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1 | INTRODUCTION

Additive manufacturing (AM) is a processing method
capable of producing parts by adding material layer-by-
layer, controlled by computer-assisted codes.'” AM
allows for producing components with high geometric
complexity, including internal structures and undercuts
in one step without postprocessing.*> In recent years,
AM is becoming accepted as a manufacturing method

Nomenclature: A,, defect area; A,y effective defect area; c, surface
defect depth; E, energy density; h, failure site along build orientation;
hy, length of gauge section; K., Mmaximum stress intensity factor; k,
inverse slope; [, hatch distance; Ny, number of cycles to failure; P,
laser power; R, loading ratio; ¢, layer thickness; T, Tk, scatter index; v,
scanning speed; AK, stress intensity factor range; AKjy, threshold of
stress intensity factor range; o4, maximum stress; 0y, minimum
Stress; g,,m, Nominal stress; oy, ultimate tensile strength.
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The fatigue behaviour of additively manufactured (AM) 316L stainless steel is
investigated with the main emphasis on internal porosity and surface rough-
ness. A transition between two cases of failure are found: failure from defects
in the surface region and failure from the internal defects. At low applied load
level (and consequently a high number of cycles to failure), fatigue is initiating
from defects in the surface region, while for high load levels, fatigue is initiat-
ing from internal defects. Porosities captured by X-ray computed tomography
(XCT) are compared with the defects initiating fatigue cracks, obtained from
fractography. The fatigue data are synthesised using stress intensity factor
(SIF) of the internal and surface defects on the fracture surface.

316L stainless steel, fatigue, porosity, selective laser melting, surface roughness

for industries like aerospace, medical, energy, and auto-
motive.>” However, there are some challenges when
dealing with AM. Properties deriving from the processing
method such as voids, high surface roughness, residual
stresses, and anisotropic microstructure can affect the
overall mechanical behaviour of these components."?
Especially when dealing with fatigue, the geometrical dis-
continuities, such as porosities or defects in the surface
region, are factors strongly affecting the performance. *%°

316L is an austenitic chromium-nickel stainless steel.
It is one of the most widely used stainless steels due to
its good ductility, high strength, and high corrosion resis-
tance.>’ It is used in engineering applications such as
automobile, oil and gas, construction, chemical, and pet-
rochemical industries.>” Dealing with AM 316L, it has
shown higher strength than its conventionally
manufactured counterparts, where a lower ductility has
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been reported.” The higher strength in the as-built condi-
tion is attributed to a refined microstructure and a high
dislocation density.7 In the as-built condition, the mate-
rial display anisotropic mechanical properties, hot iso-
static pressing (HIP) and heat treatments can remove
anisotropy; it is also leading to a reduction of strength
and increased ductility compared with as-built.'® The
fatigue behaviour of as-built AM 316L steel has previ-
ously been investigated."''* The as-built specimens dis-
play lower fatigue life than their conventionally
manufactured counterparts due to defects deriving from
the manufacturing process.'*'® Further, postprocessed
specimens have been shown to exceed the fatigue life of
their conventionally manufactured counterparts.'*

In the present work, 316L stainless steel produced by
selective laser melting (SLM), a powder bed fusion
(PBF) method, is investigated. The main objective of this
work is to evaluate the effect of internal porosity and sur-
face roughness on the fatigue behaviour, with the main
emphasis on the interaction between these two. A series
of 316L specimens produced by SLM is tested under static
and uniaxial fatigue loading. The specimens were
analysed employing X-ray computed tomography (XCT),
displaying high amounts of porosities. The fracture sur-
faces were captured in scanning electron microscopy
(SEM), and the results were not according to the typical
results on AM metals. A transition between failure from
surface defects and internal defects was observed. For
high stress levels and a low number of cycles, fatigue is
initiating from regions of internal defects (voids) while
for low stress levels and a high number of cycles to fail-
ure, fatigue is initiating from defects in the surface region.
Further, the ./area-method,'” a popular method when
dealing with fatigue assessment of AM metals,'>'**
was employed in order to express the fatigue life curve
in terms of stress intensity factor (SIF).

2 | MATERIALS AND
EXPERIMENTAL PROCEDURE

Round hourglass-shaped specimens with a constant
gauge section of 4.5-mm diameter according to ASTM
E466-15> of 316L stainless steel were produced by SLM.
The geometry and dimensions of the specimens are
shown in Figure 1A. The process parameters used for
manufacturing the specimens are specified in Table 1.
The specimens were printed standing in the z-direction
so that the layers were perpendicular to the loading direc-
tion. The specimens were manufactured with three con-
tours and internal hatching. The scanning strategy is
shown in Figure 1B.
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FIGURE 1 A, Geometry and dimensions of specimen, built
layer-by-layer in z-direction. B, Schematic illustration of scanning
strategy

TABLE 1 Process parameters used for fabrication of the speci-
mens, layer thickness (t), hatch distance (I), scanning speed (v),
laser power, (P) and energy density (E)

t[wm] l[um] v [mm/s] P [W] E [W/mm?]

50 100 2400 320 26.7

The surface roughness, Ra, was measured in the gauge
section along the z-direction. An Alicona Infinity confo-
cal microscope was used for the measurements. The
reported value of Ra was taken as the average value of
12 measurements.

X-ray computed microtomography was conducted on a
dual-tube micro-focus X-ray CT System YXLON FF35 CT.
A cylindrical control volume with a diameter of 2 mm
and a height of 1.65 mm was captured from the gauge
section of a specimen. By employing an X-ray tube volt-
age of 195.0 kV, a current of 100.0 A, a magnification
of 52, and 1800 projections, a resolution of 2.7 um was
obtained. The same method as the one of Lu and Chan**
was used.

A static tensile test with a loading rate of 0.3 mm/min
was conducted to obtain the ultimate tensile strength,
oyrs. Fatigue loading was done under load control with a
loading ratio R=0,,;,/0max=0.1 and a frequency of 10 Hz.
Fatigue data were presented in an S-N diagram, referring
to the maximum nominal stress, 0, Haibach uniform
confidence bands® at 10%, 50%, and 90% probability of fail-
ure was calculated according?® to ISO 12107, ASTM E 739-
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91,%” from 10* to 2x10° cycles. From the confidence bands,
the inverse slope, k, and the scatter index, T,=099%/010%
was obtained. The fatigue tests were discontinued when
specimens had withstood 2x10° cycles without failure.
Both static and fatigue tests were conducted on a
servohydraulic MTS system with a load cell of 50 kN.

The fracture surfaces of all specimens were investi-
gated by SEM. The defects initiating the fatigue cracks
were captured and measured. This was done by identify-
ing which regions showed signs of lack of fusion and
unfused particles and which displayed crack growth.
Based on this, a general outline of the defect region was
obtained, and internal islands were excluded from the
measurement. The effective area of the defects was also
measured. The measurement was done according to the
method of Murakami,'” which is further explained in Sec-
tion 3.5. The failure initiation site along the build direc-
tion (z-axis in Figure 1A) was measured for all specimens.

3 | RESULTS
3.1 | Mechanical properties

The load-displacement curve from static loading is shown
in Figure 2. From the static test, an ultimate tensile
strength of 437 MPa was obtained. The results from the
fatigue loading are shown in Figure 3. A fatigue strength
of 163 MPa at 2x10° cycles was obtained, referring to the
maximum Stress, 0,qy, applied.

3.2 | Fractography

For all the broken specimens, the fracture surfaces were
examined. The specimens either showed fatigue initiation
from internal defects or surface defects; one example of

8

Force [kN]
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FIGURE 2 Load-displacement curve from static loading under
displacement control
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FIGURE 3 Fatigue data obtained from 316L stainless steel
specimens, loading ratio R=0.1 [Colour figure can be viewed at
wileyonlinelibrary.com]

each case is shown in Figure 4. Figure 4A to C shows fail-
ure from internal defects while Figure 4D to E shows fail-
ure from the surface defects.

In Figure 4A, the whole fracture surface of a speci-
men failing from internal defects is shown. A detail of
the defect initiating fatigue is shown in Figure 4B,
where both the unfused region with powder particles
and the crack growth part (indicated by arrows) are vis-
ible. The transition from fatigue crack growth (stria-
tions) to final rupture (ductile) is shown in Figure 4C.
In Figure 4D, the whole fracture surface of a specimen
failing the surface is shown; the defect is shown with
higher magnification in Figure 4E, where the arrows
are indicating the crack growth. Sub-surface defects
are present at ~100 um below the surface. Figure 4F
shows a detail of the final rupture region, where the
crack is occurring in steps over different layers. Unfused
particles are shown in the different “layers” indicating
the final rupture part is dominated by the interaction
of defects.

A selection of six specimens ranging from static failure
to High Cycle fatigue (HCF) is shown in Figure 5. The
defects in the fracture surface are shaded and outlined
by a white line. In the case of the fatigue loaded speci-
mens, the crack growth is indicated by arrows, and a
new line indicates the transition from crack growth to
final rupture. Failure from static loading is shown in
Figure 5A, the fracture surface displays a cup-cone mor-
phology, and the core of the specimen displays several
regions of defects. Several regions of defects are also seen
in Figure 5B, where the specimen is failing in the low
cycle fatigue regime. Two specimens failing from internal
defects are shown in Figure 5C,D (Figure 5C being the
same as Figure 4A). In Figure 5E,F, two specimens with
fatigue initiating from the surface are shown (Figure 5E
being the same as Figure 4E).
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FIGURE 4 Scanning electron microscopy (SEM) of the two specimens: A, whole fracture surface of specimen failing from internal defect;

B, detail from initiation; C, transition from striations to ductile failure; D, whole fracture surface of specimen failing from surface defect; E,

detail of defect at fatigue initiation; F, detail from final rupture. The arrows are indicating the direction of crack propagation

FIGURE 5 Fracture surfaces at different load levels: A, static; B, below HCF; C and D, internal defects and upper part of HCF; E and F,
surface defects and lower part of HCF [Colour figure can be viewed at wileyonlinelibrary.com]

The area of defects found in the fracture surfaces was
measured and correlated to the fatigue behaviour; this is
shown in Figure 6A,B. A transition between failure
from surface defects and internal defects is shown, and
the shade of the markers indicates the defect size
obtained from the fracture surfaces.

An optical micrograph of a polished cross-section of
a specimen that failed from fatigue is shown in

Figure 7. The corresponding fracture surface is shown
in Figure 5F. The crack is propagating from the left
side, towards the right. The final rupture part is in dif-
ferent levels and displays large deformation. Like for
the fracture surfaces shown in Figure 5, sub-surface
defects are present, followed by a section with a low
amount of defects, and then a porous core as can be
seen in Figure 7.
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FIGURE 6 Fatigue behaviour correlated with defect size: A, S-N diagram with marker shade indicating defect size; B, defect size versus
number of cycles to failure [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Polished cross section of a specimen subjected to
fatigue. The corresponding fracture surface is shown in Figure 5F

3.3 | Failure initiation site

Recently, a diagram predicting the failure initiation loca-
tion in AM metals was proposed.”® The diagram is corre-
lating the failure location, h/h, (in Figure 8), to the notch

acuity and the surface roughness. Various notch geome-
tries of as-built SLM Inconel 718 specimens were investi-
gated, and the failure location was found to be dependent
on the notch acuity and the amount of surface roughness
adjacent to the notch root. Due to higher surface roughness
in surfaces built downward-facing, failure did not occur at
the notch root for blunt notches but from the region facing
downward adjacent to the notch root. In addition, a large
scatter in the failure location site was obtained for plain
specimens, where the location of failure was found to be
dependent on the location of the critical defects.

The failure location of the specimens investigated here
was captured and compared with the plain specimen in
the proposed diagram. This is shown in Figure 8. The
specimens investigated here show a similar scatter as
the Inconel specimens.

3.4 | Porosity and surface roughness

From the control volume examined by XCT-scan, a
porosity of 5.4% was obtained. The results from the
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FIGURE 9 Porosity data from X-ray computed tomography (XCT) scan: A, area xy-plane versus sphericity; B, distribution of defects; C,
size of defects as percent of total porosity volume; D, comparison of the defects x, y, and z-dimension. (The range of defect size measured
from fracture surface in Figure 5 is indicated by shade in A-C) [Colour figure can be viewed at wileyonlinelibrary.com]

XCT scan are shown in Figure 9 compared with the defects
found in the fracture surfaces (A,). Figure 9A shows the
projected area of the defects versus the sphericity of the
defects. The main trend is that large defects have a low
degree of sphericity, while small defects have a high degree
of sphericity. Figure 9B shows the distribution of the
defects, displaying two main bulks of defect sizes.
Figure 9C shows the projected area versus the contribution
of each defect to the total volume of defects. The most sig-
nificant defect in the control volume makes a contribution
of 23.2% to the total volume of defects.

From Figure 9A, the smaller defects are shown to have
higher sphericity. Figure 9D shows a comparison of the x,
¥, and z-dimensions of the defects. The z-coordinate is com-
pared with the average of x and y-coordinate in the upper
range of defect sizes. For the larger defects, the average of
x and y-dimension of the defect is larger than the z-
dimension. This means that the smallest dimension of
the defects is parallel to the loading direction; the same
was observed in Figure 7 and in recent works dealing with
defects in AM metals.'>****

A surface roughness Ra of 10.1 was obtained from
measurements using a confocal microscope.

3.5 | Application of SIF

The fatigue life curve was expressed in terms of SIF ver-
sus the number of cycles to failure. SIF can be applied

to a member containing defects by assuming that the
crack size is equal to +/area of the defect obtained from
the fracture surface so that SIFs can be approximated by’

K = Yo/ mv/area.

Based on this formulation, two calculations were
performed, considering the actual area of the defect
size measured and considering the effective area (as in
the original formulation by Murakami'’). The geometry
factor, Y, is 0.65 for surface defects and 0.5 for
internal defects. Using the measured area, Equation (1)

becomes
Kiax = YOmax\/ T/ Aqg.

The result of the first calculation is shown in Figure 10
A. The transition between the surface defects and internal
defects seen in the S-N curve is no longer present.

For the second calculation, the surface defects and the
internal defects are considered based on two different for-
mulations. For internal defects, an effective area, Ay, is
drawn around the defect area, while for surface defects,
the depth of the defects, ¢, is captured, as shown in
Figure 10D. Then, Equation (1) becomes

Kinax = Yamax\/ T/ Aefr

(€]

2

(Internal defect)

3)
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and

Kiax = Yopmax\/ mV/10c

The results are shown in Figure 10B. When comparing
the results from the two calculations, the first method is
showing a lower scatter. The size considered as crack
length for the two cases is compared in Figure 10C.

(Surface defect). (4)

4 | DISCUSSION

4.1 | Fatigue data and fractography

The fatigue behaviour of 316L specimens prepared by
SLM has been investigated. Although the specimens
contained high amounts of defects, the fatigue behaviour
was found to be comparable with recently reported
fatigue data on AM 316L. By employing the Smith-Wat-
son-Topper (SWT) means stress correction,” the fatigue
data reported here give a fatigue strength of 120 MPa
under fully reversed loading (R=-1). The same mean
stress correction is employed on fatigue data from the lit-
erature, giving a range of 100 to 300 MPa for AM as-built
316L steels'>'**! and 300 to 420 MPa for wrought 316L
steels."’ " The low fatigue strength obtained here is
attributed to the high amount of defects and the high sur-
face roughness in the specimens.

From the investigated specimens, two main catego-
ries of fatigue failure were observed: failure initiating
from internal defects and failure initiating from surface
defects. A transition between these two cases was
observed in the number of cycles to failure. This trend
indicates that for high loads, the internal defects were
critical, while for low loads, the defects in the surface
region were critical. For the specimens failing from
above 10° cycles, fatigue initiates from the surface
region. Similar results have been observed by Andreau
et al® stating that at approximately 10° cycles, surface
defects are initiating fatigue, despite a presence of large
internal defects.

The defects measured in the fracture surfaces were
comparable with those obtained from XCT as seen in
Figure 9A to C. The largest defects from XCT were in
size-range between the surface and internal defects
found in the fracture surface. When dealing with the
defects from the fracture surface, there is a possibility
that the measured defects are larger than the single
defects obtained from XCT because there is a possibility
of coalescence of defects adjacent to each other. This is
illustrated schematically in Figure 11, where Figure 11A
illustrates fatigue initiating from internal defects while
Figure 11B illustrates fatigue initiating from the surface.

It is widely recognised that cracks and defects
are decisive when dealing with fatigue. Fatigue usually
initiate from defects, acting as local stress risers, if
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present. Contrary in the case of static failure (especially
for ductile materials), failure is not as closely linked to
the localised defects as in fatigue. For static failure in
ductile materials, failure is usually occurring by coales-
cence of voids involving plasticity.>> A transition
between the interaction of defects to defects acting alone
is expected when moving from static failure to high
cycle fatigue. It is possible that the transition observed
in the S-N curve is related to whether the defects are
interacting or not.

Interaction between the defects can be observed in the
final rupture part of the specimen shown in Figures 7 and
5F, where the fracture is occurring in different height
steps. The fatigue crack initiates from the surface and
propagates perpendicular to the z-direction, without
jumping between layers, indicating that less interaction
between the defects is involved.

4.2 | /area-method

By employing the /area-method, the fatigue life curve
was expressed in terms of SIF. This was done both by
considering the measured defect area and by considering
the effective defect area and the surface defect depth.
Comparing the results from the two cases, a lower scatter
was obtained in the first method. Further, the step
observed in the S-N diagram was removed when consid-
ering the measured defect area.

Fatigue crack growth of AM 316L steel in the as-built
condition was studied by Riemer et al obtaining a SIF

threshold, AK;,, of 4 MPa \/ m for loading perpendicular

to the build direction and 3 MPa y/m parallel to the
build direction.®® In order to compare the results
obtained here with the results of Riemer et al, the max-
imum SIF was converted to SIF range by AK=0.9K,,4-
From this, AK is 2.6 and 2.3 at 2x10° for the two cases
of SIF calculations considered here. This is lower but
still comparable with the value of AKy, reported by
Riemer et al. The lower value of SIF range reported

here can be due to several reasons. The +/area-method
is an approximate method giving some indication of
the equivalent SIF value, so some scatter and error
should be expected. The size of the defects is large com-
pared with the cross-sectional area (at least for the
internal defects). Further, the microstructure has been
reported to affect the SIF threshold for AM 316L steel.*'

One advantage of using the effective area is that it can
be more efficient than using the real area when measur-
ing the defects manually based on fracture surfaces. A
smoothly shaped geometry is drawn around the defect;
this is done by various methods. One challenge by this
method is that the defect size is not unambiguously
defined. By using the real projected area of the defects,
it is easier to define the defect size unambiguously. How-
ever, it is more time-consuming to define it manually. In
the case of obtaining the defect size from XCT data, it is
opposite from manual measurements; the real defect size
can be extracted directly, while the effective area needs to
be calculated.

By employing the \/area-method, the theory of linear
elastic fracture mechanics is assumed to be valid. Under
fatigue loading in the high cycle fatigue regime, cracks
are propagating in a brittle manner, and a low amount
of plasticity is involved. When the defects are not
interacting and the failure is initiating from localised
defects (and not a large region), SIF should be possible
to apply. While when the defects are large compared with
the cross section and there is a chance of several defects
interacting, it is more uncertain whether it should be
applied or not.

4.3 | Failure initiation site

The diagram in Figure 8 shows the failure initiation site
in the 316L specimens investigated here compared with
AM Inconel 718 specimens. The Inconel specimens were
of different notch radii, notch depths, and notch opening
angles, resulting in different notch acuity and different
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amount of overhang in the region adjacent to the notch
root. The 316L specimens are unnotched and have a con-
stant cross-section in the gauge section, so a scatter in
failure location is expected.

The diagram states that if a component contains a
sharp notch, fatigue will most likely initiate from the
notch root. While if the component contains no notch,
the failure location is determined by the location of the
critical defect. Because of this, a large scatter in failure
location can be expected in plain specimens but on aver-
age failure initiates from the region with the lowest cross-
sectional area (unless there is a problem with a specific
layer in the build). For the cases in between these two
extremes, failure initiates as a combination of the stress
from the notch root and the localised defects from the
manufacturing process.

Applying the diagram can give some idea of the quality
and the features of a build. Based on the geometrical fea-
tures of the components and the location of the failure,
some idea about the distributions and location of critical
defects can be obtained. Also, the interaction between
notches and local defects deriving from the manufactur-
ing process can be understood. This is especially interest-
ing when dealing with builds containing downward
facing surfaces.

5 | CONCLUSIONS

From the present work, the following conclusions can be
drawn:

« The fatigue behaviour of 316L stainless steel speci-
mens produced by SLM has been investigated with
the main emphasis on the effect of surface roughness
and porosity

« Fractography revealed that for the low load levels in
the HCF regime, specimens failed from defects in
the surface region, while the higher load levels, the
specimens failed from internal defects. A transition
between these two cases is visible in the fatigue life
curve. This result indicates that the porosity and inter-
nal defects are controlling fatigue initiation at load
levels above 275 MPa, while defects in the surface
regime are controlling fatigue initiation at load levels
below 275 MPa.

« XCT displayed unfavourable orientation of large
defects, and the size of the defects was comparable
with the defects found to initiate fatigue from
fractography.

« The fatigue life curve has been expressed in terms of
SIF based on +/area-method, by both considering the
measured defect area and the effective defect area.
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