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The plasticity of micron scale Cu and Au wires under cyclic torsion is investigated for the first time

by using a torsion balance technique. In addition to a size effect, a distinct Bauschinger effect and an

anomalous plastic recovery, wherein reverse plasticity even occurs upon unloading, are unambiguously

revealed. The Bauschinger effect and plastic recovery have been observed in molecular dynamics and

discrete dislocation dynamics simulations of ideal single-crystal wires; the results here are an excellent

confirmation that these effects also occur in experiment in nonideal polycrystalline wires. A physical

model consistent with the simulations is described in which the geometrically necessary dislocations

induced by the nonuniform deformation in torsion play the key role in these anomalous plastic behaviors.
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The plasticity of small-volumemetals has been attracting
tremendous attention. A size effect manifested as ‘‘smaller
is stronger’’ has been observed in various geometries and
different loading conditions, such as wire torsion [1–4], foil
bending [5], micro- and nanoindentation [6], and uniaxial
tests onmicro- and nanopillars [7–11], etc. Until now,much
research has focused on the monotonic loading conditions;
only a few attempts [12–18] have been devoted to studying
cyclic plasticity at small scales. Recently, an interesting
recoverable plasticity was experimentally observed in
freestanding nanocrystalline films [19] and in an Au nano-
crystal under off-axial tensile loading [20] and then
confirmed by simulations [21–23]. A similar phenomenon
has also been found in other kinds of micromechanics tests
[12–14,16]. In practice, the failure of small-scale structures
in service is usually due to cyclic loading [24]. Therefore, it
is instructive to study cyclic plasticity under inhomogene-
ous deformation, which enables the analysis of size effects,
strain hardening, the Bauschinger effect (BE), and plastic
recovery [also known as the anomalous BE].

Several anomalous plastic properties have been pre-
dicted in molecular dynamics (MD) and discrete disloca-
tion dynamics (DDD) simulations of thin metal wires
under cyclic torsion [17,25,26]. We report cyclic torsion
tests on micron scale Cu and Au wires. The size effect, a
significant BE, and a plastic recovery are clearly observed,
giving direct experimental evidence for the phenomena
seen in simulations.

Thin metal wires are studied by using a torsion balance
[4], as illustrated in Fig. 1(a). Briefly, it permits the mea-
surement of torque to nNm, as a function of torsional strain
to a sensitivity of 0.1 microstrain. Both twist-control and
torque-control modes are provided. Twist control is used
for cyclic and monotonic strain hardening, the size effect,
and the BE. Torque control is used for creep and plastic
recovery upon repeated loading.

Tests were conducted on numerous wires of polycrys-
talline Cu (99.999% purity) with diameter 2a ¼ 18, 20, 35,
and 42 �m and polycrystalline Au (99.99% purity) with
2a ¼ 20 �m. The shear strain rate at the surface of the
wire was below 10�3=s. All the Cu wires were annealed at
410� for 2.4 h in a vacuum furnace, while the Au wires
were used as supplied (annealed for a few minutes at
500 �C. The grain size of the Cu wires was measured to
be from 5 to 9 �m [see Figs. S1(a) and S1(b) in the
Supplemental Material [27]]. Therefore, the Hall-Petch
effect here is similar in the different size wires. The aver-
age grain size of the Au wire is much smaller, around
0:87� 0:05 �m [see Fig. S1(c) in Ref. [27]]. The texture
has not been controlled, but we assume that the annealing
has normalized the microstructure and reduced the effect
of any preferred orientation.
A typical experimental curve for Cu wire with 2a ¼

20 �m is shown in Fig. 1(b). The normalized torque Q=a3

is plotted against the surface shear strain �a, where � is the
twist per unit length. This specimen was twisted to 1%
strain forward and reverse ten times. The initial departure
from the origin follows the theoretical elastic response to
75 MPa, and then plasticity is observed. The stress con-
tinues to rise to 140MPa at the strain of 1%, and we refer to
this as monotonic hardening. A further increase in normal-
ized torque is seen on each successive cycle, referred to as
cyclic hardening. The most dramatic feature in the cyclic
response is the plastic recovery "rp, which initiates even

before the torque is reversed.
Typical results for other diameters and with different

strain amplitudes are shown in Fig. 2. For each diameter,
the specimen was loaded to a prescribed strain, then
unloaded, and reverse loaded one or more times to the
same strain. Then, it was unloaded entirely. This sequence
was repeated to successively larger prescribed strains.
Figures 2(a)–2(c) show the responses to three, seven, and
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six successively greater strains for the Cu wires with
2a ¼ 18, 35, and 42 �m, respectively. Both monotonic
and cyclic hardening are seen. For a small strain amplitude
(� 0:005), the Cu wires seem to be cyclically stable [see
the first loading in Figs. 2(b) and 2(c)], perhaps because the
plasticity has not yet initiated completely at such small
strain. At higher strains, above �0:005, the cyclic harden-
ing becomes evident and then gradually saturates after
around ten loops [see the second loading in Figs. 2(b)
and 2(c)]. The reverse hardening rates are always higher
than that in forward loading [Figs. 1(b) and 2(a)–2(c)].
A strong BE is manifested by (i) the yield strength in
the reverse direction is much lower than in the forward

loading, often the plastic deformation starts even during
unloading, and (ii) all curves show a smooth transition in
the elastic-plastic regime of the reverse loading. Figure 2(d)
shows the data for the Au wire. They display an elastic-
perfect plasticity, in which neither cyclic hardening nor
monotonic hardening are observed; however, a pronounced
BE does occur.
The responses of the Cu and Au wires to repeated

forward loading in torque control are shown in Fig. 3(a)
and Fig. S2(c) in Ref. [27]. There is significant hysteresis
with reverse plasticity occurring during unloading, which
agrees with the results in twist control [Figs. 1(b) and 2]
and with the predictions from the simulations [17,25,26].
Under the repeated load-unload sequences, plastic strain
accumulates without monotonic hardening (also known
as ratcheting deformation). A typical SEM image for the
Cu wire after several cycles is given in Fig. 3(b). The slip
traces indicated by the arrows show that local stress con-
centrations and a multiaxial stress state occur in certain
regions.
Cyclic torsion data of Cu wires with different diameters

are compared in Fig. 4. The shapes of the hysteresis loops
for the three diameters are similar, but the magnitudes
display a size effect. During the first forward loading, there
is a systematic increase in monotonic hardening with
decreasing diameter, while no size effect is found in uni-
axial tension data [see Fig. S3(a) in Ref. [27]].
A quantitative comparison of our data with the literature

is difficult, as conditions and protocols vary. Simulations
do observe strong plastic recovery [17,25,26] but so far
only in single-crystal wires below 2 �m diameter. The
simulations use much higher strain rates of 4� 108 s�1

for MD and 8700 s�1 for DDD. Comparing with other
experiments, the load-unload method for torsion [2,28]
does not observe the early plastic recovery. This is clearly
an advantage of the torsion balance method here. On the
other hand, both creep and the BE vary with time and with
temperature [28]. Much more of the time-temperature
space needs to be explored in future work.
We now consider the physical origin of the size effect

and the recoverable plasticity observed. The size effect at
initial yielding during the first forward loading [Fig. 4] is
associated with the space available for the operation of
dislocation sources, which in single-crystal specimens is
the wire radius for torsion and the wire diameter for
tension [2,29]. The grain size here is smaller than either
of these length scales, and so we expect only a small size
effect in any case but smaller in tension than torsion as
observed [27]. Both theory and simulations show that
torsional plasticity in single-crystal wires is obtained by
the generation of geometrically necessary dislocations
(GNDs) [1,2,4,17,25,26,30]. Under an applied torque,
one dislocation of a dipole emitted from a source located
inside of the specimen moves outward and may escape
from the surface or be annihilated at grain boundaries. The

FIG. 1 (color online). (a) Schematic of the experimental appa-
ratus. Typical time dependence of torque in two modes is shown
in the inset. (b) Typical cyclic torsion data for a Cu wire with
2a ¼ 20 �m under twist control. The broken straight lines show
the elastic response. The plastic strain recovery upon unloading
"rp is marked on the plot.
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other dislocation of the dipole moves towards the wire
center under the stress gradient. These polarized disloca-
tions cannot escape from the surface or move across the
wire center due to the reversal of the sign of the stress at
the neutral axis. As a result, axial GNDs with a screw
component accumulate around the wire center during
twisting. This process has been predicted theoretically
[2,4,31] and confirmed by MD and DDD simulations
[17,25,26]. A similar phenomenon in film bending has
also been seen in DDD simulations [29,32]. On unloading
or stress reversal the mutual repulsion (back-stress) of
these dislocations pushes them outwards—some may dis-
appear out of the sample surface—and so the specimen
untwists; the BE and recoverable plasticity are observed
here.

These ideas can be expressed more quantitatively. The
amount of plastic twist �1 due to a single axial screw
dislocation is easily estimated—it is the Eshelby twist
[33,34]. The shear strain due to the axial dislocation is
�d ¼ �b=ð2�rÞ for r 2 ½r0; a�, where a core cutoff radius
r0 is introduced to avoid divergence in calculations. The
elastic shear strain from the torsion is �r ¼ �r for r 2
½0; a�. By adding the two strains and integrating the result-
ing elastic strain energy over the wire,

U ¼ 1

2
G
Z a

r¼0
2�rð�d þ �rÞ2dr

¼ 1

4
G

�
�a2ð��a2 � 2bÞ þ 2�br20 þ

b2 lnða=r0Þ
�

�
: (1)

Here, the dislocation core energy is neglected. Solving for
the value of � at which U is minimum, we obtain

�1 ¼ bða2 � r20Þ
�a4

: (2)

Note that this is different from the standard expression for
the Eshelby twist, which is as good a model for a single
dislocation as the hollow core, and is more useful for
estimating the Eshelby twist due to off-axis dislocations
as done below. For r0 � a, this corresponds to �1a�
5–12 microstrain for 50 and 20 �m wires, respectively.
This solution can be generalized to N dislocations close to
the axis. In a continuum approximation (an infinite number
of dislocations with infinitesimal Burgers vector), it can
also be used for a ring of N dislocations parallel to the axis
at a radius R. Within such a ring, �d vanishes, so we use
�NR ¼ N�1 with r0 set to R.

FIG. 2 (color online). Multiple cyclic responses of Cu and Au wires with increasing strain amplitudes in twist control: (a) Cu, 2a ¼
18 �m, (b) Cu, 2a ¼ 35 �m, (c) Cu, 2a ¼ 42 �m, and (d) Au, 2a ¼ 20 �m. The elastic response is indicated by the dashed line, and
the yield points in the forward and reverse directions are marked by circles. Oscillations in the curves are attributed to slight vertical
misalignment.
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In the DDD simulations to large twists, the disloca-
tions are concentrated near the axis [17]. On unloading,
the DDD shows that the bulk of the dislocations
disappear from the wire, and hence complete plastic
recovery may be expected except for the fraction of
dislocations that become pinned or tangled [17]. In
our polycrystalline wires, the dislocation motion is
constrained by the grain boundaries. They will therefore
be distributed throughout the cross section rather
than concentrated near the axis. Upon unloading, they
will be able to move outwards some fraction of the grain
size d. Using Eq. (2) with r0 ¼ R, and with N dislo-
cations, we have d�NR=dR ¼ �2NbR=�a4. Assuming a
uniform distribution of N dislocations, the averages
of �NR and its differential over 0<R< a (weighted
by 2�R) are

h�NRi ¼ 1

�a2

Z a

R¼0
2�R�NRdR ¼ Nb

2�a2
;

hd�NRi ¼ � 4Nb

3�a3
dR ¼ � 8

3a
h�NRidR:

(3)

Only a fraction of the dislocations can move. Many will
be embedded in grain boundaries or otherwise pinned.
Only a fraction will be axial; it is not clear if, e.g.,
radial dislocations will move so as to give plastic recov-
ery. Those that can move within grains will on average
move a distance �R, which is only a fraction of d.
The grain size here is only a fraction of the wire radius.
So the plastic recovery h��NRi is expected to be only a
small fraction of the plastic torsion, in accordance with
the recoveries seen in experiments.
In this picture, the BE is just that part of the plastic

recovery which requires some reverse stress. The outward
motion of the GNDs reduces the requirement to activate
new dislocation sources for reverse plasticity. The higher
hardening rate in the reverse response may then be attrib-
uted to the presence of higher densities of dislocations
among slip systems. The creation of slip bands in Fig. 3(b)
is primarily due to the increasing Peierls-Nabarro stress on
the curved slip planes under torsion deformation [35].
Hence, the multiple slip system activation associated with
additional local forest hardening appears. Interestingly, little
or no recoverable plasticity was found in cyclic uniaxial tests
[11,12,15]. This strongly implies that the GNDs induced
by the inhomogeneous deformation are central to the BE
and plastic recovery at small scales. Little cyclic hardening
was observed in Au compared with Cu [Fig. 2]. One expla-
nation is that gold has a lower stacking fault energy and less
tendency for cross-slip, so that slip in Au is expected to be
more planar [20].

FIG. 4 (color online). Cyclic torsion data of the Cu wires with
2a ¼ 18, 35, and 42 �m for the initial loading cycles. The yield
points in the forward and reverse directions are marked by
circles. The wires show significant Bauschinger and size effects.

FIG. 3 (color online). (a) Responses of the Cu and Au wires to
repeated forward loading. All load-unload cycles of both metals
show a pronounced hysteresis. (b) SEM image of a Cu wire with
2a ¼ 42 �m after the test. The arrows point out distinct slip
bands created by multiple slip systems.
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In wire torsion, strong strain gradients appear, and hard-
ening is due to the accumulation of both statistically stored
dislocations and GNDs [1,4,17]. Some portion of plastic
work is not dissipated but stored in the deformed materials
through GNDs or other polarized structures [36]. This is
the physical basis for the strain gradient plasticity (SGP)
theories [18,37–39] with both energetic and dissipative
length scales. It is beyond the scope of this Letter, but we
will present elsewhere a nonlocal kinematic model within
a SGP framework that captures the size effect, the BE, and
plastic recovery.
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