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1 | INTRODUCTION

Abstract

Additive manufacturing (AM) enables the cost-effective production of complex
components, many of which are traditionally manufactured using costly
subtractive processes. During laser-based powder bed fusion of metals
(PBF-LB/M), internal pores and rough surfaces are typically inevitable,
reducing fatigue and corrosion resistance compared to traditional processes.
Additionally, large defects often occur near to or at surfaces. Thus, this study
investigates the effect of hybrid additive and subtractive manufacturing on the
fatigue strength of AISI 316L. To this goal, different post-treatment routes are
compared with wrought material. Additionally, computed tomography is used
to determine the necessary machining depth of the surface layer. In this study,
heat treatment and machining are both found to significantly increase fatigue
strength (17% and 87%). Finally, the mean stress sensitivity M of as-built
PBF-LB/M and wrought material is found to be highly affected by the assessed
number of cycles to failure and residual stresses in PBF-LB/M material.
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and popularity and is now the most widely used
process for manufacturing using metal powders.> This

Additive manufacturing (AM) is a rapidly developing
technology that combines computer-aided design with
material processing and shaping to produce structures
with complex geometry. AM is particularly suitable for
low-volume components, tailor-made, and valuable
products.” Laser-based powder bed fusion of metals
(PBF-LB/M) also known as direct metal laser melting
(DMLM) or selective laser melting (SLM), a form of
AM, has recently experienced rapid industrialization

process employs a building platform, onto which thin
layers of powder are applied. A laser beam selectively
fuses the particles (“scanning”) before the platform is
lowered to add another thin layer of powder; this
process is repeated until the whole model is complete.?
This form of manufacturing is “additive,” as each layer
builds on the last, enabling lightweight structures with
complex geometry—which would require costly
methods such as casting, welding, and machining in
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conventional processes.* At a time when resource use is
already a priority, emphasis on AM can be expected to
rise significantly in the future. Questions surrounding the
mechanical properties of novel manufacturing processes,
compared to traditional manufacturing methods, are
already emerging. In this context, cyclical material and
component properties are of particular importance. While
the fatigue strength of components manufactured by
machining processes correlates directly with the
tensile strength of the material, it is also influenced by
production-related pores and defects (such as nonfused
powder) in comparable AM components. Figure 1 shows
the results of a computed tomography (CT) scan of an
PBF-LB/M specimen with an increase in surface rough-
ness due to partially nonfused powder and irregular melt
pool surfaces (A) and embedded pores (B).

The application readiness of components used in
the many industries is not only defined by their
fatigue strength related to inner defects and surface
quality but often by their corrosion resistance as well.
For example, in order to withstand strong corrosive
environment associated with the application in the
offshore industry, a high surface quality is required.
As-built AM parts produced by PBF-LB/M rarely meet
this standard and, coupled with near-surface defects,
often have low corrosion resistance compared to tradi-
tionally produced components.>” Thus, hybrid additive
and subtractive AM methods that combine AM pro-
cesses with subtractive processing techniques such as
milling, grinding, and turning offer a possibility to
increase fatigue strength but also corrosion resistance.

Such a process is schematically presented in Figure 2;
nonetheless, this technology is relatively new, and
there are knowledge gaps due to limited in-practice
use on process planning and monitoring, removal of
powder, and so on.®

The effect of various postprocessing techniques
on fatigue strength of AM parts—including marine grade
steels such as 316L—has been investigated in the past;
however, to the best knowledge of the authors, thorough
investigation of static and cyclic material properties
resulting from different postprocessing routes, including
a comparison with wrought material, has not been
reported yet. Hence, this study investigates the fatigue
strength of different postprocessing methods and the
effect of cyclic mean stresses on PBF-LB/M and wrought
316L specimens. To this goal, the following aspects are
investigated and presented:

« PBF-LB/M and wrought material 316L are character-
ized by fatigue and tensile tests, as well as by CT scans,
scanning electron microscope fractography, and a
microstructure comparison.

« The effect of various influencing factors on fatigue
strength is assessed, for example, surface condition,
defects, and residual stress.

« The effect of cyclic mean stress is assessed by
establishing Haigh diagrams for as-built and wrought
material 316L.

The following section will offer a short overview
of current state-of-the-art research on the fatigue

(B2)

FIGURE1 CTscanofa
316L sample produced by PBF-
LB/M with magnifications of the

(B1) surface roughness (A1-A2) and
0.0 0.05 0.1 mm a pore (B1—1532); taken from
[ — ] Braun et al.
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FIGURE 2
et al.® [Colour figure can be viewed at wileyonlinelibrary.com]

strength of AM components and post-treatment
processes, followed by an investigation on the fatigue
strength of AM samples made of austenitic stainless
steel 316L. Finally, a comparison of fatigue strength
and mean stress sensitivity for the different processing
techniques is performed and verified by literature
results.

2 | FATIGUE STRENGTH OF
ADDITIVELY MANUFACTURED
COMPONENTS

2.1 | Effect of pores and other
production defects

While the notch acuity is usually decisive for the fatigue
resistance of notched components, cracks often occur at
internal irregularities such as pores or inclusions in AM
parts—especially, when the surfaces are smooth. The
influence of pores and other defects such as blowholes on
the fatigue strength of cast or sintered components
is well-known (cf. Garb et al. and Shirani and
Hirkegard®'®). In components manufactured using PBF-
LB/M, lower porosity and thus higher density lead to
fewer brittle fractures in the crack path and overall to a
longer service life. In contrast, higher density may create
secondary cracks at micropores and inclusions, which are
often stopped at microscopic barriers.'' Depending on
the shape, size, and location of the defects in the compo-
nent, these can lead to a strong increase in local stress

Back to step 1 (=

Schematic illustration of a hybrid workflow combining additive and subtractive manufacturing processes; based on Cortina

Every 'n' repetitions

and thus to a significant reduction in fatigue strength.
Defects close to the surface are often particularly critical,
as they lead to surface cracks that propagate faster than
embedded cracks. In the PBF-LB/M process, the defect
density is often highest in the surface layer and decreases
towards the center of the component, since this contour
is produced first and at a higher scanning speed.”'*'?
Nonfused powder residues are particularly prone to accu-
mulate on the surface layer; however, slower scanning
speeds increase production time significantly and might
even lead to keyhole porosities.'"* Post-treatment of the
surface layer of AM components is therefore an obvious
step to increase the fatigue strength. This will be
discussed below using the example of austenitic stainless
steel 316L.

2.2 | Effect of post-treatment routes

AISI 316L (X2CrNiMo17-12-2, 1.4404) is an austenitic
material with excellent mechanical properties, high
corrosion resistance due to the high chromium and low
carbon content, and additional resistance to pitting due
to the high molybdenum content. This steel is character-
ized by excellent weldability and cold formability.
Machining is difficult as the high strength leads to rapid
wear of tools. Consequently for 316L, AM processes
represent a cost-effective alternative to classical; however,
AM components typically have different mechanical
properties than components produced by traditional
processes.
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In a study with samples with low and high porosity,
Zerbst and Hilgenberg'> compared AM parts to semi-
finished products made of 316L, observing higher
stiffness and low fracture strain of PBF-LB/M specimens.
Similar stress-strain curves were only obtained after
subsequent annealing of the PBF-LB/M specimens. Fur-
thermore, the layer thickness of the AM process has
significant influence on the mechanical properties. Layer
thicknesses above 75 pm lead to a significant reduction
in strength and ductility in the vertical built direction but
an increase in ductility in other horizontal directions'®;
this is due to different porosity, resulting from changed
layer thickness. In contrast to semi-finished products,
components manufactured with PBF-LB/M suffer from
pores and other defects, as well as high surface roughness
and tensile residual stresses. Depending on the expected
load cycles the component is subjected to, it is advisable
to carry out post-treatment to ensure sufficient fatigue
strength.

The possibilities for improving the fatigue strength of
additive materials include surface treatment, tensile
stress reducing or compressive stress inducing processes,
and processes that close existing defects and pores. Due
to the PBF-LB/M process, high residual stresses are
particularly prone to occurring in the surface layer.'”
These may be modified using heat treatments, including
heating the base plate during production, surface refine-
ment by rescanning or remelting the surface, or hot
isostatic pressing (HIP)."> During the HIP process, the
material is simultaneously exposed to a very high temper-
ature (usually above 1000°C) and a high pressure in order
to change the microstructure and close possible pores
and defects. Furthermore, it was found that HIP also
reduces the surface roughness.'® In several studies, a
significant increase in the fatigue strength of additively
manufactured samples made of Ti-6Al-4V alloys was
found*'?; however, other studies also suggest that higher
fatigue strength can be achieved by specific heat treat-
ment.?° For stainless steels, however, HIP seems to lead
to a reduction in fatigue strength, especially in the low-
cycle fatigue range.”"** Leuders et al.** have found a sig-
nificant reduction in fatigue strength post HIP treatment
at 1150°C and a pressure of 1000 bar compared to a heat
treatment at 650°C and the as-built condition. On the
other hand, the high-cycle fatigue strength was increased
by HIP treatment. This is supported by another study
from Riemer et al.>> who observed a significant increase
in the crack growth threshold for HIP-treated samples.
One major drawback of HIP treatment of PBF-LB/M
stainless steel seems to be a reduction in corrosion resis-
tance.?* In conclusion, a final assessment of the influence
of HIP on the fatigue strength of stainless steels produced
by AM is not yet possible; however, there are several

other methods that enable an improvement of fatigue
strength of stainless steels parts made by PBF-LB/M.

Contrary to HIP treatment, heat treatment will
induce grain coarsening and homogenization by recrys-
tallization, which can improve the crack initiation
behavior of PBF-LB/M components made of stainless
steels.?>*' This is exacerbated by the reduction of tensile
residual stresses, which otherwise have a negative effect
on fatigue strength.”® For low temperatures up to 480°C,
this does not seem to affect the microstructure and
fatigue strength of 316L.>° In a number of other investiga-
tions, changes in mechanical properties were only
detected after heat treatment at temperatures above
600°C.>>"%” Heat treatment with temperatures in the
range 600-650°C resulted in almost identical tensile
strength properties with significantly reduced fracture
strain but increased microhardness.”>?” On the other
hand, heat treatment at these temperatures does not
seem to affect fatigue crack propagation significantly.?**®
Changes in fatigue strength are consequently related to
changes in fatigue crack initiation behavior. The critical
heat treatment temperature at which recrystallization
begins and a homogeneous microstructure of PBF-LB/M
316L is formed was determined to be 850°C.*” For higher
temperatures, both porosity and hardness decrease
significantly. Furthermore, heat treatment of 316L also
increases the corrosion resistance.?

The aim of surface post-treatment processes is similar
to that of welded components, namely, to reduce process-
related notches, which reduce the fatigue strength. The
effect of surface treatment has been extensively proven
for various materials; see previous studies,'**"**>* and
recent research suggests that the fatigue strength signifi-
cantly increases by surface treatment to the level of
wrought material.***> Sarkar et al.** for example, exam-
ined the influence of different surface finishing processes
using the example of the corrosion-resistant steel 15-5
PH. By electropolishing the surface, fatigue strength
increased by approximately 100%. The highest fatigue
strength of 120% was achieved with surface refinement
by rescanning the surface.

An alternative to improve the surface of additively
manufactured components is machining of surfaces. This
type of hybrid machining is particularly suitable for
targeted use in highly stressed areas of AM components
or on components such as turbine blades, which have
hydrodynamic requirements for a smooth surface.
Compared to HIP and incorrectly executed heat treat-
ment, no disadvantages exist besides the removal of some
additional material. Furthermore, hybrid processes
enable extensive possibilities for topology optimization.>®

In this study, three different processing states are
investigated and compared with specimens obtained from
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wrought material. The different states are (1) as-built,
(2) heat-treated, and (3) machined and heat-treated.

3 | MATERIALS AND METHODS

3.1 | Specimen preparation
In the subsequent section, the material and test methods
are introduced which are applied to assess the fatigue
strength of 316L using different PBF-LB/M processing
routes in comparison with wrought material. For this
purpose, a standard specimen geometry (see Figure 3) was
selected for the fatigue tests, following ASTM E466-15°’
with a stress concentration factor K; = 1.05. The stress
concentration was chosen to be small to limit the effect on
bulk material properties. It was determined from stress
concentration factor charts by Pilkey and Pilkey.*®

Several specimens were manufactured with an excess
of 1 mm on all surfaces, which was later removed by
machining to ensure all specimens had the same final
dimension. All specimens were manufactured together to
achieve conservative results as the production of several
components usually results in a less favorable microstruc-
ture and poorer mechanical properties.*® The specimens
were produced in a Renishaw AM250 PBF-LB/M
machine. The chemical composition of the powder is
listed in Table 1 and the process parameters in Table 2.

The machined specimens were then heat-treated
together with a number of as-built specimens to investi-
gate the effect of residual stresses. The samples were
heat-treated at 650°C for 2 h and furnace cooled. The

' | : 3081
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heat treatment was performed after machining as such
processing induces residual compressive stresses in the
surface layer,*® which would affect the comparison.

Figure 4 shows exemplary surfaces of both series. The
machined specimens were not polished in order to
achieve fatigue strength results representative for
typical AM components not just unrealistically high
fatigue strength. Hence, marks from the manufacturing
process are still clearly visible on the machine specimens.
For a comparison of surface roughness, three samples
of heat-treated and machined specimens were measured.
As the heat treatment temperature does not result in
a change in microstructure, it is assumed that this state
is also representative for the as-built specimens. The
results of the measurement are shown in Table 3.
Machining reduces the arithmetic mean roughness R, by
a factor of about 6 and the maximum roughness R, by a
factor of 8.

3.2 | Microstructure and mechanical
characterization

As mentioned earlier, the majority of defects in AM com-
ponents typically appear close to the surface. Thus, a
micro-CT scan of an as-built specimen was performed to
investigate the depth required to remove the majority of
defects near the surface. The scan was performed using a
Carl Zeiss X-ray microscope Xradia Versa 520 with
a voxel size of about 4.1 pm. The result of the scan is
presented in Figure 5, with each point corresponding to a
pixel obtained from one picture. For the postprocessing

v 2.
e
d=4 N
D=8

FIGURE 3 Specimen
geometry according to ASTM
E466-15% 120
TABLE 1 Chemical composition of . .
316L used for fabrication of PBF-LB/M : C Mo Ni Ma Cr St 0 Fe
specimens Weight (%) 0.006 2.5 12.5 1.5 16.6 0.7 0.063 Balanced
TABLE 2  Process parameters used for fabrication of the PBF-LB/M 316L specimens

Laser power Layer thickness Powder density Width of molten pool Exposure time Scan line spacing

(W) (um) (g/cm?) (pm) (ns) (pm)

100-180 40 4.29 80 65
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(A - (8)

TABLE 3 Results of the roughness measurement®
Heat- Machined & heat-
treated treated
Maximum roughness R,  41.929 5.062 + 0.063
+ 0.065
Arithmetic mean 6.295 1.024 + 0.005
roughness R, + 0.041

of the scan, a MATLAB tool was created that detects
voxels without material and thereby finds defects and
pores.

Once all pictures were assessed and the size of defects
determined, all defects were projected on one plane to
determine the thickness of the surface layer containing
the majority of defects and to determine the statistical
distribution of defects. The thickness of this layer is
approximately 250 pm, and the area of the largest
defect was 0.06 mm?® This means that machining of
approximately four scan lines is required to sufficiently
remove subsurface defects. The chosen machining
depth of 1 mm is thus sufficient to remove defects close
to the surface.

The relative frequency in volume and in the different
planes is presented in Figure 6. As expected, the majority
of defects are rather small. Interestingly, the planar area
in x-y direction is slightly smaller than for the others.
This is related to defects with a larger dimension in
vertical direction, which can also be seen in Figure 5A.

In addition to the micro-CT scan, micrographs of the
PBF-LB/M 316L were produced*' and compared with
micrographs of the wrought material. The wrought mate-
rial shows a typical microstructure for rolled austenitic
sheets after annealing. The typical twin formations can
be seen in the polyhedral grains. The orientation of the
grains, with an average grain size of about 30 pm,
ensures quasi-isotropic properties of the component. In

FIGURE 4
images of the surface of the PBF-
LB/M 316L samples after heat
treatment with the as-built

Microscopic

surface (A) and after machining
(B), from Braun et al.> [Colour
figure can be viewed at
wileyonlinelibrary.com]

contrast, individual weld beads are clearly visible for the
PBF-LB/M samples; see Figure 7.

This layered structure results from the segregation of
alloy components in the very short solidification phase of
the melt. In addition, the melt pool reacts with the atmo-
sphere in the pressure chamber. Therefore, the melt pool
boundaries become visible as a layer-like structure in the
micrograph. The actual microstructure deviates from
the typical austenitic microstructure of the wrought
material. This epitaxial crystal growth leads to the forma-
tion of stem crystals, which continue to grow poly-
hedrically beyond the layer-like structure. As a result, the
component exhibits anisotropic properties and has larger
grains with an average grain size of about 200 pm.

Finally, the PBF-LB/M and wrought material were
characterized by means of tensile testing. For this pur-
pose, tensile test specimens with different orientation
were manufactured and tested.*’ The orientation of the
specimens and the results are presented in Figure 8,
where the graphs represent the mean stress-strain curves
and the shaded area the standard deviation around the
mean curve.

For each orientation, nine PBF-LB/M and three
wrought material specimens were tested. The reason for
the larger number of PBF-LB/M specimens was the
expected higher scatter, which is evident from the test
results. Interestingly, the stress—strain behavior of the
wrought material is almost constant in and perpendicular
to the rolling direction after yielding. Only the Young's
modulus E varies significantly with specimen direction.
On the contrary, the building direction and the micro-
structure of the PBF-LB/M specimens have a major effect
on the anisotropic static material behavior. The lowest
yield and ultimate tensile strength, but highest fracture
strain €5 was observed in vertical building direction (zx).
The opposite is true for the xy orientation. The yz orienta-
tion is in between the others. While the PBF-LB/M
specimens show a high yield to tensile strength ratio
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(A) Spatial distribution of pores (B) Pores by volume - All (mm?)

0to 2e-05
2e-05 to 2e-04
2e-04 and larger

FIGURE 5 Results of the CT scan of an PBF-LB/M 316L specimen (A) and projection of all detected defects on one plane to illustrate
the accumulation of defects near free surfaces (B), axes units correspond to CT scan number and legend in mm?>? [Colour figure can be
viewed at wileyonlinelibrary.com]|
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FIGURE 6 Relative frequency of (A) pore volume, (B) planar area XY, (C) planar area XZ, and (D) planar area YZ [Colour figure can be
viewed at wileyonlinelibrary.com]|
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PBF-LB/M 316L

Build direction:

Wrought 316L

z 3 :
y
Rolling direction:
X

FIGURE 7 Microstructure of PBF-LB/M and wrought 316L stainless steel with different planes (x-y, x-z)
A) zx - orientation B) yz - orientation C) xy - orientation
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FIGURE 8

Tensile test results of PBF-LB/M (A-C) and wrought (D-E) 316L steel with averages of measured strength parameters and
schematic presentation of specimens’ orientation (F) [Colour figure can be viewed at wileyonlinelibrary.com]

and lower ductility, the wrought material is characterized
by a low yield strength and high fracture strain, which
is typical for annealed 316L plates; see previous

studies.">**™** According to Elangeswaran et al.,”' this
can be related to the Hall-Petch relationship and to the
difference in microstructure. While wrought 316L
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exhibits coarse-grained austenitic microstructure, the
high cooling rates during PBF-LB/M lead to a fine-
grained microstructure, cf. Figure 7.

4 | FATIGUE TESTS OF WROUGHT
AND PBF-LB/M SPECIMENS

41 | Experimental setup

The fatigue tests of the wrought and PBF-LB/M
specimens were carried out under force-controlled
tension loading with a stress ratio R = 6 yjn/0max = 0 and
at a test frequency of 8 Hz. Tests exceeding 2 million
cycles were terminated and classified as run-outs

(marked by arrows in Figure 8). The test evaluation was
performed by linear regression with

Aoy,

N=2x10° (A—> - (1)

OR

where N is the endured number of cycles on the nominal
stress range level Aoc,, Aoy is the reference fatigue
strength at 2 x 10° cycles, and k the free inverse slope.

4.2 | Fatigue test results

Besides the nominal stress results of each series, the
results for mean Aoy so% and mean minus two standard
deviation fatigue strength Aoy g7.74 (survival probability
of Py =97.7%), the scatter range T, between 2.3% and
97.7% survival probability (shaded area), and the inverse
slope k are presented in Figure 9.

The comparison of the S-N curves in Figure 10 clearly
shows the influence of heat treatment and machining on
the fatigue strength. Due to the reduction of residual
stresses as a result of the heat treatment, the mean fatigue
strength could be increased by 17.5% at N =2 x 10°
cycles. Unsurprisingly, machining leads to an even higher
fatigue strength improvement. Here, both the mean fatigue
strength and the fatigue strength corrected by twice the
standard deviation are 120% higher than the results of the
as-built specimens at N = 2 x 10° cycles. Moreover, the S—
N curves seem to converge towards the low-cycle fatigue
regime. This is related to the fact that surface roughness
has a significantly larger effect on fatigue strength reduc-
tion in the high-cycle fatigue regime compared to the low-
cycle fatigue regime; see Radaj.*> More importantly, the
fatigue strength of the machined PBF-LB/M specimens is
on par with the wrought material. This confirms recent
research results on post-treatment of AM components

produced by PBF-LB/M; see Afkhami et al. and Solberg
and Berto.>** Interestingly, the fatigue strength of the as-
built PBF-LB/M specimens is about half of the wrought
specimens, which clearly underlines the importance of
post-treatment on critical areas of AM components.

While a large part of the fracture surface of the
wrought specimen presented in Figure 11B is character-
ized by a shear lip due to plastic collapse, the fracture
surface of the as-built specimen (Figure 11A) is showing
fatigue crack propagation. In fact, two cracks initiated in
this specimen (top left and bottom left). The crack propa-
gation direction of all cracks, which is determined based
on radial lines originating from the crack initiation loca-
tion, is marked with arrows. Furthermore, magnifications
of the fatigue cracks present the difference in fatigue
crack initiation locations. The fatigue crack initiation in
the wrought material specimen is related to microscopic
inhomogeneities and the formation of ex- and intrusion
at the material surface. On the contrary, the fatigue
cracks that initiated in the as-built specimen are both
related to large lack-of-fusion (LOF) defects at the surface
of the specimen. Inside the LOF defect and along the
surface, several partially melted particles can be seen.

In a study by Solberg et al.** on PBF-LB/M 316L steel,
a transition of failure location from surface near defects
to internal defects was observed at high stress ranges; this
was not the case in this study. All specimens including
the machined specimens failed from defects at or close to
the surface. This raises questions regarding how large the
effect of process-induced defects on fatigue strength is in
comparison with other influencing factors, that is, resid-
ual stresses and surface roughness. In order to quantify
the effect of these influencing factors, an estimation of
surface roughness effect is performed based on the FKM
guideline*’ in the next section.

4.3 | Estimation of fatigue strength
reduction based on surface roughness

The FKM guideline®’ is typically used to design notched
components produced by subtractive processes such as
milling and turning. Thus, influencing factors such
as material strength and temperatures can be assessed by
means of empirical correction factors. Among those, the
effect of surface roughness is assessed with respect to
the ultimate tensile strength R,, of the material; however,
no actual correction function is given in the FKM guide-
line.*” In order to enable a direct calculation of the
surface factor Ky , for fatigue strength reduction, the data
of the FKM guideline were extracted and curve fitted.
The data and the resulting fit are presented in Figure 12
including the goodness-of-fit parameter R*.
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FIGURE 10 Comparison of S-N curves for different PBF-

LB/M production routes with wrought material at a nominal stress
ratio of R = 0 [Colour figure can be viewed at wileyonlinelibrary.
com]|

Before the reduction factor is calculated, the
measured arithmetic mean roughness R, is transformed
into the maximum peak to valley height of five

subprofiles R,. New standards have discarded this mea-
sure for characterization of surface roughness48; however,
it is still included for purposes of evaluating the effects of
surface roughness based on FKM guideline.*” Based on
the measured arithmetic mean roughness R, of both as-
built and machined specimens, R,=25 pm and
R, = 5 pm for the as-built and machined surfaces are cal-
culated, respectively.

If one compares the difference in the fatigue
strength results with the reduction factors of the FKM
guideline,”’ it becomes clear that the difference is not
only due to the changed surface roughness. Using the
functional relationship, a difference in fatigue strength
of approximately 7.1% would be expected for the mea-
sured surface roughness difference. This agrees with an
assessment recently performed by von Bock und
Polach et al.*’ on thermal cut edges with similar sur-
face roughness. Interestingly, the estimated effect of
surface roughness is lower than of residual stresses,
which caused a difference in fatigue strength of 17.5%;
see Figure 10. Comparing the three influencing factors,
it becomes clear that process-related defects have by
far the highest effect on fatigue strength of PBF-LB/M
components.
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FIGURE 11 Scanning electron
microscope fractography of as-built
316L PBF-LB/M specimen (A,C,E) and
specimen obtained from wrought plate
(B,D,F) with arrows marking the crack
propagation direction [Colour figure
can be viewed at wileyonlinelibrary.
com|
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FIGURE 12 Surface factor Ky, for fatigue strength reduction
based on data from the FKM guideline for steels with ultimate
tensile strength oy7s = 600 MPa*’
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44 | Assessment of mean-stress effect
on fatigue strength

Another aspect which is significantly influencing fatigue
design of components is its mean stress sensitivity M or
in general the change of fatigue strength with cyclic
mean stress. The mean stress sensitivity M is defined by
the ratio of reference fatigue strength Aoy for pulsating

(stress ratio R = 0) and alternating stress (R = —1) with
AO'R (R = — 1)
M=—————-—-1 2
AO’R (R = 0) ( )

and typically decreases with increasing (tensile) mean
stress. Similar to the reduction factor for surface rough-
ness, the mean stress sensitivity M can be estimated
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based on guidelines like the FKM guideline*” or when
available from databases. Many production processes
result in residual stresses that alter the stress state in a
component or specimen. Just like welding, PBF-LB/M
and other AM processes cause tensile residual stresses
that reduce the fatigue strength. This is related to a super-
position of external and residual stresses and thereby a
higher mean stress; however, high external stresses can
relax residual stresses. As the residual stress state and
possible relaxation of residual stresses are unknown for
the PBF-LB/M 316L specimens, additional tests with a
stress ratio R = —1 have been performed. The results of
these tests are presented in Figure 13. Additionally, the
results are summarized in Table 4 with results for R = 0
and showed as a comparison in Figure 14.

Similar to the tests performed under pulsating loading
(R=0), a large difference is observed between the
as-built PBF-LB/M and wrought material specimens.
Interesting to observe, however, the slope of the as-built
PBF-LB/M is steeper for R = —1 than for R = 0, while
the opposite is true for the wrought material. This effect
can be related to residual stresses in the PBF-LB/M speci-
mens and is known from tests of welded specimens at dif-
ferent stress ratios; see Friedrich.’® Furthermore, the
shallow slope of the wrought material S—-N curve led to a
large number of run-outs for R = —1. A common way of
presenting fatigue test results for different stress ratios is
the Haigh diagram. Here, the mean stress sensitivity M is
defined as the mean slope of the line Aog(R). The Haigh
diagrams for the as-built PBF-LB/M and wrought mate-
rial specimens are presented in Figure 15 with results for
N =10 and N=2 x 10° cycles according to ASTM
E468-18.°* In addition, lines with constant stress ratio
R and stress limits corresponding to yield and ultimate
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£
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FIGURE 13

tensile strength (oys and oyrs) are included for the
wrought material, which were obtained from the tensile
tests presented in Figure 8.

First of all, a clear difference in mean stress sensitivity
M is apparent from Figure 15 as well as the difference in
fatigue strength between PBF-LB/M and wrought mate-
rial. While the fatigue strength of the wrought material is
exceeding the yield strength oyg of the wrought material,
it was not included in Figure 15A as the fatigue strength
is only about half of the yield strength, even at N = 10°.

Due to the difference in slope exponent k of the
wrought material, the fatigue strength Acg(R = —1) is
closer at N = 10° than at N = 2 x 10° cycles. The fatigue
strength (for R = 0) at N = 10> is indeed only slightly
below the ultimate tensile strength oyrs. Interestingly,
the Aog(R) line for the as-built specimens and
N = 2 x 10° cycles is almost horizontal, which is clearly
related to residual stresses from the production process.
At higher applied loading, a relaxation of residual stresses
has probably occurred, which led to a Asog(R) line for
N = 10° that looks similar to those of wrought material.
In fact, the line for N =2 x 10° cycles has a positive
slope. This is probably related to statistical uncertainty.
Furthermore, the approximately horizontal Acg(R) line
and the relaxation of tensile residual stresses below half
the yield strength of the material are a sign for very high
residual stresses. This effect is typically observed for
welded joints with tensile residual stresses reaching
almost the yield strength level. The calculated mean
stress sensitivities are summarized in Table 5.

To assess the experimentally obtained result, the
mean stress sensitivity of the wrought material is assessed
using an empirical formula given by the FKM
guideline.*’

= (B) 316L wrought material (R = -1)
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S-N curves of PBF-LB/M 316L specimen in as-built state (A) and for wrought material (B) obtained from test with a stress

ratio of R = —1 [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 Fatigue test results with calculated mean and characteristic fatigue strength in MPa evaluated at N = 2 - 10°
Slope Mean fatigue strength Characteristic fatigue strength
Test series RratioR exponentk Acgsoy (Ps = 50.0%) A6R97.79% (Ps = 97.7%)
As-built 0 3.67 177.0 158.9
-1 2.87 165.0 137.2
Heat-treated 0 4.04 208.0 186.1
Machined & 0 9.27 389.9 350.0
heat-treated
Wrought 0 7.14 348.4 281.5
=1 13.68 436.7 391.7
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FIGURE 14 Comparison of S-N curves for stress ratios R = —1 and R = 0 of PBF-LB/M 316L specimen in as-built state (A) and for

wrought material (B) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15
presenting the mean and range of
fatigue strength (indicated by
vertical lines for 2.3% and 97.7%
survival probability) of PBF-LB/M
316 in as-built state (A) and 316L
wrought material (B) [Colour
figure can be viewed at

Haigh diagrams

wileyonlinelibrary.com]

M =ay 1072 oyrs +by;

Here, ap, = 0.35 and by, =

steels including stainless steels. Inserting the ultimate
tensile strength oyrs results in a mean stress sensitivity
of M = 0.303, which is higher than the observed result.
The FKM guidelines assume a fatigue limit at N = 10°
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cycles for wrought material; however, this should not
affect the estimated mean stress sensitivity significantly.

—0.1 are constants for

Given the uncertainty of fatigue test results due to the
shallow slope of the S-N curves and the empirical nature
of Equation 3, the difference between estimated and
experimentally determined mean stress sensitivity is
satisfactory.
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TABLE 5 Experimentally determined mean stress sensitivity M
of as-built PBF-LB/M and wrought 316L

Mean stress sensitivity M

Cycles N As-built PBF-LB/M Wrought material
10° 0.173 0.026
2 x 10° —0.068 0.253

5 | DISCUSSION

The experimental tests confirmed that the proposed post-
processing routes on PBF-LB/M 316L stainless steel com-
ponents significantly improve fatigue strength up to the
level of wrought material. After heat treatment,
the fatigue strength increased only by 17.5% compared to
the as-built state; however, further machining of the
specimens improved the fatigue strength by an additional
87%. In total, a combined fatigue strength improvement
of 120% was obtained after both post-treatment processes.
At this stage, a fatigue strength on par with that of
wrought material was achieved. This confirms findings
of recent studies on surface treatment of AM parts.
Afkhami et al.,>* for example, observed an improvement
of 85% between as-built and machined 316L in vertical
build direction; however, the fatigue strength was lower
for both processing stages. In another study, Schneller
et al."”® measured an improvement of 190% between as-
built to machined AlSi10Mg specimens. Similarly, Sarkar
et al.* found an increase in fatigue strength of approxi-
mately 100% and 120%, respectively, by electropolishing
and rescanning of the surface for 15-5 PH steel. Com-
pared with the results of Elangeswaran et al.,21 the
fatigue strength of 316L was improved not only by
machining but also by heat treatment. They observed a
significant improvement of more than 100% after
machining but almost no change due to heat treatment.
This could be related to the lower heat treatment temper-
ature of 470°C and a slight coarsening of the cellular
solidification morphology in their specimens. In a
number of other investigations, positive effects of heat
treatment were observed for temperatures between 600°C
and 650°C.>>*’ Again, this highlights the simplicity of
improving the fatigue strength of AM parts by means
of machining compared to other post-treatment methods,
which is related to the removal of severe process-related
defects at and close to the surface of AM parts and to a
smaller extent due to the reduction in surface roughness
and relaxation of tensile residual stresses. The majority of
defects, as well as the largest defects, were mainly within
250 pm from the surface; hence, the reason machining
is so effective. For the applied scan strategy, this
corresponds to four scan lines to sufficiently remove

subsurface defects. Unsurprisingly, the highest improve-
ment was observed for a combination of post-treatment
techniques that improved the surface quality and
altered process-related tensile residual stresses in both
this study and others, cf. Elangeswaran et al. and
Afkhami et al.*"**

Comparing the S-N curve exponents of the tests per-
formed at R = 0, it becomes clear that fatigue life in as-
built (k = 3.67) and heat-treated (k = 4.04) state is domi-
nated by fatigue crack propagation, while the machined
and wrought material specimens are characterized by
long crack initiation phases. Thus, they show a shallower
slope with k=9.27 and k = 7.14, respectively. Large
defects close to the surface are consequently responsible
not only for the total fatigue life but also for the relation
between fatigue crack initiation and propagation.

If the surface of AM parts is machined, crack
initiation locations sometimes shift to internal defects.
Such a crack initiating transition was also observed in a
recent study by Solberg et al.*® for high loads close to the
low-cycle fatigue regime and the same steel. This was,
however, not the case in this study. Comparing the scan-
ning electron microscope figures and micrographs, the
defect sizes of the specimens tested by Solberg et al.*
appear much larger. This is surprising as the mean
fatigue strength at N = 2 x 10° cycles vary by only 8.5%.

Due to process-related tensile residual stresses, a clear
difference in mean stress sensitivity M between as-built
PBF-LB/M and wrought material is apparent from the
additional test with a stress ratio R= —1 and the con-
structed Haigh diagram. From this diagram, a different
mean stress sensitivity was determined for N = 10> and
N = 2 x 10° cycles for both materials. While this effect is
related to the change in slope exponent of the wrought
material, it is probably related to relaxation of residual
stresses for the PBF-LB/M material. At higher applied
loading, a relaxation of residual stresses has led to a
Acg(R) line for N = 10° that looks similar to those of
wrought material. For low applied loading, the fatigue
strength is almost identical for both stress ratios, and
thus, the Aog(R) line for the as-built specimens is almost
horizontal. Furthermore, the fatigue strength of the
wrought material is exceeding the yield strength oyg of
the wrought material, and it is only about half of the
yield strength at N = 10°. In fact, the fatigue strength of
the wrought material for R=0 and N = 10> is only
slightly below the ultimate tensile strength oy7s.

Comparing tensile tests of PBF-LB/M and wrought
material specimens extracted in different build and
rolling direction, results from other studies were
confirmed and extended. The PBF-LB/M specimens are
characterized by a higher yield, higher ultimate tensile
strength, and lower ductility in all three build directions,
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while the wrought material is characterized by a low
yield strength and high ductility; this is typical for
annealed 316L plates, cf. previous studies.'>**™** This
behavior is attributed to the Hall-Petch relationship and
to the difference in microstructure.*!

6 | CONCLUSIONS AND
FUTURE WORK

The fatigue strength of additively manufactured compo-
nents produced by PBF-LB/M depends on factors such as
the microstructure, surface roughness, residual stresses,
and above all, porosity and other defects. The aim of this
study was to investigate the influence of surface rough-
ness in relation to the accumulation of pores and defects
in the surface layer of additively manufactured compo-
nents. For this purpose, state-of-the-art of post-treatment
processes for AM components was presented using the
example of 316L stainless steel (1.4404), and the possible
increase in fatigue strength as a result of different
processing routes was comparatively investigated by
fatigue testing including the as-built condition, heat
treatment, and machining. Finally, the results were com-
pared with wrought material and the effect of cyclic
mean stress assessed by means of a Haigh diagram.

Post-treatment of additively manufactured materials
enables a significant increase in fatigue strength.
Conversely, the as-built state has low fatigue strength
due to overlapping negative effects from the manufactur-
ing process. Based on the investigations carried out and a
literature evaluation of various post-treatment processes,
the following conclusions are drawn:

« The fatigue strength of as-built materials is
significantly reduced by the surface roughness, tensile
residual stresses, and process-induced defects. Pores
and LOF defects are highly concentrated near to the
surface. Also, non- or partially fused powder particles
and irregular melt pool surfaces lead to high surface
roughness.

+ Based on an experimental assessment of the three
influencing factors (residual stresses, surface rough-
ness, and defects) that cause low fatigue strength, it is
concluded that defects in the surface layer have the
highest effect.

« Possibilities for improving the fatigue strength of
additive materials include surface post-treatment and
residual stress-reducing or compressive stress-inducing
techniques. Of these, machining has proven to be an
easy and reliable post-treatment processes of stainless
steels. In this study, increases in fatigue strength of
PBF-LB/M 316L stainless steel of 87% and 17.5%

compared to the as-built condition were determined
for machining and heat treatment, respectively.

« High improvement by machining is effective as the
majority of defects, and the largest defects, were
mainly within 250 pm of the surface. For the applied
scan strategy, this corresponds to four scan lines to
sufficiently remove subsurface defects.

« The mean stress sensitivity M between as-built PBF-
LB/M and wrought material is found to be highly
affected by the assessed number of cycles to failure.
While this effect is related to the change in slope
exponent of the wrought material with applied stress
ratio, it is likely related to relaxation of residual
stresses for the PBF-LB/M material.

For future work on hybrid manufactured PBF-LB/M
stainless steels and industrial applications, the authors
recommend the application of local fatigue assessment
methods either based on short fatigue crack growth
models® or effective stress-based concepts in combina-
tion with models to account for production-related
defects, for example, Schneller et al.°>*>* Both are in
theory capable of accounting for variations of surface
quality, notch shapes, and defects that cause crack
initiation from surfaces. Additionally, measurements of
residual stress states before and after different heat-
treatment temperatures might yield a better understand-
ing of residual stress relief in PBF-LB/M stainless steels.
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NOMENCLATURE

Ac,, Ao~ nominal stress range and reference fatigue
strength

Kr o surface factor for fatigue strength reduction

K, stress concentration factor

R? goodness-of-fit parameter
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R, R, arithmetic mean roughness and maximum
roughness

R, maximum peak to valley height of five
subprofiles

T, scatter range

A, b constants of mean stress sensitivity
estimation

Oys, OUTS yield and ultimate tensile strength

Gar Om stress amplitude and cyclic mean stress

€ fracture strain

AM additive manufacturing

CT computed tomography

PBF-LB/M laser-based powder bed fusion of metals

E Young's modulus

M mean stress sensitivity

N, Ny cycles and cycles to failure

R stress ratio

k inverse slope exponent
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