc is visible. Based on the visibility crite-
rion and on the direction of motion of the dislocation, the
Burgers vector of the dislocation d1 is determined as being
~bd1 ¼ 1

2
½10�1�l. Since the line direction~ld1

and the Burgers

vector ~bd1
are not parallel, the dislocation motion in the

plane with the trace trc corresponds to a motion by climb.
The interaction force between d1 and the screw disconnec-
tion corresponds to an attractive force that can act as the
driving force for climb close to the GB [52]. This mecha-
nism which is thermally activated probably occurs easily
at 400 �C. When entering the GB, the lattice dislocation

has induced a slip step on the GB of height~bd1
~n in the adja-

cent grain [53]. It thus can be described as a disconnection

of Burgers vector~b0=�5 (Fig. 9). A reaction between this dis-
connection and the GBD then occurs, followed by a rapid
decomposition in the GB. A plausible interaction reaction
of d1 with GBD3 can be written as2:

~b0=�5 þ~b25=25�!~b25=20 ð3Þ

Or in an equivalent manner:

1

2
½10�1�l þ

1

82
½4541�l�!

1

82
½4550�l ð4Þ

The~b25=20 is unstable because of its high elastic energy and
can decompose following the reaction:
2 In the following the dislocation Burgers vectors will be given in lattice
parameter units.
~b25=20�!5~b5=4 ð5Þ
1

82
½4550�l�!5

1

82
½910�l ð6Þ

Since the Burgers vector of the five resulting disconnec-

tions is small (k~bk ¼ 0:045 nm), their contrast, which

depends on ~g �~bGBD ¼ 0:12, is expected to be faint as
observed experimentally (Fig. 7b).

Fig. 8 shows another example of a lattice dislocation d2

originating from grain l and entering into the GB along
trd2 (see Video 2 in the Supplementary Material). The anal-

ysis of d2 shows that its Burgers vector is ~bd2 ¼ 1
2
½1 1 0�l

and that d2 glides on the ð1 �1 1Þl plane. Fig. 8a is taken

1 s before that d2 enters the GB. In Fig. 8b the dislocation
d2 enters the GB at a location indicated by an arrow, close
to a disconnection. The contrast of the initial screw discon-
nection is reinforced and slightly broadened over a few
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frames (i.e. a few periods of 40 ms). In Fig. 8c, there is no
visible difference between the initial and final contrast of
disconnection, indicating that d2 did not interact with the
initial screw disconnections but probably decomposed rap-
idly into the GB. This conclusion is also supported by the
fact that there is no interacting force between two parallel
dislocations with Burgers vectors at right angles. Expected
decomposition reactions will be investigated in more detail
in Section 5.

In summary, several dislocation–GB interactions have
been observed both at room temperature and at 400 �C.
These interactions lead to decompositions into disconnec-
tions that can eventually move along the GB. In the next
section, we will focus on the possible disconnections that
arise from decompositions of lattice dislocations in order
to evaluate possible coupling modes.

5. Dislocation decompositions

In this section, the theoretical conditions for dislocation
decompositions are described. All possible decomposition
products are identified by considering both lattice disloca-
tions observed during in situ TEM straining and other pos-
sible ones that can interact with the GB.

5.1. Description of the lattice dislocation Burgers vector in

the dichromatic pattern

Fig. 9 shows the dichromatic pattern of a R41
h001if540g GB with different incident dislocations. In
the following, the decomposition of dislocations
~b0=�1;~b0=�5;~b0=�4 and ~b0=�9 will be considered. Dislocation
~b0=�5 ¼ 1

2
½1 0 �1�l (similar to ~bd1, Fig. 7) and ~b0=�1 ¼

1
2
½1 1 0�l (similar to~bd2, Fig. 8) have already been observed
Fig. 8. (a and b) In a bicrystal sample strained at room temperature along
T, a lattice dislocation d2 enters the GB close to the screw disconnection
GBD. The glide trace is shown by trd2. (c) After a short reinforcement of
the contrast, the lattice dislocation contrast vanished into the GB as a
consequence of a decomposition. (d) Shows the corresponding 3-D
configuration.
in Section 4.2. Moreover, the possible decompositions of

two other lattice dislocations ~b0=�9 ¼ 1
2
½1�10�l and

~b0=�4 ¼ 1
2
½0�1�1�l will also be investigated. Equivalent Bur-

gers vectors ~b0=1;~b0=4;~b0=9 and ~b0=5 give equivalent results
but with p and q indices reversed. Interactions with lattice

dislocations gliding in grain k, i.e. ~b	5=0;~b	4=0;~b	9=0 and
~b	1=0, will not be considered since they yield the same
conclusions.

5.2. Conditions for dislocation decompositions

The decomposition of an incoming dislocation of Bur-

gers vector ~b into disconnections of Burgers vectors ~bp=q

implies the conservation of both the Burgers vector and
the step height counted in the two grains; this should occur
if the energy is reduced. The energy change during the
decomposition, per disconnection unit length, can be
roughly estimated by considering both the elastic energy
associated with the incident dislocation and decomposition
products, and the step energy. The elastic energy of an edge
disconnection is given by [52]:

Ee ¼
lb2

p=q

4pð1� mÞ ðlnðr0=riÞ � 1Þ ð7Þ

with l the shear modulus, m the Poisson ratio, and r0 and ri

the outer and inner radii of the dislocation core.
According to Ref. [54], the step energy, Es, is propor-

tional to the step height h:

Es � hcs ¼ nh0cs ð8Þ
where n is an integer and cs is the GB energy per unit area.

The decomposition process taking place between time ti

and tf will then be possible if the total energy E ¼ Ee þ Es

is lowered:
Fig. 9. The dichromatic pattern of the R41h001i GB. The disconnections
are described by the notation ~bp=q (see text). The incident lattice
dislocations, ~b0=1;~b0=4;~b0=5 and ~b0=9, are indicated in the figure.
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DE ¼ Etf � Eti ¼ DEe þ DEs < 0 ð9Þ
� frEeðtiÞ þ ðm� nÞh0cs < 0 ð10Þ

where nh0 and mh0 are the net step heights before and after
the decomposition, respectively, and fr is the elastic energy
reduction:

fr ¼
j~bj2 �

P
ij~bDSCðiÞj2

j~bj2
ð11Þ

Note here that the incident lattice dislocation introduces
initially a step (of height nh0) into the GB and eventually

decomposes. Taking l ¼ 25:5 GPa, m ¼ 0:33; b ¼ a=
ffiffiffi
2
p

;

ri ¼ 5b; r0 ¼ 1000b; cs � 0:25 J=m2 [53], leads to the
condition:

m� n K 135f r ð12Þ
Although this last inequality should not be taken as a strict
criterion because of the approximations used above in eval-
uating the energy, it can be used to find the decomposition
reactions which preserve Eq. (12) and conserve the step
height. The most probable decomposition reactions that
lead to the maximum energy reduction per unit length
(DE in J m�1 in brackets) are then:

~b0=�1 !~b�27=�28 þ 3~b9=9 �3:53� 10�10
� �

ð13Þ
~b0=�1 !~b�18=�19 þ 2~b9=9 �3:39� 10�10

� �
ð14Þ

~b0=�4 !~b12=11 þ 3~b�4=�5 �2:08� 10�10
� �

ð15Þ
~b0=�4 !~b8=6 þ 2~b�4=�5 �2:01� 10�10

� �
ð16Þ

~b0=�4 !~b16=16 þ 4~b�4=�5 �1:68� 10�10
� �

ð17Þ
~b0=�5 !~b�2=�3 þ 2~b1=�1 �2:08� 10�10

� �
ð18Þ

~b0=�5 !~b�10=�13 þ 2~b5=4 �1:77� 10�10
� �

ð19Þ
~b0=�5 !~b�3=�2 þ 3~b1=�1 �1:56� 10�10

� �
ð20Þ

~b0=�5 !~b�20=�21 þ 4~b5=4 �1:31� 10�10
� �

ð21Þ
~b0=�9 !~b�4=�5 þ 4~b1=�1 �8:32� 10�10

� �
ð22Þ

The corresponding disconnections are reported in
Table 2, together with their step heights h. According to

the angle c between the Burgers vectors ~bp=q and the GB

plane, the glide bk ¼ k~bp=qk cos c and the climb b? ¼
k~bp=qk sin c components of each disconnection are also
given in Table 2. We suppose that the line vector of these
disconnections is parallel to the tilt axis ½0 0 1�, and thus
the screw component bs of the Burgers vector is also deter-
mined to be its projection along the tilt axis of the GB. It is
worth noting that some of these disconnection types, i.e.
~b	16=	16;~b	20=	21 and ~b	1=
1, have been observed prior to
deformation, suggesting that they may result from decom-
positions of lattice dislocations during the elaboration pro-
cess and/or thin foil preparation. The mobility of the
disconnections and the deformation induced by their
motion are discussed in the next section.
6. Disconnection mobility and associated deformation

produced by disconnection motion

The macroscopic shear–GB migration coupling factor is
the result of the motion of a large number of individual dis-
connections. As the intrinsic mobility of the disconnections
varies, the overall mobility of the GB will be determined by
the ability of disconnections to overcome slower or immo-
bile disconnections. These two aspects are discussed below.
This will lead us to the evaluation of the coupling factor.

6.1. Mobility of disconnections

Disconnections with small step heights are likely to be
mobile: there is less atomic shuffling as the disconnection
moves laterally [39]. However, the motion of the screw

disconnections, presumably ~b	16=	16;~b	21=	20 or ~b	25=	25,
shown in Fig. 6, has been regularly observed during
in situ experiments, suggesting that atomic shuffling does
not strongly affect the mobility of disconnections. On the
other hand, disconnections with Burgers vectors perpendic-
ular to the boundary move by climb. If a disconnection of a
length l and step height h with a Burgers vector having a
climb component (b?) moves over a distance dx, the change
in the number of atoms dN transferred between grains l
and k during the diffusive flux of material is given by [27]:

dN ¼ lb?X ðl=kÞdx ð23Þ

where X ðl=kÞ is the number of atoms per unit volume of
the material transferred between l and k. Thus the motion
of a disconnection depends directly on the climb compo-
nent of its Burgers vector b?.

The velocity of a lattice climbing dislocation v? by
lattice diffusion in response to an applied stress s can be
estimated by [55]:

v? ¼
Dsd

b?

sX
kT

ð24Þ

where Dsd corresponds to the bulk vacancy self-diffusion
coefficient, X is the atomic volume, k is the Boltzmann con-
stant and T is the absolute temperature. Eq. (24) corre-
sponds to the climb velocity of dislocations under high
temperatures and low stresses and thus can be used to
roughly estimate the disconnection climb velocity in our
case. According to Eq. (24) there is an inverse relationship
between the climb velocity of dislocations and their climb

component. Taking Dsd ¼ 3:5� 10�6 exp �1:25 eV
kT

� �
m2 s�1

[56] and X ¼ 2:52� 10�29 m3 as the atomic volume of Al,

the climb velocity v? of~b�27=�28 (b? ¼ a=2
ffiffiffiffiffi
41
p

, see Table 2)
under a shear stress of s = 10 MPa (yield strength of pure
Al [57]) at T = 400 �C gives v? ¼ 1:33 lm s�1. This velocity
is in the range of the observed step motion (� 4 lm s�1). As
this estimate is strongly affected by the value of the vacancy
self-diffusion coefficient, more accurate estimation of Dsd

should take into account diffusion along the GB in the case
of disconnection climb. This result indicates that although
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Table 2
Products of lattice dislocation decomposition in a R41h001if540g GB. The associated glide and climb components of the disconnections, along with their
step heights are also reported. The motion of these disconnections in the GB can induce deformations parallel bk ¼ bk=h and perpendicular b? ¼ b?=h to
the GB.

~bDSC
~bl bk b? bs h bk b? bs

~b9=9
1
41 ½450� 2=2

ffiffiffiffiffi
41
p

– – 9h0 0:22 – –
~b1=�1

1
41 ½5�40� – 2=2

ffiffiffiffiffi
41
p

– – – – –
~b�2=�3

1
82 ½2116 �41� 4=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

�1=2 �2:5h0 �1:6 �0:4 2:5
~b�3=�2

1
82 ½1124 �41� 4=2

ffiffiffiffiffi
41
p

�1=2
ffiffiffiffiffi
41
p

�1=2 �2:5h0 �1:6 0:4 2:5
~b12=11

1
82 ½�3 �14 �41� �2=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

�1=2 11:5h0 �0:17 0:08 �0:55
~b5=4

1
82 ½910� 1=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

– 4:5h0 0:22 0:22 –
~b�4=�5

1
82 ½1�90� �1=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

– �4:5h0 0:22 �0:22 –
~b8=6

1
82 ½�2 �33 �41� �3=2

ffiffiffiffiffi
41
p

2=2
ffiffiffiffiffi
41
p

�1=2 7h0 �0:43 0:28 �0:9
~b�10=�13

1
82 ½23�2 �41� 2=2

ffiffiffiffiffi
41
p

3=2
ffiffiffiffiffi
41
p

�1=2 �11:5h0 �0:17 �0:26 �0:55
~b16=16

1
82 ½�4�5 �41� �1=2

ffiffiffiffiffi
41
p

– �1=2 16h0 �0:06 – �0:4
~b�27=�28

1
82 ½17110� 3=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

– �27:5h0 �0:109 �0:03 –
~b�18=�19

1
82 ½25210� 5=2

ffiffiffiffiffi
41
p

1=2
ffiffiffiffiffi
41
p

– �18:5h0 �0:27 �0:05 –
~b�20=�21

1
82 ½5�4 �41� – 1=2

ffiffiffiffiffi
41
p

�1=2 �20:5h0 – �0:05 0:31
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long-range diffusion is required to move disconnections
with a component out of the GB plane, their motion may
be possible provided they have a small climb component
and the temperature/diffusion coefficient is sufficiently high.
Moreover, diffusion distance can be also reduced by the
exchange of vacancies/interstitials between disconnections.

If the mobility of the slowest disconnections is compara-
ble to the mobility of the fastest ones, then the mobility of
the GB will be controlled by the collective motion of all the
disconnections and the coupling factor is a result of a com-
bination of the different steps [9]. This situation can be
favoured at high temperature in thin foils because vacancy
diffusion is enhanced due to the presence of close free
surfaces [44]. At low stress and lower temperature, how-
ever, the difference in mobility can be much higher and
then the slowest disconnections can be viewed as strong
obstacles. Faster disconnections will pile up against them,
presumably explaining the creation of macro-steps as
observed in Ref. [9]. The existence of strong pinning asso-
ciated with sub-grain formation as observed in Ref. [26]
may also indicate the existence of strong locks along the
GB plane that could serve as dislocation sources.
6.2. Evaluation of the coupling factor at microscale

In order to compare the coupling modes corresponding
to these disconnections, experimental values of the cou-
pling factor (both parallel and perpendicular components)
are listed in Table 3. At the scale of macro-steps as
observed in Ref. [9], a perpendicular component of the
coupling factor is always found, indicating the motion of
disconnections with a climb component. Despite the fact
that macro-steps are supposed to be composed of a large
number of disconnections, most of the results can be inter-
preted by the collective motion of a single type of discon-
nections. The disconnection ~b�18=�19 (bk ¼ �0:27; b? ¼
�0:05) can produce deformations ,in absolute value, that
are comparably close to the coupling factors of step 1 mea-
sured by in situ TEM in Ref. [9]. The coupling mode of step
4 (see Table 3) can be due to the motion of ~b�20=�21

(bk ¼ 0; b? ¼ �0:05). Similarly the deformation measured
for step 5 (Table 3) corresponds to a coupling mode which
can be due to the disconnection~b�27=�28 with (bk ¼ �0:109;
b? ¼ �0:03).

Moreover, the screw component of the disconnections
~b	16=	16;~b	27=	28 and~b	20=	21 induces a deformation parallel
to the ½00 1� GB tilt axis. In addition, such a deformation
combined with a shear parallel to the GB plane (see the
bk component of such a disconnection in Table 2) but per-
pendicular to the ½001� axis will produce a grain rotation as
observed in Ref. [25].

The experimental results can also be accounted for by a
more complex combination of disconnections. Indeed, as
soon as different disconnections contained in a single
macro-step move, the coupling factor becomes:

bk;? ¼
P

ifibðiÞk;?P
ihðiÞ

ð25Þ

where fi is the fraction of disconnections with a Burgers

vector ~bðiÞ and step height hðiÞ. For instance, the combina-

tion in equal proportions of ~b9=9 and ~b5=4 disconnections
leads to coupling factors bk ¼ 0:22; b? ¼ 0:07 close to

absolute values found for step 1 (see Table 3). Pure steps
that have been frequently observed in as-grown bicrystals
(see Figs. 3 and 5) also have a strong impact on the cou-
pling factor. Previous experimental studies have found that
pure steps move along the interface as well, presumably
under capillarity forces [9,58]. These steps can also be
dragged by other moving steps. Pure steps do not have
any effect on the deformation of the material. However,
they can greatly affect the coupling factor of the shear-
coupled GB migration if they are dragged by disconnec-
tions. For instance, according to Eq. (25), the deformation
produced by the combination of pure steps and four

disconnections of~b5=4 in equal proportion (f ¼ 0:5) arising

from the decomposition of ~b0=�5 (see Eq. (19)) leads to
bk ¼ �0:068 and b? ¼ �0:068, close to the measured
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Table 3
Absolute values of the deformations parallel j bk j and perpendicular j b? j to the GB, induced by the motion of steps, measured by in situ electron
microscopy straining experiments. For comparison, possible disconnections ~bp=q corresponding to the experimental values are indicated.

j bk j j b? j ~bp=q

In situ TEM (step 1) [9] 0:25	 0:02 0:06	 0:02 ~b�18=�19;~b9=9 þ~b4=5

In situ TEM (step 4) [9] 0	 0:02 0:06	 0:02 ~b20=21

In situ TEM (step 5) [9] 0:07	 0:02 0:06	 0:02 ~b�27=�28, 4 ~b5=4 + Pure step
In situ SEM [23] 0:22 0 ~b9=9
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coupling factors for step 5 in Table 1 obtained by in situ
TEM straining. This example, among many possible com-
binations of disconnections and pure steps, illustrates the
large variability of possible coupling factors.

6.3. Evaluation of the coupling factor at the macroscale

Measurement of the coupling factor of a millimeter-
scale bicrystal [23] led to a unique value of the coupling
factor that can be interpreted simply by the motion of
~b9=9 (bk ¼ 0:22; b? ¼ 0 and bs ¼ 0) type disconnections

(Table 3).
This observation can be interpreted by the operation of

stable sources of ~b9=9 disconnections in the GB, but can
also result from the elimination of disconnections with a
climb component. Indeed, the following disconnection
interactions inside the GB:

~b�16=�16 þ~b20=21 !~b4=5 ð26Þ
2~b5=4 þ~b�1=1 !~b9=9 ð27Þ
~b5=4 þ~b4=5 $~b9=9 ð28Þ

lead to the formation of~b9=9 disconnections. Reactions (26)
and (27) are expected to occur easily in the GB because of
the presumably great difference in the mobility of the dis-
connections due to a difference in their climb components.
Reaction 28 is believed to occur both ways because neither
the elastic or step energy is thought to change. Moreover,
the mobility of the couple~b5=4 and~b4=5 is probably compa-
rable to the motion of ~b9=9 disconnections although they
require climb. Indeed, under a shear stress and because
they possess similar glide component, their motion occurs
in the same direction, but as they have opposite climb com-
ponent, the motion of each disconnection requires emission
of a vacancy in one case and absorption in the other (see
Fig. 8). If these two disconnections are close, they can thus
exchange vacancies over a short distance, so that their
motion is supposed to be easy. Because this process of
climb component elimination requires the absorption and
decomposition of several disconnections, it is believed to
occur efficiently in a macroscopic bicrystal. This mecha-
nism may be the reason for the unique coupling factor
observed macroscopically.

6.4. GB migration driven by lattice dislocation incorporation

The observation of easy lattice dislocation decomposi-
tions into disconnections suggests that GB migration may
occur without requiring any disconnection sources but by
the continuous feeding of the GB by lattice dislocations
as the migration proceeds. Consider, for instance, a bicrys-
tal with a dislocation density q. Let l be the total GB length
and m the migration distance. The number of disconnec-
tions of step height h required is then Nr ¼ m=h. This
assumption supposes that the disconnections are perfectly
mobile and move over the entire GB. The number of avail-
able dislocations N a can be set to a first approximation as
the total number of dislocations in the bicrystal swept over
the distance m, i.e. for a dislocation density q;Na ¼ qlm. If
the ratio N a=Nr ¼ qlh > 1, then the interaction and decom-
position of dislocations into glissile disconnections is suffi-
cient to pursue deformation-coupled GB migration. In
small-grained polycrystals with almost no dislocation in
the grain interiors, q and l are negligible and the above
inequality cannot be fulfilled: disconnections presumably
have to nucleate at triple junctions. In a large bicrystal with
l ¼ 1 mm, the above condition can be fulfilled with a rea-
sonable dislocation density, i.e. q � 1013 m�2, assuming a
typical value of h ¼ 0:1 nm. At sufficiently high tempera-
ture and in work-hardened materials, this mechanism is
thus expected to occur and may enhance dynamic recrystal-
lization for instance. Plastic deformation occurring at low
stress during recrystallisation (i.e. recrystallization-induced
plasticity) in iron alloys may be a consequence of such a
process [59,60]. The role of shear-coupled GB migration
as a possible trigger of recrystallization has also been
pointed out in Ref. [61] where the authors postulated that
cold-worked tilt GBs susceptible to migration and sweep-
ing intragranular dislocations can form initiation sites for
new grains. The recrystallized area in front of intragranular
slip bands in annealed Al bicrystals may also be evidence of
GB migration coupled to deformation [62].
7. Conclusions

In this paper, the role of disconnections in deformation-
coupled GB migration was investigated in detail. The
following conclusions can be drawn:

� By means of HRTEM, GB defects in as-grown Al
bicrystals were observed and characterized. Both discon-
nections and pure steps were found along the interface.
Conventional bright-field imaging has also revealed the
presence of screw disconnections. All these disconnec-
tions are extrinsic, and presumably formed during
processing or thin foil preparation.



author's personal copy

234 A. Rajabzadeh et al. / Acta Materialia 77 (2014) 223–235
� Different cases of interactions between lattice disloca-
tions, activated by intragranular plasticity during
in situ TEM straining, and the GB were analysed. Rapid
decompositions of lattice dislocations into disconnec-
tions were observed inside the GB.
� The theoretical examination of decomposition reactions

indicates that the disconnections produced generally
possess both glide and climb components.
� Although the motion of completely glissile dislocations,

corresponding to disconnections with a Burgers vector par-
allel to the GB plane, is favored, disconnections with a
small climb component and high steps can move at a speed
compatible with earlier observations [9]. The GB migration
mobility is then supposed to be controlled by the motion of
these disconnections and by the ability of the most mobile
disconnections to overcome the slowest ones.
� Disconnections can also have a Burgers vector parallel

to the misorientation axis and thus can produce a strain
out of the foil plane. The combined motion of discon-
nections with Burgers vector at right angles can then
explain grain migration coupled with rotation [25].
� The motion of the disconnections produced by decom-

position can explain the observed coupling factors
(Table 2). Moreover, the large variety of combinations
of disconnections and pure steps can account for the
large variability of the coupling factor.
� At the scale of a macroscopic bicrystal containing a

R41h001if540g GB, it is thought that disconnections
of type ~b9=9 leading to the observed coupling factor
may emerge from disconnection interactions in the GB
and subsequent climb component elimination.
� GB migration under stress may be fed by the continuous

absorption of lattice dislocations as the grain advances,
followed by their decomposition and motion, provided
the intragranular dislocation density and temperature
is sufficiently high. This process has a significant impact
on recrystallization.

Acknowledgements

The authors acknowledge the European Union under the
Seventh Framework Programme under a contract for an
Integrated Infrastructure Initiative Reference 312483-
ESTEEM2. They are grateful to J.E. Brandenburg and D.
Lamirault for their assistance with the bicrystal growth
and sample preparation, and to F. Houdellier and J. Nicolai
for their help with HRTEM experiments. One of the author
(D.M.) expresses his gratitude to the Deutsche Forschungs-
gemeinschaft for financial support (Grant MO848/14–1).
Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.actamat.2014.05.062.
References

[1] Zhang K, Weertman J, Eastman J. Appl Phys Lett 2005;87:061921.
[2] Gianola DS, Van Petegem S, Legros M, Brandstetter S, Van

Swygenhoven H, Hemker KJ. Acta Mater 2006;54:2253–63.
[3] Gianola D, Eberl C. JOM, J Min Metals Mater Soc 2009;61:24–35.
[4] Mompiou F, Caillard D, Legros M. Acta Mater 2009;57:2198–209.
[5] Mompiou F, Legros M, Caillard D. J Mater Sci 2011;46:4308–13.
[6] Tang F, Gianola DS, Moody MP, Hemker KJ, Cairney JM. Acta

Mater 2012;60:1038–47.
[7] Gianola DS, Farkas D, Gamarra M, He M. J Appl Phys 2012;112.
[8] Zhang Y, Sharon JA, Hu GL, Ramesh KT, Hemker KJ. Script Mater

2013;68:424–7.
[9] Rajabzadeh A, Legros M, Combe N, Mompiou F, Molodov DA. Phil

Mag 2013;93:1299–316.
[10] Cahn JW, Taylor JE. Acta Mater 2004;52:4887–98.
[11] Cahn JW, Mishin Y, Suzuki A. Acta Mater 2006;54:4953–75.
[12] Caillard D, Legros M, Mompiou F. Acta Mater 2009;57:2390–402.
[13] Mompiou F, Legros M, Caillard D. Acta Mater 2010;58:3676–89.
[14] Read W, Shockley W. Imperfections in nearly perfect crystals; 1957.
[15] Sutton A, Baluffi R. Interfaces in crystalline materials. Oxford

University Press; 1995.
[16] Bainbridge D, Li C, Edwards EH. Acta Metall 1954;2:322–33.
[17] Li C, Edwards E, Washburn ER, Parker J. Acta Metall 1953;1:223–9.
[18] Guilloppe M, Poirier J. Acta Metall 1980;28:163–7.
[19] Babcock SE, Balluffi RW. Acta Metall 1989;37:2357–65.
[20] Fukutomi H, Iseki T, Endo T, Kamijo T. Acta Metall Mater

1991;39:1445–8.
[21] Gorkaya T, Burlet T, Molodov DA, Gottstein G. Script Mater

2010;63:633–6.
[22] Molodov DA, Gorkaya T, Gottstein G. Mater Sci Forum 2007;558–

559:927–32.
[23] Gorkaya T, Molodov DA, Gottstein G. Acta Mater

2009;57(18):5396–405.
[24] Sheikh-Ali AD. Acta Mater 2010;58:6249–55.
[25] Gorkaya T, Molodov KD, Molodov DA, Gottstein G. Acta Mater

2011;59:5674–80.
[26] Molodov DA, Gorkaya T, Gottstein G. J Mater Sci 2011;46:4318–26.
[27] Hirth JP, Pond RC. Acta Mater 1996;44:4749–63.
[28] Mishin Y, Suzuki A, Uberuaga B, Voter A. Phys Rev B

2007;75:224101.
[29] Velasco M, Van Swygenhoven H, Brandl C. Script Mater

2011;65:151–4.
[30] Trautt ZT, Adland A, Karma A, Mishin Y. Acta Mat

2012;60:6528–46.
[31] Rajabzadeh A, Mompiou F, Legros M, Combe N. Phys Rev Lett

2013;110:265507.
[32] Warner D, Molinari J. Mod Simul Mater Sci Eng 2008;16:075007.
[33] Wan L, Wang S. Phys Rev B 2010;82:214112.
[34] Khater HA, Serra A, Pond RC, Hirth JP. Acta Mater

2012;60:2007–20.
[35] Sennour M, Lartigue-Korinek S, Champion Y, Hytch MJ. Phil Mag

2007;87:1465–86.
[36] Mompiou F, Legros M, Boe A, Coulombier M, Raskin J-P, Pardoen

T. Acta Mater 2013;61:205–16.
[37] Christian J, Mahajan S. Progr Mater Sci 1995;39:1–157.
[38] Kegg G, Horton C, Silcock J. Phil Mag 1973;27:1041.
[39] Serra A, Bacon D. Phil Mag A 1996;73:333–43.
[40] Elkajbaji M, Thibault-Desseaux J. Phil Mag A 1988;58:325–45.
[41] Baluffi RW, Komen Y, Schrober T. Surf Sci 1972;31:68.
[42] Mompiou F, Caillard D, Legros M, Mughrabi H. Acta Mater

2012;60:3402–14.
[43] Pumphrey PH, Gleiter H. Phil Mag 1974;30:593–602.
[44] Wang Z, McCabe R, Ghoniem N, LeSar R, Misra A, Mitchell T.

Acta Mater 2004;52:1535–42.
[45] Hytch M, Snoeck E, Kilaas R. Ultramicroscopy 1998;74:131.
[46] Smith DA, Vitek V, Pond RC. Acta Mater 1977;25:475–83.

http://dx.doi.org/10.1016/j.actamat.2014.05.062
http://dx.doi.org/10.1016/j.actamat.2014.05.062
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0015
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0020
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0020
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0025
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0030
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0035
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0040
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0040
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0045
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0050
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0050
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0055
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0055
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0060
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0065
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0070
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0075
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0080
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0080
http://refhub.elsevier.com/S1359-6454(14)00418-2/h9000
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0085
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0090
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0095
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0100
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0100
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0105
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0105
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0110
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0110
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0115
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0115
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0120
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0125
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0125
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0130
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0135
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0140
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0140
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0145
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0145
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0150
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0150
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0155
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0155
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0160
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0165
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0170
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0170
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0175
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0175
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0180
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0180
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0185
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0190
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0195
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0200
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0205
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0210
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0210
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0215
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0220
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0220
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0225
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0230


author's personal copy

A. Rajabzadeh et al. / Acta Materialia 77 (2014) 223–235 235
[47] Zahn D, Tlalik H, Rabe D. Comp Mater Sci 2009;46:293–6.
[48] Hirth J, Pond R, Lothe J. Acta Mat 2007;55:5428–37.
[49] Braisaz T, Ruterana P, Nouet G, Pond RC. Phil Mag A

1997;75:1075–95.
[50] Marukawa K, Matsubara Y. Trans Jpn Inst Metals 1979;20:560–8.
[51] Dingley D, Pond R. Acta Metall 1979;27:667–82.
[52] Hirth J, Lothe J. Theory of dislocations. Krieger; 1982.
[53] King A, Smith D. Acta Cryst A 1980;36:335–43.
[54] Pond R, Smith D. Phil Mag 1977;36:353–66.
[55] Caillard D, Martin J. Thermally activated mechanisms in crystal

plasticity, vol. 1. Cambridge: Pergamon; 2003.
[56] Mantina M, Wang Y, arroyave R, Chen L, Liu Z, Wolverton C. Phys
Rev Lett 2008;100:215901.

[57] Hatch J. Aluminum: properties and physical metallurgy. ASM
International; 1984.

[58] Mompiou F, Caillard D, Legros M. Acta Mater 2009;57:2198–209.
[59] Estrin EI. Phys Metals Metall 2006;102:324–7.
[60] Huang M, Pineau A, Bouaziz O, Vu T. Mater Sci Eng A

2012;541:196–8.
[61] Cahn JW, Mishin Y. Int J Mater Res 2009;100:510–5.
[62] Kashihara K, Inoko F. Acta Mater 2001;49:3051–61.

http://refhub.elsevier.com/S1359-6454(14)00418-2/h0235
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0240
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0245
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0245
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0250
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0255
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0260
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0265
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0270
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0275
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0275
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0280
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0280
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0285
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0285
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0290
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0295
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0300
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0300
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0305
http://refhub.elsevier.com/S1359-6454(14)00418-2/h0310

	The role of disconnections in deformation-coupled grain  boundary migration
	1 Introduction
	2 Experimental
	3 HRTEM analysis of GB defects
	3.1 GB atomic structure
	3.2 GB defect analysis
	3.2.1 Spacing defect
	3.2.2 GB steps


	4 In situ TEM observations of lattice dislocations/GB interactions
	4.1 GB disconnections characteristics before in situ straining
	4.2 Interactions between lattice dislocations and disconnections

	5 Dislocation decompositions
	5.1 Description of the lattice dislocation Burgers vector in the dichromatic pattern
	5.2 Conditions for dislocation decompositions

	6 Disconnection mobility and associated deformation produced by disconnection motion
	6.1 Mobility of disconnections
	6.2 Evaluation of the coupling factor at microscale
	6.3 Evaluation of the coupling factor at the macroscale
	6.4 GB migration driven by lattice dislocation incorporation

	7 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


