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1. Introduction

The most important properties of crystalline materials are
controlled or, at least, strongly influenced by the presence of
grain boundaries (GBs) and lattice dislocations. For example,
GBs are known to interact with lattice dislocations, acting as
strong obstacles to free dislocation motion. Consequently, the
GB density in polycrystalline materials significantly impacts

the material properties, such as strength,
ductility, fracture, toughness, and fatigue
strength, due to elastic and plastic
anisotropies.[1–3]

In fine-grained materials, GB-based
plasticity mechanisms, such as GB
migration, sliding, and grain rotation, have
been revealed to be fundamental for the
mechanical behavior of such fine-grained
materials.[4–8] Among all the GB-based
plasticity mechanisms, the shear-coupled
GB migration has been the subject
of both theoretical[9–11] and experimental
studies.[12–15] Stress-induced GB migration
was first discovered experimentally in the
1950s for low-angle GBs (LAGB).[16] For
LAGB, stress-induced GB migration was
interpreted in terms of collective motion
of single intrinsic dislocations.[17] In addi-
tion, high-angle GBs (HAGBs) were also
seen to move under applied stress.[18]

More recently, many experimental data
confirmed this stress-induced GB mechanism for high-purity
planar Al bicrystals with both [001] tilt LAGB and HAGB (from
0 to 90° misorientations).[19–23] By performing mechanical tests
on Al bicrystals on a wide range of temperature (from 280 to
400 °C), Gorkaya et al.[22] showed that GB migration is a ther-
mally activated process and there is a misorientation dependence
of activation parameters like activation enthalpy and mobility
pre-exponential factor. The mechanism of stress-induced shear-
coupled GB migration at room temperature is today well identi-
fied by a shear deformation accompanying GB migration for
symmetric (coincident) tilt GB (here denoted STGB) but less
for general nonsymmetric GB. This new deformation mecha-
nism is different from strain-induced GB migration studied
for recrystallization phenomena. The ratio between this shear
displacement parallel to the GB plane and the normal displace-
ment owing to GB motion was introduced as the “β” shear cou-
pling factor, which depends on intrinsic GB defects; see[9–11]

details. Molecular dynamics (MD) simulations[10,24–27] and exper-
imental investigations[28–30] have revealed that the microscopic
mechanisms involved in GB migration are associated with the
nucleation and motion of intrinsic GB dislocations (GBDs) along
the GB. These defects are also called disconnections, which are
defined as interfacial line defects with both dislocation and step
character, as proposed by Ashby[31] and Hirth et al.[32–34] In fine-
grained metals deformed under static loading conditions, stress-
assisted GB migration, manifesting as grain growth, has been
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Grain boundary (GB) migration plays a crucial role in the microstructural
evolution of polycrystalline materials, particularly in fine-grained materials. This
migration can be driven by shear forces or by an energy jump across a GB.
Interestingly, GB migration processes during cyclic loading deformations have
been observed to be fully reversible. This study focuses on understanding the
impact and importance of shear driving forces, the free energy difference across a
GB, and lattice dislocations on GB migration. These factors are key points for
gaining deeper insights into the underlying mechanisms of GB migration. In this
work, GB migration in cyclic loading deformations is demonstrated, and it is
emphasized that it clearly depends on both the shear driving forces (attributed to
the motion of disconnections) and the energy differential across the GB. Two
cyclic micro-experimental methods, accompanied by analytical and numerical
simulations, have been employed to investigate the role of shear stresses and
energy jump-driving forces in GB migration. This investigation provides clear
experimental evidence that GB migration, in particular for a high-angle GB, is
dependent on both stress and energy driving forces.
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proven to provide convincing evidences.[5–8] For example,
Gianola et al.[6] demonstrated that Al nanograins grow much
faster right around the crack tip than other grains in the material
showing a hint that GBs are not static and that the enhanced duc-
tility correlates with the stress-induced GB migration and grain
growth. Therefore, stress-induced GB migration, in addition to
GB sliding, has been evidenced as a dominant plasticity mecha-
nism in small-grained materials, especially in ultrafine-grained
(UFG) and nanocrystalline (NC) materials.[6–8] These structural
instabilities (GB migration) are not desirable in practical appli-
cations. Therefore, Kapp et al.[35] emphasize that understanding
the main driving forces, nature, and evolution of these structural
instabilities during cyclic deformation[36–38] will aid in develop-
ing structured materials with desired properties.

To understand the question whether GB migration is stress-
induced[7,39] or strain-induced,[40] NC Al films have been investi-
gated.[7,41] The conclusion was that GB migration is driven
preferentially by stress. However, other investigations have
shown strain-induced GB migration during in situ nanoindenta-
tion of polycrystalline Al,[40] uniaxial deformation of NC, Ni, and
Cu,[41] and Al bicrystals.[42,43] More recently, GB migration has
also been observed during cyclic pressure torsion of UFG
Ni.[35] However, in polycrystalline films, free surface effects
and long-range interactions between grains add to the external
applied one. Additionally, the curvature of GBs leads to increased
wall energy. In addition to the GB pinning by, e.g., triple junc-
tions, the GB character which continuously changes with loca-
tion in curved GBs will also have contributions to the GB
migration behavior.[44] Therefore, studying planar GBs offers
the advantage that the GB structure is unambiguously defined
(i.e., curvature driving forces can be neglected).

Thus, the question that arises is the following: How do the
loading condition (shear and normal stresses and strains) and
the free energy jump across the GB do influence the (local)
GB deformation/migration of a nonsymmetric GB? Currently,
there is a lack of in situ experimental evidence regarding the
effect of strain and shear stresses on the GB deformation/
migration of HAGBs, which due to their mobility and high
self-energy are a key component in the evolution of polycrystal-
line microstructures.[43]

The purpose of the present work is to investigate the influence
of loading conditions and slip incompatibility of the main inter-
acting slip systems, in a particular HAGB with highly geometric
GB resistance to slip transfer. Additionally, we investigate the
effect of stresses arising from elastic anisotropy on GB-based
deformation mechanisms, including GB damage and GB migra-
tion during in situ cyclic deformation. Our research objective was
achieved through the use of scanning electron microscopy
(SEM), atomic force microscopy (AFM), backscattered electron
(BSE) imaging, and electron backscattered diffraction (EBSD).
Our present experimental study, accompanied with analytical/
numerical simulations, highlights the significance of shear
stresses in GB migration mechanisms. To investigate the depen-
dence of GB-based deformation mechanisms on the loading con-
dition, we cyclically deformed bicrystalline microsamples under
tension/compression and bending. Specifically, we developed a
new testing geometry for cyclic tension/compression, in which

the applied load is parallel to the GB. This geometry ensures
nearly uniform stress and strain states within the tested sample.
This newly developed geometry allows for thousands of loading
cycles on the bicrystal and offers advantages in terms of fabrica-
tion, gripping, and alignment of small samples compared to
other methods.[45–47] In addition, we used the cyclic bending
method, which also enables the induction of many thousands
of loading cycles on microbeams.[48,49] This approach allows
us to study the specific characteristics of shear-coupled GB
migration.

2. Experimental Section

2.1. Sample Preparation and Characterization

Cu material with a purity of 99.99% was used for our investiga-
tion. The sample preparation methodology and heat treatment
for the polycrystalline Cu sample were detailed in a previous
study.[49] The local orientation of the electropolished macrosam-
ple surface was characterized by EBSD method performed in a
Carl Zeiss SIGMA series scanning electron microscope (SEM).
After the crystallographic characterization of the Cu macrosam-
ple, we selected a HAGB (θmiso ¼ 25°) for the fabrication of the
bicrystalline microsamples. This particular HAGB with tilt and
twist components had a geometric GB resistance to slip trans-
mission of ≈90% (calculated using the STRONG method[50]).
The loading axis of the component crystals CI and CII in the stan-
dard stereographic triangle are shown in Figure 1A. The average
Euler–Bunge angles for the two component crystals were as fol-
lows: CI (118.9°, 36.6°, 0.3°) and CII (166.8°, 27°, 48.2°) (in Bunge
notation: (ϕ1, ϕ, ϕ2).

The concept of the new geometry for cyclic tension/compres-
sion in Figure 1A was inspired by the cyclic bending
method.[48,49] It takes advantage of the fact that the supporting
beam deforms elastically for a certain displacement in the
x1-direction (indicated by the red arrow) over a sufficient length
(L), while the test sample (bicrystal) undergoes plastic deforma-
tion. To perform this experiment, we prepared the selected GB
very close to the edge of the Cu plate to facilitate the gripper
placement. The sample preparation was realized using an ion
milling system IM4000 from Hitachi High-Technologies. The
schematic illustration in Figure 1A shows an overview of our
new geometry for cyclic tension/compression and bending as
well as SEM images of the fabricated bicrystals. The microsam-
ples were fabricated along the x1-direction using the focused ion
beam (FIB) technique (FEI Versa 3D FIB microscope). During
fabrication, we used currents of 15 nA for rough cutting and
100–500 pA at 30 kV for fine polishing. The investigated samples
had varying widths (w), ranging from ≈2 and 6 μm. The aspect
ratio (l:w), which represents the ratio between the moment arm
length (l) and the beam width (w), was ≈4:1 for the bending
beams. While the aspect ratio for the tension/compression sam-
ples was ≈3:1. To reduce stress concentrations at the corners of
the microsample (where the moment in bending is maximum),
all microsamples were fabricated with a radius. For details, the
SEM are provided in Figure 1.
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2.2. FEM Simulations of the Sample Geometry for Cyclic
Tension/Compression Testing

To optimize the length L of the supporting beam, which influ-
ences the S11 stresses on the test sample, we performed a finite
element method (FEM) simulation considering the component
crystals orientations of the new sample geometry. Figure 1B
shows the results for the S11 stress in the test sample along
the green crossline for different lengths L of the supporting
beam (L= 30, 60, 90, and 120 μm). As a reference, we also
simulated a compression test for the same test sample
geometry without supporting beam (results shown for
L= 0 μm). While the S11 results for our new geometry may

not be constant along the crossline (unlike L= 0 μm), they clearly
show the satisfactory elimination of the stress gradient, effec-
tively supressing the shear stresses existing during bending at
the GB plane. Based on these FEM results, we fabricated the
supporting beam with a length of L> 60 μm and a width of
W≈ 15 μm.

2.3. In Situ Fatigue Testing in a SEM

The fatigue tests were carried out in high vacuum environment
at room temperature in a SEM equipped with an in situ nano-
indenter (UNAT-SEM II). The microbeams were fatigued under
full load reversal. Grippers made of polycrystalline tungsten

Figure 1. Schematic illustration of two setups for fatigue deformation of micro-bicrystals: A) deformation under cyclic tension/compression and cyclic
bending of a bicrystal inside a SEM as well as the crystal orientation of the component crystals and B) S11 stresses along the crossline in the test sample in
the new geometry for cyclic tension/compression tests.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2400406 2400406 (3 of 14) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2024, 19, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400406 by U
niversitaet D

es Saarlandes, W
iley O

nline L
ibrary on [08/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


carbide (WC) were employed. The bicrystals were cyclically
loaded with a frequency of 1 Hz, stress ratio R=�1, and a plastic
strain amplitude (Δεp) of ≈10�2. Following the fatigue testing,
we analyzed the fatigue damage morphologies of all microbeams
using both SEM and AFM. Subsequently, we removed the fatigue
damage layer from the beam surface (≈0.6–1 μm) to characterize
the dislocation structures and the GB deformation using BSE
imaging. The polishing of the surface roughening was per-
formed using ion beam currents from 1 to 0.1 nA at 30 and 5 kV.

3. Results

3.1. Deformation Patterns Under Cyclic Tension/Compression
Deformation

Figure 2 shows SEM, AFM, and BSE images of a bicrystal before
and after the deformation using the tension/compression testing
approach showed in Figure 1. In Figure 2A, the SEM image
demonstrates the surface of a bicrystal with a thickness of

Figure 2. Cyclic deformation of a Cu bicrystal under tension/compression. A) SEM images of a micro-bicrystal before cyclic deformation. B) and C) SEM
and AFM images after 4000 and 7000 cycles, respectively. These images reveal slip bands–GB interaction and slip band blockage at GB. Notably, (C)
provides clearer evidence of GB damages with cycling increasing. (C) BSE image shows intragranular structures formed after 7000 cycles.
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≈5 μm before cyclic deformation. For later details, it should be
noted here that the GB of this sample has a very slight curvature
(see straight line as reference). Figure 2B,C show the slip mor-
phologies after 4000 and 7000 cycles, respectively. As we clearly
see in Figure 2B after 4000 cycles, only primary slip systems are
observed and most of the primary slip bands (SBs) end at the GB.
The results in Figure 2B,C also clearly show a difference of slip
pattern of the two crystal components. It means that the
deformed areas on the surfaces of each component grain are
not compatible due to the presence of the GB as argued in.[49]

This leads to the fact that the primary SBs on CI are denser than
on CII (see AFM images). However, after 7000 cycles, the AFM
images in Figure 2C shows additional slip traces (dotted line) in
the vicinity of the GB. Additionally, after 7000 cycles, not only
increases the fatigue surface roughness in CI but also the slip
step heights at the GB due to the blockage of SBs at GB.
These local fatigue damages are depicted clearer in the 3D
AFM images in Figure 2C.

To analyze the intragranular structures formed near the GB
after fatigue, we polished the surface in the x1–x2 plane using
the FIB and a protecting Pt layer to avoid curtaining effect.
Following this procedure, we examined the intragranular struc-
tures after 7000 cycles by BSE imaging (see Figure 2C). Clearly,
the GB has a locally slight curvature because of the SBs–GB inter-
action in CI. This is indicated by the red arrow in the BSE image.
The intragranular structures in CI are mainly aligned along the
primary SBs, while in the CII the intragranular sub-boundaries
are aligned almost perpendicular to the GB. These structures in
CII resemble those previously reported in reference.[49] Their for-
mation and their sample size dependence were discussed in
detail in that study. In addition, we can also recognize that there
is no continuity of dislocation structures spanning the entire GB,
which correlate with the intragranular of SBs at the GB. The only
slight continuity of the dislocation structures is localized and cor-
relates with the slight GB movement in the positive x2-direction
(as indicated by the red arrow in Figure 2C).

3.2. Deformation Patterns Under Cyclic Bending Deformation

Figure 3A shows the results of the bicrystal with a thickness of
≈6 μm after 7000 cycles deformed using the cyclic bending
method. Like the results in Figure 2, the SBs are concentrated
along the primary SBs. Figure 3A also shows that the SBs density
in CI is more pronounced than in CII, as observed in Figure 2.
In comparison with the bicrystal in Figure 2, no
secondary slip systems were activated in the vicinity of the
GB. However, near to the beam surface, where larger stresses
exist in bending, some additional slip lines (dash-dotted line)
were observed.

Another main feature in comparison with the results in
Figure 2 is the GB roughening. It appears that the GB has under-
gone “GB-like migration” not only at the points where the SBs
intersect the GB but also along the almost its entire length. The
AFM micrographs clearly show this GB-like migration mecha-
nism. To analyze the dislocation structures in the vicinity of
the GB and assess whether the GB has shifted from its original
position or shows other differences compared to the results in
Figure 2, we polished the surface and imaged it using the

BSE detector. The BSE images in Figure 3A demonstrates that
the GB after cyclic bending deformation has slightly changed his
original position (indicated by the dotted line). In comparison
with the bicrystal deformed under tension/compression, the
GB under cyclic bending migrated in the negative x2-direction,
resulting in significant curvature along a large part of the GB (as
shown in Figure 3A). In order to have a deeper insight into this
GB migration phenomenon, smaller beams were also investi-
gated where higher stresses exist in comparison with the larger
bicrystals. These results, presented in Figure 3B, demonstrate
similar GB migration features in the 6 μm bicrystal. Notably,
the smaller bicrystal with a thickness of ≈2 μm showed signifi-
cantly more GB migration after 6000 cycles than the larger one.
Hence, GB migration in the smaller bicrystal was more evident
than the larger one. Furthermore, a further bicrystal with a thick-
ness of ≈3 μm was loaded up to 104 cycles using the same strain
amplitude as the previous samples (Figure 3C). These results
(SE, BSE, and EBSD images) provide clear confirmation of the
observed GB migration. Additionally, a local crystal rotation
occurs at the intersection of SBs with the GB (see red arrow
on the EBSD map). Interestingly, as the sample size decreases,
we observed inhomogeneities in terms of slip patterns of the
crystal components CI and CII. These inhomogeneities likely
arise from surface effects due to dislocation image forces[51]

(see SBs ending at some distance from the GB). These inhomo-
geneities can also be clearly seen in the different deformation
structures in the individual component crystals.

4. Discussion

During deformation, GBs act as obstacles to the free dislocation
motion and also as sources for various relaxation mechanisms.[1]

As a result, GBs significantly interrupt the dislocation motion
during plastic deformation, leading to dislocation pile-ups at
the GB. These pile-ups subsequently result in large local stress
and strain concentrations.[43,52–54]

In Figure 2 and 3, we observed clear differences at the GB
when the bicrystals were deformed under cyclic tension/
compression and cyclic bending. While the heterogeneity of plas-
tic slip in each crystal component is likely associated with incom-
patibility stresses (ISs), as individual crystals in bicrystals or
polycrystals tend generally to undergo different plastic strains
due to the different local stresses and activated slip systems.[1]

These variations or heterogeneities also correlate with different
local strain amplitudes, as stated by Nellessen et al.[55]

(see Figure 2C and 3). The results clearly showed that the GB
becomes a strong barrier for primary SBs, both during cyclic
tension/compression and bending (Figure 2 and 3). The results
also revealed that extrusions at the GB formed over an increasing
number of cycles, specifically in the samples subjected to cyclic
tension/compression. These extrusions primarily result from
pile-ups of mainly primary SBs. With increasing cycles, the
observed extrusions become more pronounced. Consequently,
intergranular-like cavitation or crack nucleation occurs at the
interface between SBs and GB, as observed in uniaxial deforma-
tion of macro bi- and polycrystals.[52,56–59] Interestingly, the sam-
ples subjected to cyclic bending do not show GB damage as the
samples under tension/compression; instead, they showed GB
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migration features, which will be discussed later. During plastic
deformation (whether cyclic or monotonic), interactions between
SBs and GBs can often result in different dislocation mecha-
nisms. These mechanisms include dislocation piling-up, passing
through, or partially passing through at the GB. Residual dislo-
cations within the GB (referred to GBDs) often result from these
interactions. The dominant mechanism depends heavily on sev-
eral factors: the type of lattice dislocations involved,[57] the stress

state acting in or around the GB, the GB structure and character,
and the degree to which the system can relax the local stress con-
centrations.[1] For further insights, a review on slip transmission
criteria is provided by Bayerschen et al.[60] Based on Sangid
et al.[61] the GB energy barrier associated with SB–GB interac-
tions is directly proportional to the magnitude of the residual
Burgers vector. This means that during cyclic deformation,
where the density of residual GBDs continuously increases,

Figure 3. Cyclic deformation of a Cu bicrystal under cyclic bending. A) SEM and AFM images of a micro-bicrystal with a thickness of ≈6 μm after 7000
cycles. B) SEM, AFM, and BSE images of a micro-bicrystal with a thickness of ≈2 μm after 6000 cycles, and C) SEM, BSE, and EBSD images of a bicrystal
with a thickness of ≈3 μm after 104 cycles.
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the GB resistance also significantly increases. Consequently,
dislocation pile-ups occur, influencing the strain incompatibility,
as discussed by Li et al.[52] By analyzing the residual GBDs based
on the geometric slip transfer mechanisms and shear stress,[60]

we gain insights into two different scenarios at the GB: GB-like
cavitation under tension/compression and GB migration under
bending. FEM calculations were used to highlight the differences
between the stress states during tension/compression versus
bending.

4.1. FEM Calculations

An anisotropic crystal elastic/plastic model, implemented using
the FEM with commercial code Abaqus, was used to analyze the
ISs across the GB due to elastic anisotropy. The study considers
both boundary conditions (tension/compression and bending) to
investigate the potential driving force for GB migration under
external loads. Prior to the extraction of the stresses in both
crystals (Figure 4), the experimental stress–strain curve was first
calibrated with this FEM-based crystal elastic/plastic model.
The used elastic stiffness constants were C11= 168.4 GPa,
C12= 121.4 GPa, and C44= 75.4 GPa for Cu. Thus, the
Zener´s anisotropy ratio for Cu is A= 2C44/(C11-C12)= 3.2.

In Figure 4, the distribution of stress components (S22, S33,
S12, S13, and S23) across the GB is presented for both compres-
sion and bending. Based on these simulation results, a larger
shear stress (S12) exists parallel to the GB in the bending sample
compared to the compression sample. The effect of the shear
stress component, which is maximized at the GB and play impor-
tant role on GBmigration, will be addressed in Section 4.5. While
the stress components (S12, S22, and S32) are continuous across
the GB due to traction vector continuity (considered as perfectly
bonded), the other components show discontinuity.

4.2. SBs–GB Interactions in Cyclic Tension/Compression

To predict slip systems operating near the GB in bicrystals for
uniaxial tension/compression, it is essential to consider elastic

and plastic incompatibilities.[62] In our analysis of slip activity,
we evaluated our experimental results using an analytical model
previously proposed in.[62] This model considers the criteria
based on the geometric relation, resolved shear stress (RSS)
and ISs arising from misorientation and elastic anisotropy.[63]

Specifically, Table 1 summarizes the results of the component
crystals, CI and CII when loaded parallel to the GB. The
Schmid factors and the RSSs are normalized by the applied
stress, considering elastic ISs. To calculate the RSS with the
anisotropic model and ISs, the cubic elastic moduli (C11, C12,
and C44) for Cu were used.

Table 2 summarizes the angles α and β (Figure 4A) as well as
the geometric transmission factor (TF), for the boundary plane
inclination of ε ¼ 4° measured experimentally. The angle α is the

Figure 4. Variation of the stress tensor components across the GB of the bicrystal in A) compression and B) bending.

Table 1. Summary results for the component crystals (CI and CII) for
loading parallel to the GB: Schmid factors and normalized resolved
shear stresses (RSSs) incorporating elastic incompatibility stresses
(ISs) for the 12 conventional {111}<110> slip systems of perfect
dislocations in fcc crystals (Cu). Highest values are ploted in bold.

Crystal Component Crystal I Crystal II

Slip System Schmid Factor RSS/IS Schmid Factor RSS/IS

A2 0.11 0.11 0.21 0.14

A3 0.09 0.13 0.42 0.29

A6 0.21 0.24 0.20 0.14

B2 0.02 0.06 0.02 0.08

B4 0.13 0.12 0.06 0.01

B5 0.12 0.19 0.08 0.07

C1 0.35 0.37 0.14 0.15

C3 0.05 0.08 0.13 0.08

C5 0.40 0.46 0.27 0.25

D1 0.21 0.32 0.33 0.21

D4 0.28 0.34 0.49 0.39

D6 0.06 0.02 0.15 0.17
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angle formed by the intersection of slip planes of the two grains
with the GB plane, β is the angle between the slip directions lying
in the considered planes, and the TF shows 12 possible interac-
tions when we assume single-slip deformation in CI (active slip
system C5).

As CI plastically deformed by single slip, we analyzed the mag-
nitude of residual Burgers vector bGB for all 12 potentially active slip
systems in CII (Figure 5). Figure 5B shows graphically the results of
normalized bGB for the 12 possible sip systems in CII. Here, as in
Table 2, the slip systems of the outgoing dislocations are assumed to
be in CII, and only C5 is considered in CI as the incoming disloca-
tion slip system. The slip systems marked with arrows indicate the
activated slip systems in CII, where 1SF, 2SF, and 4SF are the first,
second, and fourth largest Schmid factors, respectively.

According to the results in Table 1 and 2, the SEM and AFM
images in Figure 2 and 6, we identified the primary slip systems
(C5 and D4) with the largest Schmid factor and normalized RSS
in each component crystal. This means that C5 and D4 were
most favorably inclined with respect to the loading axis.
Figure 6A shows a simplified 3D schematic view of the slip
planes–GB interaction for the active slip systems. The AFM
images (Figure 6B) were incorporated for comparison.
Figure 6A clarifies that the primary SBs mainly pile up at the
GB, which is correlated with the quite large α angle and the
low TF for the C5–D4 interaction, as shown in Table 2. Thus,
there is pronounced slip incompatibility and stress concentra-
tions close to the GB.

Figure 5 reveals that, despite the small TF (0.08) for the C5–D4
interaction, partial transmission likely occurs in terms of the
magnitude of bGB. This implies that as SBs repeatedly impinge
on the GB, a substantial density of residual GBDs accumulates
within the GB. Over successive loading cycles, these residual
GBDs progressively hinder further slip, resulting in continuous
increase in GB energy, consistent with findings in.[52,61] During
cycle deformation, ISs near the GB progressively increase with
each cycle. This effect leads to the activation of secondary slip
systems close to the GB. Notably, this effect was observed only
in samples deformed under cyclic tension/compression, consis-
tent with previous experimental results in uniaxial cyclic defor-
mation.[52,56] Furthermore, GB damages were mainly attributed
to the PSBs impingement and showed correlation with the
vertical component of the residual GBDs.[52] An unexpected
and intriguing experimental observation, challenging to explain
based on Table 1 and 2 using Schmid factor and RSS, is the acti-
vation of C5 in CII during tension/compression. However, the
angle α in Table 2 for the C5–A3 interaction is consistent with the
condition for slip transmission, as proposed in.[64]

4.3. SBs–GB Interactions in Cyclic Bending

Compared to the cyclic tension/compression, only primary SBs
(C5 and D4) operated close to the GB in the samples subjected to
cyclic bending. Meanwhile, the secondary slip system A3 within
CII operated at the beams surface, where larger stresses exist, as

Table 2. Angles at the GB between primary slip system C5 in CI and the 12 slip systems in CII as well as the corresponding transmission factor (TF). Here,
the Schmid–Boas notation is used for the definition of slip systems in fcc crystals, see appendix.

CI C5

CII A2 A3 A6 B2 B4 B5 C1 C3 C5 D1 D4 D6

α 11 79 17 57

β 42 39 88 42 81 26 83 39 26 83 81 88

TF 0.729 0.764 0.032 0.0141 0.029 0.171 0.117 0.742 0.859 0.066 0.083 0.017

Figure 5. A) Schematic representation of the geometric slip transmission factor TF (with slip planes and slip directions) and the GB plane, where bCIin and
bCIIout are the Burgers vectors of the incident and transmitted dislocations, respectively. The difference between the bCI and bCII can be used to measure
the magnitude of the residual GB dislocation bGB left as debris in the interface during transmission. B) Magnitude of the residual Burgers vector bGB
associated with the 12 potentially active slip systems of the outgoing lattice dislocations in CII. The activated slip system of the outgoing lattice dis-
locations is indicated by the arrow 1SF (largest Schmid factor or RSS/IS for D4 slip system, see Table 1).
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shown in Figure 6C. Additionally, the results showed that the GB
migrates during cyclic bending. This observation highlights the
significant effect of existing shear stresses induced by bending
(see Figure 4B) as the driving force for GB migration. This find-
ing aligns with existing literature on the topic.[10,19,22,27–30,65] At
the atomic scale, disconnections are mainly responsible for a pro-
gressive normal displacement of the GB due to shear-coupled GB
migration.[28–30] Stepwise GB migration is related to the step
height and to the Burgers vector direction of disconnections
accompanying shear deformation. According to Cahn’s geomet-
rical model,[10,66] the coupling characteristics of HAGB and
LAGB can be also expressed by this geometric theory, despite
their limitations in terms of predicting disconnection properties
(including coupling factor). However, identifying disconnections
with the smallest magnitudes of step height vectors and/or
Burgers vectors that yield the lowest critical RSS can reasonably
serve as reasonable candidates for the actual step vector.[10,66]

Therefore, our discussion on shear-coupled GB migration will
be based on the assumption that the disconnections (GBDs)
within the GB are perfect disconnections with the smallest step
vector. It is crucial to highlight that investigating the GB struc-
ture through experimental evidence can provide valuable insights
into key features related to disconnections, such as step height
and Burgers vector direction.[26] Due to the challenges associated
with experimentally characterizing the GB structure of an inco-
herent HAGB, we have followed Cahn’s work[10] and made the
aforementioned assumptions for discussing our results.

As mentioned earlier, other GB migration mechanisms
(as in the context of recrystallization) can also be driven by other
forces, such as capillarity forces,[8] anisotropy of elastic constants,
and free surfaces.[44,51] Additionally, Peach–Koehler (PK)
forces[19,44,65] and the GB energy, which includes elastic stored
energy arising from dislocations,[44,67] play significant roles. In

general, a GB will move if a free energy jump exists between adja-
cent grains.[26,44] In conventional monotonic loading deforma-
tions,[22] shear-coupled GB migration can be often quantified
using Cahn’s model through the coupling factor, which is the
ratio between tangential and normal displacements during a
GB migration event.[10] In cyclic deformation experiments, quan-
tification of GB migration by the coupling factor is critical, as
highlighted by Wang et al.[27] MD simulations also revealed that
disconnection-mediated GB migration is reversible under cyclic
shear deformations.[27] Recently, similar results were observed in
gold (Au) bicrystals with Σ11(113) coherent GB using an in situ
testing technique and MD simulations.[30] Related to cyclic load-
ing, the GB migrates downward and upward. On average, the GB
showed a stagnation state.[30] However, our experimental find-
ings during cyclic bending show that GBmigration preferentially
occurs in the negative x2-direction (toward CI). This directional
preference suggests that CI is irreversibly consumed during
cyclic loading in the experiment, indicating the influence of
an additional driving force on GB migration. Recently,
Richeton et al.[51] conducted numerical simulations demonstrat-
ing that crystallographic misorientation and elastic anisotropy
play a significant role in the variation of the stored energy during
GB migration. To gain deeper insights into the microscopic
deformation mechanisms underlying our experimental observa-
tions, we performed analytical and numerical analysis of the
elastic ISs, image stresses arising from elastic anisotropy, and
PK driving force. These analyses were based on the theoretical
calculations reported in.[51,54,68]

4.4. Analysis of Dislocation Image Stress Effects

Generally, dislocations in the vicinity of GBs are subjected to sev-
eral type of forces, such as the interfacial intrinsic stress field,

Figure 6. A) Simplified 3D and 2D overview of the slip planes–GB interaction shown in B and C. The 2D schematic picture depicts the slip planes
associated with the incoming and outgoing dislocations within a crystal lattice (main slip systems).
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applied stress field, and ISs. Due to the different elastic aniso-
tropic properties of component crystals, a dislocation also expe-
riences an additional image force produced by the interface. This
is because the total elastic self-energy of a dislocation varies with
its position relative to the interface.[1] This image force (or self-
force) is evaluated by the PK equation.[1,69] Therefore, in our
study, we employed the recent theoretical derivations proposed
by Chen et al.[68] to simulate an anisotropic bicrystal with free
surfaces and a perfectly bounded planar GB oriented with its nor-
mal along the x2-direction (as depicted in Figure 7A). The specific
equation details required for the calculations were reported by
Chen et al.[68]

In this model, an edge dislocation was considered, located at
the (X1, X2) position for the slip system with the highest Schmid
factor. The dislocation line vector t is supposed to be along the X3-
direction. In Figure 7A, the Burgers vector b of the dislocation
lying on the D4 slip system in CII points toward the GB and
the angle φ was taken from experimental results (φI= 24°,
φII= 63°).

The results in Figure 7B show that the projected resolved
image stress τim (projected image force dived by the |b| of Cu)
along the slip direction in CI and CII for bicrystals with sizes
w ranging from 1 to 6 μm.

Positive image stress τim indicates that the GB attracts dislo-
cations. Conversely, in the case of negative τim, a dislocation is
repelled by the GB or free surface. Figure 7 clearly shows the
impact of crystal orientation and finite size effects on image

stress, consistent with recent calculations.[51,68] When the dislo-
cation lies in CI on the C5 slip system and approaches the GB,
the image stress acting on the dislocation rapidly increases at
≈0.1 (≈100 nm away from the GB). This increased image stress
attracts the dislocation toward the GB. Conversely, a dislocation
in CII on D4 experiences repulsion from the GB as it nears the
GB. Figure 7B also demonstrates the effect of finite size effects
(inherent to the distance to free surface) on dislocation image
stresses. For example, a dislocation within CI with w= 1 μm rap-
idly experiences surface image forces approximately at 100 nm
(0.1) away from the GB. However, for larger bicrystals
(w> 4 μm), this effect is less pronounced. Notably, the effect
of the free surface extends over a longer distance compared to
the GB effect (or misorientation effect). In CII, the free surface
image stress effect contributes to an additional repulsion
between dislocations and the GB. Consequently, dislocations
in CII are more readily repelled at the GB, especially in very small
samples where surface image stresses are more pronounced
(e.g., in the case of the 1 μm-sized bicrystal).

Based on the previously numerical results and subsequent
discussion, it can be inferred that distinct dislocation
densities may accumulate between CI and CII near the GB
due to variation in image stresses for lattice dislocations. This
phenomenon may result in an elastic energy jump creating a
driving force near the GB. This energy driving force is indepen-
dent of the loading condition. This implies that such a driving
force should be present in both test samples, whether they are

Figure 7. Bicrystal configuration with one single edge dislocation in CII (as an example), with different crystallographic orientations (gI, gII)
of the component crystals and with anisotropic elastic properties described by respective elastic stiffness tensors (CI

ijkl, C
II
ijkl) A); variation of

the projected image stress τim in CI and CII with the distance from the GB along the slip direction normalized by w/2 for bicrystals
with sizes between 1 and 6 μm. Negative image stress τim leads to a repulsive on the dislocation, while positive τ im leads to attractive
effect B).
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deformed under tension/compression or bending. The fact that
GB migration occurs exclusively under cyclic bending suggest
that the GB is not solely driven by free energy jump-driving force.
Instead, shear-coupled GBmigration likely plays a role, especially
considering the important shear stress at GB during bending
(see Figure 4B).

4.5. Coupling of Shear Stress and Elastic Energy Jump-Driving
Forces to GB Migration

Shear-coupled GB migration occurs through the glissile motion
of disconnections. According to Cahn’s model[10] and as
described earlier in Section 4.3, these disconnections are often
associated with steps following appropriate vectors of the
DSC (displacement shift complete) lattice. Despite the
limitations of this geometric analysis, this shear coupling
mechanism is highly sensitive to external applied stress and

temperature.[10,22,29,30] Intrinsic disconnections, which play
a major role in disconnection-mediated GB migration, are
well-known features within GBs.[29,70] However, it is important
to note that disconnections can also arise from the interactions
between lattice dislocations and GB, as described by Rajabzadeh
et al.[29] and Hirth et al.[34] In the context of dislocations interac-
tion with GBs, it is observed that the Burgers vector of an
impinged lattice dislocation can undergo dissociation. This phe-
nomenon occurs to accommodate the stress within the GB itself.
Specifically, the dissociation results in two types of GBDs: glissile
GBDs (with the Burgers vector parallel to the GB plane, denoted
as b||) and sessile GBDs (with the Burgers vector perpendicular to
the GB plane, denoted as b⊥)

[1,26] (considering the conservation
of the total Burgers vector). Figure 8A visually depicts this lattice
dislocation–GB interaction, highlighting the components of the
residual Burgers vector, both normal and parallel to the GB
plane. Above a critical stress, shear-coupled GB migration

Figure 8. Schematic representation of shear-coupled GB migration due to creation and motion of disconnections (GBDs). A) Illustration of the primary
slip systems on both sides of the GB and vector resolution of a residual grain boundary dislocation with the Burgers vector bGB and its dissociation into
GBDs with the Burgers vectors bk and b⊥. B) SEM image of discontinuous SBs–GB interaction and surface after polishing. C) Disconnection-mediated GB
migration based on.[26–28,30] c1) Illustration of an indirect transmission of a lattice dislocation and creation of a residual GB dislocation. c2) During the first
cycle: local GB migration by lateral motion of atomistic steps (after dissociation of residual GB dislocations in glissile/sessile disconnections with the
height of one or two atomic layers). c3) During reverse loading, the GB moves downward. c4) The GB migrates both upward and downward. c5) GB
migration in the negative x2-direction (toward CI) due to the driving force ΔΓ. c6) Final GB migration after 104 cycles as in Figure 8B.
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can occur due to the lateral motion of layer-by-layer glissile
GBDs.[28,31,70] For instance, in pristine GBs with a misorienta-
tion of 25°, the critical stress to induced shear-coupled GBmigra-
tion is around 50MPa. However, in GBs with preexisting
disconnections, the critical stress is significantly lower, being less
than 5MPa.[70] Consequently, the existing shear stresses induced
by cyclic bending are sufficiently high to move the GB forward by
the glide motion of glissile GBDs. In contrast, sessile GBDs
require climb for displacement and substantial stresses to further
dissociate into glissile GBDs.[29,70] This specific topic on sessile
GBDs will not be discussed further in this context. For consis-
tency, we will use the term “GBDs” exclusively to refer to sessile
GBDs/disconnections in the following.

To gain insight into the microscopic GB migration mecha-
nisms in our experiments (as depicted in Figure 8B), the total
driving force (f GB) is important to derive the equation of motion
for GBs.[14,26,71] This driving force is first linked to the externally
applied shear stress and, consequently, to the Burgers vector of
GBDs bglissile through, for example, the PK force f τ . Additionally,
another component, denoted as f h, is associated with the elastic
energy jump-driving force across the GB. This force couples to
the height of the shear coupling process. Related to our previous
discussion, f h can arise from several sources, including elastic
anisotropy, dislocation density inhomogeneity, or capillary force.
Our analytical and numerical investigations consistently revealed
the presence of an elastic energy jump-driving force within our
bicrystal which is attributed to elastic anisotropy and image stress
effects.

In previous studies,[27,30] researchers have observed that GB
migration is fully reversible during loading cycles. However,
our experimental findings during cyclic bending contradict this
observation. Upon further analysis, it becomes evident that both
driving forces (f GB ¼ f τ þ f h) play an essential role in GBmigra-
tion. Specifically, f τ couples to the intrinsic and extrinsic GBDs,
governing their lateral motion at the atomistic scale, while f h
determines the GB motion direction. These combined forces
explain our experimental observation of shear-coupled GBmigra-
tion during cyclic bending, even though the exact description of
preexisting disconnections (i.e., intrinsic GB defects) remains
unknown in this schematic picture.

Based on our experimental observations, analytical/numerical
studies, and insights from previous studies,[26,27,29,30,70] we
present a schematic representation of shear-coupled GB migra-
tion based on an analysis of GBDs during cyclic bending
(Figure 8B,C). To achieve this representation, we make the fol-
lowing assumptions: glissile GBDs form at the GB during the
glide transfer mechanism. Additionally, the motion of GBDs
remains unaffected by the glide transfer, which is consistent with
findings reported by Zhu et al.[72] After the dissociation of the
residual grain boundary dislocations (GBDs) (c1) into sessile
and glissile GBDs during the initial loading, the existing shear
stresses parallel to the GB activate lateral motion of the GBDs
with the smallest step vector (intrinsic GBDs, which are
unknown, are not considered in the schematic picture). This pro-
cess results in upward GB migration (c2). Similarly, when the
sample is loaded in the opposite direction, the GB moves

downward (c3). During subsequent loading cycles, the GB
migrates both upward and downward (c4) through the motion
of GBDs in a layer-by-layer fashion, revealing a reversible behav-
ior. The preferential migration of the GB in the negative x2-
direction (toward CI), as observed in our experiments, is likely
enhanced by the existing elastic energy jump-driving force
(denoted as ΔΓ in Figure 8C). This force is coupled to the height
of the shear-coupled GB migration process. The energy jump-
driving force, as previously discussed, can arise from various
sources. Our previous analytical analysis (see Figure 7) indicates
that this energy jump-driving force, resulting from elastic anisot-
ropy in copper, could also lead to a difference in dislocation den-
sity near the GB between CI and CII. This difference in
dislocation density accumulates after N cycles (c4), resulting
in a driving force (f h) that determine the direction of irreversible
GB migration (c5). This scenario aligns well with our experimen-
tal observations (see Figure 8B). Another plausible scenario could
be related to the diverse DSC Burgers vectors. These systems
offer numerous potential combinations for GBDs steps. For
instance, when an external load is applied in a specific direction,
it is highly probable that the shear stress only acts on a family of
GBDs because they are mobile. Conversely, during load reversal,
other GBDs that require higher stresses or spread core may dom-
inate. Therefore, shear-coupled GB migration takes place in a
preferred direction during cyclic loading.

5. Conclusions

In the present study, copper micro-bicrystals with a specific
HAGB and an average size of 2–6 μm were subjected to cyclic
deformation using two different loading conditions: cyclic
tension/compression and cyclic bending. The experiments were
conducted in situ within a SEM at room temperature.
Additionally, this experimental investigation was complemented
by analytical and numerical simulations. The following results
were obtained: 1) We employed an analytical model to analyze
slip activity in our experimental results. This model accounts
for geometric relations, RSS, and ISs arising from misorienta-
tion and elastic anisotropy. 2) Based on the outcomes, we iden-
tified the primary slip systems with the largest Schmid factor
and normalized RSS in each component crystal (C5 and D4).
3) In cyclic tension/compression experiments, GB damage
was attributed to impinging primary SBs and the vertical
component of residual GBDs. 4) Bicrystals exhibited a GB
migration, primarily in the negative x2-direction, as compared
to cyclic tension/compression experiments. 5) We explained
this process as a shear-coupled GB migration, which is based
on disconnection motion. 6) The preferential migration toward
CI (in the negative x2-direction) observed in our experiments
may be influenced by the existing elastic energy jump-driving
force, coupled to the height of disconnections which is inherent
to shear-coupled GB migration. Additionally, the role of
non-glissile GBDs has been considered in this context, during
the reverse loading.
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