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Bending tests of submicrometer Al pillars were performed in-situ in a transmission electron microscope (TEM).
The Al crystal in the bent region experienced substantial lattice distortion, as well as grain refinement resulting
in a disordered dislocation configuration arising from a random distribution of low angle grain boundaries
(LAGBs). This observed disordered dislocation configuration is in contrast to formation of a low energy disloca-

tion configuration, as predicted on the basis of the theory of strain gradient plasticity, for bulk materials subjected
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There is a vast body of literature, published primarily during the last
decade, documenting size dependent phenomena in crystals when
sample dimensions are reduced to the order of micrometers and/or
submicrometers [1,2]. For example, novel deformation mechanisms in
submicrometer and micrometer crystals, e.g., dislocation starvation
and single arm dislocation sources, have been proposed and verified
via both theory and experimentation [3-9]. Research addressing size
dependent phenomena has been motivated not only by interesting fun-
damental observations, but also by the ever increasing trend to minia-
turize devices, which frequently involve micropillars, nanowires, thin
films and submicron interconnections, for applications in micro- and
nanoelectromechanical systems (MEMS, NEMS) [10-12].

Ultimately, the successful design of micrometer- or submicrometer-
sized devices will require careful evaluation of mechanical properties, as
well as establishing a fundamental understanding of microstructure
evolution at these length scales. Review of the published literature re-
veals that, in most studies, the mechanical properties of materials
with micrometric or nanometric scales have been established using uni-
axial tension and/or compression testing [7,13-15]. A notable exception
involves MEMS/NEMS systems, and in some of these studies the struc-
tural crystals were subjected to non-uniaxial loading conditions, such
as bending and twisting, which resulted in plasticity gradients during
deformation [11,16,17]. It is known that when a crystal is deformed, dis-
locations are initially generated, followed by movement (e.g., glide and/
or climb) and accumulation (e.g., storage). Moreover, dislocations are
generally stored in response to: 1) accumulation as dislocations interact
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and immobilize each other in a random way, and/or 2) the need to
maintain continuity during deformation. In the former case, the disloca-
tions are referred to as statistically stored dislocations (SSDs), whereas
the latter ones are described as geometrically necessary dislocations
(GNDs) and are related to gradients during plastic deformation. The
shear strength of a material can be simply expressed by Taylor's rela-
tion: 7 = aub,/ps + p¢, where ps is the density of SSDs and pg is the
density of GNDs [18]. According to Fleck and Hutchinson's theory of
strain gradient plasticity, both SSDs and GNDs have the most efficient
dislocation configurations, which determine the work hardening re-
sponse of a deformed material [19]. It then follows that an understand-
ing of how a dislocation configuration evolves is a prerequisite to
properly describe strain gradient plasticity. In related studies, a few in-
situ bending tests conducted have been reported in an effort to establish
deformation mechanism and ascertain plastic stability [10,20,21]. Howev-
er, inspection of the published literature shows that studies of dislocation
configurations in crystals subjected to bending has heretofore never been
reported. Motivated by this lack of information, we conducted in-situ
bending tests of submicron Al crystals in a transmission electron
microscope (TEM). Our results show that the Al crystals experienced a
significant extent of polygonization during bending. Moreover, we docu-
mented the formation of highly disordered dislocation configurations
during bending, in apparent contradiction to the low energy configura-
tions predicted on the basis of Fleck and Hutchinson's theory [19].

The material used in this study is a precipitation strengthened 7075
Al alloy. The bulk material was fabricated via cryomilling and consolida-
tion and has an ultrafine grained (UFG) microstructure [22]. The as-
received material was subjected to T6 heat treatment (solutionized at
480 °C for 1 h, quenched in ice water and then annealed at 120 °C for
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24 h). Then the bulk material was ground and polished down to a thick-
ness of ~40 um. The jet-polishing was subsequently applied to acquire a
free-standing thin foil with a thickness of 1-2 pm. This thin foil was
used to section submicrometer pillars by using a FEI Quanta 3D FEG
dual beam SEM/FIB system. The pillars with square cross-section have a
side length of ~150 nm and a height of ~1340 nm as shown in Fig. 1(a).
The aspect ratio (ratio between length and the side length) of this pillar
is about 9, which ensures the occurrence of bending in the middle section
of the pillar. The average tapering angle of the pillar is ~3°, which is an ac-
cepted value in many studies [3,5,13,20,23]. In-situ bending tests were
performed using a Hysitron PI95 picoindenter (Hysitron, MN, USA)
equipped with a flat tip in a JEOL 2500 (JEOL, Tokyo, Japan) TEM operated
at 200 kV (see supplementary material). After the in-situ bending test, the
bent region was further thinned by FIB to perform postmortem TEM char-
acterization. 5 kV and 77 pA were applied to final thinning to minimize
the surface defects caused by the ion beam. There is no occurrence of
ion-beam induced bulking or deflection [24], which potentially affects
the microstructure. More details about the materials and in-situ bending
test can be found in supporting material.

Prior to the in-situ bending test, the submicrometer Al pillar was
documented to contain several grains with sizes ranging from 100 nm
to 460 nm, as shown in Fig. 1(a). In Fig. 1(b), the SAED pattern was
taken from the grain, as circled in Fig. 1(a). The sharp diffraction spots
indicate that this single grain is close to the [011] zone axis and that it
were not subjected to lattice distortion. Fig. 1(c) shows the morphology
of the pillar after the bending test. The SAED pattern in Fig. 1(d) was
taken from the bent region, as circled in Fig. 1(c), which was the same
single grain as indicated in Fig. 1(a). Distinctive diffraction rings were
observed in the diffraction pattern. Careful examination shows that, de-
spite the presence of discrete diffraction spots, the rings were mainly
composed of curved and elongated streaks. It is known that each

diffraction spot corresponds to the reflection from a specific lattice
plane. When the spot is elongated, it indicates that the lattice is subject
to substantial distortion [25]. In Fig. 1(d), the elongated streaks in the
SAED pattern indicate that the bent region was subject to substantial lat-
tice distortion. The inset dark field TEM image in Fig. 1(c) also confirms
that there is no prominent grain refinement. Instead the refined grains
were dramatically elongated and exhibited a rippled morphology.

To reveal the detailed microstructure of the bent region, the de-
formed pillar was further thinned by FIB, and postmortem HRTEM char-
acterization was conducted. Fig. 2(a) shows the presence of three
elongated grains, which are highlighted in the bent region. By tilting
9° within the TEM, several more elongated grains with similar morphol-
ogies emerged, as shown in Fig. 2(b). It can be seen that these elongated
grains exhibit irregular morphologies. Moreover, the orientation of
these elongated grains is random. Some of grains are bent and
conformed to the contour of the bent pillar, while others intersected
with the contour. A high magnification view of the elongated grains
consisting of multiple segments, with an average length of ~23 nm
and a width of ~10 nm is shown in Fig. 2(c). What appears to be the rel-
ative displacement between adjacent segments causes the stair-like
profile of the elongated grain. This geometry is likely attributed to an
overall sliding between adjacent segments as this region accommodates
the strain of the entire grain. The interface between two segments was
further characterized by HRTEM. As shown in Figs. 2(d) and (e), there is
an array of edge dislocations aligned at the interface, which is a charac-
teristic of a low angle grain boundary (LAGB) [26]. This indicates that
the elongated grain contains multiple segments connected by LAGBs.
As the LAGBs are randomly distributed in the bent region of the
submicrometer pillar, the dislocations piled up along the LAGBs are
therefore randomly distributed throughout the entire strained region
of the pillar.

Fig. 1. TEM images of (a) the submicron Al pillar prior to the bending test; (b) SAED pattern showing the single crystal nature of the circled grain in (a); (c) the morphology of the pillar
after the bending test. The inset shows the dark field image of the bent region, and (d) shows the SAED pattern obtained from the bent region.
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Fig. 2. Postmortem TEM image showing the elongated grain in the deformed pillar: (a) specimen without tilting in TEM; (b) specimen with 9° tilting in TEM; (c) high magnification of
elongated grain in Fig. 2(a) showing the whole grain is composed of several segments; (d) HRTEM image of the interface between two adjacent segments, and (e) inverse FFT pattern
of the framed area in Fig. 2(d) indicating that the interface between two adjacent segments is a low angle grain boundary, which consists of edge dislocations highlighted with “T”.

During bending, as shown schematically in Fig. 3(a), a plastically de-
formed crystal at the macroscale or micrometer scale contains GNDs
that lie along active slip planes in the manner suggested in Figs.
3(b) and (c). In Fig. 3(b), the dislocations are randomly distributed on
the active slip planes. The edge dislocations with the same sign accumu-
late on the same slip planes, which results in an additive strain field, but
with a random distribution on the slip planes [25]. To attain a minimum
strain energy and a minimum density of GNDs, a different configuration
of the same dislocations is shown in Fig. 3(c). This configuration for
plane strain bending has been described as the most efficient dislocation
configuration on the basis of Fleck and Hutchinson's theory of strain
gradient plasticity [19]. In this configuration, the GNDs are organized
into arrays aligned in a direction normal to the slip planes. These
GNDs in arrays thus constitute the LAGBs. However, in the case of the
submicrometer-sized pillar studied herein, it is found that the LAGBs
and dislocations are randomly distributed throughout the entire bent
region. The dislocation configuration is illustrated in Fig. 3(d). For a
short range, the GNDs align along the LAGBs, which are the interfaces
between segments, as shown in Figs. 2(b) and (c). However, the distri-
bution of GNDs exhibits a disordered arrangement over the long range,
which is substantially different from the scenario of plane strain bend-
ing in a bulk crystal.

In a macroscopic specimen, the number of slip planes and the spatial
size of the slip planes are significantly larger than those present in the
submicrometer pillar. Therefore, dislocations can glide easily and re-
main on their slip planes in macroscopic samples. We ascribed the un-
usual dislocation structure in submicrometer pillars to three reasons:
(1) the occurrence of grain polygonization (shown in Figs. 1c and d),
which broke down the continuity of the slip bands that a high density
of dislocations involved. Rotation of the refined grains altered the

direction of the slip planes. Consequently, LAGBs will not evolve along
the radial direction, which in turn changed the dislocation configura-
tion. It is noted that, the polygonization in the deformed pillar was ob-
served without annealing,. It is thus argued that dislocation glide was
the dominant mechanism at the beginning. However, the dislocation
climb occurred to promote the dislocation arrays (forming low angle
grain boundaries) even without sufficient thermal activated process;
(2) fast escape of SSDs in submicrometer pillars. The actual value of dis-
location density in a bent strip is approximately 15.6 x 10'> m~2 [27].
According to Nye and Ashby's equation pg = kP/b,, where k' is the plas-
tic curvature and b, is the component of the Burgers vector, the density
of GNDs is about 9.7 x 102 m~2 in a bent strip with an effective height
of 3.57 pm [28,29]. This means that nearly one third of the dislocations
in the bent strip are “statistical” rather than geometrically necessary.
These SSDs will stochastically escape from the free surface due to the
sample dimension effect [1-4] and result in a configuration with ran-
domly distributed dislocations; (3) in this case the precipitates will
pin dislocations and exacerbate the unusual dislocation configuration.
In summary, the bent region of the submicrometer pillar has some
similarities to the bulk crystal after bending, which are described as fol-
lows. First, the bent region is subjected to substantial lattice distortion.
Second, GNDs were aligned to form LAGBs to minimize the strain ener-
gy. However, the dislocation configuration in the bent region of the
submicrometer pillar is distinctive compared to the dislocation configu-
ration in bulk samples, as predicted on the basis of the theory by Fleck
and Hutchinson. The configuration of GNDs is disordered in the bent re-
gion due to the randomly distributed LAGBs in the elongated grains.
This work was supported by the Office of Naval Research under
contract no. ONR N00014-12-1-0237 with Dr. L. Kabacoff as program of-
ficer, and Defense University Research Instrumentation Program
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Fig. 3. Dislocation configuration during the plane strain bending in macroscale and submicrometer samples: (a) schematic strain distribution in the bent plane; (b) the excess dislocations
on the active plane at high strain energy configuration during macroscale bending; (c) the excess dislocations on the active plane at low strain energy configuration during macroscale

bending and (d) the dislocation arrangement in the submicron beam after bending.

(DURIP) under grant no. ONR N00014-110788. The FIB milling was per-
formed at the Laboratory for Electron and X-ray Instrumentation (LEXI)
at the University of California, Irvine, using instrumentation funded in
part by the National Science Foundation Center for Chemistry at the
Space-Time Limit (CHE-082913).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scriptamat.2015.10.008.
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