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Three structures of AISI 316L austenitic stainless steel were additively manufactured using the laser beam
powder bed fusion (PBF-LB) process with varying volumetric energy density (VED) levels: low (50.8 J/mm?),
medium (79.4 J/mm?®), and high (84.3 J/mm?®). The impact of VED on defects, microstructure, and fatigue
behaviour was investigated and compared to wrought 316L steel. Various novel techniques were used to analyse
the grain structure and defects. Fatigue behaviour was assessed through low and high cycle fatigue tests and
tensile tests at room temperature.

Results showed that increasing VED improved material density (from 91.8 % to 99.6 %) and reduced defect
size and complexity. Both lack of fusion (LoF) and pore-type defects were identified, with fewer and less complex
LoF defects at higher VED. Defects were primarily located at subsurface regions corresponding to the border
hatch-fill contour layer. Printed structures exhibited lower high cycle fatigue (HCF) strength than wrought steel,
but this difference diminished in low cycle fatigue (LCF) regimes for medium and high VED structures, where
twinning and martensitic transformation enhanced fatigue strength. The defect characteristics significantly
influenced HCF strength, and achieving a fatigue limit comparable to wrought steel requires very low defect
density even at high VED.

1. Introduction

Additive manufacturing (AM) has emerged as a highly effective
method for producing prototypes and small-scale batches of finished
products, offering opportunities to optimize materials, weight, and ge-
ometries during the design phase [1,2]. While various techniques are
evolving for industrial applications, laser beam powder bed fusion
(PBF-LB) remains a predominant method for AM with metallic materials
[3] However, PBF-LB is a multifaceted process that necessitates metic-
ulous consideration of numerous processing parameters and powder
characteristics. In particular, the fabrication of AISI 316L austenitic
stainless steel through PBF-LB presents noteworthy challenges. Factors
such as powder humidity and oxygen content play pivotal roles in the
outcome. Elevated oxygen levels can escalate the risk of pore formation
during fabrication [4] while the size distribution of powder granules and
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recycling rates impact flow and densification properties [5,6].

Remarkably, the literature indicates that over 100 parameters can
potentially impact the quality of the final product [7]. It is widely
acknowledged that the pore and lack of fusion (LoF) defects and
microstructural characteristics of AM components are markedly influ-
enced by a critical variable known as volumetric energy density (VED).
VED is a composite measure derived from five printing parameters: laser
power, scanning speed, laser spot size, hatch spacing, and layer thick-
ness [8-10]. The equation for calculating the VED is commonly shown as
follows [11,12]:

vEp= L. {L} 7 a
vot |mm3

where P, v, 6 and t are the laser power, scan speed, hatch spacing, and
layer thickness, respectively. Consequently, VED should be employed
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judiciously as a defining parameter, though with caution exercised in its
direct application [13,14]. Nonetheless, numerous studies have exam-
ined the influence of VED on the density level and ultimate micro-
structure of materials produced through PBF-LB. For instance, Leicht
et al. [15] observed that increasing the VED resulted in coarser grains of
dendritic cellular substructure, accompanied by an increased specific
density of the 3D-printed 316L steel. Cherry et al. [16] demonstrated
that precise control and optimization of VED could result in an
impressive physical density of 99.6 % at a high VED of 104.5 J/mm?.
Choo et al. [17] studied the effect of laser power on achievable density of
printed 316L, and they reported that the density could be manipulated
in an optimal VED range of 54-102 J/mm?. Larimian et al. [18] inves-
tigated the effects of VED and scanning strategy on the density,
concluding that higher VED led to denser structures, though the scan-
ning strategy exhibited a more pronounced influence on the density. The
effect of VED on the density has also been extensively examined in the
context of other AM materials, such as Ti6Al4V [19], Inconel 718 [20],
and AlSi10Mg [21], yielding similar conclusions.

Sanaei and Fatemi [22] have listed the major defect types commonly
observed in AM metals and their sources. LoF defects, arising from
insufficient energy input, and gas porosity, resulting from excessive
energy, are the main types identified. These defects’ characteristics,
including type, location, shape, size, orientation, and density, are
significantly influenced by the parameters of the manufacturing process.
Gas pores typically take on a spherical or ellipsoidal shape within the
material. Inadequate energy input can lead to LoF defects, where layers
or laser tracks fail to bond adequately, often showing sharp edges.
Therefore, while increasing energy density too much may slightly
decrease the overall density of the part from the ideal, it can help
mitigate LoF defects by promoting the formation of spherical pores,
which can alleviate stress concentrations. This strategic adjustment
underscores the delicate balance between maintaining part integrity and
minimizing defects in AM processes.

The literature documents extensively the correlation between the
mechanical properties of AM materials and microstructural defects, both
the porosity level and defect distribution. Jost et al. [23], while exam-
ining the influence of spatial energy density on the porosity and me-
chanical properties, revealed that smaller defects did not have a
considerable effect on static properties of PBF-LB 316L. In our prior
investigation [24], a marginal impact of defects was observed on the
tensile strength of PBF-LB 316L within a specific parameter range when
varying the applied VED. However, an improvement in elongation was
noted, increasing from 35 % to 50 % as the VED was increased from 50.8
to 84.3 J/mm?®. Consistently, Rottger et al. [25] demonstrated a corre-
lation between elongation and achieved material density.

The few examples mentioned above suggest that VED and defect
structure may not significantly impact the static mechanical properties.
However, their effect becomes more pronounced in fatigue properties,
prompting numerous studies on the dynamic behaviour of printed
structures in the literature, e.g., a review given by Sanaei and Fatemi
[22]. Ponticelli et al. [26] demonstrated that the fatigue limit (FL) of
PBF-LB 316L could be as low as 20 % of the material’s ultimate tensile
strength in reversed bending fatigue. Moreover, it was shown that
ductility plays a more important role than refining grain size on FL for
PBF-LB 316L. For example, comparisons showed higher ductility for 316
steel due to more austenite phase contained in rolled 316 steel than the
PBF-LB one [27].

The VED-porosity relationship in AM metallic structures serves as a
comprehensive index for evaluating the fatigue behaviour of PBF-LB
316L parts [22,28-42]. However, the defect structure consists of
spherical pores and sharp elongated LoF defects, having different in-
fluence. Shrestha et al. [43] delved into the fatigue performance of
PBF-LB 316L in various directions through strain-controlled axial fa-
tigue testing. Their findings revealed that the fatigue life was influenced
by the relative shape of defects perpendicular to the loading direction.
Kumar et al. [44] investigated the static and cyclic behaviours of 316L
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manufactured using two techniques: binder jet printing and PBF-LB.
They observed that even though PBF-LB induced lower porosity, the
achieved fatigue strength was significantly inferior. This was attributed
to the presence of sharp LoF defects and a long columnar dendritic
microstructure, facilitating easier crack propagation.

Several studies have reported a range of low values for FL of PBF-LB
316L. For instance, Blinn et al. [45] noted an FL of 150 MPa for the as
built 316L structure. Jaskari et al. [34] observed FL as low as 100 MPa in
flexural bending fatigue. Solberg et al. [33] demonstrated that in rota-
tion bending fatigue, a high level of porosity shifts the initiation of
subsurface cracks, lowering the fatigue strength of highly porous sam-
ples to 163 MPa (at 2 x 10 cycles, load ratio R = 0.1). Liang et al. [46]
reported FL in the range of 80-120 MPa at 2 x 10° cycles in axial fatigue
and 80-140 MPa in bending fatigue (R = —1) depending on surface
condition, while the FL of wrought 316L in bending fatigue was 280
MPa. Hamada et al. [47] investigated the fatigue damage mechanism in
PBF-LB 316L, both in its as-built state and after heat treatment at 900 °C
for 30 min, under uniaxial load-controlled push-pull dynamic loading.
Their findings highlighted that pores, dendritic cellular structures, and
residual stresses are the primary factors contributing to fatigue damage
in the as built 316L specimens. Consequently, the FL. demonstrated a
notable increase after the heat treatment, rising from 75 to 150 MPa.

However, Elangeswaran et al. [48] highlighted that by achieving the
density of 99.4 % and preparing the samples by machining, the fatigue
strength estimated at about 300 MPa at 2 x 10° cycles, even surpassed
that of the wrought 316L. The FL of 285-310 MPa was also achieved by
Jaskari et al. [49] as using specimens, machined from printed rods and
electropolished after stress relieving.

As is obvious from the above brief description of the state of the art of
the relationship between defect structure and fatigue properties of AM
316L steel, the impairing influence of defects has been firmly demon-
strated. However, the influence of the printing parameters and partic-
ularly the influence of the VED on defect structure and consequent
fatigue life is more scarcely investigated. By employing a diverse range
of laser parameters, the VED levels during the PBF-LB printing process of
316L were adjusted, thereby providing different density and defect
distribution profiles. The novelty of the present approach lies in the
nuanced investigation of the influence of VED in PBF-LB on the achieved
defect characteristics and distribution and thereby on fatigue resistance,
shedding light on the capability of printed structures to withstand fa-
tigue damage. The study goes beyond conventional analyses by
employing advanced techniques such as microtomography for compre-
hensive characterizations of intrinsic defects. As few examples, Hastie
et al. [21] classified shape of pores by X-ray micro-computed tomogra-
phy in PBF-LB AlSi10Mg, while Hu et al. [50] applied synchrotron ra-
diation X-ray topography to characterize the defect morphology and
depict the defect evolution during in-situ tensile tests of an additively
manufactured Ti-6Al-4V alloy, and recently Wang et al. [51] used this
technique for PBF-LB IN718 superalloy to establish the relation between
defect characteristics of machined samples and fatigue life. Further-
more, our present study delves into the intricate deformation mecha-
nisms within the PBF-LB printed structures of 316L during cyclic
straining, leveraging electron backscatter diffraction and transmission
electron microscopy. This multi-faceted exploration not only adds
valuable insights to the field of AM but also enhances the understanding
of the effect of PBF-LB parameters on fatigue resistance of 316L.

2. Materials and methods
2.1. Laser powder bed fusion processing

The 316L powder utilized in the present PBF-LB deposition process
was provided by SLM Solutions. The powder underwent sieving to
eliminate larger particles of the order of 50 pm. The chemical compo-
sition of the 316L powder along with that of the as-built material, the
former being a nominal one given by the SLM Solutions and the latter
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measured by a glow discharge optical emission spectroscope (GDOES,
Spectruma GDA750), are listed in Table 1.

Three sets of samples were deposited using an SLM 280HL PBF-LB
equipment. By varying the scanning speed and laser power, three
different VED levels, low (L-VED at 50.8 J/mm?®), medium (M-VED at
79.4 J/mm?), and high (H-VED at 84.3 J/mm?®) were applied aiming to
vary microstructural features and internal defect characteristics, such as
defect number, size, shape, and distribution. The VED parameters are
outlined in Table 2. The printing parameters for the border hatch and the
contour fill between the fill and border hatch were kept constant, and
their values are also given in Table 2.

Cylindrical fatigue specimens, featuring a total length of 55 mm and
diameter of 6 mm, were vertically fabricated to their final shape. The
specific sample orientations and the printing pattern strategy used are
detailed in Fig. 1a and b. Notably, after the completion of each layer,
schematic of the laser scanning of a layer shown in Fig. 1c, the hatching
track underwent a rotation of 35°. Subsequent to the deposition, the
samples underwent stress-relief annealing at 600 °C for 120 min under
an argon atmosphere, followed by furnace cooling to room temperature.

2.2. Metallography

The density of the PBF-LB processed 316L steel samples was first
determined using the Archimedes’ method. The quantitative analysis of
internal defect distribution and size was performed using a Micro-
Computed Tomography (pCT) scanner (XRADIA Versa 620 laboratory
HCT system). The X-ray tube was configured to operate at 140 kV,
enabling penetration through relatively thick cross sections comprised
of high-Z materials. To mitigate hardening effects caused by the beam, a
high-pass filter was interposed between the source and the sample. The
utilization of a short 2-s exposure facilitated the acquisition of a sub-
stantial number of projections (1600), resulting in high-quality tomo-
grams. The pCT measurements encompassed the entire volume of the
parallel length of a fatigue specimen, which measures 12 mm, as
depicted in Fig. 1a. Used voxel size for the measurements was around 7
pm, voids smaller than 27 voxels (3 x 3 x 3) were excluded to remove
noise.

The microstructures and defects on cross-sections of built L-PBF 316L
steel as well as after fatigue experiments on fracture surfaces were
examined using a laser confocal scanning microscope (LCSM,
KEYENCE/VK-X200). For microstructural examination, the samples
underwent electropolishing using a perchloric acid solution, followed by
electrochemical etching in a concentrated nitric acid solution at 1.2 V.
Scanning electron microscopy (SEM; JEOL JSM7900F) and electron
backscatter diffraction (EBSD) examinations were conducted by the
Oxford Instruments Symmetry S2 system, with an acceleration voltage
of 20 kV and a working distance of 17 mm. Step size was varied ac-
cording to the used magnification, being between 0.1 and 0.8 pm.
Transmission and scanning transmission electron microscopy (TEM/
STEM) analyses were performed utilizing a JEOL JEM2200FS micro-
scope, with lamellae extracted from sample surfaces using the focused
ion beam technique (FIB, FEI Helios DualBeam).

2.3. Measurement of mechanical properties

To evaluate the quasi-static tensile properties of the 316L materials
printed with various VEDs, uniaxial tensile tests were performed at a
strain rate of 0.008 s! in accordance with the standard EN-ISO 6892-1,
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using a Zwick Z100 testing machine equipped with an external exten-
someter. The round specimens (see Fig. 1b) had the following di-
mensions: a total length of 35 mm, a gauge length of 25 mm, and a
diameter of 6 mm. The tensile tests were repeated three times for the
three sets of samples.

Hardness measurements were conducted using a Zwick ZHU 2.5
hardness tester with the Vickers indenter and the load of 10 kg, and the
measurement was repeated 5 times for each measured structure.

Two distinct fatigue regimes, encompassing low-cycle fatigue (LCF <
10° cycles) and high-cycle fatigue (HCF, 10°-107 cycles), were imple-
mented using two different testing machines. For LCF testing, a servo-
hydraulic dynamic testing machine (MTS810) operated in a force-
control mode at a frequency of 15 Hz. HCF tests were conducted using
an electromagnetic resonator (Zwick Vibrophore) with a testing fre-
quency of 100 Hz. All tests were executed under fully reversed loading
conditions (R = —1). The fatigue limit was determined for unbroken
samples at a cut-off of 10 cycles. During the tests, the surface temper-
ature of the specimens was monitored using a PT100 sensor, and pres-
sure air flow was applied to prevent specimen heating.

Before fatigue testing, the samples underwent mechanical grinding
to 600 grit and subsequent electropolishing to achieve a mirror finish
(average surface roughness value R, < 0.1 pm). The grinding and pol-
ishing process was conducted to remove a minimal amount of material
(approximately 100 pm) from the sample surface, ensuring that most
defects remained in the material. 15 samples were tested for each set.

3. Results
3.1. As-built microstructures

The microstructural characteristics of the as built 316L steel, printed
at different VEDs, are depicted in Fig. 2 in a section parallel to the
building direction (BD). The observed structure with distinct melt pool
boundaries is a result of the melting tracks generated by the laser beam.
Fig. 2 further illustrates the impact of VED on the dimensions of the
width and depth of the melt pools, the values outlined in Table 3.
Average width and height were calculated using Feret’s diameter, and
equivalent diameter were calculated from measured melt pool area. It
can be noted that the effect of VED was more pronounced between the L-
VED and M-VED, showing clear coarsening both in melt pool average
size as well as flattening of melt pool. The increase in VED from the
medium to high level did not notably affect the melt pool size or grain
size, but columnar grains were observed in the H-VED structure after
etching, as is shown as red dashed lines in Fig. 2c.

The changes in the melt pool size and morphology can be simply
attributed to the energy deposited into the material. In Fig. 2a and b,
black defects are also seen, as outlined by yellow dashed line. They
locate at melt pool boundaries and have elongated truncated shape, so
that they could be classified as LoF defects.

The achieved density measured using the Archimedes’ method was
91.9, 98.9 and 99.6 % for L-VED, M-VED and H-VED, respectively.
Therefore, the overall defect density decreases with increasing the VED.

The crystallographic microstructure of the PBF-LB 316L steel printed
at various VEDs seen in EBSD maps is depicted in Fig. 3. The IPF maps of
the three structures reveal grains with irregular morphology, as seen
parallel to the BD. In the case of L-VED printing, the grain structure is
accompanied by a few internal defects, as shown in Fig. 3a.

With increasing the VED, the grain structure evolves into a more

Table 1
Nominal 316L powder composition for PBF-LB manufacturing and corresponding as-built material composition in wt. %.
C Cr Ni Mn Mo Si Ti Nb N Fe
Powder 316L 0.03 17%/19%* 13*/15%* 2 2.2%/3%* 0.7 - - - Bal.
PBF-LB 316L 0.02 17.7 12.9 0.6 2.5 0.7 0.01 0.005 0.09 Bal.

The symbols * and ** denote the minimum and maximum contents of the element, respectively.
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Table 2
Fabrication parameters for 316L samples with varying VED.

Materials Science & Engineering A 925 (2025) 147868

ID VED [J/mm?] Laser power [W] Scanning speed [mm/s] Hatch spacing [pm] Layer thickness [pm]
L-VED 50.8 160 875 120 30
M-VED 79.4 190 800 100 30
H-VED 84.3 220 725 120 30
Border hatch 104.2 100 400 80 30
Fill contour 92.6 125 500 90 30

z (BD)

b)

Fill hatch
Fill contour
Border hatch
» "y

Fig. 1. (a) Macrograph depicting the axial fatigue sample fabricated using the PBF-LB technique, highlighting the geometry, building direction, and the volume of
the micro-computed tomography (uCT) sample, (b) tensile sample geometry and (c) a schematic showing the relevant laser scan tracks for building a layer.

columnar structure (Fig. 3b and c). In the H-VED structure (Fig. 2c and
3c), epitaxial grain growth has occurred and remelting of several layers
leading to the formation of long columnar grains. An intriguing obser-
vation is the evident grain coarsening with increasing the applied VED.
Table 3 presents the measured equivalent diameters of the grains,
determined by elliptical fitting for each grain’s area in the promoted
microstructures at various VEDs. The equivalent diameter increases
from approximately 81 to 115 pm with the increased printing energy
from 50.8 to 84 J/mm?. If the maximum Feret’s diameter is compared,
indicating the maximum length of a measured grain, the size increases
from 162 to 245 pm, indicating more elongated shape of the grains with
increasing VED.

3.2. Micro-computed tomography (uCT) analysis of defect structure

The defect structure of the three structures was analysed by the uCT
in detail. For illustrating the distribution of the defects across the
measured cylinder, Fig. 4 displays the location of all defects in an XY-
plane of the sample. Two facts are obvious from this 2D representa-
tion: the defect density decreases with increasing VED and a distinct
defect-denser zone exists in the subsurface region of a sample. Further,
the subsurface location seems non-symmetrical, particularly in the H-
VED structure. Presumably the grinding prior polishing caused this
asymmetricity, or the process conditions were non-optimal [31,52].

Since the contrast between the defects and the bulk material was
high in pCT measurements, segmentation was performed by simple
thresholding. Delineated, individual defects were characterized by two
shape descriptors: the diameter of the equivalent sphere and the
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Fig. 2. Microstructure of the as-built 316L steel printed at various VEDs, as captured by laser confocal scanning microscopy: (a) L-VED, (b), M-VED, and (c) H-VED.
Some defects are encircled by yellow line. Red dashed lines in (c) indicated the columnar growth through the deposited layers. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
Measured average melt pool and grain sizes, and the densities obtained by the
Archimedes’ method for the printed 316L structures.

D Melt Pool Size [pm] Grain Size (EBSD) Density [%]
[pm]
Width  Height Eq. Eq. Max. Archimedes’
diam. diam. Feret’s method
diameter
L-VED 148 46 85 81 162 91.90
M-VED 166 57 93 108 202 98.92
H-VED 190 55 95 115 245 99.60
Wrought - - - 62 70 100

complexity factor. The former was derived from the total volume of a
defect, and the latter was calculated as described by Isaac et al. [53].
Then, a combination of morphological operations (dilation, erosion) was
used to extract the bulk material without defects, and these results are
plotted in Fig. 5. As is seen from Fig. 5a, all structures contain defects
with the complexity factor about 0.4, although it seems that the most
complex defects are decreasing in number with the increased VED. If the
outliers are considered, the L-VED has the largest deviation in the
complexity. Fig. 5b shows the size distribution of the measured defects.
The mean defect sizes are almost equal between the structures, but the
maximum sizes are the largest for the L-VED structure, the maximum
defect diameter being 76 pm. The maximum defect sizes decrease with
increasing VED, the maximum diameters being 54 and 50 pm for the
M-VED and H-VED structures, respectively.

Segmentation also allowed to compute the distance map, with 0 at
the sample surface and maximum value in the core. The density distri-
bution plot is presented in Fig. 6. First, it is obvious that the volume
fraction of defects is much higher in the L-VED structure compared to the
others. From the distribution, it can be further confirmed that the L-VED
and M-VED structures show a peak about 200-250 pm from the polished
surface, i.e., about 300 pm from the original printed surface. In the H-
VED it is still closer to the surface, but the peak is relatively low.

For a more detailed view, Fig. 7 presents isometric views of 3D re-
constructions showcasing the defects within the cubic volume of the
three PBF-LB 316L structures. In this representation, the identified de-
fects are visually represented above the measured volume of 7 x 7 x 7
mm®. A most notable observation is the presence of a high density of
defects (depicted in green) with a diverse range of sizes in the L-VED
structure. Moreover, the tomography of the L-VED reveals various defect

Iron fcc
001

101 Jedd

Fig. 3. EBSD-IPF maps of 316L steel printed with different VEDs seen parallel
to BD. (a) L-VED, (b) M-VED, (c) H-VED and (d) IPF colour legend. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

shapes, including spherical, ellipsoidal, and rod-like morphologies,
consistently with the wide complexity range shown in Fig. 5a. The defect
density and size decrease with increasing VED, and in the H-VED
structure, tiny and equiaxed pores are predominant, although one bigger
defect was present.

3.3. Mechanical properties

3.3.1. Tensile strength
Quasistatic properties of studied materials are already presented by
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Fig. 4. X-Y plane projection of the location of defects in Z-direction of (a) L-VED, (b) M-VED and (c) H-VED structures.
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Fig. 5. Box plot representation of complexity factor (a) and an equivalent diameter (b) distribution within the 1 mm from the axis of the sample. Note that each box is
defined by 25th, 50th and 75th percentile and whiskers extend to cover 99.7 % of the data (3¢ for normal distribution).

1000 pm

Volume fraction, %

Distance, mm

Fig. 6. Void volume fraction distribution as a function of distance from the
surface. A sectional view explains the peak for the L-VED sample.

the author in previous study [24], but as a clarification, properties
extracted from the tensile stress-strain curves, such as yield strength
(YS), ultimate tensile strength (UTS), uniform elongation (UE), and total
elongation (TE) with measured hardness values, are listed as a table

Fig. 7. 3D rendering of acquired tomograms of PBF-LB 316L. Volumes were
cropped as indicated by the underlying transverse section for better visualiza-
tion of internal topology. Segmented voids are presented in different colours for
clarity. From left to right: L-VED, M-VED, and H-VED. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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form in Table 4. Notably, the L-VED exhibited high UTS, but lower
elongation compared to those of the M-VED and H-VED. For instance,
the UTS and TE of L-VED are 610 MPa and 33 %, respectively, while the
corresponding values for H-VED are 560 MPa and 48 %. This indicates
that more a pronounced softening mechanism promoted in the struc-
tures printed at the higher VEDs. A higher heat energy imparted to the
printed structure leads to coarsening of the grain structure. The YS
values (440-475 MPa) of the printed materials are notably higher than
that (402 MPa) of the wrought 316L. Conversely, the UTS and TE of the
wrought 316L are higher than those of the printed materials, being 624
MPa and 54 %, respectively. Elongation increases with increasing VED
apparently due to of the substructure and lower porosity of the material,
as suggested in our previous study [24].

3.3.2. Fatigue strength

The influence of surface roughness on the fatigue resistance of AM
metallic materials is well-documented, e.g., Refs. [54-56]. To mitigate
the roughness effect, the samples underwent a gentle grinding and
electropolishing to remove partially melted powder adhered to the
surface before fatigue testing. Also, the stress relieving treatment was
performed at 600 °C for 120 min. Fig. 8 presents the analysis of exper-
imental fatigue test data in the form of nominal stress amplitude vs. the
number of cycles to failure (S-N) plots up to 107 cycles for the three
structures deposited with different VEDs. Two noteworthy trends
emerge from the S-N curves. Firstly, the fatigue life and strength of the
three sets exhibit a slightly increasing trend with the increased VED. For
instance, at a stress amplitude of 200 MPa, the corresponding fatigue
lives are 0.5 x 10°, 1 x 10° and 5 x 10° cycles for the L-VED, M-VED,
and H-VED, respectively. However, the FLs (i.e., the stress amplitude at
which no failure occurred within 107 cycles for 50 % of the samples) of
the three sets are closely clustered in the range of 80-100 MPa. In
comparison, the FL of the wrought 316L is distinctly higher at 256 MPa.
This is consistent for instance with the findings of Hamada et al. [47],
who reported a low fatigue limit of 75 MPa for AM 316L printed with a
low VED of 40 J/mm?®. At higher stress amplitudes in the LCF regime, the
fatigue strength of the M-VED and H-VED printed structures remain
comparable or even better than that of the wrought 316L. However, the
L-VED structure still seems to have lower fatigue strength even in this
regime.

3.3.3. Crack initiation and propagation

Examination of the fracture surfaces after fatigue testing provided
insights into crack initiation sites and the type of crack propagation. A
careful analysis revealed that fatigue cracks initiated at LoF defects
between deposited layers and relatively large defects located in the
surface layer of fatigued specimens (note that about 0.1 mm was pol-
ished off), even though the majority of defects resided in sub-surface
regions, as shown in Fig. 6. Fig. 9a highlights a primary crack initia-
tion site, referred to as the “killer”, denoted by a dashed semi-circle on
the fracture surface of a fatigued L-VED 316L sample. A semi-circular
LoF defect measures around 250 pm in size. Additionally, another LoF
defect was observed in proximity to the main killer. Similarly, in Fig. 9b,
a LoF defect is evident on the fracture surface of a fatigued M-VED 316L
sample, characterized by an elongated shape and a size of approximately

Table 4

Tensile properties and hardness of the PBF-LB 316L structures printed at
different VEDs and wrought 316L. Yield Strength (YS), Ultimate Tensile Strength
(UTS), Uniform Elongation (UE), and Total Elongation (TE).

Printed YS UTS UE TE Hardness
316L [MPa] [MPa] [%] [%] [HV10]
L-VED 462 + 6 610 £ 6 22.6 £0.3 332+11 211 +£3
M-VED 456 +14 595+13 235+0.3 373+25 218+7
H-VED 437 + 4 560 + 4 27.3+02 483+32 210+4
Wrought 316 402 + 4 624 + 2 36.9+02 540+02 197+6
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Fig. 8. S-N curves for the 316L structures manufactured with different VEDs
and that of a wrought 316L for comparison.

450 pm. In the case of a fatigued H-VED 316L sample, Fig. 9c reveals a
subsurface killer, an irregularly shaped LoF defect measuring around
120 pm. These findings align well with established fatigue crack initi-
ation mechanisms observed in several previous studies involving AM
316L structures subjected to cyclic deformation [31,57-60]. The
observed crack initiation mechanism underscores the significant role
played by process-induced defects, such as LoF, in influencing the fa-
tigue behaviour of 3D printed metallic structures.

Fig. 10 gives examples of the initiation and propagation of fatigue
cracks within the fatigued structure. Notably, fatigue cracks can initiate
both at a LoF defect, as depicted in Fig. 11a, or a sizable pore, illustrated
in Fig. 10b. An intriguing characteristic of zig-zag profile of the crack is
observed. This zig-zag pattern emerges as the fatigue crack propagates
transgranularly across the cellular grain substructure of a melt pool.

3.3.4. Deformation mechanisms under cyclic straining

To explore the initiation and progression of fatigue cracks in the
investigated PBF-LB 316L steel, samples subjected to cyclic loading until
failure were cross-sectioned and underwent a gentle grinding and pol-
ishing process. Fig. 11 illustrates the deformed microstructure of the L-
VED sample formed under cyclic loading at 150 MPa. In Fig. 11a, two
initiated microcracks are observed originating from a large irregularly
shaped defect, propagating in both right and left directions across sub-
boundaries. This particular defect, due to its irregular shape, acts as a
stress concentration site during cyclic straining, forming a favourable
site for crack initiation. In Fig. 11b, the Kernel Average Misorientation
(KAM) map of the corresponding microstructure is presented to show-
case the high degree of misorientation induced by presence of such LoF
defect. Highly strained regions, revealed by high KAM values (depicted
in green colour), exist around the large LoF defect and along the isthmus
between two defects.

The fatigue life of the H-VED 316L structure, fatigued at the stress
amplitude of 200 MPa was about 5 x 10° cycles, the longest one among
the studied structures (Fig. 9; 4 data points) at this stress amplitude even
though it had the lowest strength. Fig. 12a illustrates the local defor-
mation of the structure by showing the presence of parallel deformation
bands in two directions within two columnar grains. Zooming in on the
highlighted zone in Fig. 12a (a left upper grain) reveals the formation of
deformation twins characterized by £3 twin boundaries, denoted by the
red colour in Fig. 12b. On a higher magnification, the phase map of a
lower (right) grain in Fig. 12¢ reveals that o-martensite is also present in
a tiny amount in the shear band pattern.

In the conducted TEM analysis, a focused examination was per-
formed on the deformation mechanisms within the M-VED sample that
underwent cycling to failure at a stress amplitude of 375 MPa (fatigue
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Fig. 9. SEM images depicting fracture surfaces of fatigued LPBF 316L printed at different VEDs: (a) L-VED with an applied stress amplitude of 125 MPa, (b) M-VED
with an applied stress amplitude of 100 MPa, (c) H-VED with an applied stress amplitude of 100 MPa. The yellow dashed lines outline the observed defects. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. (a) Band contrast map of clustered LoF defects of L-VED sample fatigued at 150 MPa and (b) KAM map from the same region.

life ~ 40000 cycles). This examination involved the extraction of a FIB
lamella from a region near a cracked LoF defect. The resulting TEM
bright-field images, as shown in Fig. 13a, highlighted the presence of
parallel sets of twin bundles.

Upon closer inspection of specific locations within the deformed
region, the magnified view in Fig. 13b provided further insights. The

corresponding Selected Area Electron Diffraction (SAED) pattern in
Fig. 13c revealed simultaneous diffractions of deformation twins and
e-martensite, with a specific zone axis [011]y//[11-20]e. To elucidate
the nature of the deformation, dark field images corresponding to
different crystallographic spots were displayed in Fig. 13(d-f). These
images demonstrated that the e-martensite phase formed as thin
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Fig. 12. Microstructural features of the cyclically deformed H-VED 316L at 200 MPa, including (a) EBSD-IPF map, (b) high-magnification EBSD-boundary map of the
highlighted zone in (a) revealing mechanical twins in red, and (c) phase map at high magnification of the marked area in (b) displaying austenite in blue and
o-martensite in red. (d) IPF and (e) phase map colour legends. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

( '+s’+ )

%47 111201,

Fig. 13. TEM analysis of deformation mechanism in the fatigued M-VED 316L specimen at 375 MPa stress amplitude. (a) Bright-field TEM image revealing parallel
sets of twin bundles. (b) Magnified view of a specific location as marked in (a). (¢) Corresponding SAED pattern identifying simultaneous diffractions of deformation
twin and e-martensite with zone axis [011]y//[11-20]e. (d-f) Dark field images corresponding to matrix (111), twin (—200), and e-martensite (1-100) spots,
respectively.
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platelets on {111} twin planes, aligning with findings of «-martensite by
EBSD.

4. Discussion
4.1. The effect of static properties and microstructure on fatigue strength

It is well-established that the fatigue limits of steels are commonly
correlated with their tensile strength, the FL/UTS ratio typically falling
between 0.4 and 0.6, or 1.5-1.6 times the material hardness [61]. For
comparison of tensile and fatigue properties of the PBF-LB 316L, the
experimental values obtained from the present tests are listed in Table 5.
From the table, it is seen that for the wrought 316L steel, the FL/UTS
ratio is 0.41. However, the PBF-LB 316L structures exhibit significantly
lower ratios, ranging from 0.14 to 0.17. The observed low FL (at 107
cycles) is consistent with results reported e.g., by Elangeswaran et al.
[48] and Cui et al. [62]. This clear deviation indicates that the static
strength of the PBF-LB material is not a determinant of its FL in the
presence of defects. This aligns with existing literature, as demonstrated
in numerous papers in the literature, e.g., Refs. [34,36,47,49,56].
However, if the density of PBF-LB 316L sample is high and major defects
are removed by machining the sample, the printed PBF-LB 316L seems
to achieve the FL even exceeding that of the wrought 316L steel [48,49].

Scatter in the experimental fatigue life data, most pronounced at
280-300 MPa amplitudes, is most obvious for the L-VED structure
(Fig. 9), where the defect fraction was high, and the complexity of de-
fects varied broadly (Fig. 5). However, some differences between the S-N
curves in Fig. 9 can be seen, the H-VED exhibiting the longest fatigue
life, even though the H-VED had the lowest UTS of the studied struc-
tures. The fatigue strength at 10* cycles decreases from 470 MPa of the
H-VED structure to 340 MPa of the L-VED one, as is depicted in Table 5.
This indicates that even in the LCF regime, the deformation mechanisms
controlling the UTS only have small effect on fatigue behaviour and the
fatigue strength is more related to the ductility. As is shown in the
literature [24,63], the higher applied VED increases the TE, allowing
enhanced plastic deformation of the softer material. The same might be
present in fatigue in the LCF regime, where higher plastic strain am-
plitudes are present, and ductile material can withstand more local
plastic deformation prior crack initiation and growth. The L-VED and
M-VED structures have lower ductility due to microstructural features,
and partly due to higher defect content, which is seen as impaired
elongation and LCF fatigue resistance.

Furthermore, as seen in Figs. 12 and 13, local deformation, promoted
by presence of irregular LoF defects, may lead to twinning and phase
transformation in PBF-LB 316L despite of its relatively high stacking
fault energy (SFE) [24,64,65]. Even though twin boundaries can be
preferable sites for crack initiation, twinning and martensite trans-
formation may hinder the crack propagation by introducing obstacles
for the crack path, as well as causing local cyclic hardening of the ma-
terial. In this instance, the occurrence of these specific microstructural
features indicate that the M-VED and H-VED structures exhibit increased
capacity for accommodating localized strain during cyclic loading

Table 5

Ratios of fatigue limit to Tensile Strength (TS), Fatigue Limit at 50 % probability
(FAT50 %), Fatigue Limit at 50 % to Ultimate Tensile Strength ratio (FAT/UTS),
and Fatigue Strength at 10* cycles (FAT at 10*) for 316L structures printed at
different VEDs and wrought 316L.

Printed uTS FATS0 FAT/ FAT at 10* Max. Defect
% UTS cycles length (LCSM)

316L [MPa] [MPa] - [MPa] [pm]

L-VED 610 £ 6 93 0.15 340 394

M-VED 595 + 13 82 0.14 450 179

H-VED 560 + 4 97 0.17 470 86

Wrought 624 + 2 256 0.41 390 -
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compared to the L-VED structure. This was shown previously for similar
PBF-LB 316L structure of a machined sample, where slight cyclic hard-
ening occurred during axial fatigue [44]. This in combination with high
ductility results in somewhat enhanced fatigue life of the H-VED struc-
ture in the LCF regime.

4.2. The influence of defect structure on fatigue strength

As pointed out, the defects in PBF-LB materials results in low fatigue
resistance compared to their static properties. The present results indi-
cate that the increasing VED leads to lower fraction of defects (Fig. 6),
slightly smaller defect size and complexity (Fig. 5), and improves
slightly the fatigue life, but still the fatigue resistance remains distinctly
lower than that of the wrought 316L steel. For emphasizing the influence
of defect characteristics, LCSM was employed for measuring the defect
sizes on polished cross-sections of large number of samples (10 cross-
sections) of each structure, and the results of this examination are
shown in Fig. 14. In the L-VED structure, larger and more irregularly
shaped defects are prevalent, ranging up to approximately 390 pm. On
the other hand, the H-VED structure exhibits smaller and more uni-
formly shaped defects, with sizes ranging from 5 to 84 pm (according to
LCSM).

At higher stress amplitudes, the H-VED structure outperforms the M-
VED and L-VED structures in terms of fatigue strength. This improve-
ment can be attributed to the combined effects of a reduced defect
fraction, smaller size, and potentially a less complex defect shape in the
H-VED structure, in addition to possible local strengthening by twinning
and martensite transformation (Figs. 12 and 13), as discussed in the
previous section.

The decreased complexity in defect shapes, seen in Fig. 5, contributes
to lower stress concentrations along the irregular borders of the defects
that leads to enhanced fatigue life [29,52]. Fig. 15 illustrates further the
geometric intricacies of defects in both L-VED and H-VED structures. In
the L-VED structure (Fig. 15a), LoF defects exhibit irregular shapes with
sharp corners, as highlighted by dashed yellow lines. Such defect con-
figurations with sharp corners are identified as crack initiation sites.
Conversely, in the H-VED microstructure (Fig. 15b), defects are mostly
round, as indicated by yellow circles. Notably, spherical pores do not
contribute to the initiation of fatigue cracks, and they are generally also
smaller in size [47].
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Fig. 14. Defect distributions as cumulative frequencies based on pCT and
LCSM data.
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Fig. 15. Illustration of the geometric complexity of defects in VEDs structures. In (a) L-VED microstructure, large defects with irregular shapes and sharp corners
(highlighted by dashed yellow lines), (b) H-VED microstructure, round pores, and (c) Statistical analysis of the defect shapes, based on total number of defects. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

A statistical examination (at least 100 defects from each structure) of
defect shapes, conducted using LCSM images on polished cross-sections,
revealed that 84 % of the analysed defects in the L-VED structure
exhibited sharp shapes. In contrast, the prevalence of sharp defects was
notably reduced in the H-VED structure, accounting for about 40 % only
(Fig. 15c¢). This reduction in the percentage of sharp defects in the H-
VED structure suggests a mitigation of stress concentration sites,
contributing to improved fatigue resistance compared to the L-VED
structure.

Another crucial factor influencing on the defect criticality is their
location relative to the outer surface, for the significance of a defect
depends not only on its size, but also on its proximity to the surface [29,
66]. It is well-established that fatigue cracks tend to initiate at favour-
able sites on or near the outer surface due to higher local stress con-
centration. As depicted in Fig. 6, a notable portion of defects in the
studied PBF-LB 316L structures were subsurface situated, within
approximately 0.2 mm from the outer surface. This distance confines
well with the location between the fill contour and the fill hatch. As
some material was removed from the surface by gentle polishing, higher
number of defects remained near the surface. This proximity to the
surface increases the criticality of these defects. In the context of the
L-VED structure, the combination of large defect size and intricate
shapes as observed from the conducted defect analysis by pCT and LCSM
further amplifies the criticality factor. Consequently, the fatigue
behaviour of the L-VED structure is comparatively worse than those of
the other investigated structures.

Recently, Wang et al. [29]. investigated the influence of defect
characteristics, their size, location and shape, on fatigue behaviour of a
selective laser melted IN718 alloy. Those characteristics were deter-
mined by pCT on machined samples as well as on fracture surfaces of
fatigue samples, and they were shown to follow the Gumbel distribution
functions. It was demonstrated that the adoption of those three char-
acteristics (size, location and shape) in the stress intensity range enabled
to present the fatigue life as a function of the stress intensity threshold
value (AKy,) and reduce the experimental scatter in the S-N data.

The Kitagawa-Takahashi diagram can be applied to show the
dependence of FL of a defected structure on defect size [67]. In addition
to the hardness of the steel, the stress intensity threshold value for long
cracks (AKu 1c) is needed for the diagram. Here, for incorporating the
measured (area)®® values to the plot, fracture surfaces of the fatigued
H-VED samples were examined, and the area and location of the killer
defect were determined. The Kitagawa-Takahashi plot for the H-VED
structure is drawn in Fig. 16a. As all failures were surface or subsurface
related, the used coefficients were constant in the plot. As can be seen,
the experimental data agree with the Kitagawa-Takahashi plot with
AKih,1c of 2.5 MPa*m®°. Riemer et al. [68]and Fergani et al. [69] studied
the crack growth behaviour of PBF-LB 316L, and they also presented low
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Fig. 16. (a) Kitagawa-Takahashi plot for the H-VED structure including the low
AKy, threshold value and (b) Gumbel-plot of the defect (area)®® parameter
distribution acquired from pCT, and LCSM on polished cross-sections and
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AKg, values of 3 MPa*m®>.

In Fig. 16b, the Gumbel extreme value distributions for the defects
size, based on pCT and LCSM analyses both on cross-sections and frac-
ture surface, are shown. Reduced variate y is calculated using equations
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where Fj is the cumulative distribution function of defects, j is the
number of the defect and n is the total number of defects. The pCT and
LCSM on cross-sections are in fair agreement, but the killer defect dis-
tribution on fracture surfaces deviates significantly from them. This
means that the crack-initiated area for the defect size is larger on frac-
ture surface than in the pCT data, which is the maximum value in a
measured cross section, not necessarily the largest defect in the whole
specimen. This was also pointed out by Wang et al. [29].

Concerning the FL, it can be concluded that even a small amount of
porosity is enough to decrease the FL considerably from the ideal one,
meaning that the defect size and shape are the most important factors
regarding the fatigue life of PBF-LB 316L. Even though the defect size
distributions are smaller in the M-VED and H-VED structures, and the
number is greatly lower, still the crack initiation can occur in LoF type
defects, as was shown in the SEM images in Figs. 9 and 10.

The present results indicate that even in the printed material with the
density of 99.6 % achievable by a high VED, some subsurface defects are
still present and significantly reduce the fatigue life at small stress am-
plitudes. However, it is known that after machining the sample, the FL
exceeding that of the wrought steel can be obtained [48,49]. Therefore,
future studies are needed to solve this dilemma.

3

5. Conclusions

This comprehensive investigation delves into the complex interplay
between axial fatigue life and the laser beam powder bed fusion (PBF-
LB) manufacturing process, specifically in an AISI 316L type austenitic
stainless steel. The exploration of three volumetric energy densities
(VEDs) - low (50.8 J/mm?®), medium (79.4 J/mm?), and high (84.3 J/
mm?®) with densities from 91.8 to 99.6 % - sheds light on their profound
influence on the defect level and characteristics within 3D printed
structures. The key findings and conclusions drawn from this study are
summarized as follows:

1. The fraction and size of defects decreased with increasing VED, the
high VED structure exhibiting more homogenous and consolidated
size distribution. The number of roundish gas pores increased with
increasing VED. However, still 40 % of defects were the lack of fusion
type even in high VED structure.

2. The micro-computed tomography analysis revealed that defects
distribution across the investigated samples exhibited a distinct
subsurface peak about 0.2 mm from the polished surface, after
grinding and polishing about 0.1 mm off from the original surface.
This is obviously connected with the deposited border hatch and fill
contour.

3. All defect characteristics contributed to distinct reduction of fatigue
strength in the HCF regime. All the structures exhibited the low fa-
tigue limit in the range 80-100 MPa. However, the fatigue limits are
dictated by the largest defect in the specimen which role was
modelled by the Murakami’s (area)®> parameter approach for the
high VED structure. This led to a low AKy, value of 2.5 MPa*m®®,

4. LoF type Kkiller defects observed on fatigue fracture surfaces were
much larger than defects classified by micro-computed tomography
and microscopically on polished cross-sections, even in the high VED
structure.

5. The results indicate that for achieving a fatigue limit equal to that of
the wrought alloy, special emphasis is required to deposit a defect-
free alloy, with a high VED, if machining of the surface layer (0.3
mm or more) is not feasible.
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