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In this paper, very high cycle fatigue (VHCF) behavior of an additively manufactured (AM) Ti-6Al-4V by selective
laser melting process and post-heat treated by hot-isostatic pressing is investigated by ultrasonic frequency fatigue
test and rotating bending fatigue test. It is shown that the fatigue crack initiation is related to loading types in
VHCF regime. Under rotating bending fatigue test, the fatigue crack initiates from specimen surface. While for
ultrasonic frequency fatigue test, both the surface and the interior crack initiations are observed. For interior crack
initiation, the fracture surface presents fish-eye like pattern and fine granular area (FGA) morphology. Electron
backscatter diffraction and transmission electron microscopy observations indicate that there are discontinuous
refined grain regions beneath the fracture surface in crack initiation and early growth region (i.e. FGA). It is
proposed that the mechanism of crack initiation and early growth of titanium alloys in VHCF regime is attributed
to the grain refinement caused by dislocation interaction over a number of cyclic loadings followed by cracks
combined with the cracks formed at defects, a-phase, interfaces, etc. during cyclic loadings. The paper also
indicates that the fatigue performance of the present AM Ti-6Al-4V is comparable to that of the conventionally

processed Ti-6A1-4V.

1. Introduction

Additive manufacturing, as a novel technology, has great prospect
for the production of small lot sizes or the component parts with com-
plex geometries and structures due to its digital process and layer
manufacturing principle. By using the additive manufacturing technol-
ogy, many metallic materials could be manufactured [1,2], such as
Ti-6Al-4V [3-5], AISI 420 stainless steel [6], Inconel 718 [7], and so
on.

Titanium alloys have been widely used in the aerospace and biomed-
ical industries due to their high strength, low density and high temper-
ature resistance, which might be also for the additively manufactured
(AM) titanium alloys [8-11]. In potential use of the AM titanium al-
loys, some of the component parts inevitably subject to fatigue loadings
during service. For example, the turbine blade of aircraft engines needs
to endure more than 10° cyclic loadings in service [12]. However, the
process inherent surface roughness and defects (e.g. gas porosity, lack
of fusion) due to the manufacturing process generally lower the fatigue
strength of AM titanium alloys compared to the conventionally wrought
titanium alloys [13-15]. Especially, numerous studies in recent decades
have shown that the conventionally processed (CP) titanium alloys ex-
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hibit no traditional fatigue limit defined at 107 cycles, i.e. the failure of
titanium alloys occurs in very high cycle fatigue (VHCF) regime [16-19].
The demand of high safety and reliability requires the fully understand-
ing of the VHCF behavior of AM titanium alloys.

As far as the authors’ knowledge, there are only a few studies on
VHCF behavior of AM titanium alloys [20,21]. The existing results indi-
cate that the fatigue crack of AM Ti-6Al-4V in non-hot-isostatic-pressing
condition initiates from the defects (such as gas porosity and lack of fu-
sion) produced during the manufacturing process [11,22,23]. While for
the hot-isostatic-pressed AM Ti-6Al-4V, the fatigue crack initiates at a-
phase or a-phase clusters [23]. Especially, the fracture surface of interior
crack initiation presents the fish-eye pattern and the fine granular area
(FGA) feature [11,20,23], similar to that observed for CP titanium al-
loys in VHCF regime [24,25]. It has been shown that the crack initiation
and early growth (i.e. FGA) consumes most of the total fatigue life, and
exhibits a layer of nano-grains for VHCF behavior of CP Ti-6Al-4V at the
stress ratio R =-1 [24]. So, it is very essential to explore the mechanism
of crack initiation and early growth for AM titanium alloys. What is the
microstructure characteristic of FGA for AM titanium alloys? What is
the evolutionary process of the fatigue crack in FGA? These issues have
remained to be elucidated.
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In this paper, the ultrasonic frequency fatigue test (f=20 kHz) and
the rotating bending fatigue test (f=50 Hz) are performed on the spec-
imens of an AM Ti-6Al-4V manufactured by the selective laser melting
and post-treated by hot-isostatic pressing. The microstructure character-
istic in the crack initiation and early growth region is investigated for
VHCF behavior of the AM Ti-6Al-4V by using the scanning electron mi-
croscope (SEM), transmission electron microscopy (TEM) and the elec-
tron backscatter diffraction (EBSD). It is found that there is local grain
refinement feature in the FGA region. Based on the observed results, the
mechanism of the crack initiation and early growth for titanium alloys
is discussed. Also, the effect of loading type on the fatigue behavior of
the present AM Ti-6Al-4V is investigated, and its fatigue performance is
compared to that of the CP Ti-6Al-4V in literature.

2. Materials and methods
2.1. Materials

The material used in this paper is an AM Ti-6Al-4V made by the
selective laser melting technology on a BLT-S310 machine. The laser
power is 360 W, the scanning speed is 1200 mm/s, the scanning distance
is 0.1 mm, and the thickness of powder layer is 0.06 mm. The bars with
the length of 100 mm and diameter 12 mm are at first produced, and
then heat treated at 710°C for 2 hours in vacuum, and cooled in argon
atmosphere, and finally treated by hot-isostatic pressing at 920°C and
1000 bar for 2 hours in argon atmosphere. The building direction is
vertical (i.e. 90°). The chemical compositions (wt.%) of the powder are
5.97 Al, 3.93 V, 0.12 Fe, 0.015 C, 0.088 O, 0.0031 H and Ti balance.
The particle size is in the range of 20-53 ym in diameter. The average
of the tensile strength and the yield strength of the material are 984
MPa and 878 MPa, respectively, which are obtained by two specimens
with diameter of 5 mm in test section. The microstructure of the present
AM Ti-6Al-4V is basketweave. The a-lamella thickness is about 1 to 6
microns. The microstructure parallel to the building direction is shown
in Fig. 1a and b.

2.2. Fatigue tests

Two different loading types are used in this paper. One is performed
on an ultrasonic fatigue test system (f=20 kHz) with continuous fatigue
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Fig. 1. Microstructure and specimen of the AM Ti-6Al-4V. (a) Microstructure;
(b) Phase distribution, green color: alpha phase, red color: beta phase; (c) Spec-
imen geometry for ultrasonic frequency fatigue test (in mm); (d) Specimen ge-
ometry for rotating bending fatigue test (in mm).
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loading, and the other is performed on a cantilever-type rotating bend-
ing machine (f=50 Hz). For ultrasonic frequency fatigue test, the res-
onant frequency of the specimen must be in the range of 20+0.5 kHz.
The resonant frequency will decrease due to the fatigue crack initiation
and growth. Once it is lower than 19.5 kHz, the resonance stops, i.e. the
fatigue test terminates. The fatigue loading for ultrasonic frequency fa-
tigue test is controlled by the displacement at the specimen end, and the
applied stresses at the smallest section of the specimen are transformed
to the displacement by the theoretical formula before the fatigue test.
For rotating bending fatigue test, the loading is applied through sus-
pending the weight at the outer end of the specimen by means of a
helical spring. The count of the loading cycles will stop when the spec-
imen fractures, i.e. the fatigue test terminates. Both the fatigue tests
are at room temperature in air, and the stress ratio R is —1. The speci-
mens for ultrasonic frequency fatigue test and rotating bending fatigue
test are shown in Figs. 1c and 1d, respectively. For ultrasonic frequency
fatigue test, the cool air is used to reduce the temperature of the spec-
imen during the fatigue test. The tested surfaces of the specimens are
all ground and polished in order to eliminate the machining scratches
before fatigue test.

2.3. Observation and characterization

The fracture surfaces of the failed specimens are observed by a scan-
ning electron microscope (SEM). In order to observe the microstructure
characteristics beneath the fracture surface in the crack initiation and
early growth region, four cross-section samples along the loading direc-
tion are prepared for the fracture surface by the focused ion beam (FIB)
technique on the commercial crossbeam 540 FIB-SEM system, and then
observed by the electron backscatter diffraction (EBSD) technique on
the Oxford Instruments. The fracture surface of the extracted samples is
protected by a coating layer of platinum during the cutting process. The
microstructures of two extracted cross-section samples are also observed
by the transmission electron microscopy (TEM) with the diameter of the
selected area diffraction (SAD) 170 nm on the JEOL 2100F in order to
further identify the microstructure characteristics beneath the fracture
surface.

3. Results
3.1. Fatigue performance under ultrasonic frequency fatigue test

Fig. 2 shows the S-N data of the present AM Ti-6A1-4V under ul-
trasonic frequency fatigue test. It is seen from Fig. 2 that the fatigue
failure of the AM Ti-6Al-4V occurs in VHCF regime, and the fatigue life
increases with decreasing the stress amplitude in high cycle and VHCF
regimes. The fatigue performance of the present AM Ti-6Al-4V is also
compared with that of the CP Ti-6Al-4V under ultrasonic frequency fa-
tigue test at R=-1 in literature [16,26,27] in Fig. 2. The tensile strength
and yield strength of the CP Ti-6Al-4V are given in Table 1. It is seen
from Fig. 2 that the fatigue performance of the present AM Ti-6Al-4V is
comparable to the CP Ti-6Al-4V, and is better than the fatigue perfor-
mance of the CP Ti-6Al-4V with similar basketweave microstructure.

Table 1
Tensile strength and yield strength of the CP Ti-6Al-4V in Fig. 2.

Microstructure Tensile strength (MPa)  Yield strength (MPa)
Basketweave [16] 970 907
Bimodal [16] 967 930
Bimodal [26] 945 812
a+p [27] 1010 920
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Fig. 2. Comparison of S-N data for the present AM Ti-6A1-4V with the CP Ti-6Al-
4V in literature, in which the hollow symbols denote the specimens not broken
at the tested loading cycles.
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Fig. 3. Variation of surface temperature of specimens with loading cycle during
ultrasonic frequency fatigue test.

3.2. Measurement of temperature under ultrasonic frequency fatigue test

Here, the surface temperature of specimens is measured through a
thermocouple adhered to the surface of the small section of the speci-
men by the high-temperature adhesive during the ultrasonic frequency
fatigue test, as that used in Ref. [18]. Fig. 3 shows the variation of the
surface temperature of the smallest section with the loading cycle dur-
ing ultrasonic frequency fatigue test. It is seen that the surface tempera-
ture of the specimen is related to the stress amplitude. At the stress am-
plitude 6,=500 MPa, the temperature stabilizes rapidly and the stable
temperature is a little higher than the room temperature. At the stress
amplitude ¢,=575 MPa, the temperature increases with the loading cy-
cle and increases sharply just before the resonance stops. It is noted that
the temperature measurement is stopped after a few minutes of the sta-
ble temperature for the specimen tested at the stress amplitude ¢,=500
MPa.
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Fig. 4. Comparison of S-N data for the present AM Ti-6Al-4V under different
loading types, in which the hollow symbols denote the specimens not broken at
the tested loading cycles.

3.3. Fatigue performance under rotating bending fatigue test

Fig. 4 shows the fatigue performance of the present AM Ti-6Al-4V
under rotating bending fatigue test, which is also compared with that
under ultrasonic frequency fatigue test. Here, the local stress amplitude
of the smallest section of the specimen is used for rotating bending fa-
tigue test. It is seen that the fatigue performance of the present AM Ti-
6Al-4V under ultrasonic frequency fatigue test is higher than that under
rotating bending fatigue test.

3.4. SEM observation of fracture surface under ultrasonic frequency
fatigue test

SEM observation indicates that the present AM Ti-6Al-4V under ul-
trasonic frequency fatigue test fails from the surface or the interior of
the specimen in VHCF regime. For the surface induced failure mode,
the fatigue crack initiates from the « grains, as shown in A-1 in Fig. 5.
For the interior induced failure mode, the fracture surface presents the
fish-eye like pattern and the clear FGA morphology (B-2 and C-2) or
FGA like morphology (D-2 in Fig. 5). The clear FGA morphology and
FGA like morphology indicate that the formation of FGA is related to
the local microstructure in the crack initiation and early growth region.
Similar to the VHCF behavior of hot-isostatic-pressed AM Ti-6Al-4V in
literature [22,23], no crack initiation at defects such as gas porosity and
lack of fusion is observed for both the surface and interior induced fail-
ure modes. The loading information, crack initiation site and FGA size
for the tested specimens are shown in Table 2, in which the FGA size
is taken as the positive square root of the FGA area [28]. Table 2 in-
dicates that the fatigue crack tends to initiate from the interior of the
specimen for the present AM Ti-6Al-4V under ultrasonic frequency fa-
tigue test. It is noted that the charring characteristics are also observed
for the surfaces of some failed specimens due to the final abrupt raise
of temperature just before the resonance stops. For these specimens, the
fracture surfaces are not observed.

3.5. SEM observation of fracture surface under rotating bending fatigue test

Fig. 6 shows the fracture surface morphology of several failed speci-
mens under rotating bending fatigue test. Similar to the specimens under
ultrasonic frequency fatigue test, no crack initiation at the defects such
as gas porosity and lack of fusion is observed for specimens under rotat-
ing bending fatigue test. However, the fatigue cracks initiate from the
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specimen surface for all the failed specimens under rotating bending
fatigue test, which is different from those under ultrasonic frequency
fatigue test. The facet feature in the crack initiation region is observed
for the present AM Ti-6Al-4V under rotating bending fatigue test (B-2
in Fig. 6), similar to that observed for the fatigue of CP titanium alloys
[29-32].

4. Discussion

International Journal of Mechanical Sciences 205 (2021) 106591

Fig. 5. Fracture surface morphology of several
failed specimens under ultrasonic frequency fa-
tigue test. A-1 and A-2: Specimen 4; B-1 and B-
2: Specimen 12; C-1 and C-2: Specimen 11; D-1
and D-2: Specimen 15. A-2, B-2, C-2 and D-2 are
close-ups of the rectangle regions in A-1, B-1,
C-1 and D-1, respectively. The short lines in C-
2 denote the locations where the samples along
the loading direction for the TEM and EBSD ob-
servation are extracted. The small figure in the
lower left quarter in C-2 is close-up of the re-
gion pointed by the arrow.

4.1. Stress intensity factor range for FGA

The fish-eye pattern and FGA morphology are typical characteris-
tics in the fracture surface for VHCF of high strength steels. It has been
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Table 2

International Journal of Mechanical Sciences 205 (2021) 106591

Loading information, crack initiation site and FGA size for the specimens under ultrasonic frequency fatigue test.

Specimen No. Stress amplitude o, /MPa  Stress ratio R Cycles Crack initiation site  FGA size agg,/um
1 625 -1 1.18 x 10° -

2 600 -1 4.07 x 10° -

3 600 -1 7.91 x 10° -

4 590 -1 5.51 x 107 Surface

5 590 -1 7.83 x 10° -

6 590 -1 3.50 x 10° -

7 590 -1 4.48 x 10° -

8 575 -1 3.34 x 108 Interior 248.1
9 575 -1 1.93 x 108 -

10 575 -1 1.15 x 108 -

11 550 -1 1.21 x 108 Interior 314.7
12 550 -1 2.35 x 108 Interior 62.2
13 530 -1 3.71 x 108 Interior 86.5
14 530 -1 2.43 x 107 -

15 510 -1 1.00 x 10° Interior 3919
16 510 -1 2.39 x 108 Interior 236.3
17 490 -1 1.25 x 10%*

*The specimen is not broken at the loading cycles. -The specimen surface presents charring characteristics.

Fig. 6. Fracture surface morphology of sev-
eral failed specimens under rotating bend-
ing fatigue test. A-1 and A-2: 6,=510 MPa,
N=1.25 x 10 B-1 and B-2: 5,=489.6 MPa,
Ny=7.76 x 10%; C-1 and C-2: 6,=484.5 MPa,
Ng=1.26 x 108. A-1, B-1 and C-1 are SEM pic-
tures of the whole fracture surface, respec-
tively. A-2, B-2 and C-2 are close-ups of the
rectangle regions in A-1, B-1 and C-1, respec-
tively. The arrows in B-2 point to the regions
exhibiting the facet feature.
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shown that the stress intensity factor range for FGA keeps almost a con-
stant close to the threshold value of crack propagation [33-36]. Here, the
FGA size is measured and the stress intensity factor range for FGA is cal-
culated for the present AM Ti-6Al-4V. For the FGA very near to the spec-
imen surface (B-2 in Fig. 5), it is calculated by AKpga = 0.650,/Tapcy;
while for the FGA a little far from the specimen surface (C-2 and D-2
in Fig. 5), it is calculated by AKggy = 0.50,/mapga [28,35,37]. Fig. 7
shows the variation of FGA size and the value of AKpg, on the stress am-
plitude and the fatigue life. It is seen that there is no apparent variation
tendency between the FGA size and the stress amplitude or the fatigue
life. The value of AKpg, varies in a range of 5.0-8.9 MPaem!/2. The av-
erage value is 7.2 MPaem!/2, which is close to the threshold value of the
crack propagation 7.8 MPaem!/2 available for the CP Ti-6A1-4V alloy in
ultra-high vacuum environment [38].

4.2. EBSD and TEM observation of extracted examples

Fig. 8 shows the EBSD results of the extracted cross-section sam-
ples along the loading direction located in C-2 in Fig. 5. It is seen from
Fig. 8 that the « grains a little far beneath the fracture surface (i.e. «
grains of the matrix material) are in the size of microns for all the four
samples. Compared with the microstructure of the matrix material, there
are much smaller grains (i.e. refined grain characteristic) in some local
regions very near the fracture surface for the extracted sample 2 in FGA
while the grain refinement feature is not observed very near the frac-
ture surface for the sample 1 in FGA. For the extracted sample 3 in FGA,
there seems no grain refinement. While for the extracted sample 4 in the
smooth area, it suggests several smaller grains in the local region very
near the fracture surface. This indicates that the refined grains do not al-
ways present for the microstructure in FGA, i.e. there are discontinuous
refined grain regions for the microstructure in FGA.

The TEM observation is also used to identify the microstructure char-
acteristics beneath the fracture surface by the consideration that the res-
olution of TEM is higher (the minimum resolution is ~1 nm) in compar-
ison with the EBSD (the minimum resolution is ~10 nm). Fig. 9 shows
the TEM images and SAD patterns for the extracted cross-section sam-

Direction of FIB extraction

Fig. 8. EBSD results of the extracted cross-section samples 1-4 located in C-2
in Fig. 5, in which I-1, II-1, III-1 and IV-1 are the inverse pole figure maps, I-2,
11-2, ITI-2 and IV-2 are the band contrast maps.

ples 2 and 3 located in C-2 in Fig. 5. The diameter of the SAD is 170 nm.
It is seen that the patterns composed of a series of rings or diffused rings
in locations I and III indicate the polycrystalline structure (i.e. many re-
fined grains) in this selected area, while the patterns of regular dots or
isolated spots in locations II, IV, VI-IX indicate a single crystal or just a
few grains in this selected area. The SAD pattern is also shown for the
region (location V) a little far beneath the crack surface (i.e. the matrix
material). The isolated spots suggest just a few grains in this selected
area. Considering that the diameter of the SAD is 170 nm, the refined
grains in locations I and III are much smaller than 170 nm, i.e. the re-
fined grains very near the fracture surface in FGA are much smaller
than those of the original matrix material. Therefore, the refined grains
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Direction of
FIB extraction

beneath the fracture surface in FGA should be induced by the fatigue
loading in VHCF regime.

The TEM observation also indicates that the refined grain regions
are discontinuous in FGA. This result is different from that observed for
the FGA (rough area) of CP Ti-6Al-4V in VHCF regime, which presents
a layer of nano-grains at the stress ratio R =-1 [24]. But it is similar to
the observation for FGA of high strength steels in VHCF regime which
exhibits the discontinuous refined grain regions [39,40].

4.3. Mechanism of crack initiation and early growth

EBSD and TEM observations indicate that the microstructure of the
AM Ti-6Al-4V beneath the fracture surface in FGA exhibits the char-
acteristic of discontinuous refined grain regions. This result is similar
to that observed for high strength steels in VHCF regime, which also
presents the feature of discontinuous refined grain regions beneath the
fracture surface in FGA [39,40].

According to the work by Van Swam et al. [41], the microstructure
evolution is related to the dislocation interaction and rearrangement
during cyclic deformation, and the dislocation cell structure was ob-
served for VHCF of a medium carbon steel, which led to the formation
of small sub grains or low angle grain boundaries [42]. Moreover, the re-
fined grains in front of the crack tip has been observed for high strength
steels in VHCF regime [39,43], and no grain refinement phenomenon
was observed in the vicinity of the crack tip or in the region beneath
the crack surface for a martensitic stainless steel after a large number of
repeating compressive loadings [40]. This indicates that the grain refine-
ment in FGA of the AM Ti-6Al-4V is the result of dislocation interaction
due to the high strain localization by microstructure inhomogeneity, de-
formation incompatibility or defects. Then, the cracks form within the
refined grains or along the refined grain - common grain interface dur-
ing the following cyclic loadings due to the decrease of threshold value
for crack initiation in the regions of fine grains [44]. The cracks form
within the refined grains and along the refined grain — common grain
interface have been observed for high strength steels in VHCF regime
[39,45].

On the other hand, the cyclic plastic deformation is highly localized
in VHCF regime [46]. The fatigue crack of AM Ti-6Al-4V could at first
initiate at the defects, larger a-phase, a-phase clusters or the interfaces
due to the microstructure inhomogeneity and deformation incompati-
bility [16,23,47]. In this case, the formation of the cracks is irrespec-
tive of the grain refinement, and the microstructure in the crack surface
presents no grain refinement feature. So, it is thought that, the mecha-
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Fig. 9. TEM observations of the extracted
cross-section samples 2 and 3 located in C-2 in
Fig. 5, in which the circles indicate the loca-
tions where the SAD diffraction are obtained.

nism of the crack initiation and early growth of titanium alloys in VHCF
regime is attributed to the formation of grain refinement caused by the
interaction between dislocations over a number of cyclic loadings fol-
lowed by cracks combined with the cracks formed at defects, a-phase,
interfaces, etc. during cyclic loadings, similar to that for the crack initi-
ation and early growth of high strength steels in VHCF regime [39,40].
The model could also explain the phenomenon that the microstructure
beneath the crack initiation and early growth region exhibits a layer of
refined grains for CP Ti-6Al-4V in VHCF regime [24], which is a spe-
cial case of the proposed mechanism that the crack initiation and early
growth is due to the grain refinement followed by cracks.

5. Conclusions

In this paper, the VHCF behavior of an AM Ti-6Al-4V treated by
hot-isostatic pressing is investigated by use of the ultrasonic frequency
fatigue test and rotating bending fatigue test. The main results are as
follows.

(1) Loading types have important influence on the fatigue behav-
ior of the present AM Ti-6Al-4V. The fatigue crack only initiates
from the specimen surface under rotating bending fatigue test,
while the fatigue crack tends to initiate from the interior of the
specimen in VHCF regime under ultrasonic frequency fatigue test.
The fatigue performance of the present AM Ti-6Al-4V under ul-
trasonic frequency fatigue test is higher than that under rotating
bending fatigue test.

(2) For the interior crack initiation in VHCF regime, the fracture sur-
face presents fish-eye like pattern and FGA morphology. EBSD
and TEM observations indicate that there are discontinuous re-
fined grain regions beneath the fracture surface in FGA. The
stress intensity factor range for FGA is in the range of 5.0-8.9
MPaem!/2, which approximates to the threshold value of crack
propagation 7.8 MPaem!/2 for the CP Ti-6A1-4V alloy in ultra-
high vacuum environment [38].

(3) The paper indicates that the mechanism of the crack initiation
and early growth of titanium alloys in VHCF regime is attributed
to the grain refinement caused by dislocation interaction over
a number of cyclic loadings followed by cracks in combination
with the cracks formed at defects, a-phase, interfaces, etc. during
cyclic loadings.

(4) A comparison of the fatigue performance of the present AM Ti-
6Al-4V with the CP Ti-6Al-4V indicates that the fatigue perfor-
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mance of AM Ti-6Al-4V is comparable to that of the CP Ti-6Al-
4V.
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