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The orientation dependency of the fatigue behaviour of laser powder bed fusion Ti-6Al-4V has been analyzed
and rationalized. Seven build orientations relative to the build plate have been studied. The 75° specimen
demonstrates the highest fatigue life owing to the optimal surface quality and low proportions of grains near-
parallel to the loading direction. When the build orientation is 30° or below, only defects on the downward-facing
surface serve as the fatigue crack initiation sites as a result of the poor surface quality. Beyond 45°, cracks begin
to initiate from the otherward-facing surface owing to the reduced variation in R, across the sample surface.

The large variation in the size and number of pore clusters near the initiation site governs the highest fatigue
scatter of the 75° specimen whereas the difference in crack initiation sites of the 45° specimen results in the large
difference in fatigue life. Our results demonstrate that the orientation effect is a critical factor to consider for the
design of fatigue-tolerant intricate components.

1. Introduction

Advanced manufacturing, particularly metal additive manufacturing
(AM), stands as the cornerstone for the fourth industrial revolution — also
known as the “Industrial 4.0” [1-3]. From biomedical spinal implants
to automotive engine parts, its ability to fabricate complex structures at
high geometrical precision opens the door for the design of lightweight
and multifunctional components [4-6]. Collective wisdom in the realm
of topological optimisation entails elements to be printed in different
build orientations [7-9]. However, a strong orientation-dependent me-
chanical property of the printed elements has been found i.e. vertical
struts exhibit different properties from the horizontal struts [7,9]. This
is due to the different local thermal history that gives rise to the for-
mation of structural inhomogeneities such as surface defects, pores, and
inhomogeneous microstructure [7,9]. So far, the orientation effect has
been widely assessed for the quasi-static mechanical behaviour of AM
materials [7,10,11]. The significance of the inhomogeneity on the me-
chanical durability, particularly the fatigue behaviour, of the component
is largely underexplored, which gives rise to severe ramifications in
practice and hinders the certification of the AM process [12-14]. Hence,
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in order to capitalize on the tremendous opportunities that AM offers,
the orientation dependency of the fatigue behaviour must be elucidated.

Here, Ti-6Al-4V alloys are employed for their broad applications
in both aerospace and biomedical industries [7,14,15]. We have cho-
sen laser powder bed fusion (L-PBF) to fabricate the alloy since the
technique often has a higher spatial resolution than the other AM tech-
niques such as electron beam melting (EBM) and direct energy depo-
sition (DED) and the parts produced by L-PBF usually exhibit better
surface finish than the EBM and DED counterparts [16-18]. Owing to
the rapid cooling rate of the process (10* — 10° K/s), the microstructure
of Ti-6Al-4V alloy made by L-PBF consists of @’ martensitic laths result-
ing from the decomposition of prior-g grains during the solidification
process [17,19]. After heat treatment, the microstructure is coarsened,
which yields the transformation of the a’ martensite into « laths [17,20].
Moreover, the thermal cycling intrinsic to the process can induce the for-
mation of defects such as surface irregularity and porosity in Ti-6Al-4V
alloys [14,21]. The presence of these defects can be detrimental to the
fatigue behaviour of the alloy [12,14]. Therefore, they are considered
in this study.
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So, how does printing orientation influence the fatigue behaviour
of AM materials? Existing research has focused on machined specimens
with the effect of surface roughness often neglected or not emphasised
[22-26]. However, machining is not applicable to complex structures
in service conditions, which calls into question the relevance of this re-
search to practical engineering components. On the other hand, studies
on as-built specimens have usually been restricted to three orientations:
0°, 45°, and 90° with respect to the build plate [27-30]. The broad
rule-of-thumb so far is that the 90° specimen demonstrates the high-
est fatigue strength as a result of the optimal surface finish. But this
oversimplifies the situation. Intricate components often require a multi-
tude of printing orientations. An attempt to assess the fatigue behaviour
of specimens printed in five different orientations was described in [8].
Yet, the study focused on one test condition of 600 MPa maximum stress,
and adopted both rectangular and cylindrical geometries in specimen
design, which limited our ability to derive further insight into the fac-
tors that influence the fatigue behaviour [8]. The synergistic effects of
microstructure, surface defects, and porosity during the fatigue fracture
process need further study.

The present study was initiated with the above in mind. Ti-6Al-4V
specimens were designed and printed in seven build orientations. The
gauge diameter of the specimen was chosen to match the strut thick-
nesses of many engineering components, including biomedical implants
and cooling channels [17,16]. The overarching goal of this work is to ra-
tionalize the variation in the deformation and fatigue behaviour of AM
materials in the as-built conditions as a function of the build orientation,
such that the orientation effect can be leveraged to inform the fatigue re-
sponse of complex structures in practice. We determined the fatigue life
of AM specimens between 5x 103 and 10° cycles to inform the behaviour
of metallic lattices. The 75° specimen exhibited the optimal fatigue
resistance among all the specimens. A combination of high-resolution
microscopy and X-ray computed tomography was employed to exam-
ine structural inhomogeneities, which allows the major factors relevant
to the fatigue properties to be quantified. We then probed the fracture
surface to shed light on the cyclic deformation process of L-PBF Ti-6Al-
4V. It was confirmed that surface defects served as the fatigue initiation
sites for all the tested specimens, indicating surface roughness is the
primary factor governing the fatigue performance of L-PBF Ti-6Al-4V.
These findings can pave the pathway for designing AM parts against the
presence of structural inhomogeneities.

2. Methods
2.1. Design of experimentation

In order to study the effect of printing orientations on the elastic,
plastic, and fatigue properties, samples were printed in seven different
orientations relative to the build plate: 0°, 15°, 30°, 45°, 60°, 75°, and 90°,
as shown in Fig. 1(A). All samples were designed with a gauge length of
5.2 mm and a gauge diameter of 1.3 mm.

2.2. Processing by laser powder bed fusion

A Renishaw AM400 machine (Renishaw plc, UK) with a modu-
lated 200 W ytterbium fibre laser was employed to produce the tensile
samples. Electrode induction-melted gas atomised Ti-6Al-4V powders
were fed into the machine. Table 1 details the processing parameters
used in this study. The processing parameters were optimised to ob-
tain fully dense samples through single-track experiments followed by
the Archimedes density measurements. The detail of how the optimal
processing parameters were identified was described in our previous
work [31]. A stripe hatching laser scan path pattern with a 67° rota-
tion between each layer was adopted (Fig. 1(B)). Two contour passes
were performed near the free surfaces after each layer to achieve an op-
timal surface quality. We used hatch parameters for the internal pass
and border parameters for the external pass (Fig. 1(C)).
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Table 1
Processing parameters used for the manufacturing of tensile
samples.
Ti-6Al-4V Hatch Parameters Border Parameters
Layer Thickness 30 pm 30 pm
Laser Power 200 W 100 W
Laser Scan Speed 0.786 m/s 0.750 m/s
Point Distance 55 pm 45 pm
Hatch Distance 65 um 65 um

Exposure Time 50 ps 40 ps
Spot Size (Radius) 35 um 35 um

For specimens below 30°, support structures were added. The spec-
imens were printed at nine equally spaced locations on a 250 mm X
250 mm build plate (Fig. 1(D)). Each sample consisted of a downward-
facing surface facing toward the build plate and an
otherward-facing surface facing in the other direction (Fig. 1(E)). In the
L-PBF process, the downward-facing surface was usually printed on top
of the loose powders whereas the otherward-facing surface was printed
on top of the solid part [32,33]. After the fabrication, the support struc-
tures were manually removed from the samples below 30° with special
care. All the samples were heat treated at 800°C for 4 hours in a vacuum
furnace and then sandblasted using safti grit at 2 bar.

2.3. Assessment of static & fatigue behaviour

The mechanical behaviour at room temperature was examined using
an Instron ElectroPuls E10k system with a 10kN load cell. Uniaxial ten-
sile tests were conducted under displacement rate control at a strain rate
of 2x 1073 s~!. The macroscopic strain of the sample was measured on a
5.2 mm gauge length using a non-contact iMetrum video extensometry
system. We performed 21 uniaxial tensile tests in total.

Tensile fatigue tests were performed under load control at a fre-
quency of 30 Hz and an R ratio of 0.1. Specimens were tested at maxi-
mum applied stresses of 600 MPa, 500 MPa, and 400 MPa. Three tests
were performed at each applied stress — a total of 63 fatigue tests were
conducted. All specimens were tested until rupture.

2.4. Characterization by electron microscopy

Microstructures were characterized using a Zeiss Merlin field emis-
sion gun scanning electron microscope (FEG-SEM) equipped with a
Bruker electron backscatter diffraction (EBSD) detector. Surfaces par-
allel to the build direction were examined. Scans were performed at a
20 kV accelerating voltage and a 20 nA current. To evaluate the « lath
thickness distribution, the diffraction patterns were acquired at 400 X
300 resolution with a step size of 0.22 um. To analyze the «a lath Schmid
factor and reconstruct prior-f grains, the diffraction patterns were col-
lected at 400 X 300 resolution with a step size of 0.55 pm.

Fracture surfaces of the samples after fatigue tests were examined
using a JEOL 6500F FEG-SEM. Fatigue crack initiation sites were iden-
tified to determine the failure mechanisms.

2.5. X-ray computed tomography

An ImageiX CT system (North Star Imaging Inc., Minnesota, USA)
was employed to conduct the X-ray computed tomography of the tensile
samples. The gauge sections of the samples were detected for the quan-
tification of surface quality and porosity. During the scan, each sample
was positioned 25.5 mm in front of the tungsten transmission target X-
ray source filtered by a Cu foil of 0.95 mm thickness. The scan conditions
were: 140 kV tube voltage, 71 pA tube current, 5 um focal spot size, and
1 Hz frame rate. We set the isotropic voxel size to be 4.7 um and thus
any feature smaller than 14.1 um cannot be resolved [34]. Reconstruc-
tion of the projection images was performed following a filtered back
Projection algorithm in the efX-ct software (version 1.9.5.12, North Star
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Fig. 1. (A) Geometries of the 7 tensile specimens used in this study. Schematic illustrations of (B) laser path along different consecutive layers, (C) laser path along
each cross-sectional plane, (D) specimen distribution on the build plate, and (E) downward-facing and otherward-facing surfaces of the specimen.

Imaging Inc., Minnesota, USA). The data was analyzed using Avizo 9.7
software. Segmentation of the solid parts was performed using Otsu’s
method [35].

3. Results
3.1. Quasi-static mechanical behaviour

The quasi-static mechanical performance of the 7 specimens is pre-
sented in Fig. 2(A). The variation of yield strength, ultimate tensile
strength, and fracture strain with build orientation is shown in Fig. 2(B).
All the specimens demonstrate average yield strength between 850 MPa
and 950 MPa and ultimate tensile strength between 950 MPa and 1050
MPa, which are consistent with the values in the previous reports on L-
PBF Ti-6Al-4V [17,36]. Both yield strength and ultimate tensile strength
exhibit an increase when the build orientation increases from 0° to 15°,
a drop from 15° to 75°, and a final increase from 75° to 90°. The 15°
specimen demonstrates an 84 MPa higher yield strength and 53 MPa
higher ultimate tensile strength on average than the 75° specimen. On
the other hand, there is an inversion of the tendency with the fracture
strain. The 15° specimen shows around 9% lower average fracture strain
than the 75° specimen. This orientation dependency is further discussed
in Sec. 4.1.

3.2. Fatigue behaviour

Following the quasi-static results above, the fatigue response of sam-
ples with different build orientations is illustrated in Fig. 3(A). When
Gmax = 600 MPa, all the specimens fail between 5x 10° and 3 x 10* cy-
cles. At 0, = 500 MPa, the cycles to failure are largely in the range
of 10* and 1.5 10° cycles. When the o,,,,, drops to 400 MPa, the cycles
to failure are mostly between 2 x 10* and 2 x 10° cycles. These values
are in the range of the previous results on the as-built L-PBF Ti-6Al-4V
[37,17,30].

The variation in cycles to failure with the build orientation is shown
in Fig. 3(B). At all applied stresses, cycles to failure generally increase
as the build orientation increases and a final drop in cycles to failure
is observed for the 90° specimen. The only exception is at ¢,,,, = 500
MPa, where the drop starts from the 75° specimen.

The scatter in fatigue life at each applied stress is evaluated by the
coefficient of variation. Results are shown in Fig. 3(C) and the numerical
values are provided in Supplementary Table 1. The 75° specimen shows
the highest fatigue scatter at o,,,, = 500 MPa (74%) followed by the 45°
specimen at 6,;,,, = 500 MPa (63%). No significant correlation between
the fatigue scatter and applied stress can be observed. The orientation
dependency of the fatigue properties is rationalized in Sec. 4.3.

3.3. Microstructural characterization

Fig. 4 displays the EBSD maps of the 7 specimens under study. All mi-
crostructures are composed of more than 95% thin « laths organized in
bundles inherited from the prior-f§ grains. For 0° specimen, the prior-f
grains seem to be perpendicular to the longitudinal direction of the spec-
imen. As the specimen is more vertically built, the prior-# grains seem
to be more aligned with the longitudinal direction of the specimen. The
a lath thickness is similar across all the specimens and the detailed
analysis is illustrated in Supplementary Sec. 2. The contour pole fig-
ure confirms {0001} has the strongest texture among the three plane
families {0001} {1100} and {1210} in @ microstructure with respect to
the x-z plane of Fig. 1(B) (Fig. 5(A)). The quantification of the texture
strength in Fig. 5(B) shows all the specimens exhibit a texture indices
below 2.5, which suggests the a microstructure of L-PBF Ti-6Al-4V is
weakly textured [38,7]. Additionally, the variation in texture strength
of different specimens is minimal.

We reconstruct the prior-f grains from the descendant « lath struc-
ture using the MTEX 5.8.2 tool box following the transformation in-
dicated in Figure 4 [39]. Each « lath is analyzed together with the
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Fig. 2. (A) Engineering stress-strain curves of AM Ti-6Al-4V at a strain rate of 2 X 1073 s~!. (B) Yield strength, ultimate tensile strength, and fracture strain vs. build
orientation of the 7 specimens under study. Error bars represent the standard deviation from 3 repetitions.
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Fig. 5. (A) Contour pole figures of the a and prior-# microstructure of the 90° specimen. The texture rings confirm the f — « transformation during the solidification

process. (B) Texture index vs. build orientation for all the specimens.

neighbouring « laths to find the suitable prior-f grain based on the fol-
lowing Burgers orientation relationship:

(110),//(0001),. [1111,//[1130], ©)

If the neighbouring laths are of the same prior-f orientation, these laths
are associated with the same prior-f grain. The process iterates across
the whole set of laths.

As shown in Fig. 4, columnar grains along the build orientation can
be observed. The remelting and resolidification of each layer give rise
to epitaxial grain growth opposing the maximum temperature gradient
[7,17]. When the 0° specimen is printed, the maximum temperature
gradient is roughly along the z-direction (see Fig. 1(A)), which gives
columnar grains perpendicular to the longitudinal direction of the spec-
imen. As the build orientation increases, the maximum temperature
gradient is always along the z-direction, but the longitudinal direction
of the specimen becomes closer to the z-direction, and thus the colum-
nar grains become more aligned with the longitudinal direction. The
contour pole figure of Fig. 5(A) exhibits the texture strength for the
three plane families {100} {110} and {111} in the prior-f microstruc-
ture with respect to the x-z plane of Fig. 1(B). In all the specimens, the
{100} texture component is the strongest [14]. The crystallographic na-
ture of the f — a transformation is also clearly revealed by the transfer
of texture. The pole figure shows the Burgers orientation relationship
between the two phases — (110);//(0001),. The same texture ring can
be observed along both (110) I and (0001),, which confirms the success
of our reconstruction.

Unlike the @ microstructure, the prior-f grains demonstrate signif-
icant variations in texture strength across different specimens. The f
texture index of the 15° specimen is more than 50% higher than that of
the 30° specimen. Nevertheless, the martensitic transformation during
the solidification process deteriorates the variant selection in Ti-6A1-4V
alloys, resulting in a weakly textured « lath microstructure [40-42].

3.4. Surface roughness

The surface profiles of different specimens were evaluated using the
XCT data. The downward-facing surface of the specimen that faces to-
ward the build plate was usually found to demonstrate a higher surface
roughness than the otherward-facing surface since the downward-facing
surface was printed on top of the loose powders in the L-PBF pro-
cess [13,32]. Hence, the surface roughness of downward-facing and
otherward-facing surfaces was evaluated separately. Cross-sectional im-
ages on both the sagittal and coronal planes were extracted from the
tomography data. After binarization, the specimen edges were detected
and analyzed using Image-J as shown in Fig. 6(A). The surface rough-
ness (R,) for each line profile was then computed. R, is one of the most
commonly used parameters to assess the surface quality of AM parts

[13,17]. Results are shown in Fig. 6(B). Apart from the 90° specimen,
the downward-facing surfaces of all other specimens were confirmed to
exhibit higher surface roughness than the otherward-facing surfaces as
a result of dross formation [32,33]. When the laser enters the overhang
regions, the loose powders underneath the downward-facing surface
hinder heat dissipation owing to the low thermal conductivity, resulting
in the collapse of the quasi-steady state melt pool [32,33]. The exces-
sive heat then leads to a keyhole-like melt mode, which causes a drilling
effect [32,33].

Moreover, the difference in surface roughness between the
downward-facing and otherward-facing surfaces is significantly reduced
when the build orientation increases from 0° to 75°. This can be at-
tributed to the less pronounced dross formation as the overhang regions
become smaller [33]. Additionally, no significant difference in surface
roughness can be found between the 30° and 45° specimens. The pres-
ence of support structures transfers the heat from the samples to the
build plate, which improves the melt pool stability and reduces dross
formation [43-45]. However, after the support structure is removed,
connection marks are introduced into the sample surfaces deteriorating
the surface quality [46,47]. The combination of these two factors gives
rise to comparable surface roughness between the two specimens.

3.5. Processing-induced porosity

The presence of porosity was also identified and quantified using
the XCT data (Fig. 7(A)). Fig. 7(B) shows the spatial distributions of
the pores in the x-y plane of the 0°, 30°, and 90° specimens. In the 0°
sample, the pores are mostly near the downward-facing surface. In the
30° sample, they start to populate near the otherward-facing surface. In
the 90° sample, the pores are uniformly distributed close to the entire
sample surface.

We further confirm this statement by the quantification in Fig. 7(C),
where the distribution of pores in the x-y plane is evaluated across the
entire gauge length. The downward-facing direction is set at a polar
angle of 180°. In the 0° sample, more than 60% of the pores are found
to be close to the downward-facing surface. This value decreases to 38%
in the 30° sample. In the 90° sample, only 20% of the pores are adjacent
to the downward-facing surface, which is similar to the pore populations
adjacent to other-oriented surfaces within the specimen. The variation
in the spatial distribution of the pores can be explained by the pore
formation mechanisms [32,33]. When the build orientation is 0°, the low
thermal conductivity of the loose powders below the downward-facing
surface results in low heat dissipation [32,33]. The heat accumulation
can lead to the formation of unstable melt pools, which gives rise to
gas entrapment and the formation of gas pores [32,33]. As the build
orientation increases, the overhang regions reduce and there is less heat
accumulation below the downward-facing surface and thus fewer gas
pores are generated [32,33].
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In addition, the distances of the pores from the sample surface are
depicted in Fig. 7(D). In the 0° sample, more than 70% of the pores
are within 0.1 mm of the sample surface. When the build orientation
increases, the pores start to distribute more towards the centre of the
sample. In the 90° sample, more than 80% of the pores are found to be
between 0.1 mm and 0.4 mm away from the sample surface. This sug-
gests the pore formation mechanisms are different in different specimens
(Fig. 7(E)). As discussed above, the pores are mainly induced by dross
formation in the 0° sample. When the samples are built more vertically,
the majority of the pores are formed due to the mismatch between the
strip hatching and contour scan patterns and the gaps between contour
passes [48-50].

The size and number density of the pores are also important factors
to consider for the fatigue performance of AM components [51,52]. The
size of the pores is given by the Murakami parameter \/A_p where Ap
is the projection area in the plane normal to the loading direction, and
their number density is characterized by the number of pores per unit
volume [51,53]. The maximum projection area is evaluated by deter-
mining the maximum cross-sectional area of each pore in the x-y plane
and all the pores in the gauge volume are considered regardless of the
locations and shapes [51,53]. Results are shown in Fig. 7(F). When the
build orientation is 30° or below, the maximum \/A_P of the pores within
all the specimens is lower than 50 pm on average, and the average num-
ber density of the pores is smaller than 6 mm ™. As the build orientation
increases to 45° or above, the pores have maximum \/A_p larger than
70 pm on average, and a number density higher than 20 mm™3. The
substantial difference in the porosity level results from the use of sup-
port structures when the build orientation is 30° or below [43]. These
support structures can facilitate the heat transfer between samples and
build plate, lowering the thermal gradient within the samples, which
enables more pores to escape into the atmosphere [43-45].

Even though there are also reports suggesting the Murakami param-
eter may not be strongly correlated with the fatigue performance of
Ti-6Al-4V alloy [54], the measurements here can provide an indication
of the pore size in the printed specimens and how the maximum pore
size varies with the build orientation.

4. Discussion

The above results provide quantitative evidence of the strong orien-
tation dependency of the surface quality, processing-induced porosity,
and microstructural development of AM Ti-6Al-4V. However, these re-
sults warrant further rationalization and deeper understanding can be
gained via more detailed analysis.

4.1. Rationalization of the variation in tensile properties

AM often introduces geometrical deviations and porosity in the
printed parts, which may reduce the effective loading area resulting in
lower yield strength and ultimate tensile strength [55,56]. To evaluate
the effective loading area, we measure the minimum cross sectional area
of a specimen from the XCT data [16,55]. Fig. 8(B) presents the results
normalized by the designed area. The effective loading area generally
decreases as the samples are built more vertically. The 0° specimen
demonstrates 6.8% higher effective loading area compared to the 90°
specimen.

We then proceed by correcting the tensile properties with the effec-
tive loading area. Results are shown in Fig. 8(C). The corrected values
of yield strength and ultimate tensile strength exhibit similar trends to
the uncorrected values. The 15° specimen has a 64 MPa higher aver-
age yield strength than the 75° specimen while the 30° specimen has
a 49 MPa higher average ultimate tensile strength than the 75° speci-
men. L-PBF Ti-6Al-4V is known to lack work hardenability due to the
high dislocation density after processing [57,36]. Hence, the variation
in both properties can be attributed to the slip behaviour of « grains.
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In hcp crystals, there are five different families of slip systems,
namely the basal (a), prismatic (@), pyramidal (a), first order pyrami-
dal (a + ¢), and second order pyramidal (a + ¢) slip systems with 30
possible slip systems in total, as shown in Fig. 9(A). Among them, basal
(a), prismatic (a), and first order pyramidal (a + c¢) are the main oper-
ating deformation systems at room temperature [58-60]. When grains
start to deform, the shear stress acting in the slip direction on the slip
plane needs to reach a critical value to activate the slip activity and the
critical shear stress 7. can be evaluated following Schmid’s law:

Tc=0,m 2)

where ¢, is the applied normal stress to activate the slip activity and m
is the Schmid factor.

Based on this theory, grains with high Schmid factors (0.4-0.5)
require a relatively low applied stress to trigger dislocation motion
[36,61]. Hence, we evaluate the proportion of grains with high Schmid
factors in each specimen and the results are shown in Fig. 9(B). Among
the three families of slip systems, the trend in how the proportion of
grains with high Schmid factors for the prismatic (a) slip system varies
with build orientation is consistent with how the yield strength and ul-
timate tensile strength changes with orientation (see Fig. 8(B)). This
suggests the prismatic (a) slip system governs the plastic deformation
of the specimens. This is consistent with previous literature [36,62,63].
During the plastic deformation of L-PBF Ti-6Al-4V, strain localization
starts from the « grains with high prismatic Schmid factors, owing to
the lower value of 7, for the prismatic (a) slip system, compared to the
other slip systems.

Also, when there are more grains with high prismatic Schmid fac-
tors, more slip activity is triggered during the plastic deformation. The
increased amount of dislocation motion enables the specimen to un-
dergo more plastic deformation resulting in a higher fracture strain of
the specimen [64]. This is also consistent with the experimental trend
indicated in Fig. 2(B).

4.2. Fatigue fracture behaviour

The fracture surface morphology of a sample after fatigue testing is
shown in Fig. 10. Three steps in the fatigue fracture process are clearly
revealed. In region I, surface defects serve as the fatigue crack initiation
sites. Relatively flat surrounding regions can be observed, which sug-
gests the crack growth rate is slow. In region II, the increased number
of grooves indicates faster but steady crack growth. At high magnifi-
cation, the striation pattern can be observed, which results from the
plastic blunting and re-sharpening of the crack tip under cyclic loading.
Once the crack reaches a critical size, fast fracture occurs. In region III, a
dimpled rupture becomes dominant as a result of microvoid nucleation,
growth, and coalescence during final failure.

We proceed to identify the fatigue crack initiation sites for the 7
specimens under study. All 63 samples tested in this work demonstrate
surface-initiated fracture processes, which confirms surface roughness
governs the fatigue performance of net-shape AM Ti-6Al-4V [65,16].
Based on linear elastic fracture mechanics, an arbitrarily shaped surface
defect exhibit a higher geometrical factor Y (0.65) as compared to an
internal defect (0.50) [66,67]. This indicates for defects of the same size,
a higher stress intensity factor AK can be induced by a surface defect
than an internal defect following

AK =YAc\/n\/Ap 3

where Ao is the applied stress range and \/A_P is the square root of the
projection area of a defect perpendicular to the load direction.
Furthermore, when the build orientation is below 30°, all the cracks
are initiated from the downward-facing surfaces since the surface rough-
ness of the downward-facing surface is at least 90% higher than that
of the otherward-facing surface. The larger defects on the downward-
facing surface with higher stress intensity factors are more prone to
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crack initiation during the fracture process. As the build orientation in-
creases to 45° or above, defects on the otherward-facing surface start
to serve as fatigue crack initiation sites since the differences in surface
quality between the otherward-facing and downward-facing surfaces be-
come smaller, and the differences in stress intensity factors given by the
defects on the otherward-facing and downward-facing surfaces also be-
come smaller. However, in most of the samples, the initiation process
still starts from the downward-facing surfaces. When the build orienta-
tion is 75°, cracks are initiated from otherward-facing surfaces in 8 out
of 9 samples owing to the relatively homogeneous surface roughness
across the sample surface.

The presence of porosity can increase the stress concentration and
degrade the fatigue performance even when the cracks are initiated
from surface defects [16,52,68]. The stress distribution around a spher-
ical pore perpendicular to the load direction is given following Kirsch’s
Solution [69]:

0 = 2Z(LP - (5
o0 =o(l + 2(%)2) “)
Tr®=0

where ¢ is the applied stress, r is the radius of the pore, and d is the
distance from the pore center. This indicates the maximum principal
stress is 3 times the applied stress ¢ at the pore edge. However, it reduces
to %0‘ at a distance of 1 pore diameter from the pore edge, which is
close to the far field stress 0. Hence, we define a pore cluster as near
the initiation site when it’s no more than 1 diameter away from the site.
Results are shown in Fig. 11(A). Clearly, when the build orientation is
45° or below, no pore can be observed close to the fatigue initiation
site for the following two reasons. (1) The poor quality of the surface,
especially the downward-facing surface, results in a high stress intensity
factor governing the failure process. (2) Very few pores can be found
in the specimens with build orientations of 30° or below. At a build
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study.

orientation of 60° or above, pores start to facilitate the initiation process
owing to the lower surface roughness and higher porosity levels.

It is critical to note that the fracture processes described above are
only valid when the specimens are tested at room temperature in air.
The failure process may vary under different environmental conditions.

4.3. Rationalization of the variation in fatigue properties

On the basis of the results presented above, the orientation depen-
dency of the fatigue properties can be rationalized. Having surface de-
fects as the initiation sites confirms that at all applied stresses, as the
build orientation increases from 0° to 60°, the increase in fatigue life re-
sults from the reduction in surface roughness of the downward-facing
surface. At 75°, the low surface roughness of the otherward-facing sur-
face gives rise to the optimal fatigue resistance of the specimen. When
the samples are built vertically, their surface quality and porosity level
are comparable to those of the 75° specimen but a reduction in fa-
tigue life can be observed. This can be explained by the dominance of
basal slip activity in Ti-6A1-4V alloys under cyclic loading [70,63,71].
Based on Stroh’s theory [72], the fatigue crack formation along the basal
planes results from the restricted slip on this plane in the hcp crystal.
The slip activity of the surrounding soft grains would induce a transfer of
stress to grains with hard a orientations, thus introducing additional ten-
sile stress, which leads to failure along the basal plane. Moreover, since
the applied stress is well below the yield strength, the elastic anisotropy
of the hep crystal can also contribute to inhomogeneity of the stress
state. The stiffness of the a phase is the greatest when the load direction
is parallel to the c-axis. Compatibility of deformation with surrounding
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rection as a function of the build orientation.

grains of different crystallographic orientations dictates that for a given
applied load, these grains will support the highest tensile stresses in the
material [73]. Hence, even though the prismatic (@) slip system has a
lower 7, value, it is the stresses normal to the basal planes that govern
the crack formation under cyclic loading [70,63,71]. This process is ex-
pected in all the L-PBF Ti-6Al-4V specimens since they mostly consist
of the hep crystals [71]. Here, we quantify the fraction of grains with
c-axes near-parallel (0°-10°) to the loading direction as shown in Fig. 12.
The lower fatigue life of the 90° specimen likely results from the higher
proportion of stiff grains than the 75° specimen.

The contribution of porosity to the fatigue fracture process can give
rise to a variation in fatigue life [74]. Here, the y/Projection Area, \/A_P,
of the pore cluster near the initiation site is evaluated for every tested
sample with a build orientation of 60° or above. Results are presented
in Fig. 11(B). We use O to denote samples when no pore cluster can be
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observed near the initiation site. Apart from those with the absence of
pore clusters, the samples with the lowest fatigue life at each applied
stress are all associated with pore clusters close to the initiation sites,
which confirms porosity can facilitate the surface-initiated fracture pro-
cess. Hence, the maximal fatigue scatter of the 75° specimen at 500 MPa
can be attributed to the large variation in the size and number of pores
near the initiation sites.

On the other hand, the 45° specimen exhibits a high fatigue scat-
ter at 500 MPa without any contribution of pore clusters to the fracture
process. The difference in fatigue life results from the variation in the
initiation sites. The sample with the highest cycles to failure exhibits a
crack initiation site on the otherward-facing surface whereas the cracks
are initiated from the downward-facing surface in the other two sam-
ples. This indicates the fatigue failure is not governed by the most critical
defect but is rather a statistical process. The probability of occurrence
of a number (n) of random defect clusters in an arbitrary area A can be
given following the Poisson distribution [75]:

e_}“A(—ﬂA)"

P =——

)

where A is the average defect density. When the build orientation is 45°,
the average surface roughness R, of the downward-facing surface is only
7.3 um higher than that of the otherward-facing surface, which gives
rise to a higher probability of crack initiation from the otherward-facing
surface than the specimens with build orientations of 30° or below.

It is noteworthy that three tests per condition provide limited in-
sights into the variation in fatigue properties. Yet, it offers solid evidence
of the fatigue life of L-PBF Ti-6Al-4V as a function of the build orienta-
tion and gives an indication of the orientation dependency of the scatter
in fatigue life, especially given the large differences in fatigue scatter be-
tween different specimens. Furthermore, the experimental results on the
pores near the fatigue crack initiation sites are sufficient to explain the
fatigue scatter behaviour and can serve as the foundation for the pre-
diction of the fatigue life of L-PBF Ti-6Al-4V.

5. Summary and conclusions

In this study, orientation effects that influence the fatigue behaviour
of Ti-6Al-4V components produced by laser powder bed fusion has been
explained by means of systematic mechanical testing, high-resolution
electron microscopy, and X-ray computed tomography. Seven different
build orientations have been considered. The following specific conclu-
sions can be drawn from this work:

+ Dynamic fatigue tests reveal the specimen built at 75° to the build
plate demonstrate the optimal fatigue resistance. An increase in
fatigue life with the build orientation from 0° and 75° has been
confirmed owing to the improved surface quality. The lower fa-
tigue life of the 90° specimen may result from the large proportion
of grains near-parallel to the loading direction.

Below 30°, the fatigue cracks are initiated from the downward-
facing surface for all the cases. The > 90% higher R, of the
downward-facing surface contributes to this effect. Above 45°, de-
fects on the otherward-facing surface start to serve as the fatigue
crack initiation sites as a result of the smaller difference in R, be-
tween downward-facing and otherward-facing surfaces.

Pore clusters can facilitate the surface-initiated fatigue fracture pro-
cess, whose role can be explained using Kirsch’s Solution for the
elastic stress state in the vicinity of a pore. The large difference in
pore sizes and number density near the initiation sites gives rise to
the maximal fatigue scatter of the 75° specimen at 500 MPa. The
statistical nature of the failure process is also revealed by the vari-
ation in the initiation site of the 45° specimen, which leads to high
fatigue scatter.
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