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Abstract

The low cycle fatigue strength properties of the additively manufactured Ti-6Al-4V alloy are experimentally investi-
gated under proportional and nonproportional multiaxial loading. The fatigue tests were conducted using hollow
cylinder specimens with and without heat treatments, at room temperature in air. Two fatigue tests were conducted:
one for proportional loading and one for nonproportional loading. The proportional loading was represented by a
push-pull strain path (PP) and the nonproportional loading by a circle strain path (Cl). The failure lives of the additively
manufactured specimens were clearly reduced drastically by internal voids and defects. However, the sizes of the
defects were measured, and the defects were found not to cause a reduction in fatigue strength above a critical size.
The fracture surface was observed using scanning electron microscopy to investigate the fracture mechanisms of the
additively manufactured specimens under the two types of strain paths. Different fracture patterns were recognized
for each strain paths; however, both showed retention of the crack propagation, despite the presence of numerous
defects, probably because of the interaction of the defects. The crack propagation properties of the materials with
numerous defects under nonproportional multiaxial loading were clarified to increase the reliability of the additively
manufactured components.
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1 Introduction

Additive manufacturing (AM) has enabled the fabrica-
tion of complex geometrical parts, reducing weight and
shortening the processing time as a result of the crea-
tion of subsequent thin cross-sections of a component.
This represents one of the innovative fabrication tech-
nologies [1-3]. However, AM has many process param-
eters, and its process control is extremely problematic.
Furthermore, defects and residual stresses arise because
of thermal expansion or thermal contraction in the
manufacturing process [2-8]. Therefore, AM is often
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considered undesirable because the strength reliability of
the AM parts is inferior to that of traditional manufac-
turing technologies, such as casting, forging, and rolling
in general [9, 10]. Accordingly, to widen the applicabil-
ity of AM parts, the fatigue strength properties of addi-
tively manufactured components need to be understood
accurately. Lee et al. [11] reported the fatigue testing of
SUS304L steel fabricated via AM. They reported that the
fatigue life was sensitive to the surface roughness and
that the sensitivity was magnified at lower stress levels.
Sheridan performed fatigue testing of an AM-processed
alloy 718 and explored the relationship between the pore
size and the stress levels. The scatter in the related S—-N
curves was due to the interaction between the applied
stress and the pore size [12]. Generally, the fatigue life of
AM parts is sensitive to the defect size and distribution,
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and it is important to identify and characterize the effect
of defects on fatigue failure to properly evaluate fatigue
life [13-19].

The titanium alloy Ti-6Al-4V is currently utilized,
mostly in the aeronautical and medical fields, because it
has the properties of high strength, excellent thermal and
corrosion resistance, and biocompatibility. However, this
material is expensive, and its machinability is poor. From
the above, Ti-6Al-4V is considered a good material for
AM [20]. Uniaxial high cycle fatigue tests for AM Ti-6Al-
4V have been analyzed widely; however, research on the
low cycle fatigue strength under nonproportional multi-
axial loading in which the principal direction of stress or
strain changes in a cycle has been limited.

Pegues et al. [21] investigated the effect of the feed-
stock of the powder, manufacturing, and post-process
on AM Ti-6Al-4V materials. AM Ti-6Al-4V materials
without any further surface and/or thermal post-pro-
cessing treatment exhibited significantly shorter failure
lives than wrought materials because of microstructural
differences, defects, residual stresses, and surface rough-
ness. Component level fatigue tests were also performed.
Molaei et al. [22] performed uniaxial and multiaxial
fatigue tests of notched AM materials, and clarified the
effect of stress concentration on the failure lives of AM
materials. The cracking behaviors of AM materials are
largely different from those of wrought materials. How-
ever, few tension torsion fatigue tests have been con-
ducted under nonproportional multiaxial conditions that
have focused on internal defects on the failure lives of
AM materials.

In this study, low cycle fatigue tests under nonpropor-
tional multiaxial loading were conducted using an addi-
tively manufactured specimen. Additionally, the fracture
mechanism of the AM components with defects was
investigated by observing the fracture surface. Then, fac-
tors affecting the decrease in fatigue strength were dis-
cussed, focusing on internal defects, which have rarely
been considered in previous studies [23].
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2 Laser Powder Bed Fusion
Laser powder bed fusion (L-PBF) is the most-employed
technique for the fabrication of AM components
[24]. The steps of the fabrication technique are shown
schematically in Figure 1, and the manufacturing pro-
cesses are as follows: (1) a layer of powdered material
is applied to the building platform; (2) the powdered
material is solidified into a cross-section of a 3D model
using a laser; (3) the building platform is lowered, and
the next layer of powder is applied; (4) the process is
repeated until the fabrication of the part is complete;
and (5) the part is removed from the unused powder.
L-PBF can be used to economically fabricate ideal
parts with complex geometries with a rapid manufac-
turing-cycle design, as its advantages. However, the
disadvantages of this process are that the components
fabricated by L-PBF have voids, residual stresses, and
surface roughness resulting from the influences of dif-
ferent process parameters. To improve these factors,
hot isostatic pressing (HIP) and sandpapering can be
performed to remove voids and surface roughness,
respectively. Thus, the fatigue strength of AM compo-
nents can be improved.

3 Low Cycle Fatigue Tests

3.1 Testing Machine

Figures 2 and 3 show a schematic view and a photo-
graph of the electrical servo-controlled tension tor-
sion fatigue testing machine, respectively. The testing
machine is equipped with two types of cylinders for
axial and torsion loading, and it enables the genera-
tion of nonproportional loading. The maximum axial
load is 50 kN and the maximum torque is 500 N-m.
The load cell was equipped for load measurement, and
the extensometer, which was equipped with an eddy
current sensor, was used to detect the axial and shear
strains simultaneously. Figure 4 shows a schematic view
of the extensometer attached to the specimen.
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L

Figure 1 L-PBF process schematic view
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Figure 2 Schematic view of the fatigue testing machine

Figure 3 Photographic image of the fatigue testing machine

3.2 Material and Specimen

The material tested was titanium alloy Ti-6Al-4V. Fig-
ure 5 shows the shape and dimensions with no machin-
ing process and the resultant hollow cylinder specimen,
which has a 9 mm inner diameter, an 11 mm outer diam-
eter, and a 12 mm parallel part. The two types of speci-
mens were “with heat treatment” (HT) and “without heat

A

Eddy current sensor

Figure 4 State of lever-type extensometer during fatigue test

treatment” (NHT) to remove the residual stresses. The
layer was laminated perpendicularly to the longitudinal
direction of the specimen. The specimens were polished
with an aluminum powder solution (particle size 1 pm)
on the external surface and with a #2000-grit sandpaper
on the internal surface to avoid the influence of surface
roughness on the fatigue life. The parallel parts of the
specimens had numerous defects; however, the number
of defects differed for each of them.

3.3 Test Conditions

A testing machine that could perform tensile and torsion
tests was used to apply both proportional and nonpro-
portional loading paths to the specimens. The propor-
tional loading path was represented by PP, whereas the
nonproportional loading path was represented by CI,
in which the axial and shear strains were 90 degrees
out-of-phase. In the CI, the intensity of the von Mises’
equivalent strain was constant, while the direction of the
principal strain changed during the cycle. The axial and
shear strains were measured using an extensometer with
a 12-mm strain gage length connected to the specimens.
The applied strains are visualized in Figure 6. The test
temperature was room temperature in air, and a strain
rate of £.q=0.2%/s was applied. All the tests were con-
ducted under strain control.

The number of cycles to failure (failure life) was defined
as the cycle when the amplitude of the axial stress or the
shear stress decreased to three-quarters of the maximum
stress recorded. This failure condition had been used
previously by the group of present authors; this crite-
rion is effective in evaluating the multiaxial failure lives
of wrought Ti-6Al-4V materials [19]. Therefore, this con-
dition was adopted for the AM Ti-6Al-4V material. The
number of specimens for each condition was one; nev-
ertheless, the effect of internal defects led to scatter in
the results. It was assumed that the distribution of defect
sizes had some tendency that enabled the evaluation of
the failure lives using only one specimen.
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Figure 5 Shape and dimensions of the specimen after (a) L-PBF and b the machining process
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Figure 7 Relationship between the von Mises equivalent strain
Figure 6 Representation of the PP and Cl strain path used amplitude Ag,,/2 and failure life N¢

4 Experimental Results and Discussion

4.1 Fatigue Properties

Figure 7 shows the test results correlating the von Mises’
equivalent strain amplitude, Ag,,/2, with the failure life,
N The horizontal axis is the fatigue life, whereas the ver-
tical axis is the total strain amplitude based on that of von
Mises. The results of PP NHT and PP HT are presented
using square plots, whereas the results of CI NHT and
CI HT are presented using circle plots. The results of the
previous study are also presented in Figure 7. The dashed
line shows the factors of the three bands. Figure 8 shows
the generated hysteresis loops for 0.5N; and the maxi-
mum stress behavior throughout the tests in each test
condition.

The results (Figure 7) of the PP tests show clearly that
the data scatter is not drastic and is within the factor
of the three bands. Furthermore, there was no differ-
ence between the HT and the NHT. The temperature of
HT was considered insufficient to remove the residual
stresses. However, the data of the PP HT (Aseqzl.B%)

exhibited lower failure lives and were beyond the factor
of the three bands. The results of the CI tests are 10%
shorter than those of the PP tests, resulting from the non-
proportional multiaxial loading. The results in this study
are shorter than previous results, leading to the assump-
tion that the amount of defect is larger in this study. Fail-
ure lives at Ag,,=0.5% have two plots, confirming that
the scatter is most prevalent in this range. The failure
lives have clear tendencies regardless of the possibility of
data scatter originating from the inner defects. This point
is discussed further in a later section.

In Figures 8(a), (b), and (e), the hysteresis loops and the
maximum stress amplitude at Ae,,=1.3% are compared.
The hysteresis loops indicated approximately the same
elastic deformation. The maximum stress amplitude for
the NHT remained almost constant. Then, it is likely
that the crack initiated in the vicinity of N; and that the
failure occurred rapidly after the initiation of the crack.
By contrast, for the HT, the maximum stress amplitude
decreased instantly from approximately 0.3N;. Therefore,
the crack was considered to have been initiated from
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0.3N;, and after some propagation of the crack, failure
occurred.

For the other materials, such as stainless steel and car-
bon steel, in the case of a low strain level, the failure life
was almost the same as that for the PP tests, but this was
not clear for this study because of limited data. In Fig-
ures 8(c), (d), and (f), the hysteresis loops and the maxi-
mum stress amplitude of Ag,,=0.5% were compared. In
the case of a low strain level, the hysteresis loops also
exhibited approximately the same elastic deformation.
The maximum stress amplitudes for the two pieces of
data were similar in deformation behavior. Although the
overload was seen in the data for the HT, it is estimated
that there was almost no effect because it could have

been adjusted in ten cycles. Therefore, why these data
show a longer life than the other data remains question-
able. The previous test results are also shown in Figure
[23]. In the data from the previous study, the failure lives
were longer than those in this study. The specimens of
the previous study were of the same material (Ti-6Al-4V)
but were fabricated with a different manufacturing con-
dition. Based on the abovementioned information, the
internal defects were investigated to quantify the sizes of
the defects.

4.2 Internal Defects
Figure 9 compares the internal defects between the pre-
vious study and this study. In the previous study, the
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Figure 9 Comparison between the internal defect sizes of theprevious study and this study

Table 1 Relationship between the strain amplitude failure lives
and the defect sizes

Type of Heat treatment Ae /2 N; Dgefect
loading (%) Cycles (um)
PP NHT 0.85 61 161
0.65 790 77
0.50 4152 70
0.50 1429 197
0.35 16969 9
0.25 65771 7
HT 0.65 81 381
0.50 4127 501
0.35 12354 167
0.25 30504 374
c NHT 0.50 278 179
0.35 2328 281
0.25 58129 105
HT 0.35 1240 591
0.25 8945 232
0.25 4540 55

small defects were observed inside, but in this study, the
internal defects depended on the observation site. AM
components usually have defects inside, and the fatigue
strength of the material depends on the size and density
of the defect; however, the defect size does not affect the
fatigue life above a certain size, as the results of fatigue
tests (Figure 7) show a clear correlation regardless of
the various defect sizes. Table 1 shows the distribution
of defect sizes in the specimens. After fatigue failure of
the specimens, grip sections were cut and polished; then,
the maximum defect size was measured using an optical
microscope. In the Table 1, the total strain amplitudes

and the failure lives are also presented. It is clear from the
results of the PP NHT that a defect-size range of three
times leads to scatter in the failure lives of the factor of
three (data of strain amplitude of 0.5%). In other words,
at most, a three times difference in the defect size does
not affect the failure life significantly. As evidence, at a
low strain amplitude, the defect size is quite small. It may
show that the defect size does not largely govern the fail-
ure life.

For the HT materials, the defect size was larger than
those of the NHT. In the HT materials, the Vickers hard-
ness was lowered than those of the NHT materials (380.2
versus 404.9 HV of the NHT). Softening due to HT led
to larger defect sizes. For the CI tests, a similar trend was
seen, confirming that the defect size scatter is directly
related to the scatter for fatigue life, although the scatter
in failure lives was limited because of the occurrence of
fatigue failure at critical defects and probably because of
the interaction of defects. This point is discussed further
later. As an overview of the defect sizes, the critical size
over which failure lives are not affected by defect sizes
should be 160 um. This is because this size corresponds
to the defect at the maximum strain amplitude (0.85%) of
the NHT and that for a lower strain amplitude (0.35%) of
the HT in the PP tests.

The defect size nearly corresponds to the average of
that of NHT in the CI tests. This confirms that a certain
size exists that dominates failure lives. This point is dis-
cussed further in a further study. The defect sizes in the
previous study were smaller (9 pm) than those in this
study, leading to longer failure lives.

4.3 Fracture Surface
Figure 10 shows pictures of the fracture surface after the
fatigue tests, and the observation surface is perpendicular
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Figure 10 SEM images of the fracture surface: a push—pull strain path (PP) and b circle strain path (Cl)

to the specimen axis. Dimples were observed around the
defects (partly melted defects), and fatigue bands could
be identified around them. However, it was difficult to
analyze the main crack initiation sites for the specimens
in this study. This was probably owing to the interac-
tion of several defects and cracks propagating in a wide
range. However, it was clear that the cracks were initiated
from the boundaries of the partly melted defects regard-
less of the strain amplitudes and the strain paths. Further,
the stress concentration in the defects caused premature
rupture in comparison with the results obtained with
the same material [20]. From Figures 10(a2) and (b2),
the crack propagation patterns are divided into the first
phase (from the crack initiation site to the crack middle
site) and the second phase (from the crack middle site to
the crack end site) during the test. In the first phase of the
test, the propagation path was different depending on the
strain paths, and it was possible that high stress existed as
evidenced by the rougher fatigue fracture surfaces. In the
PP tests, the crack propagated simply, but in the CI tests,
it became complicated.

Basically, as a result of the change of the principal
direction of stress and strain during the cycle in the
CI tests, the maximum shear stress plane was changed
in the cycle. Thus, there is a possibility that the crack
was initiated and propagated in many directions. In

the second phase of the test, the fatigue fracture sur-
faces had a similar pattern, and the crack propagation
seemed to have been suppressed. It is estimated that
a local non-propagating effect took place under the
multiaxial stress. Thus, it is possible that the change
of the crack propagation pattern in each phase of the
test was a characteristic of the AM components with
numerous defects, and this was noticeable under non-
proportional multiaxial loading.

The white arrow in Figure 10(b1l) indicates other
crack initiation sites that interact with the upper sur-
face defects. This phenomenon led to the shielding
effect of the crack and a temporary cessation in crack
propagation. This might have been because the insen-
sitivity of the failure lives depended on the defect sizes
of this material. This assumption should be confirmed
in further studies. The authors believe that they could
evaluate failure lives using one specimen for one con-
dition; however, this point should be clarified in future
studies.

In this study, the fatigue strength was found to be
absolutely inferior to that of the previous study and of
traditionally manufactured components; however, there
is a possibility that AM technology could still be used
for mechanical structures because the non-propagating
effect of the cracks was verified under nonproportional
multiaxial loading.
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5 Conclusions

(1) The failure lives under PP and CI loading were
almost completely unaffected by the HT performed
to remove the residual stresses due to an insuf-
ficient temperature. In the PP tests, the data scat-
ter was not as drastic, and almost all the data were
within the factor of three bands. In the CI tests,
although the scattering of the data was also small,
the failure life under CI loading was reduced com-
pared with that under PP loading, resulting in a 10%
decrease in failure life.

(2) The small defects were observed inside in the pre-
vious study, and the defects were larger in this
study. The stress concentration was generated at
the boundaries of the defects, and the results of
the fatigue test show a clear correlation. Based on
the quantification of the maximum defect size, it is
speculated that some critical size exists over which
the size of the defect does not affect the failure life
significantly.

(3) Regardless of the strain amplitude and strain paths,
the cracks were initiated from the boundaries of the
partially melted defects, indicating that the stress
concentration in the defect caused premature rup-
ture compared with the results obtained with the
same material.

(4) In the first phase of the test, the propagation path
was different because of the strain paths; however,
in the second phase of the test, the fatigue fracture
surfaces had similar patterns, and propagation of
the cracks seemed to have been suppressed.
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