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% Check for updates Fatigue failure is invariably the most crucial failure mode for metallic structural

components. Most microstructural strategies for enhancing fatigue resistance
are effective in suppressing either crack initiation or propagation, but often do
not work for both synergistically. Here, we demonstrate that this challenge can
be overcome by architecting a gradient structure featuring a surface layer of
nacre-like nanolaminates followed by multi-variant twinned structure in pure
titanium. The polarized accommodation of highly regulated grain boundaries
in the nanolaminated layer to cyclic loading enhances the structural stability
against lamellar thickening and microstructure softening, thereby delaying
surface roughening and thus crack nucleation. The decohesion of the nano-
laminated grains along horizonal high-angle grain boundaries gives rise to an
extraordinarily high frequency (=1.7 x 10° times per mm) of fatigue crack
deflection, effectively reducing fatigue crack propagation rate (by 2 orders of
magnitude lower than the homogeneous coarse-grained counterpart). These
intriguing features of the surface nanolaminates, along with the various
toughening mechanisms activated in the subsurface twinned structure, result
in a fatigue resistance that significantly exceeds those of the homogeneous
and gradient structures with equiaxed grains. Our work on architecting the
surface nanolaminates in gradient structure provides a scalable and sustain-
able strategy for designing more fatigue-resistant alloys.

Cyclic deformation-induced damage accumulation and the resultant
catastrophic fracture of metallic materials account for nearly 90% of
the failure of structural components across a broad range of safety-
critical engineering sectors such as aerospace, transportation, power
plants, and marine'*. Fatigue failure develops in two main stages: a)
the accumulation of lattice defects (mainly dislocations) leads to strain
localization which subsequently results in crack nucleation (or initia-
tion) at local regions; b) the nucleated crack propagates driven by the

crack-tip stress field, a process that is influenced by microstructural
factors (such as phase constituents, interface characteristics, stacking
fault energy)*®. An ideal fatigue-resistant strategy is desired to sup-
press both crack initiation and propagation stages, yet the micro-
structural features affecting these two stages are often quite different.
Accordingly, current solutions often address either crack initiation or
growth, but rarely both. More specific, to suppress fatigue crack
initiation, a typical approach is to strengthen materials by restricting
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dislocation motion through, for example, introducing dislocation-
blocking interfaces’ and/or precipitates'®". However, such methods
inevitably limit the material’s capacity to blunt cracks by dislocation
slip, rendering an increased crack propagation rate'>". On the other
hand, the microstructure of a metallic material can be tuned to activate
a variety of so-called “extrinsic” toughening mechanisms such as crack
deflection, branching, microcracking, bridging, etc. Yet, these
mechanisms operate only in the crack wake behind the crack tip, such
that they can only affect crack propagation with little or no effect on
crack initiation.

The recently proposed approach by designing surface-to-center
gradients, in terms of a gradual change in microstructure character-
istics (e.g., grain size” or twin density’®), shows some success in
reconciling the above challenge'?°. The fine-scaled surface structure
provides high strength and limits plasticity to reduce surface rough-
ening and suppress crack initiation?. The interior coarser structure,
on the other hand, offers excessive dislocation accommodating
ability, which is efficient for crack-tip blunting and resisting crack
propagation'*?, Although such gradient structures have been shown
to improve fatigue resistance” >, their efficacy is often limited mainly
due to the following problems: (a) the strengthened and fine-grained
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Fig. 1| Microstructure of the surface-nanolaminated gradient Ti. a Schematic
illustration of the ultrasonic surface rolling treatment that produces a nacre-like
nanolaminated (so-called “brick-and-mortar”) structure at the topmost surface,
accompanied by a Nucula sulcata shell and an SEM image of a typical micro-
structure of nacre. Reproduced with permission from refs. 57,58 Copyright*’
(2017) Springer Nature and copyright®® (2022) Elsevier. b Electron channeling
contrast (ECC) image showing the longitudinal view of the gradient structure
spanning from the surface to a depth up to =500 pm. ¢ Scanning transmission
electron microscopy bright-field (STEM-BF) image taken from the area roughly
marked in b, demonstrating the nanolaminated structure at a depth of =50 um. The
misorientation angle of some grain boundaries is marked. Fourier-filtered high-

50 um

(sub-)surface layers often incur abnormal grain growth under cyclic
loading”**. This cyclic deformation-induced structural instability
facilitates strain localization and thus promotes crack initiation®>*;
(b) the high-strength (sub-)surface layers have poor damage toler-
ance. Once the crack is nucleated, it can readily grow into a size
comparable to the thickness of these (sub-)surface layers (often up to
200-800 um)'>*?¢, Such short fatigue crack propagation often con-
stitutes a considerable portion of fatigue life estimated to be up to
50% in the low-cycle fatigue regime””® and 40% in the high-cycle
fatigue regime®*°. Therefore, how to architect an ultrastrong (sub-)
surface structure that possesses exceptional mechanical stability
as well as retrains good crack propagation resistance is the key to
further improvements in the fatigue properties of microstructural
gradient materials.

Here we introduce a gradient structure in commercial pure tita-
nium utilizing the ultrasonic surface rolling process (USRP)
technique®** (Fig. 1 and Methods). We achieved a gradient structure
featuring a surface layer (<200 um in depth) of nacre-like nanolami-
nated (or so-called “brick-and-mortar”) structure, which demonstrates
an improved mechanical stability against grain thickening, thus offer-
ing substantial barriers for crack initiation. An ultrahigh frequency of
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resolution STEM and the corresponding Fast Fourier Transformation images taken
from the marked rectangular region in ¢ showing a typical vertical grain boundary
with a low misorientation angle of 3.2°. d Electron backscatter diffraction (EBSD)-
inverse pole figure (IPF) plus image quality (IQ) map of the region outlined by the
dashed rectangular frame in b. e Distribution of the aspect ratio of the nanolami-
nates in the surface layer (at a sub-surface depth of <100 um). f Distribution of the
misorientation angle of the vertical and horizontal grain boundaries in the nano-
laminated layer (at a sub-surface depth of =50 um). g EBSD interface map of the
region marked by the dashed rectangular frame in d, showing the types of
mechanical twins in the sub-surface region. Source data are provided as a Source
Data file.
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crack deflection of fatigue cracks subsequently enables this layer to
exhibit an enhanced resistance against fatigue crack propagation that
even surpasses its coarse-grained (CG) counterpart. These features, in
combination with various toughening mechanisms activated in the
interior gradient twinned structure, result in an improved overall
fatigue resistance in comparison to the homogeneous and gradient
structures with equiaxed grains.

Results and discussion

Microstructural characteristics

Figure 1b shows the longitudinal-sectional overview of the gradient
structure in the pure titanium spanning from the surface to a depth of
up to =500 um. The topmost =200-um-thick layer features a nacre-like
nanolaminated structure produced by the USRP treatment. The asso-
ciated ultrahigh shear strain (up to 23.5) and shear strain rate (up to 3
x10%s™) imposed on the surface layer promotes the generation of
dislocations and suppresses their annihilation by recovery®. The rapid
dislocation accumulation essentially induces the formation of recrys-
tallized grains?>** which are further elongated in response to the high
shear deformation. The average lamellar thickness and aspect ratio are
210 nm and 2.8, respectively, remaining almost unchanged within a
depth span of 10-100 pm (Fig. 1c, e). With increasing depth from =100
to 200 um, these two values increase progressively from 210 to
500 nm and from 2.8 to 5, respectively (Supplementary Fig. 1a). Ana-
lysis of transmission electron microscopy diffraction patterns (inset in
Fig. 1c) shows that the horizontal grain boundaries (oriented parallel to
the lamellar direction) mostly have a high misorientation angle (above
15°) (Fig. 1f). In contrast, the vertical grain boundaries that are per-
pendicular to the lamellar direction have more than half of their mis-
orientation angles below 15° (Fig. 1c, f), i.e., most of them are low-angle
grain boundaries (LAGBs). The formation of these LAGBs results from
the statistical mutual trapping and self-arrangement of dislocations
which are promoted by the absorbed acoustic energy from the USRP
treatment and the resulting enhanced dislocation motion®. Such
geometric arrangement of grain boundaries in these nanolaminates
differs significantly from previously documented structures found
in other laminated materials (e.g., pure Ni and steels**°), where
mainly one grain boundary character (either high-angle or low-angle)
is present®>®. This unique feature contributes substantially to the
mechanical stability of the surface layer which will be elaborated in
the following parts. When the depth is =200 pum below the surface, the
USRP-induced shear strain and strain rate are reduced to such an
extent that the coarse grains cannot be sustainably refined. As a result,
dense nano- and micro-sized twins are produced due to the decreased
stress for twin activation in coarser grains*, as shown in Fig. 1d, g (and
Supplementary Fig. 1b). These twins have multiple variants, consisting
mainly of {10-12} tensile and {11-22} compression twins (Fig. 1g and
Supplementary Fig. 1b). The region beyond the depth of =500 pum
experiences minimal USRP-induced deformation and thus maintains
the original coarse grain size of 35.4 + 8.5 um, with only a few twins
observed in the grain interior.

Fatigue resistance

Compared to a homogeneous CG structure (with an average grain size
of 35.4 +8.5um), the tensile strength of the surface-nanolaminated
gradient Ti is improved by =100 MPa with no sacrifice in ductility
(Supplementary Fig. 2a). As shown in Fig. 2a, for the same fatigue life,
the stress amplitude of surface-nanolaminated Ti is enhanced by =20%
compared to the CG counterpart in both low- and high-cycle regimes.
This corresponds to a 10-100 times improvement in lifetime at the
same stress amplitude (Fig. 2a) ranging from 243 to 202 MPa. Other
than the homogeneous CG structure, we also compare the mechanical
properties of the surface-nanolaminated Ti with a gradient structure
having equiaxed ultrafine grains at the surface region (Supplementary
Fig. 3). This latter microstructure, referred to as the gradient equiaxed-

grained (GEG) structure, was produced by reducing the surface shear
strain (up to 3.8) and the surface shear strain rate (up to 10%s™)
during the USRP treatment. Despite very similar tensile properties and
near-surface residual stress of the two types of gradient structures
(Supplementary Fig. 2), the surface-nanolaminated gradient Ti shows a
superior fatigue resistance (improved by 5-45 times in fatigue life)
compared to the GEG structure (Fig. 2a).

Fatigue crack growth (FCG) tests were further conducted to
assess the crack growth resistance of the surface-nanolaminated
gradient Ti. As shown in Fig. 2b, fatigue crack propagation is sig-
nificantly suppressed within the nanolaminated layer, evidenced by a
reduction in the FCG rate by 2-2.5 orders of magnitude compared to
the homogeneous CG and GEG structures. Note that the residual
compressive stress introduced by the USRP process also serves to
suppress the initial growth of the fatigue crack?. However,
the compressive stress distribution (up to 270 MPa in the surface
nanograined layer) is similar for the two gradient structures
(Supplementary Fig. 2b). This indicates that the marked improve-
ment of FCG resistance within the nanolaminated layer is solely due
to its microstructural feature. It is worth mentioning that even if the
residual stress is relaxed by annealing, the nanolaminated layer still
exhibits enhanced resistance against fatigue crack propagation
compared to its CG counterpart (Supplementary Fig. 4). These
results differ fundamentally from the traditional “smaller (stronger),
less-tough” trend in metallic materials, but is more akin to the
toughening mechanisms exhibited in biomaterials®®**°, confirming
the toughening potential of nacre-like nanolaminates, which will be
elaborated later. After the crack propagates through the surface
nanolaminated layer, the crack propagation can also be effectively
retarded by the multi-variant nano- and micro-twins in the interior
coarser grains, as is evident by the reduced FCG rate (by 10 times)
compared to that of the CG structure (Fig. 2b).

We also plot the FCG rate at a stress intensity range of AK'=5 MPa
m®, where the crack propagates inside the nanolaminated layer, as a
function of its yield strength, and compare with that of other pure Ti
microstructures including the homogeneous CG and ultrafine grained
(UFG) structures as well as the GEG structure. The yield strength can be
used as a qualitative indication on a material’s fatigue strength
(determined from stress-controlled testing)***' as well as its resistance
to fatigue crack initiation'>*. As shown in Fig. 2c, the nanolaminate in
our gradient Ti possesses the highest yield strength and retains the
lowest FCG rate in comparison with other counterparts, demonstrat-
ing its significant effect in improving fatigue resistance to both the
crack initiation and propagation stages.

Mechanical stability

To elucidate the mechanistic role of the surface nanolaminates in the
enhancement of fatigue resistance, we characterized and compared
the surface microstructure before and after cyclic loading for 1.4 x 10°
cycles at a stress amplitude of 216 MPa. As shown in Fig. 3a, b, the
thickness of the laminated grains experiences a slight increase from
285 +108 nm to 366 + 178 nm after cyclic loading (Fig. 3¢). This result is
in sharp contrast to that of the equiaxed ultrafine grains that typically
coarsen by 3 to 10 times under cyclic loading***. One reason for such a
high stability of the nanolaminated layer (against grain thickening) is
the restrained grain rotation and suppressed diffusional motion of
high-angle grain boundaries (HAGBs). The rate of these two grain
growth-promoting events typically decreases with a higher aspect
ratio (R) of the grains, following the relationships of dOdt™! « R~*#
and yg o« R71°%, where dOdt™! and y, represent the rate of grain
rotation and the rate of boundary migration due to point defect dif-
fusion, respectively. The absence of apparent grain rotation under
cyclic loading can be further evidenced by the almost unchanged
microstructural texture probed within the nanolaminated layer before
and after fatigue (Fig. 3d, e).
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manufactured with different microstructures. The data include homogeneous CG
and ultrafine grained (UFG) structures'>*°* as well as the surface nanolaminated
structure (this work) and UFG structure at the surface regions of GEG Ti (this work
and ref. 64.). The yield strength for the latter two microstructures was converted
from the Vickers hardness value, with details shown in Supplementary Fig. 5. Source
data are provided as a Source Data file.

Despite the limited thickening of the nanolaminates, it is inter-
esting to note that their length is found to progressively increase under
cyclic loading (by =2 times after 1.4 x 10° cycles at the stress amplitude
of 216 MPa, Fig. 3c). This observation suggests that cyclic loading leads
to movement or annihilation of vertical LAGBs. The underlying
mechanism can be enlightened by revealing the fatigue-induced
dynamic evolution of the vertical LAGBs with the aid of molecular
dynamics (MD) simulations (full details of the simulations are given “in
the Methods section” and Supplementary Fig. 6). As shown in Fig. 3h, i,
under cyclic loading, partial dislocations (Supplementary Note 1)
escape from the LAGBs and glide into the grain interior until they are
absorbed by the horizontal HAGBs. Such a process, which is also
observed in SEM/TEM experiments***, results in a decrease in the
misorientation angle between the two adjacent grains (see inset
in Fig. 3g, i), which consequently induces grain merging (Fig. 3j).
The ‘sacrificial’ annihilation of specific interfaces (here LAGBs), on
one hand, reduces the stored energy of deformation and the
system. Otherwise, the stored energy might serve as the driving force
for microstructure softening, for example, by means of grain
recrystallization”*. On the other hand, it essentially increases the
aspect ratio of the laminated grains, which offers further restriction to

grain rotation and thus constrains the thickening of the laminated
grains. This micromechanism offers another important contribution
to the structural stabilization of the nanolaminates surface layer
observed in this work.

Sequential toughening mechanisms

Since the lamellar thickness is the most important factor in terms of
the effectiveness in blocking dislocations and hence controlling the
strength of the laminated grains®, their high mechanical stability
against grain thickening renders an essential resistance to micro-
structural softening (Supplementary Fig. 9), a detrimental con-
sequence that can lead to strain localization and crack initiation® >,
The more intriguing feature of the stable nacre-like nanolaminate lies
in its exceptional capability to resist short fatigue crack growth
(Fig. 2b), which is typically lacking in high-strength materials. To
reveal the underlying mechanisms, we characterized the interaction
of the crack propagation path with the neighboring microstructure
(Fig. 4a-e). An overview of the nature of a fatigue crack within the
nanolaminated layer reveals a highly tortuous and frequently
deflected propagation path (Fig. 4b). This is akin to the staircase-like
cracking observed in nacre that shares a similar microstructure and is

Nature Communications | (2024)15:6917
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uniform distribution (Mud), a measure of crystallographic orientation distribution,
is an exactly equivalent unit. Atomic simulations revealing the configurations of the
interfaces in the nanolaminates before (f) and after (j) cyclic loading, in which the
hexagonal close-packed (HCP), face-centered cubic (FCC) and non-structure atoms
are colored blue, red and cyan, respectively. g-i Magnified fatigue-induced
dynamic evolution of the vertical LAGBs outlined by the dashed rectangular frame
in f. Source data are provided as a Source Data file.

known to be fatigue resistant*. In contrast to the transgranular
cracking often observed in CG Ti*°, more than 80% of the crack
advance in the nanolaminated region is along grain boundaries
(Fig. 4c-e and Supplementary Fig. 10). The intergranular cracking
originates from the high stress concentration developed at the grain
boundary regions during cyclic loading. Due to the limited slip sys-
tems and twinning activity in the ultrafine grains with a HCP
structure”, such stress concentration is difficult to be relieved by
plastic deformation, which in turn gives rise to grain boundary
decohesion. The intergranular cracking of the mechanically-stable
nacre-like nanolaminates ensures a high crack deflection angle
(nearly 90° in most cases, as shown in Fig. 4b, c, e). The 90° crack
deflection results in a highly efficient crack deflection induced
toughening'** with a more pronounced roughness-induced crack clo-
sure effect’” compared to the case in equiaxed grains. Based on linear
elastic fracture mechanics analysis*® (Supplementary Fig. 11 and Sup-
plementary Note 2), double 90° crack deflections cause a significant
reduction of the effective stress intensity factor by roughly 44%, in
comparison to only a 14% reduction in the case of 60° crack deflections
for the equiaxed grained structure. Furthermore, due to the nano-sized
thickness of the nanolaminated layer (=210 + 40 nm), the intergranular
cracking along the nanolaminates boundaries results in extraordinarily
high frequency of crack deflection, which is estimated to be ~1.7 x 10°
times per mm (Supplementary Fig. 12). This highly frequent crack
deflection strongly suppresses the early-stage fatigue crack growth,
which explains the markedly reduced FCG rate of the surface-
nanolaminated gradient Ti compared with the GEG counterpart at AK
below 7 MPa m® (Fig. 2b).

In addition to the suppressed crack growth within the surface
nanolaminated layer, we find that the subsequent multi-variant

twinned layer can further resist fatigue crack growth, as evidenced by
the reduced FCG rate in this crack propagation stage (Fig. 2b). As the
crack approaches the densely twinned region, the propagation path
changes to an intragranular mode with less frequent deflection
(Fig. 4e). Instead, crack arrest and blunting accompanied by numerous
dislocation emission near the twin boundaries are observed (Fig. 4f-h).
Sometimes, the blocking effect of the twin boundaries on the crack
advance results in a bifurcated plastic zone', thereby intensifying the
extent of crack branching (Supplementary Fig. 13). These twin-
associated toughening effects constitute another distinct (although
not dominant) contribution (Fig. 4i) to the overall fatigue resistance in
our gradient Ti (Fig. 2a).

To conclude, while demonstrated to be beneficial for fatigue
resistance in certain cases”?, the traditional gradient equiaxed-
grained structure suffers from mechanical instability and poor
damage tolerance at the surface strengthened layer. Our work shows
that this drawback can be addressed by architecting a surface layer
(=200 um) of nacre-like nanolaminates. In contrast to ultrafine
equiaxed-grained structure, such surface nanolaminates exhibit a
high mechanical stability against grain thickening, thus resisting
plastic deformation at the surface layer that is crucial for crack
initiation resistance. The rate of crack propagation within this surface
layer is efficiently reduced (by up to 2 orders of magnitude), due to
the highly frequent fatigue crack deflections (=1.7 x10° times per
mm) induced by interfacial decohesion. These observations thus
demonstrate that both fatigue crack initiation and early-stage crack
propagation can be simultaneously suppressed within one type of
microstructural constituent. This feature, in combination with a
variety of toughening mechanisms activated in the interior twinned
coarser gradient structure, results in a marked improvement in
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Fig. 4 | Fatigue crack path profile in the surface-nanolaminated gradient Ti.

a Schematic illustration of the USRP treated sample with a single-edge notch under
fatigue loading. b Fatigue crack path in the nanolaminated layer, showing frequent
staircase-like crack deflection similar to the cracking behavior observed in nacre as
inset (reproduced with permission from ref. 65, CC BY 4.0). Secondary electron (SE)
image (c) and the corresponding EBSD-IPF plus IQ map (d), and STEM-BF image of a

Loading direction

deflection |

Crack blunting
& arrest

magnified region of the deflected crack (e), showing the intergranular cracking
along the nanolaminates boundary. f EBSD-IPF map of the fatigue crack within the
densely twinned layer, with IPF coloring corresponding to that in d. SE image (g)
and the corresponding ECC image (h) taken from the region marked in f, showing
crack blunting at the twin boundaries. i Schematic illustration of the crack-resisting
mechanisms at different stages of fatigue cracking.

overall fatigue resistance (up to =100 times in fatigue life) in com-
parison to the homogeneous structures and other gradient Ti with-
out having such surface nanolaminates. Therefore, in addition to the
reported beneficial effect of nanolaminated structure on thermal
stability*® and tensile strength-ductility combination®®, we success-
fully extend this microstructural strategy to the realm of fatigue.
The presented design paradigm, also anticipated to be applicable for
commercial alloys (such as Ti- and Ni-based alloys), can be readily
scaled up for application in enhancing and rejuvenating fatigue
performance of large complex structural components like com-
pressor blades®??, thus demonstrating a promising economic and
sustainable impact in the field of fatigue resistance.

Methods

Sample preparation

The material investigated in this study is commercial pure titanium
(TA2), which is composed of a single a-phase with equiaxed grains
(average size of =35um). The raw materials in the form of
sheet were machined into dog-bone shaped cylindrical rods
(gauge diameter 4 mm). The ultrasonic surface rolling process
(USRP) was applied at ambient temperature on the whole gauge
section. During USRP, a static extrusion force with ultrasonic vibra-
tion was imposed to the sample surface. The detailed parameters of

the USRP process are: static force 800 N, rotational speed 750 rounds
min”, vibration amplitude 10 pm, axial feeding rate 10 mm min,
frequency of ultrasonic mechanical vibration 20 kHz, and processing
times 4.

The ultrahigh shear strain (up to 23.5) and shear strain rate (up to
3 x10%s™) imposed by the USPR treatment promotes the generation of
dislocations (particularly geometrically necessary dislocations (GNDs)
that need to accommodate the high strain gradient of up to
=5.7x10°m™) and suppresses their annihilation by recovery®. The
simultaneous intervention of high-frequency ultrasonic impact
(intensity of 2.1x10°Wcm™) introduces an oscillatory stress and
acoustic softening effect, which also increases the dislocation multi-
plication rate and mobility while inhibiting the formation of severe
deformation-induced damage*. The high dislocation generation
speed and the suppressed dynamic recovery essentially induce the
formation of recrystallized grains which further become elongated as a
response to the high shear deformation, generating nano-scaled
laminated grains in the surface layer.

Mechanical testing

The dog-bone sheet samples for tensile and fatigue testing were
machined from the USRP treated dog-bone rods (Fig. 1a). The gauge
dimensions of the tensile and fatigue specimens were 10 mm x 4
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mmx2mm and 8 mmx4 mmx1mm, respectively. Tensile tests
were conducted using an Instron 8801 servo-hydraulic testing
machine (Instron Corporation, Norwood, MA, USA) at a constant
crosshead speed corresponding to a nominal strain rate of 5x10™*s™,
The uniaxial tension-tension fatigue tests were carried out with a
frequency of 10 Hz and a stress ratio of 0.1 at ambient temperature.
The surface of both untreated and USPR treated samples for fatigue
testing was carefully polished using a wool felt wheel to ensure the
same surface roughness. The thickness of the removed surface due to
polishing is less than 5pum. Fatigue crack growth tests were per-
formed on fatigue specimens with a single-edge notch (30 pum in
depth) under the conventional AK-increasing condition based on
ASTM Standard E647-15e1°°. An SEM built-in fatigue testing system
(Shimadzu SEM-Servo Pulser) was employed to enable in-situ
observation of the crack path during the fatigue process. To elim-
inate the mechanical notch effect, a moderate load (maximum stress
260 MPa) was applied to carefully produce a pre-crack with a length
of =20 um at the notch tip prior to the start of data acquisition.
Fatigue tests were conducted at room temperature using a constant
amplitude sinusoidal loading with an applied stress ratio of 0.1and a
loading frequency of 10 Hz. The nominal stress intensity range AK
was calculated based on Egs. (1) and (2)*:

K = Ao/mTaF (%) @

) -02s(1- )+ (05570265 1) (1- )" @

where W is the width of the sample and is the applied stress range. The
real-time crack length a was recorded based on in-situ SEM observa-
tion. The crack propagation rate was determined using the 7-point
incremental polynomial method documented in ASTM Standard
E647-15e1°°. Fatigue testing was terminated when the microcrack
propagated to a depth of =500 pum, which corresponds to the depth of
the deformation layer in the gradient structure. For all mechanical
testing conducted in this study, at least two samples were tested to
ensure the repeatability.

Microstructure characterization

The microstructure of the specimens before and after fatigue testing
and the crack trajectory were characterized using secondary electron
(SE) imaging, electron channeling contrast imaging (ECCI) and elec-
tron backscatter diffraction (EBSD) (using a Zeiss-Merlin and a Zeiss
Crossbeam 340 scanning electron microscopy (SEM) instrument).
Samples for EBSD and ECCI were finally polished with a 0.05 pm col-
loidal silica suspension containing 30 vol.% H,0,. The acquired EBSD
data (grain size, local misorientation and twin interface) were analyzed
using the TSL OIM software package.

The microstructure details of the surface nanolaminates and the
fatigue cracks within them were examined using a transmission
electron microscope (TEM, FEI Talos F200X, operated at 200 kV).
The samples for TEM before and after fatigue testing were ground
and mechanically polished with SiC papers down to a thickness of
80 pm. Areas near the rolling face of the USRP treated specimen was
then carefully thinned by ion milling to characterize each region of
the gradient structure. Double beam ion thinning was conducted
using a 1051 TEM Mill Fischione machine (Fischione Instruments,
Pittsburgh, PA, USA) at 6 kV Ar+ ions with an incidence angle of 8°.
The misorientation angle of grain boundaries within surface nano-
laminates was determined based on the diffraction patterns of
the adjacent two grains®. The crack-tip regions within the nanola-
minates for TEM observation were processed at 30 kV and 2-6 nA
with Ga ion sources. Final milling was performed with a 2kV and
24 pA Ga ion beam.

Nano-indentation tests were performed on a Bruker Hysitron
TriboScope, using a Berkovich shaped indenter with a load of 100
mN. Residual stress assessment was carried out using a Proto-I X-ray
Diffraction (XRD) MG40P FS STD residual stress tester with Cu-Ka
radiation at a wavelength of 1.5406 A. An electrochemical polishing
technique using an etching solution comprised of 10 vol.% HCIO,
(70% purity) and 90 vol.% CH3OH (99.9% purity) was adopted to
remove the material layer by layer. The XRD measurement para-
meters were set to an acceleration voltage of 20 kV and a current of
4 mA. Data analysis was carried out using the sin(2¢) method®’, witha
Bragg angle of 142° and selection of the {213} diffraction crystal plane
of the a-phase.

Atomistic simulations

MD simulations were carried out using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS)** and the embed-
ded atom method (EAM) potentials for Ti*. The constructed model
consisted of twelve grains, with dimensions of 420 nm in length,
200 nm in height, and 4.425nm in thickness. The total number of
atoms in the simulation was =21,000,000. Periodic boundary con-
ditions were applied in all three directions. The initial structure was
first energy minimized using a conjugate-gradient algorithm, and
then relaxed at 300 K using a Nose-Hoover thermostat for 50 ps in
the constant temperature constant volume (NVT) ensemble and
100 ps in the constant pressure constant temperature constant
pressure (NPT) ensemble to stabilize the microstructure. During the
fatigue loading, the model was under the NPT ensemble at 300 K.
The stress-controlled cyclic loading was applied in the direction that
was parallel to the laminated direction with a constant stress ratio of
0.1. The Ovito software*® was used to visualize the model and analyze
the data.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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