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ARTICLE INFO ABSTRACT

Keywords: Frank partial dislocations are common defects at twin boundaries that can be found at annealing twins or
Frank dislocation at twin boundary formed by dislocation-twin boundary interactions. These sessile twin boundary dislocations favor dislocation
Nanotwins

emission from twin boundaries as reported in literature, to explain reduced pop-in stresses during nano-
indentation in Cu near a twin boundary. This study presents molecular dynamics simulation results for Cu
samples, containing a twin boundary with an initial Frank partial dislocation dipole. The postulated nucleation
of a 60° lattice dislocation from dissociated Frank partial dislocations at twin boundary is confirmed and its
energetics is discussed. Two cooperative transmission & reflection mechanisms triggered by the interaction of
60° lattice dislocations and twin boundaries are identified. For a single 60° lattice dislocation captured within
a twin lamella a new stable dislocation source mechanism is uncovered, emitting screw dislocations to both
sides of the lamella. The source relies on the cooperative transmission & reflection mechanisms, occurring
on both twin boundaries forming the lamella. This new stable source mechanism could contribute to explain
extended plastic deformation in nanotwinned materials.

Dislocation source mechanism
Molecular dynamics simulations

1. Introduction

The strength of crystalline materials, including nanocrystalline met-
als, is determined by their resistance to dislocation motion. Traditional
strengthening methods rely on the introduction of point defects, voids,
particles, or grain refinement to create barriers to dislocation mo-
tion [1,2]. In nanocrystalline metals, the nanoscale grain size results
in a high density of grain boundaries (GBs), which effectively blocks
dislocation propagation. However, this comes with limited dislocation
storage ability, leading to high strength but reduced ductility [3], re-
sulting in the typical strength—-ductility trade-off. Coherent twin bound-
aries (TBs) can effectively hinder dislocation motion similar to the
GB strengthening mechanism, while also providing dislocation accu-
mulation sites and slip channels permitting increased ductility [4-6].
Therefore, nanotwinned copper, which contains layered and coher-
ently grown twin boundaries with nanosized spacing, exhibits the
combination of ultrahigh yield strength and high ductility [7,8].

The continued plasticity due to dislocation glide in nanotwinned
materials is controlled by the availability of dislocation sources, as the
spacing for bulk like dislocation multiplication is too confined within
a nanosized twin lamella [9]. GBs are considered to be the primary
nucleation sites of dislocations [10,11], while TBs exhibit much lower
excess energies and significantly greater mechanical stability [12]. As
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a result, perfect TBs are unlikely to act as potential dislocation sources.
However, TBs in all types of processing routes whether deformation,
growth, or annealing twins are inherently imperfect and should be
regarded as defective entities [8,13,14]. It has been demonstrated
that sessile TB steps enhance dislocation emission from TBs due to
the significant stress concentration effect [5,6,15,16]. Lu et al. [17]
revealed the dependence of the dislocation nucleation site, e.g. TB/GB
junction or steps on TBs, on the twin lamella spacings. They concluded
that the observed TB steps are sessile TB dislocations having a dissoci-
ated core and induce displacements perpendicular to the twin plane.
These sessile TB dislocation configurations can be dissociated Frank
partial dislocations at TBs [18], which are commonly observed as TB
defects [7,19-23].

Lu et al. [17] emphasized that dislocation emission from TB dis-
locations can be considered as a dislocation dissociation process and
its activation stress is only related to the Burgers vector of the TB
dislocation and the emitted dislocation. Li et al. [24] provide indirect
experimental evidence for a Frank partial dislocation at TB acting as a
dislocation source in copper by analyzing the pop-in stresses measured
during nanoindentation on a single crystal and a bi-crystal containing
a twin boundary. They found that the stress required to activate a
dislocation source on a TB in copper and its alloys is approximately
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80 % of the stress observed for copper bulk single crystals. To explain
the ratio of activation stresses, they propose that pre-existing Frank
partial dislocations at the TB split into two mobile dislocations: an
emitted lattice dislocation and a residual mobile TB Shockley partial
dislocation. The reported activation shear stress ratio is in agreement
with the isotropic elastic energy estimates associated with the proposed
dissociation mechanism of the Frank partial dislocation. They estimated
that the activation shear stress is at least 1.6 GPa in case of twinned
samples.

The dislocation emission from a TB dislocation is highly localized,
occurs on very short timescales, and is driven by high stresses, making
its direct experimental observation extremely challenging. In this study,
molecular dynamics (MD) simulations enable atomic-scale tracking of
dislocation nucleation, providing valuable insights into the proposed
mechanism. Moreover, given the reported density of preexisting Frank
partial dislocations on TBs, the dislocation density directly nucleated
from the initial Frank partial dislocation may still be insufficient to fully
account for the high ductility observed in nanotwinned metals. This
raises the question of whether twin lamellae can be involved in regen-
eration of dislocation sources in nanotwinned structures. Therefore, the
interaction of lattice dislocations originating from the dissociation of
Frank partial dislocations and twin boundaries is systematically studied
here.

2. Method

Atomistic simulations for copper are performed using the LAMMPS
software package [25] to investigate the behavior of Frank partial
dislocations on a twin boundary with and without applied loading. The
Embedded Atom Method (EAM) potential of Mishin et al. [26] for Cu
is used. Atomsk [27] is employed to generate the twinned samples
and to introduce the Frank partial dislocations on the TB, based on
elastic displacement fields [28]. The atomic structures and dislocations
are identified and visualized using the software OVITO [29]. Common
Neighbor Analysis (CNA) is applied to color the atoms: blue for face-
centered cubic (FCC) structures, red for hexagonal close-packed (HCP)
structures, and white for other configurations. The dislocation analy-
sis is performed using the OVITOs’ Dislocation Extraction Algorithm
(DXA) [30]. Here, the right-hand finish—start (FS/RH) convention for
Burgers vectors is used.

2.1. Structure: Frank partial dislocations at a TB

Twinned samples are generated with a twin spacing of 4 ~ 40nm
(Fig. 1(a)) to investigate the relaxed structure of Frank partial dis-
locations on a TB. The edges of the cuboid simulation cell (X,Y, Z)
and the crystal orientations of the matrix, marked by M, are aligned
as follows: X || [111], ¥ || [10I], Z || [I2]]. The positions of the
atoms on the matrix side are mirrored with respect to the twin plane
(111) to obtain the twin side (T). The samples sizes L,,L,, L, are ~
80.15 nm, 2.04 nm and 80.15 nm. The sample comprises about one million
atoms. A Frank partial dislocation dipole with the dipole distance d =
1/2L, =~ 40nm is introduced on the TB. The dislocation dipole is
modeled as infinitely long in Y direction and is fully compatible with
periodic boundary conditions applied in all spacial directions.

Following the naming convention of Marquis and Medlin [18], the
two distinct Frank partial dislocations in the dipole (Fig. 1(b)) are
referred to as the exterior and interior Frank partial dislocations. This
classification considers both the location of the extra atomic layer
linked to each Frank partial dislocation and whether the angle between
the TB and the inclined glide planes {111} is acute or obtuse:

« exterior Frank partial dislocation: extra atomic layer on the obtuse
side

« interior Frank partial dislocation: extra atomic layer on the acute
side
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Fig. 1(b) shows the atomic (core) structures of the exterior and interior
Frank partial dislocations at the TB prior to relaxation. The initial TB
plane is a B layer in the stacking sequence A|B|ACBA. In the middle
of the sample, an atomic layer A on the right side of the TB plane is
effectively removed, causing the TB plane to shift from position B to C
in the stacking sequence AB|C|BA. The direction of the extra atomic
half-layer follows the 7x b rule, where the dislocation line direction 7 is
parallel to the +Y direction and the Burgers vector b points in the —X
or +X direction.

Fig. 1(c) presents the annotated double Thompson tetrahedron
alongside the relevant slip planes for the sample. The TB plane is
highlighted as the common ABC (111) plane. The mirror-symmetrical
slip planes BCD in the matrix (M) and CT BT DT in the twin (T) are
illustrated, together with their associated Burgers vectors of matrix and
twin dislocations.

2.2. Relaxation scheme and energy barrier calculation

To obtain relaxed structures of the Frank partial dislocations at the
TB, the potential energy is in a first step minimized using the conjugate
gradient method to achieve a stress-free simulation box size. This is
followed by energy minimization at 0K employing the fast inertial
relaxation algorithm (FIRE) [31]. An annealing relaxation is performed
after the initial energy minimization to ensure reaching fully relaxed
configurations. The annealing relaxation scheme comprises three steps:
first, the sample is relaxed at 0.1 K. Next, it is gradually heated to
300K and maintained at this temperature for equilibration. Finally, it is
cooled back down to 0.1 K and equilibrated to complete relaxation. The
heating and cooling processes are carried out using the Nosé-Hoover
thermostat and barostat (NPT ensemble), allowing the simulation cell
to expand or shrink with a temperature change rate of 1.5Kps~'.
During the constant temperature holds, at 0.1 K and 300K, the system
is first equilibrated under stress-free conditions using the NPT ensemble
for 60 ps, followed by an NVT ensemble hold for another 60ps. A time
step of 1fs is employed. After completion of the annealing relaxation,
the potential energy is again minimized using the FIRE algorithm.

To evaluate energy barriers associated with the dissociation of Frank
partial dislocations at the twin boundary, the climbing-image nudged
elastic band (CI-NEB) method is employed [25]. The reaction pathway
is constructed to map the minimum energy path (MEP) using 30
replicas and a NEB spring constant of 0.1 eVA™. The potential energy
along the MEP is minimized using the quickmin algorithm with a force
convergence criterion of 0.005eV 10\_1. A time step of 10fs is employed.

2.3. Twin boundary dislocation: elastic strain energy and core energy

For the following energetic analysis, we assume the sample size,
the Frank partial dislocation dipole spacing d, and the twin lamella
spacing 4 large enough to neglect the influence of periodic bound-
ary conditions. Interactions between periodic images of dislocation
dipoles or quadruples are known to be significant at small sample
sizes [32-34]. The system size in this study is chosen large enough
so that the stacking fault width dgg, used as sensitivity indicator, is
unaffected (see Appendix A). In the following analysis, the Frank partial
dislocations are treated as quasi-independent dislocations to investigate
their relaxed core structures and energies.

The total energy E, associated with each type of Frank partial
dislocation is evaluated within a cylindrical region of radius R (where
R < 2 and R < d/2) centered along the dislocation line at the twin
boundary. The total energy E,, defined as the sum of the potential
energy of all atoms within the cylindrical region, can be expressed as
the sum of the following energy contributions [28,35],

Eiot(R) = Egigloc(R)L + N(R)Ecop + Ep(R, y18) @
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Fig. 1. The initial unrelaxed Frank dislocation dipole at a TB in a twinned bicrystal. (a) Frank dislocation dipole at TB having a separation distance d ~ 40nm
and twin spacing 4 ~ 40nm (b) Detailed view of the exterior and interior Frank dislocations showing the extra atomic layer on the obtuse side and on the acute
side. Burgers vectors are scaled by a factor 4. The dislocation line direction BC is along the +Y axis. (c) Left: Double Thompson tetrahedron with the ABC (111)
TB plane. Right: top view on the unfolded BCD glide planes on matrix and twin sides including the notation for the partial dislocations used during analysis.

where Egq0.(R) denotes the dislocation energy per unit length for an
infinite straight dislocation within the cylindrical region. The disloca-
tion length is L, and N(R) represents the number of atoms contained
within the cylindrical region. For copper, the cohesive energy per
atom is E.y, = —3.54eV [26]. The twin boundary energy within the
cylindrical region is Epg = 2RLyrg, where yrp is the TB energy per
unit area.

The dislocation energy per unit length Eg;g,.(R) consists of the
elastic strain energy Eq(R,r,) and the dislocation core energy E.(r,.):

R
Egisioc(R) = Eq(R,re) + Ec(rc) = Epre In r_ + Ec(re) ()
¢

where E. is the elastic energy pre-factor and r. is the inner cut-off
radius. Further details on the employed isotropic and anisotropic elastic
energy pre-factors are provided in Appendix B.

The challenge of extracting Eyiq,. from E, lies in accurately es-
timating the twin boundary energy Etg. The ideal TB energy },iT%eal
is about half of the intrinsic stacking fault energy for Cu [36] and is
reported to be strain dependent even for small deformations [37,38].
In our setup, the introduction of the Frank partial dislocation dipole
is achieved by removing one {111} atomic layer between the Frank
dislocation dipole from a total 384 atomic layers along the X direction,
as illustrated in Fig. 1. Therefore, the periodic boundary conditions
applied to the simulation cell (Fig. C.9(a)) will lead to constraints on
the dislocations and TBs in X direction. Thus, the contribution of the

TB energy Erp cannot be directly evaluated using the unstrained TB
energy y_ir‘};a' = 22.22mJm~2 [26]. The scheme used to estimate the
TB energy is described in Appendix D. The resulting yp values of the
exterior and interior Frank partial dislocation of y;’ét ~ 1.1597%‘};31 and
y,}']‘; ~ 1.144y¥]';al are used for Eq. (1).

Once the twin boundary energy contribution Eqg(R,y7g) is known
in Eq. (1), the dislocation energy Egiqoc(R) is accessible. For large
R > b, the E4(R) scales linearly with In(R/r.), with the slope given
by the energy prefactor E,. (Eq. (2)). The dislocation core energy E,
which accounts for all non-linear contributions, is obtained by extrap-
olating Egigo.(R) from the elastic regime back to the chosen cutoff
radius r, = b = 2.087A: From the slope E,e of the graphs for both
types (as shown later in Fig. 3(h)), the elasticity coefficients Kt =
79.19GPa resp. K™ = 79.71GPa as well as the corresponding core
energies EM'(;, = b) are obtained using Kintext = 47:E§;f;e“/b2.
The core energies of the exterior and interior Frank partial dislocations
are E&t = 0.226eVnm~! and EM = 1.927¢Vnm™!. In Appendix C,
results for a quadruple Frank partial dislocation configuration (Fig.
C.9(b)), which minimizes the mechanical constraints of the dipole
configuration, are summarized.

2.4. Frank partial dislocations on TBs under simple shear load

To investigate the dissociation reactions for the exterior and interior
Frank partial dislocations under applied load, the nanotwinned samples
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Fig. 2. Configuration of a nanotwinned sample with twin space A ~ 20nm containing a Frank partial dislocation dipole with separation distance d ~ 40nm on
TB1 with (a) exterior Frank dislocation 6D (b) interior Frank dislocation Dé$ in the middle of sample. The respective counter part of each dipole is located in the
top or bottom region used to control loading. The Frank partial dislocation dissociation and the dislocation-TB interactions are driven by a simple shear strain
7., antiparallel to dislocation line by relative movement between the top and bottom layers.

shown in Fig. 2 are used. The crystal orientations of the matrix and
twin regions, as well as the simulation box dimensions are identical
to those of the sample in Fig. 1(a). Both samples in Fig. 2 contain
four TBs with a uniform twin spacing of 4 ~ 20nm, which lies well
within the convergence range of the stacking fault splitting width
(Appendix A) while maintaining the same overall sample size and is
consistent with previous studies on dislocation TB-interactions [39-41].
Furthermore, the dislocation energy shown in Fig. 3(h) demonstrates
that, for distances larger than R ~ 25b (corresponding to ~ 5 nm), the
energy follows the expected long-range behavior given by anisotropic
elasticity, which is well below the chosen twin spacing. A Frank partial
dislocation dipole, with line direction 7 parallel to Y axis and a separa-
tion distance d ~ 40nm is introduced on TB1. In Fig. 2(a), the exterior
type 6D is placed in the center of the sample, while in Fig. 2(b) the
interior type D¢ is placed there, both are marked by the letter F. The
associated Burgers vectors are indicated by red arrows. The respective
dipole counterpart is placed in the outermost layers of the simulation
box, which later serve as the region for applying strain controlled
simple shear deformation. Periodic boundary conditions are applied
in all directions during energy minimization and annealing relaxation.
During mechanical loading, however, the periodic boundary condition
in the Z direction is removed to enable the application of simple shear
boundary conditions, while periodicity is preserved in the X and Y
directions.

The eight outermost layers in the Z direction (i.e. the top and
bottom regions of the sample) are constrained to undergo rigid body
motion. A constant velocity of 10ms~! along the —Y direction is applied
to the upper layer, while the lower layer remains fixed. Thus, the Frank
partial dislocation in the middle of sample is activated by the applied
shear strain, while the second Frank partial dislocation, located in the
rigid control region, remains stationary. The relative motion between
the upper and lower layers results in a constant engineering shear strain
rate y,, ~ 1.3 x 103s™!. To minimize the generation of elastic shock
waves, a linearly varying velocity profile is initially assigned to the
atoms between the control regions. These atoms between the bottom
and top layers are allowed to evolve under a canonical ensemble (NVT)
with a temperature maintained at 0.1K, thereby suppressing thermal
activation effects during the loading.

The applied simple shear generates symmetric shear stresses on
the inclined {111} BCD and B"CT DT glide planes in the matrix and
the twin sides, while introducing no shear stress components on the
twin boundary plane. In contrast, previous studies investigating the
interactions between screw or 60° lattice dislocations with TBs have
considered effective shear stresses acting directly on the twin plane
in [39,40]. Additionally, in those studies, one of the inclined {111}
glide planes is oriented parallel to the sample surface leading to non-
symmetric shear stresses on the slip planes of the matrix and twin
side.

3. Result

We first analyze the relaxed atomic structures of the two types of
Frank partial dislocations at the TB, along with their associated dislo-
cation energies. Subsequently, we investigate the dissociation reactions
of Frank partial dislocations leading to lattice dislocation emission and
examine their further interactions with TB under applied simple shear
loading in the nanotwinned sample.

3.1. Relaxed frank partial dislocations at TB

Figs. 3 (a-b) show the relaxed atomic structures for the exterior
and interior Frank partial dislocations on the TB. The exterior Frank
partial dislocation §D dissociates into a stair-rod dislocation S« at the
TB and an emitted 90° Shockley partial dislocation a D connected by an
intrinsic stacking fault of width dg ~ 2.3 nm. The dissociation reaction
is given by Eq. (3):

Exterior Frank 6D — stair-rod 6a + Shockley a D

1

3
U é [To1] @

 —
+ o [121]
The interior Frank partial dislocation Dé remains compact during
relaxation.

At 300K, the stacking fault for the exterior Frank partial dislocation
extends to a width of dgz ~ 3.3nm (Fig. 3(c)). For the interior Frank
partial dislocation, the initially compact core tends to dissociate into a
TB Shockley partial dislocation B$ and two lattice Shockley partial dis-
locations Da and a B, resulting in the formation of a stacking fault with
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Fig. 3. Configuration of exterior and interior Frank partial dislocations before and after annealing relaxation on the left (a,c,d) resp. right column (b,d,f). The
Burgers vectors are referring Thompson’s notation in Figs. 1 (c-d). (a) The dissociated exterior Frank partial dislocation core with TB stair-rod dislocation
Sa (é [TOT]) before annealing relaxation. (b) The compact interior Frank partial dislocation cores before annealing relaxation. (c) The extending stacking fault

width at 300K. (d) The dissociated interior Frank partial dislocation with TB Shockley dislocation Bé§ ( é [ZTT]) at 300K. (e) The restored exterior Frank partial

dislocation core after annealing relaxation. (f) The dissociated interior Frank partial dislocation core with TB stair-rod dislocation DB/aé (é [310]) and an emitted
aB Shockley partial dislocation after annealing relaxation. (g) CI-NEB calculation of the energy barrier AE of the dissociation reaction of the interior Frank partial
dislocation (Eq. (4a)). (h) The dislocation energy Eg,.(R) dependency on In(R/b). The dislocation core energy Ei" and E® is obtained by extrapolating the

elastic energy back to the core radius r, = b.

a width of dgz ~ 1.1 nm shown in Fig. 3(d). After annealing relaxation
and energy minimization the structure and stacking fault width for the
exterior Frank partial dislocation return to their minimized state (Fig.
3(e)), while the interior Frank partial dislocation remains split (Fig.
3(f)) into a stair-rod dislocation DB/aé on the TB and an emitted 30°
Shockley partial @ B. The dissociation reaction is given by Eq. (4a) with
the geometrically equivalent reaction in Eq. (4b). Both dissociation
reactions can be observed during relaxation without applied stress.

Interior Frank D5 — stair-rod DB/aé + Shockley aB

1

1 1 :
3 - g+ 3 [112] (42)

Interior Frank D5 — stair-rod DC/aé + Shockley aC

1 1 1 =
- gon  + 5 [211] (4b)
The dissociation of the exterior Frank partial dislocation is a spon-
taneous reaction (Eq. (3)) without an energy barrier, while the disso-
ciation of the interior Frank partial dislocation is only observed after
application of the annealing relaxation scheme. To quantify the dif-
ferent dissociation behavior, the activation barrier for the dissociation
reaction of the interior Frank partial dislocation during the annealing
relaxation processes is calculated. Fig. 3(g) presents the results of the
CI-NEB calculation, showing the total energy variation of the atoms
surrounding the dislocation core within a cylindrical region of radius
20nm plotted against the reaction coordinate for the dissociation of
the interior Frank partial dislocation. The total energy of the initial
compact core configuration (Fig. 3(b)) is taken as reference energy.
The final, dissociated configuration (Fig. 3(f)) exhibits a lower total

energy, indicating that the dissociation is energetically favorable. The
difference in the saddle point energy and the reference energy gives
the dissociation energy barrier AE ~ 0.095eV nm~'. Fig. 3(h) shows
the dislocation energy Eg;q0.(R) and is detailed in the methods section.

3.2. Frank partial dislocation dissociation under simple shear load

The configurations of individual Frank partial dislocation at TB are
obtained using the annealing relaxation scheme on the structure shown
in Fig. 2 with 1 ~ 20nm and d ~ 40nm. Simple shear y,, is applied
antiparallel to the direction of the dislocation line 7. Under applied
load, both relaxed Frank partial dislocation types (Figs. 3 (e—f)) undergo
further dissociation. This results in the emission of lattice dislocations,
as displayed in Fig. 4.

For the exterior Frank partial dislocation shown in Fig. 4(a), once
the shear stress reaches 7,, ~ 2.22GPa corresponding to y,, ~ 4.8%,
the stair-rod dislocation 6« on TB1 dissociates (Eq. (5)) into a mobile
TB Shockley partial dislocation §C and a 30° trailing Shockley partial
dislocation Ca connected by a stacking fault of width ~ 12.9nm to the
leading partial a D. The activation shear stress decreases to 7,, ~ 1.8 GPa
at 300 K.

Stair-rod 6a —» TB Shockley 6C + Trailing Shockley Ca
R - - (5)

5 [101] - 5 [112] + 3 [211]
For the interior Frank partial dislocation in Fig. 4(b), the dissocia-
tion of the TB stair-rod DB/aé dislocation occurs at a shear stress of
7., ~ 0.36 GPa corresponding to y,, ~ 0.78 % following Eq. (6): The dis-

sociation products are a mobile TB Shockley partial dislocation Bé and
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aB
(30)

Fig. 4. The dissociation of the relaxed exterior and interior Frank partial dislocations at TB1, shown in Figs. 3(e-f), leads to lattice dislocation emission under
applied shear strain y,,. The glide directions are indicated by white arrows. (a) Dissociation of the stair-rod s« (é [101]) to a 30° trailing Shockley partial Ca and

a TB Shockley partial 6C (Eq. (5)) at 7,, & 2.22GPa. (b) Dissociation of the stair-rod DB/aé ( é [310]) to a 90° trailing Shockley partial Da and a TB Shockley

partial BS (Eq. (6)) at 7,, ~ 0.36 GPa.

a 90° trailing Shockley partial dislocation Da connected by a stacking
fault of width =~ 4.7nm to the leading Shockley partial dislocation «B.
The activation shear stress decreases to 7, ~ 0.25 GPa at 300 K.

Stair-rod DB/as —» TB Shockley B6 + Trailing Shockley Da

1

1 - (6)
gBl - z [211] +

1

—[121

3 [121]

3.3. Interaction of emitted lattice dislocation with twin boundaries

For both exterior 6D and interior D$ Frank partial dislocations, the
dissociation reactions under stress result in 60° lattice dislocations CD
or DB with a 90° aD or 30° aB leading Shockley partial dislocation.
The further evolution of these 60° lattice dislocations in nanotwinned
structures depends on their interaction with the following TBs under
simple shear load.

Increasing the shear stress level to 7,, ~ 0.46 GPa, the 30° leading
Shockley partial dislocation aB originally emitted from the interior
Frank partial dislocation at TB1, is blocked upon encountering TB2.
This situation is shown in Fig. 5(a). The leading Shockley partial
dislocation aB remains blocked at TB2 upon further increase of the
stress. Due to a lack of an effective driving force from the shear
component 7., the 90° trailing partial dislocation Da does not follow
the leading partial. Instead, with increasing shear stress, it glides back
toward TB1 (Fig. 5(b)).

At TB1, the trailing partial dislocation D« interacts with the TB
Shockley partial dislocation B§, left behind from the dissociation of
the interior Frank partial dislocation in Fig. 4(b), forming a residual
dislocation 1/2aa”(1/9[111]), which connects stacking faults across
TBs according to the twin symmetry. It remains stable up to an increase
of 7., ~ 2.60 GPa, at which a Shockley partial dislocation is emitted to
the left of TB1 (Fig. 5(c)).

The sequence of events resulting from the dislocation of the exterior
Frank partial dislocation is more interesting. The Shockley partial
dislocation 6C in Fig. 4(a) is mobile on TB1 resulting in migration of
the TB by one atomic layer, but is not involved in any of the following
dislocation-TB interactions (see Supplementary Movie 1 (Fig. F.12)).
Fig. 6 shows the time sequence (a) to (h) illustrating the evolution
of the lattice dislocation CD with its 90° leading Shockley partial
dislocation a D, and its subsequent reactions after interaction with TB2
under shear load. The shear strains y,, in the time series range from
4.8 to 5.1 %, while the shear stress 7, remains essentially constant at
= 2.24 GPa.

Fig. 6(a) shows the incident lattice dislocation CD with the 90°
leading Shockley partial dislocation aD reaching TB2. In Fig. 6(b), the

lattice dislocation CD is shown after constriction at TB2 (Eq. (7a)).
Next, in image (c), the constricted dislocation core immediately dis-
sociates in a first step into a 30° Shockley partial Ba on the matrix side
(M) and a 30° Shockley partial " CT on the twin side (T2), leaving
a residual dislocation aB” /Da”(1/18[554]™) on TB2 (Eq. (7b)). This
residual dislocation is a stair-rod dislocation on TB2, shown in (d),
which dissociates further into a 90° Shockley partial aD (1/6[121]1)
and a 30° Shockley partial BTa” (1/6[112]" < 1/18[217]1™) on two
intersected slip planes BCD and BT CT DT in the matrix and twin sides
according to Eq. (7c¢).

Thus, the interaction sequence in Figs. 6 (b—d) results in a 60° lattice
dislocation BD re-emitted back on the matrix side (M), and a screw
dislocation BT CT emitted on the twin side (T2) from TB2. This reaction
completes without leaving any residuals on TB2 (Eq. (7d)). Under the
applied loading, the re-emitted dislocation BD glides toward TB1.

OnTB2: Ca+aD—CD (7a)

OnTB2: CD - Ba+a'CT +aB”/Da” (7b)

Residual dissociation : BT / Do’ > aD+ BTa” (7¢)
Total reaction : CD — BD + B'CT (7d)

In Figs. 6 (e—f), the leading 30° Shockley partial dislocation Ba
glides toward TB1, widening the stacking fault width between it and
the 90° trailing partial dislocation a D, which remains almost stationary
near TB2. In image (g), the Shockley partial dislocation Ba dissociates
at TB1 into a 30° Shockley partial dislocation CTa” on the twin
side (T1) and a residual stair-rod dislocation «’a (2/9 [111]) on TB1
(Eq. (8a)). Subsequently, in image (h), the residual dislocation a” @ on
TB1 further dissociates into a 30° Shockley partial dislocation Ca on
the matrix side (M), completing a CD lattices dislocation and a 30°
Shockley partial dislocation «” BT on the twin side (T1) (Eq. (8b)).

The reaction sequence of a lattice dislocation BD on TB1 in Figs.
6 (f-h) results in a new lattice dislocation CD of the same type as the
initial one in Fig. 6(a) on the matrix side (M) of the twin lamella, and a
screw dislocation CT BT on the twin side (T1), which glides away from
TB1 without leaving any residuals, as described by Eq. (8c).

OnTBl: Ba—Clal +a’a (8a)
Residual dissociation : o’ « — Ca + o’ BT (8b)
Total reaction : BD — CD+ CT BT (8c)

Fig. E.11 shows the shear stress—strain curve for the current loading
scenario using periodic boundary conditions along X-axis and rigid
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Fig. 5. MD time series of the incident 60° lattice dislocation with a 30° leading Shockley partial dislocation blocked on TB2, originating from the interior Frank
partial dislocation. The twin spacing is 4 ~ 20nm and simple shear y,, is applied. The glide directions are indicated by white arrows above the stacking faults.
(a) An incident lattice dislocation with a 30° leading Shockley partial reaches TB2 (sz ~ 0.46 GPa). (b) The leading Shockley partial dislocation is still blocked
at TB2 (‘rzy ~ 2.60GPa) and the partial dislocation Da moves back in the direction of the initial Frank partial dislocation location. (c¢) The trailing Shockley
partial dislocation Da interacting with the TB Shockley partial dislocation B on TB1 forming a residual dislocation 1/2aa” and a transmitted Shockley partial

dislocation C"a” (slightly increased 7,, ~ 2.60 GPa).

boundary conditions. In the periodic case, the shear stress decreases
only moderately after the dissociation of the Frank partial dislocation
and subsequent dislocation TB transmission & reflection events.

4. Discussion

Frank partial dislocations, often observed as residual defects on
TBs, are investigated to understand their energetics and behavior under
load. Our molecular dynamics simulations confirm that Frank partial
dislocations on TBs can act as “one-time” dislocation sources, consistent
with the mechanism proposed by Li et al. [24]. More importantly,
we uncover a previously unreported, regenerable dislocation source
mechanism involving the transmission & reflection of dislocations at
TBs.

4.1. Structure of relaxed frank partial dislocations at TB

Upon energy minimization, exterior and interior Frank partial dislo-
cations on twin boundaries relax into two distinct core configurations.
The exterior Frank partial dislocation readily dissociates, leaving a
residual 1/6(110) stair-rod dislocation at the TB. In contrast, the inte-
rior Frank partial dislocation remains compact. Its dissociation would
produce a 1/6(130) stair-rod dislocation at the TB, which in isotropic
elasticity Frank’s rule (b* criterion) does not appear energetically

favorable. These configurations are consistent with atomistic simulation
reported for Au [18].

However, our molecular dynamics observations demonstrate that
after annealing and subsequent relaxation the interior Frank partial
dislocation also remains dissociated. This can be understood with the
energetics from anisotropic elasticity (Appendix B) and the barriers
associated with the dissociation reactions. For the interior Frank par-
tial dislocation dissociation reaction (Eq. (4)), the energy difference
becomes negative, AES;‘;” = —0.26E,, in contrast to the positive value
using isotropic elasticity AEéSr‘é = 1.34E,, (Table B.2). So the dissociation
of the interior Frank partial dislocation is energetically favorable in
anisotropic elasticity, consistent with the observed energy reduction
upon annealing relaxation (Fig. 3(g)). Furthermore, this suggests that
both exterior and interior Frank dislocations are likely to always adopt
dissociated configurations at room temperature in experiments.

Although anisotropic elastic analysis suggests that the interior Frank
partial dislocation should dissociate, energy minimization at 0K shows
that it remains compact. This indicates that the dissociation reaction is
not barrier-free, and that the dissociation reaction is governed not only
by long-range elastic interactions, but also by short-range core effects.
To quantify this, we performed CI-NEB calculations and identified a
finite energy barrier of AE ~ 0.095eVnm~!. At room temperature T =
300K, thermal fluctuations provide an energy scale of approximately
0.1eVnm~!, which is sufficient to activate the dissociation process.
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(30°) Ca: l
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fg+8:8psii T2

ab (90°)

Fig. 6. MD time series of dislocation-TB interactions between a incident 60° lattice dislocation with 90° leading Shockley partial dislocation on TB2 and TBI1,
originating from the exterior Frank partial dislocation. The twin spacing is 4 ~ 20nm and simple shear y,, is applied. The glide directions are indicated by white
arrows above the stacking faults. The reaction sequence is in clockwise arrangement indicated by black arrows. A shear stress z,, of ~ 2.24 GPa is needed for
these dislocation reactions to occur. (a-d) transmission & reflection reaction with dislocation core recombination on TB2. (e-h) transmission & reflection reaction

without dislocation core constriction on TB1.

The elastic strain energies of the dissociated Frank partial dislo-
cations, extracted from the atomistic data (Fig. 3(h)) are in excel-
lent agreement with the expected anisotropic elasticity prefactor value
(Appendix C). The energy difference between the two Frank partial
dislocation types can be attributed to the dislocation core energies. It is
noteworthy that the core energy of the interior Frank partial dislocation
is significantly larger than that of the exterior type.

4.2. Frank partial dislocation dissociation under load

Under applied shear, we observe that a mobile non-screw lattice
dislocation can be emitted from both Frank partial dislocation types
with a mobile TB Shockley partial dislocation, as summarized in Eq. (9)
with line direction 7 = BC. The emitted lattice dislocation with both
the slip plane and Burgers vector inclined to TBs can glide toward the
adjacent TBs and a high stress is required to activate the dislocation-TB
interactions, while the glide of the TB Shockley partial dislocation with
the migration of TBs can result in detwinning process with much lower
stress [40,42,43].

However, the activation shear stress 7., for lattice dislocation emis-
sion from the dissociated exterior Frank partial dislocation (2.22 GPa)

is much higher than the one required for the interior Frank partial
dislocation (0.36 GPa).

Exterior Frank 6D — TB Shockley 6C + Lattice (Ca + aD)

JEE 1 = 1 (==
3[111] - 5[112] + 5[110] (92)

Interior Frank D6 — TB Shockley B6 + Lattice (Da + aB)

1 s 1
s - g[211] + 5o (9b)

The large differences in the required stresses are consistent with
the anisotropic energy difference for the dissociation reactions for
the respective stair-rod dislocations: 9.26E, for the 1/6(110) stair-rod
dislocation (exterior) and 2.54E, for the 1/6(130) stair-rod dislocation
(interior), as listed in Table B.2. Furthermore, the significantly larger
core energy of the interior Frank partial dislocation promotes its dis-
sociation, as the system can lower its total energy more effectively
through core reconfiguration compared to the exterior type.

For the exterior Frank partial dislocation, the resolved shear stress
for emission of the 30° trailing Shockley partial dislocation Ca, to form
a fully mobile lattice dislocation, from the 1/6(110) stair-rod dislocation
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dissociation is 7,,, ~ 1.8 GPa' at 0.1K and decreases slightly to 1.5 GPa
at 300 K. The MD simulation results, obtained for idealized simple shear
load and high strain rate of (~ 108s~!), are close to reported exper-
imental activation stresses of 1.6 GPa [24] and 1.87 GPa [17], which
are estimated from the maximum shear stress from Hertzian contact
mechanics beneath a nanoindenter [24] and the mean shear strain near
the step [17]. The high strain rate may lead to an overestimation of the
activation stress but the dissociation reaction is expected to follow the
same reaction path [44,45]. Both, molecular dynamics and experimen-
tal results, demonstrate the ability of TB Frank partial dislocations to
act as dislocation sources at TBs requiring a high activation stress.

4.3. Stability of frank partial dislocation at TB

The dissociated exterior Frank partial dislocation is commonly ob-
served in experiments as a 1/6(110) stair-rod dislocation on TBs, con-
nected to an emitted 90° Shockley partial dislocation [20,46]. The
dissociated interior Frank partial dislocation with the emitted 30°
Shockley partial dislocation has been observed experimentally in iso-
lated cases [47]. The relative scarcity of experimental observations of
interior Frank partial dislocations can be rationalized by the intrinsic
instability of interior Frank partial dislocations based on our atomistic
results and energy analysis detailed in Table B.2.

The atomistic result shows that a lattice dislocation is emitted from
the interior Frank partial dislocation at low stress levels. The dissocia-
tion energy barrier of a 1/6(130) stair-rod dislocation is 2.54E using
anisotropic elasticity estimates. A dissociated interior Frank partial
dislocation can be formed via the interaction of lattice dislocation with
a 90° leading Shockley partial dislocation «D and a TB, following the
reaction aD (90°) — Sa/CD (1/6(130)) + C5 (30°). This formation
energy barrier (10.18E,) is much higher than the dissociation energy
barrier (2.54E,). Thus, the interior Frank partial dislocation is intrinsi-
cally unstable and tends to dissociate and emit a lattice dislocation at
a relatively low stress level.

After the dissociation of an interior Frank partial dislocation a
lattice dislocation with a 30° leading Shockley partial dislocation is
emitted. Once the leading partial dislocation encounters the neighbor-
ing TB, a 1/6(110) stair-rod dislocation is formed [48,49]. This stair-rod
dislocation connected by a SF to the 90° trailing dislocation corresponds
to the exterior Frank partial dislocation in Fig. 3(e). The energy barrier
of the associated reaction aB (30°) — a6 (1/6(110))+ 6B (30°) is 3.46E,,
and is only slightly larger than the dissociation energy of a 1/6(130)
stair-rod dislocation (2.54 E,). As the energy barrier of 9.26 E, for further
dissociation of the 1/6(110) stair-rod dislocation is large, the exterior
Frank partial dislocation is rather stable.

Therefore, the interior Frank partial dislocation is not likely to be
found at TBs. In contrast, the exterior Frank partial dislocation is more
stable, having a higher dissociation energy than its formation energy,
and a lower core energy. This is consistent with the observation of
Frank partial dislocations on TB showing a characteristic compression
and dilatation pattern compatible with relaxed exterior Frank partial
dislocations [20,50]. The presence of only one type of Frank partial
dislocation also leads to the reported misorientation increase with
increasing defect density [20,50,51].

! The resolved shear stress 7,,, is converted from the applied shear
stress 7,

.y & 2.22GPa on Z-plane (i, || [12]) along —Y direction (-Y ||
[T01]) on the 30° trailing Shockley partial dislocation be, = [211]/6
on glide plane BCD (igep = |[117]/V/3) with the ratio of T/ Ty =

cos £(ny, figep) c0s (=Y, bey).
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4.4. Cooperative transmission & reflection of dislocations at TBs

The dislocation-TB interactions in Egs. (7) and (8) have in common
to generate a reflected lattice dislocation to the incident side and a
screw lattice dislocation on the transmission side: it is a dislocation
cooperative transmission & reflection mechanism with dislocation mul-
tiplication. The transmission & reflection mechanism without lattice
dislocation constriction in Eq. (8) was previously observed in MD simu-
lations [52-54], while the dissociation of an incident lattice dislocation
after combination and constriction on both incident and transmission
sides in Eq. (7) is the newly uncovered mechanism.

The overall occurrence of these multiplication reactions is governed
by the largest energy differences among the intermediate steps in Egs.
(7) and (8), which correspond to Egs. (7a) and (8a) given in Table
B.2. Although these energy differences are relatively large, they are
similar to the one for the dissociation of a 1/6(110) stair-rod dislocation
in Eq. (5). Therefore, the required shear stress for the emission of a
lattice dislocation from the dissociated exterior Frank partial disloca-
tion should also be sufficient to activate the transmission & reflection
mechanisms.

Different cooperative transmission & reflection reactions have been
experimentally observed and identified as a cooperative movement
of three sets of dislocations (incident/reflected/transmitted) from dy-
namic in situ loading tests [55-58]. Although the incident and reflec-
tion slip planes are not identical because of the incident dislocation
pile-ups rather than a single dislocation, this process is observed to be
repeated several times for incident pile-ups approaching a TB.

In addition to the energy barrier, dislocation interactions with TBs
depend on the loading condition. A screw dislocation can in princi-
ple be transmitted across TBs via cross-slip, while transmission of a
dislocation with an edge component requires nucleation of a TB dislo-
cation [39,40]. If the latter nucleation is suppressed due to insufficient
shear stress on the TB, the incident 60° dislocation is reflected as
another 60° dislocation. The incident dislocation (with Burgers vector
CD — Ca + aD) and the reflected dislocation (with Burgers vector
BD — Ba + aD) differ only in their flipped screw component: Ca —
Ba+ BTCT. The backward glide of the reflected dislocation is driven by
the externally applied shear loading along C B, which leads to resolved
shear stresses on the 30° Shockley partial dislocation Ba but not on the
90° one aD.

The scenario discussed in this paper uses symmetric simple shear
load along the dislocation line direction of an infinite long straight
dislocation in a quasi-two dimensional setup. A fully three dimensional
situation allows for more nucleation scenarios and thus the activation
stresses in the current setup could be higher than in a fully three
dimensional setup but the fundamental interaction mechanisms are
expected to be unaffected [59].

4.5. Dislocation source mechanism in a twin lamella

In nanotwinned structures, the observed cooperative transmission &
reflection mechanisms act in concert (Fig. 6, Egs. (7) and (8)) leading
to the continuous emission of screw dislocations from neighboring twin
boundaries. This new source mechanism, illustrated schematically in
Fig. 7, operates as a two-step process: initial nucleation of a lattice
dislocation at the TB is followed by repeatable transmission & reflection
reactions across adjacent twins.

1. Nucleation of a lattice dislocation: The process is initiated by
the complete dissociation of a Frank partial dislocation F, which
results in the emission of a 60° lattice dislocation L, from the ini-
tial TB1 gliding toward the neighboring TB2 as illustrated in Fig.
7(a). The Frank partial dislocation F is destroyed after emitting
L, and a mobile TB Shockley partial dislocation, which is not
participating in any of the subsequent steps of the mechanism.

Frank F — Lattice Ly + TB Shockley (10)
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Fig. 7. Schematic illustration of the dislocation source mechanism in FCC nanotwinned structure with simple shear y parallel to dislocation line direction 7 = (110).
Glide direction is indicated by arrow. (a) Lattice dislocation L, emitted from the dissociation of Frank partial dislocation F. (b) Lattice dislocation L, and L, are
reflected between TB1 and TB2 with the consequently emitting screw lattice dislocation S, and .S;.

2. Source mechanism:

(I) The lattice dislocation L, interacts with TB2, inducing the
re-emission of a new 60° lattice dislocation L, that glides
back toward TB1. Concurrently, a screw dislocation S, is
transmitted through TB2. No residual dislocation is left at
TB2.

60° Lattice L, — 60° Lattice L; + Screw Lattice S,

(II) Once L, interacts with TB1, a second re-emission event on
TB1 results in a dislocation of type L, and a transmitted
S, screw dislocation. No residual dislocation is left at TB1

either.
60° Lattice L; — 60° Lattice L, + Screw Lattice S;

The steps (I) and (II) form a repeatable process: with each
repetition a screw dislocation pair S, and .§; with inverse
Burgers vector but same line directions are emitted from
the (nanosized) twin lamella limited by TB1 and TB2 in
Fig. 7(b).

The initial Frank partial dislocation is one possible source of a 60°
lattice dislocation L parallel to the TBs to activate the proposed con-
tinuous source mechanism. Frank partial dislocations can be intrinsic
defects at TBs [22,23] or resulting from dislocation-TB interactions [7,
15]. More generally speaking, defective twin boundaries, i.e. steps at
TBs, can potentially trigger dislocation emission due to stress con-
centration [5,17]. A 60° lattice dislocation can also originate from
a transmitted dislocation [15,40]. Nevertheless, a high stress level is
needed to activate the 60° lattice dislocation emission or transmission,
which is also sufficient to activate the two cooperative transmission
& reflection reactions, as shown in the stress-strain curve (Fig. E.11).
The shown strain range covers the Frank partial dislocation dissociation
leading to an initial lattice dislocation L, and multiple source activa-
tions at an almost constant shear stress level. The repeatable source
mechanism can be disturbed by the emitted screw dislocations due to
the periodic boundary conditions. The Supplementary Movie 1 (Fig.
F.12) shows for rigid fixed boundary conditions in the dislocation emis-
sion direction, three cycles of L, —» L, on TB2, then L, — L, on TBI.
Note that, in the absence of preexisting defects or lattice dislocations,
the deformation of nanotwinned structures exhibits a pronounced stress
drop following dislocation nucleation from the sample surface [52].
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This source mechanism enables sustained dislocation activity within
the nanotwinned structure, and serves as an efficient screw dislocation
source. A single source leads to localized deformation with a saw-tooth
like signature. However assuming multiple 60° lattice dislocations nu-
cleated at different locations (Frank partial defects) within the twinned
structure, it can undergo plastic deformation while maintaining a high
flow stress.

The newly identified screw dislocation source mechanism, when
operating continuously and rapidly enough to accommodate external
loading, would limit further hardening once the activation stress is
reached, because TBs cannot act as strong barriers for screw disloca-
tions [39,60] and the formation of pile-ups is suppressed in nanosized
twin lamellar. In this study, additional dislocations at TBs, e.g. TB
Shockley partials, as reaction partners are not considered, leaving
potential hardening mechanisms open to be explored in future studies.
The detailed hardening behavior is expected to depend on the density
of reaction partners on the TB [61].

Previous studies on dislocation-TB interactions involving either pure
screw or 60° dislocations shows dislocations may or may not transmit
across the TB with residual dislocations [39,40]. This indicates that
dislocation-TB interactions depends on the loading conditions and less
symmetric loading conditions can result in more complex reaction prod-
ucts. Preliminary studies (Supplementary Video 2 (Fig. F.13)) shows a
sample with the twin boundaries rotated by 20° around the Y axis of the
simulation cell, while applying the same simple shear loading. The new
source mechanism still works to continuously emit screw dislocations
(72y ~ 4.72% which leads to 7., ~ 2.14 GPa) when deviating significantly
from the symmetrical loading scenario.

The emitted screw dislocations can follow two competing mecha-
nisms, direct transmission or absorption on TBs, under the influence of
loading conditions [39,59,62,63]. Moreover, absorption is the prefer-
able mechanism for perfect TB without preexisting dislocations [61].
Therefore, the new screw dislocation source mechanism can also con-
tribute to the TB Shockley partial dislocation density, leading to TB
migration and thus to detwinning [49,64,65].

Finally, we will discuss the implications of the newly identified
screw dislocation source mechanism for strategies aiming at enhanc-
ing strength without severely compromising ductility in nanotwinned
metals [6]. In this study, a twin spacing of 20nm is used, permitting
the dissociation of both types of Frank partial dislocations and the
formation of an unstable dislocation source, since a TB Frank partial
dislocation can only emit one TB Shockley partial dislocation and one
lattice dislocation. For larger twin spacings, the cooperative transmis-
sion & reflection reactions are not expected to alter if only a single
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lattice dislocation is trapped in twin lamella. At smaller twin spacings
(4 ~ 10nm), although such small twin spacings enhance the reflection
frequency of lattice dislocation (Fig. 7(b)), the TB Shockley partial
dislocation emission from the TB/GB junctions are reported to becomes
the dominant dislocation source and results in softening [8,17,66].

This finding suggests the existence of an optimal twin spacing (4 in
10 ~ 20 nm) for a strength—ductility synergy of nanotwinned metal com-
patible with a high TB dislocation density with the high stress activated
dislocation-TB interactions instead of easy glide of TB Shockley partial
dislocations along TBs. Dislocation interactions between hard mode (TB
transverse direction) and soft mode (TB glide direction) deformation
can create temporary sessile TB dislocations, e.g. stair-rod dislocations,
which will dissociate further due to stress concentration to prevent
strain localization. Thus, the nanosized twin thickness elevates work
hardening from the interactions between different slip systems without
sacrificing ductility.

5. Conclusion

The energetics and stability of two types of Frank partial dislocation,
exterior and interior, are investigated as defects on twin boundaries.
We confirm that Frank partial dislocation can act as a “one-time” twin
boundary dislocation source. Moreover, we identify a stable, regenera-
ble dislocation source mechanism operative in nanotwinned structures.
The key findings are as follows:

1. After annealing relaxation, both Frank partial dislocation types
are dissociated, in agreement with anisotropic elasticity and
experimental observation.

2. The difference in total energy of the two types of Frank partial
dislocation arises from their core energies. The interior Frank
partial dislocation has a much higher core energy.

3. Frank partial dislocations located on TBs can act as “one-time”
sources, emitting a 60° lattice dislocation and a mobile TB
Shockley partial dislocation.

4. The activation stress from atomistic simulations for lattice dis-
location emission from the exterior Frank partial dislocation
agrees with the experimentally reported pop-in stresses in
twinned Cu [24].

5. Two cooperative transmission & reflection mechanisms with and
without lattice dislocation constriction are identified for the
dislocation-twin boundary interaction: an incident 60° disloca-
tion results in a reflected 60° dislocation and a transmitted screw
dislocation, while details, e.g. intermediate constriction, depend
on the partial dislocation order.

6. A new stable source mechanism in nanotwinned structures is
uncovered: A 60° lattice dislocation confined within a twin
lamella, e.g. nucleated from a Frank partial dislocation, can act
as a continuous dislocation source under shear load perpendic-
ular to the twin plane. This mechanism operates via succes-
sive cooperative transmission & reflection processes at adjacent
twin boundaries, resulting in the emission of screw disloca-
tions on both sides of the twin lamella. Preliminary tests show
that the source mechanism remains active under significantly
asymmetric loading.

The identification of a new, stable dislocation source reveals a
previously overlooked multiplication mechanism that may help explain
the exceptional ductility of nanotwinned materials.
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Appendix A. The dependence of the stacking fault width on twin
spacing and frank dipole separation distance

Fig. A.8 shows the dependency of the width of the stack fault dgz on
twin spacing 4 and Frank dipole separation distance d after annealing
relaxation. In Fig. A.8(a), the stacking fault width dg; for the exterior
Frank partial dislocation increases as the separation distance decreases.
A stable stacking fault width of dgz ~ 2.3nm is reached for A > 5nm
and d > 30nm. Fig. A.8(b) shows that the stacking fault width of

dgp =~ l.Inm converges for 4 > 10nm and is independent of the
separation distance d for the interior Frank partial dislocation. When
the twin spacing A approaches the width of the stack fault, as shown
in the insets of the figures, the expanding stack fault can be blocked
by the adjacent TB. For A > 10nm and d > 30 nm, both types of Frank

partial dislocations exhibit a stable stacking fault width.

Appendix B. The anisotropic and isotropic elastic energy of dislo-
cations and dislocation reactions

The elasticity coefficient K25 is calculated using the sextic for-
malism of Stroh in anisotropic elasticity with the elastic constants
C,,Cy, and Cyy [28]. In Eq. (B.1), the prime denotes elastic constant
transformed into the samples coordinate system, where the dislocation
line direction is along [IOT] (see Fig. 1). For comparison, the isotropic
elastic coefficient K is calculated from the shear modulus of copper
G = 48GPa, Poisson’s ratio v = 0.34, and the angle f between the
Burgers vector and the line direction.

K™ = K(C},.C],.Cl,) (B.1)
. _ 2

Kiso = Gllvﬂ (B.2)
-V

To simplify the presentation of the results as tables, the prelogarith-
mic energy factor Ep. in Eq. (2) is expressed as Ej,. = gszO, in
terms of the ratio of elasticity coefficient and shear module K /G, the
squared magnitude of the Burgers vector 4? in units of ¢?>/36 and E, =
%% ~ 0.087 ¢V nm™!. The lattice constant is a = 3.615A. Applying this
notion for the Frank partial dislocation D5 (1/3[111]), the anisotropic
pre-logarithmic energy factor is Espeis" = gbz E, = 19.92E, with
Kaniso /G = 79,55 GPa/48 GPa = 1.66 and b = 12 in units of a2/36. The
pre-logarithmic elastic energy factors using isotropic and anisotropic
elasticity are summarized in Table B.1, limited to dislocation types
relevant to the current study.

The anisotropic and isotropic energy differences for relevant dislo-
cation reactions AEg = Epoguct = Ereactant, Summarized in Table B.2, are
calculated by subtracting the elastic energy pre-factors of the reactant
dislocations from that of the product.
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Fig. A.8. Dependence of stacking fault width dg; on twin spacing 4 and Frank partial dislocation dipole separation distance d for both Frank partial dislocation
types after annealing relaxation. (a) The exterior Frank partial dislocation reaches a stable stacking fault width of dgz ~ 2.3nm for 4 > 5nm and 4 > 30nm. (b)
The interior Frank partial dislocation reaches a stable stacking fault width of dg; ~ 1.1nm for 1 > 10nm and independent on d.

A (nm)

Table B.1

The anisotropic and isotropic elastic energy of dislocations.
Dislocations b [a] b [a%/36] Kaniso /G E2niso [Ey) K% /G Elo [Ey)
Frank Dé 1/3[111] 12 1.66 19.92 1.52 18.24
Stair-rod sa 1/6 [101] 2 1.73 3.46 1.52 3.04
Stair-rod DB/as 1/6[310] 10 1.33 13.30 1.28 12.80
Stair-rod o'« 2/9 [111] 5.33 1.66 8.85 1.52 8.10
Stair-rod aB” / Da” 1/18 [554] 7.33 113 8.28 1.20 8.80
30° Shockley aB 1/6 [112] 6 1.06 6.36 1.13 6.78
90° Shockley aD 1/6 [121] 6 1.58 9.48 1.52 9.12
60° lattice CD 1/2 110 18 1.41 25.38 1.39 25.02

G =48GPa, C,,,C),,Cyy = 169.9,122.6,76.2 GPa [26] E,=S2

Table B.2

The anisotropic and isotropic elastic energy differences for dislocation reactions.
Description Reactions Eq. # AE;;‘E‘SD [Eol AE}‘;‘; [Ey]
Exterior Frank relaxation 8D — Sa+aD (3) -6.98 —6.08
Interior Frank relaxation Dé - DB/as +aB 4) -0.26 1.34
1/6(110) Stair-rod dissociation Sa = 6C + Ca 5) 9.26 10.52
1/6(130) Stair-rod dissociation DB/as — Da + B5 (6) 2.54 3.10
Dislocation constriction Ca+aD - CD (7a) 9.54 9.12
Transmission & reflection CD - Ba+a’C” +aB” /Da” (7b) -4.38 —-2.65
Transmission & reflection aB” /Da” - aD + BTa” (7¢) 7.56 7.09
Transmission Ba — CTa” +a’a (8a) 8.85 8.10
Transmission & reflection a’a » Ca+a” BT (8b) 3.87 5.46
1/6(110) Stair-rod formation® aB (30°) - aé + 6B Zhu et al. [48] 3.46 3.04
1/6(130) Stair-rod formation” aD (90°) - 8a/CD +Cé plausible 10.18 10.46
90° Shockley dissociation® aD (90°) - aé + 6D Zhu et al. [48] 13.90 12.16

a Alternative reaction: Ca — éa + Cé corresponding to the configuration in Fig. 3 (e).

b Alternative reaction: Da — DB/aé + 6B corresponding to the configuration in Fig. 3 (f).

¢ Alternative reaction of 90° Shockley partial dislocation on TBs associated with an even higher energy barrier.

Appendix C. The dislocation dipole and quadrupole configuration
for dislocation energy calculation

Table C.3 summarizes the results for the dipole configuration (d, 1 ~
40nm) and the quadrupole configuration (d,4 ~ 40 and 80nm). The
reported values are:

+ the ratio of estimated to ideal TB energy yrp/7.

ideal
TB

12

« the elasticity coefficients K (GPa) from the measured prelogarith-
mic energy factor

« the core energy E, (¢Vnm™!)

« the core energy difference ENt — E® between the interior and
exterior Frank partial dislocations

In the dipole configuration, the twin boundary energy exceeds the
ideal value due to a strain of at most 0.26%, which results from the
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(b) Quadrupole configuration

TB1 TB2
T M T
Exteri Exteri
| L

/\/

JLInterior

Frank

Interior
Frank

Fig. C.9. The dislocations and twin boundaries are arranged in a dipole configuration in (a), created by removing one atomic layer adjacent to the TB between
the two Frank partial dislocations. To restore periodicity and eliminate constraints, an additional dipole of opposite sign is introduced on the neighboring TB in

(b), forming a quadrupole configuration.

Table C.3

Dipole and quadrupole configurations: Ratio of estimated to ideal TB energy yp/yd!

s elasticity coeffi-

cients K (GPa) from atomistic data, core energy E, (eVnm™') and core energy difference are summarized
for the exterior and interior Frank partial dislocations.

Configuration Type yrs/yided! K E, Eint — pext
Dipole Exterior 1.159 79.19 0.226 1.701
d, A~ 40nm Interior 1.144 79.71 1.927
Quadrupole Exter‘ior 1.075 79.76 0.229 1.777
d, A~ 40nm Interior 1.052 79.62 2.006
Quadrupole Exterior 1.015 79.56 0.365 1741
d, A~ 80nm Interior 1.012 79.36 2.106
removal of one atomic layer out of 384 between the dislocation dipole.
In the quadrupole configuration, overall no atomic layer is missing, and 8 + — Interior Frank
the twin boundat.‘y energy closely matches the ideal value at d, 4 ~ —— Exterior Frank
80nm. In all configurations, the prelogarithmic energy factor for both = 61
Frank partial dislocations on th_e twin boundary agrees well with the E
anisotropic elasticity value K25 = 79.55 GPa. Although the absolute c
core energy E, shows some dependence on size and configuration > 41
details, the difference in core energy between both dislocation types =
remains consistently significant (=~ 1.740eV nm~! + 3%). LLLI) 2
+m
Appendix D. TB energy contribution estimation Ll'.l_ 0E—s
%00°
To access the dislocation core energy from the atomistic results,
the following scheme is employed: We estimate the twin boundary 2 0 5 ‘IIO 1'5 20
energy contribution by calculating the dislocation elastic energy Eg
using the pre-logarithmic energy factor E,. = K anisop? /47 as detailed R (nm)

in Appendix B. For dislocations parallel to the twin boundary, E.
remains identical to its bulk value, and no image forces arise due
to the twin orientation relation. This is a particular property for the
twin misorientation relation also confirmed by numerical evaluation of
interfacial energy prefactors [60,67].

By subtracting the cohesive and elastic energy terms from Eq. (1),
the remaining energy per unit dislocation length is expressed as a
linear function of the cylinder radius R, where the slope corresponds to
twice the twin boundary energy 2yrp and the intercept yields the core
energy:

= Erg(R,rr)/L + E.(r)

= 2Ryg + E.(r¢)

(Eiot(R) = N(R)E op)/L — E:lmso(R, re)
(D.1)

The sum of the TB energy and the core energy from the atomic
simulations is found to be linearly proportional to R in Fig. D.10. The
estimated TB energy per unit area yqp is derived from the two slopes

13

Fig. D.10. Dependence of the TB energy Ez(R) per length and core energy
E. as function of the outer cylinder radius R calculating the elastic energy
E, in Eq. (D.1) using the anisotropic elasticity coefficient K2 = 79.55GPa
(see Appendix B).

~
~

2yrg for R in the range 5 to 20nm leading to y%t 1.1593/_11.‘};31 and
7%; ~ 1.144;/;‘3:31. The linear regressions used to find the prelogarithmic
energy factor Epre (Fig. 3(h)) and the TB energy yrg (Fig. D.10) have

coefficients of determination of R?> > 0.997, showing an excellent fit.

The observed linear behavior confirms the assumptions of indepen-
dent Frank partial dislocations and uniform twin boundary energy in
presence of the Frank partial dislocations and spurious normal stresses

due to the periodic boundary.
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Fig. E.11. Shear stress-strain curve for an exterior Frank partial dislocation
under simple shear: solid and dash lines for periodic and rigid fixed boundary
conditions in dislocation emission direction (X direction). After the Frank
partial dislocation dissociation (r,, ~ 4.8%), the further transmission &
reflection reactions occur at an almost constant shear stress (dash lines in range
Y2y ~ 4.85% to 5.73% corresponding to Supplementary Movie 1 (Fig. F.12)).
Only a slight decrease in shear stress (solid line) with further increasing strain
is observed due to periodic boundary conditions.

Fig. F.12. Supplementary Movie 1 (first frame) with symmetric simple shear
(v, ~ 4.85% or 7,, ~ 2.22GPa) and rigid fixed boundary conditions in dis-
location emission direction (X —axis). Lattice dislocation emission and further
three cycles of repeatable transmission & reflections are observed (,, ~ 4.85%
to 5.73% in Fig. E.11).

Appendix E. Shear stress-strain curve

See Fig. E.11.

Appendix F. Supplementary movie

See Figs. F.12 and F.13.

Appendix G. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.msea.2026.150362.

Data availability

Data will be made available on request.

14

Materials Science & Engineering A 971 (2026) 150362

Fig. F.13. Supplementary Movie 2 (first frame) of preliminary test with non-
symmetric simple shear (yzy ~ 4.72% or 7,, ~ 2.14 GPa) with 20° clockwise
rotated twin boundary and rigid fixed boundary conditions (X—axis). Lattice
dislocation emission and further two cycles of repeatable transmission &
reflections are observed (y,, ~ 4.72% to 5.34%).
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