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We report that the uniform and stablemicrostructure essentially ameliorate the cyclic softening of the ultrafine-
grained (UFG) Cu prepared by friction stir processing (FSP) and then enhance its low-cycle fatigue properties. In
lieu of the fatigue-induced grain coarsening, dislocation and grain boundary (GB) activities play crucial roles in
accommodating the cyclic plasticity. In addition, the protrusion and small cracks near the GB regions rather
than shear bands are main surface damage morphologies that lead to its final fatigue failure.
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Over the last several decades, ultrafine-grained (UFG) and nano-
structured (NS) materials processed by severe plastic deformation
(SPD) have been extensively investigated owing to their unique micro-
structures and excellent mechanical properties [1,2]. It is well known
that UFG metallic materials possess ultrahigh strength and hardness,
while the saturated crystal defect induced by SPD and very fine grains
limit their strain hardening capability, leading to a disappointingly low
ductility [1,2]. Many efforts have been made to improve the strength-
ductility combination of UFG materials through the optimized manipu-
lation of the microstructures [3–7].

In addition to the tensile properties, the cyclic deformation behavior
of theUFGmaterial is of crucial significance for the practical engineering
applications as well. Generally, compared to their coarse-grained (CG)
counterparts, the improved high-cycle fatigue (HCF) strength and the
decreased low-cycle fatigue (LCF) lives were obtained in the UFG
materials [8]. The deteriorated LCF performance that is one of critical
bottleneck restricting the prospective applications of UFG materials
can be ascribed to the cyclic softening behavior, which also essentially
restricts the further enhancement of their HCF strengths [9].

Previous investigations revealed that the cyclic softening behav-
ior originated from the microstructure instability in terms of grain
coarsening and shear banding that are the inherent fatigue damage
mechanisms of the UFG and NS materials [8]. The metastable micro-
structures and non-equilibrium grain boundaries (GBs) produced by
SPD enable the easy motion of GBs during long-term to-and-fro
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deformation, leading to the grain growth, the formation of shear
localization and final fatigue failure. Based on the thermal activation
nature of the fatigue damage mechanism, low-temperature cyclic
deformation and decreasing the stacking fault energy of UFG materials
were proposed to stabilize the microstructures and then ameliorate
the cyclic softening behavior [10–13], which enhanced the fatigue
endurance as well.

Recently, an UFG microstructure prepared by the combination of
cold rolling and a proper annealing treatmentwas developed to surpris-
ingly exhibit higher fatigue limit than conventional UFG materials with
higher tensile strengths [14,15]. However, previous investigations gen-
erally proposed that mild annealing treatment of the UFG materials
which can lead to a “bimodal grain size distribution” also improved
the LCF fatigue resistance [5,6,16,17] at the expense of fatigue strength
due to the reduction of tensile strengths. In fact, the optimization of
the microstructures with recrystallized fine grains and low density of
crystal defects, enable the high microstructure stability during fatigue,
resulting in the enhancement of fatigue endurance [10–13].

It is well known that friction stir processing (FSP) is an effective
method to prepare bulk UFG materials with stable microstructures in
terms of equiaxed recrystallized microstructure with low dislocation
density and a high ratio of high angle GBs (HAGBs) [18–24]. Our early
investigation indicated that the fatigue endurance of the UFG Cu pre-
pared by FSP with relatively low tensile strength is much higher than
those obtained by equal channel angular pressing (ECAP) and high-
pressure torsion (HPT) [25]. However, it is still uncertain about its cyclic
stress response and LCF lives. In this study, strain-controlled LCF tests
and various advanced microscopic examinations were performed to
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primarily explore the cyclic softening behavior, fatiguemechanism, and
surface damage.

The commercially pure Cu (99.98 wt%) plates of 3 mm thickness,
which was cold rolled (CR) to ~50% thickness reduction, were used in
this study. The CR plates were first annealed 2 h at 700 °C, then fixed
inwater and subjected to FSP at a rotation rate of 600 rpmand a traverse
speed of 50 mm/min using a tool with a shoulder 12 mm in diameter.
Additional rapid cooling by the flowing water was adopted during FSP
[24]. The specimen for tensile and fatigue tests were cut from the proc-
essed zone along the FSP direction. The tensile specimens with a gauge
section of 5 mm× 1.5 mm× 1.2 mm, were tested at room temperature
and a strain rate of 1 × 10−3 s−1 on an Instron 5848 tester.

The LCF tests were conducted using specimens with the gauge sec-
tion of 12mm× 3mm× 2.5mmon an Instron 8871 fatigue testingma-
chine at a strain ratio R of 0.1 (R is defined as εmax/εmin) and a frequency
of 0.5 Hz at room temperature under total strain control. An extensom-
eter with a gauge length of 10 mmwas applied to measure and control
the strain instantaneously. The microstructure before and after fatigue
tests were characterized by scanning electron microscopy (SEM)
equipped with electron backscatter diffraction (EBSD), and transmis-
sion electronmicroscopy (TEM). The detailed information about sample
preparation and characterization can be found in Ref. 20.

The typical microstructural features of the CR Cu are a high density of
low angle GBs (LAGBs) within the coarse grains with an average size of
~20 μm, as shown in the EBSD image of Fig. 1(a), while the kernel average
misorientation (KAM) map in Fig. 1(b) reveals the high local misorienta-
tion, implying the intergranular rotation introduced by geometrically
necessary dislocations. In addition, the TEM image of Fig. 1(c) indicates
that many tangled dislocations and ultrafine cells or sub-grains bounded
by dislocationwalls formed along the rolling direction asmarked in Fig. 1
(c), which is similar to those after one-pass ECAP processing [26].

In contrast, the microstructural characteristics of the FSP Cu are the
uniform equiaxed fine grains with an average size of ~1 μm measured
automatically by the EBSD software and there is no preferential texture,
as shown in Fig. 1(d). Although dynamic recrystallization dominated
the formation of the ultrafine grains, few LAGBs were still detectable
in the equiaxed ultrafine grains, which is similar to other FSP materials
[18–24,27]. As exhibited in Fig. 1(e), the local misorientation reflected
by the KAM map was not homogeneously distributed and is highly re-
lated to the dislocation activities or LAGBs, while profuse twin bound-
aries marked by the red lines formed. TEM image in Fig. 1(f) indicate
the formation of ultrafine grains with sharp and clear GBs, and a few
wavy and ill-defined LAGBs and dislocations can be observed. Owing
to the difference in the resolution capability, the average grain size
Fig. 1. (a) Inverse pole figure (IPF) map, (b) KAMmap and (c) TEM image of CR Cu; (d) IPFmap
the black lines, gray lines and red lines represent HAGBs, LAGBs and twin boundaries, respective
to the web version of this article.)
obtained by TEM that is about 800 nm is generally smaller than that
measured by EBSD.

The engineering stress-strain curves of two Cu samples are pre-
sented in Fig. S1. For the CR Cu, a high ultimate tensile strength (UTS)
of 355 MPa together with a low uniform elongation of only about
2% was obtained, which was similar to those of the UFG Cu prepared
by SPD [1]. In contrast, for the FSP UFG Cu, although the UTS was
slightly reduced to 320 MPa, the uniform elongation was significantly
increased to approximately 12%, implying an enhanced strength-
ductility synergy.

Fig. 2(a) shows the dependence of the number of cycles to failure on
the cyclic strain range of two Cu samples in a log-log form. Compared to
that of the CRCu, the fatigue life of the FSPUFG Cu is generally enhanced
at all cyclic strain ranges, while the improvement is much more promi-
nent at the high cyclic strain ranges. In combination with previous re-
sults regarding the fatigue endurance [25], the LCF and HCF properties
of the FSP UFG Cu are upgraded simultaneously, which should be highly
pertinent to its unique cyclic deformation behavior.

Similar to those obtained by SPD, the decrease in the stress
amplitude with cyclic numbers was apparent for the CR Cu at all cyclic
strain ranges (Fig. 2(b)), signaling the occurrence of cyclic softening.
In contrast, for the FSP UFG Cu, the cyclic softening becomes less signif-
icant (Fig. 2(c)), which also can be substantiated by the evolution of
cyclic stress-strain hysteresis loops of the two Cu samples at low and
high cyclic strain ranges (Fig. S2).

To quantitatively characterize the cyclic softening degree that is an
essential indicator of the LCF lives of the UFG materials, the cyclic soft-
ening ratios, defined as the ratio of the stress amplitude difference at
half fatigue lives and the first cycle to the stress amplitude for the first
cycle [10], are calculated and exhibited in Fig. 2(d). Although the cyclic
softening ratios of two samples slightly increase with cyclic strain
ranges, the cyclic softening ratios for the FSP UFG Cu are much smaller
than those for the CR Cu. Such different cyclic softening behavior should
be closely related to themicrostructural evolution, surfacemorphology,
and fatigue damage mechanisms.

The overall microstructures and surface damage morphology of two
Cu samples fatigued at the cyclic strain range of 0.8% are exhibited in
Fig. 3. For the CR Cu, the local misorientation became smaller, implying
that dynamic recovery happened during the fatigue test. Besides, the
distribution of the local misorientation is rather inhomogeneous and it
seems that some dislocation configurations formed in several grains
(Fig. 3(a)). Very large persistent slip band (PSB) can be clearly observed
on the damaged surface of the CR Cu, and the cracks nucleated and
propagated along the bands or the GBs (Fig. 3(b)).
, (e) KAMmap and (f) TEM image of the UFG Cu prepared by FSP. In the IPF and KAMmap,
ly. (For interpretation of the references to color in this figure legend, the reader is referred



Fig. 2. (a) The relationship between cyclic strain ranges and LCF lives of the CR and FSP Cu samples, (b) and (c) typical stress amplitudes evolution with cyclic numbers of two samples
under different cyclic strain ranges, (d) the relationship between cyclic softening ratios and cyclic strain ranges of the CR and FSP Cu samples.
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For the FSP Cu, no apparent grain growth was detected, while the
change in the local misorientation reflected by KAM map is significant
(Fig. 3(c)). Due to the dynamic recovery, local misorientation was
generally reduced and exhibited a boundary like distribution in many
grains after cyclic deformation. In addition, much smaller SBs rather
than large-scale shear bands were observed and confined in some
Fig. 3. (a) and (b) KAMmap and surface damagemorphology of CR Cu, (c) and (d) KAMmap an
range of 0.8%.
relatively large grains with sizes of about several microns (Fig. 3(d)).
Someprotrusions and small cracks can be found along the GBs, signaling
high pertinence of the fatigue failure to the deformation activities near
the GBs even though there is no fatigue-induced grain coarsening.

Fig. 4(a) and (b) displays the representative post-fatiguemicrostruc-
tures of the CR and FSP Cu at the cyclic strain range of 0.8%. For the CR
d surface damagemorphology of FSP Cu, both ofwhich are after fatigue at the cyclic strain



Fig. 4. TEM images showing the post-fatigue microstructure for (a) CR Cu and (b) FSP Cu
fatigued at the cyclic strain range of 0.8%.
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Cu, fatigue deformation reshaped the microstructures obtained by cold
rolling. In lieu of the original elongated dislocation boundaries, various
typical dislocation configurations, such as dislocation walls and cells,
developed in the various grains (Fig. 4(a)), which is similar to those of
fatigued CG Cu [28].

For the FSP Cu, the grain structure almost kept the original morphol-
ogy without obvious grain growth (Fig. 4(b)). In some large grains, the
typical dislocation substructures developed aswell, while a high density
of dislocations formed in some ultrafine grains since the recrystallized
grains can store these crystalline defects. Therefore, dislocation activi-
ties played crucial roles in carrying the cyclic plasticity in the UFG Cu.
However, the careful TEM inspection revealed dark contrast with a
certain width along and near the GB regions as marked by the white
arrows, which is distinct from the original sharp GBs before fatigue.
This may imply that high cyclic plasticity was accommodated in these
regions as well, leading to the formation of protrusions and cracks and
final fatigue failure.

Aswell known, cyclic softening behavior of the UFGmaterials can be
ascribed to the extensive grain coarsening via GB migration, which is
highly pertinent to the complicated dislocation activities, like the cross
slip, and the strain localization in the shear bands [29–33]. In fact,
high density of defects, non-equilibrium GBs, very small grain sizes
and large internal stress, all of which are induced by the SPD, are the es-
sential driving forces for the grain growth, leading to themicrostructure
instability and the cyclic softening [34]. Although the grain growth was
not observed in the CR Cu due to its initial large grain size, the cyclic
softening should originate from the rearrangement of dislocation
substructures through the dynamic recovery, which enables the surface
damage to be similar to that of CG Cu.

For the FSP UFG Cu, since the dislocation reorganization through dy-
namic recovery took place as well, which resulted in the boundary-like
distribution of localmisorientation (Fig. 3(c)), the stress amplitudes still
decreased slightly with the number of cycles during fatigue. However,
UFG microstructures prepared by FSP developed through the dynamic
recrystallization [18], which enables the UFG materials to possess a
low density of defects, relatively stable GBs, moderate grain sizes and
small internal stress. All of these benign microstructural features
significantly suppress the grain coarsening and then intrinsically render
the highmicrostructure cyclic stability of theUFGmaterials. Besides, the
formation of plenty twin boundaries with low energy during FSP is ex-
tremely beneficial to stabilize the microstructures during fatigue
[35,36]. Therefore, the cyclic softening behavior is remarkably improved
in the FSP UFG Cu with highmicrostructure stability, which enables the
enhancement of its LCF lives.

Recent investigations revealed that the local grain growth in theUFG
materials during fatigue led to the high stress/strain incompatibility and
thus significantly promoted the strain localization [34,37]. Herein, the
relatively uniform microstructures and high structural stability in the
FSP UFG Cu essentially suppressed the formation of the shear band,
which is also the typical characteristic of the cyclic softening. Instead,
slip bands formed in some relatively large grains and the fatigue failure
seems to stem from the GB regions as shown in Figs. 3(d) and 4(b).
Apart from the extensive interaction between dislocations and GBs,
the areas with a certain width and dark contrast along or near the GB
regions may be highly related to the GB activities including GB sliding
or grain rotation due to the small grain sizes [34,38]. Even though
these GB activities are insignificant during one or several cycles of
deformation, the accumulation of these events during long-term fatigue
tests can render the formation of the protrusions and cracks. Although
the detailed damage mechanisms should be clarified through further
exploration, the improvement of the cyclic softening behavior in the
UFG Cu with high microstructure stability can remarkably enhance the
LCF lives and then its overall fatigue properties can be improved simul-
taneously [25]. Therefore, the current results can provide an efficient
strategy to modify the UFG structures for enhancing the fatigue proper-
ties of UFG materials that will significantly extend their prospective
engineering applications.

To summarize, compared to the conventional UFG Cu obtained by
SPD and the CR Cu, the cyclic softening behavior is essentially improved
in the UFG Cu processed by FSPwith a uniformmicrostructure and high
microstructural stability. Typical dislocation configurations develop in
some relatively large grains while the high density of dislocations can
be stored in the ultrafine grains. The deformation events near the GBs
lead to the formation of protrusions and cracks in the GB regions,
causing the final failure.
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of China under Grants No. 51301178 and No. 51331008, the Australian
Research Council (DE170100053), and the Robinson Fellowship of the
University of Sydney.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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