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Different grain coarsening behaviors (i.e. abnormal and homogeneous) are prevalently observed in gra-
dient nanograined (GNG) Cu under stress controlled high-cycle and strain controlled low-cycle fatigue
tests, respectively. In this paper, to comprehensively understand the intrinsic fatigue mechanism of gra-
dient nanograined structures, both high and low cycle fatigue behaviors of GNG Cu are investigated un-
der strain-controlled fatigue tests with a wide strain amplitude ranges. Cyclic behavior transition from
abnormal grain coarsening at small strain amplitude to homogeneous grain coarsening at large strain
amplitude is observd in GNG Cu. Microstrucural analysis reveals that the grain coarsening behavior in
either abnormal or normal (homogeneous) mode is closely related to the spatial distribution of the cyclic
plastic strain in the GNG layer (localized or delocalized) under cyclic loading. Such unique cyclic strain
amplitude-dependent fatigue behavior is inherent to the gradient nanostructure, which fundamentally
differs from the conventional strain localizing mechanism in metals with homogeneous structures under
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1. Introduction

Homogeneously refining grains of metals and alloys into ul-
trafine (UFG) or nanoscale (NG) can make them several times
stronger in strength and hardness, compared to coarse grained
(CG) counterparts, exhibiting a broad potential for engineering ap-
plications [1-3]. However, under cyclic loading condition in service,
shorter strain controlled low-cycle fatigue life [4-6] and slightly
enhanced stress-controlled high-cycle fatigue limit (i.e. very low
fatigue limit/strength ratio, ~0.2) [7-9] are universally observed in
a variety of UFG and NG metals and alloys. Most seriously, they
experience severe cyclic softening with rapidly reduced stress am-
plitude with increasing fatigue cycles [4, 10-13]. This is primarily
attributed to cyclic strain localization in the unstable nanostruc-
tures, i.e. abnormal grain coarsening and/or microscopically shear
banding, under either strain or stress control, irrespective of the
imposed stress/strain amplitudes [5, 10, 14-21].

Previous studies suggest that bimodal structure with CG ran-
domly distributed in UFG matrix can enhance strain-controlled fa-
tigue life to some extent, but exhibits cyclic softening and a very
low fatigue limit comparable to CG, owing to strain localization
and cracking in CG interiors [22, 23]. How to suppress the cyclic
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strain localization and further improve failure resistance of high-
strength nanostructured metals has thus become a challenge in the
field of materials science [19].

The gradient nanograined metals with a spatially graded vari-
ation of grain sizes from nanoscale in surface, to submicron, even
micron in core, hereafter named as GNG/CG, are recently shown
to possess a superior all-round fatigue resistance [24-27]. Previous
study [27] focuses on the basic feature of fatigue properties of gra-
dient nanograined Cu (GNG Cu), i.e. with superior combination of
high-cycle fatigue limit and low-cycle fatigue life (at the strain am-
plitudes of 0.29% and 0.5%), compared to their homogeneous CG
and UFG counterparts. Such an enhanced low-cycle fatigue resis-
tance is attributed to an ordered strain accommodation and delo-
calization process with significant reduced dislocation density and
homogeneous grain coarsening, as detected in fatigue tested GNG
Cu at the strain amplitude of 0.5% [27]. In contrast, abnormal grain
coarsening initiated from the subsurface layer, which postpones
surface roughening and cracking and contributes to the enhanced
high-cycle fatigue resistance, was reported in GNG Cu under stress
control [28]. Besides, either abnormal or homogenous grain coars-
ening behaviors is detected in fatigue tested GNG Cu with dif-
ferent volume fractions of GNG layer under strain-controlled and
stress controlled regimes [29, 30]. However, to date, the underlying
mechanism dominating the abnormal or normal (homogeneous)
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grain coarsening phenomenon in the gradient nanostructure under
cyclic loading is still mystic yet.

In this work, to preclude the possible effect of the cyclic loading
mode (i.e. stress and strain control) on the cyclic response, we de-
signed a series of high-cycle and low-cycle fatigue tests of GNG/CG
Cu samples under total strain amplitude control, covering a wide
total strain amplitude spectrum from 0.12% to 0.55%. The fatigue
properties (including cyclic response and fatigue life), microstruc-
ture and microhardness evolution in GNG layer of GNG samples in
both high-cycle and low-cycle fatigue regimes are investigated, re-
spectively. By comparing plastic strain amplitude and accumulative
plastic strain profile in the GNG surface layer with different cycles,
the underlying mechanisms determining the mode of grain coars-
ening and the size of coarsened grains are clarified.

2. Experimental
2.1. Sample preparation

Commercial-purity (99.98 wt%) Cu rods consisting of equiaxed
coarse grains with an average grain size of 21 pum after being
annealed at 450°C for 1 h are initially machined into dog-bone-
shaped cylindrical samples with a gauge length of 12 mm and a
gauge diameter of 6 mm. Then, their gauge sections are processed
by the surface mechanical grinding treatment (SMGT) at cryogenic
temperature (~173 K) with liquid nitrogen to produce a gradient
nanograined (GNG) surface layer (i.e. GNG/CG Cu) [27, 31]. The de-
tailed procedure for GNG sample preparation was described in de-
tail in Ref. [27]. The as-processed GNG/CG Cu rod exhibits a smooth
surface with a small surface roughness of ~300 nm and without
detectable cracks.

2.2. Fully reversed tension-compression fatigue tests

Total strain controlled symmetric tension-compression fatigue
tests of GNG/CG Cu and CG Cu samples with the same grain size of
CG core in GNG sample are performed on an Instron 8874 testing
machine at ambient temperature. A dynamic strain gauge exten-
someter with a gauge length of 10 mm and with a strain resolu-
tion better than 0.01% is applied to measure and to control the
cyclic strain amplitude. A triangular waveform profile is applied
with a cyclic strain rate of 0.2% s~! and a wide spectrum of total
strain amplitude (Ag&¢/2) ranging from 0.12%, 0.2%, 0.3%, 0.5% and
0.55%, which spans mainly in the typical strain amplitude regime
for single-crystal, CG and UFG Cu in strain-controlled low-cycle fa-
tigue tests [5, 32-35]. Besides, a set of GNG/CG Cu specimens are
cyclically deformed to different preset cycles (namely N = 4%, 20%
and 40%Ns) at Aet/2 = 0.12% and 0.5% and then fully unloaded. To
obtain each data set, at least three repeat cyclic loading tests of
each case are performed at each Ag¢/2.

2.3. Microstructural characterization

The cross-sectional microstructures of GNG/CG Cu after fatigue
to failure are characterized via FEI Nova NanoSEM 430 field emis-
sion gun scanning electron microscope (SEM) with electron chan-
nel contrast imaging. Detailed microstructures of GNG/CG Cu fa-
tigued to different cycles at Ag¢/2 = 0.12% and 0.5% are also fur-
ther investigated by FEI Tecnai F20 transmission electron micro-
scope (TEM). To protect the GNG layer, a pure Cu layer is initially
electro-deposited onto the treated surface of the GNG/CG samples.
Then, the cross-sectional SEM and TEM foils are cut parallel to
the cyclic loading axis by an electrical spark machine, and subse-
quently mechanically polished and electro-polished. The TEM Cu
foils are finally thinned by twin-jet polishing in an electrolyte of
phosphoric acid (25%), alcohol (25%) and deionized water (50%)

at about -10 °C. Over 500 grains from numerous TEM images are
measured to determine the average grain size in the 10 and 30 pm
depths for GNG sample fatigued at different cycles.

2.4. Hardness tests

Microhardness tests are performed on the GNG/CG Cu samples
in the as-SMGT state and those cyclically deformed to different cy-
cles (namely N = 4%, 20%, 40%Nf and Ng) at Ae¢/2 = 0.12%, 0.3%
and 0.5% by a Mitutoyo MVK-H3 microhardness tester with a load
of 5 g and a holding time of 10 s. The microhardness value at each
depth of GNG/CG samples is obtained by averaging 10 measure-
ments while the error bar is the mean + standard deviation (SD).

3. Results

3.1. Strain controlled low-cycle and high-cycle fatigue properties of
GNG/CG Cu

The as-processed GNG/CG Cu sample used in this study ex-
hibits a spatially gradient microstructure, comprising NGs in the
top 20 pum-thick layer, UFGs in a depth of 20 to 200 um, de-
formed CG layer in the depth span of ~200-600 pum and then a
deformation-free CG core. Both NG and UFG layers with a total
thickness of 200 um are hereafter referred to as the GNG layer.
Most grains in the GNG layer contain a high density of disloca-
tions and are separated by curved high-angle GBs, which are evi-
dently in a high-energy non-equilibrium state, analogous to those
in nanostructured metals and alloys produced by severe plastic de-
formation [9]. No strong crystallographic texture is detected in the
GNG layer, as revealed via the electron backscatter diffraction mea-
surement [27].

Both low-cycle and high-cycle fatigue tests of GNG/CG Cu and
CG Cu samples are conducted under strain control, covering a wide
Aegt/2 range, as shown in Fig. 1. Considered the fact that the “crit-
ical” Ae¢/2 that divides low-cycle and high-cycle regimes of these
GNG samples is approximately 0.29% [27], the GNG/CG Cu sam-
ples cyclically deformed at Ae¢/2 of 0.12% and 0.2% belong to high-
cycle fatigue regime while those at 0.3%, 0.5% and 0.55% are typ-
ical in low-cycle fatigue regime. At any given Ag¢/2, GNG/CG Cu
exhibits an elevated Ao /2 level and longer fatigue life, relative to
CG counterparts (Fig. 1a). Specially, at high-cycle small-amplitude
regimes (i.e. Ae¢/2 < 0.29%), quasi cyclic stability with approxi-
mately constant stress amplitude (Ao /2) is maintained in GNG/CG
Cu after a short initially rapid hardening stage (~4%Ns). For exam-
ple, the Ao /2 of GNG/CG Cu fatigued at Ae¢/2 of 0.12% rapidly
increased to 106 MPa at ~4%N; and maintains nearly constant at
about 106 MPa with a very small stress reduction (~2 MPa) in the
subsequent cyclic deformation stage. A similar cyclic stability phe-
nomenon is also detected for GNG/CG Cu cyclically deformed at
low-cycle fatigue regimes (A&¢/2 > 0.29%). Here, Ao /2 of GNG/CG
Cu fatigued at Aet/2 of 0.5% quickly increases to 184 MPa at ~4%N¢
and maintains constant at ~184 MPa with a smaller stress variation
(~0.4 MPa) till fatigue to failure.

The cyclic hardening rates of GNG/CG Cu at different Aeg¢/2,
which is defined as the average stress increment per cycle, are
plotted in Fig. 1b. For all Ag¢/2 at both high-cycle and low-cycle
fatigue regimes, GNG/CG samples exhibit a similar trend: cyclic
hardening rate is high in the initial fatigue stage (~4%Ns), but dra-
matically reduces to a much smaller value (close to zero) in later
fatigue stage, analogous to that of CG counterparts in Fig. 1b and
reported in [32, 33, 36]. Specially, at any Aeg¢/2, the cyclic harden-
ing rate of GNG/CG is smaller than that of CG counterpart at the
same cycles. The quasi cyclic stability behavior of GNG/CG Cu with
nearly constant stress amplitude and much smaller hardening rate
in both low-cycle and high-cycle regimes is fundamentally distinct
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Fig. 1. Cyclic stress responses (a) and cyclic hardening rates (b) of GNG/CG Cu cyclically deformed at the total strain amplitudes (Ae&/2) ranging from 0.12% to 0.55%.
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Fig. 2. Typical cross-sectional SEM images of surface GNG layer of GNG/CG Cu fatigued to failure at Ag¢/2 of 0.12% (a), 0.2% (b), 0.3% (c), 0.5% (d), 0.55% (e), respectively.
Dashed line represent the treated topmost surface. The evolution of NG and UFG structure in squares A and B inserted in (a) and (d) under cyclic loading are investigated

via TEM, as shown in Figs. 3 and 4, respectively.

from the typical cyclic hardening of CG Cu [33, 37] and continuous
cyclic softening of various nanostructured metals/alloys prepared
by means of severe plastic deformation [5, 11, 19].

3.2. Cyclic deformation induced microstructural evolution in the GNG
layer under different total strain amplitudes

In order to exploit the effect of the imposed strain amplitudes
on fatigue behavior of GNG surface layer on CG core, the cross-
sectional microstructural evolutions of GNG/CG Cu cyclically de-
formed to failure at different Ae¢/2 from 0.12% to 0.55% are sys-
tematically investigated by SEM, as shown in Fig. 2. Remarkably,
grain coarsening generally occurs in the original gradient nanos-
tructures of GNG/CG Cu during cyclic loading, but exhibiting dif-
ferent grain morphologies and grain sizes. For GNG/CG Cu cycli-
cally deformed at small strain amplitude Ag¢/2 = 0.12%, as shown

in Fig. 2a, abnormally large grains with an average size of 18.6 um
are prevalently detected in the whole subsurface UFG regions at a
depth span of ~20-110 xm. However, only several large grains with
a similar grain size are distributed locally in the topmost 20 pum-
thick NG layer. Most of these coarse grains are in either elongated
or in complex irregular shape and some twin boundaries can be
found in these grain interiors. This indicates the occurrence of the
abnormal grain coarsening in the GNG layer, the same as that ob-
served in GNG/CG Cu under low-amplitude stress or strain control
[28, 29].

With further increasing Aeg¢/2 to 0.3%, the abnormal large
grains detected in Fig. 2a and b seldomly appear in the GNG layer
(Fig. 2c). Instead, smaller coarsed grains are observed in the GNG
layer, with a mean value of ~1.9 um. Specially, less obvious coars-
ening is identified in NG layer, in contrast to the abnormal large
grains detected in NG layer at Ag¢/2 = 0.12% and 0.2%.
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Table 1

Statistics of grain size in the original NG layer with a depth of 10 um and UFG layer with a depth of 30 um of GNG/CG Cu samples fatigued to

failure at various Ag/2.

AsSMGT Cyclic deformation to failure at constant Ae; [2
Aet 2 = 0.12% 0.2% 0.3% 0.5% 0.55%
Grain size at 75 £ 11 nm Coarsed grain(um) 18.6 £ 7.2 33+1.6 1.8 £ 0.5 1.1 £0.2 0.5 +0.2
~10 um depth Uncoarsed grain 76 + 23 80 + 21 83 £ 19 - -
(nm)
Grain size at 205+64 nm Coarsed grain 16.8 £ 7.3 3.6 +£1.0 19 £ 0.7 1.3 +£05 0.6 £ 0.2
~30 um depth (pem)
Uncoarsed grain 219 £ 75 - - - -
(nm)
4%N; 20%N; 40%N; Ne

Fig. 3. Evolution of microstructure in the NG layer (~10 um depth) (a-d) and UFG layer (~30 um depth) (e-h) of GNG/CG Cu cyclically deformed at Ag¢/2 of 0.12% at
different number of cycles, as indicated. The inset in Fig. 3c is the corresponding selected area electron diffraction (SAED) patterns of twins in dashed circle.

Distinct from abnormal grain coarsening in the GNG layer at
Aegt[2 smaller than 0.3% (Fig. 2a-b), relatively homogeneous grain
coarsening, composed of roughly equiaxed micron-sized grains, is
detected in the GNG layer cyclically deformed at Ag¢/2 of 0.5% and
0.55% (Fig. 2d and e). These grains at Ag¢/2 of 0.5% are in a much
smaller size (~1 pum), relative to those at lower Ag¢/2 and become
finer at larger Aet/2 of 0.55%. Interestingly, no macroscopic shear
band is detected in the GNG layer at any Ag¢/2 in Fig. 2. The mea-
sured grain size in the original NG layer with a depth of 10 um
and UFG layer with a depth of 30 um of GNG/CG Cu samples fa-
tigued to failure at various Ag¢/2 are summarized in Table 1.

To understand the microstructural evolutions of abnormal and
normal grain coarsening behaviors during cyclic deformation, both
the UFG and NG regimes (marked by the white squares in Fig. 2a
and d) of GNG/CG Cu fatigued at Ae¢/2 of 0.12% and 0.5% with
different cycles were further studied by TEM observations. After
33,000 cycles at Agt/2 of 0.12%, about 4%N¢ the microstructure in
the GNG layer (Fig. 3a and e) is still kept stable as that in the as-
SMGTed state [27]. The NGs and UFGs are still separated by curved
GBs with a high density of dislocations (highlighted by dashed cy-
cle in Fig. 3a and b) and with mean grain sizes of 76 and 219 nm,
comparable to that of as-SMGTed sample (Table 1). After 20%Ny,
no obvious change either in grain morphology or in grain size is
observed in surface NG layer, except slightly microstructural recov-
ery with reduced dislocation density in grain interiors or at GBs
(Fig. 3b).

In contrast, a few abnormally large grains containing a relatively
low density of dislocations have occurred in the subsurface UFG

layer (Fig. 3f). Until 40%Ns, sporadic large grains can be also de-
tected in the 10 nm-deep NG matrix (Fig. 3c), like that observed in
the subsurface UFG layer in Fig. 3f and g. We notice that some twin
boundaries in micron width (highlighted by dashed cycle) exist in
some larger grains, which can be verified by the selected-area elec-
tron diffraction (SAED) patterns inserted in Fig. 3c, consistent with
that shown in Fig. 2a. With further increasing cycles before failure,
abnormal grains become coarser and coarser, via consuming the
surrounding UFG and NG grains (Fig. 3d and h). Typical disloca-
tion patterns, dislocation walls or cells, are also identified in these
coarse grains, just like that in fatigue tested monocrystal and CG
Cu [32, 38-40]. Even after 8.2 x 10° cycles (N¢), numerous UFGs
and NGs are still remnant in the GNG layer.

Differently, TEM observations shown in Fig. 4 indicate contin-
uous, homogeneous grain coarsening in NG and UFG layers at
Aegt/2 = 0.5%. After 100 cycles, 4%N;, both NG and UFG layer have
suffered from detectable microstructure changes, with a strikingly
reduced intra-crystalline dislocation density and increased grain
size (Fig. 4a and e). The average grain size of the NG and UFG layer
at 4%N; is increased to ~117 nm and ~ 245 nm, respectively, both
are larger than that before fatigue tests (~75 and 205 nm). With
further increasing cycles, grains become larger, separated by sharp
GBs, with few dislocations in grain interiors (Fig. 4b and c¢ and
4f and g). Twin boundaries can also be detected in some coarse
grains, as highlighted by dashed cycle (Fig. 4b and d), analogous to
that in Fig. 3c and f at Ag¢/2 = 0.12%. Eventually, after repeated
loading over ~2600 cycle until failure, homogeneous equiaxed mi-
cron sized grains containing few dislocations with distinct GBs are
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Fig. 4. Evolution of microstructure in the NG layer (~10 wm depth) (a-d) and UFG layer (~30 um depth) (e-h) of GNG/CG Cu cyclically deformed at Ae(/2 = 0.5% at different
number of cycles, as indicated.
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Fig. 5. Measured grain size versus number of cycles for the original NG layer with
a depth of 10 um and UFG layer with a depth of 30 pm of GNG/CG Cu fatigued at
Ag¢/2 = 0.12% (a) and 0.5% (b).

detected in the GNG layer (Fig. 4d and h), the same as that re-
ported in [27]. Only a few dislocation tangles or dislocation de-
bris are occasionally found at some GBs or in several grain interi-
ors, which is different from that in abnormal coarsed grains at low
Agyf2 (Fig. 3).

4. Discussion

4.1. Homogeneous and abnormal grain coarsening in the gradient
nanostructure

Fig. 5a and b showed the grain size variation in NG and UFG
layers cyclically deformed as a function of number of cycles at
Acg¢/2 of 0.12% and 0.5%, respectively. Irrespective of abnormal or
homogeneous grain coarsening modes, the grains that coarsen in
the GNG layer become larger monotonically with increasing num-
ber of cycles. In particular, both the NG and UFG layers have com-
parable final coarsed grains in size after fatigue failure at both
Aegi/2 (Fig. 5, Table 1), although the initial mean grain size of
NGs is much smaller than that of UFGs. Besides, the comparison
of Fig. 5a and b clearly shows that the final abnormal coarsed
grain size (~16.8-18.6 um) in the GNG layer at Ag¢/2 = 0.12% is
much larger than that of homogeneous coarsed grains (~1 pum) at
Agef2 = 0.5%.

In order to further explore the mechanical characteristic of ab-
normal and homogeneous grain coarsening behavior, we perform

18.- Ag /2=0.12% N a
| N = As-SMGT
A A%N;
1'5_' v 20%N;
12L 40%N;
L ®  100%N;
0.9
18 I & Ag/2=03% b
£
15
o 7l
n 1.2
g L
c 09
© ¥
o el i3 s el ra g el PR
L 18k ' Ag, 12=0.5% C
15 F
12 F
09 |

0.01 0.1 1
Depth from the surface (mm)

Fig. 6. Variations of microhardness with the number of cycles along the depth from
the surface of GNG/CG Cu fatigued at Ae¢/2 of 0.12% (a), 0.3% (b) and 0.5% (c) re-
spectively. The areas with the gray, light gray and white background in a, b and ¢
indicates the top NG layer, UFG layer, deformed CG layer and CG core, respectively.

microhardness (Hv) tests on GNG/CG Cu samples before fatigue
and those cyclically loaded at Ae¢/2 = 0.12%, 0.3% and 0.5% with
different cycles (namely N = 4%, 20%, 40%N; and N;), as shown in
Fig. 6a-c, respectively. For the sample in the as-SMGTed state, the
microhardness is gradiently distributed from the top surface (Hv
=1.85 GPa) to the CG core (Hv = 0.75 GPa). With increasing cyclic
number, cyclic hardening occurs in the CG core (white background
region) while cyclic softening in the NG (gray background region)
and UFG layer (light gray background region), but exhibiting differ-
ent Hv profiles at different Ag¢/2.
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At Ae¢/2 = 0.12%, the Hv profile in the NG layer and UFG layer
fatigue tested in initial cycles (N < 4% Nf) nearly overlaps with
that of as-SMGTed state (Fig. 6a). Untill at 20% N;, a notewor-
thy drop of hardness with a value of 1.20 + 0.14 GPa (forming a
small Hv valley) is detected at ~ 50 um depth beneath the surface
with an initial grain size of ~200 nm. With further increasing cy-
cles, the Hv valley gradually extends to the top surface and to the
deeper interior with a continuously reduced hardness simultane-
ously. Eventually, at Ny, a large valley spans from topmost NG sur-
face to ~100 um depth. In particular, the average hardness in the
topmost surface decreases to ~1.23 GPa with a very large standard
deviation of +0.37 GPa.

With increasing Ag¢/2 to 0.3% and 0.5% (Fig. 6b and c), the
Hv profiles in GNG layer with increasing cycles are distinct from
that at Ag¢/2 = 0.12% (Fig. 6a). In initial cycles (N < 4% Ny),
Hv drops slightly in the NG layer and a rapid Hv reduction is
found in the subsurface UFG layer, especially at a larger Ag¢/2
of 0.5%. With increasing the number of cycles, an obvious mono-
tonic drop of hardness occurs in the whole GNG layer (Fig. 6b
and c). The Hv at topmost surface of GNG/CG Cu at Nf has de-
clined to 1.1 + 0.04 GPa, slightly higher than that in the sub-
surface UFG layer (i.e. 0.944-0.04 GPa at 200 um depth) and CG
core (0.89+0.03 GPa), indicating that the Hv gradient between GNG
layer and CG core in the as-SMGT GNG sample disappears after fa-
tigue.

4.2. Distribution of plastic strain effect on grain coarsening mode

The observed different evolution trends of Hv profiles at dif-
ferent Ae¢/2 in Fig. 6 suggest that the cyclic deformation mecha-
nism, i.e. the mode of grain coarsening modes during cyclic load-
ing, should be closely correlated with the cyclic plastic straining in
the GNG layer. Under the constant Ag¢/2, it’s reasonably assumed
that the sum of elastic strain amplitude (Age/2) and plastic strain
amplitude (Aep/2) is maintained constant for different layers of
the gradient nanostructure during cyclic loading:

Ag /2 = Age/2 + Ay /2 = Ao /2E + Agyy/2 (1)

Where A2 is the stress amplitude and E is the Young’s modulus
(120 GPa for Cu).

According to the estimate of Ao /2 by using Hv spatially dis-
tributed in the GNG layer and stress amplitude data of GNG/CG
and CG in Fig. 1 (see the detail in Appendix A. Suppementary
data), the plastic strain amplitude (Agp/2) contours in the GNG
layer with different number of cycles at Ag¢/2 = 0.12% and 0.5%
are calculated and plotted in Fig. 7. For GNG/CG Cu cycled at
Aegef2 = 0.12% at N < 4%N¢ (Fig. 7a), the overall GNG surface
layer mainly deforms elastically, owing to the presence of high
strength NGs and UFGs. At 20%Ny, plastic deformation with Aegp, /2
larger than 0.01% concentrates locally in the subsurface layer with
a depth of about 50 um (Fig. 7b). With increasing cycles, more
and more isolated plastic deformation regions are localized in the
subsurface UFG layer. At Ny, the GNG layer within 100 pm depth
exhibits a Ag/2 of ~0.02%, which is also comparable to that of
free-standing CG counterpart at the same fatigue condition. Note
that the UFG layer with larger grain size and/or dislocation struc-
ture at the ~150-200 pm depth undergoes somewhat plastic strain,
mainly as a consequence of high density dislocation activity such
as dislocation recovery and annihilation (Fig. 7a-d).

By contrast, the Ae,/2 contours in GNG/CG Cu fatigue tested
at Ae¢/2 = 0.5%, as shown in Fig. 7e-h, is fully distinct from the
case at Aet/2 = 0.12% (Fig. 7a-d). Even at initial 4%Ny, plastic de-
formation has occurred in the whole subsurface UFG layer (Fig. 7e).
In particular, the plastic strain amplitude is gradiently distributed
in the subsurface UFG layer, with Ag /2 decreasing from ~0.3%
in ~200 um depth to ~0.1% at ~20 pm depth, an order of magni-

tude higher than that of GNG sample at Ae¢/2 = 0.12% at the same
depth (Fig. 7a). With increasing cycles, the cyclic plastic strain with
larger Aep /2 progressively moves to the neighboring top NG layer
(Fig. 7f and g). At Ny, plastic strain with a Ag, /2 of ~0.3% is al-
most homogeneously distributed in the whole GNG surface layer
(Fig. 7h).

Obviously, the gradient nanostructure exhibits different Agp,/2
profiles when cyclically deformed at different Ae¢/2. At small
Aegt/2 (i.e. 0.12%), most grains in the GNG layer deformed elasti-
cally (Fig. 7b and c), and plastic strain occurs only in sporadically
and randomly distributed sites of the subsurface UFG layer with
relatively soft orientation or larger grain size [28]. With increas-
ing cycles, the local distributed Agp /2 thus activates the abnormal
grain coarsening with decreased defects and the correlated soft-
ening, which further promotes or accelerates the plastic straining.
Hence, the cyclic plastic strain more readily concentrates these, but
can not homogeneously transforms in the whole GNG layer.

In contrast, when imposed a larger strain amplitude (such as
0.5%), almost all UFGs within a certain depth layer is in the state of
plastic deformation and with gradient distributed Ae /2 (Fig. 7e-
g). As a result, mechanical driven grain boundary migration oc-
curs there, which naturally stimulates the adjacent layer with finer
grains to accommodate plastic strain, analogous to the case that
the stress concentration produced by a dislocation pileup in one
grain can activate dislocation sources and plastic deformation in
the adjacent grain during tensile tests [41]. Cyclic plastic strain
with a large Agp,/2 will progressively propagate to the whole GNG
layer (Fig 7f and g), and such delocalized strain feature enables the
occurrence of homogeneous coarsening. It has to be noted here
that the critical Aeg¢/2 is 0.29% because it is approximately the
maximum elastic straining of most UFGs with a hardness of 1.0-
1.2 GPa.

The forgoing analysis demonstrates that the grain coarsening
mode in either abnormal or normal mode is mainly determined
by the spatial distribution and propagation features of the cyclic
plastic strain (localized or delocalized) under cyclic loading. Such
a unique fatigue behavior of GNG metal is fundamentally differ-
ent from the randomly distributed strain-localized fatigue behavior
of nanostructured metals prepared via severe plastic deformation
[10, 14-16, 20]. The presence of ductile CG core also benefits for
suppressing macroscopic strain localized behavior (such as shear
banding) and triggering the change of grain coarsening mode in
the GNG layer.

4.3. Locally cumulative plastic strain effect on coarsened grain size

Results from Figs. 2-5 also show that the final coarsed grain
size in the GNG layer becomes larger when cycled at smaller to-
tal strain amplitude. Evidently, the degree of grain coarsening in
the GNG layer during cyclic deformation is not positively correlated
with the imposed large total strain amplitude or cyclic stress am-
plitude. Since the grain coarsening in both modes is a consequence
of cyclic plastic straining, thus, its degree should be determined by
another important fatigue parameter, i.e. cumulative plastic strain
(Z4Aey2) [32].

The X4Aegp /2 contours in the GNG layer at different number
of cycles can be roughly estimated by summing up the measured
plastic strain amplitude of GNG/CG Cu during cyclic loading (See
details in Ref. [27]). Again, taking GNG/CG Cu sample fatigued at
Ag[2 = 0.12% and 0.5% as typical examples, the X4A¢gp, /2 in the
GNG layer monotonically increases with increasing number of fa-
tigue cycles, as shown in Fig. 8. Specially, for GNG/CG Cu at Aeg¢/2
of 0.12%, the estimated X4Ag,/2 in isolated island-like regions at
the 50-pm-deep subsurface layer is very large, about 40 at 20%N;¢
(Fig. 8b). At Nf, most GNG layer sustains a total accumulated plas-
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Fig. 8. Cumulative plastic strain (X4Ag;/2) contour in the GNG layer of GNG/CG Cu fatigued to different number of cycles at Ag; /2 of 0.12% (a-d) and 0.5% (e-h): N = 4%N¢
(a, e), 20%N (b, f), 40%N; (c, g), and 100%N; (d, h). The contour lines in (a-g) denote the critical regions with the same X4Ae, /2, measured by the color bar on the right.

tic strain of larger than 300, at some local regions as large as ~420
(Fig. 8d).

Differently, the X4Aep, /2 is gradiently distributed in the GNG
layer of GNG/CG Cu cycled at Ag¢/2 = 0.5% during the whole fa-
tigue stage, as shown in Fig. 8e-h. At 20%N;, X4Aep, /2 at topmost
NG surface is ~1.6 and it gradually increases to ~6.6 at subsurface
UFG layer at depth of ~220 um (Fig. 8f). At Ny, X4Aep /2 in both
NG and UFG layer has increased up to ~20 and 36.7 (Fig. 8h), much
larger than that accommodated in CG Cu (~20) [27, 32], but more
than an order of magnitude smaller than that cyclically deformed
at Agyf2 = 0.12% (Fig. 8d).

The average grain sizes versus cumulative plastic strain in the
10 pm-depth NG layer and 30 pm-depth UFG layer of GNG/CG Cu
fatigued at Ae; [2 = 0.12% and 0.5% are plotted in Fig. 9. The grain
size of NG layer in tensile tested GNG/CG Cu [31, 42] are also in-

cluded in Fig. 9 where the grain size increases with increasing the
tensile strain. Analogous to the grain size coarsening trend in ten-
sile test, the coarsed grain size in the NG and UFG layers of cycli-
cally deformed GNG/CG Cu at Ag; /2 = 0.12% and 0.5% monoton-
ically increases with X4Ag, /2. Specially, as highlighted by dot-
ted cycle in Fig. 9, the coarsed size (~620 nm) in the NG layer at
Aegi/2 = 0.12% is approximately comparable to that (~700 nm) of
UFGs at Agt [2 = 0.5%, although at different strain amplitudes and
fatigue cycles, but this case can be achieved solely because they
undergo a comparable X4Aep, /2. High density of non-equilibrium
UFGs and NGs with high stored energy in the GNG layer itself
benefit for GB migration and grain coarsening, but which is not
the key factor of controlling the grain coarsening behavior of GNG
sample with the same microstructure and stored GB energy fatigue
tested at different Ae¢/2. Thus, it can be concluded that the size of
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Fig. 9. Grain size versus accumulative plastic strain of GNG/CG Cu fatigued at dif-
ferent cycles at Ag¢/2 = 0.12% and 0.5% (c).The variation of average grain size of
NG layer in GNG Cu as a function of tensile strains reported in [31, 42] are also
included for comparison.

abnormal or normal coarsed grain with increasing cycles is pre-
dominantly dependent on the accumulated plastic strain, instead
of the imposed total/plastic strain amplitude or stress amplitude
or number of cycles or stored GB energy. After undergoing a larger
cumulative plastic strain, the GNG layer at small Aeg¢/2 thus ex-
hibits a larger abnormal coarsed grain size than that of homoge-
neous coarsened grains at larger Ae¢/2. That's also the reason why
the final coarsed grain size is much larger than the case of GNG/CG
Cu in tensile tests (~400 nm) [31, 42]. We would like to emphasize
here that the influence of purity and the processing-induced con-
taminations (such as carbon, oxygen, and nitrogen) in the surface
layer of GNG Cu on the mode and extent of grain coarseningin are
negligible in view of the high-purity of raw Cu rods (99.98 wt.%)
and much smaller contaminated depth (< 0.5 um) [43].

Cyclic hardening of GNG mainly occurs in the early stage of fa-
tigue life (i.e. N < 4%Ns), as shown in Fig. 1b. The higher cyclic
hardening rate detected in GNG/CG Cu at larger A&¢/2 is mainly
dominated by the enhanced cyclic hardening of CG core, instead of
the grain coarsening which does not occur obviously in GNG layer
at the initial fatigue period. This is because the overall cyclic re-
sponses of GNG/CG are the coupled effect of cyclic behaviors of
GNG surface layer and CG core. As shown in Figs. 1 and 6, obvi-
ous cyclic hardening with a higher hardening rate at larger Ag¢/2
is detected in the CG core (approximately comparable to the free-
standing CG) when N < 4%N; due to the generation and accumu-
lations of higher density of forest dislocations in CG core [32, 33].
But there are almost no changes in microhardness of GNG surface
layer at small Aeg¢/2 (i.e. 0.12%) and slightly softening at larger
Acgf2 (i.e. 0.5%), without obvious grain coarsening yet at this fa-
tigue period, as shown in Figs. 3-6.

With increasing cycles (N > 4%Ny), cyclic straining induces ei-
ther abnormal grain coarsening at small Aeg¢/2 or normal grain
coarsening at large Ag¢/2, thus rapidly softening occurs in the par-
tial or the whole GNG layer, as shown in Fig. 6. This, together
with the less pronounced cyclic hardening in CG core especially
at smaller Ag¢/2, results in a rapidly reduced cyclic hardening of
the whole GNG sample with almost zero hardening rate and cyclic
stability under strain control (Fig. 1).

For GNG/CG Cu at low stress amplitude or Ag¢/2, previous stud-
ies has showed that only after the abnormal micron sized grains
has reached the topmost surface of fatigued GNG/CG Cu, surface
micron-scale extrusions and cracking can be formed in the surface
[28, 29], analogous to that occurred in fatigue tested CG metals
[34, 40, 44-46]. Differently, the fluctuations in surface asperities of
GNG/CG Cu cyclically deformed at larger Aet/2, such as 0.5%, is ob-
viously reduced and much smaller than that at smaller Ag/2 [27].
This mainly arises from de-localized progressive strain transmis-

sion associated with homogeneous grain coarsening and the rela-
tively small coarsened grain size in the surface GNG (Fig. 2d and
Fig.7e-h), compared to the characteristic dimension of dislocation
structures (~1 pm) [32, 40].

Overall, either abnormal grain coarsening or homogeneous
grain coarsening in the GNG layer can essentially retard or sup-
press surface roughening and fatigue cracking, contributing to
an enhancement of both high-cycle and low-cycle fatigue lives
of GNG/CG Cu. The findings of this study demonstrate that al-
though the GB migration and grain coarsening induced softening of
nanostructured metals during mechanical stimuli, the unique grain
coarsening behavior in gradient nanostructure can effectively ac-
commodate cyclic plastic strain and benefit for enhancing fatigue
life of gradient nanostructured metals.

5. Conclusion

Through designing a series of high-cycle and low-cycle fatigue
tests with a wide total strain amplitude range from 0.12% to 0.55%,
we show, for the first time, that the transition from abnormal to
normal (or homogeneous) coarsening in GNG Cu with increasing
strain amplitude is mainly determined by the spatial distribution
of the plastic strain and its non-localized propagation in the GNG
layer. Moreover, the final size of coarsened grains in both modes
primarily depend on the cumulative plastic strain, instead of im-
posed stress/strain amplitude, number of cycles and total GB en-
ergy stored in the GNG layer. These findings deepen our under-
standing of cyclic behavior of gradient nanostructured metal and
may provide insights on tailor-designing fatigue-resistant engineer-
ing structures.
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Appendix A. Calculation of plastic strain amplitude in the GNG
layer

For the nano or ultrafine grains in the GNG layer (with slightly
coarsening and limited strain hardening capacity) at the initial fa-
tigue stage (namely N = 4%, 20%Ny), their stress amplitude (Ao [2)
or yield strength are estimated to be approximately one third of
the measured Hv (which should be much closer to ultimate tensile
strength, o yrs) .

With further cycling, obvious grain coarsening either in normal
or abnormal mode occurs the gradient nanostructure, and its strain
hardening capacity as well as the difference between oy and oyrs
increase in larger grain size, indicating that their Ao /2 is not ac-
curately estimated using the Hv data. In view of this, we therefore
utilized the other method to estimate the Ac /2 in GNG layer with
larger grain size and at longer fatigue cycles (N = 40%, Nf), based
on the reasonable hypothesis that the ratio of Ao /2 in different
depth of the GNG layer to that in CG core is approximately propor-
tional to the ratio between their hardness.

According to the Eq. (1) in the manuscript, in combination of
the estimated Ao /2 by using Hv spatially distributed in the GNG
layer and stress amplitude data of GNG/CG and CG in Fig. 1, the
plastic strain amplitude (Agp/2) contours in the GNG layer with
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different number of cycles at Ae¢/2 = 0.12% and 0.5% are calcu-
lated and plotted in Fig. 7. The estimated Aeg;/2 in GNG layer at
N is comparable to that in the CG counterpart, calculated from the
hysteresis loop, suggesting that the estimations of Ae /2 in this
study are rational and reliable, even though it is relatively rough.
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