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Abstract Advances in aerospace component manufacturing design are being
achieved through the additive manufacturing (AM) technology. Variations in cyclic
loads (i.e. variable amplitude fatigue) is a common phenomenon experienced by
aerospace components during in-service use, hence the need for AM components to
withstand fatigue failure under these conditions. This study has performed progres-
sive strain amplitude fatigue tests at increasing strain ranges with the intent to capture
the fatigue failure life, hardening/softening response, and fracture response of as-built
direct metal laser sintered (DMLS) Stainless Steel GP1. Preliminary results indicate
fatigue failure in specimens prior to reaching strain ranges where plasticity effects
become more pronounced. Also, evident is variation in cyclic softening/hardening
response to stabilization at elastic versus plastic strain ranges. Scanning electron
microscopy was used to identify the precursors for fatigue crack initiation and
propagation under progressive amplitude fatigue loading.
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Introduction

Additive manufacturing (AM) has shown to be advantageous for the aerospace
industry because it allows for rapid prototyping and design flexibility, facilitating
the manufacturing of complex geometries [1]. To date, studies have primarily inves-
tigated the axial, torsional, and rotating bending fatigue performance of AM stainless
steel alloys [2–6]. It was determined that one of themajor factors affecting fatigue life
are defects directly related to the manufacturing process, such as voids and surface
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roughness [1–3, 7–12], resulting in fatigue life for AM specimens to be significantly
less than for their wrought counterparts [2, 9–13]. These defects have been shown to
be reduced by post-processing, positively impacting fatigue life [1, 2, 10–12].

During in-service operation, aerospace components are also subjected to variable
amplitude (VA) fatigue loading conditions, necessitating the design of AM compo-
nents to withstand these loading conditions [7, 14–16]. Unlike constant amplitude
fatigue, where all load cycles are identical, in VA fatigue, load amplitudes and/or
mean stresses may change at regular intervals, impacting both fatigue crack growth
and cyclic plasticity [17, 18]. Tensilemean stress overloads inVAhave been shown to
contribute to fracture [17]. Variable amplitude fatigue performance has been reported
for additively manufactured Ti-6Al-4V and stainless steel 15-5PH [7, 14]. An inves-
tigation into the variable amplitude fatigue performance of laser sintered versus
electron beam melted (EBM) as-built Ti-6Al-4V has revealed that the rough surface
contributed to a lower fatigue strength for this material [7]. It was further shown that
the cumulative damage approach produced similar findings between the predicted
and experimental VA life of this alloy [7]. A comparison between the predicted
fatigue cycles under the cumulative damage approach versus experimental testing
has been reported for laser-based powder bed fusion produced 15-5 PH stainless steel
parts, under both zero and tensile mean stresses [14]. Multiple crack initiation sites
were reported for VA under tensile mean stress as opposed to zero mean stress, for
which a distinct crack initiation site was observed [14].

The proposed study is unique in that it provides preliminary findings into the
progressive amplitude fatigue performance of additivelymanufactured stainless steel
(SS) GP1, which has a chemical composition similar to stainless steel 17-4PH [19],
but varies in mechanical performance as reported in other studies [20–22]. Progres-
sive strain amplitude fatigue tests are performed at increasing strain ranges for as-built
direct metal laser sintered (DMLS) SS GP1, in order determine its fatigue failure
life, hardening/softening response, and identify the role of AM induced defects on
the resulting fatigue fracture response.

Experimental Design

To assess the progressive amplitude fatigue performance of as-built additively manu-
factured stainless steel (SS) GP1, specimens of horizontal build orientation (X, Y,
and XY45) were manufactured using the EOS M280 direct metal laser sintering
(DMLS) system in a nitrogen environment with a layer thickness of 20 μm. EOS-
optimized processing parameters were used to manufacture the specimen design
shown in Fig. 1, which were not subject to heat-treatment. The as-built specimens
boxed support structurewere removedwith conventional hand tools, and the gripping
sections of the specimens were machined from the manufactured diameter of 0.625
in to 0.5 in prior to progressive amplitude fatigue testing. Further details regarding
specimen preparation prior to fatigue testing can be found in [6].
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Fig. 1 a Sample geometry (dimensions in inches), b as-built DMLS Stainless Steel GP1 prior to
machining gripping section, c proportional amplitude fatigue test sequence, d experimental setup
[6, 20]. (Color figure online)

Progressive strain amplitude fatigue testing was performed to assess the increase
in strain range (elasticity, equivalent amounts of elasticity and plasticity, and plas-
ticity) on crack initiation/propagation in as-built AM test specimens [6]. Strain-
control progressive amplitude fatigue tests (Rε = −1) were performed using the
MTS LandMark 793 servohydraulic system at room temperature with a strain rate
of 10−3 (mm/mm/s) and sampling rate of 25 Hz [6]. In an effort to identify the cyclic
stress–strain response of DMLS SS GP1, testing was performed at strain ranges of
�ε = 0.6%, �ε = 0.8%, �ε = 1.0%, �ε = 1.2%, and �ε = 1.4%, as shown in
Fig. 1. Testing was performed for a set number of cycles (~100) at each strain range,
which was identified from preliminary testing to approximately achieve stabilization
of hysteresis loops at each strain range. In addition to determining the total fatigue
failure life, hardening/softening response at each strain range, hysteresis deforma-
tion response, and fracturemechanics under progressive amplitude fatigue conditions
were explored. The Hitachi SU 3500 scanning electron microscope (SEM) was used
to characterize the fracture surfaces (i.e. crack initiation and propagation) of DMLS
SS GP1 samples due to progressive amplitude fatigue loading conditions, including
defects at the microstructural level contributing to observed fracture response. The
sample was mounted onto a 51 mm specimen stub, using double-sided conductive
adhesive tape [23], and imagedusing secondary electron (SE)mode at varyingmagni-
fications. The resulting fracture surfaces and associated key features observed are
presented and discussed in the results and discussion section.
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Results and Discussion

Progressive amplitude fatigue cycling of DMLS stainless steel GP1 specimens
resulted in the following stress–life plot shown in Fig. 2. Given that the specimens
were manufactured in the horizontal build orientation (X, Y or XY45), the progres-
sive amplitude fatigue response at each strain range is similar. Hence, suggesting
that manufacturing at build orientations in the horizontal plane plays a limited role in
impacting progressive amplitude fatigue performance. Also, evident from Fig. 2 is
the presence of hardening and softening within each strain range. At a highly elastic
strain range of �ε = 0.6%, softening is evident to stabilization. However, at strain
ranges where plasticity is more pronounced or equivalent amounts of elasticity and
plasticity are present (i.e.�ε=1.0%and�ε=1.2%), cyclic hardening is observed to
stabilization. The rate of cyclic hardening appears to increase with strain range. This
may suggest that at strain ranges where plasticity effects become more pronounced,
the hardening behavior may be attributed to a strain-induced austenite to marten-
site phase transformation, as suggested in other studies on additively manufactured
stainless steel 17-4PH [2, 6]. Future work through x-ray diffraction techniques will
be used to capture phase transformations to confirm this finding.

An assessment of fatigue life under progressive amplitude fatigue loading is also
captured in Fig. 2. Here, it is evident that all specimens regardless of build orientation
in the xy plane fractured at a strain range of �ε = 1.4%. On average, specimens
fractured after approximately 416 cycles, after cycling for 100 cycles at strain ranges
of �ε = 0.6%, �ε = 0.8%, �ε = 1.0%, and �ε = 1.2%. The increase in strain
range, inwhich plasticity effects becamemore pronounced, is suggested to accelerate
fatigue crack growth resulting in specimen failure upon reaching a strain range of
�ε = 1.4%. It is suggested that defects at the microstructural level, such as the
as-built surface roughness, contributed to fatigue crack initiation and accelerated
crack propagation. This is further explored through SEM micrographic imaging.

Fig. 2 Stress–life of as-built DMLS SS GP1, of varying build orientation, under progressive
amplitude fatigue testing from �ε = 0.6% to �ε = 1.4%. (Color figure online)
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Nevertheless, itwould appear that progressive amplitude fatigue testing is detrimental
to the life of as-built DMLS SS GP1 manufactured in the horizontal build plane [6];
however, as these results are based upon a small sample size, future work will be
done to confirm these findings.

An analysis of the fracture surface of DMLS SS GP1 through scanning electron
microscopy (SEM) is presented in Fig. 3. The overall fracture surface revealsmultiple
crack initiation sites near the surface and evidence of striation patterns indicating
fatigue crack propagation. Internal defects, such as regions of powder particles and
lack of fusion, can also be observed from the SEM micrograph images. This has
been shown in recent studies on additively manufactured Ti-6Al-4V and SS 15-5PH
subject to variable amplitude fatigue loading as well [7, 14]. Overall, fatigue cracks
under progressive amplitude fatigue loading have been found to initiate at un-melted
powder particles near the as-built rough surface.

To further evaluate the cyclic deformation response of DMLS SS GP1 under
progressive amplitude fatigue loading, the first and stabilized cycles at each strain
range are presented in Fig. 4. Since findings across build orientation in the xy plane
were similar, as discussed earlier, the hysteresis curves presented are only for the
(Y) build orientation. As stabilization occurred after cycling at ~ 100 cycles for each
strain range, the last cycle prior to increase in strain range has been considered as the
stabilized cycle within these plots. Given that all specimens failed under cycling at a

a b

c
d

Fig. 3 a Complete fracture surface, b crack initiation site at un-melted powder particles near
surface, c and d presence of un-melted powder particles and regions of lack of fusion. (Color figure
online)
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Fig. 4 Hysteresis deformation response (first cycle and stabilized cycle) at each strain range, a �ε

= 0.6%, b �ε = 0.8%, c �ε = 1.0%, and d �ε = 1.2%. (Color figure online)

strain range of�ε = 1.4%, the hysteresis curves for the first and stabilized cycles are
plotted up to a strain range of�ε= 1.2%.An analysis of the hysteresis curves reveals
minimum plastic strain range as compared with elastic strain range. A compressive
mean stress is also evident from the plots. Evident from both the stress–life plots
and analysis of hysteresis curves is cyclic softening at �ε = 0.6% and slight cyclic
hardening at �ε = 0.8%, following by considerable cyclic hardening at �ε = 1.0
and 1.2%.

Conclusions and Future Work

This study has investigated the role of progressive strain amplitude fatigue on the life,
softening/hardening response, and fracture response of DMLS SS GP1. Specimens
were subject to cycling at strain ranges of�ε= 0.6% to�ε= 1.4%, under completed
reversed (Rε = −1) conditions, from which the following conclusions were drawn:

• At strain ranges where plasticity is more pronounced or equivalent amounts of
elasticity and plasticity are present (i.e. �ε = 1.0% and �ε = 1.2%), cyclic
hardening is observed to stabilization. The rate of cyclic hardening appears to
increase with strain range. Cyclic softening is observed at a strain range of �ε =
0.6%.

• When subject to progressive strain amplitude fatigue loading, from �ε = 0.6%
to �ε = 1.4%, for 100 cycles at each strain range, DMLS SS GP1 manufactured
in the horizontal build plane is found to fracture during cycling at a strain range
of �ε = 1.4%.
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• Specimens manufactured in the horizontal build plane (X, Y and XY45 build
orientations) yielded similar performance under progressive amplitude fatigue
testing.

• SEM micrographic images reveal multiple fatigue cracks initiating at regions of
un-melted powder particles near the as-built rough surface.

Future workwill explore the role of build orientation on the progressive amplitude
fatigue performance of DMLS SS GP1, providing insight into the variation in cyclic
stress–strain curve with build orientation.
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