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ABSTRACT

We have observed a new deformation twinning mechanism using HRTEM in
polycrystalline Ag films, zero strain twinning via the nucleation and migration of 23{112}
incoherent twin boundary (ITB). This twinning mechanism produces a near zero
macroscopic strain because the net Burgers vectors either equals to zero or is equivalent
to a Shockley partial dislocation. This observation provides new insight in understanding
deformation twinning and confirms a previous hypothesis: de-twinning could be
accomplished via the nucleation and migration of 23{112} ITBs. The zero-strain twining
mechanism may be unique to low staking fault energy metals with implications for their

deformation behavior.
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Twinning is a typical plastic deformation mechanism, accomplished by the glide of
twinning dislocations (TDs) to generate macroscopic strain [1, 2]. Deformation twinning
has been widely observed in materials with different crystal structures, such as body-
centered-cubic (bcc) [1], face-centered-cubic (fcc) [3-8], hexagonal-close-packed (hcp)
[9-13], and others [14-16]. For fcc metals, the tendency of deformation twinning is mainly
determined by its stacking fault energy (SFE) [17]. For fcc metals with medium-to-high
SFEs such as Cu and Al, dislocation slip is the preferred plastic deformation mechanism
for coarse-grained metals. For fcc metals with low SFE like Ag, plastic deformation is
accomplished by a combination of dislocation slip and deformation twinning [18]. Many
twinning mechanisms have been proposed, including the pole mechanisms [19], prismatic
glide [20], faulted dipole [16], and others [14,15]. These deformation twins are
accomplished by the glide of twinning dislocations (TDs). TDs usually all have the same
Burgers vector so that the Peach-Koehler glide forces on the TDs have the same sign and
they move along the same direction [2]. As a consequence of twin propagation, a net
macroscopic strain is generated.

Is it true that deformation twinning always produces a net macroscopic strain?
Recently, Wu et al. proposed a new twinning mechanism, random activation of partials
(RAP), to explain the zero net macroscopic strain phenomena associated with twinning in
nanocrystalline Al, Ni, and Cu [21]. It is noticed that since the participating Burgers
vectors sum to zero in the random activation of partials mechanism, RAP twinning must
produce zero net macroscopic strain. More recently, Wang et al. reported their in-situ
TEM observation and revealed a new de-twinning mechanism in Cu, in which de-

twinning is accomplished via the collective glide of £3{112} ITBs [22-25]. Since X3 {112}



ITBs can be presented with a set of Shockley partial dislocations with a repeatable
sequence by:bi:b; on every (111) plane [22], a noteworthy characteristic of the three
partial dislocations is that the sum of their Burgers vectors in one unit equals zero [22,
23]. Accompanying with de-twinning in Cu, the net macroscopic strain must be zero.
Some analogous mechanisms had been postulated by Christian who explained the fcc to
hcp transformation in metals [26] and by Mahajan et al. [27] to explain the formation for
annealing twins.

It is still a puzzle why such twin boundaries (front tip of deformation twins) move
under zero or very small net Peach-Koehler force due to the zero net Burgers vectors. It
was understood that the transformation [26] and annealing twinning [27] can be driven by
the Gibbs free energy difference, and the de-twinning mechanisms for thin twin lamellae
can be driven by reducing the area of twin boundaries [25]. Comparing with the above
mechanisms [25-27], deformation twinning through the mechanisms in Refs. [21, 25] will
create new high-energy twin boundaries, thus it is not energetically favorable. To explain
the motion of such boundaries, Wu et al. [21] proposed the RAP mechanisms, i.e, the
random nucleation and emission of partials at GBs in nanocrystalline metals. It is
possible for small grain size due to the stress fluctuation. However, the nucleation could
be random for partials with different Burgers vectors due to the local stresses, but the
further gliding of partials must be subjected to a positive Peach-Koehler force [2]. Thus,
Wang et al. propose a stop/start, move/drag, partial dislocation mechanism [25], in which
23{112} ITB goes from an equilibrium state, to a non-equilibrium state, then back to an
equilibrium state again. They also observed that ITBs could be pinned due to the

interaction of lattice dislocation with ITBs using in situ TEM [24]. But the experiment



evidence is still insufficient corresponding to deformation twinning via the collective
glide of ITBs.

In this letter, we report deformation-twinning mechanisms, with a focus on the zero
strain deformation twinning, in polycrystalline Ag films. Owing to the low SFE,
deformation twinning in Ag is easily activated. The further analysis is performed at a high
resolution transmission electron microscope (HRTEM) to identify twins and twinning
mechanisms combining with dislocation theory and atomistic simulations.

High purity 99.99% silver films with the thickness of 1 mm were used for the
experiment. Annealing was carried out at 1073K, less than 10 Pa to eliminate crystalline
defects. After annealing, the films were cooled in liquid nitrogen, and then immediately
rolled to 50 wm thickness (95% rolling strain) at room temperature. The 3-mm diameter
transmission electron microscope (TEM) specimen were cut from the films, and thinned
by double-jet electro polishing in solution of 10% perchloric acid, 10% glycerol and 80%
methanol at 213K in a TenuPol-5 electropolisher. TEM observation was conducted using
a JEM2100F microscope with a point-to-point resolution of 0.23 nm.

Fig. 1 (a) is taken after annealing, showing no twins while dislocation lines can be
observed, although minor annealing twins have been found elsewhere. After mechanical
rolling, Fig. 1(b) and (c) show a lot of twins observed in grains (the grain size ~ 1 um).
These twins have an average thickness of 50~60 nm and two types of twin boundaries,
23{111} coherent twin boundaries (CTBs) and X3{112} incoherent twin boundaries
(ITBs). For most twins, one of two ends is at grain boundary and the other end is inside
of grains. Dislocation debris has been found in other area under HRTEM although Fig.

1(c) shows dislocation free with the regular TEM image. Two regions in Fig. 1(c) are



marked for the further analysis. It is worth mentioning that the region R2 shows a twin
with both ends inside of the grain.

To identify the characteristics of the front tips of deformation twins, HRTEM
analysis is conducted for regions R1 and R2 (Fig. 1c). It is noted that (1) a repeated
pattern with the periodicity of three times of the interplanar spacing of {111} planes is
clearly observed (Fig. 2(b), (c) and (e)), (2) the 9R structure is bounded between the two
phase boundaries', PB1 and PB2 (Figs. 2(b) and (¢)), and (3) the extra spots compared to
regular fcc <110> SAED (Fig. 2(f)). All these points confirm that the ends of twins are
¥3{112} ITBs. In addition, the most intriguing result from the TEM analysis of R2 is that
the twin has X3{112} ITBs as both ends, which supports our hypothesis that deformation
twins can propagate with the front end as 23{112} ITBs, i.e., the sum of Burgers vectors
of partials at the front is equal to zero.

However, it is not clear whether these twins are experiencing twinning processes or
de-twinning processes. Fig. 3 shows a series of TEM images containing a twin end —
>3{112} ITB. The width of the 9R structure is initially measured about 12.5 nm, then
reduces to 4.5 nm and finally is stabilized at 1.2 nm, which is close to the equilibrium
distance of 1.0 nm at zero applied shear stress [23]. It is worth mentioning that (1) PB1
moves downwards, (2) PB2 moves upwards, but (3) PB2 moves slower than PB1. This
collapse process can be ascribed to the relaxation of the pre-existing internal stresses by
electron beam annealing applied in the TEM sample. Accompanying with the relaxation

of internal stresses, the initial equilibrium on the force applied to partials can be

"PBI represents an array of Shockley partial dislocations b, separated by every two
{111} atomic planes acting as the front tip of the deformation twins; PB2 represents an
array of Shockley partial dislocations separated by every {111} atomic plane with a
consequence by:bs in the boundary of the twin and 9R structure.



destroyed, resulting in the glide of both boundaries corresponding to the reduction of the
width of the 9R structure. The moving distances for PB1 about 10 nm downwards and for
PB2 1.0 nm upwards. The difference of the moving distances implies that PB2
experiences a higher Peierls force than PBI1. To address the influence of the local shear
stress on the atomic structures of X3{112} ITBs, we conducted molecular dynamics
simulations for Ag. As shown in Fig 3(d), owing to the mirror symmetry of two crystals
across a twin boundary, Shockley partial dislocations b; (forming PB1) could be in the
left or the right side of the boundary PB2 at zero applied shear stress. At a certain applied
shear stress, Shockley partial dislocations b; only can be in one side corresponding to the
Peach-Koehler force, for example of the lower configuration in Fig. 3(d) with shear stress
of 100 MPa. In other words, the position of PB1 at the applied shear stresses serves as a
flag, indicating the propagation of a twin along the twinning direction (twinning when the
PBI acts as the boundary between the matrix and the 9R structure) or along the opposite
direction (de-twinning when the PB1 acts as the boundary between the twin and the 9R
structure). Combining in-situ TEM results with atomistic simulations, we can find that (1)
the internal stresses exist in the rolled Ag films in Figs 2 or 3(a), and (2) the net Peach-
Koehler force acting on the Shockley partials b; (PB1) towards the twinning direction of
the deformation twin because of the PB1 acting as the boundary between the matrix and
the 9R structure, implying that the deformation twins observed in Ag is experiencing a
twinning process.

Coupling atomistic simulations and experimental observations, we here discuss the
motion mechanism of ITBs. When the ITB is subjected to a shear stress 7, the Peach-

Koehler glide force on the partial dislocation b; is composed of the contribution of the



applied shear stress, the contributions of dislocation interactions, the interface tension
arising from the stacking fault, and any Peierls force or other friction type force. The
Peierls force may be negligible for b, typical of isolated partials in fcc metals [2].
However, a Peierls force may be present for the paired partials b, and b3 (illustrated in
Fig 3(d)), as implied by in-situ TEM observation (Fig. 3), because they remain closely
spaced in the residual ITB and may correspond to a relaxed nonlinear structure (the
paired partials are hard to break away from each other due to the attractive force
originating from the interaction of their screw components). When the ITB (containing
three types of dislocations), whether compact or dissociated, is in the equilibrium state,
the net force equals to zero regardless of the magnitude of the applied shear stresses. For
the near equilibrium state, a slight increase in stress would move the partial dislocation b,
because the partial dislocation b; is initially more mobile than the other two partial
dislocations [22]. For the first scenario an increased stress is required for the partial
dislocation b; to overcome the interaction force, but the latter drops as it moves tending
to produce breakaway at constant stress. However, locally the plastic strain associated
with the motion of the partials should produce a load drop, tending to arrest the motion of
partial b,. The load drop would be permanent under constant applied strain, or temporary
(over a period where an elastic wave reaches the remote free surface and returns) under
constant applied load. Then the paired partials (b, and b3 ) would have SFE plus the
interaction force pulling them and decreased applied force acting on the paired partials so
they could move to approach the b, partial until again reaching the equilibrium
spacing. This process could repeat, resulting in the migration of ITBs in the direction

favored by the applied force acting on the b, partials, during which zero deformation twin



is developed. Locally, the situation would represent a stop/start, jump/drag displacement
situation with some waiting time [25].

It is worth to discuss the nucleation of such zero-strain deformation twins. As
observed in TEM images, most deformation twins originate at grain boundaries. Similar
to a grain boundary nucleation mechanism in nanocrystalline materials [21] and a
dissociation mechanism of grain boundary dislocations in Mg [28, 29], the nucleation of
a deformation twin with £3{112} ITBs as its front tip may require some structural
characteristics of the grain boundary, for example, the grain boundary is close to £3{112}
ITBs, then dissociate to one £3{112} ITB and the other grain boundary. Further TEM
studies are required to address the structural characteristics of grain boundaries.

In a summary, we have observed a new deformation twinning mechanism using
HRTEM in polycrystalline Ag films, twinning via the migration of X3{112} ITBs. As a
result of the net zero Burgers vector at the twin front, this twinning mechanism does not
produce macroscopic strain. This observation provides an evidence for our previous
hypothesis (de-twining could be accomplished via the nucleation and migration of
23{112} incoherent twin boundary at grain boundaries) [25], and opens a new insight in
understanding deformation twinning, especially the effect of atomic structures of grain
boundaries [28, 29].
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Captions of Figures:

Figure 1.

Figure 2.

Figure 3.

(a) TEM image of the silver after annealing. (b) and (c) TEM images of the
silvers at grain size (~lum) after cold rolling to 95% strain, showing twins with
the average twin thickness of 50~60 nm, and two types of twin boundaries:
coherent twin boundaries (CTBs) and incoherent twin boundaries (ITBs). For
most twins, one of two ends is at grain boundary and the other end is inside of

grains. Two regions, R1 and R2 in (c) are marked for the further analysis.

Characterization of the front end of deformation twins. (a), (b) and (c)
correspond to region 1 in Fig. 1 (c): (a) the magnification of R1, (b) HRTEM
image of the front end composed of PB1, 9R, and PB2, and (c) the
magnification of PB1 shows Shockley partial dislocations separated by every
three atom planes. (d) and (e) correspond to region 2 in Fig. 1(c): (d) the
magnification of R2, and (¢) HRTEM image of one end of the deformation
twin, showing a wider ITB composed of PB1, 9R, and PB2. In (b) and (¢), PB1
represents an array of Shockley partial dislocations b; separated by every two
{111} atomic planes act as the front tip of the deformation twins; PB2
represents an array of Shockley partial dislocations separated by every one
{111} atomic plane with a consequence b,:b; in the boundary of the twin and
9R structure. (f) <110> SAED pattern corresponding to (¢) shows the extra
spots in comparison with a normal fcc structure. The symbol “L” indicates

Shockley partial dislocations b; in the PB1.

A series of snapshots showing the collapse of 9R structure during TEM
observation, from (a) initial 12.5 nm, to (b) 4.0 nm, to (c) a stable size of 1.2
nm. The collapse of 9R structure is accomplished via the glide of PB1 and
PB2. PBI moves 10 nm downwards and PB2 moves 1.0 nm upwards from (a)
to (c). (d) Atomic structures of X3{112} ITBs in Ag. The top shows the
equilibrium structure at zero applied shear stress and the lower at the applied

shear stress of 100 MPa.
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Figure 1 Liu et al.
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Figure 2
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Figure 3
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