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This paper shows that nanograins appear in a locally high-stress region for very high cycle fatigue of TC17 alloy,
and twinning is a main contributor to nanograin formation. The locally high stress results in twinning or slip in
preferentially oriented o grains. Then, the interaction between twin systems or dislocations induces the forma-
tion of dislocation cells or walls, nucleation of microbands, and finally the nanograins. As a result, the nanograin
regions and the boundaries between the nanograin and coarse grain regions become preferential sites for crack

initiation and early growth. The finite element analysis demonstrates the nanograin-related fatigue cracking

behavior.

1. Introduction

Fatigue failure is a common phenomenon in metals under alternating
loadings [1-6]. In recent decades, numerous results have shown that
metallic materials could still fail at the stress lower than the traditional
fatigue limit defined at 107 cycles [7-14]. The fatigue behavior
exceeding 107 cycles (i.e., very high cycle fatigue, VHCF) has drawn
great attention due to the high reliability and long-life requirements of
some key parts in modern industry, e.g., aero-engine blades or high-
speed strain axles often endure more than 10® even 10'° cyclic load-
ings in service.

Microstructure is an intrinsic and essential factor dominating the
damage evolution under fatigue loadings and thus determines the failure
mechanism to an extent. Differing from the low cycle and high cycle
fatigue failure, the fracture surface in VHCF regime usually exhibits a
fine granular area (FGA) (or rough area) feature in the crack initiation
and early growth region, especially for titanium alloys and high-strength
steels [7-12]. FGA is arguably the most significant feature in VHCF as it
consumes almost all the fatigue life and the equivalent crack growth rate
in FGA is much lower than 107° m/cycle [7,13-15]. This failure
mechanism essentially distinguishes it from the traditional crack
nucleation in grains, at grain boundaries or defects due to dislocation
accumulation or slip band in metals [16,17]. The microstructure
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changes in FGA compared with the original material, and it could be a
thin layer of nanograins [10,11,18,19] or discontinuous regions of
nanograins [5,8,12-15,18,20].

Up till now, there are different viewpoints on the formation of
nanograins in FGA under VHCF loading. One is that the nanograin for-
mation in FGA is due to the dislocation interaction caused by the locally
high strain during the cyclic loading [10,12,14,15,21]. The nanograins
cause the crack initiation, and then the formed crack induces the further
nanograin formation and crack formation, and finally the FGA forms.
Another one is that the nanograins in FGA are the results of repeating
contact of crack surfaces [18,19,22]. In this scenario, the nanograins
form after the fatigue crack formation, implying that the nanograin
formation is not related to the crack initiation and evolution. Evidently,
such an argument may give rise to some basic questions. What is the
mechanism of nanograin formation? How does it influence the crack
initiation and early growth in VHCF regime? These pending questions
still need to be clarified by direct evidence through experimental ob-
servations of the intermediate process of crack initiation and early
growth that manifests the microstructure evolution during fatigue
loadings.

In this paper, the direct experimental evidence is presented on the
formation of nanograins to clarify the mechanism of crack initiation and
damage evolution of Ti alloys in VHCF regime. At first, the fatigue test

E-mail addresses: scq@lnm.imech.ac.cn (C. Sun), gpzhang@imr.ac.cn (G.-P. Zhang).

https://doi.org/10.1016/j.ijfatigue.2022.107331

Received 21 June 2022; Received in revised form 9 October 2022; Accepted 10 October 2022

Available online 17 October 2022
0142-1123/© 2022 Elsevier Ltd. All rights reserved.


mailto:scq@lnm.imech.ac.cn
mailto:gpzhang@imr.ac.cn
www.sciencedirect.com/science/journal/01421123
https://www.elsevier.com/locate/ijfatigue
https://doi.org/10.1016/j.ijfatigue.2022.107331
https://doi.org/10.1016/j.ijfatigue.2022.107331
https://doi.org/10.1016/j.ijfatigue.2022.107331
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfatigue.2022.107331&domain=pdf

C. Sun et al.

was conducted on plate specimens of a TC17 titanium alloy by an ul-
trasonic frequency fatigue testing system. Then, the microstructure
characteristic at the crack initiation and early growth region, the non-
cracking region and the mated crack surfaces are characterized by
scanning electron microscope (SEM), electron backscatter diffraction
(EBSD) and transmission electron microscope (TEM). Finally, the basic
mechanism of the nanograin formation and nanograin-induced fatigue
cracking in VHCF regime is proposed based on the experimental
observation and finite element analysis.

2. Materials and methods
2.1. Materials

The material used is a TC17 alloy, which is widely applied in aero-
engines. The chemical composition is 4.97 Al, 4.19 Cr, 4.12 Mo, 2.09 Sn,
1.90 Zr, 0.110, less than 0.10 Fe and balanced Ti in weight percent. It
was at first under beta forging, then solid solution for 4 h at 800 °C and
cooled by water, and finally under aging treatment for 8 h at 620 °C. All
the specimens were cut from the solid bar after heat treatment. The
tensile strength and yield strength are 1145 MPa and 1061 MPa,
respectively. They were conducted on two cylindrical specimens with a
gauge length of 30 mm and a diameter of 5 mm by a servo-hydraulic
testing system.

2.2. Testing methods and characterization

The fatigue test was performed by an ultrasonic fatigue testing sys-
tem USF-2000A with a frequency of 20 kHz in air and at room tem-
perature. The resonant frequency was between 19.5 and 20.5 kHz for the
testing specimen. It decreased with the increase of fatigue damage or
crack growth. Once the resonant frequency was lower than 19.5 kHz, the
fatigue test stopped. The fatigue loading was controlled by the
displacement at specimen’s ends, and it was at first transformed into the
displacement by the theoretical formula [23]. The stress ratio was R =
-1. The continuous fatigue loading was used, and compressive cold air
was employed to cool the temperature of the specimen’s smallest section
during the fatigue test. The fatigue specimen is shown in Fig. 1. Before
the fatigue test, the surface of the tested section of the specimen was
ground and polished. The surface roughness R, is less than 0.4 pm. The
surface temperature of the specimens at the lowest tested stress ampli-
tude 6, = 588 MPa and the highest tested stress amplitude 6, = 651 MPa
was measured through a thermocouple (k-type) adhered to the surface
of the smallest section by the polyimide tape during the fatigue test [15].
The stable temperature is about 39 °C at the stress amplitude of 588 MPa
and 41 °C at the stress amplitude of 651 MPa.

The fatigue fracture surfaces were observed by SEM. By employing
the focused ion beam (FIB) technique, micro cross-sectional samples
were extracted in the crack initiation and early growth region, and then
observed by EBSD and TEM to characterize the microstructure charac-
teristic. The non-cracking region and mated crack surfaces were also
observed by SEM and EBSD for a further examination of the micro-
structure evolution during the fatigue loading. The sample was at first
cut from a fatigued specimen in VHCF regime, and ground by 1000 grit,
3000 grit, and 5000 grit abrasive papers with a water lubricant along the
loading direction. Then, it was polished by 0.25 pm OP-S suspension,
and finally polished for about 6 h using the VibroMet 2 vibratory
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Fig. 1. Shape and dimension (in mm) of the fatigue specimen.
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polisher system with non-crystallizing colloidal silica polishing
suspension.

3. Experimental results and analyses
3.1. Microstructure

The microstructure is basketweave with lamellar o phase. EBSD re-
sults of the microstructure parallel to the loading direction are shown in
Fig. 2. Fig. 2a and 2b are the inverse pole figure (IPF) and phase map of
the microstructure, respectively. The enlarged view of the local micro-
structure is shown in Fig. 2c and 2d, respectively.

3.2. Stress-life data

The stress-life data of the tested specimens are shown in Fig. 3. It is
seen that the present TC17 alloy could fail in VHCF regime, and the
fatigue life has the tendency to increase with decreasing the stress
amplitude.

3.3. Observation of nanograin formation during VHCF loading

SEM observation indicates that the failed specimens in Fig. 3 have an
apparent main crack on the specimen surface with a width of 8 mm in
the gauge section except for one failed specimen in VHCF regime with
multiple micro cracks on the specimen surface, as shown in Fig. 4a. The
rough area feature is also observed on the fracture surface of the spec-
imen failed in VHCF regime (Fig. 4b and 4c), similar to that observed for
the same TC17 alloy under conventional frequency fatigue test [8] and
the Ti-6Al-4V alloy under ultrasonic frequency fatigue test [11].

To understand the microstructure evolution during the VHCF
loading, two micro samples were at first extracted in the crack initiation
and early growth region (i.e., the locations indicated by the short lines in
Fig. 4c) along the loading direction through FIB technique and then their
microstructures were characterized by EBSD and TEM. It is observed
that there is a large lamellar « grain at the crack surface for sample 1 and
some nanograins exist in the local region of this large a grain (Fig. 4e and
4f). The nanograins can still be visible for sample 2 shown in Fig. 4i and
4j although the IPF and phase map are not very clear for the grains quite
close to the fracture surface. These nanograins are further identified in
regions I and II by TEM observation, as shown in Fig. 41. The selected
area diffraction (SAD) patterns are composed of a series of diffused
rings, indicating the existence of many nanograins with random orien-
tation. The nanograins in « grains are not found in the original material
without suffering from fatigue loading (Fig. 2). These results demon-
strate that the nanograins form during the fatigue process. Moreover, a
micro crack is observed below the crack surface from the SEM obser-
vation (Fig. 4h). It forms within the coarse « grain, coarse p grain, at o
nanograin boundaries and the boundaries between o nanograin and
coarse f grain from the IPF and phase map in Fig. 4i and 4j. The micro
slip bands in a grains are also observed a little far from the crack surface
(Fig. 41 and 4m).

3.4. Nanograins at non-cracking region and mated crack surfaces

To further understand the relationship between nanograin formation
and crack initiation, the microstructure is examined for a specimen
experiencing VHCF loading of 1.37 x 10° cycles under the stress
amplitude o, = 588 MPa. This specimen has no main crack but multiple
micro cracks on the specimen surface. It is found that some nanograins
have formed in the non-cracking region. Fig. 5a shows the SEM image of
a non-cracking region of the fatigued specimen. The nanograins in the
non-cracking region are identified by the IPF and phase map in Fig. 5b
and 5c. Moreover, the nanograins appear at the micro crack tip in the
specimen after VHCF loading, as shown in Fig. 5i-5k and 5u-5w. Fig. 5i-
Sk are the SEM image, IPF and phase map of the micro crack tip in region
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Fig. 2. Microstructure of the TC17 alloy. a and b: IPF and phase map (blue color: o phase, yellow color: p phase). ¢ and d: close-ups of IPF and phase map for the
rectangular region in a, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Stress-life data of tested specimens.

1 in Fig. Se, respectively, and Fig. 5u-5w are the SEM image, IPF and
phase map of the micro crack tip in region 4 in Fig. Se, respectively. This
indicates that the nanograin formation is not only the result of the high
stress at crack tip. It can happen before the formation of micro cracks
during the VHCF loading. Then, the micro cracks could nucleate along
the boundaries between the nanograin and the coarse grain or within the

nanograin regions due to the microstructural inhomogeneity caused by
nanograins, as shown in Fig. 5m-50 and 5q-5s. Fig. 5m-50 are the SEM
image, IPF and phase map of the micro crack in region 2 in Fig. Se,
respectively, and Fig. 5q-5s are the SEM image, IPF and phase map of the
micro crack in region 3 in Fig. 5e, respectively.

4. Discussion
4.1. Deformation twins and nanograin formation mechanism

The findings in Sec. 3.4 clearly provide a clue for the micro crack
formation, which is related to the formation of o nanograins. This
stimulates us to find the basic mechanism of how the o nanograins
generate under VHCF loading. Then, some o grains (hexagonal close-
packed structure) are carefully examined for the present TC17 alloy
after VHCF loading, and deformation twins are found in the non-
cracking region by the analysis of EBSD data via HKL CHANNELS5 soft-
ware. The deformation twins are identified through the grain boundaries
satisfying the twin mode [24], and a tolerance of + 5° deviation is used
[25,26]. The Schmid factors for the parent grains and twin variants in
the non-cracking region in Fig. 5b are shown in Fig. 6a. Extensive twins
have also been observed at or very near the fatigue fracture surface in
the crack initiation and early growth region in Fig. 5n, Fig. 4e and
Fig. 4i. The corresponding Schmid factors for the parent grains and twin
variants are shown in Fig. 6b-6d, respectively. This implies that the
nanograin formation is associated with twinning behavior. The twinning
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Fig. 4. SEM, EBSD and TEM observations of the specimen failed at 1.88 x 107 cycles under o, = 609 MPa. a: SEM image of the whole fracture surface. b and c: close-
ups of the crack initiation and early growth region in a, the short lines in ¢ denote the locations of extracted micro samples 1 and 2. d-g: SEM image, IPF, phase map
and kernel average misorientation (KAM) map of extracted sample 1 in c, respectively. h-k: SEM image, IPF, phase map and KAM map of extracted sample 2 in c,
respectively. I: TEM bright field image of extracted sample 2 in c, the SAD patterns are for the circular regions I and II just beneath the cracking surface, respectively.

m: close-up of region A in 1.

planes are {1011} (compression twin) and {1012} (extension twin). It is
discovered that most of the Schmid factors for basal slip system are very
small for the parent grains with {1011} twins (Fig. 6). The associated
Schmid factors for basal slip system of {1011} twin variants are
commonly increased compared to the parent grains, i.e., compression
twins preferentially orient for basal slip. While for {1012} twins, most of
the Schmid factors for basal slip system of the parent grains are bigger,
and the Schmid factors for basal slip system of {1012} twin variants are
generally decreased compared to the parent grains. These results indi-
cate that the type of twinning system triggered during the fatigue

loading depends on the initial orientation of grains and the deformation
condition [27,28]. The values of KAM map in Fig. 4g and 4k, Fig. 5d and
5p further indicate that the deformation is often severe in the local re-
gion of the parent grain where the {1012} twin forms. The dislocation
tends to accumulate in the o grain with a bigger Schmid factor for basal
slip system due to the locally high stress. When the dislocation accu-
mulation reaches a value, twinning is triggered to meet the strain
compatibility requirement. This could explain the reason why the
{1012} twin tends to appear in the parent grain with a bigger Schmid
factor for basal slip system. Moreover, the secondary twinning is
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Fig. 5. SEM and EBSD observations for non-cracking region and mated crack surfaces of a fatigued specimen experiencing 1.37 x 108 cycles under o, = 588 MPa. a:
SEM image of non-cracking region. b-d: IPF, phase map and KAM map corresponding to the rectangular region in a; arrows in d point to the bigger plastic strain
regions. e: SEM image of a small crack. f-h: IPF, phase map and KAM map corresponding to e, respectively. i-l, m-p, g-t and u-x: close-ups of SEM image, IPF, phase
map and KAM map of the rectangular regions 1-4 in e, respectively; arrows in i, m and q point to the unconnected region between micro cracks. Loading direction is

up and down along the paper.

observed for the {1011} twin variant (grain 2 in Fig. 6¢). This suggests
that the locally high-stress concentration caused by slip or twin inter-
action with grain boundaries could lead to further twinning during the
fatigue loading.

Twinning is initiated by heterogeneous nucleation based on the re-
sults of single crystals of hexagonal close-packed metals, cadmium and
zinc [29]. The dissociation of some dislocation configuration into a
single-layered or multi-layered stacking fault leads to the twin nucleus.
Under VHCF loading, the stress is lower and the plastic deformation only
occurs in some local grains. The dislocations due to the locally high

stress pile up during the fatigue loading and then the high-stress con-
centration results in twinning in preferentially oriented « grains [30,31].
The locally high stress during the further cyclic loading causes the twin
growth by the steps of heterogeneous nucleation due to some extended
defect configuration, the pole mechanism, cross-slip sources, etc.
[29,32,33]. It is noted that twinning prevails at low temperatures and
the higher frequency is favorable for twinning [29]. An analysis is also
performed for the « grains in the crack initiation and early growth region
(Fig. 6 in Ref. [8]) for the same TC17 alloy under the conventional
frequency of 50 Hz in VHCF regime and the twinning phenomenon is
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Fig. 6. Schmid factor for basal slip system. a-d: Parent grains and twin variants in Fig. 5b, Fig. 5n, Fig. 4e and Fig. 4i, respectively.

TC17 is an a + p titanium alloy. The p phase is a body-centered cubic
structure and favors deformation, while the hexagonal close-packed o
phase is relatively hard to deform. During the cyclic loading, the

observed (Fig. 7). This result indicates that the formation of deformation
twins in Ti alloys is a common phenomenon during the VHCF loading,
which is independent of the loading frequency and loading type.

I Titanium cubic

<1210> I Parent grain
{1012} N Extension twin

Fig. 7. EBSD results for the extracted sample in Fig. 6 in Ref. [8]. a-c: IPF, phase map and KAM map, respectively. d: Schmid factors for basal slip system of the parent

grain and twin variants in a.
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microstructural inhomogeneity and deformation incompatibility induce
the locally high nonuniform deformation (e.g., the regions where the
arrows point to in Fig. 5d) and the high-stress concentration leads to the
occurrence of twinning in favorable o grains [30,31]. The interaction
between twinning systems causes the formation of dislocation cells or
walls, the nucleation of microbands, and then the formation of low angle
and polygonal submicron grains, and further the nanograins [34]. The
lamellar subgrains could also be caused by the crystallographical slip
and the followed propagation by multiple or cross slips due to stress
concentration [35]. The intersection of subboundaries further results in
the smaller refined grains, and finally the nanograins. The slip bands and
subgrains are both observed in the o grains for the present Ti alloy in
VHCF regime (Fig. 41 and 4m). This indicates that the slip is also a
contributor to the nanograin formation of Ti alloys [35,36]. The locally
high stress causes this process during the cyclic loading. The rotation
recrystallization might play an important role in the nanograin forma-
tion of Ti alloys during fatigue loading [35], which absorbs dislocations
and accommodates further deformation [37].

S, Max. Principal
(Avg: 75%)
+1.000e+00

+5.518e-01
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4.2. VHCF cracking mechanism

The results in Figs. 4 and 5 indicate that fatigue cracks could initiate
at the boundaries between nanograin and coarse grain regions or within
nanograin regions, which reveals that the nanograins formed during the
cyclic loading play a vital role in the crack initiation and early growth in
VHCF regime. The nanograin formation increases the microstructural
inhomogeneity in local regions, which promotes the crack initiation and
early growth [38,39].

For a further validation, the finite element analysis on the stress field
is performed for a region of coarse grains with local nanograins before
crack formation by Abaqus software. The simulated region is created
referring to the SEM image, IPF and phase map shown in Fig. 8a-8c,
respectively. The geometric model with the boundary conditions and the
loading direction is shown in Fig. 8d, and the thickness is 0.2 pm. The
grains are regarded as anisotropic materials. The crystallographic
orientation information is extracted from IPF by EBSD. The merged
nodes are used to deal with the boundaries of different phases or grains,
i.e., the nodes on the common edge are shared by adjacent phases or

Fig. 8. Finite element analysis of a region with local nanograins. a-c: SEM image, IPF and phase map referred for the simulated region, respectively. d: geometric
model with boundary conditions and loading direction by arrows, the thickness is 0.2 pm. e: meshes of the model, the colors denote the different crystallographic
orientation. f: close-up of the rectangular region in e. g: first principal stress contour. h: close-up of the rectangular region in g, the arrows point to the location of the
5 dimensionless maximum stresses and the numbers indicate the values. i: the corresponding geometric model for h, the colors denote the different crystallographic
orientation and the arrows point to the location of the 5 dimensionless maximum stresses.
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grains. The single-crystal elastic constants of a and § phases are obtained
from literature [40,41]. The finite element model is meshed by C3D8R
(three-dimensional 8-noded hexahedral elements with reduced inte-
gration). The element size is 0.05 pm for the refined grain regions and
0.1 pm for the others, as shown in Fig. 8e and 8f, respectively. The re-
sults indicate that the stress could be quite high within nanograin re-
gions (locations A and B in Fig. 8i) or along the boundary between the
nanograin and coarse grain regions (location C in Fig. 8i) in the local
region. It accords with the observation of crack path manifesting the
nanograins in Fig. 5n and 5r in VHCF regime. The results for the crack
initiation preferred within nanograin regions are also consistent with the
experimental data that the stress-life curves merge in VHCF regime for
the ultrafine-grained titanium and the coarse titanium [39]. Once the
crack forms, it could grow along the boundaries between the nanograin
and coarse grain regions or within nanograin regions due to the lower
near-threshold crack growth resistance in refined grains [42,43]. The
occurrence or growth of the crack increases the locally high stress at the
crack tip and induces the further nanograin formation and crack
extension under fatigue loadings.

On the other hand, the micro crack could nucleate at first in larger
a-phase, a-phase clusters, a-f interfaces, etc. due to the microstructural
inhomogeneity and deformation incompatibility in VHCF regime
[44,45], namely that the micro crack formation could not need to un-
dergo the process of nanograin formation. In this case, the nanograin
formation is not a precursor to the crack initiation in VHCF regime. This
is observed for the present Ti alloy (Fig. 5i-5k). In this case, the local
nanograin formation (e.g., in the vicinity of a crack tip) might also occur
due to the locally high stress at the crack tip during the following fatigue
loading, similar to the nanograins formed at the crack tip in Fig. 5j and

International Journal of Fatigue 167 (2023) 107331

Summarizing the above observations, the basic mechanism for the
crack initiation and early growth of Ti alloys in VHCF regime is proposed
below (Fig. 9): (i) The locally high stress due to dislocation accumulation
causes the formation of twinning, slip or micro crack during the fatigue
loading, as shown in Fig. 9(i). (ii) The interaction between twinning
systems or dislocations induces the formation of dislocation cell or wall,
further the microbands or submicron grains, and finally the nanograins.
Then, the micro crack forms along the boundaries between the nano-
grain and coarse grain regions or within nanograins. Meanwhile, the
micro crack could form in local regions due to the microstructure in-
homogeneity and deformation incompatibility (i.e., irrespective of the
nanograin formation) during this process, as shown in Fig. 9(ii). (iii) The
locally high stress at the tip of crack (no matter it forms due to the
nanograin formation or irrespective of the nanograin formation) pro-
motes the formation of nanograins, and the nanograins again promote
the micro crack growth. The micro crack grows or coalesces, and the
growing crack causes the nanograin formation or micro crack formation
again during the further fatigue loading, as illustrated in Fig. 9(iii); (iv)
The process (iii) continues until the crack initiation and early growth
stage is finished, as depicted in Fig. 9(iv).

Our model elucidates the process of crack initiation and early growth
that manifests the microstructure evolution, and it for the first time in-
corporates the role of twinning in the nanograin formation and the
followed cracks in Ti alloys during the VHCF loading. In comparison, the
previous model on repeating contact of crack surfaces [11,19,22,46]
cannot give a complete explanation for the nanograin formation in non-
cracking regions and at crack tips, and the crack paths along the
boundaries between the nanograin and coarse grain regions. In the
scenario due to dislocation interaction, the deformation twins formed
during the fatigue process are not observed and the role of twinning is

5v.
R
S@iagds

i %(\

Micro, crack

Fig. 9. Schematic of crack initiation and early growth of Ti alloys in VHCF regime.
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not involved in the crack initiation and early growth accompanying with
the microstructure evolution for Ti alloys [12,15]. The new model could
explain the different microstructure characteristics (i.e., nanograin
layers, local regions of nanograins, and no nanograin phenomenon)
observed in the rough area for Ti alloys in VHCF regime [8,11,12,46]. It
also explains the internal cracking from defects with a layer of nano-
grains in the rough area for VHCF of additively manufactured Ti alloys
[47], namely that the stress concentration caused by the defect promotes
the tendency of dislocation accumulation or twinning formation, and
further the nanograin formation and micro cracks within nanograins,
and finally the rough area with nanograin layer microstructure.

5. Conclusions

In this paper, the nanograin formation and cracking mechanism in
VHCF regime are investigated for a TC17 alloy based on SEM, EBSD and
TEM observations of the samples extracted in the crack initiation and
early growth region and the sample cut from the fatigued specimen after
VHCF loading. The main results are as follows:

(1) Deformation twins are found in the non-cracking region and at or
very near the fatigue fracture surface in the crack initiation and
early growth region under VHCF loading. For {1011} twins, most
of the Schmid factors for basal slip system of the parent grains are
very small, and the Schmid factors for basal slip system of the
{1011} twin variants are commonly increased compared to the
parent grains. While for {1012} twins, most of the Schmid factors
for basal slip system of the parent grains are bigger, and the
Schmid factors for basal slip system of the {1012} twin variants
are generally decreased compared to the parent grains. The sec-
ondary twinning is observed for the {1011} twin variant, indi-
cating that the locally high-stress concentration caused by slip or
twin interaction with grain boundaries could lead to further
twinning during the fatigue loading.

(2) Nanograin formation is observed in a grains of the TC17 alloy
after VHCF loading, and twinning is revealed to be a main
contributor to the nanograin formation. The locally high-stress
concentration results in the twinning or slip in preferentially
oriented o grains. Then, the interaction between twin systems or
dislocations induces the formation of dislocation cells or walls,
the nucleation of microbands, and finally the nanograins.

(3) The nanograins formed during the fatigue process increase the
microstructural inhomogeneity in local regions. As a result, the
nanograin regions and the boundaries between the nanograin and
coarse grain regions become preferential sites for crack initiation
and early growth in VHCF regime. The finite element analysis
demonstrates the nanograin-related fatigue cracking behavior.
The crack initiation and early growth of Ti alloys in VHCF are
attributed to the cracks caused by the nanograin formation due to
twinning or dislocation sliding in combination with the cracks
formed irrespective of the nanograin formation during the fatigue
loading.

The findings advance a new insight into the failure mechanism of
metals in fatigue, and may provide a guidance for the design of alloys
with high resistance to VHCF.
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