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Additively manufactured (AM) alloy usually inevitably contains defects during the manufacturing process or in
service. Defect, as a harmful factor, could significantly reduce the fatigue performance of materials. This paper
shows that the location and introduced form of defects play an important role in high cycle fatigue and very high
cycle fatigue (VHCF) behavior of selective laser melting Ti-6A1-4V alloys. The S-N curve descends approximately
linearly for internal defect induced failure. While for artificial surface defect induced failure, the S-N curve
descends at first and then exhibits a plateau region feature. The competition of interior crack initiation with fine
granular area feature is also observed in VHCF regime. The paper indicates that only the size or the stress in-
tensity factor range of the defect is not an appropriate parameter for describing the effect of defect on fatigue
crack initiation. Finally, the effect of artificial surface defect on high cycle fatigue and VHCF strength is modeled,
i.e., the fatigue strength o, fatigue life N and defect size /area (square root of the projection area of defect

perpendicular to principal stress direction) is expressed as ¢ = {

CN“(\/area)n., N < Ny

n , where C, a and n are
CN§(varea)", N > Ny

constants, and Ny is the number of cycles at the knee point of the curve.

1. Introduction

Additive manufacturing, with its manufacturing flexibility, offers
possibility to fabricate customized prototypes with complicated geom-
etries in a rapid design to manufacturing cycle [1-3]. As an essential
member, additively manufactured (AM) titanium alloys have potentially
wide use in aviation, aerospace, biomedical and nuclear industries
[4-6]. Some components are inevitably subjected to high cycle fatigue
and very high cycle fatigue (VHCF) loadings in service [7]. Researchers
in recent years have found that the failure of metallic materials (e.g.
steels, Ti-alloys, magnesium alloys) could still occur in VHCF regime
[8-11], so as for the AM Ti-alloys [12-14]. The fracture surface of AM
Ti-6Al-4V alloy presents the fish eye pattern and fine granular area
(FGA) feature for the interior crack initiation in VHCF regime [13-17].
FGA is a typical characteristic on the fracture surface for VHCF failure.

The equivalent crack growth rate in FGA is below one lattice spacing
(~10"1%m) per cycle [18,19] and the stress intensity factor range of FGA
approaches to the threshold value of crack propagation for high strength
steels [20-22].

Moreover, the as-built Ti-alloys generally contain AM defects during
the manufacturing process (e.g. gas porosity or lack of fusion) [23-26].
This type of defect tends to induce fatigue crack initiation and signifi-
cantly lowers the fatigue performance of AM Ti-alloys [15,16,27-30]. It
has been shown that the hot-isostatic pressing (HIP) could effectively
eliminate or reduce the manufacturing defects and the fatigue perfor-
mance of AM Ti-alloys after HIP could be comparable to the conven-
tionally processed wrought materials [14,31-33]. However, due to the
size limitation of HIP equipment, HIP is impractical for the big structures
such as aircraft engine components by now. Consequently, the fatigue
behavior of AM alloys with manufacturing defects needs to be further
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Table 1
Mechanical properties of the non-HIP and HIP AM Ti-6Al-4V alloy.

Type of material Tensile stress (MPa) Yield stress (MPa)

Non-HIP 1007 951
HIP 946 849

elucidated. Beside the manufacturing defects of the material, the defects
such as impact holes, corrosion pits or scratches might as well exist in
engineering component surface during service and degrade the fatigue
performance [34,35]. Therefore, it is essential to fully understand the
influence of different types of defects on the fatigue behavior of AM Ti-
alloys in order to meet the demand of high reliability of components.
Motivated by the above considerations, the defect induced high cycle
fatigue and VHCF behavior is investigated for an AM Ti-6Al-4V alloy by
selective laser melting in this paper. The effect of artificial surface defect
and manufacturing defect are both considered. The crack initiation
mechanism at different kinds of defects is analyzed by scanning electron
microscope (SEM) observation. The competition between the artificial
surface defect induced cracking and the interior AM defect induced
cracking is further discussed in view of the defect size and stress in-
tensity factor range for the defect. Finally, the effect of artificial surface
defect on high cycle and VHCF strength is modeled based on the concept
of \/area parameter. The model is also used to predict the effect of
surface defect on the fatigue strength of the EA4T steel in literature.

o r

,;;/!*9_.}'7/1?'

1,1 / ’n
y’"ix"

0001 2110

I} JIN
‘4 A

00t

b

Theoretical and Applied Fracture Mechanics 119 (2022) 103380

2. Materials and methods
2.1. Materials

The AM Ti-6Al-4V alloy used in this paper is manufactured by se-
lective laser melting technique on a BLT-S310 machine. The chemical
composition (wt.%) of the powder is 5.97 Al, 3.93 V, 0.12 Fe, 0.088 O,
0.015 C, 0.0031 H and Ti balance. At first, two batches of bars with a
length of 100 mm and a diameter of 12 mm are manufactured. The
building direction is vertical. Then, they are heat-treated at 710 °C for 2
h in vacuum and cooled in argon atmosphere. One batch of bars is post-
processed by HIP at 920 °C and 1000 bar for 2 h in argon atmosphere to
reduce the porosity and defect. The other batch of bars is without HIP
process (i.e., non-HIP). The values of the tensile strength and yield
strength are listed in Table 1, which are obtained from three specimens
with the gauge length of 30 mm and diameter of 5 mm. Fig. 1a and 1b
show the microstructure parallel to the building direction for the non-
HIP and HIP AM Ti-6Al-4V alloy, respectively. The microstructure is
basketweave with lamellar o phase. The thickness of the lamellar by HIP
is generally bigger than that without the HIP process.

2.2. Fatigue test and characterization

For the HIP AM Ti-6Al-4V alloy, smooth specimens and specimens
with three kinds of artificial surface defects (i.e., defect-A, defect-B and
defect-C) are considered in order to investigate the effect of defect size
on the fatigue behavior. For the non-HIP AM Ti-6Al-4V alloy, smooth
specimens and specimens with artificial surface defect-A are considered

Fig. 1. (a) and (b): Microstructure of non-HIP and HIP AM Ti-6Al1-4V alloy, respectively. The top panel is an image quality map with phase distribution (« phase: red,
p phase: green), and the bottom panel is an inverse pole figure. The scale bars in (a) and (b) are all 20 pm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. Sketch maps of specimen and defect. (a): Fatigue specimen (in mm); (b)-(d) Cross section of defect-A, defect-B and defect-C perpendicular to the specimen
axis. (e) AM defect of the material.
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Fig. 3. S-N data of HIP and non-HIP specimens with and without artificial surface defect, in which the lines are fitted by the bilinear relation of the S-N data in
log-log scale [39]. (a): HIP specimens with and without artificial surface defect, in which the arrows denote that the specimens do not fail at the associated fatigue

cycles; (b): non-HIP specimens with and without artificial surface defect.

in order to investigate the effect of different types of defects. Some of the
results for non-HIP smooth specimens are also available in Ref. [17]. The
artificial surface defects are drilled at the smallest section of the spec-
imen with different bit diameters, similar to that in Ref. [36]. The ge-
ometry of the smooth specimen is shown in Fig. 2a. The approximate
shape and geometry of the artificial defects are shown in Fig. 2b-2d
based on the observation of the fatigue fracture surface of the specimen
failed from the surface defect. The size of defects and the values of w and
h are measured by Image-Pro Plus (IPP) software on SEM images of the
fracture surface. The sketch map of the AM defect of the material is given
in Fig. 2e for comparison. Before fatigue test, the surfaces of the hour-
glass part of smooth specimens and specimens with artificial surface
defect (before the defect is drilled) are ground and polished.

The fatigue tests are all conducted in air and at room temperature
with an ultrasonic fatigue testing system (USF-2000A, f = 20 kHz). An
adjustable spot cooling system is employed to reduce the temperature of
the specimen during fatigue test. The machine is controlled by a piezo-
electric converter, and the supplied voltage is equivalent to a certain

output displacement amplitude. The fatigue loading is controlled by the
output displacement of the device. The output voltage with the
displacement amplitude of the standard sample is calibrated with an
eddy current extensometer. The applied stress amplitude at the smallest
section of the specimen is at first transformed to the displacement by the
theoretical formula [37]. The stress ratio R is —1, and the fatigue loading
without intermittence is used.

The fracture surface morphologies of failed specimens are observed
by SEM. The microstructure is observed by SEM at 20 kV using an
electron backscatter diffraction detector and analyzed in the OIM
Analysis software.

3. Experimental results and analyses

3.1. S-N data of smooth specimens and specimens with artificial surface
defect

Fig. 3 shows the S-N data of smooth specimens and specimens with



W. Chi et al.

Table 2

Stress amplitude o, fatigue life N, defect size ager at the crack origin, and the
width w and depth h of the artificial surface defect at the crack origin for non-HIP
specimens.
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Table 4

Stress amplitude o, fatigue life N, defect size ager, defect width w and defect
depth h at the crack origin for HIP specimens with artificial surface defect-A,
defect-B and defect-C, respectively.

Smooth specimens Specimens with artificial surface defect-A

Ga N Qgef Ca N Qgef w h
(MPa) (pm) (MPa) (pm) (pm) (um)
600 1.12 x 77 600" 1.00 x 102 184 72
107 10°

600 2.76 x 56 550* 2.01 x 101 201 64
106 10°

575 1.74 x 49 500" 2.82 x 107 243 69
107 10°

575 1.12 x 53 475 5.33 x 41 - -
107 107

550 1.53 x 74 450 6.40 x 49 - -
107 107

500 2.02 x 68 450 1.39 x 57 - -
107 108

500 3.99 x 43 450 6.29 x 54 - -
107 107

475 1.23 x 50
108

450 8.86 x 44
107

400 3.49 x 77
108

* It denotes that the specimen fail from artificial surface defect.

Table 3
Stress amplitude o,, and fatigue life N for HIP smooth specimens.
04 (MPa) N 64 (MPa) N

725 1.80 x 10° 650 5.05 x 108
725 1.91 x 107 625 4.58 x 108
700 3.73 x 108 625" 1.07 x 10°
700 1.32 x 10® 600" 1.00 x 10°
650 7.89 x 10®

" It denotes that the specimen does not fail at the tested fatigue cycles.

artificial surface defect for both non-HIP and HIP specimens, in which
the stress amplitude is calculated by the smallest section of the specimen
disregarding the drilled hole for the specimens with artificial surface
defect. The detailed information of the stress amplitude, fatigue life and
the defect at the crack origin are shown in Table 2-4, respectively. In this
paper, the crack origin denotes the main crack origin unless it is noted
otherwise. The defect size is taken as the square root of the defect pro-
jection area perpendicular to the principal stress and a smooth enclosing
contour line is considered for the AM defect with irregular shape [38]. It
is observed from Fig. 3 that the S-N data exhibit two patterns for
different types of defect induced fatigue failure. It has the plateau region
feature for both the HIP specimens and non-HIP specimens with artifi-
cial surface defect. However, for the internal AM defect induced fatigue
failure, the fatigue strength decreases with increasing the fatigue life.
Furthermore, there is a critical value of the stress level for the artificial
surface defect induced failure. When the stress amplitude is higher than
the critical value, the crack initiates from artificial surface defect, and
the fatigue strength decreases approximately linearly with increasing
the fatigue life. Once the stress amplitude is lower than the critical one,
the artificial surface defect does not influence the fatigue behavior, as
shown in Fig. 3b. This indicates that the location and introduced form of
defect play a vital role in the fatigue behavior of AM Ti-6Al-4V alloy.
Fig. 3a also shows that the fatigue strength of HIP specimens is
decreased with the increase of artificial surface defect size.

In addition, Fig. 3 indicates that the HIP AM Ti-6Al-4V alloy shows a
better fatigue property than the non-HIP AM Ti-6Al-4V alloy in VHCF
regime. For example, the fatigue strength at 10° cycles is 378 MPa for
non-HIP smooth specimens and 638 MPa for HIP smooth specimens

Specimen type 0q N Agef w h (um)
(MPa) (pm) (pm)
Specimen with defect- 575 1.57 x 84 182 67
A 10°
525 1.69 x 91 171 74
10°
500 3.49 x 82 201 59
10°
500 1.52 x 86 175 67
10°
490* 1.12 x - - -
10°
485* 1.00 x - - -
10°
475* 1.01 x - - -
10°
Specimen with defect- 525 4.34 x 132 365 82
B 10°
475 3.08 x 167 415 108
10°
465 1.01 x 122 339 81
10°
460* 1.26 x - - -
10°
450* 1.15 x - - -
10°
425* 1.51 x - - -
10°
Specimen with defect- 450 1.06 x 223 324 165
C 10°
420 2.69 x 244 317 202
10°
400 4.53 x 234 327 186
10°
380 3.88 x 231 322 176
10°
380* 1.10 x - - -
10°
360" 1.08 x - - -
10°

* It denotes that the specimen does not fail at the tested fatigue cycles.

from the fitting line. The fatigue strength of specimens after HIP is about
69% higher compared with the non-HIP specimens. Moreover, the fa-
tigue strength at 10° cycles is 448 MPa for the HIP specimen with

60
= HIP, O'u=650 MPa
— Non-HIP, ¢,=500 MPa
S a0t
)
E
<
5
&
520
=
O 1 1
0 1x10° 2x10° 3x10°
Loading cycle

Fig. 4. Variation of surface temperature of specimens with loading cycle during
ultrasonic frequency fatigue test.
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Fig. 5. Fatigue fracture surface morphology of non-HIP specimens. (a) and (e): smooth specimen, 6, = 600 MPa, N = 2.76 X 106; (b) and (f): smooth specimen, ¢, =
550 MPa, N = 1.53 x 107; (c) and (g): specimen with artificial surface defect, 6, = 450 MPa, N = 1.39 x 108; (d) and (h): specimen with artificial surface defect, o, =
500 MPa, N = 2.82 x 10°. (a)-(d): the whole morphology of fatigue fracture surface; (e)-(h): close-ups of the rectangular regions in (a)-(d), respectively.

artificial surface defect-B from the fitting line. It is higher than the fa- size of defect-B for the HIP specimen is bigger than that of the artificial
tigue strength (378 MPa) at 10° cycles for the non-HIP specimen with surface defect for the non-HIP specimen, the HIP technique improves
artificial surface defect due to the effect of AM defect in the material significantly the VHCF strength of the AM Ti-6Al-4V alloy with small
itself. By the consideration that the fatigue strength at 10° cycles de- artificial surface defect at 10° cycles.

creases with increasing the artificial surface defect size (Fig. 3a) and the

Fig. 6. Fatigue fracture surface morphology
of HIP specimens. (a) and (e): smooth spec-
imen, 64 = 700 MPa, N = 1.32 x 10%; (b) and
(f): specimen with artificial surface defect,
64 = 525 MPa, N = 1.69 x 10°; (c) and (g):
specimen with artificial surface defect, 6, =
525 MPa, N = 4.34 x 10°% (d) and (h):
specimen with artificial surface defect, 6, =
420 MPa, N = 2.69 x 10°. (2)-(d): the whole
morphology of fatigue fracture surface; (e)-
(h): close-ups of the rectangular regions in
(a)-(d), respectively.
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Fig. 7. (a): FGA size versus stress amplitude for interior crack initiation; (b)-(d): AKrga versus FGA size, stress amplitude and fatigue life for interior crack initiation,

respectively.

3.2. Temperature measurement of specimens

The surface temperature of the smallest section is measured by a
thermocouple (k-type) for both the HIP and non-HIP specimens during
the ultrasonic frequency fatigue test, as that used in literature [17].
Fig. 4 shows the variation of the surface temperature with the loading
cycle at the stress amplitude 6, = 650 MPa for the HIP specimen and at
the stress amplitude 6, = 500 MPa for the non-HIP specimen. It is seen
that the stable temperature is not very high (about 30 °C). This indicates
that the temperature is near to the room temperature for both the HIP
and non-HIP specimens tested in VHCF regime.

3.3. Fracture surface morphology

3.3.1. Non-HIP AM Ti-6Al-4V alloy

For smooth specimens, the fatigue crack initiates from the internal
hole (Fig. 5e) except one specimen fails at the lack of fusion (Fig. 5f).
However, the crack initiation site is related to the stress level for the
specimen with artificial surface defect. At the higher stress amplitude,
the crack initiates from the artificial surface defect (Fig. 5Sh). While at the
lower stress amplitude, the crack initiates from the internal AM defect
(Fig. 5g), similar to that of the smooth specimen. In this case, the arti-
ficial surface defect does not affect the crack initiation for the non-HIP
AM Ti-6Al-4V alloy, and the fatigue fracture surface exhibits the fish
eye pattern with FGA feature similar to that observed for the AM Ti-
alloys in VHCF regime [14-16].

3.3.2. HIP AM Ti-6Al-4V alloy

Unlike the non-HIP smooth specimens that failed from the internal
AM defect, the fatigue crack initiates from the microstructure in-
homogeneity (e.g. bigger a-phase or cluster of a-phase) for all the HIP
smooth specimens [14,15]. The crack initiation and early growth region
also presents the FGA morphology, as shown in Fig. 6e. For HIP speci-
mens with artificial surface defect, the fatigue crack initiates from the
drilled hole, as shown in Fig. 6f-6h.

3.4. Stress intensity factor range for FGA

It has been indicated that the FGA consumes most of the fatigue life
for VHCF of high strength steels [18,19] and Ti-alloys [17,40] and that
the stress intensity factor range of FGA approaches the threshold value
of crack propagation [20-22]. Here, the stress intensity factor range of
FGA is also calculated similar to that used in literature [38], i.e.,
AKgga = 0.5A0,/marga (AKrga = 0.65A0,/Tagca for the FGA near to the
specimen surface), in which apgy is square root of the fine granular area
including the defect area on the fracture surface.

Fig. 7a gives the relation between FGA size and the stress amplitude
for both HIP and non-HIP specimens. It is seen that the FGA size tends to
decrease with increasing the stress amplitude. The variation of AKgga on
FGA size, stress amplitude and fatigue life is plotted in Fig. 7b-7d,
respectively. The value of AKpga ranges from 10.4 to 14.2 MPa-m'/? for
non-HIP specimens, which is close to the range of 8.8 to 14.0 MPa-m'/2
of the value of AKpga for HIP specimens.
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Fig. 8. SEM image of multiple crack initiation for the specimen failed at 6, = 450 MPa and N = 6.40 x 10 cycles. (a): the whole fatigue fracture surface morphology;
(b): enlarged image for the main crack initiation region with FGA morphology; (c): enlarged image of the secondary crack initiation region with FGA morphology;
(d): enlarged image for a gas pore without inducing crack initiation at the fracture surface in (b).

4. Discussion
4.1. Competition of crack initiation site

The multiple internal AM defect induced crack initiation with FGA
morphology is observed for one of the specimens with artificial surface
defect, as shown in Fig. 8a-8¢c. The AM defect (i.e., gas pore) without
inducing crack initiation is also observed on the fracture surface (Fig. 8b
and 8d). Here, the sizes of defect in crack origin and defect without
inducing crack initiation in Fig. 8 are measured and analyzed by the
consideration that the larger defect usually leads to a lower fatigue life
or fatigue strength [22,38,41]. The size of defect is 49 pm for the main
crack origin and is 55 pm for the secondary crack origin. They are both
bigger than the size (11 pm) of the defect without inducing crack initi-
ation. The defect that induces the main crack has a smaller size than the
defect that induces the secondary crack, but the FGA size for the main
crack is bigger. This indicates that the crack initiation and early growth
depend not only on the defect size but also on the microstructure of the
material around the defect. Further, all the three AM defect sizes are
significantly smaller than the artificial surface defect size (bigger than
100 pm based on the results in Table 2) at the non-HIP specimen.
Nevertheless, the internal AM defect induces the fatigue failure of the
specimen. It indicates that the introduced form of the defect plays a vital
role in the crack initiation and fatigue failure.

In Sec. 3.3.1, it shows that the crack initiation site is related to the
stress level. For a further analysis, Fig. 9a shows the variation of defect
size at the crack origin with the stress amplitude for the non-HIP spec-
imens with and without artificial surface defect. It is seen that there is a

critical value of the stress amplitude. When the stress level is lower than
the critical value, the fatigue crack initiates from the internal AM defect
even if the artificial surface defect size is bigger than the internal AM
defect size, namely that only the defect size could not explain well the
influence of defect type on the fatigue crack initiation.

The stress intensity factor range of the defect at the crack origin is
also compared between the non-HIP smooth specimen and the non-HIP
specimen with artificial surface defect. The stress intensity factor range
for the internal AM defect (i.e., AKj,¢) and the artificial surface defect (i.
e., AK,r) at the crack origin are calculated by AKi, = 0.5A0/%aiy; and
AK, = 0.65A0,/na, [38], respectively, in which aj,; and aa denote
the internal AM defect size and the artificial surface defect size at the
crack origin, respectively. Fig. 9b shows the variation of AKjyt and AKgyt
with the stress amplitude. It is seen that the fatigue crack initiates from
the internal AM defect though the stress intensity factor range for the
artificial surface defect is bigger than that for the internal AM defect at
the crack origin when the stress level is below the critical value. This
indicates that only the stress intensity factor range of the defect is also
not an appropriate parameter for describing the effect of defect on the
fatigue crack initiation. In fact, the residual stress, roughness and
microstructure at the defect usually differ for different types of defects,
which will affect the crack initiation [42-47]. Hence, for the effect of
defect on fatigue crack initiation, it needs to consider the influence of the
comprehensive factors, such as the stress level, defect size, location of
the defect, microstructure around the defect, residual stress and
roughness at the defect, etc.
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4.2. Fatigue strength model incorporating defect

The results on non-HIP smooth specimens and the specimens with
artificial surface defect show that the effect of defect on fatigue per-
formance is related to the introduced form of the defect. This is also
indicated by the high cycle fatigue of S38C steel with different types of
defects [46]. Here, the effect of the same type of defect (i.e., the artificial
surface defect) on the fatigue strength is investigated. Some models have
been proposed for correlating the influence of defect on fatigue strength
[48,49]. For example, Murakami and Endo [50] proposed that the fa-
tigue limit of metallic materials incorporating the effect of surface defect

could be expressed as ¢, = 1.43(Hy +120)/(\/aﬁ)1/6, in which Hy
(kgf/mmz) denotes the hardness and /area (um) denotes the square root
of the projection area of defect perpendicular to the principal stress
direction. The v/area model has been developed to investigate the effect
of defect on the fatigue strength of metallic materials [36,41,51-54]. By
the consideration that the S-N curve for the specimens with artificial
surface defect descends at first and then exhibits a plateau region
feature, the bilinear model for the S-N curve [39,55] is developed for
describing the high cycle fatigue and VHCF strength incorporating the
effect of defect, i.e.,

B {CN“(\/area)", N < Ny

1
CNg(\/area)", N >Ny )

where C, a and n are constants, Ny is the number of cycles at the knee
point of the curve.
Eq. (1) can be written as.

a(log,oN —log,,Np) + B, N < N,

B, N >N, @

log 0 = {

where B = log,,C + alog, Ny + nlog,,v/area.

For determination of parameters, the values of a, B and Ny are at first
obtained from the experimental data of specimens with one kind of
defect size by iterative calculation to minimize the value of the following
equation [39]:

Z [log,y01 — alog,o(Ni/No) — BI* + Z (log o0 — B)’

Ny <Np Ni=No

3

where oy is fatigue strength, Ny is the associated fatigue life, k =1, 2,
..., m, and m is the number of specimens for analysis.
Then, the parameter n in Eq. (1) is determined from the following
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Fig. 10. Comparison of the present model with experimental data. (a): present HIP specimens; (b): micro-shot peened EA4T steel in literature [53]. The solid lines are
fitted by the bilinear relation of the S-N data in log-log scale [39]; the dash lines are the predicted results by the present model Eq. (1).
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equation by employing the fatigue strength of specimens with another
kind of defect size at a certain fatigue life (e.g. 107 cycles):

o (Varea’)"
6’ (Varea’)"

where ¢’ denotes the fatigue strength of specimens with one kind of

G

defect size v/area’, and ¢’ denotes the fatigue strength of specimens
with another kind of defect size varea’.

Fig. 10a shows the present model for correlating the fatigue strength
of HIP specimens with different sizes of artificial surface defect. Here,
the average defect size in Table 4 is used by the consideration that the
difference of defect size is very small for the same type of defect. The
values of a, B and N are at first obtained from the specimen with defect-
C, and then the parameter n is determined by employing the fatigue
strength (at 107 cycles) of the specimen with defect-A. The fatigue
strength is obtained from the fitting line shown in Fig. 3. Fig. 10a shows
that the present model Eq. (1) gives a good correlation for the effect of
artificial surface defect on the high cycle fatigue and VHCF strength of
the AM Ti-6Al1-4V alloy. For a further validation of the present model
with experimental data, it is used to predict the effect of artificial surface
defect on the EAA4T steel in literature [53]. The result is shown in
Fig. 10b. The values of a, B and Ny are at first obtained from the spec-
imen with the defect of d = 100 pm and h = 60 pm, and then the
parameter n is determined by the fatigue strength of the specimen with
the defect of d = 1000 pm and h = 1000 pm. The fatigue strength is
obtained from the fitting line by the bilinear relation of the S-N data in
log-log scale [39]. Fig. 10b indicates that the predicted S-N curves are
generally in agreement with experimental data for the effect of defect.
This indicates that the present model is promising for correlating the
effect of surface defect on the high cycle fatigue and VHCF strength of
metallic materials. It is noted that there is a critical size for defect,
smaller than which the defect has no influence on the fatigue strength
[36,42]. In this case, the model is not applicable. It is also noted that the
model might not be valid when the defect size is very large [46].

5. Conclusions

In this paper, the defect induced high cycle fatigue and VHCF
behavior of an AM Ti-6Al-4V alloy is studied by using ultrasonic fre-
quency fatigue test. Based on experimental results and analyses, the
main conclusions of this study are as follows:

(1) The effect of defect on high cycle fatigue and VHCF behavior of
the AM Ti-6Al-4V alloy is related to the location and the intro-
duced form of the defect. For the internal AM defect induced
failure, the fatigue life increases with decreasing the stress
amplitude. While for the artificial surface defect induced failure,
the S-N curve descends at first and then exhibits a plateau region
feature.
The fatigue failure caused by the internal defect presents fish eye
pattern and FGA morphology in VHCF regime for both the non-
HIP and HIP specimens of the AM Ti-6Al-4V alloy. The value of
AKgga varies in the range of 10.4-14.2 MPa-m'/? for non-HIP
specimens and 8.8-14.0 MPa-m*/2 for HIP specimens. Competi-
tion of interior crack initiation with FGA feature is also observed
in VHCF regime. The paper indicates that only the defect size or
stress intensity factor range for the defect cannot correlate well
the effect of defect on the fatigue life or fatigue crack initiation
position.
(3) A model is proposed for correlating the effect of artificial surface
defect on high cycle fatigue and VHCF strength, i.e., the fatigue
strength o, fatigue life N and defect size \/area is expressed as ¢ =

CN“(\/area)n, N < N,
CNg(\/area)n, N> Ny

(2

—

, where C, a and n are constants, Ny is
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the number of cycles at the knee point of the curve. The model
reflects the plateau region feature of the S-N data for the artificial
surface defect induced fatigue failure, and it is in agreement with
the experimental data of the present AM Ti-6Al-4V alloy and the
data of the EAA4T steel in literature.
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