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Gradient dislocation-cell structures (GDS) have recently been introduced in alloys to achieve exceptional
strength-ductility combinations and superior resistance to asymmetric fatigue such as ratchetting. In this study,
we demonstrate that GDS 304 austenitic stainless steel (304 SS) significantly enhances resistance to symmetric
tension-compression high-cycle fatigue. GDS 304 SS exhibits a substantially improved fatigue endurance limit of
320 MPa at 107 cycles and a high fatigue limit/strength ratio of 0.48, outperforming both coarse-grained and

nanostructured counterparts. Under cyclic loading, the abundant dislocation cell walls within the surface GDS
layer serve as potent sources for the repeated activation of nanoscale planar deformation faults, which mitigates
cyclic softening, reduces strain localization, and delay fatigue crack initiation. Such gradient dislocation archi-
tectures offer a promising pathway for designing high-strength, fatigue-resistant structural materials.

1. Introduction

Metal components in structural service often fail by fatigue due to
prolonged cyclic loading at stress levels well below the material’s ulti-
mate tensile strength (oyrs), posing a long-standing challenge in mate-
rials engineering [1-3]. High-cycle fatigue behavior is typically
characterized using the stress-life method (S-N curve), which plots the
cyclic stress amplitude (Ao/2) against the number of cycles to failure
(Ny), and is commonly described by the Basquin equation [2]:

% — 1 (2N;)" m
where o} is the Basquin coefficient, closely related to oyrs, and |b| is the
Basquin exponent, generally ranging from ~0.05 to 0.12 for most
metallic materials, as dictated by the dominant fatigue mechanisms [1].

The stress-life approach usually defines the fatigue endurance limit,
0_1, as the stress amplitude below which a material can endure at least
107 cycles without failure under symmetric tension-compression loading
conditions [1]. Conventional coarse-grained (CG) metals and alloys,
which typically have low oyts, exhibit poor high-cycle fatigue

* Corresponding authors.
E-mail addresses: qspan@imr.ac.cn (Q.S. Pan), llu@imr.ac.cn (L. Lu).
! These authors contributed equally.

https://doi.org/10.1016/j.actamat.2025.121415

resistance, with o_; significantly lower than their oyrs [1,2,4]. For
instance, industrial-grade CG 304 stainless steel (304 SS) has an
endurance limit of approximately 120 to 200 MPa, corresponding to
roughly 0.18-0.3 oyrs [4-8]. This low fatigue endurance limit primarily
arises from severe microstructural damage induced by cyclic plastic
strain localization, including dislocation-driven slip bands and micro-
scale surface roughening, which ultimately promote fatigue crack
initiation and premature failure [9-11].

As indicated by Eq. (1), a common strategy to improve the fatigue
endurance limit (6_;) at a constant As/2 is to enhance oyrs by
increasing the material’s resistance to dislocation motion. This increases
elastic deformation while reducing plasticity. One effective approach is
to refine CG microstructures into ultrafine-grained (UFG) or nano-
grained (NG) structures, which introduce a high density of high-angle
grain boundaries (GBs) with misorientations > 15°, thereby increasing
both oyrs and o_; [4,8,12-14]. For example, high-strength nano-
structured 304 SS, prepared by severe plastic deformation and charac-
terized by nanotwins and a high dislocation density, achieves a high ¢_;
of ~320 MPa, significantly higher than that of its CG counterpart [7].
However, the fatigue ratio to oyrs remains low at only 0.23 (oys ~ 1300
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MPa) [7]. This low fatigue ratio primarily originates from suppressed
dislocation slip, limited strain hardening, intrinsic microstructural
instability, and severe strain localization during fatigue loading, leading
to macroscopic shear banding and localized abnormal grain coarsening
[15-19]. Consequently, developing effective strategies to mitigate
strain-localization-induced damage and further enhance the high-cycle
fatigue resistance of high-strength metals remains a significant
challenge.

In parallel, mitigating cyclic plastic strain localization and damage
accumulation, i.e., reducing the magnitude of the Basquin exponent |b|
through multiscale hetero-structural design, offers an alternative
approach to enhancing high-cycle fatigue resistance [3,20]. A notable
example is heterogeneous nanostructured metals, which feature a
spatially gradient nanograined (GNG) surface layer on a bulk CG
metallic substrate, as produced via surface mechanical attrition treat-
ment [21-24]. Under cyclic loading, this graded microstructure leads to
a smoothly varying elastic-plastic strain distribution, thereby suppress-
ing localized deformation and limiting grain coarsening beneath the
surface layer [23-28]. As a result, GNG Cu demonstrates markedly
improved high-cycle fatigue resistance, achieving a fatigue ratio as high
as 0.39 and fatigue limit of 98 MPa, despite having a comparable oyrg to
its CG counterpart and exhibiting similar softening behavior to homo-
geneous NC materials [23-25].

Recently, an efficient cyclic torsion (CT) technique was developed to
introduce gradient dislocation-cell structures (GDS) characterized by
stable low-angle dislocation cells (LACs) with misorientations < 15° in
engineering materials, such as Al 1CoCrFeNi high-entropy alloy (HEA)
and 304 SS [29-31]. Both GDS HEA and 304 SS exhibit unique
strengthening and hardening behavior under monotonic tensile loading,
achieving exceptional strength-ductility combinations and superior
cryogenic strain hardening at 77 K, significantly outperforming their CG
counterparts [29-32].

Additionally, cyclic creep (or ratchetting) is a severe fatigue defor-
mation characterized by the accumulation of unidirectional plastic
strain under asymmetrical cyclic loading and often results in a prema-
ture failure of structural materials [31]. GDS 304 SS demonstrates su-
perior ratchetting resistance, exhibiting average ratchetting rates two to
four orders of magnitude lower than its CG counterparts. This
outstanding mechanical performance results from sustained micro-
structural refinement via activation of Shockley partial dislocations
associated with stacking faults (SFs), as well as deformation-induced
coherent martensitic transformations into hexagonal close-packed
(HCP) nanolayers within stable dislocation cells [31].

Motivated by these findings, here we assess whether GDS can also
enhance high-cycle fatigue resistance and elevate the fatigue endurance
limit under conventional fully reversed cyclic loading. We experimen-
tally investigate the fatigue behavior of GDS 304 SS under symmetrical
tension-compression cycling. The GDS sample exhibits a significantly
improved o_1 of 320 MPa and a fatigue ratio of 0.48. This exceptional
high-cycle fatigue performance is primarily attributed to the combined
effects of high strength, sustained strain hardening, and markedly
reduced strain localization and surface roughening. These benefits are
enabled by the extensive activation of partial dislocations, SFs, and
twins confined within the stable gradient cell architecture.

2. Experiment method
2.1. Sample preparation

Commercial AISI 304 SS samples with the chemical composition of
Fe-18.29Cr-8.10Ni- 0.061C-0.44Si-1.30Mn-0.0065-0.078P (wt. %)
were first annealed at 1223 K for 1 h to obtain a single-phase austenitic
coarse-grained microstructure. The average grain size after annealing is
~40 pm. Dog-bone-shaped bar AISI 304 SS specimens with gauge sec-
tions of 6 mm in diameter and 12 mm in length were then subjected to
CT treatment at ambient temperature to produce GDS 304 SS. During CT
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processing, each specimen was subjected to a torsion angle amplitude of
16° for 200 cycles at a torsion rate of 144° s~1. Detailed CT procedures
and the corresponding microstructural evolutions are described else-
where [30,31].

2.2. Uniaxial tension and tension-compression cyclic tests

Uniaxial tensile tests of dog-bone-shaped GDS and CG 304 SS bar
specimens were performed using an Instron 5982 testing machine at
room temperature with a strain rate of 3 x 107> s™1. A static axial clip-
on extensometer, with a gauge length of 10 mm, was used to calibrate
and measure strain during loading. To ensure data reliability, at least
three tensile tests were repeated for each sample type.

Uniaxial symmetric tension-compression cyclic tests of both GDS and
CG 304 SS bar specimens were performed using an Instron 8874 testing
machine under constant stress control at ambient temperature in air. A
sinusoidal waveform with a frequency of 10 Hz was applied. Before
tensile and cyclic testing, all specimens were electrochemically polished
in a solution of perchloric acid (10 %) and alcohol (90 %) at ambient
temperature to obtain smooth surface conditions for subsequent surface
morphology characterization.

2.3. Microstructural characterization

Surface morphologies of GDS 304 SS specimens before and after fa-
tigue testing were examined using an FEI Nova NanoSEM 460 scan
electron microscope (SEM) with secondary electron imaging. Three-
dimensional (3D) surface morphologies of fatigued specimens were
investigated using a confocal laser scanning microscope (CLSM)
(Olympus LEXT OLS4000) with a planar resolution (namely, in x x y
plane) of 120 nm and a vertical (z-axis) resolution of 10 nm.

Cross-sectional microstructures of GDS and CG 304 SS specimens
before and after fatigue testing were examined by using the same SEM
with backscattered electron imaging, and an FEI Tecnai G2 F20 trans-
mission electron microscope (TEM) operated at 200 kV. Orientation
mapping of representative dislocation structures in GDS specimens were
performed using the precession electron diffraction technique in TEM,
equipped with NanoMEGAS hardware (Brussels, Belgium) and ASTAR™
software [33,34]. The dislocation structures were scanned by a nano-
scale beam with a step size of 10 nm, and electron-diffraction patterns at
each scanned point were recorded using a fast charge-coupled camera to
generate crystal-orientation maps. Misorientation angles (6) across
dislocation cell walls were determined by comparing crystal orientations
across the walls using Oxford AztecCrystal software. In addition, a
method based on the strain-gradient theory by Gao [35] and Kubin [36]
was used to estimate the GND density (pGND) at the dislocation cell walls
using the relation pGND = 20/Lg b, where L, represents the length (100
nm) between two scanning points across a cell wall, and by is the Burgers
vector length of a full dislocation (0.253 nm).

Cross-sectional electron backscatter diffraction (EBSD) analyses
were performed using a SUPRA 55 SEM at 20 kV and 1.6 nA, with step
sizes of 0.5 um and 0.2 um, respectively. Prior tor SEM and EBSD
measurements, specimens were mechanically polished and subsequently
electro-polished in an electrolyte solution (10 % perchloric acid and 90
% alcohol) at 15 V and room temperature. TEM foils, sliced parallel to
the cyclic loading axis, were mechanically thinned to a final thickness of
~40 pym and then prepared by twin-jet electropolishing in the same
electrolyte solution at 25 V and —20 °C.

2.4. Atomistic simulations

Molecular dynamics (MD) simulations were conducted to investigate
the active deformation mechanism in the surface layer. A single-crystal
structure with the loading axis along the <415> direction was con-
structed. This model contained 182,784 atoms and had dimensions of 19
x 13 x 13 nm?®. Uniaxial tensile loading was applied along (415) up to a
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total strain of 8 % at a constant strain rate of 5 x 108 s, followed by a
single loading-unloading cycle with a strain amplitude of 6.5 %. Tem-
perature was maintained using the Nose-Hoover thermostat. Periodic
boundary conditions were applied along the loading direction, while
free boundary conditions were used in the transverse directions. An
embedded atom method (EAM) potential for Fe-20Cr-10Ni alloys,
representative of 304 SS, was used to model interatomic interactions
[37]. Defects generated during deformation were identified using the
common neighbor analysis (CNA) method. For visualization, FCC atoms
were omitted for clarity, HCP atoms were colored pink, and surface
atoms were shown in light gray.

3. Results
3.1. Microstructures and fatigue properties of GDS 304 SS

The dog-bone-shaped GDS 304 SS specimens exhibit a gradual
variation in dislocation density and substructure refinement from the
surface to the core, as shown in Fig. 1. The cross-sectional EBSD image in
Fig. 1a reveals that after CT treatment, equiaxed CGs remain homoge-
neously distributed throughout the cross-section, with an average grain
size of ~40 um, comparable to that prior to CT processing (Fig. 1g). In
particular, a high density of low-angle dislocation cells (misorientations
<15°) forms within the topmost layer (~100 um from the surface)
(Fig. 1b). Their density gradually decreases with increasing depth from
the surface toward the core (Fig. 1h), confirming the GDS formation.

0 Depth (mm)
1
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EBSD phase analysis further confirms that the GDS 304 SS retains a
stable single-phase face-centered cubic (FCC) structure throughout the
treated region (Figs. 1c and i).

SEM and TEM observations reveal the widespread formation of
equiaxed dislocation cells in the topmost grains, with an average cell
diameter of ~280 nm (Figs. 1d and e). The cell walls at the surface
exhibit a small misorientation angle of ~0.98° and contain a high
density of dislocations (1.3 x 10" m’z), as determined by orientation
mapping (Fig. 1f). In contrast, the cell interiors contain fewer disloca-
tions (Fig. 1e). And consistent with the LACs density gradient in Fig. 1b,
the average cell diameter increases with depth, reaching ~350 nm at 0.5
mm depth and 480 nm at 2 mm. Considering that the blue lines in Fig. 1b
represent dislocation cell walls with small misorientation angles, we
refer to them as low-angle dislocation cells (LACs). In the core region,
individual dislocations and loose dislocation tangles are predominantly
observed (Fig. 1j). And No SFs or deformation twin boundaries (TBs) are
identified, except for a few micron-spaced annealing TBs (Fig. 1). These
results demonstrate that CT treatment induces a GDS microstructure in
304 SS, characterized by a gradient hierarchy of dislocation cells
confined within coarse grains and extending continuously from the
surface to the core.

This sample-level gradient dislocation architecture results in a pro-
nounced microhardness gradient (Fig. 2a), increasing from 2.2 GPa at
the center to 3.2 GPa at the topmost surface, substantially higher than
that of the dislocation-free CG counterpart (~2.1 GPa). Quasi-static
uniaxial tensile tests of GDS 304 SS show a significantly enhanced
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Fig. 1. Microstructure of 304 SS with gradient dislocation cell structures. (a-c, g-i) Cross-sectional EBSD images of the GDS 304 SS processed by cyclic torsion at a
torsion angle amplitude of 16°, showing the distributions of a grain-scaled morphology and orientation (a, g), three types of boundaries (LACs, HAGBs, and TBs) with
different misorientation angles (b, h), and phase map (c, i), respectively. (d, €) SEM (d) and TEM (e) images of dislocation cells structures at the topmost surface,
insets in (d) is the corresponding SAED pattern. The white rectangle in Fig. 1a indicates the topmost region corresponding to the areas shown in Figs. 1d and 1le. (f)
The misorientation map of dislocation cell boundaries corresponding to (e) at the surface, measured using electron procession diffraction technique in TEM. (k)

Typical TEM image of the core of the GDS sample.
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Fig. 2. Mechanical properties of GDS and CG 304 SS. (a) Variation of microhardness along the distance from the top surface to the core of GDS and CG samples. (b)
Tensile engineering stress-strain curves of GDS and CG samples. Dependence of high-cycle fatigue life (Nf) on stress amplitude (Ac/2) (c) and on the normalized Ac/2
by the ultimate tensile strength (oyrs) (d), respectively. The arrow “—” denotes the samples without fatigue to failure. The fatigue data of 304 SS with various
microstructures in the literature are also summarized for comparison, including nanotwin (NT) and dislocation structure (DS) [7], NT and static recrystallization
(SRX) [7]1, o’ -martensite («’-M) and FCC matrix structure [5], Gradient nanostructure (GNS) [39], free-standing DS [38] and CG with various grain sizes [6-8].

yield strength (oy, at 0.2 % offset) of 466 + 2 MPa and an ultimate
tensile strength (oyts) of 664 + 12 MPa, compared to 236 + 3 MPa and
610 + 2 MPa, respectively, for the CG counterpart, as shown in Fig. 2b
Additionally, the GDS 304 SS specimen maintains a high uniform
elongation (e,) of 55 + 1 %, only slightly lower than that of the CG
counterpart (65 + 1 %). This excellent combination of yield strength
and uniform elongation exceeds that of conventional nanostructured
304 SS produced by severe plastic deformation methods [31].
Stress-controlled fatigue results under uniaxial symmetric tension-
compression loading (Fig. 2c) show that the S-N curve of GDS 304 SS
shifts upward, reflecting a fatigue lifetime at least one order of

magnitude longer than that of homogeneous CG counterparts at the
same stress amplitude (Ac/2). CG 304 SS from this study and the liter-
ature typically shows a relatively low o_; at 107 cycles, generally
ranging from 120 to 200 MPa (see Table 1) [7,8]. In contrast, GDS 304
SS achieves a significantly enhanced ¢_; of 320 MPa at 10 cycles, which
is approximately 1.6 times that of homogeneous CG 304 SS with a
comparable grain size, possibly being due to its higher strength and
unique structure. Notably, this feature limit is also comparable to that of
many nanostructured 304 SS (300-330 MPa) [7,38,39], despite the GDS
304 SS having a much lower oyrg (Table 1).

According to the Basquin Eq. (1), high-cycle fatigue performance

Table 1
Summary of tensile and tension-compression fatigue properties of 304 with different microstructures.
Sample 00.2 (MPa) oyrs (MPa) ey (%) o_1 (MPa) 6_1/0yuTs 6_1/00.2 [b|
GDS 464 664 55 320 0.482 0.690 0.035
o’ /FCC matrix [5] 260 573 59.7 225 0.393 0.865 —
NT+DS [7] 928 1312 1.5 300 0.229 0.323 0.15
NT+SRX [7] 522 936 34 330 0.353 0.632 0.061
GNS [38,39] ~ 460 ~693 ~ 45 328 (10%) 0.473 (10%) 0.713(10%) 0.033
DS [38,39] 345 624 52 282 (10%) 0.452 (10%) 0.817(10%) 0.047
CG 40 ym 234 610 64 200 0.328 0.855 0.06
CG [7] 180 um 205 772 61 170 0.220 0.829 0.13
CG [8] 3um ~ 450 ~ 770 — 161 (10%) 0.21 (10% 0.358(10%) —
17 ym ~ 285 ~ 680 — 135 (10°) 0.2 (10% 0.474(10°) —
47 ym ~ 250 ~ 610 — 120 (10%) 0.2 (10% 0.48(10°) —
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under stress amplitude control (Ac/2) is generally correlated with oyrs
[40,41]. To decouple the intrinsic fatigue resistance from the strength
contribution, normalized S-N data - represented by the ratio Ac/2 to
oyrs versus fatigue life N¢ — are plotted in Fig. 2d for various 304 SS
microstructures from this study and the literature [5-8,38,39]. The fa-
tigue condition for obtaining the fatigue data in Figs. 2¢ and 2d from the
literature are the same as that of the S-N curves of GDS 304 SS, i.e. all
fatigue experiments are conducted in uniaxial symmetric
tension-compression cyclic conditions with a stress ratio of —1, and at
ambient temperature in air. GDS 304 exhibits a high fatigue ratio of
~0.48 at 10 cycles, approximately twice that of homogeneous CG and
higher than most nanostructured counterparts reported in previous
studies (Fig. 2d). Moreover, GDS 304 shows a Basquin exponent |b|, as
low as 0.035, outperforming other homogeneous structures, including
CG, UFG, and nanotwin variants. Together, the ultrahigh ¢_;, elevated
fatigue ratio, and reduced |b| highlight the superior intrinsic fatigue
resistance of the GDS microstructure, in addition to the an increase in
material strength. A summary of tensile and fatigue properties for GDS
and CG 304 SS samples is provided in Table 1.

3.2. Cyclic deformation induced microstructure evolution

To elucidate the origin of the enhanced fatigue resistance, micro-
structures at the top surface and core of GDS 304 SS subjected to various
stress amplitudes Ac/2 (Figs. 3-6) were examined. Representative post-
fatigue microstructures of GDS 304 SS cycled to 107 at A¢/2 = 320 MPa
without failure are shown in Figs. 3a-f. The overall features, including
the single-phase austenitic structure and dislocation morphologies in
both the surface and core, remain largely consistent with the as-
prepared state. Notably, the equiaxed dislocation cells persist with
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only minor changes, such as retained dislocation debris within the cell
interiors. TEM-based statistical analysis indicates a slight increase in the
average dislocation cell size to ~302 nm, while the misorientation
across cell walls rises to ~1.57°, accompanied by a higher density of
dislocations (2.1 x 10™® m_z) at the cell walls (Figs. 5a-b).

In the core region, after fatigue testing at As/2 = 320 MPa, most
grains remain dominated by parallel full dislocations aligned along
{111} primary slip planes, consistent with the pre-fatigue structure. In
contrast, free-standing CG samples fatigued to failure under the same
Ac/2 (typically within <10* cycles) exhibit dense microscale dislocation
walls in ~40 % of grains (Figs. 3h-i). Additionally, numerous micron-
sized o’ body-centered cubic (BCC) martensitic blocks (~4.3 um on
average) are frequently observed (Fig. 3g), consistent with fatigued-
induced phase transformation features commonly found in low-SF-
energy metals [7,42-44].

At a higher stress amplitude of As/2 = 400 MPa, numerous long,
parallel, microscale deformation bands with an average spacing of ~2.1
um are frequently observed in the surface layer of GDS 304 SS. These
bands traverse multiple cell walls across the majority of topmost grains
(58 % by volume), with a range of crystallographic orientations
(Figs. 4a-b and 6). This microstructural response contrasts with the more
stable configuration observed at the lower Ac/2 of 320 MPa (Fig. 3).
Selected area electron diffraction (SAED, Fig. 4¢) and high-resolution
TEM (Fig. 4d) analyses confirm that these microscale deformation
bands are mainly composed of numerous short SFs and occasional TB
segments, several to tens of nanometers in length, with an average of
~18 nm. The spacing between adjacent SFs or TBs within those defor-
mation bands is ~22 nm, significantly larger than the ~4.4 nm spacing
observed after monotonic tension loading [30].

Additionally, a small volume fraction of ultrafine, elongated

GDS @ Ao/2 = 320 MPa, N = 107 cycles

surface

core

CG @ Ao/2 = 320 MPa,
N = 6220 cycles

Fig. 3. Deformation microstructures of GDS and CG 304 SS fatigued at Ac/2 of 320 MPa. (a-f) EBSD (a, d), SEM (b, e) and TEM (c, f) images of microstructure at the
surface (a-c) and at the core (d-f) of GDS 304 SS after fatigue to 107 cycles, respectively. (g-i) EBSD (g), SEM (h) and TEM (i) images of microstructure in CG 304 SS

after fatigue failure to 6220 cycles, respectively.
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Fig. 4. Deformation microstructures of GDS after fatigue to failure at Ac/2 of 400 MPa. SEM (a) and TEM (b) images of GDS 304 SS at the surface, showing the
prevalence of parallel bundles across numerous dislocation cells. The white arrows and d; mark the spacing of adjacent deformation bands. (c) The corresponding
SAED of white-circle region in (b), showing parallel streaks (along the [111] direction, denoted by the white arrow) from SFs. (d) Magnified TEM image taken from
the region of parallel bundles, revealing the existence of high density of SFs and TBs. (e) Bright-field TEM image showing a small amount of «’-martensite phase along
the bundles and cells at the surface, as verified by SAED patterns in (f). (g) EBSD image of surface GDS fatigued at Ac/2 of 400 MPa. (h-j) SEM (h), TEM (i) and EBSD

(j) observations of GDS 304 SS at the core after fatigue to failure.

o-martensitic phase - submicron in transversal dimension - is occasion-
ally detected near dislocation cell walls and within deformation bands
(Figs. 4e-f). These nanoscale BCC martensite features are significantly
smaller than those found in fatigued CG samples (Fig. 3h) and are thus
difficult to detect via conventional EBSD techniques (Fig. 4g).

The density of deformation bands decreases markedly with
increasing depth from the surface. SEM analysis further reveals that at a
depth of 0.5 mm, such bands are present in only ~15 % of grains, and
they are entirely absent in the core region (Figs. 4h-i). In the core of GDS
304 SS fatigued at Ac/2 = 400 MPa, only ~10 % of grains exhibit evi-
dence of cyclic plasticity, primarily manifested as dense full dislocations
aligned along {111} slip planes and dislocation tangles. Moreover, no
significant martensitic transformation is detected in the GDS structure at
this stress level (Fig. 4j), consistent with the microstructural behavior
observed at As/2 of 320 MPa. This behavior contrasts with the promi-
nent martensitic transformation typically found in fatigued CG coun-
terparts under similar loading conditions [44-46].

Despite cyclic loading at higher Ac/2 level, the dislocation cell
structures near the surface remain relatively stable compared to the as-
prepared GDS state. The average cell size increases modestly to ~310
nm (Fig. 5a), while the average misorientation across cell walls rises to
~1.64°, accompanied by a further increase in dislocation density (2.2 x
10 m~2, Figs. 5c-d).

4. Discussion

Unlike uniaxial tensile deformation, which involves large plastic
strains over short durations, fatigue deformation is characterized by
limited plastic strain per cycle but substantial cumulative strain over
prolonged cyclic loading [1,2]. In conventional CG metals, fatigue
behavior is largely governed by the progressive accumulation and
localization of irreversible dislocation activity, often concentrated in
favorably  oriented soft grains [10,47]. For example,
multiple-slip-induced dislocation structures, such as dislocation cells,
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Fig. 5. Cyclic stability of dislocation cells in GDS 304 SS fatigued at Ac/2 of 320 MPa and 400 MPa, respectively. (a) Variation of the dislocation pattern size under
cyclic loading, along the distance from the top surface to the core. (b-c) The misorientation angle of each cell wall in GDS 304 SS fatigued at Ac/2 of 320 MPa (b) and
400 MPa (c) measured by using an electron precession diffraction technique in TEM. (d) The corresponding statistics misorientation angle of cell walls before and

after fatigue.

are frequently observed in fatigued CG 304 SS, as in many other metals
and alloys [7,16,20,44]. Concurrently, o-martensitic transformation
tends to occur near dislocation structures or GBs, especially at stress
amplitudes exceeding ~250 MPa [44], as exemplified by the
free-standing CG 304 SS sample fatigued at Ac/2 = 320 MPa (Fig. 3g).
The conventional mechanism of strain localization induced by cyclic
loading  promotes pronounced surface roughening, with
micrometer-scale extrusions/intrusions, and early crack initiation,
resulting in a large Basquin exponent |b| and a low fatigue ratio. When
coupled with the inherently low oyrs of CG 304 SS, these effects
contribute to its poor high-cycle fatigue performance and low fatigue
limit o_1, consistent with fatigue behavior reported for a wide range of
CG metals and alloys [48-50].

In contrast, nanostructured metals and alloys, with their extremely
fine grains and abundant non-equilibrium high-angle GBs, tend to sup-
press conventional dislocation slip and pattern formation [27,51].
Under cyclic loading, these materials often exhibit shear banding or GB
migrations, leading to grain coarsening from tens of nanometers to mi-
crons due to the high stored energy in their GB network [15,16,25,27,
28]. These coarsened regions act as soft regions, promoting strain

localization, cyclic softening, and premature crack initiation. As a result,
despite their high strength, nanostructured metals frequently display
accelerated damage accumulation, reflected by a similarly large |b| and
low fatigue ratio.

Our experimental results indicate that the superior high-cycle fatigue
resistance of GDS 304 SS arises from a distinct fatigue mechanism
governed by the widespread nucleation of SFs and TBs near the surface.
This SFs-dominated mechanism is primarily facilitated by three factors:
the presence of gradient nanoscale dislocation cells with LACs, the
intrinsically low SF energy of 304 SS, and the specific cyclic loading
conditions [30]. In the following discussion, we examine how these
factors promote the extensive formation of SFs and TBs under cyclic
loading.

Unlike the conventional fatigue behavior of CG 304 SS, which is
dominated by full dislocation motion and BCC martensitic trans-
formation [44-46], cyclic plastic deformation in GDS 304 SS with low SF
energies is primarily mediated by the nucleation of partial dislocations
and SFs. As shown in Figs. 4a-d, this mechanism remains active under
Ac/2 = 400 MPa, which is still below the macroscopic yield strength.
This is attributed to the high dislocation density at the cell walls, which
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@Ao/2 =400 MPa containing SFs/twins
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Fig. 6. The distribution characteristics of grains with SFs/twins of GDS 304 fatigued at Ac/2 of 400 MPa. (a) The large-area cross-sectional SEM image at the topmost
surface. (b) The corresponding EBSD results of the same regions with selected grains containing SFs/twins. The white two-headed arrow in (a) means the loading axis
(LA). (c) Inverse pole figure of these grains containing SFs at the topmost layer. (d) Table presenting the variation of the estimated volume fractions of grains

containing SFs with increasing depths.

serve as prolific intragranular sources for partial dislocation nucleation.
In addition, the elevated local stresses near ultrafine cell boundaries
provide the necessary driving force for partial nucleation, consistent
with the ultrahigh surface microhardness (Fig. 2a) [30]. In contrast, no
SFs are observed at Ac/2 = 320 MPa (Figs. 3a-f), suggesting that the
driving stress at this level is insufficient to activate partial dislocations.

Fatigue-induced dislocation activity is strongly size-dependent. As
the characteristic cell size decreases, the activation of partial disloca-
tions becomes increasingly favorable compared to full dislocation slip
[52,53]. Based on the Orowan relation for dislocation depinning from

Stress (GPa)

-3

-6 T T T

Strain (%)

obstacles [53], the critical cell size for this transition is estimated to be
~230 nm, close to the cell size in the topmost layer of the GDS micro-
structure (Figs. 1a and 5a). This correspondence provides a mechanistic
explanation for the observed depth-dependent gradient in SF density,
with higher densities confined to the surface layer and diminishing with
increasing depth.

Austenitic 304 SS possesses a low SF energy (~16.8 mJ/mZ), which
facilitates the nucleation, motion and stabilization of partial dislocations
and SFs [54]. Unlike monotonic tensile loading, long-term cyclic fatigue
testing involves small plastic strain per cycle but substantial cumulative

Fig. 7. Atomistic simulation of active modes in nanocrystal stainless steel during one loading cycle. (a) Stress-strain responses of one loading cycle. (b1-b5) Cor-
responding MD results at different strain level in (a). A structure-based coloring scheme was applied for visualization: FCC atoms are not displayed for clarity, HCP
atoms are colored pink, and atoms at free surfaces are colored white.
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plastic strain over time. This cumulative strain environment promotes
repeated SF nucleation, allowing SFs to emerge as the dominant carriers
of cyclic plasticity. This contrasts with CG metals, where cyclic plasticity
is typically mediated by full dislocations, or with nanostructured metals,
where GB sliding and migration dominate. In GDS 304 SS, the coexis-
tence of dislocation cell structures with active SF-mediated deformation
is particularly unique and rarely observed in these other microstructural
regimes [7,44].

The predominance of SFs and deformation twins under low-
amplitude, symmetric cyclic loading is further supported by our atom-
istic simulations. As shown in Fig. 7, these simulations capture the active
plastic carriers at various strain levels corresponding to Fig. 4. During
loading, SFs and TBs are the primary plastic deformation carriers
(Figs. 7a and b1), followed by the formation of HCP phases and addi-
tional twinning, which often consume pre-existing SFs (Fig. 7b2). Upon
unloading, the metastable HCP phase disappears due to reverse plastic
deformation, while detwinning regenerates SFs (Figs. 7b3-b4). During
subsequent reloading, the residual SFs and twins again govern the
plastic response (Fig. 7b5). With ongoing cyclic loading, the accumu-
lation of directional SFs and twins progressively evolves into lamellar
structures. Although the formation of HCP nanolayers via coherent
martensitic transformation has previously been observed under asym-
metric cyclic loading at stresses well above the yield strength [31], such
transformation was not detected in this study under symmetric,
sub-yield cyclic conditions. This highlights the distinct cyclic deforma-
tion pathway active in GDS 304 SS and suggests that the mechanisms of
HCP phase formation during fatigue in gradient microstructures merit
further investigation.

Long-term cyclic deformation activates extensive partial dislocation
motion, leading to the gradual accumulation of high-density SFs (Fig. 4).
Under these conditions, deformation twins form via partial dislocation
glide on alternating {111} planes in FCC metals [55,56]. To further
probe the mechanical response associated with the SF-dominated fa-
tigue, Vickers hardness (H,) measurements were performed across the
depth of GDS 304 SS samples fatigued at As/2 of 320 and 400 MPa
(Fig. 8). At 320 MPa, no significant change in H, was observed within
~0.5 mm from the surface, consistent with the stable dislocation
structures shown in Figs. 3b-c. In contrast, samples fatigued at 400 MPa
exhibited pronounced hardening: Hy increases to ~3.4 GPa at the sur-
face and ~2.6 GPa in the core, attributed to the accumulation of
SFs/twins and dislocations, respectively. Notably, the H, in the core
fatigued at 400 MPa remains lower than that of fatigued CG samples at
the same Ac/2, despite the significantly longer fatigue life.

The cyclic formation of nanoscale SFs under symmetric high-cycle
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loading represents a unique strain-hardening mechanism in high-
strength GDS metals. This behavior contrasts with the cyclic softening
typically observed in homogeneous or gradient nanograined metals and
alloys, where structural coarsening and grain growth dominate [16,24].
In the present case, the initial GDS with dense LACs exhibits exceptional
structural stability during fatigue loading (Figs. 3 and 4), likely due to
the low excess energy and weak migration tendency of dislocation cells
[51,57,58]. Slight increases in misorientation across cells likely result
from the gradual accumulation of geometrically necessary dislocation at
cell walls [35,36]. Simultaneously, the build up of dense SFs and TBs
promotes in situ refinement of the dislocation cell structure into finer
SF/TB-rich networks. This refinement reduces the dislocation mean free
path of mobile dislocations, increases glide resistance, and drives
continuous surface hardening during cyclic loading, even at high stress
levels.

High-cycle fatigue resistance in metals is closely associated with
surface roughening and crack initiation during cyclic loading [1,2]. To
assess these effects, surface damage in both GDS and CG 304 SS samples
fatigued at Ac/2 of 400 MPa and 320 MPa was investigated using SEM
and CLSM, respectively. SEM images of fatigued GDS 304 SS reveal
minimal fatigue-induced surface features—limited primarily to micro-
scale, parallel deformation bands spanning multiple dislocation cells
—consistent with internal SF bundles within grains (Figs. 3a-e). CLSM
measurements (Figs. 9c and 9f) further confirm this low level of surface
degradation, showing an average height fluctuation of only ~0.06 um in
GDS samples, at least an order of magnitude smaller than the ~0.66 um
slip band extrusions/intrusions observed in CG 304 SS fatigued at lower
Ao/2 (Figs. 9d-f). This minimal surface roughening in GDS reduces
microcrack nucleation along slip bands, in contrast to CG counterparts,
where fatigue cracks often nucleate at extrusions, intrusions, or
high-angle GBs (Fig. 9d).

These results highlight the role of cyclically induced nanoscale SFs as
a strain-delocalized fatigue mechanism that suppresses surface rough-
ening in high-strength GDS metals. First, SFs and twins act as highly
mobile, yet confined, carriers of cyclic plasticity. They accommodate
microscale plastic strain locally within individual dislocation cells
(~280 nm), effectively preventing the strain localization seen in CG
metals due to full dislocation pile-ups [30,31,50]. Second, nanoscale SFs
are both deformable and stable, unlike the cyclic-induced BCC
martensite in CG 304 SS, which involves incoherent phase trans-
formation and large lattice mismatches that facilitate microcrack for-
mation. Moreover, the observation of parallel SFs and twins traversing
multiple cell walls suggests a coordinated, delocalized deformation
mode across adjacent dislocation cells. This enhances deformation

35 3.0
(GPa) (GPa)
3.1 2.7
2.8 2.4
2.4 2.1
2.0 1.8

Fig. 8. Cyclic loading induced microhardness variation of GDS and CG 304 SS. (a-c) Microhardness (Hv) mapping along the distance from the top surface to interior
of as prepared GDS 304 SS sample (a), and those after fatigue to 107 cycles at Ac/2 of 320 MPa (b), and after fatigue to failure at Ac/2 of 400 MPa (c), respectively.
(d-f) Microhardness mapping of CG 304 SS sample (d), and those fatigued at Ac/2 of 320 MPa (e), and at Ac/2 of 400 MPa (f).
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Fig. 9. Surface damage of fatigued GDS and CG 304 SS. (a-c) SEM (a, b) and CLSM (c) images show the surface morphologies of GDS 304 SS after fatiuge to failure at
Ao/2 of 400 MPa. For comparison, the fatigue surface damage morphologies of CG after fatigue to failure at Ac/2 of 320 MPa are shown in (d-e). (f) Surface
fluctuation profiles along the white lines in (c) and (e), respectively. The white arrows mark the crack locations.

compatibility under complex cyclic stresses while maintaining structural
stability. In contrast, conventional homogeneous and gradient nano-
grained metals often exhibit localized damage, grain coarsening or
macroscopic shear banding under similar fatigue loading conditions
[11-20,23,24].

The built-in gradient distribution of dislocation cell structure plays a
key role in suppressing strain localization and damage accumulation in
GDS SS under cyclic loading, enabling the entire sample to sustain high
cyclic stress and thereby improving fatigue life. Since fatigue crack
initiation typically occurs at the surface due to damage accumulation
and surface roughening, the presence of massive stable, high-strength
ultrafine cell patterns in the surface layer - where higher elastic strain
is maintained- effectively suppresses crack initiation.

Furthermore, the gradient architecture, characterized by a strength
gradient, facilitates stress partitioning across the material. This allows
the high-strength surface layer to bear a greater portion of the cyclic
tensile load, while the core remains relatively less stressed. This effect
becomes more pronounced at higher As/2, where the core exhibits
limited plastic deformation, in contrast to the extensively strained free-
standing CG counterparts, even when cycled at lower Ac/2 level (Figs. 3
and 4).

The resulting stress redistribution and plastic strain gradients, from
the softer core to the stronger surface, effectively reduce local defor-
mation mismatches between regions of differing strength, thereby sup-
pressing cyclic plastic strain localization. This, combined with the
complex internal stress-strain state and the measured sample-level
macro-scale back stress at the sample level, provides a spatial strain
distribution environment and an additional driving force for activating
strain-delocalized and hardening SF mechanisms.
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Additionally, the model developed by Essmann, Gosele and Mugh-
rabi predicts that surface roughness during fatigue decreases with
reducing structural feature size [59]. In this context, the dislocation cell
size in GDS (~280 nm) is over two orders of magnitude smaller than the
grain size in CGs (~40 um), thereby substantially reducing surface
roughening in GDS 304 SS, as confirmed by the observations in Fig. 9.

These results highlight that the gradient hierarchy ultrafine dislo-
cation cells, enriched with abundant LACs, in GDS metals not only act as
strong and stable barriers to dislocation motion—offering a strength-
ening effect comparable to that of high-angle GBs —but also facilitate a
strain-delocalized strengthening mechanism via SFs formation. The
former contributes to the increased yield strength, ultimate tensile
strength, and a higher Basquin coefficient (¢;) in GDS 304 SS, leading to
superior high-cycle fatigue resistance, similar to that observed after
conventional deformation or strengthening processes [4,30-32,57].

The latter mechanism, driven by strain-delocalized cyclic deforma-
tion, reduced surface damage accumulation, and delayed crack nucle-
ation due to activated SFs, results in a remarkably low fatigue strength
exponent |b| (0.035) in GDS 304 SS (Table 1). Correspondingly, GDS 304
SS exhibits a high fatigue ratio (6_1 to oyrs) of 0.48, outperforming its
coarse-grained, homogeneous and gradient nanostructured counterparts
(Table 1). We have also evaluated the alternative index Ac/2/6y and
found that it exhibits the same trend in fatigue resistance as Ao/2/oyts
(Table 1). The issue of high-cycle fatigue properties more relevant to
yield strength or ultimate tensile strength is still an open question, worth
of in-depth study. These findings demonstrate that, beyond the benefit of
increased strength, the reduced |b|, associated with strain-delocalization
mechanism enabled by the gradient dislocation-cell structures, further
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enhances high-cycle fatigue resistance. As a result, GDS 304 SS achieves
significantly improved fatigue performance, with a markedly increased
0_1.

5. Conclusion

By engineering a gradient structure of dislocation cells in single-
phase 304 SS, we achieve superior resistance to stress-controlled high-
cycle fatigue, including an enhanced fatigue endurance limit of 320 MPa
at 107 cycles and a high fatigue limit/strength ratio of 0.48, significantly
outperforming CG and nanostructured counterparts. This exceptional
performance originates from the increase in materials strength and the
gradient hierarchy of ultrafine dislocation cells with low-angle mis-
orientations, which serve both as strong barriers to dislocation motion,
similar to high-angle GB strengthening, and as structurally stable units
during cyclic loading. The gradient cells activate a unique strain-
hardening fatigue mechanism dominated by SFs, which mitigates
strain localization and surface roughening. This behavior contrasts with
the structural coarsening and localized damage typically observed in
fatigued nanostructured metals with abundant high-angle GBs. These
findings highlight the potential of nanoscale gradient dislocation cell
engineering as a robust strategy for enhancing long-term fatigue resis-
tance across a broad range of metals and alloys.
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