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Abstract

Deformation twinning, one of the major deformation modes in a crystalline material, has typically been analyzed
using generalized planar fault energy (GPFE) curves. Despite the significance of these curves in understanding the
twin nucleation and its effect on the mechanical properties of crystals, their experimental validity is lacking. In this
comparative study based on the first-principles calculation, molecular dynamics simulation, and quantitative in-situ
tensile testing of Al nanowires inside a transmission electron microscopy system, we present both a theoretical and
an experimental approach that enable the measurement of a part of the twin formation energy of the perfect Al
crystal. The proposed experimental method is also regarded as an indirect but quantitative means for validating the
GPFE theory.

Introduction
A twin is a planar defect, which is formed when partial slip
occurs under the action of shear stress on more than three
consecutive layers of the {111} plane. This defect gener-
ation process, also termed as deformation twinning (DT),
has received increasing scientific attention due to its ef-
fectiveness in blocking the motion of dislocations and thus
improving the toughness of metallic materials. The mech-
anism for the formation of DT has typically been ex-
plained by the generalized planar fault energy (GPFE)
curve, which depicts the energy landscape corresponding
to twin nucleation and subsequent migration of the neigh-
boring planes (Christian and Vítek 1970; Tadmor and Hai
2003; Vitek 1968). Since the GPFE curve quantifies the en-
ergy barriers for various fault structures, it has attracted a
considerable attention in the modeling of twin formation
(Ezaz et al. 2011; Frøseth et al. 2005; Jin et al. 2011; Kibey
et al. 2007, 2009; Ogata et al. 2005; Swygenhoven et al.
2004; Wen and Sun 2013; Wu et al. 2006) and in design-
ing microelectromechanical systems (MEMS), which

employ nano-scale metals as fundamental structural mo-
tifs. The generation of DT is governed by the magnitude
of its formation energy, which can be evaluated from the
GPFE curve. In contrast to a rich literature on the forma-
tion energy of dislocations (Anderson et al. 2017; Hurtado
and Ortiz 2012; Jeong et al. 2008; Langer et al. 2010;
People 1986; Wang et al. 2016), calculation of the twin
formation energy has received only passing mention and
the calculation method is not yet fully established. The
competition of DS and DT is determined by the relation
between the formation energies of the perfect dislocations
and twins, and consequently they result in the different
deformation behavior activated in materials. Therefore,
the calculation and measurement of the twin formation
energy is important to understand and expect the deform-
ation behavior of materials.
Apart from its theoretical evaluation using the GPFE

curve, the twin formation energy can also be evaluated
experimentally using tensile tests. This approach, how-
ever, has never been attempted before mainly because of
the inherent difficulties encountered with the sample
preparation and experimental complexity. First, the sam-
ples should be defect-free as the GPFE curve depicts the
consecutive activation of the leading (or twinning)
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partial dislocations i.e., twin formation in a perfect crys-
tal. Furthermore, the structural parameters of the sam-
ples such as the crystallographic orientation, stacking
fault energy (SFE), Schmid factor, and crystal size, etc.,
should be within a suitable range so that the combin-
ation of these parameters promotes twin formation.
Well-grown metal nanowires (NWs), in addition to their
extreme crystallinity fulfill the aforementioned stringent
requirements and thus are ideal for the experimental
measurement of the formation energy of DT. Among
various metal NWs, Al NWs due to their high SFE
(~ 150 mJ m− 2) are known to deform via dislocation
slip, but not via DT (Nabarro and Duesbery 2002). In
addition, they can be grown in a small size (80–600
nm) with a specific crystallographic orientation and
thus, provide an excellent test bed for validating the
GPFE theory.
The second problem in the experimental validation of

the GPFE theory stems from the complexity and delicacy
of the experiment itself. Considering that the GPFE
curve depicts the continual change in the fault energy
with the formation of twinning partials on the successive
layers, it is not easy to measure this subtle change in the
energy associated with the movement of the partial dis-
locations. One way to experimentally measure this en-
ergy is using the tensile testing approach as the
measured stress-strain curve necessarily contains the en-
ergetics corresponding to the defect generation. Based
on this argument and considering the small dimensions
of the NWs, the in-situ tensile testing of Al NWs inside
a transmission electron microscopy (TEM) system is an

attractive method for resolving the dissipated energy as-
sociated with DT from the measured mechanical re-
sponse, while simultaneously capturing the instant of the
twin formation. The dissipated energy associated with
DT measured from the in-situ TEM tensile tests can
then be converted to the twin formation energy. The ex-
perimentally evaluated value is then compared with the
theoretical value obtained from the GPFE curve, thus es-
tablishing an indirect but a quantitative approach for
validating the GPFE theory.
In the present study, we performed comparative stud-

ies to evaluate the twin formation energy using the
atomic-scale simulations and the state-of-the-art in-situ
TEM tensile test of Al NWs. This was achieved by first
deriving an equation that enables the estimation of the
twin formation energy from the GPFE curve obtained
for a perfect Al crystal using the first-principles
calculations.

Materials and methods
The Al NWs were grown on the SiO2 substrate by the
stress-induced method reported elsewhere (Lee et al.
2010), as shown in Fig. 1(a). NWs used for in-situ TEM
tensile tests were oriented along < 110> and had the
diameter of 100–200 nm, the length of 5–20 μm, and a
rhombic cross-section with four {111} side facets with an
acute angle of 70°, as shown in Fig. 1(b). TEM investiga-
tions confirmed that these NWs are single crystalline
and nearly defect-free but covered with a thin oxide
layer with a thickness of ~ 5 nm. When the NW is
welded to the push-to-pull (PTP) loading device, as

Fig. 1 Micrographs of (a) Al NW grown on the SiO2 substrate and (b) its cross-sectional view. c Secondary electron image showing the push-to-
pull (PTP) loading device, which converts a compressive load to a tensile load. d-f Magnified views of the rectangle denoted in (c); d The Al NW
transported to the PTP loading device by picking up with the W tip of the nanomanipulator. The NW welded to the PTP device using e-beam
assisted Pt deposition viewed from the (e) top and (f) side
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shown in Fig. 1(c), this device converts a compressive
force to a tensile force, enabling the tensile test of NWs
in TEM. Before mounting the Al NW to the PTP device,
one end of the Al NW sample was first attached using
e-beam assisted Pt deposition to a W tip of the nanoma-
nipulator (MM3A, Kleindeck) installed in a FIB system
(Quanta 3D, FEI), as shown in Fig. 1(d). This NW was
again welded to the upper and lower jigs of the PTP de-
vice using e-beam assisted Pt deposition (Figs. 1(e) and
(f)). At this stage, a special care is necessary so that its
long axis aligns to the tensile direction. The PTP device
was then mounted to a picoindenter (PI-95 TEM,
Hysitron) capable of measuring the load and displace-
ment. Tensile test was conducted on the Al NW samples
at an initial strain rate of 1.2 × 10− 3 s− 1 at ambient
temperature, while the load-displacement data was re-
corded by simultaneously observing real-time images of
the microstructure evolution.
The calculations of the GPFE curve were performed

based on the density functional theory (DFT) imple-
mented in the Vienna Ab-inito Simulation Package
(VASP) (Kresse and Furthmüller 1996; Kresse and Haf-
ner 1993) with projector augmented wave (Blöchl 1994)
pseudopotential. For GPFE calculations, the supercell of
the Al perfect crystal was constructed of ten layers in-
cluding two vacuum layers. The orientations of the
supercell were parallel to the ½211�; ½011�; and [111]
directions, corresponding to x-, y-, and z-axes. Upon
the sliding of the upper-half layers of the supercell
along the direction of the Burgers vector of the par-
tial dislocation, various faults were generated by fol-
lowing the structural transition sequence beginning
with the intrinsic stacking fault, extrinsic stacking
fault, and twin. During the generation of these faults
the associated energy landscape was obtained by gen-
erating the GPFE curve.
Next, we performed the tensile testing of the Al

NW computationally generated by conventional mo-
lecular dynamics (MD) simulations, in order to test
its feasibility as an appropriate approach for the
evaluation of the twin formation energy and thus val-
idating the GPFE theory. The potential generated
from the embedded atom method (Daw and Baskes
1983), as implemented in the LAMMPS (Plimpton
1995) code, was employed to model a computationally
generated Al NW with the < 110> longitudinal orien-
tation, rhombic {110} cross-section, and four {111}-
side surfaces. The tensile test of the computationally
generated Al NW was performed by maintaining a
uniform strain loading condition to avoid shock wave
loading effects; this was achieved by applying velocity
to the individual atoms along the loading direction by
varying it linearly from zero at the fixed end to a

maximum value at the free end (Park and Zimmer-
man 2005). The dissipated energy associated with DT
measured from the tensile test using MD simulations
was compared with that evaluated from the GPFE
curve. Inspired by the computational results of the
MD simulations, real-world tensile tests were per-
formed on the laboratory-grown < 110> Al NWs
using quantitative in-situ TEM to simultaneously rec-
ord the stress-strain response and the structural evo-
lution sequence associated with DT. The twin
formation energy obtained from the stress-strain
curve recorded during the in-situ tensile test of the
laboratory-grown Al NWs was compared with that
evaluated theoretically from the GPFE curve.

Results and discussion
Figure 2(a) shows the GPFE curve of an Al crystal
calculated using the DFT-based first-principles calcu-
lation and depicts the continual changes in the fault
energy (γ) associated with the consecutive activation
of twinning partials in the three adjacent (111) planes
(i.e., A, B, and C layers). This curve provides a com-
prehensive description of the nucleation sequence of
a twin in terms of energy, while offering a complete
picture of the associated structural states. The energy
states at the peaks of the GPFE curve correspond to
the unstable fault structures, i.e., the unstable stacking
fault (usf) and unstable twinning fault (utf), which are
characterized by their energy barriers denoted by γusf,
γ

0
usf , and γutf, respectively, in Fig. 2(a). With further

deformation, each unstable structural state is trans-
formed to a more stable (or metastable) structure, i.e.,
the intrinsic stacking fault (isf), extrinsic stacking fault
(esf), and twinning fault (tf) as characterized by their
energy states denoted by γisf, γesf, and γtf, respectively.
Despite the difference in the potentials employed and
the calculation procedures, the values of various fault
energies calculated in this study are very similar to
those reported by the previous studies (Brandl et al.
2007; Jin et al. 2011; Lu et al. 2000; Ogata et al.
2005; Sun and Kaxiras 1997) (Table 1), thus confirm-
ing the reliability of the present results.
Validation of the GPFE curve requires the meas-

urement of various fault energies listed in Table 1,
whose experimental measurements are nearly infeas-
ible. However, the relative differences in the energy
levels (indicated as E1, E2, and E3 in Fig. 2) between
the unstable and metastable states are measurable
quantities because they are the energies dissipated by
the crystal and are associated with the nucleation
and subsequent migration of a twin (Ogata et al.
2005). Of the two stages of DT, the nucleation stage
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is accompanied by a series of structural changes, i.e.,
a transition from the intrinsic stacking fault to the
extrinsic stacking fault and finally to the twinning
fault. Each structural change is characterized by a
transition from an unstable state to a metastable
state and requires the associated energies (indicated
as E1, E2, and E3 in Fig. 2). The summation of these
energies corresponds to the energy (EN) required to
nucleate an embryonic twin consisting of three layers
of the stacking fault as follows.

EN ¼ E1 þ E2 þ E3

¼ γusf − γisf
� �

þ γ
0
usf − γesf

� �
þ γutf − 2γtf
� � ð1Þ

Substitution of the relevant fault energies from Table
1 in Eq. (1) results in EN = 255mJm− 2, which corre-
sponds to the energy dissipated during the nucleation of
the embryonic twin.
Further application of shear stress causes the nucle-

ated twin to grow (or thicken). This process is achieved

Fig. 2 a The GPFE curve of a perfect Al crystal calculated using DFT showing the changes in the fault energy associated with the nucleation an
embryonic twin consisting of three fault layers. b The GPFE curve depicting the growth of the nucleated twin by the consecutive activation of

the partial dislocation in the neighboring (111) plane. Here, bP (= a0=
ffiffiffi
6

p
) is the Burgers vector for the partial dislocation
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by the migration of additional fault layers on the neigh-
boring planes. From the GPFE curve, the twin migration
energy (EM) is evaluated as:

EM ¼ E3 ¼ γutf − 2γtf
� �

ð2Þ

In the case of the perfect Al crystal, the magnitude of
EM is 114 mJ m− 2 (also denoted by the vertical arrow in
Fig. 2(b)). When the consecutive activation of twinning
partials occurs on a total of n–number of adjacent (111)
layers, the nucleated twin grows to a twin consisting of
n–layers of the stacking fault. In this case, the total en-
ergy consumed for the formation of the twin with n–
layers of the stacking fault (subsequently referenced by
‘E(n)’) can be calculated as:

E nð Þ ¼ EN þ n − 3ð ÞEM: ð3Þ
Equation (3) states that the value of E(n) is dependent

on the inherent properties of the crystal itself (i.e., EN
and EM) and the thickness of the twin as estimated from
the number of fault layers (n). For a given material, the
value of E(n) depends linearly on the number of fault
layers comprising the twin and thus can be evaluated
theoretically by substituting the n-value in Eq. (3).
The value of E(n) can also be measured experimentally

by resolving the energy from the stress-strain curve re-
corded from the tensile test; when a stress greater than
the yield strength is applied to a material, defects are
generated to sustain the deformation at an applied strain
rate. This deformation process is accompanied by energy
consumption, which is typically revealed by the stress-
strain curve obtained by loading and unloading the sam-
ple (Nabarro and Duesbery 2002) during the tensile test-
ing. While this technique has traditionally been
employed to determine the nucleation energy of disloca-
tions (Cross et al. 2006; Li et al. 2010), the same can also
be used to evaluate the value of E(n). In addition, if the
magnitude of the energy evaluated from the tensile test
is comparable or similar to that evaluated using Eq. (3),
the GPFE theory is validated. Prior to the real-world ten-
sile test using the laboratory-grown Al NWs, the tensile
test was performed computationally on an Al NW

constructed using MD simulations to test whether the
tensile testing is a feasible/suitable approach for validat-
ing the GPFE theory.
Figure 3 shows snapshots of the computationally gen-

erated < 110> Al NW captured at various strain stages of
deformation. When subjected to a tensile load, the Al
NW underwent elastic stretching at the initial stage (Fig.
3(a)) and subsequently suffered from yield at ~ 3.2 GPa
(or ε ≈ 5%) with the formation of a stacking fault (Fig.
3(b)). This stacking fault is initially nucleated from the
acute-angle corner of the rhombic-shaped {111} plane
and propagates along the < 211> direction (Fig. 3(c)).
With further deformation, additional fault layers are
formed on the successive planes leading to the formation
of a twin as shown in Fig. 3(d). Interestingly, once the
first twin is formed, it does not grow beyond a certain
thickness. Rather, a second twin is formed in the regions
in the vicinity of the first twin (Fig. 3(e)), which upon
further deformation overlap at an angle of 70.5°, self-
lock each other, and cause pronounced strain
localization (Fig. 3(f)).
The structural evolution of the Al NW (Fig. 3) is

driven by the externally applied force, which can be
evaluated in terms of the changes in the potential en-
ergy of the NW. Figure 4 shows the changes in the
potential energy of the computationally generated Al
NW calculated as a function of the time step for de-
formation using MD simulations. The potential energy
of the Al NW increases with increasing time and
drops abruptly when the twinning events occur (as
denoted by the arrows in Fig. 4); for example, the for-
mation of the first twin consisting of seven fault
layers (Fig. 3(d)) is accompanied by a reduction of ~
88 eV (at the time step of 1.7 ps in Fig. 4) in the po-
tential energy. In other words, this is the energy dissi-
pated by the NW as a result of the formation of the
first twin with n = 7. This change in the potential en-
ergy can be converted to the twin formation energy,
i.e., E(7) by normalizing it with the area (~ 17.7 nm2)
of the twin boundary plane, leading to a twin forma-
tion energy of ~ 691 mJ m− 2. As discussed earlier,
given the number of fault layers comprising the twin,
the value of E(n) can also be evaluated from Eq. (3)
based on the GPFE theory. The value of E(7) (= EN +
(7 − 3)EM) is evaluated to be 711 mJ m− 2, which is
very close to that (691 mJ m− 2) determined from the
tensile test of the computationally generated Al NW.
This quantitative analysis provides a valuable insight
as to why the in-situ TEM tensile testing of the Al
NW can be a plausible means for evaluating the twin
formation energy thus validating the GPFE theory. In-
spired by the result of the tensile-test of the compu-
tationally generated NW, we carried out a real-world
tensile testing of the laboratory-grown Al NW using

Table 1 Various stacking fault energies calculated for the Al
crystal. The present results are also compared with those
published in the earlier studies. All values are given in mJ m− 2

System γusf γisf(=γesf) γ
0
usf

γutf 2γtf

Present work 187 142 238 235 121

Ogata et al. 2005 175 158 235 230 120

Jin et al. 2011 140 112 196 - 100

Brandl et al. 2007 178 146 - - -

Lu et al. 2000 224 164 - - -

Sun and Kaxiras 1997 224 165 - - -
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quantitative in-situ TEM to elucidate whether this
technique can also produce a self-consistent result.
Figure 5(a) is the TEM micrograph of the laboratory-

grown < 110> Al NW subjected to a deformation to ε =
3.4% showing the presence of four twins as shown in
Fig. 1. This result provides the first direct and unam-
biguous evidence that DT indeed occurs in a perfect <
110> Al crystal thus confirming the simulation results
from a previous study (Jo et al. 2014). However, it should
be noted that as compared to the twin migration

behavior observed in most fcc-metal NWs with low SFEs
(Hwang et al. 2015; Lee et al. 2014; Seo et al. 2011,
2013), the twins formed in the Al NW did not propagate
through the entire volume of the NW. Instead, they
grew to a limited thickness by forming a zig-zag config-
uration in a manner similar to that observed by the MD
simulations (see Fig. 3). When observed at high magnifi-
cation (Fig. 5(b)), these twins formed the Σ3 {111} twin
boundary, which is inclined at an angle of 55o with re-
spect to the tensile direction. Upon further deformation,

Fig. 3 Configuration of the computationally generated Al NW subjected to a tensile strain ( ) of (a) 0.02, b-d 0.05, e 0.07, and f 0.15, showing a
sequence of the twin nucleation and subsequent migration. The atoms are colored to represent the defect structures in the NW according to the
values of their centrosymmetry parameter (Kelchner et al. 1998)

Fig. 4 Changes in the potential energy associated with the formation of twins in the computationally generated Al NW. The potential energy of the
Al NW was calculated as a function of the time step, showing a significant drop in the potential energy at times when the twinning events occur
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this zig-zag configuration formed between twins limits
the growth and the propagation of each twin and forces
the twins to be self-locked each other. This limited con-
figuration caused a pronounced strain localization in an
area interconnected between two twins, thus making it
infeasible for the NW to carry a plastic strain in a meas-
urable quantity.
As soon as the twins formed, the tensile test was inter-

rupted by unloading the sample to obtain the stress-
strain curve as shown in Fig. 5(c). The area enclosed by
the stress-strain curve in Fig. 5(c) corresponds to the
change in the internal energy per unit volume of the
laboratory-grown Al NW (~ 31.2 meV nm− 3). When the
partial dislocation is nucleated, this dislocation moves
along the {111} plane and simultaneously the stacking
fault is propagated. In this propagation process, the en-
ergy required for the propagation is linearly related to
the area of the {111} plane. Thus, if the measured forma-
tion energy is divided by the area of related planes, it is
no longer necessary to consider the size of the NWs.
Furthermore, the fault energies and their combinations
(EN, EM, E(n)) are in units of joule per square metre (mJ
m− 2), and this is equivalent to the units of the

volumetric energy rescaled by the area. Consequently,
this rescaled volumetric energy can be compared to the
measured toughness directly. In this perspective, this
volumetric energy is rescaled to the twin formation en-
ergy by multiplying it with the volume (~ 4.2 × 107 nm3)
of the NW followed by a division by the area (~ 1.8 ×
104 nm2) of the twin boundary planes; this results in a
twin formation energy of ~ 11,240 mJm− 2, which is the
total energy responsible for the formation of the four
twins shown in Fig. 5(a). Since this energy can be
regarded as the energy dissipated during the formation
of the twins, we next compared this experimentally mea-
sured energy with that calculated using Eq. (3). Given
the thickness (4.1, 5.1, 7.4, and 9.0 nm) of the four twins,
the approximate number of fault layers comprising each
twin can be estimated (n = 14, 18, 25, and 31, respect-
ively). Therefore, using these experimental values of n
and the values of EN and EM obtained from the GPFE
curve the total energy dissipated due to the formation of
the four twins (ΣE(n)) is calculated to be 9684 mJm− 2.
Upon comparison of the two values of the twin forma-
tion energy, the experimentally measured value is found
to be larger than the theoretical value by 16%. One

Fig. 5 a Representative TEM image of the tensile-test < 110> Al NW, showing the formation of four twins with a zig-zag configuration. b Magnified
view of the twinned region showing the interlocking configuration of the twins. c Stress-strain curve of the Al NW recorded by unloading the sample.
Note that the Al NW was observed to yield with the formation of twins at σ= 2.3 GPa (equivalently, at ε = 3.4%)
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possible reason for this mismatch probably arises from
the interaction between the neighboring twins during
the tensile test; when a new twin forms from the free
surface of the NW near the pre-formed twin, the newly
formed twin thickens until its migrating fault layer meets
that of the pre-formed twin. This interaction between
the twins may cause an additional stress acting on the
Al NW during the tensile testing, which was not taken
into consideration while predicting the yield strength
using the GPFE curve. Another possible reason is maybe
related to changes of the density of dislocations. During
the in-situ TEM tensile testing, the density of disloca-
tions increases gradually, and this will affect the tough-
ness of the Al NWs resulting in the increase of the
energy measured experimentally. Despite the difference
in the magnitude, the value of E(n) predicted using the
GPFE curve exhibits, in general, a close correspondence
to that measured experimentally by the in-situ TEM ten-
sile test.

Conclusions
In summary, both theoretical and experimental methods
that enable the assessment of the energy required for the
formation of twins in the Al NWs were demonstrated.
By knowing the instant of the twin formation and simul-
taneously measuring the stress-strain response of the Al
NWs during the loading-unloading experiment inside a
quantitative in-situ TEM system, we could resolve the
dissipated energy, which in turn can be converted to
E(n). This experimentally measured energy was found to
be in agreement with that calculated theoretically from
the GPFE curve, thus validating the GPFE theory. Ac-
cording to the theoretical and experimental results ob-
tained in this study, it is concluded that the combination
of in-situ TEM tensile testing and atomic simulations
enables a deeper understanding of twin formation in
various fcc-metal NWs. According to our works re-
ported recently (Kim et al. 2018a, b, 2020), however, the
formation energy of DT includes not only the fault en-
ergy shown in the GPFE curve, but also the nucleation
energy required for the formation of dislocations. Thus,
when calculating the formation energy of DT, this term
of the nucleation energy has to be taken account for the
precise measurement of the formation energy of DT, but
we leave this as a future work.

Abbreviations
DT: Deformation twinning; GPFE: Generalized Planar Fault Energy;
MD: Molecular Dynamics; NW: Nanowire; TEM: Transmission Electron
Microscopy; MEMS: Microelectromechanical Systems; SFE: Stacking Fault
Energy; VASP: Vienna Ab-initio Simulation Package

Acknowledgements
No applicable.

Authors’ contributions
H.-K.K. and J.-P.A. designed this study. S.-H.K. conducted the in-situ experi-
ment. H.-K.K. carried out the simulations and wrote this manuscript with con-
tribution from all the authors. The authors read and approved the final
manuscript.

Funding
This work was supported by the KIST R&D program of 2 V08170.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Competing interests
No potential conflict of interest relevant to this article was reported.

Author details
1Advanced Analysis Center, Korea Institute of Science and Technology, Seoul
136-791, Republic of Korea. 2Mechanical R&D Group, Samsung Electronics,
Gyeonggi-do 16677, Republic of Korea.

Received: 3 August 2020 Accepted: 8 September 2020

References
P.M. Anderson, J.P. Hirth, J. Lothe, Theory of dislocations (Cambridge University

Press, Cambridge, 2017)
P.E. Blöchl, Projector augmented-wave method. Phys. Rev. B 50, 17953–17979

(1994). https://doi.org/10.1103/physrevb.50.17953
C. Brandl, P. Derlet, H.V. Swygenhoven, General-stacking-fault energies in highly

strained metallic environments: Ab initio calculations. Phys. Rev. B 76, 54124–
54124 (2007). https://doi.org/10.1103/physrevb.76.054124

J.W. Christian, V. Vítek, Dislocations and stacking faults. Rep. Prog. Phys. 33, 307–
411 (1970). https://doi.org/10.1088/0034-4885/33/1/307

G.L.W. Cross, A. Schirmeisen, P. Grütter, U.T. Dürig, Plasticity, healing and
shakedown in sharp-asperity nanoindentation. Nat. Mater. 5, 370–376 (2006).
https://doi.org/10.1038/nmat1632

M.S. Daw, M.I. Baskes, Semiempirical, quantum mechanical calculation of
hydrogen Embrittlement in metals. Phys. Rev. Lett. 50, 1285–1288 (1983).
https://doi.org/10.1103/physrevlett.50.1285

T. Ezaz, H. Sehitoglu, H.J. Maier, Energetics of twinning in martensitic NiTi. Acta
Mater. 59, 5893–5904 (2011). https://doi.org/10.1016/j.actamat.2011.05.063

A.G. Frøseth, P.M. Derlet, H.V. Swygenhoven, Twinning in nanocrystalline fee
metals. Adv. Eng. Mater. 7, 16–20 (2005). https://doi.org/10.1002/adem.
200400163

D.E. Hurtado, M. Ortiz, Surface effects and the size-dependent hardening and
strengthening of nickel micropillars. J. Mech. Phys. Solids 60, 1432–1446
(2012). https://doi.org/10.1016/j.jmps.2012.04.009

B. Hwang, M. Kang, S. Lee, C.R. Weinberger, P. Loya, J. Lou, S.H. Oh, B. Kim, S.M.
Han, Effect of surface energy on size-dependent deformation twinning of
defect-free Au nanowires. Nanoscale 7, 15657–15664 (2015). https://doi.org/
10.1039/c5nr03902a

B.W. Jeong, J. Ihm, G.-D. Lee, Stability of dislocation defect with two pentagon-
heptagon pairs in graphene. Phys. Rev. B 78, 165403 (2008). https://doi.org/
10.1103/physrevb.78.165403

Z.H. Jin, S.T. Dunham, H. Gleiter, H. Hahn, P. Gumbsch, A universal scaling of
planar fault energy barriers in face-centered cubic metals. Scr. Mater. 64,
605–608 (2011). https://doi.org/10.1016/j.scriptamat.2010.11.033

M. Jo, Y.M. Koo, B.-J. Lee, B. Johansson, L. Vitos, S.K. Kwon, Theory for plasticity of
face-centered cubic metals. Proc. Natl. Acad. Sci. 111, 6560–6565 (2014).
https://doi.org/10.1073/pnas.1400786111

C.L. Kelchner, S.J. Plimpton, J.C. Hamilton, Dislocation nucleation and defect
structure during surface indentation. Phys. Rev. B 58, 11085–11088 (1998)

S. Kibey, J.B. Liu, D.D. Johnson, H. Sehitoglu, Predicting twinning stress in fcc
metals: Linking twin-energy pathways to twin nucleation. Acta Mater. 55,
6843–6851 (2007). https://doi.org/10.1016/j.actamat.2007.08.042

S. Kibey, L. Wang, J. Liu, H. Johnson, H. Sehitoglu, D. Johnson, Quantitative
prediction of twinning stress in fcc alloys: application to Cu-Al. Phys. Rev. B
79, 214202–214202 (2009). https://doi.org/10.1103/physrevb.79.214202

Kim et al. Applied Microscopy           (2020) 50:19 Page 8 of 9

https://doi.org/10.1103/physrevb.50.17953
https://doi.org/10.1103/physrevb.76.054124
https://doi.org/10.1088/0034-4885/33/1/307
https://doi.org/10.1038/nmat1632
https://doi.org/10.1103/physrevlett.50.1285
https://doi.org/10.1016/j.actamat.2011.05.063
https://doi.org/10.1002/adem.200400163
https://doi.org/10.1002/adem.200400163
https://doi.org/10.1016/j.jmps.2012.04.009
https://doi.org/10.1039/c5nr03902a
https://doi.org/10.1039/c5nr03902a
https://doi.org/10.1103/physrevb.78.165403
https://doi.org/10.1103/physrevb.78.165403
https://doi.org/10.1016/j.scriptamat.2010.11.033
https://doi.org/10.1073/pnas.1400786111
https://doi.org/10.1016/j.actamat.2007.08.042
https://doi.org/10.1103/physrevb.79.214202


H.-K. Kim, S.-H. Kim, J.-P. Ahn, J.-C. Lee, Deformation criterion for face-centered-
cubic metal nanowires. Mater. Sci. Eng. 736, 431–437 (2018a). https://doi.org/
10.1016/j.msea.2018.08.108

S.-H. Kim, H.-K. Kim, J.-H. Seo, D.-M. Whang, J.-P. Ahn, J.-C. Lee, Deformation
twinning of ultrahigh strength aluminum nanowire. Acta Mater. 160, 14–21
(2018b). https://doi.org/10.1016/j.actamat.2018.08.047

S.-H. Kim, J.-H. Park, H.-K. Kim, J.-P. Ahn, D.-M. Whang, J.-C. Lee, Twin boundary
sliding in single crystalline Cu and Al nanowires. Acta Mater. 196, 69–77
(2020). https://doi.org/10.1016/j.actamat.2020.06.028

G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6, 15–
50 (1996). https://doi.org/10.1016/0927-0256(96)00008-0

G. Kresse, J. Hafner, Ab initio molecular dynamics for open-shell transition metals.
Phys. Rev. B 48, 13115–13118 (1993). https://doi.org/10.1103/physrevb.48.
13115

J.S. Langer, E. Bouchbinder, T. Lookman, Thermodynamic theory of dislocation-
mediated plasticity. Acta Mater. 58, 3718–3732 (2010). https://doi.org/10.
1016/j.actamat.2010.03.009

J.W. Lee, M.G. Kang, B.S. Kim, B.H. Hong, D. Whang, S.W. Hwang, Single crystalline
aluminum nanowires with ideal resistivity. Scr. Mater. 63, 1009–1012 (2010).
https://doi.org/10.1016/j.scriptamat.2010.07.026

S. Lee, J. Im, Y. Yoo, E. Bitzek, D. Kiener, G. Richter, B. Kim, S.H. Oh, Reversible
cyclic deformation mechanism of gold nanowires by twinning-detwinning
transition evidenced from in situ TEM. Nat. Commun. 5, 1–10 (2014). https://
doi.org/10.1038/ncomms4033

S. Li, X. Ding, J. Li, X. Ren, J. Sun, E. Ma, High-efficiency mechanical energy
storage and retrieval using interfaces in nanowires. Nano Lett. 10, 1774–1779
(2010). https://doi.org/10.1021/nl100263p

G. Lu, N. Kioussis, V.V. Bulatov, E. Kaxiras, Generalized-stacking-fault energy surface
and dislocation properties of aluminum. Phys. Rev. B 62, 3099–3108 (2000).
https://doi.org/10.1103/physrevb.62.3099

F.R. Nabarro, M.S. Duesbery, Dislocations in solids (Elsevier, Amsterdam, 2002)
S. Ogata, J. Li, S. Yip, Energy landscape of deformation twinning in bcc and fcc

metals. Phys. Rev. B 71, 224102–224102 (2005). https://doi.org/10.1103/
physrevb.71.224102

H. Park, J. Zimmerman, Modeling inelasticity and failure in gold nanowires. Phys.
Rev. B 72, 54106–54106 (2005). https://doi.org/10.1103/physrevb.72.054106

R. People, Physics and applications of GexSi1-x/Si strained-layer heterostructures.
IEEE J. Quantum Electron. 22, 1696–1710 (1986). https://doi.org/10.1109/jqe.
1986.1073152

S. Plimpton, Fast parallel algorithms for short-range molecular dynamics. J.
Comput. Phys. 117, 1–19 (1995). https://doi.org/10.1006/jcph.1995.1039

J.-H. Seo, H.S. Park, Y. Yoo, T.-Y. Seong, J. Li, J.-P. Ahn, B. Kim, I.-S. Choi, Origin of
size dependency in coherent-twin-propagation-mediated tensile deformation
of noble metal nanowires. Nano Lett. 13, 5112–5116 (2013). https://doi.org/
10.1021/nl402282n

J.H. Seo, Y. Yoo, N.Y. Park, S.W. Yoon, H. Lee, S. Han, S.W. Lee, T.Y. Seong, S.C. Lee,
K.B. Lee, P.R. Cha, H.S. Park, B. Kim, J.P. Ahn, Superplastic deformation of
defect-free au nanowires via coherent twin propagation. Nano Lett. 11,
3499–3502 (2011). https://doi.org/10.1021/nl2022306

Y. Sun, E. Kaxiras, Slip energy barriers in aluminium and implications for ductile-
brittle behaviour. Philos. Mag. 75, 1117–1127 (1997). https://doi.org/10.1080/
01418619708214014

H.V. Swygenhoven, P.M. Derlet, A.G. Frøseth, Stacking fault energies and slip in
nanocrystalline metals. Nat. Mater. 3, 399–403 (2004). https://doi.org/10.1038/
nmat1136

E.B. Tadmor, S. Hai, A Peierls criterion for the onset of deformation twinning at a
crack tip. J. Mech. Phys. Solids 51, 765–793 (2003). https://doi.org/10.1016/
s0022-5096(03)00005-x

V. Vitek, Intrinsic stacking faults in body-centered cubic. Acta Metallurgica Sin.
Engl. Lett. 18, 773–786 (1968). https://doi.org/10.1007/s40195-015-0271-3

L. Wang, Z. Liu, Z. Zhuang, Developing micro-scale crystal plasticity model based
on phase field theory for modeling dislocations in heteroepitaxial structures.
Int. J. Plast. 81, 267–283 (2016). https://doi.org/10.1016/j.ijplas.2016.01.010

Y.F. Wen, J. Sun, Generalized planar fault energies and mechanical twinning in
gamma TiAl alloys. Scr. Mater. 68, 759–762 (2013). https://doi.org/10.1016/j.
scriptamat.2012.12.032

X. Wu, Y.T. Zhu, E. Ma, Predictions for partial-dislocation-mediated processes in
nanocrystalline Ni by generalized planar fault energy curves: an experimental
evaluation. Appl. Phys. Lett. 88, 121905–121905 (2006). https://doi.org/10.
1063/1.2186968

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kim et al. Applied Microscopy           (2020) 50:19 Page 9 of 9

https://doi.org/10.1016/j.msea.2018.08.108
https://doi.org/10.1016/j.msea.2018.08.108
https://doi.org/10.1016/j.actamat.2018.08.047
https://doi.org/10.1016/j.actamat.2020.06.028
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/physrevb.48.13115
https://doi.org/10.1103/physrevb.48.13115
https://doi.org/10.1016/j.actamat.2010.03.009
https://doi.org/10.1016/j.actamat.2010.03.009
https://doi.org/10.1016/j.scriptamat.2010.07.026
https://doi.org/10.1038/ncomms4033
https://doi.org/10.1038/ncomms4033
https://doi.org/10.1021/nl100263p
https://doi.org/10.1103/physrevb.62.3099
https://doi.org/10.1103/physrevb.71.224102
https://doi.org/10.1103/physrevb.71.224102
https://doi.org/10.1103/physrevb.72.054106
https://doi.org/10.1109/jqe.1986.1073152
https://doi.org/10.1109/jqe.1986.1073152
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1021/nl402282n
https://doi.org/10.1021/nl402282n
https://doi.org/10.1021/nl2022306
https://doi.org/10.1080/01418619708214014
https://doi.org/10.1080/01418619708214014
https://doi.org/10.1038/nmat1136
https://doi.org/10.1038/nmat1136
https://doi.org/10.1016/s0022-5096(03)00005-x
https://doi.org/10.1016/s0022-5096(03)00005-x
https://doi.org/10.1007/s40195-015-0271-3
https://doi.org/10.1016/j.ijplas.2016.01.010
https://doi.org/10.1016/j.scriptamat.2012.12.032
https://doi.org/10.1016/j.scriptamat.2012.12.032
https://doi.org/10.1063/1.2186968
https://doi.org/10.1063/1.2186968

	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Competing interests
	Author details
	References
	Publisher’s Note

