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Compared to conventional metals with homogeneous microstructures, heterogeneously structured mate-
rials with spatially gradient nanostructures exhibit superior mechanical properties, especially enhanced
fatigue resistance under cyclic loading by suppressing the strain localization and damage accumulation.
In this paper, the basic features of fatigue properties, cyclic deformation, and damage mechanism of gra-
dient nanostructured metallic materials are reviewed. The challenges and prospects on exploring fatigue
resistance of gradient nanostructured materials in the future are also addressed.
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Most structural components in service usually suffer from fa-
tigue failure under alternating loads at very small level of cyclic
stress amplitudes (Ao [2) or total strain amplitudes (Ag¢/2), which
has been regarded as an everlasting unavoidable materials prob-
lem [1,2]. Comparing with the monotonic tensile test, the salient
feature of fatigue is that the cyclically deformed materials undergo
very small plastic strain amplitudes (i.e. Ag/2) which are almost
comparable to the elastic strain amplitudes (Ag&e/2) [1]. For con-
ventional coarse grained (CG) metals under cyclic loading, cyclic
plastic microstrain randomly occurs in the very local regions such
as grains with soft orientation (referred to as the strain localiza-
tion), which is fundamentally distinct from the feature of macro
uniform plastic deformation of all grains in the metals with strains
in several tens percent under uniaxial tensile tests [1,3]. However,
after several thousand fatigue cycles, the accumulation of even
very small irreversible plastic microstrains can be very large, being
three orders of magnitude higher than the tensile strain [1]. Such
a huge cumulative plastic strain inevitably results in severe inner
microstructural changes, such as persistent slip bands [4-6] and lo-
cally surface roughening in the form of micron-scale extrusions in
fatigued monocrystal and CG metals [3], and can thereby lead to
inferior high-cycle fatigue resistance [1,7].

Extensive studies over the past three decades indicate that ho-
mogeneously refining CG into the ultrafine or nanoscale can im-
prove the high-cycle fatigue resistance of metals, to some extent,
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owing to their high strengths [8-10]. However, the correspond-
ing ultrafine grained (UFG) and nanograined (NG) metallic mate-
rials prevalently exhibit much shorter low-cycle fatigue lives and
continuous cyclic softening, compared to their homogeneous CG
counterparts [11-13], that greatly impede their technological ap-
plication. Such inferior fatigue resistance primarily originates from
the intrinsic microstructural instability of UFGs and NGs with
high density defects and the severe strain localization mechanisms
[9,14-16]. In particular, macroscopic shear banding and abnormal
grain coarsening randomly occur in very local regions of nanos-
tructured metals with relatively softer orientation or larger grain
size [14,17,18]. Hence, developing strategies to further improve the
fatigue resistance of high strength metals has become vital to the
prospects from both materials science research and their engineer-
ing applications in reality.

Unique structural gradients with built-in grain sizes from
nanoscale in surface to CG in core in metallic materials, hereafter
named as the gradient nanograined (GNG) structures as shown
in Fig. 1a, have attracted increasingly worldwide interests, due to
their superior mechanical properties, such as high strength, good
uniform tensile strain and extra work hardening, in comparison to
their non-gradient counterparts [19-21]. Most impressively, supe-
rior fatigue behaviors have also been reported in numerous GNG
metallic materials, including elevated fatigue limit under stress
control and desirable fatigue life under strain control, which are
rarely achieved in any of their non-gradient counterparts [22-25].

Nevertheless, despite the rapid advance made in recent years,
fundamental understanding of the fatigue behavior of gradient
nanostructured metallic materials is still in its infancy. Essen-
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Fig. 1. Cross-sectional SEM image of gradient nanograined Cu sample (a). The white dashed line in (a) represents the treated surface; The double arrow denotes the cyclic
loading axis (LA). The cyclic straining feature in different layers (i.e. inset A and B) of the gradient nanostructure with different grain sizes will be schematically illustrated
in Fig. 6. (b) Schematic showing the resultant both elastic strain amplitude (Age/2) and plastic strain amplitude (Ag/2) are gradiently distributed along the depth from

surface under cyclic loading.

tially, the gradient nanostructure under low-amplitude cyclic load-
ing should inherently possess a unique feature of cyclic straining,
introduced as following. During cyclic loading at constant Aegt/2,
the sum of Agp/2 and Age/2 is maintained constant along the
depth:

Ag/2 = Age/2 + Ay 2 (1)

In general, Age/2 is proportionally related to the stress ampli-
tude Ao /2 via Hooke’s law

Age/2 = Ac J2/E 2)

where E is the Young’s modulus (120 GPa for Cu). Distinct from
the traditional cyclic strain localization in homogeneous structures
with the randomly distributed elastic and plastic strain amplitudes
[1], both gradient elastic and plastic strain amplitudes are resulted
in GNG materials along the depth in fatigue tests at small Ag¢/2,
as schematically shown in Fig. 1b. This is because the top sur-
face layer with finer grain size and higher stress (also the high-
est Ao [2) deforms elasticallywhile the subsurface layers deform
plastically due to their larger grains and relatively lower strength
at small strain amplitude. Consequently, such resultant elastic and
plastic strain gradient contribute to a novel fatigue response in the
GNG structures.

In the following section, the current states-of-the-arts studies
on fatigue performance of GNG metallic materials will be reviewed,
including the stress- and strain- controlled fatigue properties, sur-
face damage accumulation and cracking behavior. In particular, the
novel fatigue features including the progressive yielding, plastic
strain propagation, as well as several unique fatigue mechanisms
will be considered. The challenges and prospects on fatigue resis-
tance of the gradient nanostructured materials are addressed as
well.

Basic fatigue properties and mechanisms of gradient
nanostructure

Both stress- and strain- controlled tension-compression tests at
room temperature have been commonly carried out to investigate
the fatigue responses of GNG metallic materials prepared by means
of surface plastic deformation treatment, such as surface mechani-
cal grinding/rolling treatment [24-26], laser/ultrasonic shock peen-
ing [27-30]. Fig. 2a summaries the stress amplitude, Ao [2, versus

fatigue life, N¢ (i.e. S-N curves) of GNG Cu[24], 316 SS[25], 304 SS
[27] and Ti alloy (Ti-6A1-4V) [28] under stress control using sinu-
soidal wave form loading profile. Obviously, GNG structures exhibit
superior fatigue resistance under high-cycle fatigue tests, compa-
rable to that of UFG and NG counterparts, and much better than
that of CG counterparts [7,16,31]. Taken GNG Cu as a typical in-
stance, its fatigue life is at least ten times longer than that of CG
Cu fatigued at the same Ao /2. Its fatigue endurance limit is almost
twice that of CG and nearly comparable to that of UFG counter-
parts [8,32,33]. Evidently, the high tensile strength of GNG metals,
owing to the presence of high-strength GNG surface layers, bene-
fits for the enhanced stress-controlled fatigue properties, analogous
to that of homogeneous nanostructured metals [2,9].

To preclude the contribution of the strength itself to high-cycle
fatigue properties, the fatigue ratio, as another key fatigue pa-
rameter, is defined as the ratio of Ao/2 to the ultimate tensile
strength (o yrs) of metal, which can reflect the structural resistance
to stress-controlled fatigue preferably [1,24]. Fig. 2b shows the fa-
tigue ratio plotted against Ny (i.e. the normalized S-N data in Fig.
2a). GNG structures exhibit the highest fatigue ratio, comparing to
the non-gradient counterpart at the same N;. The stress ratio of
GNG Cu at 107 cycles is 0.4, which is about twice that for homoge-
neous CG and for most of UFG Cu reported in literature [8,32,33].
Similar fatigue trend is also detected in both GNG 316 SS and 304
SS (Fig. 2b).

Fig. 3a displays the typical cyclic stress (i.e. Ac[2) response
of GNG Cu and 316 SS at constant Ag¢/2 of 0.5%, which was
controlled by a dynamic strain gauge extensometer with a total
strain rate of 0.2-0.5% s~! [24,26]. Owing to the presence of high-
strength GNG layer, both GNG specimens exhibit elevated Ao/2,
compared with CG at the same Aeg¢/2. Especially, a unique cyclic
stability with nearly constant Ao /2 is maintained in GNG Cu after
a short initial hardening stage, which is distinct from the contin-
uous cyclic hardening of CG Cu [1,34]. In contrast, the cyclic re-
sponse of GNG 316 SS is much analogous to that of CG counter-
part, except for the appearance of distinct secondary hardening in
the late stage of fatigue tests [26]. The cyclic responses of GNG ma-
terials in Fig. 3a are the collective and integrated effects of cyclic
behaviors of GNG surface layer and CG core, which are fundamen-
tally different from the typical continuous cyclic softening univer-
sally detected in various nanostructured metallic materials under
strain controlled fatigue tests [11,13,31].
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Fig. 2. High-cycle fatigue properties of GNG metallic materials under stress control. Dependence of high-cycle fatigue life (N;) on stress amplitude (Ao /2) (a) and on the
normalized stress amplitude (Ao /2) by the ultimate tensile strength (oyrs) (b), respectively. For comparison, Ao /2 versus Ny data of their homogeneous CG, UFG and NG

conterparts are also included [7,16,31].
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Fig. 3. Low-cycle fatigue properties of GNG metallic materials under strain control. (a) Typical cyclic stress response (Ao /2) of GNG Cu and 316 SS at a typical Ag¢/2 of
0.5%. Dependence of fatigue life (Nf) on Ag¢/2 of GNG metals (b). For comparison, A&¢/2 versus Nf data of their non-gradient conterparts are also included [24,26,29-31].

The total strain amplitude versus fatigue life curves of GNG
Cu [24], 316 SS [26], Ti alloy [29] and 2014 Al alloys [30] under
strain controlled fatigue are summarized in Fig. 3b. It is well ac-
cepted that CG metals display the longest strain-controlled low-
cycle fatigue life among the homogeneous structures, like CG, UFG
and NG, owing to their desirable ductility [9,14,24]. Surprising, the
low-cycle fatigue lifetimes of GNG materials are even longer at the
same Ag¢/2.

Above results in Figs. 2 and 3 explicitly demonstrate that “coat-
ing” CG with a spatial gradient nanostructure skin can significantly
enhance the fatigue resistance in both low- and high-cycle fatigue
regimes, i.e. longer fatigue life and higher stress amplitude (es-
pecially fatigue limit), which are much better than any individual
non-gradient counterpart.

Most fatigue crack initiation occurs on the free surface, as a re-
sult of surface damage accumulation and roughening, like extru-
sions in CG [1,35] and shear bands in nanostructured metals dur-
ing cyclic loading [14]. In order to enhance fatigue resistance, sup-

pressing surface roughening and cracking are recognized as effec-
tive and necessary approaches. Typical SEM image of GNG Cu after
repeated loading until failure at very large Ae¢/2 = 0.5% in Fig. 4a
indeed shows relatively smooth surface with only a few damage
features. The surface fluctuation in GNG Cu (~160 nm) is at least
one order of magnitude smaller than the micron-scale extrusions
of fatigued homogeneous CG counterparts (Fig. 4b-d) [24].

When the second phase strengthened alloys such as ferritic-
martensitic dual phase (DP) steels under cyclic loading, the cracks
initiate in the vicinity of interfaces preferentially between soft
ferrite and hard matensite phases on surface (Fig. 4f), owing to
the severe cyclic strain incompatibility and stress concentration
[36]. In contrast, both phases on the surface of GNG DP steels
are extremely refined and have comparable high strengths [37].
During subsequent cyclic loading, nucleation of fatigue cracks at
phase interfaces in gradient nanostructures can be substantially
suppressed, which results in strong resistance to high-cycle fatigue
(Fig. 4c) [26,37].
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Fig. 4. Suppressed surface damage accumulation and cracking behavior of GNG materials. Typical SEM and confocal laser scanning microscopy images on the surface of GNG
Cu (a, b) and CG Cu (c, d) after failure at Ae¢/2 of 0.5% [24].The contrast in b and d indicates the height variation in surface roughness morphology measured by the color
bar on the right. Typical fatigue crack in GNG (e) and CG dual phase steel (f) after fatigue tests [37]; (g) Fatigue crack propagation rate (da/dN) as a function of number of

cycles in GNG and CG steels [38].

Apart from the substantial suppression of surface damage accu-
mulation and crack initiation, the gradient nanostructure also en-
hances the resistance to fatigue crack propagation by altering the
stress/strain distribution around the crack tip. Fig. 4g shows an ex-
ample of the fatigue crack propagation rate in one GNG 304 steel
under three-point bending tests [38]. The GNG_1 sample with pre-
crack in CG core exhibits a better resistance to fatigue crack prop-
agation from CG to nanostructure than the other one with an in-
verse propagation direction (GNG_2 with pre-crack in GNG layer)
and CG, which remarkably differs from the reduced resistance to
fatigue crack propagation in homogeneous UFG and NG metals
[14,39]. This arises from the existence of more homogeneous stress
field and the lower stress/strain concentration ahead of the crack
tip in the gradient structure of GNG_1 sample, compared to GNG_2
counterpart [38,40].

Consider GNG Cu as a typical example, we summarize the varia-
tions of measured grain size, hardness (Hy), estimated elastic, plas-
tic and accumulated plastic strains along the depth from the sur-
face during fatigue tests in Fig. 5 (see details in [24]). With increas-
ing the number of cycles (N), grain coarsening occurs [24], which
contributes to the progressive homogenization of an initially gradi-
ent nanostructure (Fig. 5a). The average size of both grains in GNG
layer and the dislocation patterns in CG core converges to an iden-
tical value, approximately 1 pum, i.e. a steady-state microstructure
emerges upon cyclic loading [24]. Correspondently, H, of the top
surface GNG layer gradually decreases with increasing cycles, such
that at N = Ny, the final hardness in the whole GNG layer becomes
approximately comparable to that in CG core (Fig. 5b)

Ordered, progressive plastic yielding and elastic-plastic defor-
mation transformation is also detected in the gradient nanostruc-
ture during cyclic deformation [24]. In the very first cycles at Ag¢/2
of 0.5%, the topmost surface of GNG Cu possesses the largest Age/2
of ~0.5%, which then monotonically reduces along depth to about
0.15% in CG core (Fig. 5c). Nevertheless, Aep /2 exhibits an oppo-
site profile with almost zero in the topmost layer and the largest
value in the core (~0.35%), as shown in Fig. 5d. With increasing
the number of cycles, a monotonic drop of Age/2 is detected in
GNG layer while slightly increment of Age/2 occurs in core (Fig.
5¢). On the contrary, Aep,/2 gradually increases in GNG layer (Fig.
5d). That suggests that the cyclic plastic strain with a large Agp, /2
progressively propagates from CG toward to surface. Finally at fail-

ure, the topmost layer accommodates a comparable Agp,/2 to that
in CG core.

Likewise, the cumulative plastic strain (X£4Aégp/2) monotoni-
cally increases in GNG layer during the whole fatigue stage, as
shown in Fig. 5e. Notably, an unusually large cumulative cyclic
plastic strain, as high as 20-35, accumulates in GNG Cu, which
is much larger than that which can be achieved in homogeneous
CG Cu (~20) and UFG Cu (several) at the same fatigue conditions
[1,24].

The foregoing analysis evidently demonstrates that the pro-
gressive propagation of the spatially distributed cyclic strain am-
plitudes (including both Aeg./2 and Aegp[2) are inherent in the
built-in gradient nanostructures under small amplitude cyclic load-
ing. Hysteresis loop variations of two typical layers with different
grains, i.e. inset A and B in Fig. 1a, are schematically re-illustrated
as a function of fatigue cycles in Fig. 6. Obviously, cyclic plastic
strain is observed initially in the soft B layer with larger grains,
which occurs prior to that of the stronger A layer with smaller
grain size and higher cyclic stress. With increasing the cyclic num-
bers, plastic strain gradually propagates to the A layer, and finally
evolves with almost the same hysteresis loop as that in the B layer.
Such salient features of progressive yielding (or plastic deforma-
tion) and strain-delocalized fatigue behavior in gradient nanostruc-
ture are fundamentally distinct from the cyclic strain localization,
which randomly locates in sparse regions of conventional non-
gradient counterparts under cyclic loading [1,3,14].

The structure gradient also induces some novel cyclic mecha-
nisms in the GNG metallic materials, which do not exist in the
non-gradient counterparts. For example, either homogeneous or
abnormal grain coarsening, which closely depends on the im-
posed strain amplitude, dominates the cyclic mechanism of GNG
Cu [41,42]. An enhanced martensitic transformation, acting as a
new carrier to accommodate a higher cyclic plastic strain, is also
detected in cyclically deformed GNG 316 SS [26]. But, the strain lo-
calization universally seen in UFG and NG metals, such as macro-
scopic shear banding [14,43,44], is not observed in cyclically de-
formed GNG metals [24,26].

Such unique strain-delocalized cyclic mechanisms in GNG struc-
ture thereby impart an unprecedented resistance to both low-cycle
and high-cycle fatigues, as shown in Figs. 1-4. Furthermore, in-
creasing the GNG volume fraction of GNG Cu can efficiently elevate
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respectively.

Fig. 6. Schematic of cyclic straining feature of GNG materials, showing that the gra-
dient nanostructure displays different types of hysteresis loops in different layers,
which also gradually vary during cyclic loading. A: strong layer with a small grain
size; B: soft layer with a relatively larger grain size (inset in Fig. 1a).

the high-cyclic fatigue limit, by remarkably postponing the abnor-
mal grain coarsening from the deeper subsurface layer to the top-
most surface [45]. But, it does not influence the low-cycle fatigue
life significantly [46].

The residual compressive stress induced in gradient nanostruc-
tures during surface plastic deformation treatment is another non-
negligible factor on tuning the fatigue resistance of GNG materi-
als. A longer high-cycle fatigue life can be achieved in GNG Cu

with a higher residual stress, compared to that of the annealed
GNG Cu with similar gradient microstructure but having relative
reduced residual stress [47]. The enhanced high-cycle fatigue resis-
tance arises from the slower accumulation of plastic strain in GNG
layer and the arrested crack initiation caused by residual compres-
sive stress. However, such beneficial effect on low-cycle fatigue re-
sistance of GNG metals may be limited, given the strain delocaliza-
tion associated with homogeneous grain coarsening and the rapid
release of residual stress in very short early cycles when cyclically
deformed at very large-amplitude cyclic straining [26].

Concluding remarks and perspective

To conclude, a gradient nanostructure skin covering CG sub-
strate can greatly enhance both low-cycle and high-cycle fa-
tigue resistances of several GNG metallic materials, as opposed to
the traditional trade-off between low-cycle and high-cycle fatigue
properties universally reported in conventional homogeneous CG
and nanostructure materials. Such all-round superior fatigue re-
sistance essentially arises from the de-localized cyclic deformation
associated with the spatially gradient distributed cyclic elastic and
plastic strains, and their ordered, progressive transmission in the
gradient nanostructure during cyclic loading. Although some ad-
vances in the fatigue behavior of GNG metallic materials have been
achieved, there are still numerous critical issues that need to be
addressed.

Regarding to trans-scale gradient nanograined structures in
metallic materials, decoupling their multiple microstructural pa-
rameters (such as grain size, grain geometry, distribution and vol-
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ume fraction) and residual stress effects on fatigue resistance and
cracking behavior provides new opportunities and challenge for ex-
perimental, analytical and simulation studies. Besides, fatigue dam-
age resistance of other typical heterogeneous microstructures, such
as gradient nanolayer, gradient nanotwins, dual gradient struc-
ture with grain size and twin thickness, are still intriguing unex-
plored issues. In particular, the geometrically necessary disloca-
tions are supposed to accommodate the plastic deformation in-
compatibility and strain gradient induced by gradient structures
[48-50]. However, their morphologies (if exist) as well as the role
they played on the cyclic straining and fatigue response of vari-
ous gradient nanostructures are rarely reported and, worthy of in-
depth study. The quantifying correlations among hierarchical gra-
dient nanostructures, fatigue property and cyclic mechanism will
advance the potential engineering application and tailor-designing
of new fatigue-resistant materials.
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