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A B S T R A C T   

To ensure the robust design freedom of metallic additive manufacturing, the fatigue properties and the 
dimensional limitation of as-built components by laser powder bed fusion (PBF-LB) are investigated. Fully 
reversed and strain-controlled fatigue tests were carried out on tubular specimens with different wall thicknesses, 
1 mm and 2 mm, for the purpose of studying the thin-wall effect without having risk of buckling problem during 
compression. Two wrought conditions are also enclosed as a comparison, which are the cold worked (CW) and 
solution annealed condition (SA). In the as-built PBF-LB tubular specimens, deformed microstructure and 
deformation twins are discovered close to the surface region, together with a higher roughness of the inner 
surface due to the heat accumulation. The surface roughness is evaluated as micro-notches, and a higher fatigue 
notch factor, Kf, at lower applied strain range is revealed. The factors influencing Kf include, the non-conductive 
inclusions serving as crack initiation sites at the surface region, and the deformation twins formed by the local 
stress concentration. The strain-life of PBF-LB samples is comparable with the wrought samples. However, the 
fatigue strength of the responding mid-life stress shows greater difference and is in the following order, CW 
wrought > PBF-LB > SA wrought. Secondary cyclic hardening owing to deformation induced martensitic 
transformation is found in both of the wrought samples. Yet, only cyclic softening exhibits in the PBF-LB samples, 
which is the result of the suppressed martensitic transformation and the dislocation unpinning from the cell 
boundaries.   

1. Introduction 

Metallic additive manufacturing (AM) is a disruptive technology that 
can build complex components directly to net shape. The precise energy 
deposition and material usage make AM more environmentally sus
tainable compared to traditional manufacturing. Compared to conven
tional manufacturing techniques, the design freedom from AM also 
greatly improves customized production. The add-on functionality in 
various applications include lattice structure for light weight applica
tions [1,2], cooling channel designs within components [3,4], and 
burner tip repair in gas turbines [5]. Due to the different manufacturing 
methodologies, the as-built microstructure of AM is different from 
conventional processes such as casting or forging, and it leads to 
different mechanical behaviours [6–9]. To establish robust applications 
of AM and keep the strength of the design freedom, it is necessary to 
understand the limitation of dimension and the performance of the 
as-built state. Hence, this study will focus on the fully reversed low cycle 

fatigue (LCF) behaviours of AM thin-walled structures, and the material 
is the stainless steel 316L (SS 316L) manufactured by laser powder bed 
fusion (PBF-LB). 

High surface roughness is commonly found in as-built AM compo
nent, and it deteriorates the fatigue performance due to the stress con
centration [10–12]. Different surface roughness parameters are in 
general expected to correlate with fatigue lifetime estimations [13]. Lee 
et al. [14] has proposed an approach by taking the surface roughness as 
micro-notches, and using Neuber’s rule [15] and Arola–Ramulu model 
[16] to quantify the surface roughness effect on stress concentrations. 
The elastic stress concentration factor, Kt, can be mathematically esti
mated from the surface roughness parameters. However, considering the 
great ductility of SS 316L, it could show different influence of stress 
concentrations between the LCF regime and the high cycle fatigue (HCF) 
regime [17]. Therefore, the fatigue notch factor, Kf, at each applied 
strain range will be calculated. Besides, the internal defects, such as 
porosity, lack of fusion and inclusions, have been reported to serve as 

* Corresponding author. 
E-mail address: cheng-han.yu@liu.se (C.-H. Yu).  

Contents lists available at ScienceDirect 

Materials Science & Engineering A 

journal homepage: www.elsevier.com/locate/msea 

https://doi.org/10.1016/j.msea.2021.141598 
Received 26 March 2021; Received in revised form 11 June 2021; Accepted 13 June 2021   

mailto:cheng-han.yu@liu.se
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2021.141598
https://doi.org/10.1016/j.msea.2021.141598
https://doi.org/10.1016/j.msea.2021.141598
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2021.141598&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Materials Science & Engineering A 821 (2021) 141598

2

stress concentration [12,18–21]. Hence, the mechanisms causing crack 
initiation will be investigated. 

In our previous work, thinner specimens of PBF-LB Ni-based alloy are 
discovered to show weaker tensile strength due to a texture transition 
[22]. To address possible thin-wall effects in fatigue behaviours, fatigue 
specimens with different thicknesses will be implemented in this work. 
For the purpose of avoiding bulking during the fully reversed low-cycle 
fatigue testing of thin-walled structures, a tubular fatigue specimen 
geometry is proposed. Three groups of PBF-LB specimens will be 
investigated, including the as-built tubular specimens, the tubular 
specimens with machined and fine polished surface, and the regular 
cylindrical specimens as a reference. The rough as-built surface can 
cause large inaccuracy in the determination of load bearing cross section 
when it comes to thin-walled specimens, leading the uncertainty of 
responding stress, hence, strain-controlled fatigue tests will be carried 
out. The influence of the as-built surface state can be investigated by the 
comparison between the tubular specimens with the two different con
dition, and the geometry effect can be analysed with the reference of 
cylindrical specimens. 

Cell structure is commonly found in AM materials, and the disloca
tion interaction with the cell boundaries can improve tensile properties, 
such as strength and ductility [23–26]. The cyclic response during fa
tigue of SS 316L correlates to the dislocation structure evolution, for 
instance, the formation of persistent slip bands (PSB), dislocation cell 
structure or labyrinth structure, deformation twinning and 
strain-induced martensitic phase transformation [27–35]. In addition, 
stacking fault energy (SFE) also greatly governs the deformation 
mechanisms in austenitic stainless steel [36–42]. Middle range of SFE 
(20–45 mJ/m2) can promote deformation twinning and lead to twinning 
induced plasticity (TWIP), while low range of SFE (<20 mJ/m2) en
hances martensitic phase transformation and yield transformation 
induced plasticity (TRIP) [43]. For the low cycle fatigue behaviour of SS 
316L, a secondary hardening caused by martensitic phase trans
formation has been reported [33,34,44,45]. However, in view of the 
possible SFE difference between AM and conventionally manufactured 
SS 316L [43,46–48], the deformation mechanism could be different. In 
order to reveal the effects of microstructure and SFE on fatigue behav
iour, a wrought SS 316L in the cold worked (CW) state and solution 
annealed (SA) state will be included as a comparison to PBF-LB SS 316L. 
The CW state refers to an elongated fine grain structure with high 
dislocation density that is similar to the PBF-LB microstructure, while 
the SA state greatly lowers the dislocation density and the amount of 
grain boundaries. 

2. Experiments 

2.1. Laser powder bed fusion process 

An inert gas-atomized SS 316L powder with a size distribution of 
20–53 μm was used as a feedstock material, where the chemical 
composition of the powder is provided in Table 1. Note that the chemical 
composition was determined by using inductively coupled plasma- 
optical emission spectrometry (ICP-OES); for the interstitial element 
analysis, combustion gas analysis was applied for the carbon and 
sulphur content, and hot fusion analysis was employed for the oxygen 
and nitrogen content. The samples were fabricated in an EOS M290 
machine equipped with an Yb-fiber laser with a maximum nominal 
power of 400 W and laser spot diameter of approximately 100 μm. The 
build chamber was flushed with high-purity argon gas to retain the 
oxygen content in the build chamber at below 0.1%. The samples were 

produced by using a 20 μm layer thickness and standard process pa
rameters (version 1.10) developed for SS 316L by EOS GmbH. 
Furthermore, a pre-defined scan strategy known as stripe scanning, in 
which a 67◦ scan rotation is performed after each layer. All fatigue 
specimens were built vertically along the building direction (BD) where 
the loading direction is parallel to the BD. All the samples were printed 
in the same batch to avoid any possible difference between batches, such 
as oxide layer difference between different time of powder recycling. 

2.2. Fatigue tests 

Fully reversed uniaxial low cycle fatigue (LCF) tests were carried out 
on three studied groups of PBF-LB SS 316L at room temperature under 
strain-control. An axial extensometer with a gauge length of 12.5 mm 
has been used for strain measurements. The LCF tests followed the 
standard ISO 12106, and a servo hydraulic fatigue test rig was applied 
with an Instron 8800 controller and an Instron ±50 kN load cell. The aim 
of this study was to investigate the influence of thin-wall effects and the 
as-built rough surface on LCF properties, hence, tubular fatigue speci
mens with 1 mm and 2 mm wall thickness were produced. One group of 
the tubular fatigue specimens were tested at the as-built state with rough 
surface resulting from the PBF-LB process, which is labelled as AB_1 mm 
and AB_2 mm. The specimen geometry of AB_1 mm is shown in Fig. 1, 
where the BD and radial direction (RD) are given. The second group 
were tests on tubular specimens with machined and fine polished sur
face, which is labelled as M_1 mm and M_2 mm. This group of specimens 
was built with an extra 100 μm added to both inner and outer sides of the 
wall to give space for the post surface-processing. The outer radius of 
both groups was fixed as 5 mm, and the inner radius was 4 mm and 3 mm 
respectively for the two different wall thicknesses. The third group was 
cylindrical specimens machined from as-built rods with a diameter of 15 
mm, which serve as a reference group for PBF-LB SS 316L, and is 
labelled as AB_rod. The purpose of testing AB_rod is to address the 
geometrical effect of the tubular fatigue specimens. The radius of the 
gauge length was 3 mm, and the surfaces were machined and fine pol
ished. The parallel length of all three groups of specimens was 15 mm. 

The LCF tests described above were also performed on two different 
groups of wrought SS 316L as a comparison between PBF-LB and con
ventional manufacturing. The specimen geometry and surface condition 
are the same as for the AB_rod samples. The as-received bar (diameter of 
16 mm) of wrought SS 316L was in “Hot rolled – Annealed Cold Drawn” 
condition according to ISO 10474 (2013), and is referred as 
Wrought_CW. Additional fatigue specimens have been subjected to a 
solution annealing heat treatment at 1060 ◦C for 30 min followed by 

Table 1 
The chemical composition of the powder.  

Element Fe C Cr Mn Mo N Ni O P S Si 

Wt.% Bal. 0.009 17.4 1.6 2.7 0.06 13.4 0.04 0.006 0.005 0.3  

Fig. 1. Fatigue specimen geometry of AB_1 mm.  
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water quenching, and they are defined as the group of Wrought_SA 
samples. The chemical composition is given in Table 2. 

In brief, three groups of as-built tubular fatigue specimens with 
different surface condition have been examined, and they are compared 
with cold worked and solution annealed wrought samples. The different 
groups of specimens are summarized in Table 3. 

2.3. Micro computed tomography and surface roughness analysis 

Micro computed tomography (μCT) scans were applied on the gauge 
section of the tubular fatigue specimens with as-built surface condition. 
The μCT scans were performed by using a commercial CT scanner GE V| 
Tome|X 180/300 (GE Sensing & Inspection Technologies GmbH, Wun
storf, Germany) with a source of 300 kV. A voltage of 200 kV and a 
current of 50 μA in combination with a silver prefilter of 0.25 mm 
thickness were applied. For each projection, it was the average of 3 
measurements with an exposure time of 3 s for each, and 2100 pro
jections in total were acquired for each specimen. A voxel size of 10 μm3 

was achieved. 
The surface roughness was investigated by using image analysis on 

the multiple cross sections from the μCT scans. An in-house MATLAB 
script was applied for the image analysis [49], and the surface roughness 
was determined along the loading direction. A schematic roughness 
profile for the image analysis is shown in Fig. 2, and the different 
roughness parameters are determined as follow, Ra (arithmetic mean 
values of the Z-coordinates), Rc (mean value of Zti in each Si), Rz 
(maximum Zti), Rv (maximum Zvi), Rp (mean value of Zpi in each Si) and 
Rq (root mean square of the Z-coordinates) [22]. 

2.4. Microstructure analysis 

The cross-section of interest was prepared by using electrical 
discharge machining. The cross-section was first polished from 500 Grit 
up to 400 Grit, and then was applied to the fine polishing with diamond 
suspension from 3 μm down to 0.25 μm. The OP-U colloidal silicon 
suspension was used as the final polishing step followed by using the 
water to remove the residual particle from the suspension. 

The microstructure and fractography were studied by using a Hitachi 
SU 70 field emission scanning electron microscope (FE-SEM), and both 
backscattered and secondary electron imaging have been applied. The 
grain orientation maps were analysed by using an Oxford EBSD (Elec
tron backscatter diffraction) detector. The step sizes were chosen 
differently between 0.1 μm and 1 μm depending on the magnification. 

The dislocation structure of fatigued specimen was investigated by 
using a transmission electron microscope (TEM), FEI Tecnai G2, which 
was operated at an acceleration voltage of 200 kV. A slice of the gauge 
section was manually ground to a TEM thin foil, and the final polishing 
was carried out by using a Struers twin-jet electropolishing system with 
the following conditions, at the temperature of − 25 ◦C, the applied 
voltage of 22.5 V, and the electrolyte of 10% perchloric acid with 90% 
ethanol. 

3. Results 

3.1. Surface roughness 

The outer and inner surfaces of the tubular specimen obtained by 
μCT are shown in Fig. 3. The spherical features are shown on both sides 
of the surfaces, which are the semi-melted or unmelted powders, and 
they will also be identified by the grain orientation maps in the next 

section. The inner surface exhibits more spherical semi-melted or 
unmelted powders attaching and sitting on the top of each other, which 
can possibly increase the height variation of the roughness profile and 
lead to higher surface roughness. The analysed surface roughness is 
shown in Table 4. In general, all the roughness parameters of the inner 
surface are much higher than the outer surface, and the roughness of the 
specimen with 1 mm wall thickness is slightly higher than the 2 mm one. 
The roughness difference between the inner and outer surface correlates 
well with the observation in Fig. 3. An addition information from μCT 
scanning is that the specimens are fully dense and nearly porosity free. 

3.2. Microstructure 

3.2.1. PBF-LB SS 316L 
The as-built microstructure from different cross-sections of AB_1 mm 

are shown in Fig. 4(a) and (b). Roughly equiaxed grain structure is found 
from the top view, and elongated grain structure is discovered from the 
side-view. The grain size determined from the top view is 17 ± 16.4 μm. 
As the colour legend is along the BD, the majority of the columnar grains 
are identified as having the texture component <011>//BD (green 
colour), meanwhile, the smaller grains in between are either <001>// 
BD or random texture. Within the columnar grains, cell structure can be 
found and indicated by low angle grain boundaries. A further zoom-in 
on the cell structure is shown in Fig. 5 where the dislocation structure 
is revealed by using STEM. High dislocation density is found at the cell 
boundaries, and the size of the cell structure is around 300–500 nm in 
diameter. 

Tiny grains are discovered at the surface of both sides, and it is 
relatively more thin and elongated grains close to the inner surface side. 
A closer look at the inner surface region is shown in Fig. 4(c)–(f), where 
four different maps are given. Compared to the uniform microstructure 

Table 2 
Chemical composition of the wrought SS 316L. The composition is according to the certification from the material supplier.  

Element Fe C Cr Mn Mo N Ni P S Si 

Wt.% Bal. 0.01 16.87 1.51 2.04 0.058 10.16 0.028 0.026 0.47  

Table 3 
Summary of different groups of fatigue specimens.  

Group Process Surface condition Heat treatment 

AB_1 mm & AB_2 
mm 

PBF-LB As-built surface None 

M_1 mm & M_2 
mm 

PBF-LB Machined & fine 
polished 

None 

AB_rod PBF-LB Machined & fine 
polished 

None 

Wrought_CW Wrought Machined & fine 
polished 

Hot rolled – Annealed 
Cold Drawn 

Wrought_SA Wrought Machined & fine 
polished 

Solution annealed  

Fig. 2. The roughness profile for parameter determination [22].  
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in the bulk region, a finer but more inhomogeneous grain structure is 
found in a surface layer of around 100–200 μm (Fig. 4(c)). Further, the 
layer is plastically deformed, as shown in Fig. 4(f), and deformation 
twins are also discovered close to the outer surface regime, see Fig. 4(e). 
Though the microstructure is inhomogeneous close to the inner surface, 
it is still fully austenitic, see Fig. 4(d). 

3.2.2. Wrought SS 316L 
The microstructures of the reference group, Wrought_CW and 

Wrought_SA, are shown in Fig. 6, where finer grain structure is revealed 
in Wrought_CW. The grain size of Wrought_CW is 25 ± 18.8 μm, and the 
grain size of Wrought_SA is 38.9 ± 24 μm. One can find more low angle 
grain boundaries in Wrought_CW, which indicates that there are more 
finer grains within the grains determined by high angle grain boundaries 
and possibly higher dislocation density. In addition, annealing twins are 
found in both samples, and the volume fraction is much higher than PBF- 
LB SS 316L. 

3.3. Fatigue results 

The strain-life fatigue results are shown in Fig. 7(a) in a logarithmic 
scale. In the high strain range regime, the lifetime of all groups is at the 
same level, but a larger difference is observed at lower strain ranges. For 
each test condition, the total strain is composed of elastic strain and 
plastic strain, which can be determined from the hysteresis loop. The 

Fig. 3. Reconstructed 3D images from μCT scans of the gauge section of AB_2 mm. (a) The outer surface. (b) The inner surface.  

Table 4 
Surface roughness analysis on the gauge section of the tubular fatigue 
specimens.  

Wall thickness 1 mm 1 mm 2 mm 2 mm 

Inner surface Outer surface Inner surface Outer surface 

Rp (μm) 69.1 44.0 60.6 40.3 
Rv (μm) 47.5 24.1 41.8 25.4 
Rz (μm) 116.6 68.1 102.3 65.7 
Rc (μm) 71.4 38.1 65.3 40.9 
Ra (μm) 19.1 11.0 17.8 10.9  
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relation between fatigue-life and total strain amplitude can be described 
by two parts, the elastic strain-life relation given by Basquin’s equation, 
and the plastic strain-life relation characterized by Coffin-Manson’s 
equation [13,50]. The elastic strain can be calculated from the measured 
mid-life stress amplitude and E by using Hook’s law. The combined 
equation is shown as follows, 

Δε
2

= εa =
Δεe

2
+

Δεp

2
=

σ′

f

E
(
2Nf

)b
+ ε′

f

(
2Nf

)c (1)  

where εa is the strain amplitude, Δεe and Δεp are the mid-life elastic and 
plastic strain amplitude respectively, σ′

f is the fatigue strength coeffi

cient, ε′

f is fatigue ductility coefficient, b and c are curve fitting expo
nents respectively, E is the Young’s modulus, and Nf is the total fatigue 
life at failure. The life cycle numbers, at which the elastic strain and 
plastic strain are equal, is defined as the transition fatigue life, Nt. Nt 
typically separates the LCF and HCF regime, where elastic strain dom
inates in HCF regime and plastic strain dominates LCF regime. The fa
tigue life estimation parameters above are listed in Table 5. Note that the 

fitted ε′

f and c of AB_1 mm and AB_2 mm shows large deviation from the 
other groups, which is assumed to be caused by the surface condition, 
and it will be discussed in section 4.2. 

A surface roughness calibration method has been proposed in our 
previous work [22], which states that the overestimated cross-section 
due to the roughness should be subtracted by roughness parameter Rp 
to obtain a more accurate stress value, see the definition of Rp in Fig. 2 in 
section 2.3. This roughness calibration method has also been applied on 
AB_1 mm and AB_2 mm to obtain the responding stress, where the inner 
and outer surfaces have been calibrated with its own roughness value. 
The outer radius of the tube was measured directly by callipers, and the 
inner radius was determined by examining the CT scans. 

In Fig. 7(b), the responding stress of each applied strain range is 
determined at the mid-life, and the stress-life fatigue results are plotted. 
The Wrought_CW and the Wrought_SA are the best and the worst fatigue 
lifetime respectively, and the fatigue lifetime of PBF-LB samples stands 
in between. In stress-life, the ranking of fatigue lifetime among the PBF- 
LB samples is similar to the strain-life. However, the lowest points of the 
stress range of AB_1 mm and AB_2 mm show large deviation to the 

Fig. 4. EBSD grain orientation mapping of the as-built microstructure of AB_1 mm. High angle grain boundaries (>10◦) are labelled by the thick black lines, and the 
low angle grain boundaries (>2◦) are labelled by the thin grey lines. The colour legend of each grain orientation map is corresponding to the BD. (a) The top view 
where the inner surface is at the upper side. (b) The side view where the inner surface is at the right side. (c)–(f) are the microstructure at the inner surface region. (c) 
Grain orientation map. (d) Phases map. (e) Band contrast map. The deformation twins are labelled by the red lines. (f) Recrystallization fraction map, which is 
determined by the misorientation between each grain. (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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trendline, which is the result of the shorter lifetime at lower applied 
strain range. In Fig. 7(c), the cyclic stress-strain curves are fitted based 
on the Ramberg-Osgood relation, where the equation is given as follows 
[51], 

εa = εe + εp =
σa

E
+
(σa

H ′

) 1
n′ (2) 

εa is the strain amplitude, εe is the elastic part and εp is the plastic part 
of the strain amplitude, σa is the mid-life stress amplitude, E is the 
young’s modulus, H′ is the cyclic strength coefficient and n’ is the strain 

hardening exponent. The fitted parameters are listed in Table 5. A 
monotonic tensile stress-strain curve of PBF-LB SS 316L is also included 
in the figure. 

3.4. Fractography 

The fractography of the different groups of samples are shown in 
Fig. 8. In general, multiple crack initiation and propagation sites are 
found in each group. Moreover, non-conductive inclusions with various 
shapes can be found close to the surface regions, and they are assumed to 

Fig. 5. Dislocation structure of the as-built PBF-LB SS 316L imaged by using STEM.  

Fig. 6. EBSD grain orientation mapping of the 
wrought SS 316L, where the loading direction is 
out-plane. (a) and (b) are from Wrought_CW. (c) and 
(d) are from Wrought_SA. For (a) and (c), the high 
angle grain boundaries (>10◦) are labelled by the 
black lines, and the low angle grain boundaries 
(>2◦) are labelled by the grey lines; the colour 
legend refer to the loading direction. For (b) and 
(d), both are images from band contrast with the Σ3 
{112} incoherent twin boundaries labelled by the 
red lines. (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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be the crack initiation points. The conductivity of the inclusion is quite 
different from the major component, hence, the inclusions can be clearly 
indicated by the imaging contrast. 

For AB_1 mm, the fracture surfaces close to the surface area and in 
the centre of the bulk are shown in Fig. 8(a)–(d). The valley of the rough 

surface and the non-conductive inclusions serve as cracking initiation 
points from the surface. In the bulk region, the serration and different 
crack propagation directions are revealed. For the fracture surfaces of 
M_1 mm shown in Fig. 8(e)–(f), the crack initiations are also from the 
non-conductive inclusions that are embedded at the surface region even 

Fig. 7. (a) The applied strain range versus lifetime. 
Note that it is in log-log plot. (b) The mid-life stress 
range versus lifetime, where the responding stress 
range is determined at the mid-life of each applied 
strain range. Note that the cycle is in log scale. (c) 
The cyclic stress-strain curves fitted from the 
Ramberg-Osgood relation, and the experimental 
results of the applied strain and responding stress 
are included along the curves. The stress-strain 
curve of monotonic tensile test is obtained from 
the first tensile loading cycle of the fatigue test. 
Note that the trendlines are fitted by using power- 
law function.   
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though the rough surface has been properly removed. For the fracture 
surface of AB_rod shown in Fig. 8(g)–(h), three major cracks propagate 
from the surface, and the non-conductive inclusions serve as the crack 
initiation as well. In addition, no significant defects are found in the bulk 
region of each group, which is assumed to be related to the fully dense 
and nearly defect free of the specimens as confirmed by μCT scanning. 

4. Discussion 

4.1. Influence of microstructure and surface roughness on fatigue lifetime 

The as-built microstructure of tubular specimen shown in Fig. 4 
shares the similarity with other PBF-LB stainless steel [47,52,53] and 
materials with FCC phase [26,54,55]. The cell structure, high disloca
tion density and dislocation piling up at grain boundaries are hypothe
sized to be features existing in the as-built microstructure as reported in 
the literature [23,25]. On the other hand, the cold drawn process of 
wrought SS 316L can lead to elongated grain structure, grain refine
ment, and high dislocation density, which resemble the microstructure 
in PBF-LB SS 316L. As a result, the fatigue performance of AB_rod can be 
comparable with the Wrought_CW, particularly in the regime of low 
applied strain range as illustrated by the trendline shown for the 
stress-life in Fig. 7(b), and also the similar Nt values shown in Table 5. In 
addition, the cell structure of PBF-LB SS 316L is assumed to be beneficial 
for the fatigue resistance [17]. Considering that the solution annealing 
lowers the dislocation density and the amount of grain boundaries, the 
fatigue strength turns out to be lower than for the PBF-LB ones. 

For the tubular specimens, both AB_1 mm and AB_2 mm show higher 
surface roughness for the inner surface side than the outer surface side, 
and it is presumed to be caused by the higher heat accumulation in a 
close loop. The heat accumulation sinters more powders to the surface, 
which makes the powders stand on top of each other and induce higher 
roughness. However, it is surmised that the higher surface roughness 
does not increase the stress concentration significantly at the inner 
surface since the part of increased roughness is away from the load 
bearing region. Surface cracks from specimens fatigued in the highest 
and lowest applied strain ranges respectively are shown in Fig. 9. 
Transgranular crack propagation is discovered in both cases. The cracks 
are found to be close to the valley part of the roughness surface, and 
secondary cracks are revealed. Yet, some different microstructural re
sponses between the two applied strain range also exhibits. For the 
strain range of 2%, it exhibits highly deformed microstructure along the 
major crack, and deformation twins are discovered at the deformed 
regime. Since it is a fully reverse fatigue test, the compression process 
highly contributes to the plastic zone. For the strain range of 0.3%, the 
plastic deformation accompanied by twinning is only observed at the 
crack tip, see Fig. 9(e), and the deformation twins at the crack tip are 
assumed to be beneficial to hinder the crack propagation. The defor
mation twins correlate with the local stress concentration and play a role 
in the plasticity. 

From the fracture surfaces shown in Fig. 8 it can be seen that non- 

conductive inclusions initiates cracks at the surface area in all the 
three groups. Such inclusions have also been found in other fatigue 
studies of PBF-LB materials and have been reported to trigger crack 
initiation [19–21]. There is a difficulty to characterize the composition 
of non-conductive inclusions since they stand on the fracture surface, 
but it is presumed to be the inclusion formed from the contamination in 
the chamber during the printing process. Considering that the surface 
region is a relatively weaker point compared to the bulk region due to 
the surface roughness and the potential defects, the larger surface area 
could lead to lower fatigue life. Therefore, the fatigue life of M_1 mm and 
M_2 mm are lower than AB_rod as a result of the larger surface area/
volume ratio, even though the surface has been machined and fine 
polished. On the other hand, the fatigue life difference of the tubular 
specimens with machined and as-built rough surface is obviously caused 
by the high surface roughness and the stress concentration at the valley 
part of the roughness profile. The fatigue performance is sensitive to the 
surface condition, and it has an impact on the transition fatigue life 
where the Nt of as-built surfaces is the lowest among the different 
groups. For the same number of cycles to failure, the specimens with a 
rough surface experience less amount of nominal plastic strain, and the 
plastic strain is assumed to be localized to the stress concentrations and 
causing the multiple crack initiation points. Hence, the fitted parameters 
from Coffin-Manson’s law for AB_1 mm and AB_2 mm also shows large 
deviation from the other groups. 

4.2. Fatigue notch factor 

To quantify the stress concentration of the as-built rough surface, the 
surface roughness is evaluated as micro-notches on the surface [14,16], 
and the fatigue notch factor (Kf) will be calculated by using Neuber’s 
rule [13,15]. As shown in Fig. 9, it is common to find the valley part of 
surface roughness as crack initiation point due to the stress concentra
tion. The radius of the valley plays a critical role on Kf [16,56], and this 
approach has been applied to quantifying the stress concentration of 
machined surfaces with a fairly constant roughness. However, it is a 
relatively larger variation of the roughness profile for PBF-LB as-built 
surfaces than machined surfaces, but the Kf value calculated in the later 
part of this work represent the surface effect from the whole gauge 
length of the sample and takes both the inner and outer surface into 
account. 

For the same strain range that has been applied to both as-built and 
machined surfaces of the tubular specimens, the Kf can be calculated by 
comparing the two groups. It requires the lifetime estimation from 
Equation (1), the fitted curves from Ramberg Osgood relation in Equa
tion (2), and Neuber’s rule shown in Equation (3) [15], 

Δσ ×Δε = ΔS × Δe × kf
2 (3)  

where Δσ and Δε are the local stress and strain, Δe is the applied strain 
range, ΔS is the responded stress range, and Kf is the fatigue notch factor. 
Since there is an uncertainty of responding stress of tubular specimens 
with rough surface, the stress will be estimated from the cyclic stress- 

Table 5 
The fitted parameters from Basquin’s and Coffin-Manson’s law for elastic and plastic strain-life relation. The fitted parameters for stress-strain curve from Ramberg- 
Osgood relation. The parameter fitting is based on the data points of the LCF results shown in Fig. 7a.  

Sample Label Basquin’s and Coffin-Manson’s law Young’s Modulus Ramberg-Osgood 

σ′

f  b ε′

f  c Nt H′ n’ 

AB_1 mma 1085.3 − 0.106 29.262 − 1.109 2675 200.5 789.11 0.0956 
AB_2 mma 1099.7 − 0.108 40.436 − 1.135 2895 200 768.2 0.0945 
M_1 mm 714.95 − 0.056 0.2413 − 0.503 5669 192.3 827.5 0.1099 
M_2 mm 743.47 − 0.06 0.3339 − 0.539 5637 194.4 840.78 0.1115 
AB_rod 669.11 − 0.047 0.2212 − 0.475 8545 196 769.62 0.0972 
Wrought_CW 874.01 − 0.065 0.1125 − 0.396 8099 192.2 1239.5 0.1626 
Wrought_SA 1040 − 0.12 0.0555 − 0.29 545854 199.2 3572.5 0.4214  

a Note that the fitting parameters for these samples are highly influenced by the surface roughness and therefore deviates strongly from commonly seen values. 
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Fig. 8. Fractography of the three different groups at the regime of low applied strain range. Note that (g) was imaged by light optical microscope, and the rest were 
imaged by secondary electrons in SEM. (a)–(d) are from AB_1 mm at the strain range of 0.3%. (b) The white labelled area in (a), showing the non-conductive in
clusions at the outer surface region. (c) The green labelled area in (a), showing the fatigue serration at the bulk region. (d) The red labelled area in (a), showing non- 
conductive inclusions at the inner surface region. (e)–(f) are from M_1 mm at the strain range of 0.5%, where the orange labelled area is shown in (f). (g)–(h) are from 
AB_rod at the strain range of 0.5%, where the blue labelled area is shown in (h). (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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strain curve of the tubular specimen with machined surface. Take AB_1 
mm and M_1 mm as an example. First, the local strain Δε is calculated 
by using Equation (1) and taking the lifetime of AB_1 mm as input. 
Second, the local stress Δσ and the responding stress range Δe are 
estimated by using the parameters of M_1 mm in Equation (2), taking Δε 
and ΔS as input respectively. Finally, the Kf at the same applied strain 
range can be obtained, and the results are shown in Fig. 10. Kf is not 
constant but rather a varying value, and it increases at lower applied 
strain ranges. The strain range dependence of Kf responds well to the 
lifetime difference in strain-life, especially when it comes to the low 
applied strain range. At the low strain range regime, the fatigue lifetime 
becomes more sensitive to the surface condition. The local stress con
centration induced by the surface roughness leads to the increasing Kf 
when approaching the lower applied strain range. In our previous work, 
the tensile behaviour show significant change when the sample thick
ness goes down to 1 mm [22]. However, the trendline of Kf between 
AB_1 mm and AB_2 mm do not show much difference, hence, the 
thin-wall effect does not give great impact on the fatigue behaviour, 
even though the surface to volume ratio of the AB_1 mm samples is 
higher. 

Fig. 9. Crack propagation of AB_1 mm at different strain range, which is taken from the fatigued specimens that are at failure. (a)–(c) are from the strain range of 2%; 
the regime of the crack tip in (a) labelled in orange is shown in (b), and (c) is from another area. (d)–(f) are from the strain range of 0.3%; the regime of the crack tip 
in (d) labelled in green is shown in (e), and (f) is from another area. Note that (a), (b), (d), (e) are backscattered SEM images; (c) and (f) are EBSD images, where the 
colour legend refers to the BD, and the deformation twins are indicated by the red lines. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

Fig. 10. Calculated fatigue notch factors, Kf, of the tubular specimen with 
rough as-built surface at different applied strain ranges. 
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A similar approach of addressing the surface roughness effect has 
been done by Lee et al. [14], where the Kf is directly derived from the 
parameters of surface roughness and the radius of valley. The surface 
texture and material system are similar to this work, but the obtained Kf 
is a constant value and higher than this work. The reason for the Kf 
difference is speculated to come from the microstructure at the surface 
region. In our previous work, a high tensile residual stress is discovered 
at the surface of the thin-wall structure [22], which indicates a high 
level of deformation at the surface due to the rapid cooling of PBF-LB. 
Considering the middle range of SFE of SS 316L [43,46], it is easy to 
trigger deformation twinning at the surface region. The deformation 
twins and high level of plastic deformation shown in Fig. 4(c)–(g) are 
assumed to be beneficial for hindering the crack initiation and propa
gation. In addition, the great ductility of SS 316L is also expected to 
lower the stress concentration at the valley of surface roughness at the 
regime of low applied strain range [17]. In summary, the 
strain-dependent Kf is majorly related to the surface sensitivity caused 
by the surface roughness and defects close to the surface area. Mean
while, the local plasticity indicated by the deformed microstructure at 
the surface region lowers the overall Kf. 

4.3. Cyclic stress response 

The comparison of the cyclic stress response between PBF-LB and 
wrought SS 316L is shown in Fig. 11. Cyclic softening is shown in the 
PBF-LB SS 316L, but different level of cyclic hardening or softening is 
shown in the wrought SS 316L. Most importantly, secondary hardening 
is found in the wrought SS 316L while it is absent in the PBF-LB SS 316L. 

The Wrought_CW samples with a high dislocation density shows 

cyclic softening, while the Wrought_SA samples with lower dislocation 
density have a great capacity for cyclic hardening. The cyclic softening/ 
hardening in the beginning followed by continuous softening is 
commonly found in SS 316L under uniaxial cyclic loading [27,28]. This 
behaviour correlates to the evolution of the dislocation structure, 
including the formation of persistent slip band, cell structure, wall 
structure and labyrinth structure [29–32]. The dislocation rearrange
ment is highly related to the SFE, where high SFE can lead to cell or wall 
structure as mentioned above. Low SFE can enhance the dissociation of 
planar dislocations and increase the possibility of twinning. With a 
further decrease of SFE, strain-induced martensitic phase transformation 
can be found in the metastable austenitic stainless steels [57,58]. 
Considering the middle range SFE of SS 316L, the behaviour typical of 
both medium and low SFE material might take place. The secondary 
hardening in LCF caused by martensitic α′ transformation has been re
ported in SS 316L, and it is more pronounced at cryogenic condition [33, 
59] or at shear strain loading condition [34]. Although it is uniaxial 
loading condition at room temperature in this study, the secondary 
hardening shown in both Wrought_CW and Wrought_SA is assumed to be 
related to strain-induced martensitic α′ transformation since the 
fatigued samples become magnetic at failure. A higher level of second
ary hardening at the higher applied strain ranges is found to be 
accompanied by a stronger magnetism, which indicates higher level of 
martensitic α′ transformation. 

The continuous cyclic softening of the PBF-LB AB_rod samples is 
expected to be a result of the high dislocation density, the small size of 
cell structure and the suppressed martensitic α′ phase transformation. 
Due to the rapid cooling of PBF-LB, small size of cell structure (300–500 
μm in diameter, see Fig. 5) with high dislocation density is found. The 
dislocation structure in as-built PBF-LB resembles the cell structure 
developed in the early cycles in wrought SS316L [35], which refers to a 
saturated state of dislocation rearrangement. Hence, the cyclic softening 
comes out as a result of the high dislocation density. However, the fine 
cell structure in PBF-LB SS 316L is assumed to effectively restrict the 
dislocation slips, and further hinder the formation of PSB and defor
mation twins, which are the nucleation sites for martensitic trans
formation [60]. Therefore, the martensitic α′ transformation is possibly 
suppressed. 

In addition, the compositional discrepancy between the wrought and 
PBF-LB SS 316L leads to the different martensitic α′ transformation 
temperature, Md. According to Angel [61], Md30 refers to the tempera
ture at which 50% of martensite α′ is generated after 30% of plastic 
deformation, and the compositional dependent equation is given as 
follow, 

Md30 (̊C)= 413 − 13.7Cr − 9.5Ni − 8.1Mn − 18.5Mo − 9.2Si − 462(C+N)

(4)  

where each element is given as wt%. The calculated Md30 is − 0.35 ◦C for 
the wrought SS 316L, and − 50.23 ◦C for the PBF-LB SS 316L. The much 
lower Md30 of PBF-LB SS 316L significantly suppresses the martensitic 
transformation compared to the wrought SS 316L in the test condition of 
this study. The contribution of each element to the temperature devia
tion is shown in Table 6. Among the different composition, the diver
gence of Ni, Mo and Cr plays a big role in the Md30. The composition 
dependent of Md30 actually shares the same perspective with the SFE 
since the three elements mentioned above have high impact on the SFE 
[62,63]. Among the three elements, the roughly 3 at% difference of the 
austenitic phase stabilizer Ni can greatly lift up the SFE, and further 
lower the TRIP effect. Most importantly, the fatigued samples of PBF-LB 
SS 316L do not become magnetic, which is a direct evidence that 
deformation induced martensitic α′ is suppressed. However, both the 
composition difference and fine cell structure are assumed to cause the 
suppressed martensitic α′ transformation, but the contribution of the 
two mechanisms cannot be deconvoluted in this study. 

The dislocation structure of the PBF-LB specimen fatigued to failure 
Fig. 11. Cyclic stress response at different applied strain ranges. Note that the 
cycle is in log scale. (a) PBF-LB AB_rod. (b) Wrought_CW and Wrought_SA. 
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is shown in Fig. 12. Dislocation wall structure is found in Fig. 12(a), and 
it resembles to the similar dislocation structure in wrought SS 316L 
developed during the fatigue cycles [35,45,64]. Besides, Fig. 12(b) 
shows the planar movements of edge dislocations, and the screw dislo
cations interact with these planar edge dislocations. These dislocation 
movements indicate the unpinning process from the cell boundaries, and 
they are assumed to be responsible for the cyclic softening behaviour. 

5. Conclusion 

For the purpose of studying the thin-wall effects in fatigue of PBF-LB 
SS 316L, tubular specimens were applied to avoid possible buckling in 
fully reversed fatigue tests. Strain-controlled fatigue testing at room 

temperature were carried out on three groups of PBF-LB SS 316L with 
different geometry and surface condition, and they are compared to two 
groups of wrought SS 316L. The conclusions are drawn as below:  

1. Higher level of deformation is found at the surface region of the as- 
built PBF-LB microstructure, and it is assumed to be caused by the 
surface tension and rapid cooling during the PBF-LB process. 
Furthermore, deformation induced twins are shown close to the 
surface region.  

2. The PBF-LB process results in high roughness of the as-built surface, 
and the roughness of 1 mm samples are slightly higher than for 2 mm 
samples. In addition, the roughness of the inner surface is found to be 
much higher than at the outer surface, which is due to that more 
powder is stacking on each other caused by higher heat accumula
tion. However, the higher inner surface roughness does not enlarge 
the valley of roughness profile and the stress concentration effect.  

3. For the strain-life fatigue results, the lifetime difference between the 
as-built and the machined surfaces becomes larger at the lower 
applied strain ranges, which is due to the increasing sensitivity to 
stress concentrations. If the surface roughness of the as-built 
component is evaluated as micro-notches, the effective fatigue 
notch factor Kf is found to be in reverse relation with the applied 
strain range. The strain-dependent Kf is majorly related to the surface 
sensitivity caused by the surface roughness and defects close to the 
surface area. Meanwhile, the local plasticity at surface region lowers 
the overall Kf. The surface sensitivity in the fatigue behaviour is also 
indicated by the lifetime difference between the tubular and cylin
drical specimens machined samples. Yet, no significant difference in 
mechanical behaviour or microstructure between 1 mm and 2 mm 
specimens were found.  

4. For the corresponding stress-life, the fatigue strength is in the 
following order, Wrought_CW > PBF-LB > Wrought_SA. Cyclic 
softening is shown for the PBF-LB SS 316L, which is different from 
the cyclic stress response of initial and secondary hardening of the 
wrought SS 316L. The secondary hardening in the wrought SS 316L 
is caused by the deformation induced martensitic α′ phase trans
formation. Meanwhile, the transformation in the PBF-LB SS 316L is 
suppressed by the cell structure and the lower Md30 value. During 
cycling of PBF-LB SS 316L, the dislocations undergo unpinning from 
the cell boundaries and planar movement, which results in cyclic 
softening. 
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Table 6 
The compositions of elements in PBF-LB and wrought SS 316L that influence the martensitic transformation temperature, Md30, and the contribution of each element to 
the temperature difference.   

Cr Ni Mn Mo Si C N 

wt% in PBF-LB 17.4 13.4 1.6 2.7 0.3 0.009 0.06 
Wt% in Wrought 16.87 10.16 1.51 2.04 0.47 0.01 0.058 
ΔT (◦C)  − 7.261 − 30.78 − 0.729 − 12.21 1.564 0.462 − 0.924  

Fig. 12. Dislocation structure of AB_rod that is fatigued at failure with the 
strain range of 0.5%. 
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