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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 bicrystal with a R41h0 0 1if540g 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 dislocations 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. Disconnections 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.
Ó 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Grain boundary (GB) migration coupled to deformation, in particular shear strain, has been proven in recent
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years to be an alternative mechanism of plastic deformation 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 geometrical 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 ½0 0 1
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 structure of the primary intrinsic dislocations since their separation 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 couples 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 migration 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 possess dislocation content and thus are generally termed disconnections [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 simulations 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 h0 0 1if2 3 0g GB has recently provided
evidence that the GB motion occurs by nucleation and
propagation of disconnection dipoles [31]. This mechanism 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 activation energy considerably larger than for the propagation, as also shown in Ref. [34].
In addition to this homogeneous disconnection nucleation, 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 nucleation) 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 dislocations, 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 1 1i GB in Al supports this hypothesis [38]. Serra and
Bacon [39] have identiﬁed another eﬃcient source of disconnections in f1 0 1 2g 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 initial 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 interactions between lattice dislocations and the GB. We ﬁrst
studied the structure of defects in an aluminum bicrystal
with a R41h0 0 1if5 4 0g GB at the atomic scale by HRTEM
(Section 3). Then, in Section 4, in situ TEM straining
experiments on Al bicrystals provide evidence of interactions between lattice dislocations and the GB. In Section 5
a quantitative analysis of the lattice dislocation decomposition 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 elastic limit, but appears more appropriate to in situ TEM
experiments during which intragranular plastic deformation 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 associated with mobile disconnections.
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2. Experimental
TEM observations were performed on a high-purity aluminum (99.9995 %) bicrystal containing a nearly R41h0 0 1i
symmetric tilt GB with a f5 4 0g 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 sectioned 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 microscopes, the spherical aberration coeﬃcient (C s ) and defocus
was set to zero by use of an aberration corrector. Images
were obtained on a ½0 0 1 zone axis. In this condition, the
GB plane is positioned edge on. In situ straining experiments 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 R41h0 0 1i
f5 4 0g (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 structure of the R41h0 0 1if5 4 0g GB with a narrow core and
well-deﬁned structural units (Fig. 1b and c), or to arrangements 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 R41h0 0 1if5 4 0g
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

Fig. 1. (a) Schematic description of a bicrystal containing a R41
h0 0 1if540g GB. (b) Compact core GB structure represented by sequences
of A and B structural units as jAAAB:AAABj. Two partial dislocations from
each grain, a2 h0 1 0il and a2 h0 1 0il shown by blue and red colors comprise
the B structural units. The simulation of the image obtained with the lowenergy structure is also shown. (c) is the previous image (b) superimposed
with the strain ﬁeld map xx (x parallel to ½4 5 0l ). (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.)

primary dislocation with a Burgers vector a2 h1 
1 0il (using
the grain l lattice directions). The equivalent atoms in each
half-period jAAABj are displaced along the tilt axis by

author's personal copy
226

A. Rajabzadeh et al. / Acta Materialia 77 (2014) 223–235

a
½0 0 1.
2

The GB period between two coincidence sites is
2.58 nm. Fig. 1c reports the strain ﬁeld map xx (x parallel
to ½4 5 0l ) 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 ð2 0 0Þ planes. Thus, the B unit
can also be seen as composed of two partial dislocations of
Burgers vectors a2 h0 
1 0il and a2 h1 0 0il .
A comparison between an HRTEM image of a compact
core GB structure and a simulation of the low-energy calculated 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 structure, composed of well-separated dislocations with projected Burgers vectors equal to a2 h0 
1 0il and a2 h1 0 0il . The
corresponding strain ﬁeld map xx (x parallel to ½4 5 0l )
reported in Fig. 1e shows the dissociation of the dislocations alternately distributed with a dissociation distance of
0:8 nm. Although the component parallel to the projection
axis ½0 0 1 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 R41h0 0 1i
f9 1 0g 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 corresponds 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:
~
tk ~
tl
b ¼~

ð1Þ

~
tl þ~
tk p þ q
¼
ð2Þ
2
2
where ~
n is the unit vector normal to the GB plane and p
and q denote the step heights in units of lattice planes spacing in k and l. From the circuit FGHIJKLMN around the
~ and JN
~
defect on Fig. 2a, a mapping of the vectors JF
(respectively corresponding to the portion of the circuit
in the crystals l and k) in the dichromatic pattern deﬁnes
h ¼~
n

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 413 ½5 4 0l . (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

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 critical 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~
b3=3 ¼ 413 ½5 4 0l 1 and h ¼ 0.
In the following, the notation adopted for the disconnection Burgers vector is ~
bp=q , where p and q denote the step
heights in units of lattice plane spacing in k and l, respectively [49]. The spacing defect has a Burgers vector perpendicular to the GB plane, with no step. The step heights for
each lattice are indeed h1 ¼ ph0 and h2 ¼ qh0 , with
pﬃﬃﬃﬃﬃ
h0 ¼ a=2 41 ¼ 0:08a, the minimum step height in the
DSC lattice parallel to the ð540Þl ; ð450Þk plane.
1

In the following the notation will be deﬁned in the l crystal.
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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.)

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 ð9 1 0Þ that reproduces well the equilibrium structure found by simulation [46]. Most often the structure varies 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 disconnection is of type ~
b41=41 ¼ ~
0.
Fig. 4a presents another example of a step of a wide GB
core structure. Contrary to the previous example, the circuit in the dichromatic pattern presented in Fig. 4b shows
 and step height h ¼ 25h0 ¼
a closure defect ~
b ¼ 821 ½
5 41
4
l
0:79 nm, indicating that the disconnection is of type
~
b25=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
ð540Þl plane at an intermediate level. The two small steps
on each side of this intermediate structure present two
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defects with opposite Burgers vectors ~
b12 ¼ ~
b7=7 ¼ 82a
~
~
½12 15 41l and b34 ¼ b34=34 and diﬀerent step heights
(h12 ¼ 7h0 ; h34 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 h0 0 1 if5 4 0g 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 disconnections 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 corb
responding coupling factors deﬁned as bk ¼ hk and b? ¼ bh?
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 disconnection. 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.

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
 and step height 25h0 . (For interpretation of
Burgers vector ~
b ¼ 821 ½4 5 41
l
the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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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 R41h0 0 1if5 4 0g GB
taken with ~
g ¼ ½1 1 1l 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
½0 0 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 ½0 0 1 direction, presumably b 16= 16 ¼ 821 ½4 5 41l
(step height 16h0 ), ~
b 25= 25 ¼ 1 ½4 5 41 (step height
l

82

25h0 ) or ~
b

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.

4. In situ TEM observations of lattice dislocations/GB
interactions
In this section, we experimentally analyse the interactions 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 intragranular dislocation activity. Once described and analysed,
the GB is strained and the interaction of a lattice

¼

1 
½5 4 41l
82

(step height 20:5h0 ). It
20= 21
is interesting to note that the disconnection ~
b25=25 have
indeed been found by HRTEM analysis as shown in Fig. 4.
The fact that these GBDs are not regularly spaced indicates 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 1l of
the bicrystal sample, strained along T, at 400 °C. A lattice
dislocation d 1 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 ½0 0 1-type screw disconnections 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

Table 1
Diﬀerent cases of interfacial defects characterized in p
the
ﬃﬃﬃﬃﬃR41h0 0 1if540g GB with their associated Burgers vectors, step heights and coupling factors.
Burgers vectors are given in unit parameter, h0 ¼ a=2 41.
Fig.

~
bp=q

~
bl

bk

Fig.
Fig.
Fig.
Not
Fig.

~
b3=3
~
b41=41
~
b25=25
~
b21=20
~
b7=7
~
b34=34

3 
41 ½5 4 0l

0
0
pﬃﬃﬃﬃﬃ
1=2 41
0 pﬃﬃﬃﬃﬃ
27= p
41ﬃﬃﬃﬃﬃ
27= 41

2
3
4
shown
5

0
1  
82 ½4 5 41l
1

82 ½5 4 41l
1
½12
15 41l
82
1   
½
12
15 41l
82

b?

pﬃﬃﬃﬃﬃ
3= 41
0
0 pﬃﬃﬃﬃﬃ
1= 41
0
0

h

bk

b?

0
41h0
25h0
20:5h0
7h0
34h0

–
0
0:04
0
 7:7
 1:6

–
0
0
 0:1
0
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
1 1 and ½2 0 0, 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 ½0 0 1 direction.

X on the surface is used to indicate their positions. Fig. 7b
shows a video frame taken after d 1 has entered the GB. The
interaction of d 1 with GBD3 leaves a blank space in the
place of GBD3 . In the zone where d 1 enters the GB another
trace marked by trc is visible. Based on the visibility criterion and on the direction of motion of the dislocation, the
Burgers vector of the dislocation d 1 is determined as being
~
ld 1 and the Burgers
1l . Since the line direction ~
bd1 ¼ 12 ½1 0 
~
vector bd 1 are not parallel, the dislocation motion in the
plane with the trace trc corresponds to a motion by climb.
The interaction force between d 1 and the screw disconnection corresponds to an attractive force that can act as the
driving force for climb close to the GB [52]. This mechanism 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 ~
n in the adjabd 1~
cent grain [53]. It thus can be described as a disconnection
of Burgers vector ~
b0=5 (Fig. 9). A reaction between this disconnection and the GBD then occurs, followed by a rapid
decomposition in the GB. A plausible interaction reaction
of d 1 with GBD3 can be written as2:
~
b0=5 þ ~
b25=25 !~
b25=20

ð3Þ

Or in an equivalent manner:
1
1
1
½1 0 
ð4Þ
1l þ ½4 5 41l ! ½45 5 0l
2
82
82
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.

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, d 1 , 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 d 1 . trc is the trace of cross-climb of d 1 into the boundary. (c) is a
schematic drawing of the conﬁguration. The Burgers vector of
d1;~
bd1 ¼ 12 ½1 0 1l and its line direction ~
ld 1 are also shown.

~
b25=20 !5~
b5=4
1
1
½45 5 0l !5 ½9 1 0l
82
82

ð5Þ
ð6Þ

Since the Burgers vector of the ﬁve resulting disconnecbk ¼ 0:045 nm), their contrast, which
tions is small (k~
~
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 d 2
originating from grain l and entering into the GB along
trd2 (see Video 2 in the Supplementary Material). The analysis of d 2 shows that its Burgers vector is ~
bd2 ¼ 12 ½1 1 0l
and that d 2 glides on the ð1 1 1Þl plane. Fig. 8a is taken
1 s before that d 2 enters the GB. In Fig. 8b the dislocation
d 2 enters the GB at a location indicated by an arrow, close
to a disconnection. The contrast of the initial screw disconnection 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 d 2 did not interact with the
initial screw disconnections but probably decomposed rapidly 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 disconnections 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 dislocations observed during in situ TEM straining and other possible 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
h0 0 1if540g GB with diﬀerent incident dislocations. In
the following, the decomposition of dislocations
~
b0=5 ; ~
b0=4 and ~
b0=1 ; ~
b0=9 will be considered. Dislocation
1

~
bd1 , Fig. 7) and ~
b0=1 ¼
b0=5 ¼ 2 ½1 0 1l (similar to ~
1
½1 1 0 (similar to ~
bd2 , Fig. 8) have already been observed
2

l

Fig. 8. (a and b) In a bicrystal sample strained at room temperature along
T, a lattice dislocation d 2 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 12 ½1 
1 0l and
1
~
b0=4 ¼ ½0 1 1 will also be investigated. Equivalent Bur2

l

b0=4 ; ~
b0=9 and ~
gers vectors ~
b0=1 ; ~
b0=5 give equivalent results
but with p and q indices reversed. Interactions with lattice
dislocations gliding in grain k, i.e. ~
b 4=0 ; ~
b 9=0 and
b 5=0 ; ~
~
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 Burb into disconnections of Burgers vectors ~
bp=q
gers vector ~
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

lb2p=q
4pð1  mÞ

ðlnðr0 =ri Þ  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 proportional to the step height h:
Es  hcs ¼ nh0 cs

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 R41h0 0 1i 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
 fr Eeðti Þ þ ðm  nÞh0 cs < 0

ð9Þ
ð10Þ

where nh0 and mh0 are the net step heights before and after
the decomposition, respectively, and fr is the elastic energy
reduction:
P
2
2
j~
bj  i j~
bDSCðiÞ j
fr ¼
ð11Þ
2
j~
bj
Note here that the incident lattice dislocation introduces
initially a step (of height nh0 ) into the GB and eventually
pﬃﬃﬃ
decomposes. Taking l ¼ 25:5 GPa, m ¼ 0:33; b ¼ a= 2;
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 evaluating 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 m1 in brackets) are then:


~
ð13Þ
b0=1 ! ~
b27=28 þ 3~
b9=9 3:53  1010


~
b0=1 ! ~
b18=19 þ 2~
b9=9 3:39  1010
ð14Þ


~
b12=11 þ 3~
b4=5 2:08  1010
ð15Þ
b0=4 ! ~


10
~
ð16Þ
b8=6 þ 2~
b4=5 2:01  10
b0=4 ! ~


10
~
ð17Þ
b0=4 ! ~
b16=16 þ 4~
b4=5 1:68  10


~
b0=5 ! ~
b2=3 þ 2~
b1=1 2:08  1010
ð18Þ


~
b10=13 þ 2~
b5=4 1:77  1010
ð19Þ
b0=5 ! ~


~
ð20Þ
b3=2 þ 3~
b1=1 1:56  1010
b0=5 ! ~


~
b0=5 ! ~
b20=21 þ 4~
b5=4 1:31  1010
ð21Þ


~
ð22Þ
b4=5 þ 4~
b1=1 8:32  1010
b0=9 ! ~
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 kbp=q k cos c and the climb b? ¼
bp=q k sin c components of each disconnection are also
k~
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 determined to be its projection along the tilt axis of the GB. It is
worth noting that some of these disconnection types, i.e.
~
b 20= 21 and ~
b 16= 16 ; ~
b 1= 1 , have been observed prior to
deformation, suggesting that they may result from decompositions of lattice dislocations during the elaboration process and/or thin foil preparation. The mobility of the
disconnections and the deformation induced by their
motion are discussed in the next section.
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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 disconnections. 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 immobile 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 21= 20 or ~
b 16= 16 ; ~
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 perpendicular 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 component 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 sX
b? kT

ð24Þ

where Dsd corresponds to the bulk vacancy self-diﬀusion
coeﬃcient, X is the atomic volume, k is the Boltzmann constant and T is the absolute temperature. Eq. (24) corresponds 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

 2 1
eV
component. Taking Dsd ¼ 3:5  106 exp 1:25
m s
kT
[56] and X ¼ 2:52  1029 m3 as the atomic volume of Al,
pﬃﬃﬃﬃﬃ
b27=28 (b? ¼ a=2 41, see Table 2)
the climb velocity v? of ~
under a shear stress of s = 10 MPa (yield strength of pure
Al [57]) at T = 400 °C gives v? ¼ 1:33 lm s1 . This velocity
is in the range of the observed step motion ( 4 lm s1 ). 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 R41h0 0 1if540g 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.
~
~
bk
b?
bs
h
bk
b?
bs
bl
bDSC
pﬃﬃﬃﬃﬃ
1
~
2=2 41
– pﬃﬃﬃﬃﬃ
–
9h0
0:22
–
–
b9=9
41 ½4 5 0
1

~
– pﬃﬃﬃﬃﬃ
2=2pﬃﬃﬃﬃﬃ
41
–
–
–
–
–
b1=1
41 ½5 4 0
1

~
b2=3
½21
16
41
4=2
41
1=2
41
1=2
2:5h
1:6
0:4
2:5
0
82
pﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
1

~
b3=2
4=2 p
41ﬃﬃﬃﬃﬃ
1=2
1=2
2:5h0
1:6
0:4
2:5
82 ½11 24 41
pﬃﬃﬃﬃﬃ41
1   
~
2=2
41
1=2
41
1=2
11:5h
0:17
0:08
0:55
b12=11
0
82 ½3 14 41
pﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
1
~
b5=4
1=2 p
41ﬃﬃﬃﬃﬃ
1=2p41
–
4:5h0
0:22
0:22
–
82 ½9 1 0
ﬃﬃﬃﬃﬃ
1

~
b4=5
1=2p41
1=2
41
–
4:5h
0:22
0:22
–
0
82 ½1 9 0
ﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
1   
~
b8=6
3=2
41
2=2p41
1=2
7h0
0:43
0:28
0:9
82 ½2 33 41
p
ﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃ
1

~
2=2 p
41ﬃﬃﬃﬃﬃ
3=2 41
1=2
11:5h0
0:17
0:26
0:55
b10=13
82 ½23 2 41
1  
~
b16=16
1=2
41
– pﬃﬃﬃﬃﬃ
1=2
16h0
0:06
–
0:4
82 ½4 5 41
p
ﬃﬃﬃﬃﬃ
1
~
b27=28
3=2p41
1=2
41
–
27:5h
0:109
0:03
–
0
82 ½17 11 0
ﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
1
~
b18=19
5=2 41
1=2pﬃﬃﬃﬃﬃ
41
–
18:5h0
0:27
0:05
–
82 ½25 21 0
1

~
–
1=2 41
1=2
20:5h0
–
0:05
0:31
b20=21
82 ½5 4 41

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 comparable 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 combination 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, however, 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 associated 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 coupling 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 interpreted by the collective motion of a single type of disconnections. The disconnection ~
b18=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 measured by in situ TEM in Ref. [9]. The coupling mode of step

4 (see Table 3) can be due to the motion of ~
b20=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 ~
b27=28 with (bk ¼ 0:109;
b? ¼ 0:03).
Moreover, the screw component of the disconnections
~
b 27= 28 and ~
b 20= 21 induces a deformation parallel
b 16= 16 ; ~
to the ½0 0 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 perpendicular to the ½0 0 1 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:
P
i fi bðiÞk;?
bk;? ¼ P
ð25Þ
i hðiÞ
where fi is the fraction of disconnections with a Burgers
bðiÞ and step height hðiÞ . For instance, the combinavector ~
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 coupling 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 shearcoupled GB migration if they are dragged by disconnections. 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
b0=5 (see Eq. (19)) leads to
from the decomposition of ~
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.

In
In
In
In

situ
situ
situ
situ

TEM (step 1) [9]
TEM (step 4) [9]
TEM (step 5) [9]
SEM [23]

j bk j

j b? j

0:25 0:02
0 0:02
0:07 0:02
0:22

0:06
0:06
0:06
0

coupling factors for step 5 in Table 1 obtained by in situ
TEM straining. This example, among many possible combinations 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 millimeterscale 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:
~
b16=16 þ ~
b20=21 ! ~
b4=5
b5=4 þ ~
b1=1 ! ~
b9=9
2~

ð26Þ

~
b4=5 $ ~
b9=9
b5=4 þ ~

ð28Þ

ð27Þ

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 disconnections 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 comparable 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 component, 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 mechanism 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 decompositions into disconnections suggests that GB migration may

~
bp=q
0:02
0:02
0:02

~
b18=19 ; ~
b9=9 þ ~
b4=5
~
b20=21
~
b27=28 , 4 ~
b5=4 + Pure step
~
b9=9

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 bicrystal with a dislocation density q. Let l be the total GB length
and m the migration distance. The number of disconnections of step height h required is then N r ¼ m=h. This
assumption supposes that the disconnections are perfectly
mobile and move over the entire GB. The number of available 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; N a ¼ qlm. If
the ratio N a =N r ¼ qlh > 1, then the interaction and decomposition of dislocations into glissile disconnections is suﬃcient 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 reasonable dislocation density, i.e. q  1013 m2 , assuming a
typical value of h ¼ 0:1 nm. At suﬃciently high temperature and in work-hardened materials, this mechanism is
thus expected to occur and may enhance dynamic recrystallization 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 sweeping 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 deformationcoupled 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 disconnections and pure steps were found along the interface.
Conventional bright-ﬁeld imaging has also revealed the
presence of screw disconnections. All these disconnections are extrinsic, and presumably formed during
processing or thin foil preparation.
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Diﬀerent cases of interactions between lattice dislocations, activated by intragranular plasticity during
in situ TEM straining, and the GB were analysed. Rapid
decompositions of lattice dislocations into disconnections 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 parallel 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 disconnections with Burgers vector at right angles can then
explain grain migration coupled with rotation [25].
The motion of the disconnections produced by decomposition 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
R41h0 0 1if540g 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.
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