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ABSTRACT

In this work, we use in-situ TEM in combination with finite elemental analysis to reveal the sub-grain
boundary formation during bending of Cu single crystal. The deformation process is featured by
dislocations propagation, formation of stacking faults and deformation twins, and subsequent for-
mation of a sub-grain boundary. Finite element analysis of stress distribution indicates the stacking
faults and deformation twins are all initiated from the region that corresponds to the maximum shear
stress. The formation of the sub-grain boundary is through the intersection between primary and

secondary stacking faults/deformation twins.
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Real-time observation of the plastic deformation process during the bending of Cu single crystal,
reveals the sub-grain boundary formation through the intersection between primary and secondary

stacking faults/deformation twins.

Introduction

Plastic deformation at large strain induces pumped up
of dislocation density by orders of magnitude and cor-
respondingly microstructure evolution that is featured
by grain refinement, resulting in excellent mechanical
properties in metals and alloys [1-3]. Various severe plas-
tic deformation (SPD) techniques have been developed
to enhance the properties of metallic materials, such as
high-pressure torsion, equal channel angular pressing,
and accumulative roll-bonding [4, 5].

In the last decades, extensive efforts have been
devoted to understand the SPD induced grain refine-
ment with numerous sub-grain and grain boundary
formations [4, 6-8]. Two well-accepted mechanisms
have been proposed to account for the grain refine-
ment process. One is the dislocation activities dominated

mechanism, including dislocation nucleation and mul-
tiplication, accumulation, interaction, tangling and spa-
tial rearrangement[9-11], which is well documented for
metallic materials with medium and high stacking fault
energy (SFE) deformed at conventional strain rates and
ambient temperature. During deformation, each coarse
grain is divided into cell blocks and cells with cell
boundaries formed by dislocations. Some cell boundaries
transformed into sub-grain boundaries with small mis-
orientations. With increasing strain, some neighboring
cell blocks with increased misorientations become high-
angle (above 15°) grain boundaries eventually, which
result in the formation of smaller grains inside the ini-
tial coarse grains. The other mechanism is dominated by
deformation twinning, which normally occurs in hexag-
onal close-packed (hcp) as well as body-centered cubic
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(bcc) /face-centered cubic(fcc) metallic materials with
low SFEs, especially at high strain rate and low tem-
peratures as dislocation slips are effectively suppressed
[12-14]. Based on microstructure observations in var-
ious fcc metals under deformation, different mecha-
nisms have been identified for the deformation twin-
ning dominated refinement due to SFE, grain size, strain,
strain rate, and temperature, such as fragmentation of
twin/matrix (T/M) lamellae where the dislocations accu-
mulated within T/M layers or at twin boundaries (TBs)
to fragment lamellae into refining grains [12, 15], for-
mation of secondary twins subdividing the lamellae into
prismatic nanosized blocks [16], twin-twin intersection
dividing two sets of T/M lamellae into rhomboid blocks
[16, 17], shearing banding of T/M lamellae with equiaxed
nanosized grains [15]. In addition, the grain boundary
(GB) mediated mechanisms, such as grain rotation and
GB-sliding, may play significant roles when the grain
size comes to nano scale [3]. For the fcc metals with
medium SFE (such as Cu, ~78mJ/m? [18, 19]), sub-
grain boundary formation is considered to be associ-
ated with deformation twinning in material featured by
nanometer grain size, while dominated by dislocation
activities for micrometer grain size [12, 13, 20].
However, due to most of these investigations about
microstructural changes focused on the late or steady-
state stages, there is a lack of knowledge about critical
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information governing dynamic deformation. In-situ
transmission electron microscopy (TEM) observation
with mechanical testing, as has already demonstrated
with various deformation behavior with crystal defects,
such as dislocation glide [21-23], (de)twinning [23-28],
and GB migration [29-31], provides powerful approaches
to unravel the mystery of dynamic deformation pro-
cess [32, 33]. So far, the understanding of the dynamic
GB formation process induced by plastic deformation
[34] is very limited, especially in materials with micron-
grain size which is generally used for SPD instead of the
nanocrystal.

In this work, we investigate shear strain induced sub-
grain boundary formation during in-situ TEM bending
of Cu single crystal specimen with micron size. The
deformation process is featured by dislocations prop-
agation, stacking faults (SFs) and deformation twins
(DTs) nucleation, and finally sub-grain boundary for-
mation. Combining the finite element analysis of stress
distribution inside the specimen under bending, the
SFs and DTs all generate from the free surface and
the inner region where the shear strain is the maxi-
mum. Therefore, the shear strain is considered to be
the primary cause for the SFs and DTs nucleation. In
addition, we confirm the intersections between primary
and secondary SFs/DTs induce the sub-grain boundary
formation.

¥SF growth

Figure 1. (a) Schematics illustrating the in-situ bending set-up. (b)The bright-field TEM image shows the as-fabricated Cu single crystal
sample touched by the tungsten indenter. The insert selected electron diffraction indicates the sample has the near [011] projection

direction. (c,

d) The snapshots with dark-field TEM imaging mode of the area marked by the black dash line in (b) during the initial

bending stage, show the SF generated from the free surface of the specimen. The white dash line represents the free surface. (e) The shear
stress (MPa) distribution in the specimen under the initial bending stage was obtained from finite element analysis. (f-h) The following
sequential snapshots show the SF growth and broaden to form DT, as well as some SFs generated from both free surface and inner of the

specimen.
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Experimental methods

The sample for in-situ mechanical testing was fabricated
from 99.99% pure Cu single crystal by the focused ion
beam (FIB) technique using a Helios Dual Beam instru-
ment. A ~ 2 pm thick cube was mounted on a Cu grid.
Subsequent thinning processes were performed, and the
specific sample geometry was shaped by using the ion
beam of 5 kV/16pA to minimize the damage. Bright-field
(BF)-TEM image of the as-fabricated sample is shown in
Figure 1(b). The left-top of the fixed part is cut to allow
more displacement and deformation of the sample before
fracture. The thickness of the cantilever is about 300 nm
to avoid buckling of the sample during bending. Selected
area electron diffraction (SAED) indicates the projection
direction of the sample is near the <011 > axis of Cu.
The in-situ bending was operated in FEI 80-300 Titan
equipped with an imaging aberration corrector by using a
Nanofactory holder. The in-situ set-up is shown in Figure
1(a,b), where the in-situ bending was carried out by mov-
ing the tungsten indenter forward with a constant speed

of about 1 nm s~ 1. All videos were recorded in real-time
by a charge-coupled device (CCD) camera at a rate of 0.2
s per frame. The Supplementary Videos 2, 4, and 5 are
played at 5, 5,10 times of recording frame rate, respec-
tively. Three-dimensional finite element analysis was car-
ried out using the commercial software ABAQUS™
to reveal the stress distribution in the specimen under
in-situ bending.

Results and discussion

During the initial bending process, the formation and
growth of SFs occurred at the area with maximum shear
stress, and some of the SFs integrated to form DTs. As
shown in Figure 1(c), the Cu single crystal specimen
contains a high density of dislocations even before defor-
mation. These pre-existing dislocations may come from
two sources. One is the dislocations originally existed in
the single crystal, while the other one is the dislocations
induced by the FIB milling process. The dislocations
induced by FIB milling should not affect the mechanical

Figure 2. (a-d) The sequential snapshots with dark-field TEM imaging mode show the nucleation and annihilation of one SF with the
secondary (11-1) slip plane (marked as 3) inside matrix lamellae. There are other inactive SFs inside the matrix lamellae marked as 1 and
2.The dash lines in (a) indicate the deformation twin (DT). The insert in (b) indicates the dark-field images are under g = 200. The high-
resolution TEM images of (e) the tip region of DT and (f) the DT lamellae. The insert in (e) shows the FFT. The white and cyanic arrows
indicate the SFs with primary slip system and secondary slip system, respectively. The TBs are marked by dash lines in (a,f).



behavior of the specimen since they only generate at the
surface region less than 10 nm deepness with 5kV/16pA
ion beam [35]. Figure 1(d) shows the first SF initiates
from the free surface. The slight contrast changes in Sup-
plementary Video S1 indicate dislocation propagation
during deformation. As visible from the Supplementary
Video S1, the SF grows inside very quickly as soon as
it is nucleated, therefore it is hard to differentiate the
nucleation and the subsequent growth process. However,
the SF will be trapped by the increasing Peierls-Nabarro
stress (lattice resistance to dislocation motion) [36, 37]
or other dislocations when it is growing inside, leading
to the case of a segment of SF (Figure 1(d)), instead of
crossing the whole specimen. Combining the shear stress
distribution in the specimen obtained from finite ele-
ment analysis (Figure 1(e)), the SF is found to initiate
from the free surface region where the shear stress is cal-
culated to be the maximum. It implies that shear strain
plays an important role in the nucleation of SE With
the increasing bending, SFs are continuously generated
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from the shear stress concentrated region, as shown in
Figure 1(f-h). Furthermore, by absorbing other SFs on
the adjacent slip plane, an SF could gain thickness to form
DT. This dynamic DT formation process can be clearly
observed in Supplementary Video S2. The enlarged DT
in Figure 1(h) shows two needles at the head, which indi-
cates the constituent SFs have different growth speeds.
Meanwhile, along with the increasing bending, the SFs
generated from within the crystal, instead of the free
surface, also have been observed. Combining the finite
element analysis and experimental results, it is clear that
SFs and DTs are both first generated in the region with
maximum shear stress either free surface or within the
crystal. Besides the generation of SFs and DTs, the annihi-
lation of SF also has been observed during in-situ bending
(Supplementary Video S3). Generally, the SF segment is
formed by the gliding of leading Shockley partial dis-
location. The SF existed until another trailing Shockley
partial dislocation emitted and glided along the same
slip plane with the erasure of the SE This deformation

Figure 3. (a) The snapshots with dark-field TEM imaging mode showing the 2D SF network. The SF generated in front of the primary DTs
is marked by the cyanic arrows. (b-d) The sequential snapshots show the SF stays stable and acts as a boundary blocking the growth of
DTs during the increasing bending deformation. The dash lines represent the initial position of boundary and free surface in (b).
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behavior will induce a full dislocation inside the spec-
imen, which is a common defects reaction inside fcc
metals with low/medium SFEs [30, 38-40]. The observa-
tion that both the formation and annihilation of SF occur
within a short period (~ one second) appears to be con-
sistent with the previous observation that the gliding of
partial dislocation is very quick after the nucleation [41,
42].

The SFs and DTs formed in the initial deformation all
have the same (11-1) slip plane, named as the primary
slip plane for easy description. Along with the increas-
ing bending, SF lying on the (1-11) slip plane (named as
secondary slip plane) nucleates within the matrix lamel-
las (Figure 2 and Supplementary Video S4). As shown
in Figure 2(a) (set as 0s), SF segments generate from
the twin boundary (TB) and are arrested within the
matrix lamellae. One second later (Figure 2(b)), another
SF nucleates and grows across the whole lamella (marked
as 3’). Formation of SF ‘3’ should be induced by a leading
Shockley partial dislocation generated at the TB, which
subsequently glides across the lamellae to stop at the
other TB. This SF ‘3’ stays stable for a while (Figure 2(c)),
until the trailing partial dislocation generates and glides

across the twin lamellae, which erasure the SF and left a
full dislocation at the TB (Figure 2(d)). Meanwhile, the
SF marked as 1 and 2 remain intact, likely indicating that
the accumulated elastic energy is not large enough to
surpass the barrier that traps their leading partial dislo-
cations. Figure 2(e) shows the tip region of one DT, which
contains a high density of SFs accompanied by partial dis-
locations, demonstrated by the streaking feature of the
FFT. The TBs in Figure 2(f) also show a similar feature
with a high density of SFs and contain some steps instead
of completely straight. These results imply that DTs can
grow wide by consolidating other SFs. The dark-field and
high-resolution TEM images in Figure 2 both confirm
the SF with secondary slip system activated at the TB in
the matrix lamellae, which is also consistent with previ-
ous reports [39, 43, 44]. These observations demonstrate
that the increasing bending induces activation of the sec-
ondary slip system and the formation of a 2D SF network
inside the specimen, leading to the work hardening of the
material.

Besides the small SF generated inside the matrix/twin
lamellae, an SF segment lying on the secondary slip plane
formed in front of primary DTs as shown in Figure 3(a).

S, Tresca
(Avg: 75%)
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011
013 023

Figure 4. (a) The dark-field TEM image of the specimen at the end stage of in-situ bending. (b) The enlarged image of the region is
marked by a blue rectangle in (a), where the boundary is indicated by a white dash line. (c, d) The corresponding selected area electron
diffraction patterns of the areas marked 1 and 2 in (b), represent the nearly [1-2-3] and [1-1-2] projection direction, respectively. (e) The
shear stress (MPa) distribution in the specimen at the end stage of the in-situ bending was obtained from finite element analysis. (f) The
standard stereographic triangle of face-centered cubic crystal, showing the rotation angle between the different orientations.



With increasing deformation, this SF acts as a bound-
ary to block the continued growth of all the primary
DTs (Figure 3(b-d) and Supplementary video S5). Mean-
while, the TBs of primary DTs could act as easy slip planes
for dislocation sliding, resulting in dislocations accumu-
lation beside the secondary SE. At the end stage of the
deformation, the SF with the secondary slip plane, which
acted as a blocked boundary for primary DTs, evolved
into a sub-grain boundary, as demonstrated in Figure 4.
The specimen surface is rotated about 30° due to large
bending deformation (Figure 4(a)). The SAED (Figure
4(b-d)) indicates the orientations of two regions besides
the sub-grain boundary are near the [1-2-3] and [1-1-2]
of Cu phase, respectively. The corresponding finite ele-
ment analysis of shear stress distribution in the specimen
(Figure 4(e)) implies the primary DTs generate at the
region with maximal shear stress and are trapped by sub-
grain boundary formed at the region with medium shear
stress.

According to the standard stereographic triangle of
face-centered cubic crystal (Figure 4(f)), the boundary
observed in the specimen after bending is confirmed
to be a sub-grain boundary with misorientation angles
between [1-2-3] and [1-1-2] axis of Cu phase (about
10.9°). In addition, the width of the specimen decreased

SF nucleation
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(d)
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\ Sub-grain boundary

Sub-grain boundary formation
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from 2.85 wm to 2.72 pm after the bending, indicating
the out-of-plane rigid rotation is about 17.4°. This angle is
near the rotation angle between the [1-2-3] and [011] ori-
entation (19.1° in Figure 4(f)). It confirms the specimen
rotated along out-of-plane to accomplish the reorienta-
tion from the initial [011] to [1-2-3], consistent with the
SAED result of region 1 in Figure 4(c). While the rotation
of region 2 from [1-2-3] to [1-1-2] is accomplished by the
nucleation and accumulation of crystal defects includ-
ing dislocations, SFs, and DTs. To sum up, the rotation
of specimen surface (30°) represents the total geometric
rotation caused by in-situ bending, which is accommo-
dated through two processes. One is the rigid rotation of
about 17.4° along the out-of-plane leading to the reorien-
tation from [011] to [1-2-3]. The other one is the defects
induced plastic deformation with a sub-grain boundary
formation leading to the reorientation from [1-2-3] to [1-
1-2]. During this bending induced plastic deformation,
the defects generation and microstructure evolution fol-
low the sequence as schematically illustrated in Figure 5.
At first, shear stress induced dislocations and SFs nucle-
ation at the free surface (Figure 5(a)). Subsequently, with
increasing deformation, the SFs propagation and DTs for-
mation occur (Figure 5(b)). During the inward propaga-
tion, the DTs narrow down is noticed due to some of the

) Primary SFs and DTs formation

(b

(c)

\
.\A

7

Secondary SFs nucleation

Figure 5. The schematics show the microstructure evolution during the sub-grain boundary formation process in the specimen under
in-situ bending. The primary SFs, DTs and secondary SFs are marked by white, pink and blue colors, respectively.
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twinning partial dislocations being arrested. Then, the
second slip system is activated with some SFs nucleation
inside matrix/twin lamellas, as well as an SF with the sec-
ondary slip system generated at the head of primary DTs
(Figure 5(c)). This secondary SF pin in front of primary
DTs acts as a barrier to block the primary DT prop-
agation, induces dislocation accumulation, and finally
evolves into a sub-grain boundary (Figure 5(d)). The sub-
grain boundary formation process is different from the
dislocation dominated mechanisms in coarse-grained Cu
or conventional DT dominated mechanisms in nanocrys-
talline Cu. The nanometer scale thickness (300 nm) of
the specimen compared to the micron sized in-plane
dimension will lead to a decreased critical shear stress for
SFs/twins emission, contributing to the SFs/DTs genera-
tion. We believe the deformation twin induced sub-grain
boundary formation mechanism should be widely appli-
cable to explain the grain refinement of fcc metals with
medium SFEs and grain size (a few hundred nanometers
to 1 micrometer) under SPD.

Conclusion

By performing the in-situ bending on a Cu single crystal
specimen with micron size inside TEM, we captured the
plastic deformation induced sub-grain boundary forma-
tion. The deformation process follows the sequence as (i)
accompanied by dislocations propagation, primary SFs
and DTs nucleate at the region with maximal shear stress;
(ii) Secondary SFs generate inside matrix/twin lamellae
as well as in front of the primary DTs; (iii) The secondary
SF acts as aboundary to block the growth of primary twin
and accumulate dislocations, which eventually evolves
to a sub-grain boundary with misorientation about 11°.
Combining the finite element analysis of stress distri-
bution, we believe the shear strain is the primary cause
for their formation. In addition, the dynamic observa-
tion indicates the sub-grain boundary is produced by the
intersection between primary and secondary SFs/DTs.
The in-situ TEM observation provides key insight for
understanding the mechanism of sub-grain boundary
formation associated with SFs and DTs under bending
testing.
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