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Metals usually have three crystal structures: face-centered cubic (fcc), body-centered cubic (bcc), and
hexagonal-close packed (hcp) structures. Typically, metals exhibit only one of these structures at room
temperature. Mechanical processing can cause phase transition in metals, however, metals that exhibit all
the three crystal structures have rarely been approached, even when hydrostatic pressure or shock
conditions are applied. Here, through in situ observation of the atomic-scale bending and tensile process of
∼5 nm-sized Ag nanowires (NWs), we show that bending is an effective method to facilitate fcc-structured
Ag to access all the above-mentioned structures. The process of transitioning the fcc structure into a bcc
structure, then into an hcp structure, and finally into a re-oriented fcc structure under bending has been
witnessed in its entirety. This re-oriented fcc structure is twin-related to the matrix, which leads to twin
nucleation without the need for partial dislocation activities. The results of this study advance our
understanding of the deformation mechanism of small-sized fcc metals.
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It is well established that metals usually have one of three
crystal structures: face-centered cubic (fcc), body-centered
cubic (bcc), or hexagonal-close packed (hcp). Because the
structures of metals can significantly affect their properties
[1,2], finding an efficient method that can access all three of
these structures of a given metal and reveal the atomistic
mechanisms of phase transition among them is greatly
desired in metal science and technology research. Such a
method would provide scientific guidance for the synthesis
of metals with desired properties. Although all three of
these crystal structures can be accessed by phase transitions
from the liquid phase through solidification, most metals
normally exhibit only one stable structure at room temper-
ature [3]. Owing to the importance of phase transitions,
they have been extensively studied for decades [4,5]. For
instance, mechanical processing can transform a metal from
one stable structure to another [6,7]. However, metals that
can access all three structures are rare because phase
transition requires a very complicated stress state [4,5];
furthermore, the process is always disrupted by inevitable
dislocation and twinning mechanisms [8–19]. Previous
molecular dynamics (MD) simulations predicted that ultra-
small-sized metals can access two of the above-mentioned
structures at room temperature [20–23] because small
nanowires (NWs) can suppress dislocations and twinning,

which facilitates deformation governed by structural tran-
sition. This prediction was further confirmed by several
experiments on fcc metals several nanometers in size
[9,10,19,24]. For example, Zheng et al. observed the
transformation of fcc Au into a bcc structure at the crack
tip of an Au nanocrystal [19]. Wang and coworkers also
revealed that small-sized fcc Au nanocrystals transformed
into a bcc structure during necking [25]. Although these
results show that several nanometer-sized fcc metals can
indeed experience fcc–bcc phase transition, only transitions
between these two crystal structures were accessed at room
temperature through deformation [9,10,19,24]. Previous
studies have also shown that fcc-hcp transformation occurs
in small-sized Ag during shock loading or under ultrahigh
pressure (>8 GPa) [26–28]. Under complicated stress
conditions, such as ball milling and compression, hcp-
fcc and fcc-hcp phase transitions were observed in hcp Hf
and fcc CrCoNi films, respectively [29,30]. These studies
show that in extremely high or complicated stress states,
fcc metals can usually access only two crystal structures.
Even under extreme conditions such as shock and hydro-
static pressure [26–28], fcc, bcc, and hcp structures have
rarely been simultaneously accessed at room temperature. It
is still unclear whether all three structures can be realized
via the mechanical processing of a given metal. Thus, an
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efficient method that can access all the structures of a given
metal at room temperature, and confirm their formation via
in situ atomic-scale experiments, would be of interest.
Using a homemade in situ deformation device (see

Supplemental Material for details [31–33]), the atomic-
scale deformation behavior of Ag NWs with diameters of
∼5 nm was captured in situ using spherical aberration-
corrected transmission electron microscopy (Cs-TEM).
The results revealed that applying bending strain is an
effective method for fcc-structured Ag to access bcc and
hcp structures. The tensile plastic strain was governed by
partial dislocations, resulting in stacking faults and defor-
mation twins. Our results provide an efficient method for
fcc-structured metals to access three structures at room
temperature.
Figure 1 shows a sequence of Cs-TEM images that were

captured along the ½11̄0� zone axis, which show the atomic-
scale bending process of a single-crystalline Ag NW. Fast
Fourier transform (FFT) of the images corresponding to the
blue-framed region are shown in the inset. As shown in
Fig. 1(a), the NW exhibits an axial direction of [001] and a
diameter of ∼5 nm; it can also be observed that the single-
crystal NW contains no dislocations. The FFT image
indicates that the root of the NW is an fcc structure. As
shown in Figs. 1(c) and 1(c), as the bending strain was
increased, a bcc lattice was observed at the bottom of the
NW, which was confirmed by the FFT image of the
red-framed region. As can be seen from the FFT image
in Fig. 1(c), the spots can be well indexed with bcc Ag.
With an increase in the bending strain, as shown in
Fig. 1(d), many of the bcc lattices further transformed into
hcp. As can be seen from the FFT image, the spots can be

well indexed with hcp Ag. By comparing the area of the
phase transition region in Figs. 1(d) and 1(e), it can be
observed that these newly formed phases underwent growth
process as the bending strain increased, and three types of
phases, i.e., fcc, bcc, and hcp, were observed. With further
bending, the bcc and hcp lattices transformed into a re-
oriented fcc phase [Fig. 1(e)]. It is worth noting that the
re-oriented fcc structure is twin-related to the matrix; the
twin boundary (TB) is indicated by the red dashed line.
In our bending experiments, the fcc, bcc, and hcp phases
were consistently observed (also see other examples in
Figs. S1–S3 [31]), indicating that bending is an effective
method for fcc-structured metals to access all three struc-
tures at room temperature.
To reveal the bending-induced phase transition more

clearly, Figs. 2(a)–2(c) show three enlarged h110i Cs-TEM
images. By comparing these images, it can be seen that the
lattice shape and spacing at the bottom region of the NW is
different from that of the fcc lattice. Since the imaging
condition of our in situ Cs-TEM images was unchanged,
this implies that the change in the lattice shape and spacing
should be directly related with the structural change. As
shown in Fig. 2(a), a bcc lattice was observed in the
compressive region of the Ag NW. Upon carefully check-
ing the lattices, the angle between the (111) and ð111̄Þ
planes was observed to have decreased from ∼109° to 90°,
which is consistent with the measured bending angle of the
NW (as shown in Fig. S4 [31]). The relationship between
the fcc and bcc structures is consistent with the Bain
transformation path (Fig. S5, Tables I–III [31]). With an
increase in bending strain, as shown in Fig. 2(b), both the
bcc and hcp lattices were frequently observed (also see
Figs. S1–S3 [31]). The relationship between bcc and hcp is
shown in Fig. S6 and Tables I–III. [31] With further
straining, the hcp and bcc phases in the compressive region
transformed back into fcc phases [Fig. 2(c)], leading to

FIG. 1. In situ Cs-TEM images along the fcc ½11̄0� zone axis
showing the bending process of a ∼5 nm-sized Ag NW. The inset
image shows the corresponding FFT pattern of the blue-framed
region.

FIG. 2. (a)–(c) Enlarged Cs-TEM images showing the fcc-bcc-
hcp-fcc phase transformation at the bottom of the NW during
bending. (d)–(e) The corresponding enlarged Cs-TEM images
of (a)–(c) show the bcc, hcp, and fcc phases in detail.
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region III becoming a twin with regions I and II [Fig. 2(c)].
Figures 2(d)–2(f) show enlarged Cs-TEM images corre-
sponding to the red-framed region of Figs. 2(a)–2(c),
respectively. As indicated by the red dashed line in
Fig. 2(d), the lattice in this region exhibits a square shape,
and the spacings of the lattice planes are 0.236 and
0.235 nm. These parameters can be well calibrated by
the {110} plane of bcc Ag viewed along the [100] zone axis
(a ¼ b ¼ c ¼ 0.333 nm), which was confirmed by ab ini-
tio simulation (see Fig. 3). As indicated in Fig. 2(e), in the
hcp lattice region, the measured spacings of the lattice
planes were 0.250 and 0.235 nm. The interplanar angles
and spacing cannot be calibrated by fcc-structured Ag but
can be well calibrated by the f11̄00g and (0002) planes of
hcp Ag viewed along the ½112̄0� zone axis (a ¼ b ¼
0.293 nm and c ¼ 0.479 nm) [39], which was also con-
firmed by ab initio simulation (see Fig. 3). With further
bending, this region transformed into a re-oriented fcc
lattice. As shown in Fig. 2(f), the lattice spacing is
consistent with fcc Ag with a ¼ b ¼ c ¼ 4.08 Å. This
re-oriented fcc lattice structure is twin-related to the matrix,
which contradicts the wide belief that deformation twining
occurs via partial dislocation mechanisms. The bent strain
can lead to the local structure varying slightly from the ideal

fcc lattice; thus, the contrast in the Cs-TEM image is
slightly displaced.
Figures 3(a)–3(c) show three enlarged Cs-TEM images

of the bottom of the Ag NW depicting the phase transition
process during bending. Before the phase transition
[Fig. 3(a)], the angle between the (111) and ð111̄Þ planes
was ∼107° (this angle for an ideal fcc lattice is 109.5°),
indicating that the fcc lattice was subjected to a large strain
without any dislocation activity. In Fig. 3(b), two types of
fcc and bcc phases of Ag are shown. As shown in Fig. 3(c),
many of the bcc lattices transformed into hcp lattices. Thus,
three types of phases, i.e., fcc, bcc, and hcp, were observed
in Ag NWs. This indicates that the fcc–hcp transition,
which follows an fcc-bcc-hcp path, likely occurs through
Bain straining [40] rather than through partial dislocation
activity.
To verify the phase transition path and the energy barrier

of the phase transformation, the energy landscape under-
lying the fcc-bcc-hcp phase transformation was evaluated
using ab initio calculations [Fig. 3(e)]. During the calcu-
lations, the fcc structure (a ¼ 0.416 nm) served as the
initial state (Step 0), the bcc structure (a ¼ 0.328 nm) was
the first state (Step 8), and the hcp structure (a ¼ 0.293 nm
and c ¼ 0.484 nm) was the final state (Step 16). As can be
observed from the calculated energy curves, the energy of
the hcp structure is located in a valley, which indicates that
the hcp phase is stable. Although bcc-structured Ag has a
high energy, it is located in a tiny valley. This implies that
the bcc phase is metastable [3], which was also confirmed
by our experimental observation that bcc Ag was often
localized near the interface. Based on the ab initio calcu-
lations, it can be concluded that the phase transition
should follow a Bain strain path [40,41] according to the
change in the “principal axis” (see details in Figs. S5–S6 and
Tables I–II [31]). As shown in Fig. S5(a) [31], corresponding
to the fcc-bcc transformation of the Bain model, the
continuous strain leads to an increase in the a=c ratio from
1 to

ffiffiffi

2
p

[see Fig. S5(c) and Table I [31]]. After the formation
of the bcc phase, as shown in Fig. S6, further straining of the
bcc structure led to the bcc-hcp transformation following the
Bain model. The corresponding fcc, bcc, and hcp structures
are shown in the inset of Fig. 3(d). Based on the ab initio
calculations, the corresponding three-dimensional (3D)
atomic models of fcc-, bcc-, and hcp-structured Ag [shown
in the inset of Fig. 3(d)] were found to be consistent with
our experimental results. Figures 3(g)–3(j) show the two-
dimensional (2D) atomic models of the fcc, bcc, hcp, and re-
oriented fcc phases obtained from the ab initio calculations.
We also conducted a series of compressive (Fig. S7 [31])

and tensile (Fig. 4 and Figs. S8–S11 [31]) loading experi-
ments on Ag NWs with different orientations. The results
of these tests show that the plasticity of ultrasmall NWs
is governed by dislocation activity under tensile deforma-
tion, while phase transformation occurs under bending. The
results are consistent with those of previous, conventional

FIG. 3. Enlarged Cs-TEM images and atomic model showing
the fcc-bcc-hcp-fcc phase transformation path. (a)–(c) The crystal
lattice between the (111) and ð111̄Þ planes changes from the
original fcc to a bcc and then to an hcp lattice. The inset in (b),(c)
show simulated images of bcc- and hcp-structured Ag. (d) Calcu-
lated energy curves of the fcc-hcp phase transition through the
bcc path. The inset in (d) shows simulated HRTEM images of
fcc-, bcc-, and hcp-structured Ag and the corresponding 3D
models. (e)–(h) 2D models of fcc-, bcc-, and hcp-structured Ag.
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compression and tensile deformation experiments
[24,42–45]. Our in situ atomic-scale results, together with
those of previous compression and tensile deformation
experiments and atomistic simulations, provide a compre-
hensive picture of the deformation mechanism of fcc
metals. Under conventional compressive/tensile loading,
the plasticity of metals is governed by dislocation activity
and deformation twinning. However, during bending, phase
transition is an important mechanism to accommodate
the bending strain, at least for Ag NWs. Additionally,
we provide direct evidence that deformation twinning can
occur through continuous phase transition, which has
seldom been reported.
Generally, even under extreme conditions, metals can

access only one or two of the above-mentioned structures at
room temperature. Our results show that bending can
provide fcc-structured Ag with access to all three structures
(fcc, hcp, and bcc) at room temperature. According to
previous studies, the fcc-hcp transition can be realized
through partial dislocation emission on alternating close-
packed (111) planes. Interestingly, our ab initio calcula-
tions (Fig. S12 [31]) showed that the energy barrier of a
partial-dislocation-induced fcc-hcp transition is lower than
the Bain strain fcc-bcc-hcp path. The activation of the high-
energy Bain strain path may be due to the following
reasons: First, the inhomogeneous strain distribution likely
makes the region at the bottom side of the bent NWs a
confined domain (Fig. S13 [31]). Because this “confined
domain” is ultra-small (with a size less than 2 nm),
dislocation activity is suppressed [5,10]. Thus, this ultra-
small-sized region can endure high stresses according to the
principle of “smaller is stronger” [5,10], ultimately facili-
tating the fcc-bcc-hcp-fcc transformation. Second, the
inhomogeneous bending strain makes dislocation activity
unfavorable. The generation of plastic strain requires
dislocation nucleation and glide through the NWs. For
NWs undergoing conventional compressive/tensile defor-
mation, the above-mentioned dislocation activity can easily
occur because the strain distribution is relatively homo-
geneous. Whereas for a bent NW, the upper side of the
central axis undergoes tensile strain, and the bottom side
of the central axis undergoes compressive strain. This

inhomogeneous strain is unfavorable for the nucleation
and glide of dislocations in the NWs. Thus, in this case,
plastic strain through dislocation activity is unfavorable.
Third, bending can avoid early fracture initiation that easily
occurs during tensile deformation, and can also sufficiently
increase the strain energy to trigger the fcc-bcc-hcp-fcc
transformation. This phase can accommodate a consider-
able amount of the strain energy and can consequently
accommodate the bending strain.
In conclusion, an atomic-scale bending deformation

mechanism of Ag NWs was investigated in situ using a
homemade deformation device. It was shown that bending
provides an effective way to provide fcc-structured Ag with
access to fcc, bcc, and hcp structures at room temperature.
The results also revealed a new deformation mechanism of
NWs under bending strain, where an NW accommodates
the bending strain through fcc-bcc-hcp-fcc phase transition.
The results of this study advance our understanding of the
deformation mechanism of small-sized fcc metals.
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