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A B S T R A C T   

Laser powder bed fusion (LPBF) is an additive manufacturing (AM) process capable of single-step fabrication of 
intricate and complex structures. However, there are multiple engineering challenges associated with the 
introduction of AM based parts into functional industrial applications due to the lack of understanding of the role 
that process parameters have on the structural integrity of additively manufactured (AM) components and the 
subsequent effect this has on the mechanical behaviour of such materials when subjected to cyclic loading 
conditions. The present work will investigate the low cycle fatigue (LCF) behaviour of LPBF stainless steel 316L 
components manufactured with different process parameters sets and how this effects the material built in 
different orientations and the resulting impact this has on the material’s resistance to cyclic deformation. The 
LCF results are supported by microstructural, fractographic and advanced surface profilometry assessments to 
investigate the key parameters that control the resulting fatigue performance across three different build ori
entations. Finally, the generated mechanical data has also been interpreted through empirical fatigue lifing 
models, and the various data sets have been successfully correlated to enable an estimation of longer fatigue 
lives.   

1. Introduction 

For several decades, austenitic stainless steels have been recognised 
for their favourable properties that make them suitable materials for 
multiple industrial applications [1]. In particular, stainless steel 316L 
(SS316L) is one of the most studied alloys from this class of materials due 
to the excellent mechanical properties, good machinability and excellent 
resistance to corrosion and oxidative processes that the alloy has to offer 
[2]. 

Historically, SS316L has been widely manufactured by conventional 
production techniques such as casting and forging. However using such 
methods can lead to strong limitations on the creation of complex ge
ometries and the excessive cost of material removal through subsequent 
machining [3]. Such issues have heralded the development of additive 
manufacturing (AM) processes, which consist of a series of 

manufacturing approaches capable of net- and near-net shape produc
tion of components for industrial use. Post processing such as hot 
isostatic pressing (HIP) or polishing may be necessary, but overall, AM 
can offer a cost effective and simpler process to manufacture complex 
parts, whilst offering the potential of weight saving and reducing the 
number of process induced stress-raising features. 

One of the main limitations of AM processes are related to produc
tivity [4], since the production rates to produce a fully optimised 
structure are currently too low to be considered for realistic mass pro
duction. Typically, a fully-optimised process aims to produce a ho
mogenous, high strength component with a suitable surface finish, 
whilst limiting the process time to save on lead time and cost. One of the 
obstacles to this is the sheer quantity of processing parameters that need 
to be balanced in the process, each impacting the properties of the final 
part in significant or subtle ways. These include pre-manufacture pa
rameters such as the powder specifications, inert gas type, oxygen level, 
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and preheating temperature of the baseplate. Then, for the laser 
manufacturing process itself, a whole new range of parameters need to 
be considered, some of which include laser power, scan speed, laser spot 
size, laser wavelength, pulsed or constant power, layer thickness, pow
der distribution technique, scan route and hatch distance, all of which 
can be controlled [5]. Each of these parameters need careful consider
ation and achieving a favourable balance for manufacture requires 
another step in the AM process. 

For laser control the significant parameters of laser power, scan 
speed, hatch distance and layer thickness can be combined to form a 
term for volumetric energy density (E′) [6] through the relationship: 

E′ =
P

υ*h*l
(1) 

where E′ is the total volumetric energy density (J/mm3), P is the laser 
power (W), v is the scan speed (mm/s), h is the hatch spacing (mm) and t 
is the layer thickness (mm). Energy density is a useful term since it 
combines several key parameters to describe the amount of energy 
imparted by the laser on to the powder bed at a point, and the same 
energy density can be reached using different combinations of these 
parameters. An adequate energy density is required for the full melting 
of powder to avoid largescale porosity; densities of up to 99.9 % have 
been achieved for correctly optimised energy densities [6,7]. Zhang 
et al. [8] undertook an extensive review of the relative structural den
sities of various energy density values and found that an energy density 
as low as 41 J/mm3 is capable of producing an LPBF SS316L component 
of 99 % density. Ponticelli et al. [9] found that increasing volumetric 
energy density can lower the resulting fatigue limit of LPBF SS316L 
samples, where they estimated that the average fatigue limit of vertical 
(90◦), diagonal (45◦) and horizontally (0◦) built samples was approxi
mately 131 MPa at 35.02 J/mm3 compared to 119 MPa at 40.90 J/mm3. 

Despite the potential of creating a fully dense structure to improve 
fatigue resistance, there are several drawbacks that need consideration 
when continually increasing energy density. For instance, a balance 

needs to be sought in order to achieve a final material consisting of 
minimal defects or microstructural texture. A lack of suitable fusion will 
leave large cavities within the microstructure, whereas excessive heat
ing is a cause of keyhole porosity and deformation from residual stress 
[6,10]. Furthermore, increasing energy density beyond a certain point 
has been shown to have no benefit in reducing porosity of SS316L 
components [6] and can actually lead to an increase in porosity through 
the vaporisation of metal by the laser [11]. Likewise, a high energy 
density can also increase the build time and the related cost that this 
incurs. Therefore, there are still some challenges associated with the 
process, especially connected to the low production rates. Sun et al. [12] 
demonstrated that the build rate could be improved (by up to 72 %) by 
altering the laser power and scan speed while maintaining a high den
sity. However, there is minimal research detailing how different pro
cessing parameters affect the characteristics of the microstructure. A 
review of process parameter selection for LPBF SS316L was conducted 
by Ahmed et al. [11] where a dozen sources were identified that had 
achieved densities over 99 % with optimised LPBF manufacture. The 
energy density used to achieve this varied significantly between studies 
(53 J/mm3–174 J/mm3) as did powder layer thickness (20 µm–250 µm). 
However, the variation in process parameters for fully densified material 
shows the need to fully optimise individual processes and maintain 
stringent tolerances in process parameters for the LPBF of SS316L. The 
part’s size and shape are other factors that can influence what the 
optimised set of process parameters is [13,14]. The shape and size of the 
part influence the thermal history experienced during the AM process, 
which can ultimately affect the porosity. 

Several publications have reported the role of processing parameters 
on the resulting mechanical performance of LPBF SS316L [6 15 16 17 
18] but relatively few studies have investigated the dynamic response of 
LPBF SS316L components, particularly under imposed strain low cycle 
fatigue (LCF) conditions. One of the main concerns when assessing the 
fatigue properties of AM materials is the presence of process-induced 
defects, such as those related to a lack of fusion (LoF), keyholing, 

Nomenclature 

b Fatigue Strength Exponent 
c Fatigue Ductility Exponent 
E Young’s Modulus (GPa) 
E′ Total Volumetric Energy Density (J/mm3) 
εa Strain Amplitude (mm/mm) 
εMAX Maximum Strain (mm/mm) 
Δε
2 Total Strain Amplitude (mm/mm) 

Δεe
2 Elastic Strain Amplitude (mm/mm) 

Δεp
2 Plastic Strain Amplitude (mm/mm) 

ε′f Fatigue Ductility Coefficient 
h Hatch Spacing/Distance (mm) 
ΔJeff Effective Elastic-Plastic Energy Release Rate (MPa-mm) 
Kt Stress Concentration Factor 
n Change in Stress State (n = 1 for shear and n = 2 for 

tension), 
Nf Number of Fatigue Cycles to Failure 
P Laser Power (W) 
ρ10 10-point Valley Radii (average radius of a micro-notch at 

the surface (µm)) 
R Ratio of minimum to maximum strain 
Ra Average Roughness Profile (µm) 
Rt Total Height of Roughness Profile (µm) 
Rp Maximum Profile Peak Height (µm) 
Rv Maximum Depth of the Profile Below the Mean Line within 

the Sampling Length (µm) 

Rz The Average Values of the Heights of Five Highest-Profile 
Peaks and the Depths of Five Deepest Valleys Within the 
Sampling Length (µm) 

Δσ Stabilised Stress Range (MPa) 
t Layer Thickness (mm) 
v Laser Scan Speed (mm/s) 

Abbreviations 
0◦ Horizontally Built 
45◦ Diagonally Built 
90◦ Vertically Built 
AM Additive Manufactured 
EBSD Electron Backscattered Diffraction 
EDM Electric Discharge Machining 
HCF High Cycle Fatigue 
HED High Energy Density 
HIP Hot Isostatic Pressing 
IPF Inverse Pole Figure 
LPBF Laser Powder Bed Fusion 
LCF Low Cycle Fatigue 
LED Low Energy Density 
LoF Lack of Fusion 
PH Precipitation Hardened 
PSD Powder Size Distribution 
S-N Stress/Strain Life 
SEM Scanning Electron Microscopy 
SS316L Stainless Steel 316L  
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solidification cracking and the inherently rough as-built surfaces. 
Reimer et al. [19] found that the high cycle fatigue (HCF) performance 
and crack growth behaviour of LPBF SS316L are not significantly 
influenced by process induced imperfections, such as pores and internal 
stresses. However, Beard et al. [20], who undertook an extensive study 
on the role of surface finish on the LCF behaviour of LPBF SS316L found 
that surface roughness was the key parameter influencing the cyclic 
properties in the low cycle regime, and this was more pronounced in 
diagonally built samples with an as-built surface finish as opposed to 
vertically oriented samples, due to partially melted powder particles at 
the surface and the staircasing effect. This in turn led to a larger effective 
stress concentration factor at the surface, and a reduction in the 
resulting fatigue life. This effect was compounded by the underlying 
anisotropy in the contrasting microstructures where the vertically built 
LPBF material was shown to exhibit a superior strain-life response. Yet, 
in both instances, the LPBF material significantly outperformed the 
conventionally manufactured wrought equivalent. 

Avanzini [21], Shrestha et al. [22] and Ponticelli et al. [9] all found 
that anisotropy plays a key role in the fatigue response of LPBF SS316L, 
where horizontal samples exhibited the highest fatigue resistance 
among the three principal build orientations (vertical, diagonal, hori
zontal) in all three studies. The study by Ponticelli et al. utilised reversed 
bending to exert a cyclic load on the samples and found that the superior 
fatigue properties in the horizontal material could be attributed to the 
orientation of the deposited layers with respect to the applied load, 
which for the horizontally built samples was perpendicular to the stress 
induced by bending, thus making a more tortuous crack path. Zhang 
et al. [8] found that HCF crack initiation is more sensitive to slip planes 
in dendrite cells or grain boundary particles as opposed to subsurface 
defects such as gas porosity. Likewise, by manipulating the process pa
rameters and ensuring an increase in the cooling rate during solidifi
cation, for example by lowering laser power, this can improve fatigue 
resistance by promoting intergranular fatigue crack initiation and crack 
branching. In contrast, in the studies by Liang et al. [23] and Shrestha 
et al. [22], sub-surface defects such as LoF were found to be the domi
nant factor influencing the fatigue properties of LPBF SS316L. However, 
Liang et al. reported that the LoF features were populated in clusters and 
became more pronounced if located in close proximity to the surface, 
whilst the material in the report by Shrestha contained a significant 
number of larger LoF defects in the order of > 100 µm. 

Despite the findings detailed previously, there is still a lack of 
knowledge as to how the parameters of the LPBF process can be opti
mised to improve the productivity of LPBF SS316L components, whilst 
not comprising on the material’s favourable cyclic properties. This study 
investigates the influence of energy density on the structural density and 
surface roughness of LPBF SS316L samples built in the three principal 
build orientations, and the effect that these factors have on the low cycle 
fatigue behaviour of the alloy under strain control conditions. 

2. Experimental methods 

2.1. Material and samples 

For this study, two batches of LPBF SS316L samples were manufac
tured on alternative additive manufacturing systems. The first batch 
were manufactured using an EOS M290 machine in a nitrogen atmo
sphere with powder supplied from LSN Diffusion. The second batch were 
fabricated using a Renishaw AM 250 machine in an argon atmosphere 
with powder sourced from Carpenter Additive. The composition of each 
powder batch is displayed in Table 1. Prior to sample manufacture, both 
powder batches were sieved to ensure uniformity and analysis of the 
powder showed particle size distributions of 5–60 µm (for the first 
batch) and 15–53 µm (for the second batch). 

For the samples manufactured in the first batch, standard manufac
turer recommended process conditions for SS316L were used, as defined 
by EOS, with a layer thickness of 20 µm and a volumetric energy density 

of 100.03 J/mm3. For the purposes of this research, these samples are 
now referred to as high energy density (HED). For the samples manu
factured as part of the second batch (on a Renishaw AM 250 with 
powder provided from Carpenter Additive), the process parameters 
included a laser power of 200 W, laser scan speed of 667 mm/s, hatch 
distance of 110 µm and a layer thickness of 50 µm. These build pa
rameters combined for a volumetric energy density of 54.5 J/mm3, 
approximately half the value used for the samples manufactured in the 
first batch, and an overall faster manufacturing process. These samples 
are now recognised as low energy density (LED) samples. 

In each batch, two sets of samples were manufactured. One set of 
samples were fabricated to net-shape to enable a characterisation of the 
as-built surface, whilst the others were in the form of cylindrical or 
octagonal rods that were subsequently machined into LCF samples 
containing a longitudinally polished surface, with a surface roughness 
below 0.2 µm in accordance to [24]. Fig. 1 presents the base plate de
signs used for the two sample batches and Table 2 presents the number 
of samples manufactured for each type of sample for the purposes of this 
research. 

In both sample batches, for the manufacture of diagonally built 45◦

angled samples, support structures were required. The supported region 
was located on the upper radius section, from the gauge length diameter 
to the maximum sample diameter, and was machined away prior to 
testing and polishing. No samples failed in this machined surface region 
that is situated outside of the parallel gauge length and is therefore 
considered to have negligible effect on the testing results. 

Prior to sample manufacture, all of the cylindrical/octagonal rods 
and net-shape samples were removed from the respective base plates 
using wire EDM and were subjected to a hot isostatic pressing (HIP) 
procedure in order to consolidate the material [25]. The HIP cycle 
consisted of a heat treatment above the SS316L solution temperature 
and was held at this temperature for 2 to 3 h prior to cooling. The strain 
controlled LCF samples were machined according to the dimensions 
depicted in Fig. 2. 

2.2. Low cycle fatigue testing 

LCF tests were performed according to ASTM E606 [24] using a 
servo-hydraulic mechanical test machine and were tested at 20 ◦C under 
controlled laboratory conditions. All tests were carried out using a 
0.004 s− 1 triangular waveform and a fully reversed, R value of − 1. To 
provide a range of strain-life data, several applied strain amplitude (εa) 
values were employed, namely 0.0018, 0.002, 0.003, 0.006 and 0.008 
mm/mm. The number of fatigue cycles to failure (Nf) is reported as a 25 
% drop from the peak load at the stabilised condition (as determined 
through linear regression). All samples were tested until failure or once 
100,000 fatigue cycles were surpassed, upon which the test was stopped, 
the sample was unloaded, and the test was deemed a run-out. 

Table 1 
Nominal composition of SS316LN powder batches manufactured by gas 
atomisation.  

Element LSN 
Diffusion 
(wt%) 

Carpenter 
Additive 
(wt%) 

Element LSN 
Diffusion 
(wt%) 

Carpenter 
Additive 
(wt%) 

Al 0.005 – N  0.005  – 
B 0.001 – Nb  <0.010  – 
C 0.010 0.024 Ni  12.420  0.09 
Co 0.020 – O  0.010  0.02 
Co + Ta 0.020 – Ph  –  0.004 
Cr 17.040 17.57 S  0.014  0.008 
Cu 0.010 0.03 Si  0.350  0.65 
Fe Balance Balance Ti  <0.005  – 
Mn 1.200 2.3 V  <0.010  – 
Mo 2.530 12.52     
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2.3. Surface roughness measurements 

Prior to testing, an Alicona Infinite Focus microscope was used to 
measure the roughness topography and the interrelated parameters of 
samples from each sample type, according to ISO 21920-3:2021 [26]. 
Some of the typical parameters measured include Ra (average roughness 
profile), Rt (total height of roughness profile), Rp (maximum profile peak 
height), Rv (maximum depth of the profile below the mean line within 

the sampling length) and Rz (the average values of the heights of five 
highest-profile peaks and the depths of five deepest valleys within the 
sampling length). The full definition of the different surface roughness 
parameter types and those recorded are given in [20]. 

2.4. Microscopy, defect and fractographic analysis 

A Hitachi SU3500 SEM, with electron backscatter diffraction (EBSD) 

Fig. 1. Build plate designs for HED and LED LPBF samples a) HED cylindrical and octagonal rods, b) HED net-shape vertical (90◦) samples, c) HED net-shape di
agonal (45◦) samples, d) LED horizontal (0◦) cylindrical rods, e) LED net-shape vertical (90◦) samples and f) LED cylindrical rods and net-shape diagonal 
(45◦) samples. 

Table 2 
List of LPBF SS316L samples manufactured under HED and LED LPBF conditions.  

HED LPBF Samples LED LPBF Samples 

Orientation (◦) Sample Type Surface Finish Number Orientation (◦) Sample Type Surface Finish Number 

90 Net-shape As-built 6 90 Net-shape As-built 7 
90 Cylinder Polished 5 45 Net-shape As-built 8 
45 Net-shape As-built 12 45 Cylinder Polished 7 
45 Cylinder Polished 5 0 Cylinder Polished 4 
0 Octagonal Polished 17      

Fig. 2. Sample geometry for LCF testing a) HED samples and b) LED samples.  
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capability, was used to inspect the microstructures and the fracture 
surfaces of the different sample types. For EBSD analysis, scans were 
acquired using a step size of 1.5 µm and 4 × 4 binning. The phases 
chosen for acquisition were FCC-Fe and BCC-Fe, with the band detection 
mode optimised for EBSD. EBSD data was analysed using the Tango 
plug-in included in the Channel 5 software. Grain detection was per
formed using the grain area determination in Tango software, where no 
border or corner grains were included. Grain size of the X-Y and X-Z face 
of each sample type was measured by Channel 5 software. 

A Zeiss Smartzoom 5 optical microscope was used to analyse the 
defect population of a selection of the different LPBF SS316L variants. 
Samples were prepared using standard metallographic procedures, and 
were then subjected to vibratory polishing on a VibroMet 2 polisher with 
OP-S (colloidal silica suspension) for ~ 8 h to remove remaining minor- 
deformations. 

3. Results & discussion 

3.1. Material 

3.1.1. Microstructure 
The microstructures of the different LPBF SS316L variants are dis

played in Figs. 3 and 4 for each respective material batch. The main 
difference between the HED and LED material is the apparent lack of 
texture and anisotropy present in the LED material (Fig. 4). This is in 

stark contrast to the HED material which appears to be highly textured 
within the 〈101〉 direction, parallel to the build direction (Z-direction), 
as evidenced in Fig. 3a. Such texture is typical of LPBF SS316L [19], but 
depending on the scanning strategy, such a strong crystallographic 
texture is sometimes not present, or can be manipulated by modifying 
the laser power and hatch spacing. This corresponds to the morphology 
of the LED samples, which exhibit a lack of texture that is likely a result 
of the lower energy density utilised during manufacture. The relation
ship between 〈101〉 texture and energy density for LPBF SS316L was 
previously explored by Leicht et al. [6], who found that 〈101〉 texture 
decreased by 4 times when energy density was decreased from around 
200 J/mm3 to 50 J/mm3. Their results also mirrored the same change in 
texture to the HED and LED samples described here, when using the 
same energy densities of approximately 100 J/mm3 and 50 J/mm3, 
respectively. The greater energy density leads to greater directional 
cooling which promotes the 〈101〉 texture. There is a small presence of 
high angle grain boundaries (the majority of which can be observed 
between 30 and 60◦) remaining in the respective structures and 
misorientation can be seen to still be present inside several larger grains, 
which suggests that full recrystallisation has not occurred. 

The EBSD scans of the different material types were used to calculate 
microstructural measurements including average grain size and grain 
aspect ratio, as given in Table 3. The measurements show that in general, 
the LED samples exhibit a more refined grain size with a higher aspect 
ratio, indicating that the grain morphology predominantly consists of 

Fig. 3. Inverse pole figure (IPF) maps of HED LPBF SS316L samples a) 90◦, b) 45◦ and c) 0◦.  
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smaller equiaxed grains. However, for LED samples built in each of the 
three orientations, the aspect ratio of the grains on the X-Y plane are 
higher than those on the X-Z plane. This is to be as expected, given that 
the X-Z plane captures the epitaxial build orientation resulting from the 
LPBF process, but also reveals a slight level of anisotropy in these 
structures. Other factors to note here are the almost fully austenitic 
structures across all sample types for both energy densities, with very 
little indication of any solid-state phase transformations and only a 

minute presence of retained Body Centre Cubic (BCC) δ-ferrite (<1.2 %). 

3.1.2. Defect population 
Fig. 5 illustrates a typical example of the significant presence of 

porosity within a LED 45◦ sample in both the X-Y and X-Z plane, with the 
equivalent planes of the HED 45◦ sample presented in Fig. 6. In each 
figure, the images were captured on polished unetched surfaces, yet the 
final stage of the polishing procedure using OPS suspension has partially 
etched the surface revealing some microstructural detail. At their 
largest, the porosity features are in excess of 600 µm in diameter and 
often contain smaller particles within them, in spite of the post- 
manufacture HIP operation. Most of these particles are smaller spher
ical features with a range of diameters, but the majority fall within a 
20–50 µm range. This corresponds well to the powder size distribution, 
and larger spherical objects are anticipated as being agglomerations of 
partially fused powder particles. These unfused powder particles often 
appear either very weakly attached or not attached at all to the rest of 
the material in the image. Many pores don’t appear to contain any loose 
powder particles and it could be that during material preparation, the 
loose powder that was within these pores has fallen out. The pores are 
typical of LoF defects as reported by other researchers [27,28]. 

The defect population in the LED material is in stark contrast to the 
behaviour in the HED counterpart. Fig. 6 presents the images captured of 
a HED 0◦ sample and shows that the material appears to be almost fully 
dense. Apart from a few isolated features, the HED material offers a 
density of > 99 %. This difference is despite both sample types being 

Fig. 4. Inverse pole figure (IPF) maps of LED LPBF SS316L samples a) 90◦, b) 45◦ and c) 0◦.  

Table 3 
Average grain size measurements for LPBF SS316L variants including aspect 
ratio and quantity of BCC phase present.  

Batch Sample Average Grain Size 
(μm2) 

Aspect 
Ratio 

Amount of BCC 
phase (%) 

HED 90◦ X-Z 340  0.37  0.2 
HED 90◦ X-Y 176  0.49  0.4 
HED 45◦ X-Z 200  0.47  0.5 
HED 45◦ X-Y 255  0.41  0.2 
HED 0◦ X-Z 300  0.37  0.5 
HED 0◦ X-Y 151  0.48  0.3 
LED 90◦ X-Z 221  0.43  1.2 
LED 90◦ X-Y 121  0.53  0.9 
LED 45◦ X-Z 209  0.54  0.4 
LED 45◦ X-Y 177  0.56  0.5 
LED 0◦ X-Z 243  0.43  0.6 
LED 0◦ X-Y 142  0.56  0.6  
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subjected to the same post-manufacture HIP operation. HIP is a 
commonly used post-manufacture procedure that involves placing a 
metallic component within a vessel that is pressurised and heated [29]. 
Argon pressurisation exacts an isostatic force equally around the whole 
part to densify it and can also be used to create parts from compacted 
powder [30]. Previously, post-manufacture HIP operations have been 
used to densify approximately 90 % of pores within LPBF material [31]. 
In the study by Ruttert et al. [32], the average size of remaining pores 
was also significantly reduced. This densification along with the ho
mogenisation of the microstructure via heat treatment in HIP can lead to 
improved fatigue lives, as well as a reduction in variation for samples 
built in different orientations. Elsewhere, HIP of as-built LPBF SS316L 
components reduced porosity volumes to below 1 %, where pores of up 
to 800 µm in diameter were observed to close up [33]. Yet despite the 
positive effect that HIP can have on improving the structural density, it 
can also induce some recrystallisation and also an element of grain 
growth since HIP processing is typically undertaken at an elevated 
temperature, often above the solution temperature of the material. As 
such, to optimise the material’s resistance to cyclic loading, a careful 
balance is necessary to HIP under the correct conditions in order to 
reduce the amount of internal porosity but also limit the extent of grain 
growth. 

The main discrepancy between the two material types can be related 

to the energy density used, but also the environment in which the 
samples were manufactured. While the LED samples were built within 
an inert argon chamber, the HED samples were manufactured in a ni
trogen backfilled system. Typically, during the LPBF process, gas from 
the build chamber has the potential to be trapped. Trapped gas creates 
porosity throughout the material, the scale of which is determined by 
the optimisation of the build process. In this investigation, both sample 
types were subjected to a HIP operation post manufacture, in order to 
densify parts and create a more homogeneous structure. However, HIP is 
not as effective in material formed in an argon atmosphere since argon 
becomes trapped within the porosity sites. Valente et al. [34] previously 
documented that using argon during manufacture produced a more 
heterogeneous structure, as opposed to building with nitrogen. How
ever, argon was also found to fill porosity defects and since it is not 
soluble within steel, the pores were unable to diffuse through the ma
terial during HIP treatments and were not completely removed, leading 
to only a partial improvement in the material’s density. Instead, the 
argon filled porosity features become compressed [29]. Further heat 
treatment after this HIP process can result in the gas within the argon 
pores expanding and increasing the volume of porosity [35]. Whereas, 
using nitrogen in place of argon has been documented to lead to an 
increase in the weight percent of nitrogen within the as-built material 
resulting in increased material hardness [34 36] and lower porosity, 

Fig. 5. Porosity content in a LED 45◦ sample a) X-Y plane, b) X-Z plane.  

Fig. 6. Porosity content in a HED 0◦ sample a) X-Y plane, b) X-Z plane.  
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often resulting in longer fatigue lives in steel [37]. However, despite the 
presence of porosity, the reduced energy density in the LED samples 
promoted a finer grain microstructure, with a more uniform equiaxed 
morphology, less crystallographic texture and reduced anisotropy, all of 
which are desired when designing a material to resist cyclic deforma
tion. However, all of these benefits are overcome by the significant 
presence of LoF defects which could not be fully eradicated during HIP. 

It is also important to consider the layer thicknesses used in the 
manufacture of the two alternative sample batches. The LED samples 
were manufactured with a layer thickness of 50 µm as compared to 20 
µm in the HED samples. The greater layer thickness would typically 
require the laser energy to be distributed over a greater volume for 
appropriate remelting between layers. It appears here that the energy of 
the laser used for the LED builds is not sufficient enough to melt a 
suitable thickness of powder to enable enough melting between adjacent 
layers. This behaviour was also previously reported by Hatami et al. [38] 
where it was found that a significantly higher porosity content in LPBF 
SS316L samples manufactured with a 50 µm layer thickness as opposed 
to those with a 30 µm layer thickness, which subsequently also had an 
effect on the resulting fatigue life. However, it should be noted that high 
densities can be achieved with thicker layers, providing that the energy 
density employed is high enough. Previously, Cherry et al. used a 50 µm 
layer thickness and an energy density of 104.52 J/mm3 to achieve a 
porosity percentage of 0.38 % in LPBF SS316 [39]. Likewise, Sun et al. 
manufactured LPBF SS316L cubes with 12 different parameter sets but 
importantly, all with a layer thickness of 50 µm and an energy density 
between 98.70 and 108.57 J/mm3 [12]. All these samples had a densi
fication of greater than 99 %. 

Quantitative analysis was performed on a selection of the different 
LED sample types, with the calculated values presented in Table 4. For 
each build orientation, the porosity contents of two examples are pro
vided; one of which refers to the best performing sample under LCF 
conditions (#1), and the other where the sample appeared to fail pre
maturely (#2). For each sample, a total of 5 micrographs were analysed 
of each X-Y/X-Z plane to provide a suitable representation of the 
porosity volume fraction percentage. Also given in Table 4 are the cor
responding minimum and maximum volume fraction percentages to 
provide an indication of the scatter. 

As can be seen in sample #2 for each build, on each plane of each 
respective build orientation there is a considerable presence of porosity. 
Of the three different build orientations, the LED 0◦ build appears to 
have the least dense structure (<97 %), with porosity features exhibiting 
a larger morphology on the X-Y face compared to the X-Z plane. The 
opposite behaviour is seen in the LED 90◦ build, where the LoF defects 
have a larger dimension on the X-Z plane. This relates to the nature of 
the LoF defects between adjoining melt layers and their orientation in 
regards to the build direction. Such morphologies can play an important 
role in influencing the resulting fatigue performance of the LPBF vari
ants. However, even though the values provide an indicative represen
tation of the severity of defects in the LED samples, it is difficult to 
ascertain the precise volume fraction of defects without the use of X-ray 
computed tomography (XCT) due to the non-uniform distribution of 
defects within the structures. Therefore, the values here provide a 
tentative quantification of the level of porosity found in a selection of 

samples, but these percentages can be assumed to be a ‘best-case’ ex
amples, since more porous regions are possible in each material. The 
materials selected for samples labelled #1, refer to those that best per
formed under LCF conditions, where a more optimal structural density is 
envisaged. As can be seen, these samples exhibit structural density 
values comparable with the HED samples (>99 %). Therefore, given the 
large range of scatter seen in the porosity volume fractions in the LED 
variants, it would be expected that the resulting fatigue performance 
would suffer from a similar variation. To clarify, the porosity content of 
a selection of the HED samples was also measured, but all planes for each 
build orientation were found to have < 1 % porosity. As such, they were 
deemed to be fully, or > 99 %, dense. 

3.1.3. Surface roughness 
Surface roughness measurements were recorded on a selection of 

LED and HED as-built and longitudinally polished samples. All polished 
samples were prepared to the same surface roughness where the pol
ishing procedure involved the removal of surface material to a 
maximum roughness value so that surface roughness effects from 
varying orientations were removed. The surface roughness parameters 
for a selection of the different LPBF SS316L samples are presented in 
Table 5. In the as-built samples for both the LED and HED materials, it is 
noticeable that the 45◦ angled samples have a rougher surface finish 
compared to the 90◦ equivalents (HED 90◦ Ra = 14.42 µm, HED 45◦ Ra 
= 22.06 µm, LED 90◦ Ra = 8.847 µm, LED 45◦ Ra = 23.885 µm). Simi
larly, this behaviour was seen in regards to the maximum peak to valley 
height (Rt), where in both the HED and LED samples the Rt value of the 
45◦ samples was twice that of the 90◦. This behaviour was also the case 
for maximum peak height (Rp), maximum valley height (Rv) and mean 
peak to valley height of the roughness profile (Rz). As reported previ
ously [20], the extra roughness in the 45◦ orientated samples originates 
from the staircase affect when manufacturing AM components. As parts 
are manufactured in single layers, an overhanging surface needs to be 
manufactured with slightly overlapping layers in a staircase design, 
which increases surface roughness [40]. In addition to this, the down
skin is particularly badly affected as less favourable heat conduction to 
the powder bed below occurs as opposed to the top skin where heat can 
dissipate more quickly down through the part [41 42]. It is also 
important to consider the interaction between the melt pool, consoli
dated material and surrounding bed of powder. Beard et al. [20] pre
viously discussed how for a vertically (90◦) built component, half of the 
melt pool is exposed to unmelted powder that is not subsequently melted 
during manufacture. This loose powder at the surface that remains in 
contact with the melt pool only partially melts and results in multiple 
powder particles adhering to the surface, increasing the surface rough
ness. However, for the downskin on a 45◦ surface, the majority of the 
melt pool is exposed to loose powder, along with the base of the melt 
pool not being supported by consolidated material. This allows the melt 
pool to sink into the loose powder bed below, subsequently increasing in 
size and partially melting a large number of powder particles. This in 
turn results in surface breaking features greater than the size of a single 
powder particle or layer thickness and a significantly higher surface 
roughness as compared to 90◦ builds. Therefore, the 45◦ angled samples 
with an as-built surface finish would be expected to have an inferior 
resistance to fatigue deformation compared to those built at 90◦. 

In comparison, the longitudinally polished samples have a much Table 4 
Average porosity volume fraction percentages for LPBF SS316LN samples. The 
bracketed values represent the minimum and maximum volume fraction per
centages recorded from 5 micrographs for each plane/sample.  

Sample Porosity X-Y Porosity X-Z 

LED 90◦ #1 0.01% (0.01–0.02%) 0.01% (0.01–0.02%) 
LED 90◦ #2 3.73% (0.01–5.91%) 3.80% (0.05–4.89%) 
LED 45◦ #1 0.02% (0.01–0.03%) 0.02% (0.01–0.02%) 
LED 45◦ #2 2.71% (1.07–4.58%) 3.48% (1.80–4.82%) 
LED 0◦ #1 0.01% (0.01–0.02%) 0.03% (0.01–0.05%) 
LED 0◦ #2 4.28% (1.41–6.26%) 3.12% (0.26–6.28%)  

Table 5 
Surface roughness parameters for LPBF SS316L samples.  

Sample Ra (µm) Rt (µm) Rp (µm) Rv (µm) Rz (µm) 

HED 90◦ AB  14.42  74.27  40.71  33.58  39.37 
HED 45◦ AB  22.06  128.34  57.68  70.66  83.65 
LED 90◦ AB  8.85  83.43  38.13  45.30  59.91 
LED 45◦ AB  23.89  163.17  90.99  72.22  116.46 
LED 0◦ P  0.91  7.72  4.16  3.55  6.50  
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lower surface roughness and the surface roughness parameters are quite 
similar across the different energy density and build orientations, as 
would be expected given the consistency of the polishing procedure. 
Elangeswaren et al. also reported that surface polishing to remove stress 
raising features on the surface, such as unfused powder, greatly 
improved fatigue life [43]. 

When directly comparing the as-built surface roughness across the 
two energy densities, the 90◦ LED samples appear to have a lower sur
face roughness (Ra = 8.847 µm) than the HED samples (Ra = 14.42 µm) 
whist the as-built finishes for the 45◦ angled samples are comparable 
(LED Ra = 23.885 µm, HED Ra = 22.06 µm). However, in regards to 
maximum peak to valley height, for the 45◦ samples, the difference is 
much greater (LED Rt = 163.173 µm, HED Rt = 128.34 µm). 

When comparing the surface roughness profiles of alternative build 
orientations and finishes, it is also important to consider the effective 
stress concentration factors (Kt) that roughness parameters induce. 
Pegues et al. [44 45] adopted the following relationship to calculate 
effective Kt values using several surface roughness parameters: 

Kt = 1+ n
(

Ra

ρ10

)(
Rt

Rz

)

(2) 

where n represents the changes in stress state (n = 1 for shear and n 
= 2 for tension), and ρ10 refers to the 10-point valley radii, which is 
estimated as the average radius of a micro-notch at the surface. As was 
the case in previous research by the authors [20], the assumption is that 
the as-built surface roughness is comprised of partially melted powder 
particles, and as such, micro-notches at the surface can be assumed to be 
dictated by these particles. Based on this, the ρ10 value was approxi
mated as the radius of the powder size for the two powder batch types, 
namely 17 µm for LED and 14.5 µm for HED samples, respectively, for 
the purpose of quantifying the as-built surface roughness with an 
effective stress concentration factor. Using these values, the effective Kt 
values for the polished surface finishes ranged from 1.04 to 1.15, as 
would be expected given the repeatability and consistency of the pol
ishing technique, which suggests the surface is free of any discontinu
ities. However, for the samples where the surface remained in the as- 
built condition, there is a considerable difference between the LED 
and HED sample types. In the 90◦ samples, the LED samples exhibited an 
effective Kt value of 2.45, whereas the same value for the HED samples 
was 4.75, approximately a factor of 2 greater. This difference would 
indicate that the LED samples would be expected to have a longer 
initiation life compared to the HED material. However, when consid
ering the total fatigue life of a given material, which also encompasses 
the life during crack propagation, the greater presence of internal LoF 
defects also needs to be accounted for as it is likely that this will play a 
major role as cracking progresses through the material. In terms of the 
45◦ samples, again there is a difference in the stress concentration 
values, where for the LED samples, the effective Kt was 4.94, and for the 
HED samples, the value was 5.67, again indicating the more severe stress 
raising features at the surface in the HED samples, and the rougher as- 
built surface finish of the 45◦ builds compared to the 90◦ samples. 
These values are summarised in Table 6. 

3.2. Low cycle fatigue (LCF) results 

Figs. 7, 9 and 11 present the LCF results from strain control tests on 
the various LPBF SS316L samples. Fig. 7 shows the strain-life plot and 
stabilised stress range response of the vertically built samples and have 
revealed the contrasting performances between the LED and HED 

samples. The HED samples can be seen to outperform the LED coun
terparts in both instances, with the polished material exhibiting the 
superior fatigue behaviour, followed by the HED as-built surface finish, 
and finally the LED material with the as-built finish, a behaviour similar 
to that seen in the review paper compiled by Avanzini [21]. Whereas the 
HED samples also offer a high level of consistency in the results, with 
well defined S-N data, the same can not be said of the LED samples. As 
discussed earlier, whilst the HED samples exhibit a more favourably 
fully dense structure as compared to the LED material, they also contain 
a larger grain size, greater magnitude of crystallographic texture and 
more severe stress concentration factors at the surface. However, the 
LED samples contain a significant presence of LoF defects and a much 
lower relative density. Therefore, whilst the LED material would be 
expected to have a comparable, if not superior, LCF response to the HED 
samples, the LoF defects have promoted a highly unpredictable fatigue 
behaviour, and this is reflected in the degree of scatter seen in the re
sults, where two alternative data sets appear to co-exist. This discrep
ancy relates to samples that contain almost fully consolidated material, 
and those that do not. This can be seen in Fig. 7a, where a set of four data 
points sit quite favourably in comparison to the HED as-built finish 
samples, and three data points which are located far below the S-N data 
of the HED variants. This contrasting behaviour can be directly related 
to the defect populations seen in the different samples, where predict
ably, the samples that failed prematurely exhibit a relatively low 
structural density. Indeed, upon observing the materials’ response on a 
stabilised stress range basis, the best performing LED as-built samples 
actually appear to outperform the HED counterparts. This can be seen 
more clearly in the hysteresis stress–strain loop response of the different 
90◦ materials, as displayed in Fig. 8. In the first-cycle loops, the LED as- 
built sample reaches a higher yield stress than the HED as-built and 
polished samples, and also a higher maximum stress at peak strain. Yet, 
once peak stresses have stabilised, the maximum stress has cyclically 
softened by approximately 40 MPa, as is also the case for the HED as- 
built sample. However, the polished HED material exhibits the lowest 
degree of softening, maintaining similar maximum and minimum stress 
values for the duration of the LCF tests. This is reflected in the Δσ-Nf 
curve (Fig. 7b), where apart from the two tests that failed prematurely, 
the as-built samples lie on a similar curve, whilst the polished samples 
outperform both. The monotonic first-cycle loops also allow a compar
ison of the apparent Young’s Modulus values and the difference between 
the three material types for this build orientation is minimal (HED 
polished = 193 GPa, HED as-built = 195 GPa, LED as-built = 196 GPa). 
In all cases, these values were calculated across a consistent stress in
terval of 0–200 MPa. 

A similar behaviour is seen when considering the fatigue behaviour 
of the diagonally (45◦) built SS316L samples. As given in Fig. 9, again 
the HED samples exhibit a more consistent behaviour as depicted by the 
clearly defined S-N response, whereas the LED material offers a large 
degree of scatter across both surface finish types. While on a εa-Nf basis, 
the best performing LED samples appear to have a highly comparable 
fatigue performance to the HED samples, on the Δσ-Nf curves, the con
trasting data sets diverge more considerably, where a distinct difference 
in the cyclic behaviour is established. Here, the HED 45◦ polished 
samples exhibit the longest fatigue lives, followed by the HED as-built 
and LED polished samples which have a similar response, followed 
finally by the LED as-built material, where there is a clear knock-down in 
fatigue life. This can be potentially linked to the effects of the surface 
roughness. Whereas the effective stress concentration (Kt) for the as- 
built 90◦ HED sample was significantly higher than the LED 

Table 6 
Calculated effective Kt values for LPBF SS316L samples.  

Sample HED 90◦ P HED 90◦ AB HED 45◦ P HED 45◦ AB HED 0◦

P 
LED 90◦ AB LED 45◦ P LED 45◦ AB LED 0◦

P 

Effective Kt  1.04  4.75  1.10  5.67  1.15  2.45  1.13  4.94  1.13  
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equivalent (Kt = 4.75 compared to 2.45), for the 45◦ samples, the dif
ference is far less significant. Given the marginal difference in the 
calculated Kt values, other factors become more significant, such as the 
presence of internal stress raising features including porosity sites and 
LoF defects. 

The hysteresis stress–strain loop response of the different 45◦ angled 
samples is displayed in Fig. 10. Firstly, it can be noted that the different 
samples exhibit a range of apparent Young’s Modulus values when 
measured from 0 to 200 MPa (HED polished = 193 GPa, HED as-built =
186 GPa, LED polished = 207 GPa, LED as-built = 184 GPa), with the 

Fig. 7. LCF results for LPBF SS316L 90◦ LED and HED samples a) εMAX-Nf and b) Δσ-Nf.  

Fig. 8. A) first-cycle and b) stabilised strain–stress loop behaviour for LPBF SS316L 90◦ LED and HED samples, each tested at εa = 0.003 mm/mm.  

Fig. 9. LCF results for LPBF SS316L 45◦ LED and HED samples a) εMAX-Nf and b) Δσ -Nf. Tests that run-out are indicated by an arrow.  
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LED samples possessing a difference of more than 20 GPa when 
comparing the as-built to the polished equivalent. This difference is 
attributed to the random distribution of LoF defects in the LED samples, 
since porosity has previously been found to be highly influential on the 
Young’s Modulus behaviour of L-PBF SS316L. In the study by Garlea 
et al., the apparent Young’s Modulus of L-PBF SS316L was found to 
range from 140 GPa to 210 GPa, depending on the Archimedes density 
of the respective materials analysed [46]. 

The 45◦ as-built HED sample was also found to yield at a far lower 
stress value compared to the other variants, and this is due to this sample 
type exhibiting the highest effective stress concentrations at the surface 
and also a comparably larger grain size as compared to the LED material. 
The 45◦ material with the highest yield was the LED polished sample, yet 
once the material starts to plastically deform, there is very limited strain 
hardening as compared to the other material variants. This can also be 
seen in the stabilised loop condition, where the maximum stress of the 
polished LED sample has softened down to the same stress level as the as- 
built materials, whereas the polished HED sample is again capable of 
maintaining a higher magnitude of stress and softening the least. For 
each energy density, the polished samples typically outperform the 
samples remaining with an as-built finish. Of course, this can be related 
to the higher stress concentrations on an as-built surface, but also the 
reduced load bearing cross section that these sample types possess, and 
subsequently, a lower yield strength when compared to samples where 
the surface is more consolidated and uniform. 

Finally, in the horizontally built samples, as displayed in Fig. 11, the 
S-N data for the polished LED and HED samples are highly comparable. 
This would be as expected, given the consistent surface finish across the 
energy density variants. Therefore, the differences between the two 
material types can be directly related to the presence of defects or the 
underlying grain morphology (Table 3). Given that the LED samples 
exhibit a finer grain size, they would be expected to have a stronger 
resistance to cyclic loading. As such, the main factor influencing the LCF 
behaviour of the LPBF SS316L 0◦ samples can be assumed to be asso
ciated with the defect population. This is surprising due to the minimal 
scatter seen in the LED samples. The hysteresis stress–strain loop 
behaviour of the horizontally built samples is depicted in Fig. 12, and it 
again shows the increased level of plasticity occurring in the LED sam
ples, as the sample yields at a lower stress and is unable to reach the 
same maximum stress as the HED material. This occurs despite the two 
material types exhibiting the same apparent Young’s Modulus of 193 
GPa (when calculated between 0 and 200 MPa). It is important to note 
though that the LED sample was tested at a slightly higher εa value, yet 
the material does appear to yield at a lower stress, again likely due to the 
presence of the internal LoF defects. Vallejo et al. [47] previously 
documented that the yield and tensile strength properties of LPBF 
SS316L appeared to be more sensitive to the presence of LoF defects, as 
opposed to key hole porosity which tends to occur when an excessive 
laser power is employed. Despite this, in the stabilised condition the LED 
material is still capable of reaching a comparable maximum stress as the 

Fig. 10. A) first-cycle and b) stabilised strain–stress loop behaviour for LPBF SS316L 45◦ LED and HED samples, each tested at εa = 0.003 mm/mm.  

Fig. 11. LCF results for LPBF SS316L 0◦ LED and HED samples a) εMAX-Nf and b) Δσ-Nf. Tests that run-out are indicated by an arrow.  
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HED samples, whilst also cyclically softening the least of the two 
materials. 

To corroborate the properties found from the hysteresis stress–strain 
loops presented in Figs. 8, 10 and 12 for the three different build ori
entations, a series of Vickers hardness indents were recorded on the X-Y 
and X-Z planes of each of the LED and HED variants. As expected, the 
hardness properties were consistent across the two energy densities, 
irrespective of the change of build orientation and plane. The LED and 

HED samples had average hardness values of 187 Hv1 and 189 Hv1 
respectively. However, these values deviated when readings were 
recorded in the vicinity of lack of fusion defects, where the corre
sponding Hv value was significantly reduced. 

When directly comparing the fatigue properties of the three different 
build orientations, it appears that there is little differentiation between 
the HED samples in the polished condition, particularly when consid
ering the Δσ-Nf response. There is a slight ordering, whereby the 

Fig. 12. A) first-cycle and b) stabilised strain–stress loop behaviour for LPBF SS316L 0◦ LED and HED samples, each tested at εa = ~0.003 mm/mm.  

Fig. 13. SEM fracture surfaces of LPBF 90◦ SS316L LCF samples a) LED as-built, b) LED as-built (higher magnification), c) HED as-built, d) HED longitudi
nally polished. 
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0◦ samples generally exhibit the highest fatigue strength, followed by 
the 90◦ and finally 45◦ samples, a trend that coincides with previous 
work [22]. However, it is more difficult to directly compare the as-built 
equivalents due to the degree of scatter in the data that arises from the 
previously documented structural defects and the inherently rougher as- 
built surface finish. Shrestha et al. [22] also found that the effect of 
relatively smaller surface stress concentration features arising from the 
manufacturing process may not be as significant on the cyclic behaviour 
of the LPBF material as the presence of larger internal LoF defects. 

The scatter observed in the LED samples also appears to be more 
pronounced at lower strain amplitudes (εa = < 0.003 mm/mm), where 
the level of plastic deformation under cyclic loading would be expected 
to be small, and therefore, the majority of the fatigue life will be 
dominated by crack initiation, which would be more sensitive to the 
presence of defects. Conversely, at higher strain values, the fatigue life 
would be expected to consist of a more significant portion of crack 
growth, which is less influenced by defective regions. Similar observa
tions were found by Shrestha et al. [22], who also found that the pres
ence of internal structural defects play a more significant role on the 
fatigue behaviour of LPBF SS316L material than anisotropic variations 
in the underlying microstructures, including the orientation of elon
gated grains, aspect ratio and grain size. 

3.3. Fracture behaviour 

Post test, a series of samples were subjected to fractographic in
vestigations in order to understand the underlying failure mechanisms 
and whether any process induced defects or anomalies played a role in 
the deformation behaviour of the different LPBF SS316L samples. Fig. 13 
presents a series of the typical fracture surfaces observed from the LCF 
tests on the 90◦ oriented LPBF samples and reveal significant differences 
relating to surface finish and energy density. The zone of crack nucle
ation is difficult to identify in the LED as-built sample due to the 
compressive nature of the loading cycle (Fig. 13a), but the surface is 
shown to have large porous areas containing significant quantities of 
unfused or very partially fused powder feedstock (Fig. 13b). The fatigue 
life of this sample fell to the left of the S-N data, effectively failing 
prematurely (after less than 500 cycles) compared to other 90◦ as-built 
LED samples tested under the same conditions (εa = 0.003 mm/mm) 

that reached more than 10,000 cycles. It can also be seen that crack 
growth is primarily transgranular, interacting with clusters of partially 
fused powder particles that are heavily populated on the surface. Such 
behaviour would also introduce a large element of scatter to the 
resulting fatigue life and this is reflected in Fig. 7. In contrast, the failure 
process of the HED samples resemble typical crack initiation, propaga
tion and tensile overload stages, irrespective of the surface finish (see 
Fig. 13b and c). In both sample types, crack initiation was seen to occur 
at the surface, with none of the HED samples exhibiting a sub-surface 
origin for fatigue failure. This corroborates with the process parame
ters chosen for the manufacture of the samples, where the energy density 
has previously been found to induce an almost fully dense structure 
(>99 %) and therefore, little evidence of any process induced defects 
were observed on the fracture faces. 

A similar behaviour is seen in the 45◦ samples, as depicted in 
Figs. 14-16. In each respective figure, high magnification images are 
given in the coloured boxes to represent features of interest within the 
fracture surfaces. Fig. 14 presents the fracture morphology of a LED as- 
built 45◦ sample that was again tested at εa = 0.002 mm/mm and failed 
after the shortest number of fatigue cycles (approximately 400 cycles) in 
comparison to other tests performed under the same conditions. Upon 
observing the fracture surface, there are strong indications as to why this 
sample failed prematurely. Like that seen in the LED 90◦ sample 
depicted in Fig. 13, the 45◦ equivalent also exhibits a significant pres
ence of LoF powder particles, that appear to be located in a stepped-type 
manner running along the fracture surface, perpendicular to the direc
tion of crack growth. Interestingly, despite the high population of de
fects in the sample, there is limited evidence of the fatigue crack 
initiating from a sub-surface location, Instead, it appears that the 
dominant factor promoting crack initiation is the as-built surface finish. 
As reported previously [20], an as-built surface roughness contains 
multiple high effective Kt factors which accelerate stage I fatigue (crack 
initiation) and the earlier onset of the stage II regime (crack propaga
tion), leading to a reduction in the overall fatigue life. The location of 
crack nucleation is corroborated by the local presence of finely spaced 
striations (as given in the yellow box) that appear to emanate from the 
sample’s surface. The narrow spacings between the striations indicate an 
initially slow rate of crack growth, which is predominantly dictated by 
the material’s microstructural features, such as grain size, grain 

Fig. 14. SEM fracture surface of LPBF SS316L LED 45◦ as-built LCF sample.  
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morphology, crystallographic texture, the presence of strengthening 
phases and the externally applied load. However, such resistance will 
likely be eventually hindered by the quantity and population of LoF 
defects, which are present at a larger scale (approximately 30–50 µm in 
diameter, as shown in the red box) as compared to the grain size 
(approximately 20–30 µm in diameter). Therefore, grain boundaries 
would be expected to have a reduced effect in inhibiting crack growth, 
thus promoting a faster rate of crack propagation. As such, once the 
crack reaches a defective region in the sample, the rate of crack prop
agation accelerates and will further reduce the fatigue life of the mate
rial. Previously, Reimer et al. [19] stated that crack growth behaviour in 
LPBF SS316L is not significantly influenced by process-induced imper
fections such as porosity. The major difference here though is likely to be 
the magnitude and volume of the defects found in the LED material, 
whereas the volume and geometry of the defects found in Reimer’s 
research was not reported. Likewise, Zhang et al. [48] also found that 
LPBF SS316L material containing large porosity features is prone to 
porosity-driven crack initiation, which can significantly reduce the high 
cycle fatigue life, or those tested at low strain levels (εa = < 0.003 mm/ 
mm). 

This is in contrast to the behaviour seen in the polished LED 45◦

material (Fig. 15). In this sample, crack initiation has arisen from a 

subsurface location, situated towards the centre of the sample. Since the 
surface was subjected to a longitudinal polishing procedure, the as-built 
surface roughness has been removed to such an extent that it appears to 
play no role in the nucleation of the main fatigue crack. Instead, initi
ation appears to have occurred from a small cluster of LoF defects, as 
shown in the red box. Liang et al. [23] previously reported that through 
using the Murakami approach, that considers the relationship between 
fatigue strength and defect size as well as the fatigue strength ratio in 
different loading modes, multiple clustering defects can act synergisti
cally as one large defect to initiate the fatigue crack. Detail on the stri
ation behaviour is depicted within the yellow box. 

Crack growth in the HED as-built and polished samples (Figure 16) 
appears to have initiated at the surface in both instances, since the 
material was fully dense. As would be expected, the presence of a pol
ished surface offers a better fatigue performance compared to the as- 
built surfaces, due to the increased surface roughness. Likewise, the 
as-built HED samples are also outperformed by the LED polished sam
ples, indicating that an as-built surface roughness plays a more influ
ential role in controlling fatigue initiation behaviour than a sample 
containing isolated clusters of internal defects but with limited stress- 
raising features at the surface. 

For the horizontally built samples, again, there was a significant 

Fig. 15. SEM fracture surface of LPBF LED 45◦ SS316L longitudinally polished LCF sample.  

Fig. 16. SEM fracture surface of LPBF SS316L HED 45◦ LCF samples a) as-built, b) longitudinally polished.  
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difference in the fracture morphology and this can be directly related to 
the energy densities used during manufacture. Fig. 17 presents the 
fracture surface of a LED 0◦ oriented sample and the images again show 
significant evidence of LoF features occurring (see yellow box), which 
appear to be aligned perpendicularly in a stepped arrangement across 
the surface (example shown in the red box). These are thought to relate 
to the build layers from the manufacturing process, where insufficient 
energy was used to melt the powder in the LED samples. Given the extent 
and population of these features, when subjected to a cyclic load, the 
dominant crack can propagate rapidly through such poorly consolidated 
material, resulting in a significantly shorter fatigue life compared to a 
fully dense equivalent. 

The reduced energy density used in the manufacture of the LED 
samples is seen to result in LoF, high porosity, irregular fractures and 
poor fatigue performance. Despite these flaws, a selection of the LED 
samples appeared to have a density more comparable to the HED ma
terials, as shown on the respective S-N plots and reported in Table 4. 
However, given that both sample sets were subjected to a HIP operation 
prior to mechanical testing, it appears that this has had little effect on 
improving the fatigue properties. Indeed, it has previously been reported 
that HIP operations can be detrimental to the fatigue performance of 
LPBF SS316L [19 49]. This was attributed to recrystallisation taking 
place in the microstructure since HIP procedures are typically performed 
at elevated temperature, which resulted in a significant reduction of the 
dislocation density and a 30 % drop in the yield strength [5051]. 

Zhang et al. [48] adopted the Kitagawa-Takahashi analysis to pro
vide a theoretical estimate of the critical pore size in their work when 
investigating the fatigue behaviour of LPBF SS316L. The effect of layer 
thickness on the resulting fatigue performance was investigated, 
employing thicknesses of 20–80 µm, whilst keeping all the other main 
process parameters consistent. They found that for a layer thickness of 
between 40 and 60 µm (the layer thickness of the LED samples here is 50 
µm), the critical pore size was found to lie between 13.4 and 53.6 µm. 
This range of values coincides with the powder size distribution (15–53 

µm) of the material used in this study, thus indicating that a hollow 
powder particle or a single LoF defect can theoretically be considered to 
be critical and have an influence on the resulting fatigue behaviour of a 
given component. Caution should be taken however, since this value 
should be interpreted in conjunction with the size of the local micro
structure. In the study by Zhang, the grain length was approximated to 
be between 30 and 40 µm, which is not too dissimilar to the sizes 
observed seen in the LED material in this investigation. 

3.4. Coffin-Manson empirical modelling 

Given that the presented results have been generated under LCF 
conditions, it is also of interest to determine whether empirical ap
proaches can be accurately correlated to the different data sets whilst 
providing an indication of how the materials would perform under lower 
applied strain amplitudes. As employed in previous studies by the au
thors [20 22], the Coffin-Manson approach can be adopted to obtain 
empirically derived fatigue curves. The strain-based method utilises the 
data produced at the stabilised half-life condition to estimate the 
fatigue-life cyclic behaviour of the different material variants, through 
the following expression: 

Δε
2

= εa =
Δεe

2
+

Δεp

2
=

σf ′
E
(2Nf )

b
+ εf ′(2Nf )

c (3) 

where Δε
2 = total strain amplitude, Δεe

2 = elastic strain amplitude, Δεp
2 =

plastic strain amplitude, σf′ = fatigue strength coefficient, E = Young’s 
Modulus, b = fatigue strength exponent, ε′f = fatigue ductility coeffi
cient, and c = fatigue ductility exponent. Further detail on how this 
expression is derived can be found in [20 22]. The calculated exponents 
and coefficients for the different material variants are presented in 
Table 7. 

Plots of εa-Nf curves can then be obtained for the different material 
types, as displayed in Fig. 18. The predicted curves for the LED samples 
have been derived purely based on the samples that did not fail 

Fig. 17. SEM fracture surface of LPBF LED 0◦ SS316LN longitudinally polished LCF sample.  
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prematurely (Fig. 18a)). As such, only the best performing data points 
for each LED material variant were included in the respective calcula
tions. The samples that were not used for the empirically derived curves 
are indicated by a hollow data point. 

The two plots show how the empirically derived curves correlate 
with the experimental data, and as can be seen, the results indicate a 
good agreement, and also provides an important indication of the esti
mated fatigue lives of the different material variants. Typically, due to 
the unpredictable nature of several LED samples (as indicated by the 
blue coloured series), many of the data points fall below the predicted 
fatigue curves. However, the empirical fits do provide an estimation of 
how those samples would behave under smaller strain amplitudes. 

4. Conclusions 

This study consisted of the manufacture of stainless steel 316L 
samples through LPBF and was aimed at investigating the influence of 
build orientation and volumetric energy density on the resulting me
chanical performance under low cycle fatigue conditions. Advanced 
microscopy, surface roughness profiling, fractographic investigations 
and empirical modelling have enabled the following conclusions to be 
drawn: 

• A high volumetric energy density (HED) (100.03 J/mm3) used dur
ing LPBF manufacture was found to induce a typical microstructure 
associated with AM, including an elongated grain morphology in the 
epitaxial build direction, with high levels of anisotropy and texture 
aligned to the 〈101〉 direction..  

• The higher energy density enabled a fully dense structure (>99 %) to 
be formed, however, the low energy density samples contained a 
large quantity of LoF defects leading to a final structural density in 
some cases of much less relative density, despite both material types 
being subjected to the same post-manufacture HIP procedure. This 

was attributed to the contrasting environments used during manu
facture (argon in LED, nitrogen in HED samples), since argon is 
insoluble during HIP and becomes trapped in the final structure. 
Instead, the HIP procedure had a negative impact on the LCF 
behaviour of the LED samples, promoting an increase in grain size 
due to the high temperature used, which induced further grain 
growth.  

• Samples manufactured using a low energy density (LED) (54.5 J/ 
mm3) exhibited a more refined and equiaxed grain structure, with 
less anisotropy and crystallographic texture, all of which are desired 
when designing a material to resist cyclic deformation. However, all 
of these beneficial factors are overcome by the significant presence of 
LoF defects which could not be fully eradicated during HIP.  

• The HED samples were found to have more severe effective stress 
concentration factors at the surface than the LED material in the as- 
built condition, particularly in the vertical, 90◦ orientation. How
ever, since the internal bulk material contained significant porosity 
in the form of LoF defects, the LED samples generally had an inferior 
fatigue response. This was evidenced in the contrasting fracture 
morphologies seen in the two material types, where fatigue damage 
of LED samples containing a high population of defects was found to 
originate from a subsurface feature, whereas in the HED samples, 
fatigue initiation solely occurred at the surface, irrespective of the 
surface finish. 

• In both LED and HED batches, polished samples significantly out
performed the as-built equivalents, but this deficit is reduced if the 
material contains clusters of internal stress raising defects, which 
effectively synergistically act as a single large defect to induce fa
tigue initiation.  

• The Coffin-Manson empirical fatigue-lifing approach has been found 
to appropriately capture the LCF behaviour of LPBF SS316LN sam
ples built in alternative build orientations for both LED and HED 
material variants. The LED samples that failed prematurely during 

Table 7 
Coffin-Manson curve fitting parameters for the different LPBF SS316L variants.   

HED LED 

90◦

P 
90◦

AB 
45◦

P 
45◦

AB 
0◦

P 
90◦

AB 
45◦

P 
45◦ AB 0◦

P 

σf′  806.5  615.93  796.04  673.06  719.76  508.78  558.12  258.27  643.23 
b  − 0.078  − 0.067  − 0.076  − 0.067  − 0.066  − 0.048  − 0.046  − 0.056  − 0.063 
ε′f  7.946  0.641  1.315  0.392  0.287  1.181  0.435  0.013  1.135 
c  − 0.790  − 0.596  − 0.657  − 0.586  − 0.510  − 0.662  − 0.532  − 0.220  − 0.655  

Fig. 18. Coffin-Manson fitting curves for LPBF SS316L samples, a) LED and b) HED variants.  
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LCF testing fell below the predicted curve, but the empirically 
derived prediction provided a suitable estimation of LED material 
consisting of less structural defects.  

• To obtain a more optimal resistance to LCF damage through a refined 
equiaxed grain structure with little anisotropy and microstructural 
texture, a future recommendation would be to manufacture a series 
of experimental coupons with a low energy density and a slightly 
reduced layer thickness, but within a nitrogen atmosphere. This 
would produce an intentionally porous structure but with a fine 
microstructure with limited texture and a more favourable as-built 
surface roughness, all of which is produced in a faster 
manufacturing process with a higher production rate. Post- 
manufacture, the HIP process would then be envisaged to consoli
date a large element of the material, but caution should be taken as 
this may be to the detriment of the dimensional accuracy of the final 
component. 
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