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Nearly 90 per cent of service failures of metallic components and
structures are caused by fatigue at cyclic stress amplitudes much
lower than the tensile strength of the materials involved'. Metals
typically suffer from large amounts of cumulative, irreversible
damage to microstructure during cyclic deformation, leading to
cyclic responses that are unstable (hardening or softening)** and
history-dependent®®. Existing rules for fatigue life prediction,
such as the linear cumulative damage rule®, cannot account for
the effect of loading history, and engineering components are often
loaded by complex cyclic stresses with variable amplitudes, mean
values and frequencies'®!!, such as aircraft wings in turbulent air. It
is therefore usually extremely challenging to predict cyclic behaviour
and fatigue life under a realistic load spectrum®!!. Here, through
both atomistic simulations and variable-strain-amplitude cyclic
loading experiments at stress amplitudes lower than the tensile
strength of the metal, we report a history-independent and stable
cyclic response in bulk copper samples that contain highly oriented
nanoscale twins. We demonstrate that this unusual cyclic behaviour
is governed by a type of correlated ‘necklace’ dislocation consisting of
multiple short component dislocations in adjacent twins, connected
like the links of a necklace. Such dislocations are formed in the highly
oriented nanotwinned structure under cyclic loading and help to
maintain the stability of twin boundaries and the reversible damage,
provided that the nanotwins are tilted within about 15 degrees of the
loading axis. This cyclic deformation mechanism is distinct from
the conventional strain localizing mechanisms associated with
irreversible microstructural damage in single-crystal'>!3, coarse-
grained"'%, ultrafine-grained and nanograined metals*!>1,

Direct-current electrodeposition was used to prepare bulk high-
purity copper plates (thickness >3 mm) with nanoscale growth
twins!”!, which were cut into dog-bone-shaped specimens for cyclic
tests (Fig. 1a). Cross-sectional scanning electron microscopy (SEM)
observations revealed that most grains are columnar in shape and
separated by sharp grain boundaries (Fig. 1b). High-density nano-
scale growth twins were detected in all grains by cross-sectional trans-
mission electron microscopy (TEM) (Fig. 1¢). Nanotwinned copper
(NT-Cu) samples with average grain size d =5.7 pm and twin thick-
ness A=63nm are referred to as NT-Cu-A (Fig. 1b, ¢) and those with
larger grain size of 8.2 jum and twin thickness of 79 nm are referred to
as NT-Cu-B. A strong {111} out-of-plane texture exists in as-prepared
NT-Cu, because most twin boundaries (TBs) are roughly parallel to the
deposition plane, as shown by the (111) pole figure derived from X-ray
diffraction (Fig. 1d) and electron backscatter diffraction measurements
(Supplementary Video 1). Monotonic tensile properties of both NT-Cu
samples are summarized in Extended Data Fig. 1.

To explore the effect of the loading history on the cyclic response of
NT-Cu, we carried out uniaxial symmetric tension-compression cyclic
deformation tests at room temperature, with plastic strain amplitude
Agpl/2 increasing stepwise from 0.02% to 0.04%, 0.06% and finally

0.09%, and then decreasing sequentially back to 0.02% (Extended Data
Fig. 2). The loading axis is approximately parallel to the majority of the
twin planes (Fig. 1). Figure 2 shows variations of the stress amplitude
Ao/2 versus the cumulative cycles >N for samples NT-Cu-A (Fig. 2a,
b) and NT-Cu-B (Fig. 2d, e), which were cyclically deformed in pre-
scribed sequences of stepwise increasing and decreasing Ae /2. Taking
NT-Cu-A as an example, it is seen that Ao/2 quickly reaches a steady
state value of about 162 MPa at Ae/2 =0.02% and remains constant
over the rest of the loading cycles, indicating a stable cyclic response.
Similar cyclic stability is observed as Ae,)/2 is raised stepwise up to
0.09% and then decreased back to 0.02%, with a total cumulative fatigue
life exceeding 17,000 cycles. The results also revealed a one-to-one cor-
respondence between Ac/2 and Ae/2. The value of Ao/2 during the
decreasing Aep,1/2 sequence is nearly identical to that during the
increasing sequence at the same Aey,/2, indicating a history-independ-
ent cyclic response. The larger the Acy,)/2, the higher the Ag/2. Similar
behaviour was observed in NT-Cu-B, but with a lower stable stress level
at the same Aep,)/2 owing to the larger twin thickness and a longer
cumulative fatigue life of up to 25,000 cycles. Even after more than
1,000% cumulative plastic strain, this stable cyclic response with one-
to-one Ac/2-Aep,/2 correspondence still persists in both NT-Cu sam-
ples (Extended Data Fig. 3a-d).

The stress—strain hysteresis loops of NT-Cu at a given strain ampli-
tude during the increasing/decreasing Ac,)/2 sequences are also iden-
tical, as shown in Fig. 2c and f. In particular, for each Ae,)/2, both
the ascending and descending branches of the hysteresis loops in
the decreasing Ac /2 sequence overlap completely with those in the
increasing Aep/2 sequence. Irrespective of the imposed Aep/2 and the
loading sequence (ascending or descending), they all obey the same
stress—strain response.

Symmetric tension-compression cyclic tests with stepwise increas-
ing and decreasing Acep)/2 were also performed on NT-Cu, ultraf-
ine-grained Cu (UFG-Cu) and coarse-grained Cu (CG-Cu) samples at
larger Aep/2 from 0.05% to 0.25% with 70 loading cycles at each Aep,)/2
value (Extended Data Fig. 3e-m). Conventional history-dependent
cyclic responses were observed in CG-Cu and UFG-Cu, as reported
in the literature®>®, These results clearly indicate that the NT-Cu sam-
ples exhibit a unique, stable and history-independent cyclic response
during cyclic deformation, irrespective of the imposed plastic strain
amplitudes and cycle numbers.

To understand the underlying deformation mechanisms of the
history-independent and stable cyclic response, we performed large-
scale atomistic simulations of NT-Cu similar to the experimental setup
(see Methods and Extended Data Figs 4 and 5). Figure 3a and b provides
two different cross-sectional views of a deformed grain (marked as G1
in Extended Data Fig. 4) in the simulated NT-Cu sample after 20 cycles
at Aep/2=0.25%. It is seen that dislocations that carry plastic defor-
mation in NT-Cu during cyclic loading are strongly correlated across
multiple TBs, with a necklace-like structure. These correlated necklace
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Figure 1 | Microstructure of NT-Cu before and after cyclic deformation.
a, Image of an as-deposited NT-Cu-A specimen for cyclic loading

tests. b-g, Cross-sectional SEM (b) and TEM (c) and plane-view X-ray
diffraction observations (d) showing that the sample contains a high
density of parallel nanoscale twins in micrometre-sized columnar grains,
and that the microstructure is preserved (e, f, g) even after a cumulative

dislocations (CNDs) are identified as a new type of dislocation struc-
ture which is fundamentally distinct from typical dislocation patterns
observed in conventional single-crystal'® and coarse-grained metals"'*
during fatigue, as well as in dislocations that pile up at TBs'?, twin-
ning partials?*~** and threading dislocation'” in nanotwinned metals
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life of 17,000 loading cycles. Insets in ¢ and f show selected area diffraction
patterns of nanoscale twins. GD stands for the growth direction and LA
indicates the cyclic loading axis, which is approximately parallel to the
twin planes. Levels (m.u.d., multiples of uniform density) denote the
intensity of texture.

during monotonic tensile tests. During the simulation, CNDs were
observed to move collectively back and forth along the TBs under cyclic
loading (Supplementary Videos 2 and 3). The observed CND struc-
ture is consistent with experimentally observed zigzag deformation
patterns at the surface of the NT-Cu samples after cyclic testing (Fig. 3c).
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Figure 2 | History-independent cyclic deformation behaviour of NT-Cu.
a, b, d, e, Cyclic stress response Ao/2 as a function of the cumulative
loading cycles >_ N for NT-Cu-A (a, b) and NT-Cu-B (d, e) samples
cyclically deformed in two sequences of plastic strain amplitudes, that is,
increasing Aep /2 step-by-step from 0.02% to 0.09% (a, d) and decreasing
Acgpi/2 back to 0.02% (b, e). ¢, f, The corresponding hysteresis loops (at the

Strain, &/2 + Ae /2 (%)

500th cycle at each Aep/2) for NT-Cu-A (c) and NT-Cu-B (f) samples in a
shifted coordinate system, where the lower left corners of the loops are
shifted to the coordinate origin for comparison purposes. More than 10
individual nanotwinned samples were tested, each being 49 mm in total
length and 12mm x 4 mm X 3.2 mm in the gauge section.
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Figure 3 | Cyclic deformation features of NT-Cu. a, b, Simulated cyclic
deformation patterns of CNDs in grain G1 (see Extended Data Fig. 4)
after 20 cycles. The insets show the top view of the grain of interest, with
arrows indicating the viewing angles. Atoms in the face-centred-cubic
(fec) structure are made transparent for clarity. Colours are assigned to

The slip patterns cut through numerous TBs, with lengths ranging from
several to tens of micrometres, and lay parallel to each other while being
inclined to TBs in individual twin interiors, implying that only a single
slip system with slip plane inclined to TBs was active during the cyclic
tests (Fig. 3a, b). Confocal laser scanning microscopy observations in
Fig. 3d showed that the mean surface height fluctuation associated with
the slip patterns, defined as the altitude difference between adjacent
surface peaks and troughs, was only 310 nm in NT-Cu-A when the
sample was cycled to failure, which is much smaller than typical micro-
metre-scale extrusions or intrusions associated with strain localization
in fatigued single-crystal and coarse-grained metals"!.

To examine the microstructure underneath the zigzag slip bands,
the top surface of NT-Cu-A after 17,000 cycles of deformation was
mechanically polished. No detectable changes in TB morphologies, TB
spacing, grain size and texture were found between the as-deposited
state and those during and after cyclic deformation (Fig. 1, Extended
Data Fig. 6 and Supplementary Video 1), indicating an extremely stable
microstructure under variable cyclic loading.

Based on the double Thompson tetrahedron for twin and matrix?>,
we found that the CND is made up of a series of single-slip threading
dislocation segments gliding on inclined slip planes between adjacent
TBs, as well as twinning partial dislocations lying on TBs, and stair-
rod dislocations at the intersection of the inclined slip planes and twin
planes (Extended Data Fig. 7a-d). Most CNDs are formed by linking
neighbouring threading dislocations through dissociation and merg-
ing of their misfit tails on TBs under cyclic loading (Extended Data
Fig. 7e-h), which is different from that of jogged CNDs*® found in
simulated nanotwinned metal with A < 1nm under monotonic loading.
The highly correlated CNDs provide an interesting mechanism for
carrying plastic strain in neighbouring twin/matrix lamellae without
any strain localization (Fig. 3d) and also seem capable of hindering
the formation of dislocation locks or entanglements (Extended Data
Fig. 8). More importantly, the extremely stable CND structure moving
back and forth along the TBs during cyclic deformation preserves the
slip system as well as the coherency and stability of TBs (Fig. 1e, f,
Supplementary Video 1). Our simulations also demonstrated that
history-independent cyclic behaviour is an inherent property of the
highly oriented nanotwinned structure, provided that the TBs are tilted
within about 15° relative to the loading axis (Extended Data Fig. 9 and
Supplementary Videos 5-8).

A two-beam diffraction technique in TEM*” was adopted to charac-
terize the configurations of CNDs in the twin/matrix lamellae of
cyclically deformed NT-Cu-A (Fig. 4a, b). Three-dimensional stereo-
projection reconstructions of CNDs and nanoscale twins under a view-
ing direction inclined to TBs are shown in Fig. 4c, where the twin planes
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atoms according to their spatial coordinates. ¢, d, Cross-sectional SEM
(¢) and confocal laser scanning microscopy observations (d) of NT-Cu-A
after cyclic loading, showing zigzag slip bands across TBs (c) with very
little height fluctuation (d). The contrast in d indicates height fluctuation
as shown by the colour bar on the right.

are projected as regions of moiré fringes. Owing to the severe confine-
ment of nanoscale twins, the overall morphology of CNDs
with curved heads cannot easily be observed by TEM. Only their
relatively long segments overlapping with TBs can be detected in
nanometre-thick TEM foils, as schematically illustrated by the solid
lines in Fig. 4c. Short, parallel dislocation segments overlapping with
moiré fringes were prevalently detected in some grains (Fig. 4a), which
is fully consistent with the anticipated structure of CNDs (Fig. 4c). The
visible dislocation segments under diffraction vectors g=[200]y
(Fig. 4b) and [111]y; from the matrix (or [200]r and [111]t from the
twin) suggest that their Burgers vectors are parallel to TBs?® (Extended
Data Table 1). The distribution of dislocation segments is not random,
but uniform with nearly identical spacing, suggesting that they are
highly correlated (see the black dot-dashed line in Fig. 4a). These
analyses based on SEM, TEM and three-dimensional stereo-projection
reconstruction thus collectively support the idea that the observed
dislocation segments on TBs correspond to the CNDs observed in
atomistic simulations.

The observed history-independent and stable cyclic response gov-
erned by mobile, single-slip and extremely stable CNDs reveals a new
route to the design of engineering structures that are resistant to fatigue
and damage accumulation, by using highly oriented nanotwinned

/ Hinge 347
Figure 4 | CND morphology in cyclically deformed NT-Cu. a, Cross-
sectional TEM images of cyclically deformed NT-Cu-A showing that
typical segments of CNDs overlapping with moiré fringes of TBs are
uniformly distributed. b, The diffraction vector g= [200]y. ¢, Schematic of
CNDs in adjacent twins under two-beam conditions, with blue solid lines
marking the CND segments overlapping with TBs.
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metals that have been synthesized by various growth and deformation
processing techniques® 32,

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Materials. High-purity copper sheets containing nanoscale growth twins were
synthesized by means of a direct-current electrodeposition technique!”!® from
an electrolyte of CuSOy4 with concentration of 90 g 1™! and pH value adjusted
to approximately 1 with H,SOy, a soluble anode made of a highly purified
(99.995 wt%) electrolytic copper sheet, and a pure Ti sheet as cathode substrate.
The distance between the anode and cathode was approximately 10 cm. The elec-
trolyte bath was stirred mechanically and the bath temperature was set at 20 °C.
NT-Cu samples with different grain sizes and twin thicknesses were prepared by
adjusting the current density. As-deposited NT-Cu samples exhibit the follow-
ing approximate dimensions: length 50 mm, width 40 mm and thickness 3.4 mm
(Supplementary Video 1)

For comparison, high-purity twin-free UFG-Cu samples with an average grain

size of about 380 nm were produced by cold-rolling CG-Cu samples with a rolling
strain e = (t) — t)/t = 450%, where t, and ¢ denote the thickness of the initial and
as-rolled samples, respectively. CG-Cu samples with an average grain size of about
9.8 um, having grain size comparable to that of NT-Cu but no notable density of
twins, were produced by annealing the cold-rolled UFG-Cu samples at 250 °C for
2hin air. Other details of sample preparation procedures can be found in ref. 18.
Uniaxial tensile properties. Uniaxial tensile tests of NT-Cu, UFG-Cu and CG-Cu
were performed at strain rate of 2 x 10~% s~1. Tensile tests reveal that NT-Cu-A
displays a yield strength () of 328 MPa and an ultimate tensile strength (o) of
379 MPa, comparable to that (o, = 0y~ 370 MPa) of twin-free UFG-Cu. NT-Cu-B
exhibits a lower strength, owing to wider twin thickness, albeit still much larger
than that (0, ~ 85 MPa, oy~ 231 MPa) of twin-free CG-Cu (Extended Data
Fig. 1). Although NT-Cu and UFG-Cu have comparable yield strength, cyclic
softening occurs in UFG-Cu whereas NT-Cu exhibits cyclic stability (Fig. 2 and
Extended Data Fig. 3).
Tension-compression cyclic tests. Dog-bone-shaped specimens with a total
length of 49 mm and a gauge length of 12 mm were cut from NT-Cu, UFG-Cu
and CG-Cu sheets by using an electrical spark machine. After mechanical grinding
and electropolishing, the final dimensions of the gauge cross-section area of NT-Cu
samples are 4+ 0.15mm in width and 3.2 0.1 mm in thickness (Supplementary
Video 1). Uniaxial cyclic tests with tension-compression symmetry and plastic
strain control were performed on an Instron 8874 testing machine at ambient
temperature in air. A dynamic strain-gauge extensometer (Instron Catalogue no.
2620-603) with a gauge length of 10 mm was clamped on the specimen surface
by high-strength rubber bands for accurate direct measurement and closed-loop
control of cyclic strain amplitude. The strain resolution and control precision are
smaller than 10™%. Under strain control, a triangular wave loading profile with a
cyclic plastic strain rate of 1.0 x 10~ s~ was used. The applied uniaxial plastic
strain amplitudes were Aep,)/2 = 0.02%, 0.04%, 0.06% and 0.09%. Two loading
sequences, that is, step-by-step increasing Aep,i/2 from 0.02% to 0.09% first and
then decreasing back to 0.02%, were imposed on the NT-Cu samples (Extended
Data Fig. 2). In the increasing A /2 sequence, the sample was subjected to 1,500
cycles of tension-compression loading at Aep/2 = 0.02%, 0.04% and 0.06%,
whereas at the maximum Ag/2 =0.09%, the number of cycles was 500. In the
decreasing Aepl/2 sequence, 1,500 cycles were imposed at Ae,/2=0.06% and
0.04%, respectively. The sample was then cycled to failure at Aep,)/2 =0.02%.
During the stepwise loading, the next level of plastic strain amplitude was imposed
after the sample cyclically deformed at the previous strain amplitude was inter-
rupted at the planned cycle of loading and then fully unloaded. Similar cyclic
deformation tests with two sequences of stepwise increasing and decreasing Aep/2
from 0.05% to 0.25% were performed on NT-Cu, CG-Cu and UFG-Cu samples
(Extended Data Fig. 3). More than 10 individual nanotwinned samples were cycli-
cally deformed.

Images of the original sample, microstructure and texture evolution of NT-Cu
before, during and after cyclic deformation were taken at four different stages of the
cyclic loading test (see Supplementary Video 1): (1) before cycling (as-deposited
sample); (2) after cyclically deforming at Ae,/2=0.06% in the increasing Ae/2
sequence; (3) after cyclically deforming at Aep /2 =0.06% in the decreasing Aep/2
sequence; (4) after cyclically deforming at A, /2 =0.02% and before failure in
the decreasing Acp,)/2 sequence. Cyclic tests of NT-Cu-A samples (d= 6.1 pm and
A=64nm) were interrupted at different stages to take these images.
Microstructure observation. The cross-sectional microstructures of the NT-Cu
specimens before and after cyclic deformation were examined by a field emis-
sion gun (FEI Nova NanoSEM 430) with backscattered electron imaging using
a low-kilovolt, high-contrast (vCD) detector. The samples were mechanically
polished, followed by electropolishing in a solution of phosphoric acid (25%),
alcohol (25%) and deionized water (50%) at room temperature. The textures of
the NT-Cu specimens before and after cyclic tests were examined by means of a
Bruker D8 Discover X-ray diffractometer and electron backscatter diffraction

on the sample surface perpendicular to the direction of deposition at room
temperature. Three-dimensional slip morphologies of NT-Cu specimens after
cyclic deformation were characterized by confocal laser scanning microscopy
(Olympus LEXT OLS4000) with planar resolution of 120 nm and height resolu-
tion (along the z axis) of 10 nm.

Examinations of cross-sectional microstructures of NT-Cu specimens before

and after cyclic deformation were also performed using an FEI Tecnai F20 TEM
operated at 200kV. A two-beam diffraction technique in TEM?” was used to
accurately characterize the Burgers vector of dislocations in twin interiors. Cross-
sectional TEM foils were sliced parallel to the loading axis by electrical spark
machine and mechanically polished to a final thickness of about 40 um, and then
thinned by twin-jet polishing in an electrolyte of phosphoric acid (25%), alcohol
(25%) and deionized water (50%) at about —10°C.
Cyclic response of UFG-Cu and CG-Cu. Cyclic softening was observed in
UFG-Cu (Extended Data Fig. 3h, i), similar to previous reports in the literature’>>%,
As the imposed Ae;,)/2 was increased from 0.05% to 0.25%, Ao/2 decreased con-
siderably. For example, Ac/2 dropped rapidly at the 70th cycle of Aeyi/2 =0.05%,
and it decreased again after cyclic deformation at Aep/2 = 0.25% for 70 cycles.
Cyclic softening was also observed as Aey, /2 was further reduced from 0.25% to
0.05%. The history-dependent cyclic response of UFG-Cu led to a much lower
Ao/2 owing to the accumulated damage.

Extended Data Fig. 3k, I shows that CG-Cu exhibits history-dependent cyclic
hardening behaviour®*~*°, which is consistent with typical cyclic responses of single
crystal and CG metals®®.

The evolution of the stress—strain hysteresis loop with increasing cycles is essen-
tial to understanding the nature of the cyclic response of metals'. The hysteresis
loops of UFG-Cu in Extended Data Fig. 3j indicate that, as the cyclic test continues,
the slope of the ascending branch of the hysteresis loop gradually decreases. For
the hysteresis loops of CG-Cu in Extended Data Fig. 3m, the ascending branch
first increases as Aep)/2 increases from 0.05% to 0.25%, and then decreases as
Aep)/2 decreases from 0.25% to 0.05%. These history-dependent cyclic responses
of UFG and CG metals are consistent with previous reports in the literature®**41,
Atomistic simulations. The simulated NT-Cu sample consists of four colum-
nar-shaped grains with a mean grain size of 40 nm (Extended Data Fig. 4a). Each
grain has four subgrain twin layers with thicknesses of 12nm, 3nm, 5nm and 2nm
(Extended Data Fig. 4b). This is adopted to mimic the non-uniform distribution
of TBs in experiments. The system contains 12.5 million atoms. The sample is[111]
-textured and the four grains have in-plane orientations of 1°, 27°, 47° and 89°
relative to the y axis, respectively, so that all grain boundaries are of the high-angle
type (Extended Data Fig. 4c).

The system is initially equilibrated for 300 ps at 300K, followed by a uniaxial
tensile loading along the y axis to a total strain of 15%. The system is then unloaded
to zero stress and equilibrated for another 200 ps. The goal is to create an initial
dislocation density (approximately 12 x 10'*m ) in the system before cyclic tests.
The corresponding tensile stress—strain curve is shown in Extended Data Fig. 4d. A
three-step uniaxial symmetric tension-compression loading is then applied along
the y axis at a constant strain rate of 1 x 10°s™! (Extended Data Fig. 5a).

Throughout the simulation, periodic boundary conditions are applied in all
three directions. Constant temperature and zero pressure in the non-stretching
directions (that is, x axis and z axis) are controlled by a Nosé~Hoover thermo-
stat and barostat’>*3, The embedded-atom method potential is used to compute
the interatomic forces*%. The integration time-step is fixed at 1 fs. Two different
methods are used to visualize and identify defects that emerge during plastic defor-
mation®®. One is based on the common-neighbour analysis*®, which leads to the
following colouring scheme: grey for fcc atoms, blue for hexagonal close-packed
(hep) atoms in TBs or stacking faults, green for atoms in dislocation cores or grain
boundaries. The second method is a position-based colouring scheme in which
colours are assigned according to the spatial coordinates of atoms.

Simulated history-independent cyclic response. A three-step cyclic loading
scheme was adopted (Extended Data Fig. 5a). The sample was loaded for six cycles
at a total strain amplitude of Aey/2 =1%, six cycles at the increased Aey/2 =1.5%,
and another six cycles as Ae/2 dropped back to 1%. Extended Data Fig. 5b shows
the simulated relation between stress amplitude Ao/2 and cycle number N for
NT-Cu. It is seen that, after six cycles as Ae,/2 is raised to 1.5% and another six
cycles after it dropped back to Aey/2 = 1%, the measured Ac/2 of NT-Cu is almost
identical to that measured during the first six cycles at Aey/2 = 1%, corresponding
to Aepi/2=0.25%. The ascending branches of corresponding hysteresis loops in
different loading steps overlap (Extended Data Fig. 5¢), similar to what is observed
in Fig. 2 and Extended Data Fig. 3. It is observed that the atomic configuration of
CNDs in NT-Cu exhibits extreme stability under cyclic loading (Extended Data
Fig. 5d-f), with well-preserved coherent TBs (see Supplementary Videos 2
and 3). Thus, both our experiments and molecular dynamics (MD) simulations
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demonstrate a stable and history-independent cyclic response in NT-Cu that is not
seen in CG-Cu and UFG-Cu™*.

Burgers vector analysis. A Burgers vector analysis of CNDs is provided in
Extended Data Fig. 7a—d based on the convention of a double Thompson tetra-
hedron®. A single CND is made up of two types of dislocation segment. One type
consists of several single-slip threading dislocation segments gliding on inclined
slip planes between adjacent TBs, each of which is split into a leading partial,
an intrinsic stacking fault, and a trailing partial. These threading dislocation
segments exhibit the same Burgers vector parallel to TBs, such as CB or C'A".
The other type consists of several pairs of twinning partial dislocations lying
on TBs, such as dB and Cd, highlighted by black triangles in Extended Data
Fig. 7b-d. The above two types of dislocation segments are connected by stair-rod
dislocations (such as ad) at the intersection of the inclined slip planes (such as
BCD) and twin planes (ABC).

Formation of CNDs. Consider two threading dislocations of the same type (such
as CB) in neighbouring twin/matrix (Extended Data Fig. 7e). Owing to the con-
finement of nanoscale twins, each threading dislocation has two misfit tails on TBs,
which can easily cross-slip onto the TBs and split into a pair of twinning partial
dislocations (0B and CJ) (Extended Data Fig. 7f). As shown in Extended Data
Fig. 7g, the two tails on the TB, one coming from the twin and the other from the
matrix, have the same Burgers vector CB but opposite line directions. They can
merge into a single tail in the presence of an attractive force between them under
cyclic strain. This leads to the final linkage of the neighbouring threading dislo-
cations via their misfit tails on TBs (Extended Data Fig. 7h). A statistical analysis
of MD simulation results shows that CNDs formed through such a tail-linkage
mechanism form the majority of the total CND density in cyclically deformed
NT-Cu (Extended Data Fig. 5g). Occasionally, threading dislocations are observed
to slip directly across a TB into adjacent twin layer, forming CNDs with a slightly
different structure (Extended Data Fig. 7i-k). However, such direct cross-slip tends
to occur under very high stress and very small TB spacing (less than 1 nm)®® or
near a sharp source such as a crack tip?’. It is found that CNDs associated with
direct cross-slip account for less than 20% of the total CND density in cyclically
deformed NT-Cu. The formation mechanism of CNDs by linking misfit tails of
threading dislocations is unique to cyclic loading and eliminates the constraint of
very small TB spacing or availability of sharp sources®®#48,

Single slip versus double slip. Deformation patterns of four grains in cyclically
deformed NT-Cu are shown in Extended Data Fig. 8a—d. It is seen that CNDs are
dominant in G1 with a single slip system activated during cyclic deformation,
leading to the formation of zigzag slip traces on the cross-section surface. On the
other hand, dislocation motion along TBs is highly suppressed in G2-G4 owing to
competition between two intersecting slip systems in these grains (Supplementary
Video 4). Extended Data Fig. 8e and f shows x-y projection views of dislocation
structures in G1 and G4, respectively. In G1, only one slip system is activated
during cyclic loading, and slip traces are parallel to each other. In G4, numerous
dislocation locks are formed by the operation of double slip systems, thus substan-
tially hindering subsequent dislocation activities.

Once cyclic loading simulation begins, separate threading dislocations start to
correlate with each other, forming CNDs that extend over multiple TBs. As the
cyclic loading proceeds, CNDs formed in the grain periphery are absorbed by
surrounding grain boundaries while those in the interior move back and forth
in a reversible and stable manner, giving rise to a steady CND density in NT-Cu
at a given strain amplitude (Extended Data Fig. 5h). On increasing the strain
amplitude, CNDs are observed to emerge from grain boundaries as single units.
Extended Data Fig. 8g-i shows snapshots of a CND emerging from a grain bound-
ary as a single unit in cyclically deformed NT-Cu as Aey/2 increases from 1% to
1.5%. This CND was absorbed by the grain boundary at Aey/2=1% (Extended
Data Fig. 8g) and re-emerged from the grain boundary at Ae/2=1.5% (Extended
Data Fig. 8h, i). Relative to the immobile dislocation locks/tangles in G2-G4,
the mobile CNDs in G1 dominantly carry plastic strain in NT-Cu during cyclic
loading.

Cyclic deformation of NT-Cu with TBs tilted relative to the loading direction.
To explore the generality and robustness of our findings, we have further per-
formed MD simulations on NT-Cu samples with nanotwins tilted at 5°, 10° and 15°
relative to the loading direction. Extended Data Fig. 9a shows the initial configu-
ration of a typical NT-Cu sample containing tilted TBs with respect to the loading
direction. The grain size is 40nm, and TB spacing is non-uniform with an average
value of 5nm. Each sample contains a total of 12 million atoms. The cyclic defor-
mation patterns of NT-Cu samples with three different tilt angles of 5°, 10° and
15° are shown in Extended Data Fig. 9b, c and d, respectively. CNDs are observed
in all three samples. Extended Data Fig. 9e shows typical configuration of a CND
spanning across multiple tilted TBs. The threading dislocations confined in adja-
cent twin interiors are correlated via their tails on the tilted TBs (see black arrows
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in Extended Data Fig. 9e). Supplementary Videos 5-7 show cyclic deformation of
NT-Cu samples containing tilted TBs at Ae/2=1.3%.

Extended Data Fig. 9f shows the variation of stress amplitude with the cycle
number for the NT-Cu sample with a TB tilt angle of 15° during the three-step
cyclic deformation process, the result indicating a stable cyclic behaviour simi-
lar to that observed in NT-Cu with ideally parallel TBs. Extended Data Fig. 9g
shows the overlap of the ascending branches of corresponding hysteresis loops
from different loading steps, suggesting a history-independent cyclic response of
the tilted-TB sample.

We have considered an additional NT-Cu sample with TBs tilted at 20° rela-
tive to the loading axis. It is found that three conventional types of dislocation
mechanisms, namely Hall-Petch type dislocations with Burgers vectors inclined
to TBs'***%, threading dislocations!” on different slip systems blocking the
motion of each other, and twinning partial dislocations gliding on TBs*-%%, are
simultaneously activated under cyclic deformation (see Extended Data Fig. 9h
and Supplementary Video 8), in distinct contrast to the dominance of CNDs in
NT-Cu samples with TBs parallel to the loading direction.

Cyclic deformation of NT-Cu with randomly oriented TBs. Cyclic deformation
behaviour of NT-Cu with randomly oriented nanotwins has also been investigated
through MD simulations of a three-dimensional polycrystalline NT-Cu sample
(Extended Data Fig. 9i) with dimensions of 60 x 60 x 60 nm® and containing 27
randomly oriented grains with a mean grain size of 20 nm. Each grain further
contains a set of twin planes with TB spacing of 5nm. The total number of atoms in
this sample is approximately 18 million. Periodic boundary conditions are imposed
in all three directions. It is found that NT-Cu with randomly oriented TBs exhibits
a history-dependent cyclic response under total strain amplitudes in the range of
1.5% to 2% (Extended Data Fig. 9j, k), in distinct contrast to history-independent
cyclic response of highly oriented NT-Cu.

Characterization of CNDs in TEM under two-beam diffraction conditions.
Owing to the severe confinement by nanoscale twins, the whole structure of CNDs
with severely curved heads and tails is hardly observable in nanometre-thick TEM
foils. However, the segments of CNDs (marked as blue solid lines in Fig. 4¢) lying
on the TBs are detectable in the nanometre-thick TEM foil if a two-beam dif-
fraction technique in TEM? is adopted. The traditional bright/dark field TEM
technique fails to work here because, under a single perfect [110] incident electron
beam, the CND tails will overlap with the edge-on coherent TBs, leaving no traces
of dislocations in the TEM image (Fig. 1f). Under the two-beam diffraction con-
dition, the tails are projected as short and parallel dislocation segments (Fig. 4a).

The dislocation features in cyclically deformed NT-Cu under g= [111]; from

the matrix ([I111]t and [200]1 from the twin) are similar to those in Fig. 4a under
g=1[200]y; from the matrix. Nevertheless, these dislocation segments become
invisible under g= [111]yr either in matrix (M) or in adjacent twin lamellae (T).
On the basis of the extinction rule of dislocations becoming visible under
g+ b==11, where b is the Burgers vector?”%, it is found that the Burgers vector of
dislocation segments in Fig. 4a is parallel to TBs.
Data and code availability. All data generated or analysed during this study
are included in this Letter and its Supplementary Information. Atomistic simu-
lations were performed using MD code LAMMPS, which is freely available at
http://lammps.sandia.gov/.
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Extended Data Figure 1 | Engineering stress-strain curves of NT-Cu,
UFG-Cu and CG-Cu samples in uniaxial tensile experiments. At least
three repeated tensile tests were performed on each sample.
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Extended Data Figure 3 | History-independent cyclic response of
NT-Cu. Cyclic stress response as a function of the cumulative plastic strain
for NT-Cu-A (a, b) and NT-Cu-B (¢, d) cyclically deformed by increasing
Acgp1/2 step-by-step from 0.02% to 0.09% and decreasing back to 0.02%.
Cyclic stress response of NT-Cu-A (e, f), UFG-Cu (h, i) and CG-Cu (k, 1)

Strain, £/2+A&/2 (%)

cyclically deformed by increasing Aep/2 step-by-step from 0.05% to 0.25%
and decreasing back to 0.05%, with cyclic numbers of 70 at each Aep,)/2.
Their corresponding hysteresis loops (at the 50th cycle of each Ae/2) are
shown in g, j and m, respectively.
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Extended Data Figure 4 | Atomistic simulation setup. a, Perspective view  and 4) of the ith grain represents the angle between its [110] direction and

of the initial configuration of NT-Cu. b, Cross sectional view of a typical the y axis. Colours are assigned to atoms according to their local crystal
NT grain G4. Each grain in a has the same TB distribution. ¢, View of the structure. d, Simulated tensile loading and unloading stress—strain curves
NT-Cu sample in x-y projection. The misorientation angle 6; (i=1, 2, 3 of NT-Cu.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

Strain (%)

o
Ac/2 (GPa)
Stress (GPa)

2
0 3 6 9 121518 0 5 10 15 20 0 1 2 3
N N Strain (%)

h 20

=
a1

Dislocation Density (10'm?2)
S

5
. 0 5 10 15 20
N
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NT-Cu demonstrated by MD simulations. a, Three-step cyclic loading loading. See Extended Data Fig. 7 for details on the formation mechanism
scheme. b, ¢, Simulated Ao/2 versus N relation and hysteresis loops. of CNDs. Colours are assigned to atoms based on their local crystal

d-f, Snapshots of NT-Cu captured at three sequential cycles (thatis, N=1,  structure. h, The dislocation density reaches a plateau after ten cycles at
10 and 20) at Ae/2= 1% (corresponding to Aep/2 =0.25%). Colours are Ac/2=1%.
assigned to atoms based on their spatial coordinates. g, CNDs formed by
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after being cyclically deformed to failure (e-h), showing no detectable
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Partial

Extended Data Figure 7 | Formation mechanism of CNDs in NT-Cu
under cyclic loading. a, Double Thompson tetrahedron representation of
the slip systems in matrix (upper) and twin (lower). b, ¢, Atomic
configurations of a typical CND projected along the [121] and [101]
crystallographic directions. Atoms in fcc structure are made transparent
for clarity. d, Perspective view of the same CND with hcp atoms hidden to

emphasize the necklace-like feature of the dislocation. The inset shows the
Burgers vectors of an extended stair-rod component of a CND which
bends from the matrix to the twin plane. e-h, Schematics showing the
formation of CNDs through the linking of threading dislocation tails in
adjacent twin layers under cyclic loading. i-k, Sometimes threading tails
can also slip across TBs.
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Extended Data Figure 8 | Deformation patterns in grains labelled dislocation locks are observed in G4. g-i, Snapshots showing a typical

as G1-G4 in Extended Data Fig. 4 after 20 tension-compression CND (indicated by black arrows) emerging from a grain boundary as a
cycles with Aey/2 =1%. a-d, A single slip system is activated in G1 single unit in cyclically deformed NT-Cu sample (see details in Methods).
(a), whereas double slip systems are activated in G2-G4 (b-d) during Colours are assigned to atoms based on their spatial coordinates.

cyclic deformation. e, Parallel slip traces observed in G1. f, Numerous
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Hall-Petch type dislocations

Extended Data Figure 9 | Molecular dynamics simulations showing
history-independent cyclic response of NT-Cu containing tilted TBs
with respect to the loading axis. a, NT-Cu containing tilted TBs with
respect to the loading axis. b-d, CNDs in NT-Cu samples with tilt angles
of 5° (b), 10° (c) and 15° (d) under cyclic loading, respectively. e, Typical
CND structure observed in tilted TBs. CND tails connecting threading
segments in neighbouring twin layers are indicated by black arrows.
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f, Relationship A¢/2 and N for tilt angle of 15° g, the corresponding
hysteresis loops. h, Cyclic deformation of NT-Cu with TBs tilted 20° with
respect to the loading axis is governed by the three types of dislocation
mechanism shown. i, Simulated NT-Cu sample containing 27 grains
with randomly oriented TBs. j, Relationship between Ag/2 and N
demonstrating history-dependent cyclic response of randomly oriented
NT sample. k, The corresponding hysteresis loops for different Ae,/2.
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Extended Data Table 1 | Activated slip systems in NT-Cu during the cyclic experiments illustrated with double Thompson tetrahedron

g9, b
Slip system Slip plane Slip direction — —
g, [111] [200] [111]
(1M1N)[110] DAB AB 1 1 0
(11011 DAC AC 0 0 0
(111)[101] DBC BC 1 1 0

Three different diffraction g vectors from the matrix are used in two-beam diffraction images of dislocations: g - b=1 corresponds to visible dislocations and g - b=0 corresponds to invisible

dislocations, based on the dislocation extinction rule. Dislocations with slip plane inclined to TBs but slip direction parallel to TBs are visible in the matrix under g = [111]y and [200]y but invisible
under g=[111]u. A similar rule applies to visible dislocations in twins under the corresponding gr.
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