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History-independent, stable and symmetric cyclic response has been detected in as-deposited bulk
polycrystalline Cu with highly oriented nanotwins [Nature 551 (2017) 214—217]. In this study, to deepen
the understanding of cyclic deformation in nanotwinned (NT) structures, small levels of tensile pre-
strains were applied on NT-Cu, followed by strain-controlled symmetric tension-compression cyclic
tests. Distinct from the symmetric cyclic response of as-deposited NT-Cu, the magnitude of the maximum
stress in tension is much larger than that of the minimum stress in compression, indicating that the
cyclic response of tensile pre-deformed NT-Cu is highly asymmetric. The degree of its cyclic asymmetry
gradually decays as the number of cycles or the plastic strain amplitude is increased. The tensile pre-
deformed NT-Cu recovers to its symmetric cyclic response after cyclic deformation at sufficiently large
plastic strain amplitude, analogous to that detected in as-deposited NT counterparts. Molecular dynamics
simulations and microstructural observations revealed that the observed asymmetric cyclic response is
mainly related to the activation and movement of threading dislocations with extended misfit disloca-
tion tails lying on the twin boundaries (TBs) during tensile pre-deformation. During cyclic deformation,
threading dislocations in adjacent twin interiors tend to link their long tails with one another to form
correlated necklace dislocations (CNDs) with a symmetric structure. The CNDs move back-and-forth
along the twin boundaries without directional slip resistance, contributing to the transition from
asymmetric to symmetric cyclic response of NT-Cu.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

grain coarsening and shear banding [4,8,9], which severely limit
their engineering applications because of safety concerns [10].

Most service failures of metallic components are caused by
progressive defects and fatigue damage accumulation in the ma-
terials under cyclic stresses/strain [1]. Traditional coarse-grained
(CG) metals always exhibit inferior fatigue properties such as
very low fatigue limit, mainly owing to their low strength [1,2].
Over the past two decades, various ultra-fine grained (UFG) and
nanocrystalline metals have been investigated and found to exhibit
an enhanced strength and fatigue limit [3—7]. However, these
materials typically exhibit cyclic softening and shorter strain-
controlled fatigue life due to severe strain localization via local
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Recently, it has been shown that introducing a high density of
highly oriented nanotwins embedded within micrometer-sized
grains can be regarded as an effective strategy to achieve desir-
able tensile strength [11—17], substantial ductility and work hard-
ening in metallic materials [18,19]. Under cyclic loading, NT metals
exhibit an extremely high fatigue limit under stress control [20,21],
an enhanced fatigue life under strain control and a suppressed fa-
tigue crack growth rate, in distinct contrast to the trade-off trend
between high cycle and low cycle fatigue performance of twin-free
CG and UFG counterparts [22,23].

Most interestingly, a history-independent and stable cyclic
response was reported in bulk Cu samples with highly oriented
nanoscale twins [24], distinct from conventional unstable cyclic
response and strain localizing cyclic mechanisms associated with
cumulative, irreversible microstructural damage in single-crystal
[25—27], CG [1,25,28,29], UFG and nanograined metals [4,5,10].
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The uniqueness of the history-independent cyclic stress-strain
behavior of NT-Cu lies in that the cyclic stress response behavior
is not only independent of the plastic strain amplitude with a wide
range (from 0.02% to 0.25%) but also independent of strain
magnitude sequence and cyclic number under a series of step-by-
step strain amplitudes [24]. This is quite different from the
history-independent cyclic stress-strain curve obtained in the
conventional annealed and pre-strained wavy slip materials like
Cu, as pioneered by Feltner and Laird [30] and frequently discussed
in the literature [31,32]. In these cases, overlapping cyclic stress-
strain curves in the saturation stage are achieved mainly for indi-
vidual constant strain amplitude. In the original work of Feltner and
Laird, only rather large plastic strain amplitudes in the range of
0.5%—5% were employed. Later, Lukas and Klesnil showed that, in
the range of much smaller plastic strain amplitudes below 0.1%, the
cyclic stress-strain behavior of copper is no longer independent of
the mechanical prehistory [33]. Thus, in the present context, it is
remarkable that NT-Cu, in contrast to conventional copper, has
earlier been shown to exhibit a history-independent cyclic stress-
strain response at rather small plastic strain amplitudes down to
0.02% [24]. Taking all facts together, the history-independent cyclic
stress-strain behavior of NT-Cu is considered to be truly unique.

We demonstrated that this unusual history-independent fatigue
behavior of NT-Cu is governed by a type of mobile, single-slip and
super-stable correlated necklace dislocations (CNDs) formed by
linking threading dislocations in neighboring nanotwin interiors
under cyclic loading. The NT structure is cyclically stable as long as
the nanotwins are tilted within about 15° relative to the loading
axis [24].

In real service conditions, materials in engineering components
may undergo a very complex pre-loading history, such as stamping
of automotive body, which will strongly influence subsequent cy-
clic behaviors [1,30,33—35]. Therefore, the pre-deformation history
seems to be of great importance for materials during subsequent
cyclic loading.

In this study, as a first step, we confine to a rather simple tensile
pre-deformation with small strains as our experimental strategy. It
has been demonstrated that the movement of threading disloca-
tions inside the individual twin channels dominates plastic defor-
mation of NT Cu in uniaxial tensile tests with the loading axis
approximately parallel to the twin planes [36,37]. So, we impose
small amount of tensile strains on the NT-Cu specimens to intro-
duce threading dislocations, and then investigate the effect of pre-
existing threading dislocations on the subsequent cyclic behavior
by fully reversed tension-compression with constant strain am-
plitudes. The cyclic responses, especially the symmetric/asym-
metric behavior of tensile pre-deformed NT-Cu were systematically
investigated by experiments and simulations.

2. Methods
2.1. Experimental details

Bulk high purity copper (99.99 wt%) sheets containing highly
oriented nanoscale growth twins are synthesized by means of
direct-current electro-deposition technique in an electrolyte of
CuSO4. The substrate is a pure Ti sheet. The final thickness of NT-Cu
plates is ~3.4 mm. For comparison, twin-free UFG-Cu samples are
produced by cold rolling high purity (99.99 wt%) CG-Cu samples
with a rolling strain of e = (tp - t)/t = 450%, where tp and t denote
the thickness of the initial and the as-rolled samples, respectively.
To produce CG-Cu samples with grain size similar to that of NT-Cu
samples, the as-obtained UFG-Cu samples are annealed at 250 °C
for 2 h in air. More details about sample preparation are described
in Ref. [23].

Dog-bone shaped specimens are cut from NT-, UFG- and CG-Cu
sheets with a gauge cross-section area of 4 x 3 mm? and a length of
12 mm by using electrical spark machine. All specimens are me-
chanically ground to the desired dimensions, followed by electro-
polishing to obtain smooth surfaces with negligible surface
roughness.

Uniaxial tensile pre-deformation and symmetrical tension-
compression tests of NT-, CG- and UFG-Cu samples are performed
on an Instron 8874 testing machine at room temperature in air. For
NT-Cu samples, the loading axis is approximately parallel to most of
the twin planes. A dynamic strain gauge extensometer (Instron
Catalogue No. 2620—603) with a gauge length of 10 mm is clamped
on the specimen surface for accurate direct measurement and
closed-loop control of strain during tensile and cyclic tests. The
strain resolution and control precision are smaller than 0.01%. The
samples were initially deformed to tensile pre-strains of 1.5% and
3%, respectively. After unloading, symmetric tension-compression
tests were performed under three different plastic strain ampli-
tudes (Aep/2) ranging from 0.02%, 0.05%—0.15%, respectively. The
number of cycles is 70 for each Aep|/2. For comparison, the tension-
compression cyclic responses of the samples are also measured
without pre-deformation treatments.

The cross-sectional microstructures of the Cu specimens before
and after tensile and fatigue tests were characterized by a FEI Tecnai
F20 transmission electron microscope (TEM) operated at 200 kV. A
two-beam diffraction technique in TEM was used to characterize
the dislocations in twin interiors [38]. The TEM foils were prepared
by the following scheme: the sample was first sliced parallel to the
loading axis by electrical spark machining, and mechanically pol-
ished to a thickness of ~40 pm. It was finally thinned by twin-jet
polishing in an electrolyte of phosphoric acid (25%), alcohol (25%)
and deionized water (50%) at about —10°C.

2.2. Molecular dynamics simulations

The simulated NT-Cu sample is [111] textured and composed of
4 columnar grains with a mean grain size of 50 nm. The grains have
in-plane orientations of 1°, 27°, 47° and 89° with respect to the x-
axis, and out-of-plane translations of 5 nm, 10 nm, 15 nm and 20 nm
with respect to the x-y plane. Each grain has four subgrain nano-
twins with non-uniform thicknesses of 2nm, 3nm, 6 nm and
12 nm. The sample contains a total of 20 million atoms and have
dimensions of 100 x 100 x 23 nm>. For comparison, a twin-free
polycrystalline sample with the same columnar grain morphology
is also investigated.

The sample is first equilibrated at 300K for 300 ps. Uniaxial
tensile or compressive loading is applied along the y-axis using a
displacement-controlled method, while zero pressure is ensured
along the non-stretching directions. The maximum applied strain is
15% for both tension and compression pre-loadings. The sample is
unloaded to zero stress and equilibrated for 200 ps before cyclic
loading. Three different total strain amplitudes of Ae¢/2 =0.5%, 1%
and 2% are used for symmetric tension-compression cyclic loading,
respectively. The maximum and minimum stresses, omax and omin,
are recorded in each cycle.

Throughout the simulations, periodic boundary conditions are
used for all dimensions. All simulations were performed at a tem-
perature of 300K controlled by Nose-Hoover thermostat and
barostat [39,40], which allows thermal activation of dislocations in
the simulated NT samples. The embedded atom method potential is
used to describe the interatomic interactions [41]. The time stepis 1
fs. The strain rate is 1 x 10° s\,

Common-neighbor analysis method [42] is used to identify
lattice defects in the samples, which are visualized based on two
different methods. One method is based on the crystal structure:
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green for fcc atoms with perfect crystal structure, red for hcp atoms
in twin boundaries and stacking faults, grey for disordered atoms in
dislocation cores and grain boundaries [43,44]. The second method
is a position-based coloring scheme in which colors are assigned to
atoms based on their spatial coordinates [24,45].

We have used MD simulations to complement our experimental
studies in revealing the cyclic deformation mechanisms of pre-
deformed NT metals. However, it should be mentioned that there
still exists a large discrepancy in both spatial and temporal scales
between MD simulations and experiments. The high strain rates
and small dimensions applied in MD simulations are known to
cause substantial quantitative differences and may even lead to
qualitative difference in the simulated results as compared to the
experimental results. A typical MD simulation can only consider
metallic samples containing up to hundreds of millions of atoms
that are deformed within a few nanoseconds. The strain rates in MD
simulations are about 10 orders of magnitude higher than those in
experiments, implying limited relaxation time for atomic motion
and defect activation. Thus, MD simulations can result in signifi-
cantly higher macroscopic stresses than in experiment [46]. Hence,
caution must be exerted when comparing MD simulation results
with experiment. In particular, deformation mechanisms identified
by MD simulations must be carefully verified through systematic
TEM observations. This was done in the present work.

3. Results

3.1. Cyclic symmetry of NT-, CG- and UFG-Cu without tensile pre-
deformation

Most polycrystalline grains in as-deposited bulk NT-Cu samples
are columnar in shape and subdivided by nanoscale twin lamellae
parallel to the deposition plane [21,36]. The mean grain size of NT-
Cu used in this study is ~6.1 um and its mean twin thickness is
~64nm. The ultrafine grains in cold-rolled UFG-Cu samples are
elongated with a mean transverse grain size of ~0.38 um. The mean
grain size of annealed CG-Cu samples is ~9.8 pm, which is compa-
rable to that of NT-Cu samples.

NT-, UFG- and CG-Cu samples without pre-deformation treat-
ments are cyclically deformed at three individual constant plastic
strain amplitudes Aep/2 =0.02%, 0.05% and 0.15%. Taking Aepi/
2=0.05% for instance, the stress-strain hysteresis loops of as-
deposited NT-Cu (without pre-deformation) at different cycles
nearly overlap with each other (Fig. 1a). This is typical of stable
cyclic response of NT-Cu samples observed under various Agp/2
[23]. In contrast, we observed cyclic softening in UFG-Cu (Fig. 1b)

and cyclic hardening in CG-Cu (Fig. 1c).

Besides, Fig. 1a shows that the magnitude of the maximum
stress in tension (omax) of NT-Cu samples is almost identical to that
of the minimum stress in compression (omin), indicating a sym-
metric cyclic response under symmetric tension-compression
loading of NT-Cu samples. Cyclic symmetry was also observed in
CG-Cu and UFG-Cu. The gap between ¢max and |gpmip| is only ~2 MPa
in CG Cu (Fig. 1b) and it increases to ~50 MPa in UFG Cu (Fig. 1¢), but
both are much smaller than the magnitude of their omax and omin
(i.e., ~71 MPa and ~326 MPa at 70" cycle). The above results suggest
that without pre-deformation treatments, cyclic symmetry under
symmetric tension-compression loading is common to Cu samples
with various microstructures. Similar symmetric cyclic response is
also universally reported in other conventional fcc monocrystal
[26,47,48] and CG [1,30,49—52] metals with different grain sizes,
cyclically deformed at different constant strain amplitudes.

3.2. Cyclic response of NT-, UFG- and CG-Cu after tensile pre-
deformation

In order to investigate the effect of tensile pre-deformation on
the cyclic behavior of NT structure, NT-Cu is first subjected to a
tensile pre-strain of 1.5% at which the tensile stress reaches
467 MPa (Fig. 2a). The tensile pre-deformation is followed by three
individual fully reversed tension-compression cyclic loading tests
with Aepi/2 equal to 0.02% (Fig. 2b and e), 0.05% (Fig. 2c¢ and f) and
0.15% (Fig. 2d and g). Fig. 2b shows that, for Aep/2 =0.02%, the
stress-strain hysteresis loops of NT-Cu at different cycles overlap,
but are highly asymmetric with respect to the origin of the co-
ordinates. For every single cycle, the maximum stress omax is
~216 MPa, while the minimum stress ¢y is only —42 MPa, forming
a stress gap as large as ~174 MPa (Fig. 2e). The observed cyclic
tension-compression asymmetry in NT-Cu induced by tensile pre-
deformation is fundamentally distinct from the symmetric re-
sponses of as-deposited NT-Cu during cyclic deformation (Fig. 1a)
and conventional fcc CG metals reported in the literature [1,48,53].

Asymmetric cyclic response is also detected in tensile pre-
deformed NT-Cu at larger Aepy/2 (Fig. 2¢,d, f and g). For example,
the maximum and the minimum stresses of NT-Cu cyclically
deformed at Aep/2 =0.05% are 243 MPa and —80 MPa at the first
cycle, respectively, leading to a stress gap of (omax -
|omin|) = 163 MPa (Fig. 2f). It is observed that the stress gap de-
creases gradually with increasing number of cycles at Aepf
2 =0.05% and 0.15%, indicating a reduced degree of cyclic asym-
metry due to cyclic deformation (Fig. 2f and g). Moreover,
increasing the imposed Aepi/2 from 0.05% to 0.15% reduces the
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Fig. 1. Variation of stress-strain hysteresis of NT-Cu (a), UFG-Cu (b) and CG Cu (c) fatigued at the plastic strain amplitude (Aep/2) of 0.05% with number of cycles, showing symmetric

response for NT-, UFG- and CG-Cu.
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Fig. 2. Engineering stress-strain curve of tensile pre-deformation (a) and variation of stress-strain hysteresis loops (b, ¢, d) and cyclic stress (gmax, omin) responses (e, f, g) with
number of cycles for NT-Cu after a tensile predeformation strain of 1.5% when cyclically deformed at Aep/2 of 0.02%(b, e), 0.05%(c, f) and 0.15%(d, g), showing that the pre-
deformation induces an asymmetric response in NT-Cu, which becomes more obvious at initial cycles and smaller Aep/2.

stress gap at 70™ cycle from 103 to 35 MPa (Fig. 2f and g). As the
stress gap is much smaller than oy« and |opmig| at 70t cycle (361
and 326 MPa), symmetric cyclic response is considered to be
reached for the tensile pre-deformed NT-Cu cyclically deformed at
Aep)/2 of 0.15%.

NT-Cu was also subjected to a larger tensile pre-strain of 3%
(Fig. 3a) before three individual fully reversed tension-compression
cyclic loading with Aepi/2 of 0.02% (Fig. 3b and e), 0.05% (Fig. 3c and

f) and 0.15% (Fig. 3d and g). Similar cyclic asymmetry with opax in
tension larger than o, in compression was detected, especially at
relatively smaller Aepj/2. At larger Aepi/2, the degree of cyclic
asymmetry reduces with increasing number of cycles, and finally
NT-Cu recovers to its symmetric cyclic response. For any given
imposed Aepi/2, the stress gap between omax and |omin| for NT-Cu
after a tensile pre-strain of 3% at 70 cycle is comparable to that
of NT-Cu after a tensile pre-strain of 1.5%, suggesting that the
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Fig. 3. Engineering stress-strain curve of tensile pre-deformation (a) and variation of stress-strain hysteresis loops (b, ¢, d) and cyclic stress (dmax, omin) responses (e, f, g) with
number of cycles for NT-Cu after a tensile predeformation strain of 3% when cyclically deformed at Aep/2 of 0.02% (b, e), 0.05% (c, f) and 0.15% (d, g), showing that the pre-
deformation induces an asymmetric response in NT-Cu, which becomes more obvious at initial cycles and smaller Aep/2.
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degree of cyclic asymmetry of NT-Cu may not be sensitive to the
applied tensile pre-strain.

For comparison, a tensile pre-strain of 3% was also performed on
UFG- (Fig. 4a) and CG-Cu (Fig. 4d), followed by tension-
compression cyclic loading with Aep/2 of 0.05% (Fig. 4b-c and 4e-
f). It is seen that the stress gap between oax and |omin| for UFG-Cu
after tensile pre-deformation decreases from 178 MPa at 1st cycle
to 56 MPa at 70" cycle (Fig. 4b and c¢) which is comparable to that of
UFG-Cu without tensile pre-deformation shown in Fig. 1b. For CG-
Cu with pre-deformation, the stress gap between opax and |omin|
decreases from 62 MPa at 1st cycle to 13 MPa at 70™ cycle (Fig. 4e
and f). The easy recovery of cyclic symmetry observed in pre-
deformed UFG- and CG-Cu is distinct from the obvious cyclic
asymmetry of pre-deformed NT-Cu cyclically deformed at the same
strain amplitude.

We have defined a stress ratio, max/|omin|, to better quantify the
cyclic asymmetry of NT-Cu after pre-deformation. The stress ratio is
close to 1 for as-deposited NT-Cu at various Aep)/2 (Fig. 5a), like that
observed in fatigued CG and UFG counterparts (Fig. 5b) in this study
and reported in the literature [8,26,30,48,53]. The stress ratio de-
viates from 1 for NT-Cu with pre-deformation: it becomes larger for
smaller Aepi/2, which is more obvious than that observed in CG and
UFG counterparts under the same conditions (Fig. 5). When the
imposed Aep/2 is sufficiently large (i.e. Aep/2 =0.15%), the stress
ratio of tensile pre-deformed NT-Cu decreases with increasing
number of cycles, indicating a gradual recovery to cyclic symmetry
due to cyclic deformation.

3.3. Simulated cyclic response of tensile pre-deformed NT-Cu and
twin-free Cu

In parallel to experimental investigations, MD simulations were

performed to demonstrate the tensile pre-deformation effect on
the cyclic response of NT-Cu. The tensile pre-deformation strain in
MD simulations is selected to be 15% to ensure a sufficiently large
initial dislocation density (on the order of 1 x 101’ m~2) in the
system before subsequent cyclic tests. After tensile pre-
deformation (Fig. 6a), we measured the stress-strain hysteresis
loops of NT-Cu at three different cyclic total strain amplitudes of
Aet/2 =0.5%,1% and 2% (Fig. 6b—d). By measuring half of the width
of the simulated hysteresis loops at zero stress, the corresponding
plastic strain amplitudes of simulated NT-Cu can be approximated
as Aep/2 =0.05%, 0.15% and 0.30%, which is almost comparable to
those applied in our experimental work. We then extracted and
plotted the maximum and the minimum stresses, dmax and omin,
during each cycle for each Ae¢/2 (Fig. 6e—g). As in our experiments,
we computed the stress ratio of |omax/omin| and used it as a measure
of the cyclic asymmetry of the pre-deformed sample. Fig. 7a shows
the evolution of the stress ratio with respect to the number of cycles
N. During the first few cycles, the stress ratio changes as the
dislocation structure in the tensile pre-deformed NT-Cu sample is
unstable. At N=10, the cyclic response reaches saturation and
exhibits clear asymmetry at Aei/2 = 0.5% and 1%. Increasing Ae/2 to
2% leads to a much-reduced asymmetry in the cyclic response of
the tensile pre-deformed NT-Cu sample. The transition from cyclic
asymmetry to cyclic symmetry as the cyclic strain amplitude in-
creases is consistent with our experimental results (Fig. 5a). It is
noted that the variation trends in Figs. 5a and 7a at the beginning of
cyclic tests are different, which might be caused by the large
discrepancy in grain size and strain rate between experiments and
simulations.

For comparison, we applied 15% of tensile pre-deformation
strain on twin-free Cu sample (Fig. 8a) and examined its subse-
quent cyclic response at three different cyclic total strain

] MAOO
400 .
1200
300 T O
Gmin
0
200
s At 70th cycle
= Oox — 10,0l = 56 MPa | -200
o 100 E
2 0 1-400 %
£ Y 3
o} 1 1100
o}
C
2
5 100 ——0,..
o amin
," o 1 cyc 1@
; 10 cye At 70th cycle
' i 0,0 — 10,/ = 13 MPa
0 50 cyc
_.70.¢cyc | 1-100
0 : . v, H i i i il R . "
0 i) 2 3-04 -02 00 02 040 20 40 60

Engineering strain, & (%)

Strain (%)

Fig. 4. Engineering stress-strain curve of tensile pre-deformation (a, d), variation of stress-strain hysteresis loops (b, ) and cyclic stress (¢max, ¢min) responses (e, f) with number of
cycles for UFG- (a, b, ¢) and CG-Cu (d, e, f) after a tensile pre-deformation strain of 3% when cyclically deformed at Aep,i/2 of 0.05%, showing the asymmetric response of UFG- and CG-

Cu was promptly recovered to be symmetric within 70 cycles.
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amplitudes Ae¢/2 = 0.5%, 1% and 2% (Fig. 8b—g). The corresponding
stress-strain hysteresis loops are shown in Fig. 8b—d, and the
variation of omax and omip with respect to the number of cycles N is
shown in Fig. 8e—g. The plastic strain amplitudes of simulated
twin-free Cu at Ae/2 are estimated as Aep|/2 =0.15%, 0.25% and
0.80% from the simulated hysteresis loops, respectively. When the
cyclic response saturates, we found much smaller stress ratios in
tensile pre-deformed twin-free Cu sample than those observed in
tensile pre-deformed NT-Cu for all three strain amplitudes (Fig. 7),
indicating that the nanotwins and the associated deformation
mechanisms must play an important role in the asymmetric cyclic

response of the tensile pre-deformed NT-Cu sample.

4. Discussion

The hysteresis loops of as-deposited and tensile pre-deformed
NT-Cu samples during cyclic loading exhibit, besides the usual
well-known Bauschinger effect, with reduced elastic limits upon
stress reversal from tension to compression and vice versa [1,54], a
very strong stress asymmetry in tension and in compression.
Compared to the symmetric cyclic stress response of the as-
deposited NT-Cu and other materials [1], this markedly
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Fig. 7. Variation of stress ratio, |Gmax/Omin|, With respect to the number of cycles for
simulated NT (a) and twin-free (b) Cu at various cyclic total strain amplitudes after
tensile pre-deformation.

asymmetric tension-compression response of the tensile pre-
deformed NT-Cu is a characteristic feature of the pre-strained
material. For this reason, the cyclic stress asymmetry and the un-
derlying microstructural mechanisms were analyzed in some
detail.

In order to uncover the mechanisms of tensile pre-deformation
induced cyclic asymmetry of NT-Cu, we have examined the mi-
crostructures of NT-Cu after tensile pre-deformation and then fa-
tigue tests at different strain amplitudes, using a two-beam
diffraction technique in TEM [38]. After a tensile pre-deformation
strain of 1.5%, we detected a high density of short dislocation seg-
ments overlapping with the moiré fringes of twin planes in NT-Cu
(Fig. 9a) under a diffraction vector g=[-200] from the matrix
(Fig. 9d). Previous studies have demonstrated that these dislocation
segments are projections of misfit tails of threading dislocations in
tensile-deformed NT-Cu [36,37]. It is clear that the threading dis-
locations are randomly distributed in the nanotwins after tensile
pre-deformation, with different numbers of segments in different
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twins, as highlighted by the black rectangles 1 & 2 in Fig. 9a.

Imposing a small plastic strain amplitude (Aep/2 = 0.02%) on the
tensile pre-deformed NT-Cu does not obviously change the dislo-
cation structures in nanotwins. Subsequent cyclic deformation at
Aep/2 0f 0.02% is still dominated by randomly distributed threading
dislocations (Fig. 9b).

In contrast, imposing a sufficiently large plastic strain amplitude
(Aepi/2 =0.15%) leads to reorganization of the short dislocation
segments in tensile pre-deformed NT-Cu. We observed a uniform
pattern of dislocations with roughly equal interspacing after cyclic
deformation (marked by the dashed lines in Fig. 9c). Previous
studies have demonstrated that such uniform patterning of short
dislocation segments in nanotwins represents a deformation
mechanism via CNDs observed in as-deposited NT-Cu after cyclic
deformation [24]. The formation of CNDs is caused by the linking of
misfit tails of threading dislocations in adjacent nanotwins of the
tensile pre-deformed NT-Cu under cyclic deformation. The move-
ment of threading dislocations and CNDs in the nanotwins is not
supposed to destroy the stability of NT structure [23,24]. We veri-
fied this by examining the morphology of nanotwins and twin/
grain sizes of the tensile pre-deformed NT-Cu during cyclic defor-
mation at either small or large Agp/2.

We have also adopted MD simulations to probe the underlying
atomistic mechanism responsible for the effect of tensile pre-
deformation on the cyclic response of NT-Cu observed in both ex-
periments and MD simulations. During tensile pre-deformation,
plastic deformation is governed by the activation and movement
of threading dislocations in individual nanotwin layers (Fig. 10a). It
is known that each threading dislocation is composed of a dislo-
cation segment gliding between two neighboring twin planes and
two misfit tail dislocations lying on the twin planes [43]. Once
formed during tensile pre-deformation, the movement of a
threading dislocation during subsequent cyclic deformation is
asymmetric (Fig. 10b). During the tension stage of a loading cycle,

- Twin-free Cu

Stress (GPa)

'
N
'
N
[ J| SRS,
N
N

2 1 0 1 2
Strain (%)

Stress (GPa)
N

Stress (GPa)
o

0 1 X
0 5 10
Strain (%)

15

o B = B R o B o Bl R R B B

f g
L L o !,Q—Q—Q'O

©-0-0-0-0-0-0-0-0-©

[ ©90-6-6-6-0-¢-00 [

Omax | e Ormax
© o—min

0 2 4 6 8 0 2 4 6 8
Number of cycles, N
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g=[-200]y,

Fig. 9. Cross-sectional TEM images of NT-Cu after a tensile pre-deformation strain of 1.5% (a), then followed by cyclic deformation tests at Aep/2 of 0.02% (b) and (c) 0.15% with
number of 70 cycles, under two beam diffraction mode (with g=[-200]y (d)), showing that randomly distributed threading dislocations during tensile predeformation tests

gradually change to uniformly distributed correlated necklace dislocations.
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Fig.10. MD simulation of cyclic deformation of NT Cu after tension pre-deformation. (a) Schematic of threading dislocations with asymmetric structure activated during tensile pre-
deformation, causing asymmetric cyclic response (b). (c) Snapshot of long tails of threading dislocations in MD simulation of NT Cu cyclically deformed at Ae¢/2 = 0.5%, indicated by
black arrows. (d) Schematic of CNDs with symmetric structure coming from the linkage of threading dislocations, leading to symmetric cyclic response. (e) Snapshot of CNDs in MD
simulation of NT-Cu cyclically deformed at Aei/2 = 2%, indicated by the black arrow. The structures of dislocations highlighted by the black circle in (c, e) are illustrated in (a, d),
respectively. Colors are assigned to atoms based on their out-of-plane spatial position in (c, e).

the threading dislocation tends to extend its misfit tails on the twin
planes. We name it as “hard glide” as it is energetically more un-
favorable and requires a positive stress omax With higher magni-
tude. On the other hand, when the external loading is reversed (e.g.,
the compression stage of a loading cycle), the threading dislocation
moves backwards such that the length of the misfit tails decreases.
This is called “easy glide” direction in the fatigue tests as it is
energetically more favorable and it leads to a negative stress opmin
with lower magnitude (Movie 1). Thus, both our experiments and

simulations indicate that the observed tension-compression
asymmetric response behavior of tensile pre-deformed NT-Cu can
be attributed to the directional nature of the resistance to the
motion of threading dislocation, analogous to that reported in thin
fcc metal film [54—56].

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.06.026.

We must emphasize here that nanoscale twin spacing is of key
importance to the occurrence of cyclic asymmetry in NT-Cu. If the
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twin spacing is too thick to confine other slip systems, secondary or
multiple slip systems could be activated aside from threading dis-
locations, forming dislocation patterns such as dislocation cell
structures [57], like those observed in cyclically deformed CG
metals [1,25,48]. Only at the nanometer scale could the twin
lamella guarantee the activation of a single slip system of threading
dislocations with long tails in tensile tests, leading to their hard and
easy glide during subsequent tension-compression fatigue tests.
From this point of view, the tension-compression asymmetry could
not occur in metals with micron scale twins.

MD simulations revealed that at the cyclic strain amplitude of
Ae¢/2 = 0.5%, there are numerous threading dislocations in the NT-
Cu sample (indicated by black arrows in Fig. 10c). This may explain
the asymmetric cyclic response of the tensile pre-deformed NT-Cu
sample at Ae/2=0.5% as both the structure and the glide of
threading dislocations are cyclically asymmetric. The observed
more obvious cyclic asymmetry with larger stress ratio in experi-
ments than in MD simulations is most likely owing to threading
dislocation with longer misfit tails in micron-scale twin channels
than in simulated NT-Cu with much smaller grains.

At Aet/2 = 2%, we found that the cyclic deformation of NT-Cu is
governed by CNDs and threading dislocation is rarely observed
(Fig. 10e), consistent with that observed in Fig. 9c. It is expected that
increasing the applied cyclic total strain amplitude from 0.5% to 2%
promotes CND formation and leads to an exhaustion of threading
dislocations in the tensile pre-deformed NT-Cu sample. In contrast
to the asymmetric structure of threading dislocations, the structure
of CND is symmetric because the misfit tails of threading disloca-
tions have merged during the formation process of CNDs, leading to
pairs of twinning partial dislocation segments on twin planes
(Fig. 10d). During cyclic deformation, CNDs move back and forth
along the twin planes without a net increase in the length of the
twinning partial dislocation segments. The movement of CNDs is
thus symmetric during cyclic tension-compression loading. This
may explain the symmetric cyclic response of the tensile pre-
deformed NT-Cu sample at Aei/2 =2% as both the structure and
the glide of CNDs are cyclically symmetric.

Both experimental and MD observations indicate that the
tension-compression asymmetric response of tensile pre-deformed
NT-Cu is caused by threading dislocations produced in tensile pre-
deformation, while the transition from cyclic asymmetry to cyclic
symmetry is attributed to the gradual formation of CNDs by
correlating threading dislocation in neighboring twins during cyclic
loading.

Additional MD simulations were performed to investigate the
effect of compressive pre-deformation on the cyclic response of NT-
Cu. After a total of 15% compressive strain, the sample was unloa-
ded and subjected to cyclic tension-compression loading (Fig. 11a).
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Fig. 11. MD simulation of NT Cu after compressive predeformation. (a) Engineering
stress-strain curve of compressive predeformation, and (b) variation of stress ratio,
|Gmin/Omax|, With respect to the number of cycles at various cyclic total strain ampli-
tudes for NT-Cu.

Cyclic asymmetry was observed for all three cyclic strain ampli-
tudes Aet/2 =0.5%, 1% and 2% (Fig. 11b). The stress ratio also de-
creases with increasing cyclic strain amplitudes, similar to that
observed for tensile pre-deformed NT-Cu sample. At Ae ¢/2 = 2%,
the stress ratio measured for the compressive pre-deformed NT-Cu
is somewhat larger than that measured for tensile pre-deformed
NT-Cu (Fig. 8a). This could be attributed to the difference in sam-
ple and grain sizes along the loading direction in these two sce-
narios. Overall, our additional MD simulations have confirmed that
the competition between threading dislocation-induced asym-
metric cyclic response and CND-governed symmetric cyclic
response is intrinsic to highly oriented NT-Cu samples subjected to
pre-deformation.

Finally, we would like to emphasize that the cyclic asymmetry/
symmetry can be viewed as an important concept, not only because
it is closely correlated with the cyclic deformation mechanism of
metals, but also because of its essential influence on material and
component design, processing technique, performance and safety
in application.

5. Conclusion

The effect of tensile pre-deformation on cyclic behavior of bulk
polycrystalline Cu with highly oriented nanoscale twins has been
investigated by both experiments and molecular dynamics simu-
lations. NT-Cu after tensile pre-deformation exhibits tension-
compression asymmetry with the magnitude of the maximum
stress in tension much larger than that of the minimum stress in
compression, which is distinct from cyclic symmetry typically
observed in as-deposited NT-Cu and conventional f.c.c. CG and UFG
metals. We revealed that the cyclic asymmetric response of tensile
pre-deformed NT-Cu is owing to the asymmetric structure of
threading dislocations with long misfit dislocation tails lying on the
TBs. The reduction in cyclic asymmetry with increasing strain
amplitudes and cyclic numbers is associated with the transition
from threading dislocations to CNDs during cyclic deformation.
These findings deepen our understanding of the fatigue behavior of
NT metals and may provide insights/guidelines on tailor-designing
fatigue-resistant engineering structures.
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