
International Journal of Fatigue 160 (2022) 106862

Available online 19 March 2022
0142-1123/© 2022 Elsevier Ltd. All rights reserved.

Interior initiation and early growth of very high cycle fatigue crack in an 
additively manufactured Ti-alloy 

Weiqian Chi a,b, Gen Li b, Wenjing Wang a,*, Chengqi Sun b,c,* 

a Key Laboratory of Vehicle Advanced Manufacturing, Measuring and Control Technology (Beijing Jiaotong University), Ministry of Education, Beijing, 100044, China 
b State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China 
c School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China   

A R T I C L E  I N F O   

Keywords: 
Additively manufactured titanium alloy 
Very high cycle fatigue 
Interior crack initiation 
Ultralow crack growth rate 
Grain refinement 

A B S T R A C T   

Very high cycle fatigue of an additively manufactured Ti-6Al-4V is studied at R = -1, 0.1 and 0.2. The fracture 
surface of crack initiation and early growth region presents fine granular area (FGA) morphology with discon-
tinuous regions of nanograins. The equivalent crack growth rate in FGA is in the magnitude of 10-13-10-11 m/cyc 
based on the “tree ring” patterns marked on fracture surface. Interior crack initiation and early growth is 
attributed to the cracks caused by nanograins formed during fatigue loading and the cracks formed irrespective 
of nanograins. The crack growth rate in FGA is also used to predict the fatigue life.   

1. Introduction 

Additively manufactured (AM) titanium alloys, due to the shorter 
production cycle of AM technique in small lot sizes or component parts 
with complicated geometries, have potential use in aerospace, 
biomedical and nuclear industries [1–4], in which some of the compo-
nents suffer from fatigue loadings in service. Similar to the traditionally 
manufactured metallic materials (e.g. titanium alloys [5–7], steels 
[8–12], aluminum alloys [13–15], Ni-based single crystal superalloys 
[16]), the AM titanium alloys [17–19] could still fail at the fatigue cycles 
bigger than 107 at which the traditional fatigue limit is defined. The 
study for the fatigue behavior beyond 107 loading cycles, i.e. very high 
cycle fatigue (VHCF), has become a new field of fatigue research for the 
demand of ultralong fatigue life of components in service. 

Fatigue crack in VHCF often initiates from the interior of the spec-
imen, and the fracture surface presents fine granular area (FGA) (also 
called “dark area” [20], “granular bright facet” [21]) or rough area (RA) 
in the crack initiation and early growth region for high strength steels 
and titanium alloys. Many studies have shown that the FGA or RA 
consumes most of the fatigue life in VHCF regime [8–10,22,23], and the 
microstructure in FGA or RA presents a thin layer of refined grains 
[24–26], no refined grain feature [23,27,28], or discontinuous regions 
of refined grains [11,29,30]. Hence, a fully understanding of FGA or RA 
formation is crucial for elucidating the mechanism of crack initiation 
and early growth in VHCF regime. Different models have been 

developed for FGA formation [9,31,32], such as “hydrogen assisted 
crack growth” model [8], “polygonization and micro-debonding” model 
[27], and “numerous cyclic pressing” model [28]. Among these models, 
one popular viewpoint is that the FGA is formed after the fatigue crack 
formation and is related to the repeated contact of fracture surfaces 
[28,32,33]. While another popular viewpoint is that FGA is formed 
before the fatigue crack formation and is related to the grain refinement 
caused by dislocation interaction [24,29,34,35]. Therefore, the forma-
tion of FGA or RA needs to be further elucidated in VHCF regime. 

Differing from the conventionally processed titanium alloys, the AM 
titanium alloys usually contain defects such as gas porosity or lack of 
fusion due to the manufacturing process, and these defects lower the 
fatigue strength or fatigue life of the AM titanium alloys [36–39]. Hence, 
it is essential to explore the interior defect induced crack initiation and 
evolutionary process for VHCF of AM titanium alloys in order to 
establish precisely the fatigue life prediction model and meet the de-
mand of high safety and reliability of component parts. 

Here, we aim to explore the characteristics and mechanism of inte-
rior crack initiation and early growth (i.e. the formation of FGA) for 
VHCF of an AM Ti-6Al-4V alloy. VHCF tests were firstly performed at 
stress ratios R = -1, 0.1 and 0.2 by ultrasonic frequency fatigue test. 
Then, the microstructure in FGA under different stress ratios was char-
acterized by scanning electron microscopy (SEM) and electron back-
scatter diffraction (EBSD). By two-step variable amplitude loadings, we 
captured the intermediate process of crack initiation and evolution 
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through the “tree ring” marks left on the fracture surface. The equivalent 
crack growth rate in FGA was also measured and used for predicting the 
fatigue life. Finally, the mechanism of crack initiation and early growth 
was discussed for the AM Ti-6Al-4V alloy in VHCF regime. 

2. Materials and methods 

2.1. Materials 

The AM Ti-6Al-4V alloy used in this paper was made by the selective 
laser melting technology on a BLT-S310 machine. At first, the bars with a 
length of 100 mm and a diameter of 12 mm were produced. Subse-
quently, they were heat-treated for 2 h at 710 ◦C in vacuum and then 
were cooled in argon atmosphere. The building direction was vertical (i. 
e., 90◦). The chemical composition (wt.%) is 5.97 Al, 3.93 V, 0.12 Fe, 
0.015 C, 0.088 O, 0.0031 H, and Ti balance for the powder. It was 
measured by the National Center of Analysis and Testing for Non-ferrous 
Metals & Electronic Materials in China. The contents of Al, V and Fe 
were determined by Inductively Coupled Plasma-Atomic Emission 
Spectrometry (ASTM E2371-13). The content of C was determined by 
high-frequency combustion-infrared adsorption method (ASTM E1941- 
2010). The content of O was determined by impulse inert gas fusion- 
infrared absorption and thermal conductivity method (ASTM E1409- 
2013). The content of H was determined by impulse inert gas fusion- 
infrared absorption and thermal conductivity method (ASTM E1447- 
09 (Reapproved 2016)). The average tensile strength was 1007 MPa, 
and the average yield strength was 951 MPa. They were obtained from 
three specimens with a diameter of 5 mm in the gauge section by the 
Landmark servohydraulic test system (MTS Systems Corporation, USA). 
The stress versus strain curve is shown in Fig. 1. The testing method 
followed the National Standard of the People’s Republic of China 
“Metallic materials -Tensile testing at ambient temperature (GB/T 
228–2002)”. 

2.2. Methods 

All the fatigue tests were performed in air at room temperature on an 
ultrasonic fatigue test system USF-2000A (f = 20 kHz) with an adjust-
able cooling system to reduce the temperature of the specimen during 
the tests. The fatigue loading without intermittence was applied, as that 
in Ref. [30]. The stress ratios (R) were − 1, 0.1 and 0.2. The sketch map 
of the specimen tested at R = -1 is shown in Fig. 2a. For the fatigue tests 
at R = 0.1 and 0.2, both ends of the specimen were connected to the 
machine with threads, as shown in Fig. 2b. 

The constant amplitude fatigue tests were performed at R = -1, 0.1, 
and 0.2. Based on the results under the constant amplitude loading, the 
two-step variable amplitude fatigue tests were performed at R = -1. The 
variable amplitude loadings started from a block of lower stress ampli-
tude σa,L = 400 MPa or 350 MPa with loading cycles nL = 3.0 × 106, 5.0 
× 106 or 1.0 × 107, and then was followed by a block of higher stress 
amplitude σa,H = 625 MPa or 600 MPa with loading cycles nH = 4.0 ×
103, except that several specimens experience at first a number of con-
stant amplitude loading σa = 350 MPa with 3 × 108 cycles or 2 × 108 

cycles. This loading sequence was repeated until the specimen failed. 
The detailed information for the variable amplitude loadings of speci-
mens is shown in Table 1. 

For the constant amplitude loading, the surface temperature of 
several specimens was measured through a thermocouple (k-type) 
adhered to the surface of the smallest section of the specimens by the 
polyimide tape during the ultrasonic frequency fatigue test. Fig. 3 shows 
the variation of the surface temperature with the loading cycle for the 
maximum value of the tested stress at different stress ratios. It is seen 
that, for all the stress ratios R = -1, 0.1 and 0.2, the temperature in-
creases with increasing the loading cycle at the initial loading stage. The 
temperature stabilizes after about hundreds of thousands of cycles, and 
the stable temperature is less 50 ◦C. 

After the fatigue test, the fracture surfaces of failed specimens were 
observed by SEM. For the typical fracture surface morphology, the 
focused ion beam (FIB) technique was used to extract cross-section 
samples along the loading direction to further characterize the micro-
structure in crack initiation and early growth regions at different stress 
ratios. A coating layer of platinum was used to protect the fracture 
surface of the extracted samples during the cutting process. The crys-
tallographic information and kernel average misorientation (KAM) an-
alyses were also performed by EBSD and HKL Channel 5™ software in 
the Oxford Instruments system. 

3. Results and discussion 

3.1. Microstructure and S-N data 

The microstructure of the present AM Ti-6Al-4V alloy is basket-
weave. Fig. 4a-4d show the EBSD results of the microstructure near a 
defect inside the material. The sample was cut along the axis direction of 
the fatigue specimen, and the observed surface was parallel to the axis 
direction of the specimen. It is seen that the microstructure of the AM Ti- 
6Al-4V alloy is inhomogeneous. Some α grains are big, and the grain size 
is more than 5 µm. Some α grains are small, and the grain size is less than 
1 µm, as shown in Fig. 4c and 4d. 

S-N data under different stress ratios are shown in Fig. 5. It is seen 
that the specimens fail in VHCF regime for all the tested stress ratios and 
the fatigue life increases with decreasing the maximum stress at the 

Fig. 1. Stress versus strain curve under tensile test.  

Fig. 2. Shape and geometry of specimens for fatigue tests (in mm). (a) R = -1. 
(b) R = 0.1 and 0.2. 
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same stress ratio. 

3.2. Microstructure characteristic in FGA 

Under constant amplitude loading, the fatigue cracks of failed 
specimens at R = -1, 0.1 and 0.2 all initiate from the internal defects, 
such as hole or lack of fusion, and the crack initiation and early growth 
region exhibits FGA feature, as shown in Fig. 6a–6c. The multiple in-
ternal crack initiations with FGA feature are also observed at the fracture 
surface (Fig. 6c and 6d), which shows the evidence of the competition of 
internal crack initiation induced by defects. For a further characteriza-
tion of the microstructure in FGA, four cross-sectional samples along the 
loading direction were extracted for the specimens tested at different 
stress ratios by FIB technique. Samples 1 and 2 were extracted from a 
specimen tested at R = -1, as shown in Fig. 6a. Sample 1 was next to the 
defect, and sample 2 was a little far from the defect. Samples 3 and 4 
were extracted from the specimens tested at positive stress ratios, as 
shown in Fig. 6b and 6d, respectively. Sample 3 was extracted from a 
specimen tested at R = 0.1, and sample 4 was located at a secondary 
crack initiation region with FGA feature of a specimen tested at R = 0.2. 
The EBSD results are shown in Fig. 6e–6h, respectively. It is seen from 
Fig. 6e–6h that there are nano-sized irregular α grains with low angle 
grain boundaries (LAGBs) or high angle grain boundaries (HAGBs) in 
some local regions near the fracture surface in FGA. The feature of local 
nanograin regions in FGA is irrespective of stress ratios (negative stress 
ratio or positive stress ratio) and the location from the crack origin 

(defect). This phenomenon differs from the existing observations for the 
AM Ti-6Al-4V alloy failed from the internal defect with FGA feature, in 
which a layer of nanograins exist along the fracture surface at R = -1, 
and no nanograins are found at positive stress ratios [26]. 

EBSD results of the microstructure in FGA indicate that the nano-
grains should be an important factor for the interior crack initiation and 
evolution of the AM Ti-6Al-4V alloy in VHCF regime. Herein, the nano- 
sized α grains with HAGBs near the fracture surface in FGA (Fig. 6e–6h) 
are measured and analyzed, which is also compared with the original 
tiny α grains (i.e. the α grains in the rectangular areas in Fig. 4c) of the 
material that do not suffer from fatigue loadings. The distribution of the 
grain size is shown in Fig. 7. It is observed that the tiny α grains in the 
local regions are all with HAGBs for the original material. While for the 
nanograins near the fracture surface in FGA, both LAGBs and HAGBs are 
found at negative and positive stress ratios. Moreover, it is seen from 
Fig. 7 that the nanograins with HAGBs are less than 280 nm in size in 
FGA, which are appreciably below the smallest grain size of the tiny α 
grains in the original material. This result indicates that the nanograins 
in FGA are formed during the fatigue tests rather than the original tiny α 
grains. It is also supported by the KAM map for the extracted samples in 
Fig. 6e–6h that the strain localization or plastic deformation is more 
significant for the refined grain regions. 

3.3. Crack growth and evolution in FGA 

By employing two-step variable amplitude loadings, some specimens 
exhibit “tree ring” like patterns on the fracture surface, as shown in 
Fig. 8. Considering that the FGA size tends to be larger with a decrease of 
stress amplitude under constant amplitude loading (Fig. 9) and that the 
higher stress generally leads to a bigger crack growth rate than the lower 
stress, the fine granular area feature in Fig. 8e–8 h is due to the block of 
the lower stress, and the relative smooth area between the fine granular 
areas is the result of the block of the higher stress. The “tree ring” marks 
(i.e. difference of morphology characteristic) left on the fracture surface 
provide the information for the intermediate process of the crack growth 
and evolution in FGA, and make it possible to estimate the equivalent 
crack growth rate in FGA. Here, the fatigue cracks after and before the 
block of the lower stress are approximately seen as concentric mode-I 
internal penny cracks in an infinite solid under a uniform remote ten-
sile stress σ, and the radii in the direction of the crack extension with 
relative clear marks are considered [10,29], as shown in Fig. 8e–8 h. The 
stress intensity factor range ΔK and the associated (equivalent) crack 
growth rate da/dN are calculated by Δσa,H

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(ri + ri+1)/π

√
and (ri+1 − ri)

/nH for the higher stress (i = 1, 3, 5), and Δσa,L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2(ri+1 + ri+2)/π

√
and 

(ri+2 − ri+1)/nL for the lower stress (i = 1, 3), respectively, where r1, r3, r5 
denote the radii of penny cracks after the block of the lower stress, and 
r2, r4, r6 denote the radii after the block of the higher stress. The values of 
the measured radii for the penny cracks are listed in Table 2. 

Fig. 10a shows the variation of the crack growth rate with the value 

Table 1 
Loading information of specimens under variable amplitude loadings.  

Specimen No. σa,L (MPa) nL (Cycle) σa,H (MPa) nH (Cycle) Cumulative cycles at σa,L Cumulative cycles at σa,H 

1 400 3.0 × 106 625 4.0 × 103 3.0 × 107 4.0 × 104 

2 400 3.0 × 106 625 4.0 × 103 2.2 × 108 2.9 × 105 

3 400 3.0 × 106 600 4.0 × 103 5.4 × 107 6.9 × 104 

4 400 3.0 × 106 600 4.0 × 103 1.6 × 108 2.1 × 105 

5 400 3.0 × 106 600 4.0 × 103 2.4 × 107 3.2 × 104 

6 400 3.0 × 106 600 4.0 × 103 1.5 × 107 2.0 × 104 

7* 350 5.0 × 106 600 4.0 × 103 3.4 × 108 2.8 × 103 

8* 350 5.0 × 106 600 4.0 × 103 3.5 × 108 4.0 × 103 

9* 350 5.0 × 106 600 4.0 × 103 7.3 × 108 3.4 × 105 

10* 350 5.0 × 106 600 4.0 × 103 3.1 × 108 8.0 × 103 

11* 350 1.0 × 107 625 4.0 × 103 6.3 × 108 1.7 × 105  

* It experiences at first a number of constant amplitude loading σa = 350 MPa with 3 × 108 cycles for specimens 7 to 10 and 2 × 108 cycles for specimen 11, 
respectively. 

Fig. 3. Variation of surface temperature of specimens with loading cycle during 
ultrasonic frequency fatigue test. 
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of ΔK for both the block of the higher stress and the lower stress. The 
result is also compared with those of the wrought Ti-6Al-4V alloy under 
ultrasonic frequency fatigue test at R = − 1 in air [40] and the AM Ti-6Al- 
4V alloy with stress-relief heat treatment (the crack propagation direc-
tion parallels to the building layers) at R = 0.1 in air [41] by the 

consideration that no result is available for the near-threshold crack 
growth rate of the AM Ti-6Al-4V alloy at R = − 1 as far as the authors’ 
knowledge. It is seen from Fig. 10a that the equivalent crack growth rate 
in FGA is very slow (much lower than one lattice spacing per cycle) in 
comparison with the crack growth rate (bigger than 10-10 m/cyc) 
associated with the block of the higher stress. The ultralow crack growth 
rate in FGA indicates that the crack does not grow in all directions at 
each loading cycle in the crack initiation and early growth stage of 
VHCF, which extends at first in some local regions after a number of 
cycles due to the microstructure inhomogeneity. This result is consistent 
with the SEM observation in Fig. 8h for the crack initiation and evolu-
tion captured in FGA under variable amplitude loadings. For the same 
block of the lower stress amplitude, the expansion of the fine granular 
area has a discrepancy in different directions from the crack origin. 

For the comparison of the present interior crack growth rate with 
that of the AM Ti-6Al-4V alloy at R = 0.1 in air [41], the frequency is 
assumed to have no significant effect on the near-threshold fatigue crack 
growth rate [42]. The effect of R on the near-threshold crack growth rate 
and the crack growth rate on Paris region of metallic materials can be 
described by the cracking driving parameter f(R)ΔK with f(R) = (1–R)–α, 
or f(R) = (1–R)–α for R ≥ 0 and (1–R)–1 for R < 0 [43,44], namely that the 
variation of the crack growth rate with the stress intensity factor range 
has a similar trend at different stress ratios. Consequently, the results in 
Fig. 10a indicate that the crack growth rate (lower than 10-10 m/cyc) for 
the interior defect induced cracking of the AM Ti-6Al-4V alloy increases 
much lower than that in air with the increase of the stress intensity 
factor range. A similar result is also indicated for the comparison of the 
interior crack growth rate (lower than 10-10 m/cyc) of the present AM 
Ti-6Al-4V alloy with the crack growth rate of the wrought Ti-6Al-4V 
alloy in air [40], as shown in Fig. 10a. 

Fig. 4. EBSD results of the microstructure near a defect inside the material. (a) Inverse pole figure (IPF). (b) Phase map. (c) and (d) Enlarged images in the rect-
angular area in (a) and (b), respectively. The rectangular areas in (c) are used for the statistics of α grain size. 

Fig. 5. S–N data at different stress ratios, in which the symbol “cross” and 
“plus” denote the predicted fatigue life at R = -1 by Paris relation and the model 
Eq. (2), respectively. 
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3.4. Mechanism of FGA formation 

The present results show that the FGA morphology is a typical 
feature for the interior defect induced failure in VHCF regime, and the 
microstructure in FGA exhibits discontinuous regions of nanograins. 
One point of view is that FGA is formed by the repeated contact of 
fracture surface after the crack formation [28,32,33]. This viewpoint 
cannot explain well the case that the FGA feature with discontinuous 
regions of nanograins is observed at positive stress ratios R = 0.1 and 0.2 
(Fig. 6). This indicates that the nanograins are formed before the fatigue 
crack formation. The ultralow crack growth rate (lower than one lattice 
spacing per cycle) in FGA provides the possibility that the dislocation 
interaction or plastic deformation in the local highly stressed region (e.g. 
the crack origin and the crack tip) leads to the occurrence of grain 
refinement. The microstructure evolution through dislocation rear-
rangement then leading to the formation of small sub-grains or LAGBs 

has been observed for VHCF of a medium carbon steel [48]. The nano-
grains with both LAGBs and HAGBs observed in the α grains near the 
fracture surface in FGA further indicate that the grain refinement is 
related to the dislocation interaction or plastic deformation 
[10,24,29,30,34,35]. During the following cyclic loadings, the cracks 
form along the nanograin-common grain interface or within the nano-
grains due to the decrease of threshold value for crack initiation in the 
refined grain regions [24][49]. The crack formation in these two cases 
has been observed in VHCF of high strength steels [11,25]. On the other 
hand, due to the deformation incompatibility or microstructure in-
homogeneity, the fatigue crack of the AM Ti-6Al-4V alloy could form at 
defects, interfaces, larger α-phase, etc. [17,18,30,50]. In this case, the 
fatigue crack forms irrespective of the grain refinement. 

Therefore, the FGA formation for the AM Ti-6Al-4V alloy in VHCF 
regime is the result of the fatigue crack induced by the refined grains in 
combination with the crack formation irrespective of the grain 

Fig. 6. Fracture surface morphology and microstructure characteristic in FGA. (a)–(c) SEM observation of fracture surfaces at R = -1 (σmax = 400 MPa and Nf = 3.5 ×
108 cyc), R = 0.1 (σmax = 650 MPa and Nf = 2.2 × 108 cyc) and R = 0.2 (σmax = 821 MPa and Nf = 3.2 × 107 cyc), respectively, in which the short lines denote the 
locations where the cross-sectional samples are extracted. (d) Enlarged images of the secondary crack in (c). (e)–(h) EBSD results of the cross-sectional samples 1–4 
shown in (a)–(d), respectively, in which the top panel is IPF, the middle panel is phase map and the bottom panel is KAM map. The black line denotes the HAGBs 
(greater than 10◦) and the white line denotes the LAGBs (2◦~10◦) in IPF in (e)–(h). All scale bars in (e)–(h) are 1 μm. 
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refinement [30]. The sketch map of the FGA formation (i.e. the mech-
anism of crack initiation and early growth) induced by interior defect is 
illustrated in Fig. 11. 

Stage I: The local high stress caused by the defect induces the for-
mation of dislocation or dislocation cells in local regions or the nuclei of 
micro-cracks near the defect. 

Stage II: Nanograins with LAGBs or HAGBs form in the local regions 
during further cyclic loadings, and the micro-cracks form within nano-
grains or along nanograin-common grain interface. During this process, 
the micro-cracks might also form at the larger α-phase or the interface of 
coarse grains, etc., due to deformation incompatibility or microstructure 
inhomogeneity. 

Stage III: The micro-cracks coalesce, and some new micro-cracks 
form due to grain refinement or irrespective of grain refinement. The 
main crack extends, and the growing crack causes the grain refinement 
or micro-crack formation again. 

Stage IV: Stage III continues under the further fatigue loading until 
the FGA forms. 

It is noted that the fatigue crack could also initiate at grains, in-
terfaces, etc. The sketch map in Fig. 11 only presents the case of interior 
defect induced crack initiation with FGA morphology and discontinuous 
regions of nanograins for the AM Ti-6Al-4V alloy. The model explains 
the phenomenon that the microstructure in FGA exhibits a layer of 
nanograins for the AM Ti-6Al-4V alloy and the conventionally processed 
Ti-6Al-4V in VHCF regime [23,26], which is a special case of the pro-
posed mechanism that FGA formation is due to the grain refinement 
followed by cracks. 

3.5. Crack growth rate model and fatigue life prediction 

According to the results for high strength steels with FGA feature in 
the crack initiation and early growth region [45,46], the equivalent 
crack growth rate in FGA is related to the initiated crack size, the stress 
amplitude σa and the yield strength σY of the material. When the initi-
ated crack is taken as a penny crack, the equivalent crack growth rate in 
FGA is written as [46] 

da
dN

= α
(

σa

σY

)l

a (1) 

in which a denotes the radius of the penny crack, i.e. a =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
arear/π

√
, 

arear is the area of the initiated crack region, α and l are parameters. 
The fatigue life consumed in FGA is expressed as 

Nf =
1
α

(
σa

σY

)− l

ln
aFGA

a0
(2) 

where aFGA =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
areaFGA/π

√
and a0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
areadef/π

√
, areaFGA and areadef 

denote FGA area and defect area on the crack surface, respectively. 
Considering that the equivalent crack growth rate in FGA has the 

tendency to increase with increasing the value of ΔK, the Paris equation 
[47] is also used to fit the equivalent crack growth rate in FGA and to 
predict the fatigue life, i.e. 

da
dN

= C(ΔK)
m (3) 

in which the interior crack is also seen as a penny crack with the area 
arear, a is the radius of the penny crack, ΔK is the stress intensity factor 
range for the interior crack, i.e. ΔK = 4σa

̅̅̅̅̅̅̅̅
a/π

√
, C and m are parameters. 

Fig. 7. Distribution of grain size. (a) Tiny α grains in local regions of original material. (b)–(d) Nano-sized α grains with HAGBs near the crack surface of the samples 
in Fig. 6e and 6f, Fig. 6g and Fig. 6h, respectively. 
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From Eq. (3), the fatigue life consumed in FGA is 

Nf =
2πm

2

C(2 − m)(4σa)
m[(aFGA)

1− m
2 − (a0)

1− m
2 ] (4) 

The model results for the equivalent crack growth rate in FGA by Eqs. 
(1) and (3) are shown in Fig. 10b. The parameters are obtained by fitting 

all the experimental data in Fig. 10b. It seems that the crack growth rate 
models Eqs. (1) and (3) both show a good agreement with the experi-
mental data. The difference is that the equivalent crack growth rate 
described by Eq. (1) increases lower than that described by the Paris 
relation. 

For a further comparison, these two crack growth rate models are 
used to predict the fatigue life at R = -1 under constant amplitude 
loading. The predicted results are shown in Fig. 5. Here, the difference of 
the lifetime consumed in FGA and the total fatigue life is not considered 
for the comparison in Fig. 5 due to that FGA consumes most of the fa-
tigue life in VHCF regime [8–10,22,23]. It is seen that the predicted 
fatigue lifetimes are close to the experimental results for both the crack 
growth rate models. The crack growth rate model Eq. (1) gives conser-
vative fatigue life prediction in VHCF regime. While the predicted fa-
tigue life by the crack growth rate model Eq. (4) is higher for the 
specimens with fatigue life between 1 × 107 and 2 × 107 cycles, and is 
lower for the specimens with fatigue life larger than 108 cycles. 
Considering that the equivalent crack growth rate in FGA is measured 
along the direction of crack extension with relative clear marks in Sec. 

Fig. 8. Tree ring like pattern on fracture surface under variable amplitude loadings. (a) and (e) Specimen 3. (b) and (f) Specimen 4. (c) and (g) Specimen 9. (d) and 
(h) Specimen 11. The dashed lines denote the marks where a block of the lower stress is changed to a block of the higher stress, and the arrows denote the radii of 
approximately concentric penny cracks for measurement. 

Fig. 9. FGA size versus stress amplitude at R = -1 under constant ampli-
tude loading. 

Table 2 
Values of measured radii for penny cracks shown in Fig. 8.  

Specimen No. 3 4 9 11 

r1 (μm)  55.3  129.9  110.1  67.9 
r2 (μm)  60.9  134.6  120.1  78.4 
r3 (μm)  67.1  142.9  127.4  91.9 
r4 (μm)  73.6  152.3  137.9  109.2 
r5 (μm)  82.4  195.0  147.1  184.6 
r6 (μm)  93.5  222.8  169.6  360.8  
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3.3, the crack growth rate described by Eqs. (1) and (3) are higher than 
the actual equivalent crack growth rate in FGA. Consequently, the pre-
dicted fatigue life by Eqs. (2) and (4) should be lower than the experi-
mental one in Fig. 5. From this view, the crack growth rate model Eq. (1) 
is better for describing the crack growth behavior in FGA and estimating 
the fatigue life for the interior defect induced failure in VHCF regime. 

By employing Eq. (1), the equivalent crack growth rate near the 
defect can be extrapolated for the interior defect deduced failure. Here, 
we use the lowest stress amplitude σa = 350 MPa under variable 
amplitude loadings and the defect sizes at R = -1 under constant 
amplitude loading for analysis. The values of the defect radius are be-
tween 19 μm and 41 μm. From Eq. (1), the equivalent crack growth rate 
near the defect is between 3.56 × 10− 13 m/cyc and 7.68 × 10− 13 m/cyc. 
This indicates that the equivalent crack growth rate in FGA could be in 
the magnitude of 10− 13 m/cyc for the present loading condition of the 
AM Ti-6Al-4V alloy. 

4. Conclusions 

In this paper, the interior crack initiation and early growth is 
investigated for an AM Ti-6Al-4V alloy by selective laser melting tech-
nology. The findings provide an insight into the process of the interior 
crack initiation and microstructure evolution for Ti-alloys in VHCF 
regime. The main results are as follows.  

(1) The interior crack initiation and early growth region exhibits FGA 
morphology and the microstructure in FGA presents discontin-
uous regions of nanograins in VHCF regime. The “tree ring” 
marks left on the fracture surface by variable amplitude loadings 

indicate that the crack growth in FGA accelerates gradually with 
increasing the loading cycle and the equivalent crack growth rate 
in FGA is lower than one lattice spacing (~10-10 m) per cycle.  

(2) The equivalent crack growth rate in FGA could be modelled as 
da/dN =α(σa/σY)

la, where a =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
arear/π

√
, arear is the area of the 

initiated crack region, α and l are parameters. The predicted fa-
tigue life accords with the experimental data under the constant 
amplitude loading. The crack growth rate (lower than 10-10 m/ 
cyc) for the interior defect induced cracking increases much 
lower than that of the wrought Ti-6Al-4V alloy and the AM Ti- 
6Al-4V alloy in air with increasing the stress intensity factor 
range.  

(3) The nanograins formed during the fatigue process play an 
important role in the interior crack initiation and evolution of Ti- 
alloys in VHCF regime. The mechanism of interior defect induced 
crack initiation and early growth (i.e. FGA) of AM Ti-6Al-4V al-
loys is attributed to the formation of nanograins caused by 
dislocation interaction over a number of cyclic loadings followed 
by cracks in combination with the cracks formed at defects, 
α-phase, interfaces, etc. during cyclic loadings. The model for 
FGA formation shows a good explanation for the observation of 
the microstructure in FGA whether it is a layer of nanograins or it 
exhibits discontinuous regions of nanograins. 
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Fig. 10. Comparison of crack growth rate and crack growth rate model. (a) Comparison of the present crack growth rate with the data in Refs. [40,41]. (b) 
Comparison of crack growth rate models. 

Fig. 11. Schematic of FGA formation at interior defect. Faint yellow color: crack initiation and early growth region.  
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