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The eﬀect of building orientation on the very-high-cycle fatigue (VHCF) response of Ti-6Al-4V specimens produced through selective laser melting (SLM) process with three diﬀerent building orientations (0°, 45° and 90°)
has been experimentally assessed. The fatigue performance decreases with diﬀerent building orientations from
0° to 90°. The fatigue crack origin has been found to be always an internal defect both at high-cycle fatigue and
VHCF regime independent of building orientations. Size of defects induced fatigue failures and the stress intensity factor range decrease with the number of cycles to failure. By considering the VHCF strength at 109
cycles, the median value decreases from 217 MPa (0°) to 201 MPa (45°) and ﬁnally to 155 MPa (90°), with a 40%
reduction from 0° to 90°. The building orientation signiﬁcantly inﬂuences both the defect size and the resulting
VHCF response.

1. Introduction
Titanium alloys are widely used in aerospace and many other industrial applications due to their high speciﬁc strength, low density,
high temperature and high corrosion resistance. Nevertheless, the traditional manufacturing processes of titanium alloys are diﬃcult and
expensive, due to their low thermal conductivity and chemical reactivity with tool materials (especially at elevated temperatures), which
signiﬁcantly reduces the service lifetime [1]. In recent years, the development of additive manufacturing (AM) processes that permit to
minimize waste and to manufacture complex shapes [2–6], has provided a cost-eﬀective alternative to traditional manufacturing processes
for titanium alloys. However, there are still some issues concerning the
structural integrity of titanium alloy components produced by diﬀerent
AM techniques. The experimental assessment of the mechanical properties of AM titanium alloys is needed to understand their failure mechanisms and to ensure a safety design. So far, many experimental tests
have been carried out to investigate the quasi-static mechanical properties [6–8] and the high-cycle fatigue (HCF) response [9–12] of AM
titanium alloys, particularly the widely used Ti-6Al-4V alloys. However,
few results are available on the very-high-cycle fatigue (VHCF) behavior [13–15]. For example, in [13], the eﬀect of a stress relief heat
treatment and a hot-isostatic pressing (HIP) process was investigated; in

⁎

[14], experimental tests were carried out on the mechanical properties
of specimens produced by SLM and electron beam melting (EBM)
processes; whereas, in [15], fatigue tests up to 109 cycles were performed on specimens with large loaded volume to investigate size-effects. The eﬀect of building orientation on the VHCF response of Ti-6Al4V alloy has not been investigated yet, even though it is well-known
that it signiﬁcantly aﬀects related mechanical properties and defect
distribution [7].
In the present paper, the eﬀect of building orientation on the VHCF
response of Ti-6Al-4V specimens produced by an SLM process was assessed experimentally and investigated in a statistical framework according to the models proposed in [16–20]. Fully reversed tensioncompression ultrasonic fatigue tests were performed on the specimens
produced with three diﬀerent building orientations (0°, 45° and 90°).
Fracture surfaces were observed with scanning electron microscopy
(SEM). The crack origin and crack nucleation processes in the AM Ti6Al-4V alloys were compared with those typical in a traditionally
manufactured Ti-6Al-4V alloy as reported in [21–25]. In particular, the
results in [21–24] showed that, for conventional forged titanium alloy
in both VHCF and HCF regimes, cracks initiate from the surface for
stress ratio R = -1; whereas, the crack origin is from subsurface or
internal, with a coarser rough area (RA) around the crack origin and a
ﬁsh-eye (FiE) zone on the fracture surfaces experienced R ≠ −1.
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Fig. 1. Schematic drawing of parts manufactured by SLM.

2. Specimen preparation and test procedure

process (Fig. 2) [26,27]. Because of the printing mode in SLM, the
density of defects in the material increases [4]. Surface and internal
pores are the main type of defects in the investigated material (Ti-6Al4V) obtained by SLM.
The specimens were made with diﬀerent building orientations (0°,
45° and 90°). However, as the angle of building direction increases, the
grains of the dark color area become ﬁner (Fig. 2a–c). In Ref. [11], the
porosity diﬀerence due to print orientation is explained by considering
the overhang structure formed during the manufacturing process. It is
shown that the overhang structure will lead to more defects if the
manufactured specimen is neither perpendicular nor parallel to the
substrate. In addition, across printing layer may result in more defects
too. As a result, defect density of specimen manufactured at 45°is
higher. In our paper, the specimen which was used for statistics of
defect density was built perpendicular to the load direction. It is observed that the defect density distribution is in agreement with that in
Ref. [11]. This conﬁrms that our results agree with those recently reported in [11]. Consistently with that work, the density of defects also
varies with building orientations, which is lower at 45° than that at 90°
and 0°. The size and position of defects inﬂuence not only the static
tensile property but also the fatigue performance, which is very

2.1. Material
The material tested is Ti-6Al-4V which is an α + β type titanium
alloy [23]. The α phase is a hexagonal close-packed (HCP) crystal
structure and the β phase is a body-centered cubic (BCC) structure. The
tensile property and ductility of the α + β type titanium alloy are
usually very good for load bearing applications. The specimens were
made by SLM. Diﬀerent building directions of the specimens were
prepared by cutting in diﬀerent directions from the bulk 3d printed
material (Fig. 1). Some recent papers have extensively discussed the
presence of surface defects on the specimens directly obtained by SLM
[3,5,6,24,25]. Due to the process employed in the present work for
manufacturing the samples, the defects are not concentrated on the
surfaces but well distributed inside the specimens.
The typical microstructure of Ti-6Al-4V made by SLM, as shown in
Fig. 2, is characterized by a lamellar structure that is diﬀerent from the
common microstructure of Ti-6Al-4V obtained by traditional manufacturing methods. This diﬀerence is mainly due to the repeated
melting and solidiﬁcation between layers, which is typical in the SLM

0°

45°

90°

0°

45°

90°

Fig. 2. Optical microscope images of the titanium alloy prepared by SLM with building orientations of 0°,45° and 90° at low magniﬁcation (a–c), and at high
magniﬁcation (d and e).
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Fig. 3. Specimen shape and dimension (a) and schematic drawing of specimens with diﬀerent building orientations (b) for ultrasonic fatigue testing.

Fig. 4. Geometric model for ﬁnite element modeling. (a and b) Schematic of building ﬁnite element model. (c–e) Cross proﬁles of the geometric model with a defect
oriented at 0°, 45° and 90°.
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directly obtained by SLM usually are characterized by a large number of
defects on the surface. This is not the case in the present work, in which
the specimens were obtained by cutting the bulk material in the desired
directions.
Traditional fatigue tests are generally performed up to 107 cycles
due to limitations of test equipment and fatigue limit. But there is an
increase of evidence that a large amount of materials also exhibit VHCF
behavior. Ultrasonic fatigue testing can substantially shorten the time
of tests, allowing to increase the number of cycles that can be easily
reached in a test. The ultrasonic fatigue testing machine is made of an
ultrasonic signal generator, a piezoelectric transducer, and an amplitude ampliﬁer. For high-strength titanium alloys, the loading frequency
does not signiﬁcantly impact the overall fatigue performance.
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2.3. Fracture surface observations

10

10

The fracture surfaces were observed by using SEM and scanning
white light interferometry (SWLI). From the images taken with SEM,
the morphology of a crack in the initiation phase and propagation phase
was investigated. In addition, the shape of the defects inducing fatigue
crack initiation was analyzed. The optical microscope was used to observe the microstructure of samples. By using SWLI, additional information on the morphology of fracture surfaces and of defect conﬁgurations was obtained. The size and depth of defects were measured
by using a post-processing software Image Proplus 6.0.

Fig. 5. S-N data of Ti-6Al-4V specimens manufactured with three diﬀerent
building orientations.

important for practical engineering applications.

2.2. Specimen and fatigue test
Fatigue tests at R = −1 were carried out by using an ultrasonic
fatigue tester (Lasur GF20-KT) with a frequency of 20 kHz ± 500 Hz at
room temperature in air. The specimen geometry is depicted in Fig. 3.
As previously explained and as also mentioned in [24], the specimens

2.4. Finite element modeling
Finite
3

element

method

was

employed

to

evaluate

stress
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Fig. 6. Fractography of Ti-6Al-4V specimens manufactured with three building orientations. (a) 0°, σa = 450 MPa and Nf = 2.68 × 106; (b) 0°, σa = 300 MPa and
Nf = 2.51 × 107; (c) 45°, σa = 450 MPa and Nf = 3.7 × 105; (d) 45°, σa = 320 MPa and Nf = 3.1 × 107; (e) 90°, σa = 400 MPa and Nf = 2.15 × 105; (f) 90°,
σa = 250 MPa and Nf = 1.03 × 108.

orientations of 0°, 45° and 90° are shown in Fig. 4c–e.

concentration factors due to the presence of the defects to initiate fatigue cracks. Abaqus code was employed for this purpose. Usually a
clear relationship between the defects and the load orientation in specimens obtained by traditional technologies is diﬃcult to identify. On
the contrary, for the specimens obtained by SLM with diﬀerent building
orientations, the stress distribution beside the defects changes as a
function of the defect shape and the load direction. A cylinder model
with the diameter of 200 μm and the height of 200 μm which simulates
a part of the whole specimen was established (Fig. 4a and b). A constant
remote stress of 200 MPa was applied on the top surface of the model
and the symmetry conditions were set on the bottom side. An ellipsoid
with the major axis of 25 μm and short axis of 40 μm was modeled. This
size is in good agreement with the size of the defects detected in the
specimens. The defect orientation changes from specimen to specimen
as a function of building orientation. The cross-sectional proﬁle of the
three diﬀerent ﬁnite element models corresponding to building

3. Fatigue property and fractography
3.1. S-N data
Three groups of specimens were prepared with respect to the three
building orientations, which were used for ultrasonic fatigue testing. All
the fatigue tests were performed at R = −1. Fig. 5 shows the stress
amplitude σa as a function of the number of cycles to failure Nf. The
range of stress amplitude σa in HCF and VHCF regimes varies from 200
to 500 MPa and a fatigue limit does not appear for all three conﬁgurations. The fatigue strength of specimens manufactured at 0° is the
highest, followed by those manufactured at 45° and 90°. In HCF regime
the diﬀerence among the three orientation specimens is evident but
there is almost a negligible diﬀerence in the VHCF regime. In HCF
4
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Fig. 7. FiE and crack origins for specimens manufactured with three diﬀerent orientations. (a) 0°, σa = 450 MPa and Nf = 2.68 × 106; (b) 0°, σa = 300 MPa and
Nf = 2.51 × 107; (c) 45°, σa = 450 MPa and Nf = 3.7 × 105; (d) 45°, σa = 320 MPa and Nf = 3.1 × 107; (e) 90°, σa = 400 MPa and Nf = 2.15 × 105; (f) 90°,
σa = 250 MPa and Nf = 1.03 × 108. Blue dashed ring shows the RA and yellow dashed ring shows the FiE. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

crack initiation from surface to subsurface in the regime from HCF to
VHCF, resulting in the continuously descending shape of S-N curves.

regime, the defect and the strength of material are the most important
factors aﬀecting the fatigue life and strength. In contrast, in VHCF regime, since the ﬁne granular area (FGA) in the crack origin consumes
most of fatigue life, the load amplitude and the material microstructure
play also an important role, together with defect size. Specimens
manufactured with SLM with diﬀerent directions may have similar
microstructure. However, their strength and defect distribution are
quite diﬀerent. As a result, the diﬀerence of fatigue strength among all
the specimens is more pronounced in HCF regime but, mainly due to
the similar microstructure, is less marked in VHCF regime. The S-N data
do not display stepwise shape for all the three types of specimens,
which is attributed to the fact that the internal crack initiation dominates in crack initiation of all the specimens. Thus, no transition of

3.2. Crack origin observations
Fracture surfaces were studied with SEM, as shown in Fig. 6a–e.
Fig. 6a, c and e show the fractography of specimens manufactured with
building orientations of 0°, 45° and 90° and failed in HCF regime. In
[13,14], fatigue crack of Ti-6Al-4V manufactured by casting starts from
surface since its microstructure is equiaxed and contains no defect.
However, in this study, for all Ti-6Al-4V specimens manufactured with
three building orientations, fatigue crack initiation is from interior even
in HCF regime. Fig. 6b, d and f show the fractography in VHCF regime
5
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Fig. 8. SMLI images of defects induced failure. (a) 0°, σa = 400 MPa and Nf = 5.35 × 106; (b) 45°, σa = 225 MPa and Nf = 3.39 × 108; (c) 90°, σa = 350 MPa and
Nf = 3.99 × 106; (d) 0°, σa = 300 MPa and Nf = 2.51 × 107; (e) 45°, σa = 400 MPa and Nf = 7.55 × 105; (f) 90°, σa = 320 MPa and Nf = 9.81 × 106.

inside FiE are needed.
There is stress concentration around defects (such as inclusion or
void) in the specimens subjected to cyclic loading. Fatigue crack normally initiates from this stress concentration area. It may grow slowly
and form an RA due to numerous cyclic pressing (NCP) [24,28], and
then lead to an FiE pattern. Thus, defect size generated in the process of
AM in Ti-6Al-4V plays an important role in the fatigue performance.

for the specimens manufactured at 0°, 45° and 90°. It is clear that crack
initiation in VHCF regime is similar to that in HCF regime. As described
previously, due to the same subsurface induced failure in HCF and
VHCF regimes, no stepwise type of S-N data is shown.
Fig. 7 shows the crack origins and FiE patterns of six specimens
manufactured with three diﬀerent orientations. As mentioned in
Section 3.1, all the cracks initiated from the internal of the specimens in
both HCF and VHCF regimes. This is diﬀerent from the crack origins in
traditional casting Ti-6Al-4V. This may be due to the fact that a large
number of internal porosity and lack of fusion exist inside the specimens manufactured by SLM. The internal crack initiation prevails in the
competition over the surface crack initiation. It is seen that there is a
rough area (RA) embracing the internal defect, which consumes most of
fatigue lives and is the characteristic region of crack initiation in VHCF.
An FiE pattern, which is a typical feature of crack early growth in VHCF
regime, is formed outside the RA in HCF and VHCF in the specimens
tested in this study. More studies on the formation and microstructure

3.3. Fracture surface roughness
The depth of fracture surface is not demonstrated in Section 3.2. In
order to further study the crack origins, the fracture surface was analyzed by SWLI. Statistics on the defect depth of fatigue crack origins
indicate that the depth of defect varies with the defect size. This is
because that the defect of crack initiation in the additive manufactured
Ti-6Al-4V is often a near-spherical shape. In addition, the image interfered by SWIL can further show that there is a rough region near the
6
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Fig. 9. SEM images of defects in the specimens. (a) 0°, σa = 400 MPa and Nf = 5.35 × 106; (b) 45°, σa = 225 MPa and Nf = 3.39 × 108; (c) 90°, σa = 350 MPa and
Nf = 3.99 × 106; (d) 0°, σa = 300 MPa and Nf = 2.51 × 107; (e) 45°, σa = 400 MPa and Nf = 7.55 × 105; (f) 90°, σa = 320 MPa and Nf = 9.81 × 106.

specimen is quite uniform. For 0° specimen, the depth of defects ranges
from 25 to 75 μm while the depth has large dispersity in 45° and 90°
specimens.

crack initiation source region. Fig. 8 shows SMLI images of the defects
which induced fatigue failure. The altitude decreases with color from
red to blue. The altitude of defects is lower than its outside area, indicating that the defect is a void in material. The color of the area
outside the defect is from red to green, indicating that this area is
rough. The maximum value of altitude of the image ranges from 15 to
30 μm and there is much green area in the image. By combining the
images of SEM and SWLI, it can be shown that the fracture surface of
specimen is a relatively rough area.

4.2. Defect size distributions
In Fig. 11a and b, the defect size with respect to the applied stress
amplitude and the number of cycles to failure are plotted, respectively.
In Fig. 11c the measured defect size, ac , is illustrated on a Gumbel
plot. Moreover, according to [16,17], the defect size is assumed to
follow the largest extreme value distribution (LEVD). The estimated
LEVD is also plotted in Fig. 11c.
The defect size of specimens was calculated with the tool of Proplus
6.0. Fig. 11a and b show the defect size versus the stress amplitude and
the number of cycles to failure. In general, defect size increases with the
increase of stress amplitude and the decrease of fatigue cycles. This is in
agreement with the common practice that as the defect size increases,
few fatigue cycles are needed to initiate and damage the specimen. For
all three oriention specimens, the size of irregular defects is bigger than
that of regular ones. According to Fig. 11c the defect size tends to increase with the building orientation: in particular, the defects that
caused failures are larger in the specimens manufactured with a
building orientation of 90° and exhibit the largest scatter.
Fig. 12 shows the defect distance versus the number of cycles to
failure and the stress amplitude. Fig. 12a shows the measured distance
of defect site from surface. The distance indicates the distribution of
defect on the fracture surface. The distance does not change with the
number of cycles to failure or the stress amplitude. The defects in 0°
specimen are more near the centre of fracture surface, as shown in
Fig. 12b and c.

4. Eﬀects of internal defects
Internal defects in Ti-6Al-4V aﬀect the fatigue property. The defect
size and depth are studied in this section. The relationship between
defect size and location and fatigue life for the specimens manufactured
with diﬀerent orientations are discussed.
4.1. Defect morphology
With regard to the eﬀect of defects on fatigue performance of Ti6Al-4V, defects are classiﬁed into two types, i.e. regular and irregular
ones. The regular defects, as shown in Fig. 9a–c, are the defects with
regular shape but without nonmetallic inclusions. The others, as shown
in Fig. 9d–f, are the irregular ones. The formation and propagation of
these defects during VHCF need to be studied in depth. However, it
shows no relation between the defect shape and the building orientation of the specimens. This may be because that the defect shape will
change during fatigue test. The fatigue loading is a key paramter for the
defect evolution during VHCF.
For further quantifying the depth of an internal defect, the altitude
information for all specimens along a line (shown in Fig. 10a) which
goes through the defect is gained from SWLI. The depth as a function of
stress amplitude and number of cycles to failure is summarized in
Fig. 10b and c. There is no obvious relevance between the depth of
defects and the stress amplitude or the number of cycles to failure. This
is because that the appearance probability of defects inside the

4.3. Stress intensity factor range of internal defects
Combined the defect size of the crack origin with the magnitude of
the applied stress, an equivalent stress intensity factor amplitude ΔK
can be obtained [16,17], with its correlations with stress amplitude and
7
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Fig. 10. (a) Measurements of defect depth, (b) Variation of defect depth with stress amplitude and (c) Variation of defect depth with number of cycles to failure.

4.4. Stress concentration

fatigue cycle being plotted in Fig. 13a and b. It is seen that, as the load
cycle increases, the amplitude of the equivalent stress intensity factor
range gradually decreases. In this case, the average size of the defects
does not diﬀer much. This result is similar to that for high-strength
steels. Compared with the conventional Ti-6Al-4V fatigue test, the
equivalent stress intensity factor range is stabilized near the fracture
toughness with the increase of the load cycle, and the average size of
defect gradually reduces. Although the size and depth of defects largely
disperse, ΔK of defects which induced fatigue failure decreases with the
decrease of stress amplitude and the increase of the number of cycles to
failure without threshold value (Fig. 13). Fig. 13 shows that ΔK ranges
in the sequence from high to low for 90°, 45° and 0°.
ΔK calculated by the size of defects and stress amplitude is a characteristic value for fatigue crack initiation. The number of cycles to
failure is longer when the ΔK is low because the initiation of fatigue
consumes most of fatigue life.

The stress concentration was considered as the promoting factor in
HCF and VHCF for traditional materials [10]. The stress concentration
of the three diﬀerent models with 0°, 45° and 90° defect was determined
by ﬁnite element method under the same load. Although the maximum
stress appears in the cylinder with 45° oriented defect because of the
asymmetry of the defect with respect to the axial load, the area of high
stress is smaller than the area of the models with 0° and 90° oriented
defect. Stress value or the area of high stress of the model with 90°
defect is higher than that of the model with 0° defect. For 0° defect the
high stress regime concentrates in the major axis of the ellipse. For 45°
defect stress concentration appears on a side of the elliptic section because of the deﬂection of defect. Because of the deeper and symmetrical
defect under the axis load the high stress is distributed uniformly
around the defect in 90° defect model (Fig. 14).
Both the value and distribution of stress concentration aﬀect the
8
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Fig. 11. Analysis of defect size: (a) defect size versus applied stress amplitude; (b) defect size versus the number of cycles to failure; (c) Gumbel plot of defect size and
estimated LEVDs.

crack initiation in HCF and VHCF. Although there is no direct connection between the defect orientation and the build direction, stress
concentration of the defect for the specimens with 0° build direction is
similar to that with 0° build orientation.

σ

Since no runout specimens are present, the constant coeﬃcients of
the mean fatigue life and the standard deviation were estimated by a
multiple linear regression; whereas the constant coeﬃcients of the
LEVD were estimated through the application of the Maximum likelihood principle by considering the defect size data.
Fig. 15 shows the estimated P-S-N curves for the 0° (Fig. 15a), the
45° (Fig. 15b) and the 90° (Fig. 15c) building orientation. In each ﬁgure,
the median, the 0.25-th and the 0.975-th quantiles (95% conﬁdence
interval) of the P-S-N curves are shown.
For a proper assessment of the eﬀect of building orientation, the
VHCF strengths at 109 cycles (considered as representative of the VHCF
response) have been estimated and compared. First, the pdfs of the
fatigue strengths at Nf = 109 cycles, estimated by deriving Eq. (1) with
respect to y and then by setting y = 9 (i.e., Nf = 109 ), are compared
(Fig. 16a).
According to Fig. 16a, the VHCF strength at 109 cycles decreases
with the building orientation, from 217 MPa (0°) to 201 MPa (45°) and
to 155 MPa (90°). The decrement is small from 0° to 45°, about 7%,
whereas it is larger from 45° to 90° (about 23%, considering the median
value). In order to investigate if the diﬀerence is statistically signiﬁcant,
the empirical cumulative distribution functions (ecdfs) of the diﬀerence
between the VHCF strength at 109 cycles were also compared. For each
building orientation, 10,000 values for the VHCF strength at 109 cycles
were simulated with the Monte Carlo method and, from the ecdfs of the
diﬀerences between the VHCF strengths, the conﬁdence intervals were
estimated. Fig. 16b compares the ecdfs of the diﬀerence between the
VHCF strengths for the three investigated building orientations: the

5. VHCF response: Eﬀect of building orientation
The eﬀect of building orientation was further studied considering
the P-S-N curves and the VHCF strength at 109 cycles was analyzed. The
marginal P-S-N curves, which take into account the defect size distribution (Section 4.2), were estimated according to the following
model [16–20]:
∞

FY (y; x ) =

∫
0

y − μ Y (x ,
Φ⎛
σY
⎝
⎜

ad0 ) ⎞

⎟

⎠

φLEV ⎛
⎝

ad 0 − μ A
σ A

σ

A

⎞
⎠d a
d0
(1)

where:

FY (y; x ) is the cumulative distribution function (cdf) of the ﬁnite
fatigue life Y = log10 [Nf ] (i.e., the fatigue life is the logarithm of the
number of cycles to failure), and x = log10 [sa];

Φ

(

y − μY (x , ad0 )
σY

) is the cdf of the normally distributed conditional

ﬁnite fatigue life Y | ad0 (i.e., the ﬁnite fatigue life for a given inad0
itial
defect
size),
the
initial
defect
size,
μY (x , ad0 ) = cY + mY x + nY log10 [ ad0 ] and σY a constant parameter.
a

−μ A

⎛ d0
⎝ σ A
defect size
f

A

A.

⎞ is the probability density function (pdf) of the initial
⎠
A , which follows an LEVD with parameters μ A and
9
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Fig. 12. Schematic drawing of distance of defect site from surface (a); and the distance from surface versus number of cycles to failure (b) and stress amplitude (c).

Fig. 13. The range of stress intensity factor versus (a) stress amplitude and (b) number of cycles to failure.

0° and 45° (the 10% quantile of the ecdf is below zero); whereas a
signiﬁcant diﬀerence exists if building orientations at 45° and 90° (the
10% quantile of the ecdf is positive and equal to 7.8) and at 0° and 90°
(the 10% quantile of the ecdf is positive and equal to 13.9) are considered. However, by considering the pdfs of the VHCF strengths
(Fig. 16a), a clear decreasing trend can be observed also between the

blue curve was estimated by considering the diﬀerence between the
VHCF strength in the specimens manufactured at 0° and 45°, the black
curve by considering the building orientations at 45° and 90° and the
green curve by considering the building orientations at 0° and 90°.
According to Fig. 16b, it is found that there is no signiﬁcant difference between the VHCF strengths of the specimens manufactured at
10
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Fig. 14. Stress distribution of the three ﬁnite element models with 0°, 45° and 90° defect.

Fig. 15. P-S-N curves for the three investigated building orientations: (a) 0°; (b) 45°; (c) 90°.

orientation.
Fig. 16d shows the estimated quadratic model, together with the
estimated experimental failures at Nf = 109 . According to Fig. 16d, the
quadratic model well ﬁts the experimental data: the coeﬃcient of determination is equal to 0.7, larger than that obtained with a linear
model (about 0.6). The 95% conﬁdence interval for parameter a was
also estimated and found to be [−0.010: −0.005]. The zero value is
not within the 95% conﬁdence interval, thus proving that there is a
signiﬁcant dependency between the building orientation and the VHCF
strength, even for building orientations of 0° and 45°.
It is worth noting that the fatigue property and the approaches for
the structural integrity assessment are an important topic for the additive manufactured alloys. Some existing methods for the study of
traditional casting alloys and additively manufactured alloys may be
applied for further studies considering the speciﬁc microstructural
characteristics [29–37]. More comprehensive studies on the fatigue
property of additive manufactured alloys are under preparation together with a large bulk of new test campaigns. Moreover,

VHCF strengths in the specimens manufactured at 0° and 45°. Therefore, a further analysis was carried out. In particular, the decreasing
trend of the VHCF strengths with respect to the building orientations
was investigated in detail. In order to properly ﬁt the decreasing trend
between the VHCF strength and the building orientation, the corresponding VHCF strength at 109 cycles was estimated for each experimental failure. Indeed, each specimen can be considered as a representative of a speciﬁc P-S-N curve. For the i -th specimen (tested at
stress amplitude si and failed after ni cycles), a speciﬁc probability value
αi can be computed from Eq. (1), by substituting x with log10 (si ) and y
with log10 (ni ) . Given αi , the VHCF strength at Nf = 109 for the i -th
specimen can be easily obtained by solving Eq. (1) with respect to x for
FY (y; x ) = αi and y = 9. The procedure is schematically shown in
Fig. 16c.
Given the VHCF strength at Nf = 109 cycles for all the experimental
failures, a quadratic model y = ax 2 + c , y being the VHCF strength and
x the building orientation, is proposed for modeling the dependency
between the VHCF strength at Nf = 109 cycles and the building
11
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Fig. 16. (a) Pdfs for VHCF strengths of the three investigated building orientations. (b) Ecdfs for the diﬀerence between VHCF strengths of the three investigated
building orientations: blue curve (0°-45°), black curve (45°-90°) and green curve (0°-90°). (c) Procedure for the estimation of VHCF strength at Nf = 109 cycles. (d)
Quadratic regression for VHCF strength at Nf = 109 cycles and the building orientation. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

defect both at HCF and VHCF regime independent of building orientations. RA and FiE have been observed on fracture surfaces both
at HCF and VHCF regime.
(3) The size of defects induced fatigue failures decreases with the
number of cycles to failure. The stress intensity factor range ΔK
decreases with the increase of stress amplitude and the decrease of
the number of cycles to failure. Moreover, defects are larger in the
specimens manufactured with building orientation at 90° and exhibit the largest scatter.
(4) The VHCF strength decreases with building orientation. By considering the VHCF strength at 109 cycles, the median value decreases from 217 MPa (0°) to 201 MPa (45°) and ﬁnally to 155 MPa
(90°), with a 40% reduction from 0° to 90°. A quadratic model has
been proposed for ﬁtting the dependency between the VHCF
strength at 109 cycles and the building orientation. The building
orientation signiﬁcantly aﬀects the VHCF response.

geometrically complex SLM parts are widely used in many industries for
structural applications. It is common that complex SLM parts are subjected to cyclic loading. Fatigue strength is a fundamental property for
engineering applications. In order to improve the fatigue strength of the
parts, mechanical analysis should be ﬁrst conducted by using ﬁnite
element method to ﬁnd the weaker points in the structure. Then
building direction in the weaker locations should be properly chosen
using the conclusion of the present study. As long as the building direction of the weaker locations is properly designed, the fatigue
strength of whole complex SLM part will improve. Our results provide a
hint for designing structures from perspective of build orientation. In a
more in-depth study, this will also raise the question of structural design and optimization, which needs a further accurate investigation.
6. Conclusions
This work reports the fatigue behavior of the Ti-6Al-4V specimens
manufactured by SLM with three building orientations. The density,
size and position of defects in the specimens have been carefully analyzed. The following conclusions can be drawn:
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(1) The fatigue performance decreases with diﬀerent building orientations from 0 to 90°. The fatigue curves have the same slope at
HCF and VHCF and for the diﬀerent building orientations.
(2) The fatigue crack origin has been found to be always an internal
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