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Abstract With regard to very-high-cycle fatigue (VHCF) of high-strength metallic materials, we previously proposed
the concept of crack initiation characteristic region and the related characteristic parameter (IJFatigue 2014, 58: 144-151),
and proposed the numerous cyclic pressing (NCP) model to reveal the formation mechanism of this characteristic region
(IJFatigue 2016, 89: 108-118). This crack initiation characteristic region is so-called fine granular area (FGA) on fracture
surface for high-strength steels or rough area (RA) on fracture surface for titanium alloys. In recent years, the
investigators in fatigue research field have paid great attention to the topic of crack initiation of VHCF for high-strength
metallic materials and obtained new results. Therefore, several issues on this topic are of great interests and are necessary
to be clearly addressed. These include: Does the microstructure refinement as well as nanograin formation in crack
initiation characteristic region happen before or after crack initiation? What is the correlation between applied stress ratio
and the formation of crack initiation characteristic region? What are the details of refined microstructure in crack

initiation characteristic region including the thickness and the distribution of nanograins? Is vacuum environment the
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necessary condition for the formation of crack initiation characteristic region? What are the features of crack initiation
characteristic region in different materials or with different loading modes? This article will clarify such issues by the
comprehensive review of the recent results in the literature. This article will also briefly describe the important
implications of the crack initiation characteristic region concept and the NCP model, which include: the assessment and
prediction of VHCF properties for high-strength metallic materials, the approach to improve the VHCF properties of
additively made metallic materials, and the possibility of manufacturing thin film metallic materials with nanograin

microstructure. Specially, this article is dedicated to the memory of my supervisor Prof. Che-Min Cheng who passed

away on August 25, 2021.
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Fig. 1 (a) SEM image of VHCEF internal crack initiation (R =—1, Ny =
1.79 x 107) for a high-strength steel (1% C, 1% Cr)!" and (b) schematic
of VHCF crack initiation characteristic region together with fracture
surface
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Fig.2 SEM image of VHCF internal crack initiation (R = 0.5, o, =
468 MPa, N; = 4.61 x 10%) for a titanium alloy (Ti-6Al-4V)®l: (a) RA
morphology of fracture surface and (b) arrows indicating facets in
the RA region
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Fig. 3 Ratio of crack initiation life to total fatigue life
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Fig. 4 Crack growth rate in initiation characteristic region of VHCF as
a function of fatigue life
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Fig. 5 SEM images for a high-strength steel (GCr15) specimen under
variable amplitude cycling (CGD: crack growth direction) (R =—1, N;=
1.3 x 10%) 131 (a) crack growth traces in FGA region, (b) enlargement of
crack growth traces in (a), and double arrow bars indicating trace width
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Fig. 9 VHCEF crack initiation region of a martensitic stainless steell
(a) 0, = 530 MPa, N;=2.68 x 107, R = —1, (b) profile section of
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rectangular bar in (a) showing nanograin layer in localized domain
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Fig. 12 Fracture surface morphology of VHCF crack initiation region at
R = 0 for a titanium alloy (g, = 207 MPa, N; = 8.633 x 10%)12?]
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Fig. 12 and (b-e) isolated spots of selective electron area diffraction
(SAD) indicating no evidence of microstructure refinement!??l, SAD
diameter 200 nm
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989 MPa, N;= 1.11 x 10%), B2 (R=-0.5, 5, = 633 MPa, N;=4.81 x 10%),
(b) WELALUEL A 4 DI (R=-1, 6, = 550 MPa, N;=4.52 x 107),
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Fig. 14  Grain size distribution of nanograin layer in crack initiation
characteristic region of VHCF?%, (a) high-strength steels, A1 (R =—1,
6, =775 MPa, N;=2.40 x 107), B1 (R =—1, g, = 989 MPa, N;=1.11 x
10%), B2 (R =-0.5, 5, = 633 MPa, N;= 4.81 x 10%), (b) titanium alloys

with duplex microstructure, D1 (R = -1, 0, = 550 MPa, N; = 4.52 x 10),
D2 (R=-1, 6,= 450 MPa, N;= 1.79 x 10°), (c) titanium alloys with
equiaxed microstructure, E1 (R = -1, g, = 444 MPa, N;= 1.06 x 10%), E2
(R=-1, 0,= 434 MPa, N;=4.51 x 10%)
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Fig. 18 Fracture surface morphology of VHCF crack initiation region
for a titanium alloy (R = —1, g, = 444 MPa, N;= 1.508 x 10%), rectangular
bar being location for profile sampling/??!
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Fig. 19 (a) TEM image of sample Al shown in Fig. 18 (R=-1, 0, =
444 MPa, N;= 1.508 x 10%), (b-¢) SAD pattern showing nanograins in
fracture surface layer and (f, g) SAD pattern showing coarse grain
microstructure away from fracture surface??, SAD diameter 170 nm
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Fig. 20 SEM image of VHCF crack initiation characteristic region at
R =1 for a structural steel®'): (a) gy, = 900 MPa, Ny= 2.1 x 107 and
(b) Opax = 825 MPa, N;= 1.6 x 10®
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Fig. 21 TEM image of the sample at the location of rectangular bar
shown in Fig 20(b) and related SAD patterns?!), SAD diameter 200 nm
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Fig. 22 (a) SEM image of VHCEF crack initiation characteristic region
for a high-strength steel under variable amplitude loading (R =—1,
oum= 950 MPa, op =750 MPa, Nf: 1.6 x 107, ny= 1x 104, ny = 5%
10%), (b) TEM image of the sample from the location of dashed rectangle
in (a), (c,d) discontinuous diffraction rings of SAD at the location just
underneath fracture surface indicating nanograins and (e) SAD pattern of
isolated spots away from fracture surface indicating no evidence of
microstructure refinement!'*], SAD diameter 280 nm
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Fig. 23 Morphology of VHCF crack initiation characteristic region of a
titanium alloy (R = —1, 6, = 550 MPa, N;=4.52 x 107)"%, original
microstructure of equiaxed o phase at fracture surface layer,

SAD diameter 250 nm
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Fig. 24 Morphology of VHCF crack initiation characteristic region of a
titanium alloy (R = —1, 6, = 450 MPa, Ny = 1.79 x 10°)11%, original
lamellar microstructure at fracture surface layer, SAD diameter 250 nm
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Fig. 25 Morphology of VHCF crack initiation characteristic region of a
bimodal titanium alloy (R = —1, 6, = 400 MPa, N;=2.84 x 10%)1%*: (a)
SEM image of facture surface of crack initiation region, (b) TEM image
of FIB sample at 01 location in (a) and (¢) TEM image of FIB sample at

02 location in (a)
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Fig. 28 (a) Whole morphology of VHCF fracture surface of a high-
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10%) and (b) enlargement of crack initiation region in (a)>*
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K29 (a) WRLPEIE IR G Sk FEE R A9 (0, = 400 MPa, Np=
2.84 x 10%, R=—1) Wi A TES], (b) B (a) HHARGUHE A X Jm
K, () B ER A Gl 2 8% 57 (R = -1, 0, = 233 MPa, Ny =
6.59 x 10%) WiZ I JES12, (d) 18] (o) 2L L X R B BeR
Fig.29 Whole morphology of VHCF fracture surface of a
conventionally made titanium alloy specimen (o, = 400 MPa, N;=2.84 x
108, R =—1)1%1, (b) enlargement of crack initiation region in (a), (c)
whole morphology of VHCF fracture surface of an additively made
titanium alloy specimen (R = -1, 6, = 233 MPa, N;= 6.59 x 10%)132l and
(d) enlargement of crack initiation region in (c)
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B30 (a) B 29(d) P2 1 EARIURE: 5 () TEM E%, Bvh g Fil b 4b
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TEM FEME, Flo & Fl 14k SAD IRAZATH BE SR IR A H AR a0 1652,
SAD H.1% 200 nm
Fig. 30 (a) TEM image of the sample at P2 location shown in
Fig. 29(d), SAD patterns of discrete rings at g and 4 indicating nanograin
layer®?! and (b) TEM image of the sample at P3 location shown in
Fig. 29(d), SAD patterns of isolated spots at £ and / indicating no
evidence of microstructure refinement®?, SAD diameter 200 nm
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31 HEMERGEAFE R = 0.5 = HJEDT7 (0,=90 MPa, N;=1.26 x
10%) 2L P #0 A W 2L T B 502): (a) WA AT 30, (b) LU0 4=
BOBH, (o) 2L s i g, Jorh P4 Je /20 TR FIB A it iz
H, PS5 AAEREEFIAIK FIB A i (L
Fig. 31 Fracture surface morphology of internal crack initiation for an
additively made titanium alloy specimen experienced VHCF (R = 0.5,
0, =90 MPa, N;y= 1.26 x 10%)2: (a) whole fracture surface morphology,
(b) crack initiation region morphology and (c) enlargement of crack
initiation region, P4 being the facet location for FIB sampling and
PS5 being the location outside facet for FIB sampling
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K 32 BEAHER S 4r R = 0.5 HE %57 (6, = 90 MPa, Np=1.26 x 10%)
FAGUH B X PR AR TESRB2): (a) 1] 31(c) P4 A BAREUR: S 1 TEM 1
1, Bl g Al b AL1¥) SAD AT BE RIS 1 R 1L (b)
&l 31(c) P5 o B AR S 1) TEM IR, B kAt 1 AR SAD ka7
TN DE AT REAR S ) R 404k, SAD H 4% 200 nm
Fig. 32 Morphology of VHCF crack initiation region of an additively
made titanium alloy for R = 0.5 (g, = 90 MPa, N;= 1.26 x 10%)1*2]: (a)
TEM image of the sample at P4 location shown in Fig. 31(c), SAD
patterns of isolated spots at g and 4 indicating no evidence of
microstructure refinement and (b) TEM image of the sample at
PS5 location shown in Fig. 31(c), SAD patterns of isolated spots at k and /
indicating no evidence of microstructure refinement, SAD diameter
200 nm
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Fig. 33 (a) Fatigue strength at 107 (,7) and 10® (c,5) cycles as a
function of porosity for an additively made titanium alloy and (b) S-N

data of test groups with different values of porosity!*®!
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