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A B S T R A C T

The microstructural features underneath the fracture surfaces of high-strength alloys experienced very-high-
cycle fatigue were further investigated to show the nanograin layer in crack initiation regions under negative
stress ratios due to numerous cyclic pressing (NCP) mechanism. The grain size and the thickness of nanograin
layer in fine granular area of high-strength steels and rough area of titanium alloys were measured. A normalized
quantity d* was proposed to characterize the distribution of the nanograin size. A new schematic to express NCP
process was depicted to describe the contacting actions between crack surfaces, which causes the microstructure
refinement of the high-strength alloys.

1. Introduction

In recent decades, many engineering structures and components in
transportation industry, such as aircrafts, automobiles, high-speed
trains, etc., require not only high strength but also high fatigue re-
sistance to ensure their long-term safety and stability. Therefore, very-
high-cycle fatigue (VHCF, i.e., failure cycles beyond 107) behavior of
metallic materials has become an important topic in structural integrity
[1,2]. Researchers have paid considerable attention to VHCF in-
vestigations of metallic materials, due to its specific mode of crack in-
itiation and fractographic features, which marks the emergence of the
new fatigue research area [3–5]. The behavior in VHCF of many high-
strength alloys, such as high-strength steels and titanium alloys, be-
comes more attractive owing to their wide engineering applications.

It has been known that for high-strength steels in VHCF regime,
cracks are prone to initiate from the subsurface at interior defects
(commonly inclusions) of a specimen. A relatively rough region named
fine granular area (FGA) is presented around the inclusion, and the FGA
region is surrounded by a flat fish-eye (FiE) region [6–10]. The unique
fractographic feature has attracted the interests of many researchers.
Nakamura et al. [11] conducted fatigue crack growth tests for a Ni-Cr-
Mo steel in a high vacuum environment to monitor subsurface crack
propagation and predicted that the crack growth rate is lower than
10−11 m/cycle in FGA region. Ogawa et al. [12] performed “two-step”
and “repeated two-step” loading tests for an SUJ2 steel and

extrapolated the value of da/dN to be between 10−13 and 10−14 m/
cycle in the FGA region by the detected beach marks in the FiE region.
Hong et al [13] also estimated from the tested data that the value of da/
dN is between 10−12 and 10−13 m/cycle in the FGA region for a high-
strength steel. Recently, Hu et al. [14] first captured the crack growth
traces in the FGA region under repeated two-step cycling for a high
carbon chromium steel and obtained the crack growth rate in the FGA
region ranging from 10−11 to 10−13 m/cycle. The above results showed
that the crack growth rate is much lower than the lattice spacing (10−10

m), suggesting that the process of crack growth in the FGA region
should be greatly influenced by the related microstructure. For this,
Zhao et al. [15] assumed that the process of crack initiation ends when
the plastic zone size at the crack tip equals to the characteristic size of
the material and proposed a model to calculate the range of stress in-
tensity factor at the periphery of FGA. The obtained values are very
close to the threshold values for the growth of long fatigue cracks and
also matched well with the experimental results reported in the lit-
erature [7,8,15–18]. Therefore, FGA is regarded as the characteristic
region of the internal crack initiation for high-strength steels in VHCF
regime [13]. Moreover, many prediction results showed that FGA re-
gion consumes the majority of total fatigue life [13,19,20]. When the
total fatigue life is beyond 5 × 107 cycles, the life consumed in FGA is
even larger than 99% [13].

Different from high-strength steels that usually contain micro-
structural defects like inclusions, titanium alloys (e.g. Ti-6Al-4V) are
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almost free of inclusions and voids. The microstructure of a titanium
alloy depends on the volume fraction and the shape of α phase and β
phase, in which α phase is of a hexagonal close-packed structure and β
phase a body-centered cubic structure. Based on the experienced heat-
treatment and manufacturing process, titanium alloys may have four
types of microstructure, i.e. the type of duplex, equiaxed, lamellar and
basket weave. In VHCF of titanium alloys, most of cracks initiate from
the cleavage of α phase to form facet morphology [21–24], and then the
coalescence of distributed facets forms a rough area (RA) on the frac-
ture surface. Similar to the FGA in high-strength steels, the range of
stress intensity factor in RA for titanium alloys is close to the threshold
value for the growth of long fatigue cracks, and most of the fatigue life
is consumed in RA. Thus RA is also regarded as the characteristic region
of the crack initiation in VHCF regime for titanium alloys [25].

Due to the important roles of FGA and RA in VHCF regime of me-
tallic materials, the formation mechanism of FGA and RA has been
widely investigated in the past two decades, and several investigations
have focused on the microstructure characteristics with relation to
crack initiation in the FGA region. Sakai [26] examined the micro-
structure beneath FGA by transmission electron microscopy (TEM), and

showed that a fine granular layer presents inside the FGA, whereas the
fine polygonization disappears in the location away from the FGA. Si-
milarly, Grad et al. [27] reported that an average grain size of about
70 nm exists in the FGA for a high-strength steel and proposed an FGA
formation mechanism called “local grain refinement at the crack tip”,
which was similar to the previously proposed model [26], and was
further extended recently by Spriestersbach et al. [28]. Kovacs et al
[29] examined failed VHCF specimens of a martensitic steel and re-
ported that a nanocrystalline layer with the thickness of about 3 μm
underneath the fracture surface formed during the fatigue test at
R = −1, whereas no fine grained area was detected at R = 0.1. With
regard to Ti-6Al-4V alloys, Oguma et al. [30] noticed the existence of
fine concave–convex particles on the fracture surfaces in a vacuum
environment and presumed that the metal–metal contacts may occur
during the unloading process, causing cold-welding at the fracture
surfaces to form RA for titanium alloys. However, the microstructure
details at the crack initiation region, i.e. FGA region of high-strength

Table 1
Chemical composition (wt%) of tested high-strength steels.

Material C Cr Mn Si S P Fe

A 1.06 1.04 0.88 0.34 0.005 0.027 Bal.
B 1.04 1.51 0.29 0.24 0.003 0.0058 Bal.

Table 2
Chemical composition (wt%) of tested titanium alloys.

Material Al V Fe N C O Ti

D 5.8 4.2 0.12 0.03 0.02 0.15 Bal.
E 5.96 4.13 0.16 0.015 0.02 0.18 Bal.

Fig. 1. SEM images showing tempered martensite for material A (a) and material B (b); SEM images showing duplex microstructure for material D (c) and equiaxed
microstructure for material E (d).

Fig. 2. Size distribution of α grains for two titanium alloys D and E.
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steels or RA region of titanium alloys, including the thickness of refined
microstructure layer and the refined grain size distribution, are still
unclear.

In order to understand the formation mechanism of FGA more
reasonably, Hong et al. [31] analyzed the microstructure feature in the
crack initiation region (CIR) of the specimens failed under different
stress ratios for high-strength steels. Their observations revealed that a
nanograin layer of FGA exists under negative stress ratios, whereas the
nanograin feature of FGA is diminishing or even extinguishing under
positive stress ratios. Based on such experimental results, a “numerous
cyclic pressing (NCP)” model was proposed to explain the formation
process of FGA. Subsequent results obtained on structural steels [14,32]

and titanium alloys [25,33] validated the NCP model. Recent simula-
tion results [34–36] showed the strong contact actions between crack
surfaces under negative stress ratios and the prevalence of residual
stresses on the accumulation of plastic strain around the inclusion,
which were well-predicted by the NCP model, and again validated that
the formation of nanograins is associated with the process of crack
closure and residual stress relaxation. Nevertheless, the NCP model as
well as other models did not concern about the microstructure details in
CIR. In other words, if the detailed microstructure feature at the crack
initiation of VHCF for high-strength steels and titanium alloys is clearly
revealed, the previously proposed models will be further examined to
show the applicability. In fact, the detailed microstructure feature in

Table 3
Loading conditions and sampling locations for TEM samples.

Specimen Loading σa/MPa σmax/MPa σmin/MPa Nf/cycles Sampling location

A1 RB, R = −1 775 775 −775 2.40 × 107 FGA
A2 RB, R = −1 750 750 −750 5.08 × 107 FiE
B1 UL, R = −1 989 989 −989 1.11 × 108 FGA
B2 UL, R = −0.5 633 844 −422 4.81 × 108 FGA
B3 UL, R = 0.1 534 1187 119 1.84 × 107 CIR
B4 UL, R = 0.3 422 1206 362 9.76 × 107 CIR
B5 UL, R = 0.3 430 1229 368 8.70 × 108 FiE
D1 UL, R = −1 550 550 550 4.52 × 107 RA
D2 UL, R = −1 450 450 450 1.79 × 109 RA
D3 UL, R = 0.5 240 960 480 4.30 × 107 RA
E1 UL, R = −1 444 444 444 1.06 × 108 RA
E2 UL, R = −1 434 434 434 4.51 × 108 RA
E3 UL, R = 0.5 148 592 296 1.68 × 108 RA

Fig. 3. Observations of high-strength steel samples A1 and B2. SEM images showing fracture surface morphology: (a) A1 (R =−1, σa = 775 MPa, Nf = 2.40 × 107)
and (b) B2 (R = −0.5, σa = 633 MPa, Nf = 4.81 × 108), dashed rectangle representing sampling location; BFIs showing microstructure underneath FGA region of
(c) A1 and (d) B2; (e, f) DFIs showing microstructure for dashed boxes in (c) and (d); (g–j) SAD patterns showing discontinuous diffraction circles at the location just
underneath FGA surface.
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CIR will provide the direct and important evidence of microstructure
evolution during crack initiation process, which will help us to under-
stand the mechanism of crack initiation for VHCF of high-strength steels
and titanium alloys.

Therefore, the aim of this paper is to comprehensively investigate
the microstructure refinement of CIR in VHCF regime for high-strength
steels and titanium alloys. The sectional samples (TEM samples) pre-
pared via FIB technique in CIR were carefully examined by TEM with
selected area electron diffraction (SAD) detection to observe the mi-
crostructure morphology in CIR. The thicknesses of nanograin layers
were measured by SAD detection from a number of TEM samples of
high-strength steels and titanium alloys, and a normalized quantity d*
based on the electron diffraction mechanism [37] was introduced to
quantitatively describe the distribution of grain size along the crack
path. The obtained results indicated that larger contacting actions
(higher contact pressure and longer loading cycles) between crack
surfaces may promote grain refinement. In addition, based on the ex-
perimental results, a new schematic of crack initiation was depicted to
describe the NCP process that causes the microstructure refinement of
high-strength alloys.

2. Test materials and experimental procedures

2.1. Test materials

The test materials used in this investigation are two high carbon
chromium steels and two titanium alloys (Ti-6Al-4V) with duplex and
equiaxed microstructures. The chemical compositions of four materials
are listed in Tables 1 and 2. These four materials were marked as A, B, D
and E, in which materials A and B are high-strength steels, and mate-
rials D and E are titanium alloys.

Hour-glass shaped specimens for fatigue testing were machined
from the annealed material bars. For the steel specimens, two heat-

treatment procedures were performed: austenitized at 845 °C for 2 h in
vacuum then oil-quenched and tempered for 2 h in vacuum at 180 °C
for material A, and austenitized at 845 °C for 1 h in vacuum then oil-
quenched and tempered for 2 h in vacuum at 180 °C for material B.
After such heat-treatment processes, identical microstructures of tem-
pered martensite were obtained for materials A and B as shown in
Fig. 1a and b. The tempered martensite is a mixed microstructure,
consisting of plate martensite (marked by arrows in Fig. 1a and b) and
spherical carbides. The average equivalent diameter of prior austenite is
13.6 μm for material A and 13.9 μm for material B, which were ob-
tained by the measurements of dozens of grains for each material on
polished and etched samples. The average width of martensite plates is
between 320 nm and 570 nm for material A and material B, which were
obtained by the measurements of dozens of plates for each material on
the SEM photos taken on polished and etched samples. The average
equivalent carbide diameter is 0.81 μm for material A and 0.89 μm for
material B, which were obtained by the measurements of about 100
carbides for each material on the SEM photos.

For Ti-6Al-4V alloys, the received material is of equiaxed micro-
structure, and Fig. 1d shows the equiaxed microstructure of material E,
in which the irregular transformed β is randomly distributed in
equiaxed α matrix. For material D, the specimen was heated at 920 °C
for 1 h, air-cooled, heated again at 550 °C for 4 h, and then air-cooled to
have the duplex microstructure consisting of equiaxed α grains and
lamellar structure as shown in Fig. 1c.

Note that equiaxed α grains in titanium alloys always act as crack
origins in VHCF failure, and the size of equiaxed α grains may play an
important role in the fatigue damage process. Hence, the sizes of
equiaxed α grains were measured for materials D and E as shown in
Fig. 2. It is seen that the average equivalent diameter of equiaxed α
grains for the duplex titanium alloy (material D) is 9.5 μm, which is
three times that of the equiaxed titanium alloy (material E). The ulti-
mate tensile strength is 1849 MPa for material A, 1896 MPa for material

Fig. 4. SEM images of crack initiation region (specimens B3 and B4) and fish-eye region (specimens A2 and B5), rectangle in each image being the location for TEM
sample cut by FIB: (a) B3 (R = 0.1, σa = 534 MPa, Nf = 1.84 × 107), (b) B4 (R = 0.3, σa = 422 MPa, Nf = 9.76 × 107), (c) A2 (R = −1, σa = 750 MPa,
Nf = 5.08 × 107), and (d) B5 (R = 0.3, σa = 430 MPa, Nf = 8.70 × 108).

Y. Chang, et al. International Journal of Fatigue 134 (2020) 105473

4



B, 945 MPa for material D and 980 MPa for material E, which were
obtained by uniaxial tensile testing with cylindrical specimens at room
temperature [21,31,33].

2.2. Sample preparation and TEM characterization

Rotary bending (RB) and ultrasonic axial loading (UL) are common
methods for VHCF testing. In the previous research accomplished in our
group, material A was tested by RB method with R=−1, and materials
B, D and E were tested by UL method (equipped with a tensile machine
to superimpose required mean stress) running at the resonant frequency
of 20 kHz with several stress ratios. After the fatigue testing, fracture
surfaces of all failed specimens were observed by scanning electron
microscopy (SEM). The detailed results regarding the fatigue testing
and fracture surface observations were described in Refs. [21], [31] and

[33]. In the present research, 13 specimens failed in VHCF regime,
including 7 of high-strength steels and 6 of titanium alloys, were se-
lected for the preparation of TEM samples at certain positions in CIR by
FIB technique. The loading conditions of the selected specimens and the
related sampling locations are listed in Table 3.

In the TEM sample preparation, a Pt coating layer was deposited at
the selected location to protect the fracture surface. Then, a Ga + beam
was used to cut the front and rear flanks of the selected location. Next,
the slice was placed on the pillar of the copper net by using a me-
chanical micromanipulator. Finally, the Ga + beam was used again to
thin the sample until its thickness reduces to about 50 nm. Such sam-
ples, each with the size of 10 μm × 5 μm × 50 nm, were then carefully
examined by TEM (FEI Tecnai G2 F30 S-TWIN), and the microstructure
characteristics were detected by SAD with an aperture diameter of
200 nm. The existence of nanocrystalline or the thickness of nanograin

Fig. 5. TEM images and associated SAD patterns of isolated spots at the locations just underneath fracture surface: (a) sample B3, (b) sample B4, (c) sample A2, and
(d) sample B5.
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layer was detected by SAD method. The SAD examination was con-
tinuously performed from the surface of FGA or RA to the inside area.
At the location that the related SAD becomes isolated spot patterns,
then the point between this detection and the previous one with na-
nograin diffraction was the boundary of nanograin layer. Thus the
thickness of nanograin layer was readily obtained.

3. Results and discussion

3.1. Microstructural features in CIR for high-strength steels

Fig. 3 presents the TEM observations of microstructural features for
samples A1 and B2 cut via FIB in the FGA region of the specimens failed
under R = −1 and R = −0.5, respectively. Fig. 3a and b illustrate the
fractographic information of failed specimens A1 and B2, in which the
inclusions were surrounded by the clear FGA region and the sampling
location was shown by a dashed rectangle. Fig. 3c and d show the
bright-field images (BFIs) of the microstructure of these two samples,
and on the top of these two images a platinum coating layer was de-
posited to protect the fracture surface. The dark-field imaging mode of
TEM was used to scan the entire profile so as to show more information
about the microstructure near the fracture surface. Results of dark-field
images (DFIs) in observed local areas are shown in Fig. 3e and f, where
a thin layer containing many fine particles with tens of nanometers is
displayed near the fracture surface, suggesting the formation of nano-
grains in the FGA region. As shown in Fig. 3g–j, discontinuous dif-
fraction rings are presented from SAD examinations of sample profiles,
indicating the existence of several grains within the diffraction area of
200 nm in diameter.

For the purpose of the examination for the cases other than in the

FGA region under negative stress ratios, two TEM samples were pre-
pared from CIR on the fracture surfaces of the specimens failed under
positive stress ratios and another two TEM samples were prepared from
FiE outside FGA on the fracture surfaces of failed specimens. The as-
sociated fracture morphology of failed specimens and sampling loca-
tions are shown in Fig. 4.

Fig. 4a and b illustrate the SEM images of crack initiation region for
specimens B3 and B4, respectively. Both specimens failed due to fatigue
crack initiation from the interior of specimen. It is seen that with the
increase of stress ratio, the FGA feature is diminishing as shown in
Fig. 4a, even is extinct as shown in Fig. 4b. One TEM sample for each
specimen of B3 and B4 was prepared via FIB with the sampling location
close to the initiation site as shown by a dashed rectangle, and the
microstructural features are shown in Fig. 5a and b, which show that
the microstructure on both profiles is original martensite with the SAD
patterns being typical isolated spots, meaning no evidence of grain
refinement. Note that the SAD patterns on some locations exhibit
slightly elongated diffraction spots, which is the result of localized
plastic deformation, implying that the plastic deformation at the crack
tip can only cause certain extent of deformation in microstructure, but
is insufficient to produce nanograins.

For the purpose of further examination for the microstructure fea-
tures in FiE outside FGA, two TEM samples (A2 and B5) were prepared
from the FiE region of the failed specimens in VHCF regime under
R = −1 and R = 0.3. The loading conditions of these two specimens
are also listed in Table 3. Fig. 4c and d are the SEM images of the
fracture surface for specimens A2 and B5, in which the sampling lo-
cations (marked by solid rectangle) are close to the outer boundary of
FiE. Fig. 5c and d illustrate their microstructural features, which show
the microstructure is original martensite. The related isolated spot

Fig. 6. Microstructural features of samples D1 and D2. (a, e) Fracture surface morphology of failed specimen D1 (R = −1, σa = 550 MPa, Nf = 4.52 × 107) and D2
(R = −1, σa = 450 MPa, Nf = 1.79 × 109), showing RA (dotted circle) and sampling location (solid rectangle); (b, f) BFIs of microstructure underneath RA; (c, d, g,
h) SAD patterns of discontinuous diffraction circles at the location just underneath RA surface.
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patterns indicate only one grain within the diffraction area of 200 nm in
diameter. In brief, the results of the microstructure characteristics for
samples A2 and B5 indicate that the microstructure underneath the
fracture surface in the FiE region outside FGA does not undergo grain
refinement, which is likely related to the insufficient pressing during
cycling because of the relatively faster crack growth rate in the FiE
region outside FGA.

3.2. Microstructural features in CIR for titanium alloys

Figs. 6 and 7 present TEM examinations of four TEM samples cut in
RA regions of the specimens failed in VHCF regime under R = −1 for
duplex and equiaxed titanium alloys. Fig. 6a shows the morphology of
the crack origin on the fracture surface for specimen D1, where the
dashed circle represents the RA region and the solid rectangle re-
presents the sampling location. The upper right corner of Fig. 6a shows
the enlargement of TEM sample (D1) extraction via FIB. Fig. 6b shows
the highly magnified image near the fracture surface of sample D1, in
which many fine particles (pointed by arrows) can be seen. The dis-
continuous diffraction rings illustrated in Fig. 6c and d again confirm
the existence of nanograins.

In addition, sample D2 was also examined by TEM with SAD de-
tection, and the results similar to sample D1 were obtained and shown
in Fig. 6e–h, revealing that microstructure refinement and nanograin
formation exist in the RA region of the specimens failed in VHCF regime
under negative stress ratio cases for duplex titanium alloys. Similarly,
specimens E1 and E2 of equiaxed titanium alloys failed in VHCF regime
were selected to prepare TEM samples for the examination of micro-
structure in RA region. The microstructures in CIR of these two speci-
mens are illustrated in Fig. 7a and b, in which cracks initiate on the
surface of the specimen with RA morphology. In fact, this failure type

occurred in most specimens that failed in VHCF regime for σm = 0 and
σm > 0 [33,38]. The DFIs, as shown in Fig. 7c and d, reveal a fine
granular layer underneath the RA region.

Compared with the results of duplex titanium alloys shown in Fig. 6,
the fine granular layer in equiaxed titanium alloys is thinner and dis-
continuous, as shown in Fig. 7d by arrows, which may be attributed to
the smaller size of the equiaxed α grains in the titanium alloys with
equiaxed microstructure. In general, with the increase of grain size in
metallic materials, the resistance to crack growth usually increases,
whereas the resistance to crack initiation decreases, and vice versa
[39,40]. In other words, cracks are easy to initiate but with high re-
sistance to propagate for the materials with large grain size, while
opposite trend occurs for the materials with small grain size. Therefore,
for equiaxed titanium alloys with small equiaxed α grains, cracks in-
itiated after a long period of cyclic loading and the initiated cracks were
easy to propagate in the subsequent period of cyclic loading, which
dramatically weakened the interactions between crack surfaces such
that the thinner fine granular layer was formed.

Similarly, for the examination of the microstructure in CIR for the
titanium specimens failed under the cases of positive stress ratios, two
TEM samples were cut via FIB from RA region on the fracture surfaces
of specimens D3 (R = 0.5) and E3 (R = 0.5), as shown in Fig. 8a and b,
respectively. The cracks initiated inside the specimen with a large RA of
several hundred micrometers in diameter appeared on the fracture
surface. Fig. 8c presents the BFI of D3 showing the Pt protection layer
and the original equiaxed microstructure. From the BFI of E3 illustrated
in Fig. 8d, one can see the original equiaxed microstructure with clear
grain boundaries. As presented in Fig. 8e–h, the SAD patterns of iso-
lated spots indicate that there is only one grain within the diffraction
area. It again validates that for the cases of VHCF for titanium alloys
under positive stress ratios, the microstructure underneath RA region is

Fig. 7. Microstructural features of samples E1 and E2. (a, b) SEM images of RA region for failed specimens E1 (R = −1, σa = 444 MPa, Nf = 1.06 × 108) and E2
(R = −1, σa = 434 MPa, Nf = 4.51 × 108), marked rectangle being the location for TEM sample cut by FIB; (c, d) DFIs of microstructure underneath RA; (e–h) SAD
patterns of discontinuous diffraction circles at the locations (e, f, g and h) just underneath RA surface.
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not refined for both duplex and equiaxed microstructures of titanium
alloys. It should be noted that for these specimens failed under positive
stress ratios, crack surfaces become free surfaces since the applied

loading condition is tension-tension, i.e., the compressive stress is zero.
As described in the NCP model [31], compressive stress (which will
induce localized shear deformation) is a dominant factor to the

Fig. 8. Microstructure features of specimens D3 and E3. (a) SEM image in CIR of D3 (R=0.5, σa = 240 MPa, Nf = 4.30 × 107); (b) SEM image in CIR of E3 (R=0.5,
σa = 148 MPa, Nf = 1.68 × 108); in (a) and (b) marked rectangle being the location of TEM sampling; (c) TEM image of microstructure feature underneath CIR for
D3; (d) TEM image of microstructure feature underneath CIR for E3; (e–h) SAD patterns of isolated spots at the locations (e, f, g and h) just underneath fracture
surface.

Fig. 9. Distributions of nanograin size just underneath fracture surfaces in CIRs for samples A1, B1 and B2 of high-strength steels (a), for samples D1 and D2 of
titanium alloy with duplex microstructure (b), and for samples E1 and E2 of titanium alloy with equiaxed microstructure (c).
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formation of nanograins underneath CIR in VHCF of metallic materials.
Thus, nanograins are less possible to be produced in the tension-tension
loading condition.

3.3. Distributions of nanograin size and thickness of nanograin layer

The nanograin size and the thickness of the nanograin layer for the
samples of high-strength steels and titanium alloys were measured to
analyze the sensitivity of microstructure to the formation of nanograins,
and the results are shown in Figs. 9 and 10. For the high-strength steels,
it is seen from Fig. 9a that the grain size ranges from 20 to 130 nm, and
the average equivalent diameters are 54 nm, 48 nm and 73 nm for
samples A1, B1 and B2, respectively. It is interesting that the average
nanograin size for the case of R = −1 is about 50 nm (A1 and B1), and
that for the case of R=−0.5 is 73 nm (B2), suggesting that for the case
of fully reversed cycling (R = −1), the process of grain refinement in
the FGA region is more remarkable thanks to the more severely con-
tacting actions between crack surfaces. For the titanium alloys, the
difference in grain size distribution and average size is evident. The
grain size range is between 60 and 160 nm with the average value of
110 nm for duplex microstructure (Fig. 9b), and the range is between
40 and 100 nm with the average value of 60 nm for equiaxed micro-
structure (Fig. 9c), which is in relation to the larger size of original α
grains for the former. Furthermore, the thickness variation of the na-
nograin layer along the crack growth path was measured for the sam-
ples and the results are shown in Fig. 10. It is seen that the thickness
ranges from 300 to 600 nm for the high-strength steels. For titanium
alloys, the thickness of the nanograin layer is between 200 and 500 nm
for equiaxed microstructure and is between 700 and 1500 nm for du-
plex microstructure, which is again attributed to the difference in the
size of original α grains discussed previously. In addition, the thickness

of the nanograin layer varies largely along the crack growth path, im-
plying the substantial influence of the microstructure on the formation
of local nanograins. Note that the nanograin size of B1 is slightly finer
than that of A1 (Fig. 9), and the nanograin layer thickness of B1 is
slightly thicker than that of A1 (Fig. 10), which is in relation to the
higher stress amplitude and longer loading cycles for A1.

3.4. Quantitative description of grain size underneath FGA and RA

The phenomenon of microstructure refinement and nanograin ap-
pearance underneath FGA and RA is a vital clue to understand the
formation mechanism of FGA and RA during VHCF regime of metallic
materials. The results presented in previous sections have confirmed the
existence of nanograins in FGA and RA for negative stress ratio cases,
whereas the detail of nanograin size distribution and the effect of ex-
ternal loading conditions on such distribution are still unclear.

As an effective approach for analyzing the microstructure of mate-
rials, SAD technique can be utilized to detect microstructure char-
acteristics objectively. According to the diffraction mechanism [37], an
SAD pattern will be a series of rings if the detected area contains many
grains with great difference in orientation, and with the increase of the
number of grains, namely more fine grains, the diffraction rings will
become more continuous. Therefore, we propose a normalized quantity
d* to quantitatively describe the nanograin size distribution in FGA and
RA regions:

=
∗d l

l0 (1)

where l0 is the perimeter of a completely continuous diffraction ring
associated with a given crystal plane family, and l is the total length of a
discontinuous ring measured in experiments. It is clear that the larger
value of d* represents the smaller grain size in the detected area.

In view of this, a number of discontinuous diffraction rings asso-
ciated with {1 1 0} planes for samples A1, B1 and B2 were measured,
and the results described by d* are illustrated in Fig. 11. The value of d*
notably decreases along the crack growth path, implying that the na-
nograin size gradually increases with the propagation of cracks, which
is likely resulted from the gradually-reduced pressing actions between
crack surfaces. Moreover, the datum points of B1 are evidently higher
than those of A1 and B2, suggesting that greater contacting actions
between crack surfaces and longer loading cycles promote the grain
refinement in CIR.

Similarly, many discontinuous diffraction rings associated with
{011̄1} planes for samples D1 and D2 were measured, and the results
described by d* are illustrated in Fig. 12a. Further, two specific 2-D
plots corresponding to Fig. 12a are drawn as shown in Fig. 12b and c so
as to have a plane view of the distributions of d* value as a function of
crack growth path and crack depth. Fig. 12b shows that the value of d*

Fig. 10. Variations of nanograin layer thickness with the distance away from crack origin for high-strength steels (a), and titanium alloys (b).

Fig. 11. Distribution of normalized quantity d* versus crack growth path for
TEM samples of high-strength steels.
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decreases evidently along the direction of crack depth, meaning the
gradual increase of grain size, which indicates that grains become finer
when they are closer to fracture surface. However, the variation of
value d* is insensitive to the distance along the crack growth path
within crack initiation region, as shown in Fig. 12c, which may be as-
cribed to the cleavage mode of crack initiation in RA region. For sam-
ples E1 and E2, the effective data are insufficient to construct the size
distribution due to the related nanograin layers being thin and inter-
mittent, and thus d* is not applicable for these two samples. Note that
the nanograin size of B1 is slightly finer than that of A1 (Fig. 9), and the
nanograin layer thickness of B1 is slightly thicker than that of A1
(Fig. 10), which is in relation to the higher stress amplitude and longer
loading cycles for A1. Note also that the nanograin thickness of B2 is
similar to that of B1, although the stress ratio of the former is −0.5
against the R value of −1 for the latter, which may be ascribed to the
much longer failure cycles for B2, thus to compensate the difference in
the negative part of loading actions.

In general, the microstructure refinement and nanograin formation
in the crack initiation region for high-strength alloys subjected to VHCF
under negative stress ratios will be affected by the value of stress ratio
and stress amplitude or loading cycles. For instance, compared with the
case of R = −0.5, the case of R = −1 will have relatively finer na-
nograins and thicker nanograin layer, and the longer loading cycles will
produce finer nanograins and thicker nanograin layer. The results of
Figs. 9 and 11 reflect more or less such trends. However, the measuring
methods of nanograin size are different for Figs. 9 and 11. The data of
nanogrian size in Fig. 9 were measured by dark-field images, but for
Fig. 11, the data of nanograin size were obtained based on SAD pat-
terns, which presents the average value of nanograin size in the selected
area with the diameter of 200 nm. Thus, this may cause some

inconsistencies between the two figures.

3.5. NCP process to form nanograins

As aforementioned, nanograins only exist in the FGA and the RA
regions of the specimens failed under negative stress ratios. According
to the accumulation of experimental results on high-strength steels and
titanium alloys, there are two issues should be addressed. First, there is
a remarkable difference in the morphology of CIR between high-
strength steels and titanium alloys. For high-strength steels, the mor-
phology in FGA is directly related to the existence of nanograins. But for
titanium alloys, there is no direct relation between the morphology in
RA and the formation of nanograins. This can be explained by the fact
that the RA morphology of titanium alloys is caused by the coalescence
of cleavage facets regardless of the state of stress ratio and micro-
structure. Also, it can be seen from the comparison of experimental
results between high-strength steels and titanium alloys that the in-
clusion is not a necessary condition to form nanograins. Therefore, a
new schematic of the NCP model is depicted as shown in Fig. 13, il-
lustrating the initiation and growth of the crack, and the formation of
the nanograin layer.

Fig. 13a illustrates the fatigue process of high-strength steels. First,
the cracks initiate at the interface between the inclusion and the matrix
under cyclic loading. Next, with the early propagation of the cracks,
nanograins are gradually formed at crack wake due to the contacting
action between crack surfaces. Then, with the continuation of crack
propagation and the pressing between crack surfaces, a nanograin layer
forms on the crack surfaces. Similarly, the fatigue processes of titanium
alloys are presented in Fig. 13b and c. In addition to internal crack
initiation in a few cases (Fig. 13b), the surface defect induced crack

Fig. 12. Distribution of normalized quantity d* for TEM samples of duplex titanium alloys. (a) 3-D plot; (b) 2-D plot showing the projection distribution of d* along
crack depth direction; (c) 2-D plot showing the projection distribution of d* along crack path direction.

Y. Chang, et al. International Journal of Fatigue 134 (2020) 105473

10



initiation commonly becomes overwhelming for the cases with negative
stress ratios (Fig. 13c). Under cyclic loading, the facet cracks keep
propagating and some of the adjacent cracks coalesce, and then nano-
grains may form. When the coalesced facets form a main crack in the
cluster, the tested specimen will soon become failure.

4. Conclusions

In this paper, the detailed characteristics of the microstructures in
CIRs of a number of failed specimens in VHCF regime for two high-
strength metallic materials (steels and titanium alloys) are system-
atically investigated. The conclusions are as follows:

(1) The FGA region of the high-strength steels under negative stress
ratios is a nanograin layer. The nanograin size ranges from 20 to
130 nm with the average size of 50 nm for the case of R = −1 and
73 nm for the case of R = −0.5, and the nanograin layer thickness
ranges from 300 to 600 nm.

(2) The RA region of the titanium alloys under negative stress ratios is a
nanograin layer. The nanograin size ranges from 40 to 100 nm with
the average value of 60 nm for equiaxed microstructure, and ranges
from 60 to 160 nm with the average of 110 nm for duplex micro-
structure. The nanograin layer thickness ranges from 200 to 500 nm
for equiaxed microstructure and from 700 to 1500 nm for duplex
microstructure. The difference in nanograin size and nanograin
layer thickness is mainly attributed to the difference in the size of
original α grains.

(3) A normalized quantity d* based on the electron diffraction me-
chanism is proposed to quantitatively describe the distribution of
grain size underneath FGA and RA. The decrease of d* value along
the crack growth path for high-strength steels suggests that the

nanograin size increases with the crack growth, which is associated
with the gradually-reduced contacting actions between crack sur-
faces.

(4) The NCP process dominates the formation of nanograin layer in CIR
underneath FGA and RA surface for negative stress ratio cases, with
larger contacting actions (higher contact pressure and longer
loading cycles) between crack surfaces promoting the grain re-
finement. The plastic deformation at crack tip can cause certain
extent of deformation in microstructure, but is insufficient to pro-
duce nanograins.

(5) Based on the microstructure examinations on high-strength steels
and titanium alloys, a new schematic of the NCP model was de-
picted to describe the NCP process that causes the microstructure
refinement.
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