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Abstract

By means of a direct-current electrodeposition technique, bulk (~3 mm in thickness) polycrystalline Cu samples with preferentially
oriented nanoscale twins have been synthesized. Strain-controlled pull-push fatigue tests of the nanotwinned Cu samples show that
the cyclic stability is maintained after a short initially rapid cyclic hardening stage, distinct from continuous cyclic softening of ultra-
fine-grained Cu. The saturation stress increases with increasing strain amplitude and decreasing twin thickness, while the longer low cycle
fatigue life is achieved at larger grain size. The strain-life and S—N curves reveal that the preferentially oriented nanotwins embedded in
microsized grains enhance the low and high cycle fatigue property synergy for nanotwinned Cu, which has better low cycle fatigue life
while maintaining higher endurance limit (90 MPa at 107), compared with that of coarse-grained Cu and ultrafine-grained Cu. Besides
the relatively stable microstructure, the activation of a single primary slip system, i.e. threading dislocation propagation inside nanoscale

twin lamellar channels, dominates the steady state of nanotwinned samples.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, engineering coherent twin boundaries (TBs) at
the nanoscale has been regarded as an effective approach
for achieving high strength while maintaining substantial
work hardening ability and considerable ductility [1-5].
On the one hand, coherent TBs act as effective barriers
for the motion of dislocations, resulting in significant TB
strengthening, analogous to that induced by grain bound-
ary (GB) strengthening [3-5]. On the other hand, a high
density of coherent TBs can provide enough room for dis-
location accumulation and storage, which is fundamentally
different from the conventional incoherent GBs [2-5].

* Corresponding author. Tel.: +86 24 23971939; fax: +86 24 23998660.
E-mail address: lu@imr.ac.cn (L. Lu).

http://dx.doi.org/10.1016/j.actamat.2014.08.011

Uniaxial mechanical properties and deformation mech-
anism for nanotwinned materials have been extensively
studied by experimental tests [2-4,6-8], crystal plasticity
modeling [5,9] and molecular dynamics simulations
[10-13]. Fatigue properties of nanotwinned Cu (nt-Cu)
samples in the high-cycle fatigue (HCF) regime were also
investigated under tension—tension stress-controlled fatigue
tests [14-18]. Shute et al. [15,16] investigated the magnetron
sputtered Cu foils with highly oriented nanotwins (sample
thickness ~ 170 um) by tension—tension stress-controlled
cycling. The S—N curve shows that the fatigue life and fati-
gue limit (at the fatigue life of 107 cycles) of nt-Cu are
enhanced over that of coarse-grained (CG-) Cu. Although
the majority of nanotwinned structures are quite stable,
numerous TBs are destroyed. Instead, many dislocation
walls are formed, especially at the intersection between
nanotwinned columns and adjacent detwinned columns.
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The soft detwinned regions result in the surface depression
appearance and cause the surface crack initiation [16].

Polycrystalline columnar-grained Cu samples with pref-
erentially oriented nanotwins in larger grain size were also
subjected to tension—tension stress-controlled fatigue tests
[18]. Due to the presence of a high density of preferentially
oriented nanotwins, the fatigue life of nt-Cu in the S-N
curve is significantly enhanced. Microstructural observa-
tions demonstrate that most TBs are quite stable under cyc-
lic deformation. The fatigue behavior of the polycrystalline
nt-Cu samples resembles that in a “quasi-single” crystal
metal, where only one primary slip system, i.e. the thread-
ing dislocation, is preferentially activated and dominates
the cyclic deformation of nt-Cu when the cyclic loading
axis is parallel to the twin plane. Schmid factor analysis
demonstrates that propagation of such uniform threading
dislocations within nanoscale twin channels gives rise to
the “zigzag” slip bands across a few TBs. The effective con-
finement of threading dislocations within nanotwin lamel-
lae and smaller slip bands retard fatigue crack initiation,
thereby contributing to an enhanced fatigue limit and fati-
gue life of nt-Cu.

In terms of intensively studying the fatigue performance
and cyclic deformation mechanism of nt-Cu, high cyclic
fatigue tests with stress control are clearly insufficient
[19]. Classical approaches to fatigue design involve the
characterization of total fatigue life to failure in terms of
the cyclic stress range (the S—N curve approach) or the
(plastic or total) strain range [19]. Under high-cycle, low-
stress fatigue situations, the materials deform primarily
elastically; the failure time or the number of cycles to fail-
ure under such HCF regime has traditionally been charac-
terized in terms of the strength. However, the stresses
associated with low-cycle fatigue (LCF) are generally high
enough to cause appreciable plastic deformation prior to
failure, which is closely correlated with its ductility. There-
fore, under this circumstance, the fatigue life is character-
ized in terms of its strain.

Clearly, the different approaches of the stress-controlled
and strain-controlled fatigue tests provide apparently dif-
ferent guidelines for evaluating the properties of metallic
materials, especially for high-strength metals with limited
plastic ductility, like the ultrafine-grained (UFG) and
nanocrystalline (NG) metals, which usually exhibit high
strength but very limited tensile ductility. The stress-con-
trolled fatigue life and endurance limit of high-strength
UFG and NG metals are much elevated in the HCF regime
compared to their conventional CG counterparts [20-26].
Unfortunately, in the LCF regime, UFG and NG materials
exhibit a much shorter fatigue life (several times smaller)
than that of CG counterparts under strain-controlled con-
ditions, due to a lack of ductility [27-35]. Moreover, the
continuous cyclic softening phenomenon is prevalently
observed in UFG and NG materials fatigued in strain-
controlled tests [22,29].

Meanwhile, the nanolamellar metallic materials also
contribute a sustainable high strength due to confinement

of slip between nanoscale interfaces and very limited uni-
form ductility [36,37]. A relatively longer fatigue life and
higher endurance limit of nanolaminated materials had
been observed in the HCF regime [38-41]. However, it
could be predicted that the fatigue properties of nanolamel-
lar metals in the LCF regime may not be as desirable as in
the HCF regime if the strain-controlled fatigue tests could
be performed on the sample with a large enough sample
size.

Therefore, the LCF tests under strain control can be
used to accurately explore the ductility and fatigue mecha-
nisms of nanostructured metals. However, due to the limi-
tations of sample preparation, most nanostructured metals
have a very limited sample thickness, typically in a range of
tens to hundreds of micrometers. The limited thickness
makes both strain-controlled LCF tests and compression
tests very difficult (or impossible) because the strain gauge
extensometer cannot be clamped onto the specimen sur-
face. To date, fully reversed tension—compression fatigue
tests on nanotwinned materials under strain and stress con-
trol have not been carried out, mainly owing to the limita-
tion of the sample thickness. It is thus still uncertain
whether the cyclic stress response of nt-Cu is cyclic harden-
ing or softening under strain control, or whether nanotwins
could improve the fatigue life in the LCF regime under
strain control or not.

In this study, real bulk (~3 mm in thickness) polycrys-
talline Cu samples with preferentially oriented nanoscale
twins have been synthesized by means of a direct-current
electrodeposition. Fully reversed tension—compression fati-
gue tests were performed on the bulk Cu samples contain-
ing preferentially oriented nanoscale twins under constant
strain-controlled and stress-controlled fatigue tests, respec-
tively. The fatigue properties, including information about
the cyclic stress/strain response, the fatigue life in the LCF
regime and the fatigue limit in the HCF regime, were
explored and the underlying cyclic stress/strain response
associated with the effect of microstructure features, includ-
ing TB orientation, twin thickness and twin lamellar length
(i.e. grain size), discussed.

2. Experimental

Bulk high-purity copper sheets containing preferentially
oriented nanoscale growth twins were synthesized by
means of direct-current electrodeposition in an electrolyte
of CuSOy. The substrate was a pure Ti sheet. The final
thickness of the nt-Cu plates was ~3.4 mm. By controlling
the current densities (20 and 30 mA cm 2, respectively),
two pieces of nt-Cu samples with different grain sizes and
twin thicknesses (named nt-Cu-A and nt-Cu-B, respec-
tively) were obtained. For comparison, high-purity
twin-free UFG-Cu samples were produced by cold-rolling
CG-Cu samples with a rolling strain, ¢ = (¢, — ¢)/¢t = 400%
(where #y and ¢ denote the thickness of the initial and the
as-rolled samples, respectively). After annealing UFG-Cu
samples at 250 °C for 2 h in air, CG-Cu samples having a
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grain size analogous to that of nt-Cu were also produced. The
other details of the sample preparation procedures are
described in Ref. [18].

Dog-bone-shaped specimens were 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 using an electrical spark
machine. All specimens were mechanically ground to the
desired dimensions, followed by the electropolishing to
minimize the surface roughness and obtain a strain-free
surface.

Uniaxial symmetrical tension—compression tests were
performed on an Instron 8874 testing machine under con-
stant strain and stress control at room temperature in air.
The cyclic loading axis was approximately parallel to most
of the twin planes. Under the strain control, a dynamic
strain gauge extensometer (Instron Catalogue No. 2620-
603) with a gauge length of 10 mm was clamped onto the
specimen surface by a high-strength rubber band for accu-
rate direct measurement and the closed-loop control of
strain in the materials undergoing cyclic testing. The strain
resolution and control precision are less than 10™*. The
applied uniaxial plastic strain amplitudes ranged from
2.0x107* to 3.16 x 10~ and the uniaxial total strain
amplitudes ranged from 3.16 x 10~ to 5.6 x 107>, Under
strain control, a triangular wave was used and the cyclic
strain rate was 2.5 x 107>, The fatigue process was stopped
when the cyclic stress amplitude dropped by 70% relative to
the largest stress amplitude. For comparison, the cyclic
deformed nt-Cu samples were interrupted at 50 cycles at
the uniaxial plastic strain amplitude of 3.16 x 1073, In
the stress-controlled fatigue tests, a sinusoidal wave was
used and the applied frequency was 30 Hz. The fatigue
limit of nt-Cu was tested by the staircase method strictly
[18,19].

The plane view and cross-section microstructures of the
nt-Cu specimens before and after fatigue were character-
ized by field emission gun scanning electron microscopy
(SEM) in a FEI Nova NanoSEM 430 with backscattered
electron imaging using a VCD detector. The cross-section
microstructures of Cu specimens before and after fatigue
were also studied by a FEI Tecnai F20 transmission elec-
tron microscope (TEM) operated at 200 kV. The TEM
Cu foils were thinned by twin-jet polishing in an electrolyte
of phosphoric acid (25%), alcohol (25%) and deionized
water (50%) at about —10 °C.

3. Results
3.1. As-deposited nt-Cu

The overall 3-D microstructures of the nt-Cu samples
are illustrated in Ref. [18]. The polycrystalline grains of
nt-Cu are columnar in shape and are subdivided by parallel
twin lamellae, with most TBs parallel to the deposition
plane. Fig. 1 shows the distributions of grain size and twin
thickness for the nt-Cu-A and nt-Cu-B samples. The grain
sizes of both samples have a wide distribution, from 1 to

20 pm. The average grain sizes for nt-Cu-A and -B are
~4.6 and ~6.7 um, respectively. The twin thickness exhib-
its a broad distribution from several nanometers to
~500 nm, but most of them are on the nanometer scale.
The average twin thickness (1) is ~54 nm for nt-Cu-A
and ~75nm for nt-Cu-B. All of the detailed information
for the two nt-Cu samples is summarized in Table 1. The
electron backscatter diffraction analysis indicates that both
nt-Cu-A and -B have a strong {111} out-of-plane texture.
The microstructure of the nt-Cu samples in this study is
similar to that of the nt-Cu samples in Refs. [15,16]. How-
ever, the grain sizes of the present nt-Cu specimens are
much larger than those (~500 nm) of the nt-Cu samples
in Ref. [15].

It should be emphasized that the microstructure of the
nt-Cu samples along the deposition direction is relatively
homogeneous, as verified by microstructural observations.
For cold-rolled UFG-Cu, most ultrafine grains are elon-
gated, with an aspect ratio of ~2.4. The average transverse
grain size is ~0.38 pm and the longitudinal grain size is
~0.92 um, respectively, as shown in Table 1. The grain size
of CG-Cu obtained by annealing UFG-Cu is ~9.8 um,
which is somewhat larger than that of nt-Cu-B and twice
that of nt-Cu-A.

3.2. Strain-controlled fatigue properties of nt-Cu

3.2.1. Cyclic hardening and saturation

The cyclic stress response (Ac/2) of the nt-Cu samples
fatigued under different constant plastic strain amplitudes
is shown in Fig. 2. Obviously, cyclic stability is maintained
in nt-Cu samples after initially rapid hardening in a few
cycles (~50). This phenomenon is fundamentally distinct
from continuous cyclic softening of UFG-Cu under strain
control [22,29]. For comparison, the stress amplitude of
cold-rolled UFG-Cu samples fatigued at Aey/2=
1.78 x 107 drops from ~375MPa at the first cycle to
~273 MPa at the 100th cycle. In contrast, for CG-Cu with
a grain size of ~9.8 um, continuous cyclic hardening is
observed throughout the whole fatigue life at large plastic
strain amplitudes. The following general trends for
fatigued nt-Cu in Fig. 2 should be noted:

The saturation stress of nt-Cu samples is dependent on
the twin thickness. The smaller the twin thickness, the
higher the saturation stress, consistent with the twin thick-
ness dependence of yield strength (oy) and ultimate tensile
strength (o) for nt-Cu in tensile tests [6]. The saturation
stress amplitude (Ac/2) of nt-Cu-A at Aey/2=1.89 x
10 is 402 MPa, which is much larger than that
(294 MPa) of nt-Cu-B at Aey/2 = 1.78 x 10>, Enhanced
fatigue life is obtained in nt-Cu samples with increasing
grain size. As shown in Fig. 2, the fatigue life of nt-Cu-B
is comparable to that of its CG-Cu counterpart and gener-
ally longer than that of nt-Cu-A at a given strain amplitude.

The fully reversed tension—compression strain-con-
trolled fatigue tests of nt-Cu samples demonstrated an
obvious cyclic stability and improved fatigue life in the
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Fig. 1. The distributions of grain size (al, a2) and twin thickness (b1, b2) of nt-Cu-A and nt-Cu-B samples.

Table 1
Summary of the microstructural characteristics of nt-Cu, CG-Cu and
UFG-Cu samples.

Sample d (pm) A (nm)
nt-Cu-A 46+25 54 £ 50
nt-Cu-B 6.7+3.3 75+ 85
CG-Cu 9.8+5.5 -
UFG-Cu dr=10.38 £0.35

dp, =092 +1.57 -

d is the average grain size; A is the average twin thickness; dr and d;. denote
the grain size along the transverse and longitudinal directions of UFG-Cu,
respectively.
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Fig. 2. Cyclic stress response (Ac/2) of nt-Cu-A, nt-Cu-B and CG-Cu
samples fatigued at different constant plastic strain amplitudes (Aep) vs.
number of cycles (N).

LCF regime. The cyclic deformed nt-Cu samples reach the
set value of the imposed plastic strain amplitude quickly,
within ~30 cycles. For the nt-Cu-B samples, the typical
evolution of the hysteresis loops at Agy/2 =1.78 x 103
is shown in Fig. 3a. For the first few cycles, the stress
amplitude increases with increasing plastic strain
amplitude. Even when fatigued at a constant plastic strain
amplitude in the next few cycles (~20), cyclic hardening of
nt-Cu-B is still noticeable in Figs. 2 and 3. With continued
cyclic straining, the rate of hardening progressively dimin-
ishes and a quasi-steady state of cyclic deformation, known
as “cyclic saturation/stability”, is reached. Once saturation
is achieved, the stress amplitude is almost unaltered by fur-
ther cycling, and the stress—strain hysteresis loop reaches a
stable configuration as well. As seen in Fig. 3a, the
steady-state hysteresis loops for the following different
cycles nearly overlap with each other. Note that the stress
amplitudes in compression are a few percent (<7%) larger
than those in tension for nt-Cu samples (Fig. 3).

A series of hysteresis loops of nt-Cu in saturation, i.e.
corresponding to a fixed 100th cycle, are summarized in
Fig. 3b. It can be seen that the applied plastic strain ampli-
tude plays a crucial role in the saturation stress of nt-Cu
samples. The larger the strain amplitude applied, the higher
the saturation stress achieved. Nonetheless, the shapes of
the hysteresis loops for nt-Cu in saturation are slim and
pointed, almost independent of the imposed plastic strain
amplitude. Also, for nt-Cu samples, a small percentage of
the plastic strain (g.s/2) is reversed during unloading.
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Fig. 3. (a) Development of the hysteresis loops of nt-Cu-B samples fatigued at Aey/2 = 1.78 x 1073, (b) Changes of steady-state hysteresis loop of nt-Cu-B

samples fatigued at different constant plastic strain amplitudes.

3.2.2. Cyclic stress—strain curve

The cyclic stress—strain curves, obtained by plotting the
saturation shear stress (t5) as a function of the plastic
resolved shear strain amplitude (y,) for nt-Cu samples,
are displayed in Fig. 4. For comparison, the data for single
crystal [42,43] and CG Cu in this study are also included.
The relationship between the resolved shear stress/plastic
strain amplitude and the uniaxial stress/plastic strain
amplitude is as follows [19]:

13 = mAag /2
Vo1 = Aep/(2m) (1)

where m is the Schmid factor for the single-crystal Cu or
the Sachs/Taylor factor for polycrystalline Cu. The m value
is 0.5 for the single-crystal Cu with single-slip orientation;
it is 0.45 for single-slip-oriented CG-Cu based on the Sachs
model and 0.33 for multiple-slip-oriented CG-Cu following
the Taylor model.

As illustrated in Ref. [18], the fatigue behavior of poly-
crystalline nt-Cu samples resembles that in a fatigued
“quasi-single” crystal metal, where there is only one
primary slip system with the slip direction parallel to the
TBs, but the slip plane inclined to the TBs is preferentially
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Fig. 4. Cyclic stress—strain curves of nt-Cu-A, nt-Cu-B and CG-Cu
samples. Data for single-crystal Cu with a single slip system [42,43] are
included for comparison.

activated when the cyclic loading axis is parallel to twin
planes. The dislocations belonging to this slip system are
like the threading dislocations observed in nanoscale thin
films and multilayer materials [44]. Schmid factor
calculations reveal that the maximum m for the threading
dislocation is ~0.47 in a few grains with specific in-plane
orientations, where its Burgers vector is at 45° relative to
the loading axis. This is consistent with slip band traces
on the top surface at ~45° relative to the loading axis
observed in some cyclically plastic deformed grains, as
shown in Fig. 4 in Ref. [18].

Apparently, due to the presence of a high density of
nanoscale twins, the saturation shear stresses for nt-Cu
are much larger than those of CG-Cu and single-crystal
Cu. Furthermore, nt-Cu-A samples with smaller average
twin thickness have larger saturation shear stresses than
nt-Cu-B at the same plastic resolved shear strain ampli-
tude. Unlike the plateau regime for single-crystal Cu, the
cyclic stress—strain curves for nt-Cu samples exhibit a con-
tinuous increase in the saturation stress with increasing
plastic strain amplitude, as shown in Fig. 4. This suggests
that nanoscale twins embedded in microsized grains play
an important role in the cyclic deformation of nt-Cu.

4. Discussion

4.1. Cyclic stability mechanism and twin thickness
dependence of saturation stress

The cyclic stress—strain response of single crystal and
CG Cu associated with cyclic deformation mechanisms
have been well studied by experiments [42,43,45-53] and
modeling [54]. It is accepted that the cyclic saturation
behavior is prevalently observed in single-crystal Cu with
single-slip orientation [51-53] and CG-Cu with a large
grain size [33,45-49]. The cyclic steady deformation
suggests that the dislocation density remains constant in
the single slip-induced dislocation patterns, such as veins
composed of dense dislocation dipole arrays at very small
Ppi (<6 X 107°) and persistent slip bands (PSBs) with
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Fig. 5. Typical SEM images of nt-Cu-B samples in plane view (a) and cross-section view (b) fatigued at Aey/2 = 1.78 x 10~3 until failure. Cross-section
SEM images at Agy/2 = 3.16 x 1072 in 50 cycles (c) and after surface polishing (d), showing that the majority of TBs and GBs are very stable. LA denotes

the cyclic loading axis.

dislocation walls at very large y, (6 X 107> < Y1 < 7.5
x 107%). At very small 7pl, it is maintained by dipole flip-
flop in the veins and dislocation gliding back and forth in
the irregular winding channels between the veins without
dislocation multiplication and annihilation [50]. At very
large ypi, there exists a dynamical equilibrium between
the multiplication and annihilation of edge dislocations in
the walls and high-density screw dislocations in the straight
channels between the walls in the PSBs [50].

The grain size also has an important effect on the forma-
tion of the stable dislocation patterns of PSBs. In polycrys-
talline materials, the effect of constraints among adjacent
grains becomes significant with decreasing grain size. The
enhanced constraints tend to facilitate multiple rather than
single slip behavior, even in grains with single-slip orienta-
tion, which inhibits PSB formation. Thus PSB formation
becomes increasingly difficult with decreasing grain size.
It has been shown that the critical grain size for stable
PSB patterns formation is ~25 pm for CG-Cu [33,46]. This
is consistent with the present result that ongoing cyclic
hardening with no clear saturation stage occurs due to
the multiple slip in CG-Cu (~9.8 um), especially at large
strain amplitudes, as seen in Fig. 2.

With grain size further decreasing into the submicrome-
ter and nanometer regime, the corresponding severe
deformed UFG/NG microstructure becomes rather unsta-
ble and undergoes marked cyclic softening at the early

stage of fatigue [21-23,27-30]. Cyclic strain localizations,
such as local grain coarsening and catastrophic shear
bands, are largely responsible for the cyclic softening.

Hence, based on the above discussion, it is easy to find
that both the stable dislocation patterns induced by sin-
gle-slip systems (such as PSBs) and the relatively stable
microstructure are probably two essential conditions for
the cyclic stability of materials. Even though the average
grain size of the present polycrystalline nt-Cu samples is
a few micrometers (~4—6 um), which is much smaller than
the critical value observed for forming stable dislocation
pattern in CG metals, the cyclic stability of nt-Cu, rather
than the cyclic softening of UFG-Cu, is still observed
under tension—compression fatigue tests. Next, the cyclic
stability and cyclic mechanism of nt-Cu with highly ori-
ented nanoscale twins will be discussed.

Fig. 5a and b reveals the typical plane and cross-section
SEM observations of nt-Cu-B samples under tension—com-
pression fatigue tests. Compared with the glossy surface in
the as-deposited sample, two sets of roughly mutually per-
pendicular deformation features in a few grains are
observed on the plane-viewed nt-Cu samples after being
fatigued at the plastic strain amplitude of 5.6 x 107%, as
shown in Fig. 5a. Most of the deformation features are
principally concentrated at ~45° relative to the cyclic load-
ing axis. These deformation features are parallel to each
other in the single grain and distribute in the grain
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interiors. Note that they do not transfer through GBs. The
above evidence suggests that the slip band traces result
from the dislocation activity with a single primary slip sys-
tem, rather than the shear band (Fig. 5a). Subsequently,
cross-sectional SEM observations show that many “zig-
zag” slip bands across a few TBs are detected in some grain
interiors (Fig. 5b). The slip bands in single twin interiors
are parallel to each other and mirror the slip bands in the
adjacent matrix. These deformation features are analogous
to those observed in nt-Cu under tension—tension stress-
controlled fatigue tests [18], where dislocations with the slip
plane inclined to TBs but the slip direction parallel to TBs
are preferentially activated and dominate the plastic
deformation.

In order to investigate the intrinsic fatigue mechanism, a
nt-Cu-B specimen was selected and interrupted at 50 cycles
when reaching the cyclic steady state at a plastic strain
amplitude of 3.16 x 1073, Fig. 5¢ shows that “zigzag” slip
bands across many TBs only appear in a few columnar
grains, while the majority of columnar grains have no signs
of plastic deformation. The slip steps are much more indis-
tinct than that in Fig. 5b because they have undergone
fewer cycles. After being polished, the GB morphologies
of the fatigued nt-Cu are identical to that of the as-depos-
ited sample, as seen in Fig. 5d. The absence of apparent
deformation traces existing in twin interiors or at GBs sug-
gests that both the nanotwin structures and the GBs in the
present nt-Cu samples are very stable under tension—com-
pression fatigue tests.

The above results thus suggest that the fatigue mecha-
nism of nt-Cu samples under tension—-compression fatigue
tests is still dominated by single-slip threading dislocations
slipping inside the twin interiors. The threading disloca-
tions glide in the lamellar channels confined by neighboring
TBs individually and bear close resemblance to hairpin
threading dislocations observed in nanoscale thin films
and multilayer materials [44,55]. The nanoscale twin con-
finement of threading dislocation motion in the twin/
matrix layers determines the flow stress by the confined
layer slip (CLS) model [18]. On the basis of the CLS model,
the saturation resolved shear stress (z;) can be present as
follows:

T, = ”’TA“ = (34+£16) + &fg In(0.6257) 2)

Generally, the saturation shear stress of nt-Cu is in pro-
portion to 1/, where 4 is the twin thickness. This is consis-
tent with the present results showing that the thinner the
twin thickness, the higher the saturation stress reached.
For example, based on the CLS model above, the satura-
tion shear stresses of nt-Cu samples with 4 of 75-110 nm
1s estimated to be 115-130 MPa. However, the shear stress
can be as high as 175-190 MPa for nt-Cu samples with 4 of
40-50 nm, as shown in Fig. 4.

Variations in the saturation stress of nt-Cu samples with
the imposed plastic strain amplitude in Fig. 4 are most
likely to be associated with threading dislocation glide in

nanotwins with different thicknesses and in-plane orienta-
tions. For nt-Cu samples fatigued at a small plastic strain
amplitude, the relative low saturation stress implies that
dislocations are probably activated in twins with relative
large twin spacing and the softest in-plane orientation.
With increasing plastic strain amplitude, higher saturation
stresses are required to accommodate the larger plastic
strain by the activation of threading dislocations in smaller
twins, even in some grains with hard orientations.

Besides the TB orientation parallel to the cyclic loading
axis, both nanoscale twins and microsized grains also exhi-
bit a crucial influence on the activation of a single primary
slip system in nanotwin interiors. If the twin thickness is
very large, i.e. in the micrometer regime, less restriction is
applied on other slip systems by the twin planes. For exam-
ple, secondary or multiple slips are often observed within
twins in fatigued CG-Cu with annealing twins with large
twin spacing [46-48]. However, for the nt-Cu samples in
this study, only single slip of threading dislocations is pref-
erentially activated, the secondary or multiple slip systems
being severely suppressed by the tiny twin layers. There-
fore, only the twin lamellae at the nanometer scale could
be an effective barrier for stopping other dislocation activa-
tion. In addition, micrometer-sized grains also guarantee
enough room for the threading dislocation to glide back
and forth inside the nanotwin lamellar channels under ten-
sion—compression fatigue tests, rather than the detwinning
phenomena in Ref. [16]. Thus the cyclic deformation of the
nt-Cu sample is more like that in a fatigued “quasi-single”
crystal material.

Guo et al. [56] systematically investigated the influence
of the twin thickness on the dislocation configuration dur-
ing cyclic deformation of polycrystalline Cu with a wide
twin thickness distribution. They demonstrated that no dis-
location patterns, such as PSBs or cell structures, could be
formed when the twin thickness is less than 1 pm, similar to
that observed in nanoscale metal films and multilayers
(nanoscale laminated metal composites) [38,55]. Therefore,
in spite of no PSB formation, single slip system activation
of threading dislocations inside nanotwin lamellar channels
and a relatively stable microstructure related to TBs and
GBs are two key responsible factors for the steady state
of nt-Cu samples under all strain amplitudes. More evi-
dence of microstructure evolutions is needed to explain
the underlying cyclic stability of nt-Cu samples fatigued
under different strain amplitudes.

4.2. Grain size dependence of fatigue life in the LCF regime

In the LCF regime, strain-controlled fatigue life is pri-
marily governed by the Coffin—-Manson law [19,28], i.e.

A8pl/2 = 8;(2Nf)c (3)

where & is the fatigue ductility coefficient, which is
approximately equal to the fracture strain in the tensile
test, and ¢ is the fatigue ductility exponent, which ranges
from —0.5 to —0.7 for most metal materials. According
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Fig. 6. Dependence of the fatigue life (Np) on plastic strain amplitude (Ae,/2-N) (a) and cyclic stress amplitude (S-N) (b) for nt-, CG- and UFG-Cu
samples. Data for CG-Cu [20,33-35] and UFG-Cu [22-25,29-32,34,35] are also included for comparison. TD and RD denote that the cold-rolled UFG-Cu
specimens are fatigued in the transverse direction and rolling direction, respectively. The purity of UFG-Cu (half-filled symbols) in the S-N curve is

(99.9 wt.%) [25,29,30], whereas the others are 99.99 wt.% [22-24.31].

to the above Coffin—-Manson equation, the fatigue life in
the LCF regime is closely correlated with the ductility of
the material. A good LCF performance requires a suffi-
ciently high ductility [19,28].

For nt-Cu samples with high density of preferentially ori-
ented nanoscale twins, the ductility is mainly dependent on
the grain size, i.e. the length of twin lamellae. As investigated
by tensile tests in Ref. [6], a considerable uniform strain is
only achieved when the grain size is larger than the critical
value, i.e. ~3 pm. With further increasing grain size, the
ductility of nt-Cu samples increases monotonically.

In micrometer-length nanotwin channels, single-slip
threading dislocations could glide conveniently to accom-

modate cyclic plastic strains, rather than strain localization
occurring [27-29]. A larger grain size not only implies a lar-
ger amount of threading dislocations gliding back and forth
inside lamellar nanotwin channels, but also guarantees that
the threading dislocation can travel a relatively longer dis-
tance along the twin channels. The interactions between
adjacent threading dislocations are very small with large
sized grains. Based on the above analysis, nt-Cu samples
with larger grain size can accommodate the larger cyclic
plastic strain and have a longer fatigue life in the LCF
regime. As seen in Fig. 6a, the strain-controlled fatigue life
of nt-Cu is relatively enhanced over that of twin-free cold-
rolled UFG-Cu. The fatigue life of nt-Cu-B samples with
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Fig. 7. Fatigue lives of nt-, CG- and UFG-Cu samples in a total strain amplitude—fatigue life diagram, showing that superior fatigue performances in both
LCF and HCF regimes are achieved in nt-Cu samples. Data for CG-Cu [20,33,34] and UFG-Cu [31,32] are included for comparison. The data under
plastic strain and stress control are denoted; others are obtained under total strain control.
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a larger grain size is longer than that of nt-Cu-A and even
comparable to that of the twin-free CG counterparts. The
larger the grain size, the longer the low cycle fatigue life
achieved.

Besides the LCF performance, the grain size also
strongly influences the structural stability of nt-Cu sample.
A main feature of the plastic deformation of columnar-
grained nt-Cu is inhomogeneous during uniaxial tension:
GB regimes usually take larger plastic strain than that sus-
tained by grain interiors [6]. In the vicinity of GBs, the high
density of dislocations gradually evolve into dislocation
cells or subgrains as the strain increases and even detwin-
ning induces elimination or thickening of growth twins
[6]. Such GB-associated strain softening would be more
serious in nt-Cu samples with small grain size and twin
thickness, interpreting the fact that substantial volumes
of nanotwins are destroyed and developed to the extended
dislocation walls in fatigued nt-Cu samples with an average
grain size of ~500 nm, as observed by Shute et al. [16].

In contrast, the grain sizes of both nt-Cu samples in the
present study are about 10 times larger than that in Ref.
[16], and the plastic deformation is more homogeneous in
the grain interior and GBs, as shown in Fig. 5b. The
GB-associated strain softening is suppressed by the larger
grain size, and enhanced ductility and stability of micro-
structure are achieved. Therefore, both nanotwin structures
and GBs in nt-Cu samples are still very stable, even when
fatigued at very large plastic strain amplitude. However,
the detailed dislocation morphologies associated with the
intrinsic fatigue mechanism of nt-Cu samples still need to
be further studied.

4.3. Enhanced low cycle and high cycle property synergy

The plastic strain-life (Aey/2—-N) and stress-life (S—N)
curves of all Cu samples with different microstructures in
Fig. 6a and b reveal the HCF and LCF properties as a
function of the fatigue life, Ny As demonstrated in
Section 4.2, nt-Cu samples have a superior fatigue life in
the LCF regime under strain control, which benefits from
their considerable ductility. Interestingly, the advantage
for nt-Cu still exists in the HCF regime under stress con-
trol, as shown in Fig. 6b. In a fatigue life span of
10*-10°, the HCF property of nt-Cu is superior to that of
CG-Cu. With increasing fatigue life, i.e. at 107 cycles, the
fatigue limit (6_;) of nt-Cu-B is up to ~90 MPa, signifi-
cantly higher than that of the CG-Cu (~50 MPa), and
coincidentally resembles that of UFG Cu. In general, the
stress-controlled fatigue life and endurance limit in the
HCF regime are generally dominated by the strength,
based on the Basquin law [19,28]. So, in stress-controlled
HCF tests, nt-Cu samples with high strength following
the CLS model still possess better fatigue life and a higher
endurance limit than CG-Cu.

Fig. 7 summarizes the total strain—fatigue life diagrams
for nt-, CG- and UFG-Cu samples in the present study
and in the literature [20,31-34]. Under total strain

amplitude control, the nt-Cu samples exhibit a constant
plastic strain amplitude in the cyclic stability state, which
is essentially distinct from the gradually increasing Agp/2
for UFG-Cu and decreasing Agy/2 for CG-Cu [19]. In
order to distinguish the LCF and HCF regimes in this plot,
a transition life is defined as the number of cycles to failure
at which the elastic and plastic strain amplitudes are equal
in nt-Cu samples, as defined in Ref. [19]. The experimental
transition life is about 2 x 10* for the nt-Cu specimens. As
seen in Fig. 7, the diagram can be divided into two regimes,
the fatigue properties of the nt-Cu samples being superior
to those of CG-Cu in both the LCF and HCF regimes.
These results suggest that nanoscale twins in micrometer-
sized grains enhance the synergy of both LCF and HCF
fatigue properties of Cu appreciably, totally breaking down
the trade-off of fatigue performance in the LCF and HCF
regimes for the CG and UFG counterparts [22-24,27-30].

By introducing a high density of preferentially oriented
nanotwins embedded within micrometer-sized grains, nt-
Cu samples not only exhibit enhanced fatigue life in the
LCF regime, but also sustain an extremely high fatigue
limit in the HCF regime, which is fundamentally distinct
from twin-free CG-Cu and UFG-Cu metals. The activation
of single-slip threading dislocation glide in nanotwin chan-
nels results in a characteristic cyclic stability state, where
the saturation stress depends on the twin thickness and
low cycle fatigue life is closely correlated with the grain
size. The present study not only provides detailed experi-
mental data for the stress-controlled and strain-controlled
fatigue tests of nt-Cu, but also provides insight into new
possibilities for enhancing the fatigue performance of met-
als by tailoring the nanotwinned microstructures, such as
with a larger grain size and a smaller twin thickness.

5. Conclusions

High-purity bulk Cu samples containing highly aligned
nanoscale twins have been subjected to tension—compres-
sion strain-controlled fatigue. After a short, initially rapid
cyclic hardening stage, the nt-Cu specimens reach a cyclic
stability state with stable hysteresis loops. The effective
confinement of threading dislocation inside nanoscale twin
lamellar channels dominates the cyclic deformation and
saturation behavior. During fatigue, the majority of TBs
and GBs in most grains are quite stable. Both single-slip
threading dislocation glide inside nanotwin lamellar chan-
nels and relatively stable microstructure are probably
responsible for the cyclic stability of nt-Cu samples.

The higher saturation stress for nt-Cu samples is
achieved at the larger imposed strain amplitude. Both twin
thickness and grain size affect the fatigue properties of the
nt-Cu specimens. The smaller twin thickness would benefit
for a higher saturation stress, while the larger grain size is
conducive to a longer fatigue life. For the present nt-Cu
specimens with nanoscale twins and micrometer-sized
columnar grains, a long fatigue life in the LCF regime
and a high fatigue limit in the HCF regime are achieved
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simultaneously, and these are fundamentally superior to
the CG-Cu and UFG-Cu counterparts.
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