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We report experimental investigations on interactions/reactions between dislocations and twin boundaries in Al. The absorption
of screw dislocations via cross-slip and the production of stair-rods via reactions with non-screw dislocations were verified by atomic
resolution imaging. Importantly, the resulting partial dislocations moving along twin boundaries can produce secondary sessile
defects. These immobile defects act as obstacles to other dislocations and also serve to pin the twin boundaries. These findings show
the atomic-level dynamics of the dislocation—twin boundary processes and the unique strengthening mechanism of twin boundaries

in face-centered cubic metals.
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Dislocations and internal boundaries are two
fundamental elements underpinning the strength and
ductility of metals [1-4]. The Hall-Petch relationship de-
scribes the grain size effect on the strength of the mate-
rial, assuming that internal boundaries act as
mechanically static obstacles to dislocation motion
[5,6]. However, the dynamic atomic-level response of
dislocations and internal boundaries is less well under-
stood, although grain boundaries (GBs) are generally
known to emit and/or annihilate dislocations during
plastic deformation [2,7]. While twin boundaries (TBs)
are coherent planar defects, they are found to influence
the mechanical behavior of many materials [8-17].
Deformation twins are believed to play critical roles in
the high strength and ductility of austenitic steels with
a high work hardening rate [13]. A large fraction of
TBs is important in superalloys that are used for very
high temperature applications [14]. Strengthening mate-
rials by conventional grain refinement (introducing
more GBs) invariably affects ductility adversely. Inter-
estingly, TBs are found to strengthen metals without se-
vere loss of ductility [15-17]. Additionally, materials
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containing a high density of pre-existing TBs or dynamic
deformation twins show higher work hardening rates [9].
This indicates that these twins, in addition to acting as
simple static barriers, must also interact with disloca-
tions in other ways. The underlying mechanisms of these
additional interactions are still not well understood be-
cause of difficulties in obtaining experimental atomic-le-
vel data of the actual dislocation-TB interactions.
Instead, computer simulations have been performed,
elucidating some dislocation—TB interactions/reactions
at the atomic level, such as cross-slip of screw disloca-
tion and the formation of Cottrell-Lomer locks [18-23].

Twins in Al are rare due to its high stacking fault (SF)
energy [11,20-25]. Deformation twinning has rarely
been reported in Al with grains larger than 100 nm,
although simulations showed the possibility of deforma-
tion twinning in nanocrystalline Al [20]. Reversible twin-
ning was observed once at a crack tip on a thin foil of
coarse-grained Al by in situ transmission electron
microscopy (TEM) observation [24]. Here, we report
experimental observations of dislocation—-TB interac-
tions and reactions in Al particles about 100 nm in
diameter, providing some significant insights into the
unique strengthening mechanism of TBs. Some of the
experimental observations have not yet been predicted
even by computer simulations. We believe the observed
scarcity of twins in these Al particles makes it more
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straightforward to observe and interpret dislocation-TB
interactions. Thus, we used this model system to investi-
gate strengthening mechanisms in face-centered cubic
(fcc) metals at the atomic level.

We investigated dislocation-TB interactions and
reactions in ultrafine Al particles about 100 nm in diam-
eter by high-resolution TEM (HRTEM). The Al parti-
cles were synthesized by evaporation of high-purity
(99.995 at.%) aluminum foils. The particles were first
passivated, then compacted into disks at 1.0 GPa at
room temperature, during which adjacent particles acted
as indenters to each other. Microstructures of deformed
aluminum particles with twins were investigated in a
JEOL 2010 microscope. The amorphous oxide shell
encapsulating each Al particle keeps the particles from
coalescing and instead forces deformation processes to
occur [26].

Figure la shows a TEM image of a twinned Al par-
ticle about 100 nm in diameter with a dent at the upper
right corner. The observed TB is the result of a deforma-
tion twin, not a growth twin. A growth twin that could
arise from the coalescence of two adjacent particles dur-
ing consolidation would be expected to contain a sym-
metrical neck due to the high surface tension at the
boundary position. Figure 1b is an HRTEM image of
the TB recorded along the [110] zone axis. Steps going
up and down can be identified along the TB in the
HRTEM image, indicating that Shockley partial dislo-
cations with different Burgers vectors have moved along
this boundary. It can thus be concluded that disloca-
tion-TB reactions must take place in the Al particle.
Moreover, dislocations on different (111) slip planes
have reached and reacted with the TB.

Figure 2a is an HRTEM image showing the atomic-
scale structures from one local region where disloca-
tion—TB reactions occurred. First, a notch, about 1 nm
deep and 3 nm wide, is identified between a pair of steps.
The atomic columns at the notch’s walls deviate from
the ideal [110] projections of the fcc lattice positions,

Figure 1. A Eleformed twinned Al particle. (a) TEM image; the inset
shows the [110] electron diffraction pattern. (b) HRTEM image, with
the local twin relation indicated.
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Figure 2. Atomic configurations of dislocation-TB reactions. (a)
HRTEM image. O, atomic columns in the TB plane and its vicinity;
[, ideal positions of atomic columns; <, shift direction; L, 60°
dislocation; white bars, outline of lattice distortion around the
dislocation core. (b) Atomic model showing TB migration with the
Thompson’s notation. (c) Lattice distortion in the vicinity of the core
of a 90° partial, overlapped on the image. The black curve shows the
line profile for a reference {111} plane in the matrix; the red and green
curves represent the line profiles for the two planes marked by black
and white circles, respectively. ... and A, local (111) lattices and their
rotation angles. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

as shown schematically by the shift from the white
square to the black circle in Figure 2a. Atomic columns
on both walls of the notch in the two (111) planes
marked by arrows deviated from their ideal fcc lattice
positions by about one-third of the distance between
two neighboring atomic columns, indicating the exis-
tence of 30° partial dislocations at the notch’s walls.
An incident perfect screw dislocation in plane ABD
could split into two 30° Shockley partials in the TB
plane ABC via cross-slip:
ABABD = A’Y + ’YB Cmifhp/ls + 6B = ABABC (1)
This reaction is energetically favored, since no cross-
slip energy barrier is required once a TB is present [7].
Glide of the dissociated Shockley dislocations moves
the TB one atomic layer, as shown in Fig. 2b. TB migra-
tion via absorption of dislocations releases some resis-
tance to the motion and multiplication of other
dislocations inside the grain by decreasing the disloca-
tion density. This process refreshes the capability of
the grain to plastically deform. This might be one of
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the reasons why nanotwinned metals [15] have consider-
able plasticity. In addition, the present observations sug-
gest that deformation twinning in this particle originated
from the nucleation of an SF at the top surface (similar
to the emission of Shockley partials from GBs in bulk
material [16,20]), and subsequent reactions with screw
dislocations that moved the boundary to the center of
the particle. The dislocation at the left side of the notch
in the double-arrowed (111) plane in Fig. 2a is a 90°
partial from dissociation of a 60° dislocation CA or
CB gliding originally along the TB plane ABC, and
the lattice distortion is quantified in Fig. 2c. The local
lattice spacing in the two circle-marked planes is com-
pressed (black circles, red curve) and expanded (white
circles, green curve), respectively, compared with the ref-
erence lattice (black curve), as shown by the correspond-
ing line profiles for each plane. The local (111) lattices
rotate gradually from the ideal fcc lattice in the lower
grain to that in the upper twin across the notch’s wall,
which matches the Burgers vector of a 90° partial. The
lattice distortion along the TB is expected to create a
repulsive stress field to oppose dislocation motion to-
wards the TB, strengthening the material. Additionally,
the existing partials can form pile-ups along the TB
[20,23], providing a back stress to subsequent disloca-
tion—TB reactions. This would then require an increased
applied load to push the lattice dislocations into the TB.

Also shown in Figure 2a is the existence of a stair-rod
dislocation, yé, as evidenced by the identified misfit of
(111) planes. This dislocation results from a reaction be-
tween a 60° perfect dislocation and the TB, as:

DA — Dy + yA — Dy + v6 + 0A (2)

in which the leading partial, yA, is further dissociated
into a 30° partial, 8A on the TB plane and the stair-
rod dislocation, y8 (1/6 [110]). The trailing partial,
Dy, the stair-rod, y8, and the SF in between formed a
Cottrell-Lomer lock [7], while the 30° partial dA glided
away on the original TB. The resulting stair-rod disloca-
tion makes it more difficult for subsequent dislocations
to glide along the TB.

A 60° perfect dislocation arriving at the TB was ob-
served below the stair-rod, y8, in the lower grain, as
shown by “1” in Fig. 2a (the inset shows the corre-
sponding Fourier-filtered image). According to the lat-
tice distortion indicated by the white bars, the strain
field of this incident 60° dislocation clearly indicates
strong repulsion from the TB. It is not obvious if this
repulsion is primarily due to the presence of the TB or
the stair-rod dislocation.

Figure 3a is an HRTEM image showing two partials
coming together on the same side of the TB. The left
and right dislocations are respectively b; =1/6 [211]
and b, = 1/6 [121] partials, which advance the TB by
shifting atoms originally on lattice sites “4” to “B”, as
shown in Figure 3b. The atoms in between the two par-
tials were thus subjected to stresses forcing them to move
from sites “A” to positions just above the occupied “C”
sites in the plane underneath. However, if the two partials
react, they would produce another partial dislocation
that is not permissible. 1/6[211]+1/6[121]=1/6
[112] = —b; is not a permissible glide direction on the
original TB [7]. Figure 3c shows the [110] projection
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Figure 3. Meeting of two partials on the same (111) plane. (a)
HRTEM image. Burgers circuits are outlined by black arrows. (b and
c¢) atomic model for an abnormal stacking adjacent to the TB viewed
along [110] and [111], respectively. In (b), the atoms originally at the
dotted circles were shifted to the open circles via glide, as indicated by
the Burgers vectors b; and b,, and the “L1” symbols indicate the
corresponding partials. In (c), the abnormal and normal stacking
sequences are given. (d) Strain map surrounding the abnormal SF.
Horizontal solid and dotted lines (a and d) mark the new and original
TBs, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

for the unexpected stacking seen between the two disloca-
tions in Figure 3a. Figure 3d shows the strain surround-
ing the defects, with a maximum lattice contraction about
7% perpendicular to the fault plane rather than expan-
sion that is expected (“C-C” stacking is less close-packed
than “A-C”). The observed lattice contraction suggests
that vacancies are present between the dislocations. The
lattice contraction observed here is not present at SFs
produced by ball-milling and/or a Frank loop induced
by electron beam irradiation in Al [20,24].

Figure 4a is an HRTEM image showing the interac-
tion of two 30° partials gliding on two different (111)
slip planes. The left partial “1” (1/6 [121]) originates
from the dissociation of a dislocation in the lower grain
and the right partial “2” (1/6 [211]) is from the upper
twin, as depicted in Figure 4b. Partial “1” glides on
the plane above the original TB plane and moves the
TB one atomic layer up, while glide of partial “2” ad-
vances the TB one atomic layer down. Further glide of
partial “1” past the point where the two partials are
vertically aligned would bring about an SF requiring
higher stress to move the dislocation. More importantly,
the 1/6 [211] glide of partial “2” is not permitted in the
lower grain after the 1/6 [121] detwinning by partial
“1”, since it would produce a local “B-B” stacking, as
shown schematically in Figure 4b. Therefore, the two
partials obstruct each other. The defect structures result-
ing from the dislocation-TB reactions shown in Figures
3 and 4 make the TB migration difficult, and also in-
crease the strengthening effect of the TB. The complex
defect structures we observed resulted from multiple dis-
location—TB reactions. These defect structures have not
been predicted by simulations, since simulations usually
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Figure 4. Meeting of two partials on two consecutive (11 1) planes. (a)
HRTEM image. (b) Atomic model. The white arrow in (a) and the
horizontal dashed line in (b) indicate the original TB plane. In (b), the
moving direction of partials is indicated by arrows, while the dashed
(111y) planes represent those before the dislocation-TB reaction. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

model single event dislocation-TB interactions [27]. For
the real Al nanoparticles under compression, each parti-
cle was contacted by surrounding particles along various
directions, which resulted in complex dislocation activi-
ties inside the grain.

It was demonstrated that even energetically unfavor-
able dissociation reactions could occur for leading/twin-
ning Shockley partials impinging TBs in materials with
relatively low SF energies [28]. Twin—twin interaction
was also often observed in materials with low SF ener-
gies [28,29], which might be rare in materials with high
SF energies. Therefore, the effect of TBs on the strain
hardening behaviors could be slightly different for mate-
rials with different SF energies.

Using plastically deformed Al particles, our atomic-
scale observations reveal how TBs can impede disloca-
tion motion. The TBs facilitate plasticity by absorbing
screw dislocations. In addition, the TBs impede disloca-
tion motion by producing sessile defects via the follow-
ing processes: (i) formation of stair-rods and/or
Cottrell-Lomer locks directly via reactions with non-
screw incident dislocations; and (ii) production of sessile
defects on the TB plane that arise from reactions be-
tween dissociated partials moving along the TBs. The
observed active participation of the TBs in dislocation

reactions has important ramifications on the strengthen-
ing mechanisms in fcc materials.
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