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Superior resistance to cyclic creep in a gradient
structured steel
Qingsong Pan1†, Kunqing Ding2†, Song Guo1,3†, Ning Lu4, Nairong Tao1, Ting Zhu2*, Lei Lu1*

Cyclic creep, or ratcheting, is a severe form of fatigue deformation caused by cumulative unidirectional
plastic strain under asymmetrical stress cycling with a nonzero mean stress. It often causes premature
failure of structural materials, and enhancing ratcheting resistance is a challenge in materials
engineering. We demonstrate superior ratcheting resistance in high-strength austenitic stainless steel
with a gradient hierarchy of dislocation cells. The ratcheting rate is two to four orders of magnitude
lower than for coarse-grained counterparts. Its resistance results from sustained microstructural
refinement through deformation-induced coherent martensitic transformations to hexagonal close-
packed nanolayers within stable dislocation cells. The progressively refined microstructure mitigates
cyclic softening and suppresses strain localization during stress cycling, thus reducing ratcheting
strain. The gradient dislocation architecture represents a promising design for high-strength,
ratcheting-resistant materials.

S
ervice failures in structural components
such as turbine blades, pressure vessels,
nuclear pipes, and offshore structures
can lead to substantial financial costs and
even loss of life (1–3). When metallic ma-

terials are subjected to asymmetrical stress
cycling with nonzero mean stresses, a continu-
ously increasing unidirectional strain commonly
takes place, a phenomenon known as cyclic
creep, or ratcheting (2–8). Ratcheting accel-
erates due to cyclic softening and strain local-
ization, particularly when the applied stress
exceeds the material’s yield strength under
prolonged conditions (9–13).
Various material design strategies, whether

through tuning chemical composition, micro-
structure, or both, struggle to balance strengthen-
ing with ratcheting resistance (1–3, 9, 11). The
ratcheting response worsens as the strength
increases in most conventional single-principal-
element alloys (3, 9, 14, 15) and multi-principal-
element alloys (16). For example, prestraining
typically increases strength and improves short-
term ratcheting resistance in materials with
coarse grains (CGs) during early stress cycles
(17). However, it reduces hardening capacity
and promotes strain localization, weakening
long-term ratcheting resistance (3, 9). Nano-
structured and heavily deformed materials,
with abundant high-angle grain boundaries
(GBs) and dense dislocations, also fail to
achieve this balance. Although these mate-
rials resist ratcheting initially, they soften and

coarsen under repeated cycles due to limited
work hardenability and severe strain localiza-
tion. These effects accelerate ratcheting, leading
to early cracking and failure under prolonged
asymmetrical stress cycling (11, 18–21). A similar
trend of weakened ratcheting resistance has
been observed in high-strength dual-phase
steels, primarily attributed to cyclic softening
resulting from limited strain hardening and
rapid dynamic recovery (3, 22).
To improve the ratcheting resistance of high-

strength materials, it is essential to mitigate
cyclic softening and suppress strain localization
under asymmetrical cyclic loading. Achieving
this requires tailoring the microstructure to
enhance strain-hardening capability, minimize
dynamic recovery to mitigate cyclic softening,
and prevent structural coarsening to control
strain localization during asymmetrical cycling.
Recently, a single-phasemulti-principal-element
alloy exhibited strong strengthening and hard-
ening performance under monotonic tensile
deformation, resulting in exceptional strength
and ductility (23, 24). This alloy features a hier-
archical microstructure composed of stable,
sample-level, gradient dislocation structure
(GDS) confinedwithin CGs. Therefore, exploit-
ing the gradient dislocation architecture to
enhance ratcheting resistance under asym-
metrical cyclic stresses is of interest. In this
study, we choose cost-effective austenitic 304
stainless steel (SS), which is widely used in
diverse safety-critical applications (25). How-
ever, like most single-phase CG metals and al-
loys, conventional 304 SS not only has a low
yield strength but also suffers from limited
ratcheting resistance (2).

GDS steel

We produced a GDS material using a single-
phase face-centered cubic (FCC) AISI 304 SS
(Fe–18%Cr–8%Ni by weight percent). The ini-
tial sample consisted of randomly oriented,

equiaxed CGs with an average size of ~37 mm
(fig. S1, A to C). Dog-bone–shaped bar speci-
mens with a gauge diameter of 6 mm and a
gauge length of 13 mm were processed through
cyclic torsion at ambient temperature (fig. S1D).
After this treatment, equiaxed CGs from the
surface to the core of the sample were homo-
geneously distributed, similar to those before
cyclic torsion, as indicated by electron back-
scatter diffraction (EBSD) with scanning elec-
tron microscopy (SEM) (Fig. 1A). A prominent
feature of GDS SS is the profuse dislocation
cells with low-angle boundaries having misor-
ientations of <15° distributed in most grains
in the topmost layer (within ~100 mm from the
surface) (Fig. 1, B to E). The low-angle boundary
density (or cell size) gradually decreases (or
increases) with depth from the top surface
(Fig. 1B) due to the applied torsion, which gen-
erates radially gradient plastic strains in the
sample cross section (fig. S1, E to G). At the
core, the prevailing dislocation patterns in
grains are individual planar dislocations and
loose tangles (fig. S1, I and J). Thus, a sample-
level GDS microstructure extending from the
surface to the core was achieved in 304 SS
after cyclic torsion. This GDS 304 SS retains
a single-phase FCC structure, as confirmed by
EBSD and transmission electron microscopy
(TEM) (Fig. 1).
SEM and TEM observations revealed that the

abundant equiaxed dislocation cells in the top-
most grains are ~290 nm in size (Fig. 1, C to E).
The cell walls, ~50 nm thick, contain a high
density of dislocations (0.8 × 1015 m−2) and
exhibit small misorientations of ~0.6°, as
estimated by orientation mapping (Fig. 1E).
By contrast, the cell interiors contain fewer
dislocations (Fig. 1F). The surface of GDS SS
exhibits relatively low residual stress, ~70MPa
(fig. S1H), attributed to the nearly pure shear
plastic strain imposed without any surface
tooling. This contrasts with conventional pro-
cessing methods such as shot peening (26).
The GDS sample showed a pronounced gra-
dient distribution of microhardness ranging
from 2.0 GPa in the central region to 3.2 GPa
at the topmost surface, which is higher than
~1.9 GPa of dislocation-free CGs (fig. S2).

Ratcheting resistance under asymmetrical
stress cycling

We characterized both the uniaxial tensile and
cyclic ratcheting performance of GDS SS at
ambient temperature. Quasistatic uniaxial ten-
sile tests showed an elevated yield strength (sy
at 0.2% offset) of 489 ± 2 MPa, ~130% higher
than that of CG counterparts (210 ± 5 MPa)
(fig. S3A). A high uniform elongation (eu) of
up to 52 ± 1%wasmeasured for GDS SS, lower
than that of CG counterparts (71 ± 1%). This
combination of yield strength and uniform
elongation in GDS 304 SS surpasses that of high-
performance SS strengthened by nanotwin
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bundles and is comparable to additively man-
ufactured hierarchical 316 SS (fig. S3B) (27).
We measured the ratcheting response of

GDS 304 SS through asymmetrical tension-
tension cyclic loading (stress control). Various
combinations of maximum stress (smax) and
minimum stress (smin) were applied while
maintaining a stress ratio (smin/smax) of 0.1
and a frequency of 5 Hz (see table S1 for de-
tailed loading parameters). Figure 2A shows
a typical cyclic stress-strain curve of GDS SS
tested at a smax of 510 MPa, which exhibits a
substantially reduced progressive shift of the
hysteresis loop along the tensile strain axis
compared with CG SS (Fig. 2B). The GDS sam-
ple endured 10 million cycles without failure
(~556 hours), reaching a cumulative ratcheting
strain of ~2.1%. By contrast, the CG sample
had a ratcheting-to-failure life (Nf) of 1.0 × 105

cycles (~5.6 hours) with a cumulative ratchet-
ing strain of ~25.9%. The reduced cumulative
ratcheting strain in the GDS sample results
from its narrower hysteresis loop cycle by cycle
(Fig. 2C), producing a much smaller ratcheting
strain per cycle Der than the CG counterpart
at the same cycle number (Fig. 2D).
Improved ratcheting performance was also

observed in bulk GDS 304 SS subjected to var-
ious smax ranging from 480 to 570 MPa (table
S1). As shown in Fig. 2E, the cumulative ratch-
eting strain of GDS SS increased more slowly
with increasing smax while exhibiting a longer
ratcheting-to-failure life compared with the CG
counterpart under the same smax. The cumu-
lative ratcheting strain (8.7%) of the GDS sam-
ple cycled to failure at a smax of 570 MPa was

smaller than that of the CG sample (~42%) at a
lower smax of 420 MPa. By removing the inner
core containing few dislocation cells, we ob-
tained GDS tubular specimens (~0.75 mm thick),
hereafter referred to as surface GDS. When
tested at a high smax of 570 MPa, the surface
GDS exhibited a lower cumulative ratcheting
strain of 0.7% at a longer ratcheting life of 3.5 ×
106 to 1.0 × 107 cycles (without failure) than the
bulk GDS (fig. S3C). The instantaneous ratchet-
ing rate of the surface GDS sample at a smax

of 570 MPa was the smallest throughout the
entire deformation stage compared with both
CG and bulk GDS counterparts (fig. S3D). Using
the equation (emax – emin)/2 – (smax – smin)/2E,
where E is Young’s modulus, the estimated
plastic strain amplitude of surface GDS sam-
ples was found to gradually decrease under
asymmetrical tension-tension cyclic loading
but increased with higher smax, remaining
smaller than that of bulk GDS and the CG
counterpart under the same smax (fig. S3E).
We conducted additional cyclic experiments

on bulk GDS samples under asymmetrical
axial tension-compression and proportional
axial-torsion stress-controlled cycling (mul-
tiaxial conditions; table S1). Figure S4, A and B,
shows that GDS SS samples exhibit enhanced
ratcheting resistance, with ratcheting strain
rates two to three orders of magnitude lower
than CG counterparts under negative stress
ratios of –0.1 and –0.3. Similarly, exceptional
ratcheting resistance was observed under com-
bined axial and torsional fatigue conditions
(fig. S4C), consistent with the results shown
in Fig. 2. These findings confirm that the su-

perior ratcheting resistance of GDS samples
is an inherent property regardless of the stress
ratio (positive or negative) or multiaxial mech-
anical loading.
Figure 2F presents the combinations of av-

erage ratcheting rate and maximum stress for
a variety of metallic materials with different
compositions and structures. The average
ratcheting rate is defined as the cumulative
ratcheting strain at failure, normalized by the
fatigue life (cycles to failure), and the maxi-
mum stress is normalized by Young’s modulus
of the corresponding material. For the metals
and alloys compared in Fig. 2F, the average
ratcheting strain rate ranges from 10−6 to 10−3

and increases with applied maximum stress.
By contrast, bulk GDS and surface GDS 304 SS
exhibit average ratcheting strain rates as low
as 10−10 to 10−6, which are two to four orders
of magnitude lower than those of their CG
counterparts and high-strength steels with
comparable strength (2, 3, 20, 22). The low
ratcheting rates of bulk GDS and surface GDS
under high maximum stresses contrast with
the accelerated ratcheting response in conven-
tional transformation-induced plasticity (TRIP)
steels (15), dual-phase steel (3), high-strength
low alloy steel (28), additively manufactured
SS (20), and deformed and nanostructured
metallic materials (3, 18, 19, 21).

Dynamic, coherently nanolayered martensitic
transformation mechanism

To elucidate the underlying mechanisms re-
sponsible for the superior ratcheting resist-
ance of GDS SS, we examined the deformation

Fig. 1. Typical microstructure
with gradient dislocation cells.
(A and B) Cross-sectional EBSD
images of GDS 304 SS processed
by cyclic torsion showing the
distributions of grain morphology
and orientations (A) and internal
boundaries [i.e., high-angle GBs
(HAGBs), low-angle GBs (LABs),
and TBs] with different misorien-
tations (B) within an ~1.2 mm
depth from the surface compared
with those in the core. (C and
D) Corresponding SEM and
bright-field TEM images revealing
dislocation cell structures at
the topmost surface of the treated
samples. The lower left inset in
(D) shows the corresponding
SAED patterns. (E) Misorientation
angle of each cell wall measured
using an electron precession diffrac-
tion technique in TEM. (F) Closer
view of typical dislocation cells.
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microstructure through interrupted testing of
GDS samples cycled at a smax of 570 MPa.
During the early stage of stress cycling (10%
Nf), no significant structural changes were ob-
served in the grains and dislocation cells (Fig.
3, A and B). However, numerous long, paral-
lel microscale deformation bands with an av-
erage thickness of ~180 nm and spacing of
~3.5 mm began to form, with each band pe-
netrating multiple cell walls in the topmost
grains. The density of these bands decreased
with depth from the top surface. Aberration-
corrected high-angle annular dark-field scanning
transmission electronmicroscopy (HAADF-STEM)
revealed that these microscale deformation

bands primarily consist of short stacking
faults (SFs) (Fig. 3B), with an average length
of ~25 nm and spacing of ~5.2 nm. As stress
cycling progressed to 90% Nf , long, parallel
microscale deformation bands continued to
proliferate, resulting in an increased average
thickness of ~320 nm and a decreased aver-
age band spacing of ~0.7 mm in the topmost
grains (Fig. 3, C and D). Compared with the as-
prepared GDS sample (Fig. 1), the size of the
dislocation cells decreased slightly to ~217 nm,
whereas the misorientation of the cell walls
increased to ~1.1° (Fig. 3, D and E), accompa-
nied by a higher density of dislocations (~1.3 ×
1015 m−2) at these cell walls.

The microscale deformation bands in GDS
samples at 90% Nf were further characterized
by selected area electron diffraction (SAED),
bright-field TEM, and phase mapping (Fig. 3,
D and E). These bands comprised newly formed
hexagonal close-packed (HCP) nanolayers em-
bedded in the FCC matrix, resulting in an HCP-
FCC nanolaminate structure within each band.
Atomic-resolution HAADF-STEM confirmed
that each micrometer-long deformation band
consisted of numerous multiple thin yet long
HCP nanolayers, along with plenty of SFs and
limited twin boundary (TB) segments within
the FCC matrix (Fig. 3, F and G). The average
length of the HCP nanolayers was ~160 nm,
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Fig. 2. Ratcheting response of GDS 304 SS at different maximum stresses.
(A and B) Typical cyclic stress-strain evolution of GDS (A) and CG (B) samples
subjected to asymmetrical tension-tension fatigue loading with a constant
cyclic stress ratio (smin/smax) of 0.1 at a smax of 510 MPa. The upper right inset
in (A) shows the sinusoidal loading curve under stress control. (C and D) Repre-
sentative hysteresis loops for GDS (C) and CG (D) samples, with the origin of the
strain axis in (C) and (D) shifted to allow comparison between the hysteresis
loop. The ratcheting strain per cycle Der is indicated by a double-headed arrow
between two consecutive smax values in an individual hysteresis loop. (E) Ratcheting

strain measured as a function of the number of cycles N for GDS and CG samples
at various smax values. (F) Combinations of the average ratcheting strain rate
and smax normalized by Young’s modulus E for bulk and surface GDS samples
compared with SS having homogeneous and heterogeneous microstructures
(3, 14), as well as representative structural materials, including martensitic
steel (2), low-carbon steel (3), ferrite-pearlite (F-P) steel (3), TRIP steel (15),
precipitate-strengthened steel (22), dual-phase steels (3), high-strength low-alloy
(HSLA) steel (28), additively manufactured SS (20), and deformed and
ultrafine-grained metals and alloys (2, 3, 18, 19, 21).
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comparable to the spacing between opposite cell
walls, whereas the average thicknesses of the
HCP and FCC layers were ~5.2 nm and 7.8 nm,
respectively. Therefore, a high volume fraction
(~40%) of the nanolayered HCP phase formed
within the microscale deformation bands. Both
the SAED and HAADF-STEM results (Fig. 3, D,
G, and H) indicated coherent HCP-FCC phase
boundaries, with a typical orientation relation-
ship of <0002>HCP//{111}FCC and <11�20>HCP//
<110>FCC. Energy-dispersive x-ray spectroscopy
mapping showed uniform element distributions
of all elements in both phases. These results
suggest that a deformation-induced displacive
transformation occurred from the austenitic
FCC phase to the nanolayered martensitic HCP
phase during ratcheting.
The FCC-to-HCP phase transformation, along

with the formation of numerous SFs and lim-
ited TBs, introduces additional deformation
mechanisms in GDS 304 SS beyond ordinary

dislocation plasticity. As a result, ratcheting
deformation in GDS samples involved exten-
sive SFs and HCP activities, within fully de-
veloped dislocation cells as small as ~290 nm,
leading to sustained nanoscale structural re-
finement. HAADF-STEM revealed numerous
interlocked deformation bands in the top-layer
grains, evidenced by intersecting HCP nanolay-
ers corresponding to two HCP variants (Fig. 4,
A and B). Moreover, extensive SFs formed in the
FCC space between the interlocked HCP nano-
layers, and these SFs frequently intersected
each other or were obstructed by HCP-FCC
phase boundaries (Fig. 4, B and C). By contrast,
ratcheting deformation of most grains in the
core of GDS samples was still dominated by ex-
tensive planar slip of full dislocations along {111}
planes and loose dislocation tangles (fig. S5D).
This ordinary full dislocation plasticity is sim-
ilar to that observed in CG 304 SS, predominated
by large dislocation cells (~500 nm) (figs. S5, A

to C), as reported in most metals and alloys
during ratcheting deformation (2, 14, 18, 29).
By engineering a gradient hierarchy of dis-

location cells, an unusual combination of
deformation mechanisms involving SF for-
mation and coherent FCC-to-HCPmartensitic
transformation can be activated, leading to
significantly enhanced ratcheting resistance
in GDS 304 SS along with high strength. The
formation of ratcheting-regulated FCC and
HCP nanolaminates is attributed to the com-
bined effects of the following factors: the re-
duced characteristic length scale inherent in
the GDS structure, the low SF energy of 304 SS,
and the substantial cumulative plastic strain
under asymmetrical cyclic stresses.
Unlike conventional plastic deformation in-

volving full dislocation glide (30–34), the pri-
mary plastic carriers in GDS SS are Shockley
partials and associated SFs. This response is
mainly due to the reduced length scale of the
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Fig. 3. Deformation microstructures of GDS 304 SS cycled under a smax of
570 MPa at 10% Nf [(A) and (B)] and 90% Nf [(C) to (G)] before failure.
(A and B) SEM and HAADF-STEM images of the top surface layer of GDS SS at
10% Nf showing numerous microscale deformation bands spanning multiple
dislocation cells consisting of nanosized SF segments. The inset shows a
schematic diagram of the 90°and 30° Shockley partials (relative to the TEM
beam direction) on FCC (111) slip planes. (C and D) SEM and bright-field TEM
images at 90% Nf revealing widespread, dense, parallel microscale deformation
bands intersecting multiple dislocation cells. The SAED pattern inset of these

deformation bands shows parallel streaks along the [111] direction (indicated by
the white arrow) due to SFs, alongside diffraction patterns of HCP martensite.
(E) Orientation angle map revealing parallel HCP nanolayers at the topmost
GDS surface measured using electron precession diffraction in TEM. (F) HAADF-
STEM image of an individual deformation band revealing the ultrahigh density
of HCP-FCC nanolaminates, along with numerous SFs. (G) Magnified HAADF-
STEM image corresponding to the white-boxed region in (F) showing HCP nanolayers
(highlighted in orange), SFs, and twin segments. In (B), (F), and (G), the dashed
lines indicate (111) planes of SFs and TBs.
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GDS structure formed through cyclic torsion.
During ratcheting, significant long-range in-
ternal stresses develop to accommodate the
strong structural heterogeneity introduced by
the GDS structure (26, 35, 36), resulting in
elevated local flow stresses, as evidenced by
high microhardness values throughout GDS
samples (fig. S2). To assess the effect of pre-
torsion on internal stresses, we estimated the
internal stress level (X) of GDS samples using
the yield stress difference between the pre-
strain and reference states: X = sy (GDS) – sy
(CG), based on tensile results (fig. S3A). By
applying (smax – X)/E, the data for bulk GDS
and surface GDS in Fig. 2F shift toward ratchet
regime I corresponding to stage I hardening
(37), as shown in fig. S6. According to (37), this
stage involves low amplitudes of plastic defor-

mation, favoring planar slipmechanisms, such
as dislocation pile-up and SF formation.
High flow stresses in GDS samples provide

large driving forces for the nucleation and mi-
gration of Shockley partials within highly sta-
ble dislocation cells. Additionally, the dense
dislocations at cell walls serve as abundant
sources for partial nucleation. Moreover, the
low SF energy (~16.8 mJ/m2) of 304 SS favors
partial dislocation activity (30, 31). Correspond-
ingly, the critical size for the transition from
full to partial dislocations with SFs is esti-
mated to be ~240 nm, which closely matches
the cell size (~290 nm) in the topmost GDS
layer. The cumulative plastic strain of the GDS
sample after a long ratcheting life of 3 × 105

cycles at asmax of 570MPa reaches an enormous
magnitude (~300), approximately three orders

of magnitude greater than the net ratcheting
strain (Fig. 2). The large cumulative plastic
strain and associated plastic irreversibility
under many cycles of asymmetrical stressing
necessitate widespread SF activation. All of
these factors promoting SF activity in GDS SS
rarely coexist simultaneously in conventional
coarse-grained or high-strength nanostructured
metallic materials (1, 26, 31, 38, 39).
The extensive operation of partial disloca-

tions during ratcheting deformation leads to
the gradual accumulation of highly dense SFs,
promoting the deformation-induced FCC-to-
HCP martensitic transformation (Fig. 3 and
fig. S7). The mechanism of this phase transfor-
mation differs under cyclic loading compared
with monotonic loading. Under monotonic
loading, the FCC-to-HCP transformation and
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each other. The inset shows SAED patterns from the intersecting HCP nanolayers.
(B) HAADF-STEM image of a network of intersecting HCP nanolayers, SFs,
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are colored red and white, respectively. (E) Atomic configurations from
molecular dynamics simulation during the progressive slip transmission of an
SF across an HCP nanolayer under increasing resolved shear stress t acting
on the SF (E1 to E4).
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deformation twinning occur through the glide
of Shockley partials with parallel 1/6<112>
Burgers vectors of the same senseon {111} planes
(40–43). By contrast, under cyclic loading, FCC-
to-HCP transformation is achieved through the
glide of Shockley partials with coplanar 1/6<112>
Burgers vectors along different directions (Fig. 3
and fig. S7). Partial glide through alternative
Burgers vectors not only effectively accommo-
dates applied shear strains with alternating
signs during cyclic stressing, but also reduces
the net local plastic shear strain at the ends of
each slender HCP nanolayer. Consequently, the
facile partial glide reduces local deformation
incompatibility between the HCP nanolayers
and the FCCmatrix, lowering the likelihood of
damage initiation.
The nanolayered HCPmartensite plays a cru-

cial role in the strengthening and hardening
responses of GDS SS during ratcheting defor-
mation. Unlike high-angle GBs or incoherent
phase boundaries (31, 40), the HCP nanolayers
form coherent interfaces with the FCC matrix.
These coherent boundaries act as strongbarriers
that effectively impede the glide of dislocations
and SFs on slip planes inclined to the phase
boundaries (Fig. 4, A to C). Molecular dynam-
ics simulations revealed the strong obstruc-
tion of SFs by HCP nanolayers (Fig. 4, D and
E). For example, a SF on an inclined {111} slip
plane in the FCC matrix was hindered by a
coherent phase boundary (Fig. 4, E1 and E2).
Raising the resolved shear stress barely ini-
tiated the transmission of this SF across the
phase boundary (Fig. 4E3). Further increases
in shear stress allowed the dislocation to glide
on an inclined {10�11} pyramidal plane inside
the HCP nanolayer (Fig. 4, E3 and E4). Evi-
dently, the high resistance to slip transmission
stems from the strong coherent phase bound-
ary and the high slip resistance on pyramidal
planes within the HCP nanolayers (11, 39).
The sustained structural refinement, from

initial dislocation cells to finer networks of
FCC-HCP nanolaminates and dislocation cells
(Figs. 3 and 4), continuously enhanced the
ability to obstruct the glide of full dislocations
and partials by reducing mean free paths and
segment lengths while providing abundant
sources for defect nucleation and accumula-
tion (Figs. 3 and 4). These results indicate that
the increasing formation of FCC-HCP nano-
laminates can sustainably enhance strain har-
dening and reduce dynamic recovery during
asymmetrical stress cycling, thus significantly
lowering ratcheting strain under prolonged
cycling.
The nanolayered HCP martensite also plays

a significant role in suppressing strain local-
ization and damage accumulation in GDS SS
during stress cycling, particularly compared
with the mechanically induced body-centered
cubic (BCC) martensite in the CG counterparts
(38, 44–48). The coherent FCC-HCP interfaces

reduce local geometrical incompatibility and
interfacial energy, stabilizing the HCP nano-
layers by preventing heterogeneous coarsening
(11, 39), even at the nanoscale. These coherent
interfaces, along with the aforementioned FCC-
to-HCP phase transformation mediated by
Shockley partials with different Burgers vec-
tor directions (Fig. 3 and fig. S7), effectively
suppress fatigue damage nucleation. By con-
trast, uncontrolled transformation into a hard,
incoherent BCC-based phase, accompanied by
a large lattice dilatation (40), is known to be
detrimental to ratcheting resistance, even for
conventional TRIP steels that exhibit accel-
erated ratcheting and damage initiation due
to phase transformation (2, 15, 49).
Three-dimensional x-ray tomography re-

vealed the minimal cross-section contraction
of GDS specimens after asymmetrical stress
cycling (fig. S8, A and B), indicating their ex-
ceptional ratcheting resistance (Fig. 2). x-ray
tomography further showed no discernable
microcracks in GDS samples cycled to 90% Nf

(fig. S8A); even after failure, cracks or dimples
were only confined to regions near the fracture
surface (fig. S8B). By contrast, CG samples ex-
hibited macrocracks measuring hundreds of
micrometers long on the topmost surface and
numerous microcracks (tens of micrometers
long) in the interior after 90% Nf (fig. S8C) re-
sulting from widespread strain concentration
and fatigue cracking. These damages were cor-
relatedwith a high density of ultrafine, elongated
BCC martensitic blocks (average transversal
size of ~150 nm and longitudinal size ~800 nm)
frequently detected near the cracks (fig. S8, D
to F), similar to those found in fatiguedmetals
with low SF energies (1, 29).
The built-in gradient distribution of dislo-

cation cells and the associated strength gradi-
ent also enhance the ratcheting resistance to
GDS samples under asymmetrical stress cy-
cling. During testing, this strength gradient
leads to progressive yielding behavior and a
corresponding plastic strain gradient from the
soft core to the strong topmost surface (26, 36).
Accommodating this plastic strain gradient
results in the accumulation of geometrically
necessary defects, including dislocations, SFs,
and martensitic HCP nanolayers (26, 36). These
defects contribute to sustained nonlinear kine-
matic and isotropic hardening for enhancing
ratcheting resistance (fig. S9) (50). This effect is
demonstrated by combining experimental mea-
surements with a cyclic plasticity model to char-
acterize the evolution of back stress and effective
stress under asymmetric cyclic stressing. The
back stress typically arises from geometrically
necessary dislocations that generate long-range,
directional internal stresses, whereas the effec-
tive stress originates from statistically stored
dislocations that induce short-range, nondi-
rectional internal stresses (26, 31, 37). Both
impede plastic flow (31, 37). Our cyclic plas-

ticity modeling results of GDS samples (fig.
S9A and table S2) closely match the measured
cumulative ratcheting strain with cycles. They
show a steeper hardening rate in back stress
for GDS compared with CG samples under the
same smax. This is evidenced by a more rapid
evolution of back stress during forward and
reverse loading (fig. S9, B and C) caused by
enhanced hardening and reduced recovery.
Consequently, the net plastic strain per cycle is
smaller and thus the ratcheting rate is lower in
GDS than in CG samples. This sustained non-
linear kinematic and isotropic hardening with
increasing cycles in GDS samples (fig. S9, D
and E) underscores the benefit of progressive
microstructural refinement through the con-
tinued accumulation of SFs andFCC-HCPnano-
laminates during the ratcheting deformation of
GDS 304 SS.
In summary, we have achieved a combination

of high strength and superior resistance to cyclic
creep (ratcheting) by engineering the gradient
hierarchy of dislocation cells in single-phaseFCC
304 SS. Under asymmetrical cyclic stresses, con-
tinuous SF formation and FCC-to-HCP coherent
martensitic transformation lead to sustained
structural refinement evolving from submi-
crometer dislocation cells to finer networks of
FCC-HCP nanolaminates within stable dislo-
cation cells. This progressively refined micro-
structure enhances strain hardening, reduces
dynamic recovery, and mitigates strain local-
ization, significantly lowering cumulative rat-
cheting strain even after long-term cycles. The
principle of sustained microstructural refine-
ment through a gradient dislocation archi-
tecture and deformation-induced FCC-to-HCP
martensitic transformations can be applied to
other alloy systems by adjusting the compo-
sition or deformation conditions.
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