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Abstract

The versatile applicable selective laser melting (SLM) is a promising manufacturing technology that
allows 3-dimensional design freedom for complex and challenging load bearing parts. A specific application of
SLM is the production of thin-walled housings for piezoceramic actuators which induce cyclic loads. Although
there are investigations on the fatigue behavior of SLM-specimens, wide acceptance of SLM is limited by a lack
of knowledge concerning the operating behavior of actual parts. This paper presents a review on existing studies
about fatigue life analysis in SLM as well as results from uniaxial high cycle fatigue (HCF) tests of 1.4542
stainless steel as-built and machined specimens with a stress ratio of R = 0. Due to a lower surface roughness
machined specimens show significantly higher fatigue strength compared to as-built ones. The obtained fatigue
strength at 10’ cycles of as-built specimens is used as input for fatigue tests of thin-walled actuator housings.
Numerical simulation is used to determine the stress distribution of thin-walled as-built actuator housings under
specific loads. Results indicate that the thin-walled as-built actuator housing withstand higher peak stresses
compared to as-built specimens due to a high stress gradient.

1. Introduction

Additive manufacturing (AM) is an emerging field in manufacturing technologies that has the common
principle of building up solid parts directly from 3D CAD data by adding material layer by layer. Part-specific
tools are not required in these technologies. Additive manufacturing technologies allow the generation of parts
which fulfil the properties of final products (Gibson ef al., 2010; Huang ef al., 2013; Zhai et al., 2014). Among
AM technologies, selective laser melting (SLM) has become a relevant production method for manufacturing
ready-to-use parts made from metals such as stainless steel, nickel, titanium, and aluminum alloys (Gu ef al.,
2012). As AM technology SLM enables the following key advantages for innovative products: function
optimized and application tailored product design, function integration, mass customization, resource
efficiency, and shortened time to market (Grzesiak et al., 2011; Petrovic et al., 2011; Campbell et al., 2012).

In SLM process development relevant research has been conducted to increase the parts’ density since it
positively affects mechanical properties such as strength and hardness. High density SLM process parameters
were developed for various materials such as stainless steel (Kruth et al., 2010), aluminium (Buchbinder et al.,
2011), titanium (Kong et al., 2011), and nickel based alloys (Mumtaz et al., 2008). Static material properties of
SLM generated parts are comparable to those of conventionally manufactured ones (Zhai et al., 2014).
However, as a powder bed based layerwise process SLM parts are accompanied by a high surface roughness
which is a critical factor under cyclical loading (Huang and Leu, 2014). The surface roughness of SLM parts is
caused by three main effects: (1) the process inherent stair case effect, (2) partially melted powder particles
sticking to the surface, and (3) instability of the melt pool (Thijs et al., 2010; Pyka et al., 2013). Post processing
operations such as milling or (electrochemical) polishing allow a smoothening of the surface roughness.
Nevertheless, any additional process step is contrary to the direct manufacturing principle underlying AM. In
addition, for complex parts with internal features a post processing may not be applicable in any case. To
exploit the SLM technique as single-step and near net shape manufacturing route, a knowledge base about
fatigue behavior of SLM generated parts in their as-built condition is required. So far limited studies on fatigue
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analysis of as-built specimens or actual parts exist. The lack of knowledge concerning the fatigue behavior of
as-built SLM parts under operational loads represents a barrier of entry for industry into SLM technology.

The aim of this study is to increase the knowledge base about fatigue life of SLM generated as-built
specimens and actual parts. Experiments using as-built and machined SLM 1.4542 stainless steel specimens are
used to determine the Wohler-curves up to 107 cycles. The fatigue strength in the high cycle fatigue (HCF)
regime between these two conditions is compared. Based on fatigue testing of as-built specimens the fatigue
behavior of SLM generated thin-walled actuator housings' in their as-built condition will be analyzed. To
estimate the stress distribution within the thin-walled SLM housings under defined loads a numerical simulation
model will be used. Prior to the experiments a comprehensive overview about fatigue analysis in selective laser
melting of metal parts is given.

2. Review of fatigue analysis in selective laser melting

Over the last decade studies in the field of selective laser melting were primarily focused on process
qualification, development of new materials and applications. Examples are studies which investigate the
application of SLM for manufacturing medical implants with tailored properties (e.g. porosity) (Murr et al.,
2009; Bartolo et al., 2012). Only in recent years studies on fatigue analysis of SLM manufactured specimens
have been published and set up a further research area.

Fig. 1 summarizes the results form fatigue analysis using Wohler tests which have been conducted by
various research groups. Each data point represents the characteristic knee point of the obtained S-N curves
towards the long life fatigue regime. The analysis of existing studies (Table 1) allows the following
conclusions:

- The present studies are limited towards the material selection. Most fatigue analysis is focused on

stainless steel followed by studies on the SLM well approved Ti6Al4V alloy. Both for AlSi10Mg
and Hastelloy” X one study is known. Independently conducted studies on machined 1.4542 (17-4
PH) stainless steel performed by Sehrt and Witt (2010) as well as by Starr et al. (2011) show good
accordance. Similarly, results of Rafi ef al. (2013) and Spierings et al. (2013) on machined 1.4540
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Fig. 1. Summary of knee points (S-N values) from relevant studies on the fatigue life of SLM manufactured specimens.

! Function integration is a key advantage of AM technologies. A novel process has been developed to structurally integrate
piezoceramic multilayer actuators using the SLM technology (Stoffregen et al., 2013). In this process the actuators are fully integrated
into a metallic, monolithic SLM housing. Since the actuator induces cyclic loads knowledge about the fatigue strength of the
surrounding housing is required.
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(15-5 PH) are comparable towards the fatigue strength at 10 cycles and the knee point.

- Studies are primarily focused on the fatigue analysis of post processed SLM specimens. In most
cases for post processing a surface finishing such as turning and polishing was applied. In addition,
some studies investigate the influence of subsequent heat treatments. Only three studies on as-built
specimens, specifically without surface finishing, could be identified. Spierings et al. (2013)
investigated different surface treatments on fatigue life of 1.4404 (316L) stainless steel. Between
polished and machined specimens no significant difference has been found. In contrast, the as-built
specimens showed a lower fatigue strength due to the high surface roughness (R, = 10 um). Results
of Wycisk et al. (2013) on Ti6Al4V specimens showed a significant difference in fatigue life
between as-built and polished specimens as well. The fatigue strength of sand-blasted (Gong ef al.,
2012) and turned (Rafi ez al., 2013) Ti6Al4V specimens show similar values to the results of Wycisk
et al. (2013) (finished). The number of cycles at the knee points however shows a variance. One
reason might be the low sample number of the studies which leads to statistical uncertainty. The
research group of Leuders et al. (2013) investigated different heat treatments on the fatigue life of
Ti6Al4V specimens. A significant positive influence of subsequent heat treatment was observed. In
addition, the application of hot isostatic pressing (HIP) could further extend the fatigue life due to
reduction of porosity. A similar research design was applied by Riemer et al. (2014) on 1.4404
(316L) stainless steel specimens. Besides a heat treatment and a HIP process of machined specimens
a set of specimens in their as-built condition was tested. Due to the high surface roughness as-built
specimens showed the lowest fatigue strength compared to machined ones. The heat treatment had a
positive influence on fatigue life; specimens undergoing a HIP process showed best results. The
positive influence of a HIP treatment of SLM generated specimens on fatigue life could be found as
well for Hastelloy® X by Wang (2012). For AlSil0Mg the fatigue strength was determined with and
without heat treatment (peak-hardening) on machined specimens (Brandl ez al., 2012). A significant
positive influence of peak-hardening was observed.

- The reviewed studies predominantly investigated SLM specimens manufactured vertically under a
polar angle of 0°. Brandl et al. (2012) studied three different polar angles (0°, 45°, 90°) combined
with a variation of heat treatment and platform temperature using a DoE approach. The orientation
of the specimens had a significant influence on fatigue strength depending on the other two
parameters. Above maximum stresses of 600 MPa Hastelloy® X specimens showed a higher fatigue
resistance when horizontally oriented compared to vertically oriented. Below this stress level the
difference was not significant (Wang, 2012). A study on Ti6Al4V specimens manufactured in X, y,
and z orientation showed qualitatively better fatigue performance for horizontally than for vertically
oriented specimens. However, due to porosity and residual stresses this effect was not quantified
(Edwards and Ramulu, 2014).

- The fatigue life of finished SLM specimens is comparable to conventionally manufactured
specimens. For 1.4404 (316L) little difference in fatigue strength between SLM and conventional
specimens was observed (Spierings ef al., 2013). A similar conclusion is provided by Sehrt and Witt
(2010) for 1.4540 (15-5 PH) stainless steel. The study of Rafi ef al. (2013) on Ti6Al4V showed a
higher fatigue strength for SLM specimens compared to cast and annealed specimens due to a fine
lamellar microstructure resulting from the SLM process. In general, when comparing fatigue
strength of SLM specimens with conventionally manufactured specimens the surface and heat
treatment need to be considered (Rafi et al., 2013).

- Studies on the fatigue behavior of SLM specimens were primarily carried out in the high cycle
fatigue regime (5-10* < N < 10"). Table 1 summarizes the identified studies with corresponding
cygle limits and stress ratios. Only the study of Brandl ez al. (2012) investigated a cycle limit beyond
10°.

- The sample size for fatigue tests is between 5 to 15 specimens in one condition. One exception is the
study of Sehrt and Witt (2010) which used 40 specimens made from 1.4542 (17-4 PH) stainless
steel.

Aside of the tests on fatigue strength, studies on the fatigue crack growth were performed by Riemer et

al. (2014) on 1.4404 (316L) specimens and the research groups of Leuders ef al. (2013) and van Hooreweder et
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al. (2012) on Ti6Al4V specimens. In addition, fatigue analysis on additively manufactured polymers were
conducted by van Hooreweder et al. (2010), van Hooreweder ef al. (2013), Blattmeier ef al. (2012), and Lee and
Huang (2013).

A recent study of Lipinski ef al. (2013) is the only known research work on fatigue analysis of actual
parts manufactured using SLM. In their work two different sample sets made from commercially pure grade 2
titanium (CPG2Ti) were tested: 1) thin-walled tube specimens with (w) and without (wo) heat treatment; 2)
porous specimens (complex 3D lattice structures with geometrical defined porosity characteristic as bone
substitutes (Barbas et al., 2012)). S-N curves for thin-walled tube samples with (» = 18) and without (n = 40)
heat treatment were obtained using a stress ratio of R = 0.1. The heat treatment showed a negative influence on
fatigue limit due to a relaxation of compressive residual stresses. In general, fatigue stress amplitudes between
65.7 MPa (w) and 74.5 MPa (wo) at N = 10’ found to be relatively low compared to the CPG2Ti bulk material
properties. The high surface roughness and SLM specific defects/imperfections were claimed as reasons
therefore. For tests on two different porous specimens different cyclic load levels were applied which lead to
variations in stress ratio and amplitude. Using this experimental setting a method based on the stress gradient of
the structure was developed to define a fatigue criterion for geometrical defined porous structures.

Table 1. Overview of studies on fatigue analysis in selective laser melting.

Study Material SLM System Specimens Research design Cycle limit /
stress ratio
(Sehrt and Witt,  SST 1.4542 EOS M270 ASTM E466 rotating bending test (Wohler) / N=10’
2010) (17-4 PH) circular 1 polished, horizontally R=-1
manufactured, without heat
treatment / sample size: 40
(Starr et al., SST 1.4542 EOS M270 ASTM E466 tension-tension test (Wdohler) / N=10’
2011) (17-4 PH) circular 2 machined, vertically manufactured, R =0.1
without heat treatment / sample
size: 10
(Brandl et al., AlSil0Mg TrumaForm ASTM E466 tension-tension test (Wohler) / N=3-10’
2012) LF130 circular 2 machined, DoE research design R=0.1
with parameters: (1) building
direction (0°, 45°, 90°), (2)
platform temperature (30°C,
300°C), (3) heat treatment (no, yes
PH T6) / sample size: 9-10 for each
condition
(Gong et al., Ti6Al4V EOS M270 ASTM E466 tension-tension test (Wohler) / as- N=10"
2012) circular 2 built, sand-blasted, with heat R=0.1
treatment / sample size: 9
(Wang, 2012) Hastelloy® X EOS M270 ASTM E466 a) four-point bending test (Wohler) N =107
circular / / machined, vertically and R=0.1
rectangular 1 horizontally manufactured, with
and without HIP treatment / sample
size: 6-9 for each condition
b) tension-tension test (Wohler) / N=10’
machined, vertically manufactured, R =0.1
with and without HIP treatment /
sample size: 6 for each condition
(Chan et al., Ti6Al4V ELI  EOS M270 rectangular three-point bending test (constant N=n/a
2013) stress amplitude) R=0.1

/ two different surface conditions
(fully EDM machined/side as-
built), horizontally oriented,
without heat treatment / sample
size: 10 for each condition
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Study Material SLM System Specimens Research design Cycle limit /
stress ratio
(Leuders et al., Ti6Al4V SLM 250HL ASTM E466 tension-compression (constant N=2-10°
2013) circular stress amplitude) / machined, R=-1
vertically manufactured, four
different heat treatments / sample
size: not specified
(Rafi et al., Ti6Al4V EOS M270 ASTM E466 tension-tension test (Wohler) / N=10"
2013) machined, vertically manufactured, R =0.1
with heat treatment / sample size: 9
SST 1.4540 EOS M270 ASTM E466 tension-tension test (Wohler) / N=10"
(15-5 PH) machined, vertically manufactured, R =0.1
with heat treatment / sample size:
15
(Spierings et al., SST 1.4404 Concept Laser ASTM E466 tension-tension test (Wohler) / three N =10’
2013) (316L) M1 circular 2 different surface conditions (as- R=0.1
built, machined, polished),
vertically manufactured, without
heat treatment / sample size: 8-15
SST 1.4540 EOS M270 ASTM E466 tension-tension test (Wohler) / N=10’
(15-5 PH) circular 2 machined, vertically manufactured, R =0.1
with heat treatment / sample size:
12
(Wycisk et al., Ti6Al4V EOS M270 ASTM E466 tension-tension test (Wohler) / three N =10’
2013) circular 2 different surface conditions (as- R=0.1
built, polished, shot-peening), polar
angle 45°, with heat treatment /
sample size: 12 for each condition
(Edwards and Ti6Al4V MTT 250 rectangular tension-compression (constant N=2-10°
Ramulu, 2014) stress amplitude) / as-built and R=-0.2
machined surface condition, three
different building orientations (X, y,
z), without heat treatment / sample
size: at least 5 for each condition
(Riemer et al., SST 1.4404 SLM 250HL ASTM E466 tension-compression (constant N=2-10°
2014) (316L) circular stress amplitude) / 1) as-built, 3-4) R=-

machined, vertically manufactured,
three different heat treatment
conditions (without, 650°C, HIPed)
/ sample size: 5 for each condition

The review of studies on fatigue analysis in selective laser melting indicates potential research areas for

future work. So far research in the following areas has been of subordinate importance:

- Investigation of the behavior of SLM parts in the very high cycle fatigue (VHCF) regime: Load
bearing parts in the automotive and aerospace industry are often exposed to cyclic loads beyond 10’
cycles. However, the determination of S-N curves in the HCF regime, which is predominantly
existent with respect to SLM, does not necessarily allow an estimation of the very high cycle fatigue
behavior since the asymptote must not be horizontally (Bathias, 1999; Marines 1. et al., 2003;
Sonsino, 2007; Pyttel et al., 2011; Stanzl-Tschegg, 2014). The references indicate that the course of
the S-N curves is material dependent. When a so-called “endurance limit” is used for design, the
safety against a declining S-N curve in the VHCF regime will decrease (Sonsino, 2007). Based on
applications of SLM manufactured parts with loads beyond 107 cycles relevant studies have to be
performed which allow a statistical significant assessment of fatigue strength in this regime.
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- Studies on repeatability of fatigue characteristics: As shown in Table 1 most Wohler tests were
performed based on 6 to 15 samples which is at the lower end of the recommendation of 12 to 24
samples for design allowable and reliability tests (Lee et al., 2005). With increasing sample size the
confidence of the fatigue strength can be increased (Beretta ef al., 1995; Martin ef al., 2011). In
addition, the influence of build direction and position as well as inter and intra batch comparisons
have not been studied systematically so far. This might be of further interest, since it is known from
other studies that the SLM process is accompanied by anisotropy (Tolosa et al., 2010; Chlebus et al.,
2011; Spierings et al., 2013; Thijs et al., 2013) which may also affect the fatigue behavior.

- Studies on actual parts manufactured by SLM under operational loads: Present studies follow a
standard protocol using uniaxial or bending tests based on specimens. Test series to assess the
fatigue behavior of SLM generated parts also under complex (multiaxial, stochastic and/or
operational) stress-strain scenarios have not been conducted. In addition, limited knowledge on the
fatigue behavior of as-built specimens (e.g. high surface roughness) is present which is of special
interest to use SLM as direct single-step manufacturing technology.

3. Research methodology

3.1 System and material

For the purpose of this study all specimens were manufactured on an EOS M270 SLM system with a
200 W Yb-fibre laser (continuous wave, wave length 4 = 1064 nm, Gaussian beam profile), using commercially
available 1.4542 (17-4 PH) stainless steel powder (dsp = 28 um; dgy = 41 pm). The system integrated beam
expander was set to a laser spot diameter d; ~ 140 um. PRIMES Focus/Beam Monitor is used to verify the laser
power output and laser spot diameter. For all specimens, the layer thickness was fixed to 20 pm, representing
the default value for the combination of material used and the SLM system. All specimens were manufactured
using a meander-shaped stripe exposure which rotates along the z-axis. A qualified exposure parameters which
lead to fully dense parts (laser power P = 195 W; scan speed vy, = 1000 mm/s; hatch distance 7 = 0.1 mm) was
applied.

3.2 Uniaxial fatigue test of SLM manufactured specimens

As test geometry for fatigue analysis common round un-notched specimens (K, = 1.0) according to
ASTM E466-07 with tangentially blending fillets between the test section and the ends have been chosen. The
nominal diameter was set to 6 mm, the length of the constant test section to 11 mm. All specimens were
manufactured vertically oriented. 39 specimens were manufactured in net-shape to be tested as-built, 20
specimens were manufactured with 1 mm allowance and machined afterwards. The as-built specimens were
manufactures in two batches. Fatigue tests were performed on an Instron servohydraulic Hydropuls MHF test
system at ambient conditions. A uniaxial test setup with a stress-ratio of R = 0 (pulsating tension) and N = 10’
cycles as the maximum number of cycles was selected. The test frequency was varied between 70 Hz and
140 Hz depending on the applied load. In this regime a significant influence of the test frequency is not
expected due to the absence of corrosion induced degradation effects and temperature rise of the specimens
(Bargel and Schulze, 2005; Spickenreuther, 2007).

The routine test (Weibull, 1961) in combination with the staircase method (Lin et al., 2001; Morrissey
and Nicholas, 2006) was used to determine the S-N curves and the fatigue strength at N = 10’ cycles. The initial
stress of 500 MPa for as-built and 600 MPa for machined specimens has been reduced stepwise until no failure
occurred. Afterwards the staircase tests were performed for as-built and machined specimens. Since the as-built
specimens were manufactured in two batches the staircase method has been applied for each batch separately.
To determine the statistical distribution of the S-N curve each stress horizon has been tested twice for machined
and five times for as-built specimens (three from batch one, two from batch two). Analysis of fatigue tests was
carried out with a survival probability of 10%, 50%, and 90% using a Gaussian probability grid and the formula
of Rossow (1964). The staircase tests were evaluated based on the method proposed by Hiick (1983) which
takes account of the step interval and the stress horizon of all valid data points. The width of the scatter band
has been assumed to be constant after the knee point (Sonsino, 2008).
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The roughness of three machined and three as-built specimens has been determined using a contact
surface measurement system (Perthometer).

3.3 Uniaxial fatigue test of SLM manufactured thin-walled as-built actuator housings

In previous research a process has been developed to fully integrate piezoceramic actuators into a
metallic, monolithic housing by means of SLM. The main advantage is an application tailored housing design,
particularly the stiffness of the housing (Stoffregen et al., 2013). Therefore, the housing shown Fig. 5a has three
design parameters, wall thickness ¢, housing radius 7, and angle of bellow a, which can be adjusted to obtain
proper stiffness characteristics. A numerical simulation model has been used to determine the stress distribution
within the housings under specific loads. Three different housings have been tested. The selection was based on
the fatigue strength obtained from the as-built specimens and the resulting stress distribution under application
relevant loads. Application relevant loads were derived from typical blocking forces of integrated actuators
(maximum value 1.5 to 2 kN). Fatigue analysis of the thin-walled housings is referred to the peak stress.

The selected housings were tested similarly to the specimens (section 3.2). A uniaxial test setup with a
stress-ratio of R = 0 was chosen and corresponds to the load scenario induced by integrated actuators. The
maximum number of cycles to be performed was set to N = 10" cycles. The test frequency was set to 133 Hz for
all thin-walled housings due the low applied forces. For all three housing geometries a routine test method was
used. For two housing types 10 samples were tested, for the other one 29 samples. In addition to the routine test
the staircase method was used for the latter. Analysis corresponds to the procedure described under section 3.2.

4. Results

4.1 Fatigue strength of as-built and machined specimens

The arithmetical mean deviation of the roughness profile for as-built specimens is on average Ra =
13.7 um, the maximum height of the roughness profile is on average Rz = 86.0 um. For machined specimens
the roughness parameters are Ra = 0.2 um and Rz = 1.7 pm. Fig. 2 shows the results of the fatigue tests of as-
built and machined specimens. Corresponding survival probability levels are included for 10%, 50%, and 90%
probability. The calculated fatigue strength at 107 cycles is 6, = 219 MPa for as-built specimens, which
corresponds to a stress amplitude of g, = 110 MPa. For machined specimens the maximum stress at 10’ cycles
1S Opmax = 492 MPa (g, = 246 MPa). Table 2 summarizes the characteristic parameters of the obtained S-N
curves. The slope in the finite life region is significant flatter for machined compared to as-built specimens.

Fig. 3 illustrates the results of the staircase testing method. A fictive test result has been added for as-
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Fig. 2. S-N curves with survival probability for as-built and machined specimens (log-log scale).
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Fig. 3. Staircase testing results for as-built specimens (batch 1 & 2) and machined specimens.

built specimens (batch 2) and machined specimens according to Hiick (1983). For as-built specimens the two
conducted staircase tests show a divergence of the stress amplitude in the range of 10 MPa. Since
manufacturing parameters have not been changed and significant differences in microstructure and hardness
among the specimens from batch 1 and 2 have not been observed, both batches are analyzed together. In
addition, previous conducted inter and intra batch comparisons on tensile strength of SLM manufactured 1.4542

~A,
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NA“A:
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stainless steel specimens demonstrated reproducibility.

Table 2. Characteristic parameters of the S-N curves for as-built and machined specimens.

— as-built #1 staircase

(O as-built #1 run out
@ as-built #1 failure
as-built #2 staircase

/\  as-built #2 run out

A as-built #2 failure
A as-built #2 fictive

----- machined staircase

(O machined run out
@ machined failure
® machined fictive

StressratioR =0

Characteristic parameter of S-N curve As-built (batch 1&2) Machined
Slope & 3 20
_ log(Ny/Ny104)
log(ay104/0%)
Knee point
Number of cycles Ny 850,000 2,000,000
Maximum Stress 0y, « 222 MPa 498 MPa
Fatigue strength at 10" cycles (50% probability): 219 MPa/ 110 MPa 492 MPa /248 MPa
Maximum stress g,,,,/ stress amplitude o,
Number of specimens 39 20
Number of run outs 13 6
Horizontal scattering range 7T} (arithmetic average) 1.93 2.61
— NP90,i/ . with i =
Ty; = Np1o;’ withi=1,2 ..
Vertical scattering range T, at N =10’ 1.38 1.17

— 0max,P90
T‘T - /amax,Plo

Optical investigations of all fracture surfaces show that crack initiation starts from the specimens surface
(Fig. 4a,c). Only for one machined specimen a crack initiation from a pore/melting defect close to the surface is
observed (Fig. 4b). Machined and as-built samples show an obvious elongation in the finite cycle fatigue life
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Fig. 4. Microscopic images of lower fracture surfaces. a) machined specimen (Ny= 860,739; 0, = 495 MPa), b) machined specimen (N,=
8,092,655; 0,0 = 495 MPa), ¢) as-built specimen (Ny= 525,654; 0,5, = 260 MPa).

regime. For as-built samples under a load above 6, = 300 MPa (g, = 150 MPa) multiple cracks on the surface
can be detected. The final fracture zone for as-built specimens in the HCF range is straight due to a lower stress
amplitude and longer crack propagation (Fig. 4c). Contrary, for machined specimens a semi-circular shape is
observed (Fig. 4a). Prepared micrographs of machined and as-built specimens showed no significant influence
of the post-processing on the microstructure (e.g. surface hardening), which may influence the fatigue strength.

4.2 Fatigue strength of thin-walled as-built actuator housings

The fatigue strength results at 107 cycles of as-built specimens are used as input for the fatigue analysis
of thin-walled as-built actuator housings. An ANSYS mechanical simulation model of the housings is used to
determine the geometrical dependent stress distribution under application relevant loads. The design parameters
of the housing are wall thickness ¢, housing radius r, and angle of bellow a (Fig. 5a). Three different housing
designs are tested. The selection criterion is based on operational loads which result in a maximum stress (von
Mises) close to the fatigue strength at N = 107 cycles of as-built samples (. = 219 MPa). Micrographs of the
bellow fold are used to determine the as-produced wall thickness (Fig. 5b). The numerically obtained stress
distribution displaying position and value of the maximum stress is shown in Fig. 5¢c exemplarily for housing 2.
Since it is assumed that the housing design results in a notch effect which reduces the fatigue strength one initial
housing test is performed with an operational load resulting in a lower maximum stress. Due to a divergence
between simulated (k7 5i,) and experimentally determined (kj.x,) housing stiffness a correction of the test load
F s following the equation

kp,
Fiest = Fsim(amax,p) : (kh e%p) (1)
sim

is conducted. Using this equation a maximum test load can be calculated from an expected maximum
peak stress oyuqxp. An approximate linear relationship between load and maximum stress is shown during FE
analysis. Table 3 summarizes the initial test load for the thin-walled housing as well as relevant design

A: static mechanical
Mises

von
Type: Equivalent (von-Mises) St
Unit: MPa

Time: 1
18.06.2014 14:31

212,63 Max
H 189,64
166,64

28,862
5,681 Min

Fig. 5. (a) Cross section of the thin-walled actuator housing and design parameters. Numbers indicate position of the bellow. Blue marked are inner
folds, red marked is the outer fold at which the numerical simulation shows the highest peak stress. (b) Micrograph of a bellow fold (housing 2);
black: cross section of the fold, grey: embedding resin. (c) FEA result of stress distribution in an outer bellow fold for housing 2.
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parameters.

Table 3. Initial test setup for thin-walled actuator housings and corresponding housing design parameters.

Housing Test load F,,  Stress (v. Mises)* Stiffness k;, iy, Stiffness k;, .., Design parameter (z, r, a)
1 1.85 kN 213 MPa 93 N/um 84 N/pm 0.6 mm, 8.5 mm, 160°

2 0.76 kN 213 MPa 34 N/um 25 N/um 0.5 mm, 10.0 mm, 137.5°
3 0.82 kN 182 MPa 44 N/um 35 N/um 0.6 mm, 8.5 mm, 137.5°

* maximum peak stress (gmqxp) based on FEA

Fig. 6 shows the results of the fatigue tests of the three different housings designs. The maximum stress
(peak stress at notch root) is calculated from the test load using equation (1). The knee point for all tested
housings is in the range of 7.5 to 10 - 10° cycles and therewith in a higher cycle regime than the tested as-built
specimens. In contrast, the scattering range is below the tested as-built specimens, both horizontally (7) and
vertically (75). The slopes in the finite life region show little variance among the three housings. Compared to
the fatigue strength at N = 10’ cycles of the as-built specimens the housings withstand a higher maximum stress.
When exhibiting failure the cracks occur at one of the three inner folds (Fig. 5a). A predominantly position of
the crack among the three inner folds is not observed. Table 4 summarizes the parameters of the S-N curves for
the thin-walled housings.

5. Discussion

A strong divergence between the fatigue behavior of as-built and machined SLM 1.4542 stainless steel
specimens in the HCF regime is observed. For the machined specimens the fatigue strength at N = 107 cycles is
492 MPa and accounts 51% of the measured ultimate tensile strength (Rm = 961 MPa). This finding is in
accordance to the studies of Sehrt and Witt (2010) and Starr et al. (2011) which obtain values of 52%
respectively 56%. It is also to notice that the S-N curves in this two studies show comparable parameters (slope,
knee point) to the one in this research work. Therefore, reproducibility of fatigue properties of SLM generated
specimens can be assumed. The results of Wu and Lin (2002) on conventionally manufactured 1.4542 stainless
steel show fatigue strength values in the same magnitude. This finding supports comparability of fatigue
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— housing 1 P50
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Fig. 6. S-N curves with survival probability for thin-walled actuator housings 1-3 (log-log scale). Maximum peak stress is based on v. Mises
stress at the notch root.
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Table 4. Characteristic parameters of the S-N curves for thin-walled actuator housings.

Characteristic parameter of S-N curve Housing 1 Housing 2 Housing 3
Slope & 4.8 4.8 5.0
. log(Ny/Ny104)
log(on104/0%)
Knee point
Number of cycles N, 950,000 750,000 1,000,000
Maximum Stress oy, 348 MPa 437 MPa 372 MPa
Fatigue strength at 10 cycles (50% probability): 343 MPa/ 425 MPa/ 355 MPa/
Maximum peak stress (v. Mises) 6,4, / 172 MPa 213 MPa 178 MPa
Peak stress amplitude (v. Mises) g,
Number of specimens 29 10 10
Number of run outs 5 2 1
Horizontal scattering range T (arithmetic average)  1.31 1.63 1.28

Npgo,; .
Ty = PgO'L/NPw S withi=1,2 ..

,L

Vertical scattering range T, at N =10’ 1.07 1.19 1.05

Omax,P90
T, = /Umax,Plo

behavior between machined SLM generated specimens and conventional manufactured ones.

For as-built specimens the fatigue strength at N = 10" cycles is with 219 MPa significantly below the
value of machined specimens. The fatigue strength accounts only 23% of the ultimate tensile strength. The
reason can be found in the high surface roughness of as-built specimens and the therewith associated notch
effect (Arola and Williams, 2002; Radaj and Vormwald, 2007; Chan et al., 2013). The surface roughness due to
partially melted powder particles and the inconsistency of the melt pool causes micro notches at the specimen’s
surface which lead to a stress intensity during cyclical loadings. The analysis of the fracture surface shows that
crack initiation occurs at defects on the specimen’s surface and supports this assumption. Based on the fatigue
results an experimentally determined surface roughness reduction factor y in the HCF regime can be calculated:

o —107 ;
max,N=10",as—built
= 0.44

Y= (2)

Omax,N=107,machined

For as-built specimens a significant divergence between the two batches is not assumed. The following
reasoning underlies this procedure: (1) Divergence between the two batches is only present above 9 - 10° cycles.
In the finite life region the results indicate random scattering. (2) Manufacturing parameters have not been
changed and significant differences in microstructure and hardness among the specimens from batch 1 and 2
have not been observed. (3) The vertical scattering 7, = 1.38 in the HCF regime of the combined analysis of
batch 1 & 2 is in the range of cast and sintered steel (Sonsino, 2007).

The slope in the finite life region k£ as well as the cycle number at the knee point N; of machined
specimens is typical for un-notched cast and sintered steel with medium strength (Sonsino, 2007). Machined
specimens (slope k = 20) show a higher sensitivity towards stresses in the finite life region compared to as-built
specimens (slope k£ = 3). With increasing notch effect (e.g. surface roughness) the slope becomes steeper and the
sensitivity towards stress variations decreases (Lee et al., 2005; Radaj and Vormwald, 2007). This finding is
true for the as-built specimens which show a significant steeper slope compared to machined ones; in case of as-
built specimens crack propagation mechanisms are dominant.

The fatigue analysis of the thin-walled housings shows that the maximum stress at the notch root is
significantly above the value of as-built specimens (g,,,x = 219 MPa). The fatigue strength of the housings at N
= 10" cycles is between 343 MPa for housing 1 and 425 MPa for housing 2. A potential explanation can be
found in the stress gradient. For the parameters shown in Table 3 an FEA is applied to determine the stress
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distribution at the folds. The stress gradient at the notch root is calculated according to (Siebel and Stieler, 1955;
Filippini, 2000):

1 Jdo

Gmax,p 0x x=0

y= (3)

The stress gradient and distribution for the three housings are shown in Fig. 7. The stress gradient
determines how steep the stress decreases with distance from the notch’s root. A low stress gradient results in a
higher average stress in the local damage zone. Based on the stress gradient concept higher stress gradients
increase fatigue strength since it decreases the volume fraction of highly stressed material (Siebel and Stieler,
1955; Kuguel, 1961; Lee et al., 2005; Adib-Ramezani and Jeong, 2007; Schijve, 2009). For the tested housing
the order of the stress gradients is y; < y3 < y». This result implies that housing 1 should have the lowest fatigue
strength and housing 2 respectively the highest fatigue strength which is in accordance to the obtained S-N
curves in Fig. 6. Therefore, besides peak stresses the stress gradient needs to be considered for fatigue analysis
of the thin-walled as-built actuator housings.

Of practical relevance is the little scattering of the test results for the thin-walled actuator housings.
Both, horizontal and vertical scattering, are significantly below the ranges of the as-built and machined
specimens. This allows a fatigue life approach with a low safety factor.

Based on the FEA results indicating a maximum peak stress at the top outer fold (Fig. 5a, position 4) a
failure is assumed to occur at the same position. Contrary when exhibiting failure it occurred at one of the three
inner folds (Fig. 5a, positions 1-3). Crack initiation starts from the outer side from one of the three inner folds.
A potential explanation is the geometry of the thin-walled housing. Outer folds are characterized by a larger
diameter compared to inner folds while having the same wall thickness. Consequently, outer folds have a larger
cross section compared to inner folds which results in a lower average stress. The latter might be the reason why
the thin-walled housings exhibit failure at the inner folds.

The thin-walled housings demonstrate fatigue strength at N = 10’ cycles for loads up to 1.5 kN which
fulfils the requirements of the proposed application (integration of piezoceramic actuators). For housing 1
fatigue strength at 10 cycles exists even for loads up to 2.5 kN,

6. Summary and outlook

The present work shows a review of fatigue analysis in selective laser melting. Within this comparably
new research field studies are conducted almost exclusively on the basis of specimens. The studies focus on
SLM approved stainless steel (e.g. 1.4542, 316L) or Ti6Al4V alloy which are predominantly tested in post
processed conditions (e.g. machining, heat treatment) in the HCF regime (N < 107 cycles); the fatigue behavior
of as-built specimens has not been investigated intensively. Therefore, valid material values for the fatigue life
approach of as-built specimens and SLM parts do not exist. However, for machined specimens fatigue strength
is in the range of conventionally manufactured specimens. Standardized fatigue test conditions and

8220 T 11 | 1T T 1 59 _1‘ T T 1 - T T 1 ooFT T T |. 1 T ]
% 200 | o Housing 1 4 200 F N Housing 2 -4 200 k Housing 3 -
180 | o M). 4 180" m_ 4 10} M_ -
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S 80 . 4 80 Sasamnaa,,,, 1 8o -
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Fig. 7. Stress distribution (v. Mises) of the three different housings under the loads shown in Table 3. Stress distribution is shown in radial
direction using FEA. Stress gradient is calculated for notch root (x = 0 mm). Dashed line represents polynomial fit of third order.
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documentation (e.g. sample size, test method, statistical analysis, build direction, post processing) for SLM
generated specimens might be helpful to ensure comparability between conducted studies.

Experiments on the fatigue behavior of 1.4542 stainless steel as-built and machined specimens as well as

of thin-walled as-built actuator housings were performed. A uniaxial test setup with a stress-ratio of R = 0
(pulsating tension) and test runs up to N = 10’ cycles was selected. From the results the following conclusions
can be drawn:

- The fatigue strength at N = 10’ cycles of as-built specimens (g,,,x = 219 MPa, ¢, = 110 MPa) is
significantly lower than of machined specimens (o, = 492 MPa, g, = 246 MPa) due to a high
surface roughness. The experimentally determined surface roughness reduction factor y is 0.44.

- Crack initiation starts for as-built and machined specimens from the surface. Therefore,
manufacturing defects in the inside of the SLM generated specimens are not the reason for fatigue
failure.

- Machined specimens show a higher sensitivity towards stress in the finite life region compared to as-
built specimens. This relation is shown through the slopes of the S-N curves in the relevant cycle
regime.

- The endurable peak stress of thin-walled as-built actuator housings at 10" cycles is significantly
above the fatigue strength of as-built specimens (factor 1.57 to 1.94). An explanation can be found in
the stress gradient within the thin-walls due to the geometry. Stress gradients y above 3.7 indicate
that only a small volume fraction is exposed to high stresses; on average, the stress is significantly
below the peak stress. S-N curves support the stress gradient concept that with increasing stress
gradient the fatigue strength increases.

- The thin-walled actuator housings demonstrate fatigue strength at N = 10’ cycles under application
relevant loads. In addition, vertical and horizontal scattering of the S-N curves are below the values
of the specimens. This allows an approach of fatigue life with a low safety factor.

Future research should be extended to thin-walled housings with other design parameters to prove the

stress gradient concept. It is also desired to obtain valid assessment models for fatigue behavior of SLM
generated parts without conducting extensive test series.
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