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Abstract 

Crack initiation constitutes a large portion of the total life for parts under high cycle 
fatigue loading. Materials made by the laser powder bed fusion (L-PBF) process contain 
unavoidable process-induced porosity whose effect on the mechanical properties needs to be 
considered for fatigue applications. Results from this work show that not all pores in L-PBF parts 
promote fatigue crack initiation. The length scale of local microstructure defects, i.e. grain 
boundary, could be larger than the pores and in such cases they are the primary cause for crack 
initiation. Samples were produced in this work to demonstrate the critical defect size responsible 
for the transition between the porosity-driven and microstructure-driven failure modes.  

Keywords: Fatigue; porosity; microstructure; powder bed fusion; selective laser melting; 
stainless steel 316L 

1. Introduction

Additive manufacturing (AM) is a family of advanced manufacturing methods which 
produces near net-shape parts with complex geometry based on input from computer-aided 
design. Its forming principle is different from conventional subtractive manufacturing methods, 
as objects are built in a layerwise manner. Thus, while offering substantial design freedom and 
more efficient utilization of resources, different mechanical properties and applications are 
expected of parts built by AM processes. Laser powder bed fusion (L-PBF) is a popular metal 
AM process which uses high power laser as the energy source to melt powdered raw material. It 
has been widely explored as the means of manufacturing for the aerospace, automotive and 
medical industries for producing lightweight and novel structures. 

Stainless steel 316L is an extra-low carbon austenitic chromium-nickel stainless steel 
which has shown good compatibility with the L-PBF process. It is frequently used for its good 
corrosion resistance, particularly in biomedical and marine-related applications. Fully dense 
stainless steel 316L parts with superior strength to that of the conventional manufacturing 
processes and good ductility have been produced [1]. However, concerns regarding the fatigue 
behaviour of L-PBF parts had been raised as process-induced porosities were shown to cause 
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fatigue crack initiation and premature failure [2-7]. As the applications of stainless steel 316L 
often desire good fatigue resistance, such as in the case of orthopaedic implants, the influence of 
L-PBF process parameters and the resulting porosity level on this particular aspect of mechanical 
property requires some due attention.  
 
 It is known that fatigue failure occurs as a result of the competition between 
microstructure and voids in polycrystalline materials [8, 9]. Conventional manufacturing 
processes, such as casting and welding, produce parts containing microcavities and shrinkage 
defects. For L-PBF, the localized heating and rapid cooling, coupled with the use of powder as 
the feedstock, can lead to the formation of defects, such as lack of fusion and gas pores. The 
choice of process parameter settings, such as layer thickness, laser power, scan strategy and 
hatch, strongly influence the shape, size and number of the defects [10]. In comparison with a 
number of alloys such as Ti6Al4V, Inconel 718 and carbon steel, stainless steel 316L was shown 
to be one of the alloys with the highest susceptibility to forming lack of fusion defects [11]. This 
is possibly a results of its high thermal conductivity, which reduces its ability at retaining heat 
[12]. Any process inconsistency, e.g. uneven powder layers being deposited due to damaged 
recoater and process parameter deviations from the preset values, may subject stainless steel 
316L to defect formation even under optimized processing conditions. This implies that stainless 
steel 316L components produced by L-PBF could be prone to defect-induced failure under cyclic 
loading. 
 
 When acceptable control of defect size is achieved, e.g. by the choice of appropriate 
processing parameter, such that the defects are small in comparison to the local microstructure 
heterogeneities, they may be considered as benign. Conventionally, non-metallic inclusions 
smaller than 5 μm are usually harmless for low purity parts [13]. Precise determination of the 
critical pore size is difficult due to the random arrangement of local microstructure. For example, 
the non-propagating crack size of a 0.13% C steel was found  to be in the order of 100 μm, even 
though the average grain size was only 34 μm [14]. For L-PBF stainless steel 316L, studies on 
this aspect of the fatigue behaviour is not available. In terms of the influence of microstructure on 
fatigue property, a number of studies had highlighted the importance of grain size and texture on 
fatigue crack initiation and growth. Leuders et al. [15] and Riemer et al. [16] tested the effect of 
stress relieving heat treatment and hot isostatic pressing on the high cycle fatigue and crack 
growth behaviour of stainless steel 316L respectively. Both concluded that residual stress and 
porosity have insignificant impact on the fatigue resistance and attributed such behaviour to its 
high ductility. As the austenitic structure of stainless steel 316L does not undergo phase 
transformation during cooling, it does not contain the martensite phase and therefore brittle 
failure is avoided. This could have led to the high ductility and defect-tolerant behaviour [16]. 
Another source of microstructure defects in L-PBF parts is the melt pool boundary. It was found 
to impact failure under monotonic tensile loading and give rise to anisotropic properties [17]. 
Anisotropic fatigue behaviour had also been observed in L-PBF-processed stainless steel 316L 
parts, where the vertically-built specimens produced shorter fatigue life [3, 18]. The competing 
influence of grain, porosity and melt pool boundary could be responsible for such behaviour and 
this needs to be addressed in detail.  
 

 As existing studies did not provide explicit information on the density and porosity 

conditions of their samples, quantitative correlations between porosity, microstructure and fatigue 

properties cannot be made from the previous works. Considering that there is a lack of 

international standards for the certification and quality assurance of part made by powder bed 
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fusion, a systematic examination of the process-structure-property relationship for L-PBF is 
desirable for the adoption of this process for structural applications. In view of this gap, this study 
aims to provide qualitative and quantitative evaluation of the competing influence of porosity and 
microstructure on the high cycle fatigue properties of L-PBF stainless steel 316L. Experimental 
and analytical results from this work can be used as a preliminary guide on the possible failure 
modes for L-PBF parts with different porosity conditions.   
 

2.   Experimental Setup 

 
 Commercially available stainless steel 316L powder with spherical shape and mean 
diameter of 17 μm was used. Four sets of samples were fabricated by the EOS M 290 system at 
layer thickness settings of 20 μm, 40 μm, 60 μm and 80 μm, while keeping all the other process 
parameters, such as laser power, scan speed and hatch, constant; they are referred to as T1, T2, 
T3 and T4 respectively in this work. Rectangular blocks were built with the long edge being 
oriented at an angle from the recoating direction, as shown in Figure 1(a), to prevent uneven 
powder deposition due to the interaction between the part and the recoater blade [19]. After being 
removed from the baseplate, the blocks were subsequently machined to produce the samples for 
mechanical testing. Small test blocks were built adjacent to them for porosity characterization 
and metallographic examination.  
 
 Density of the test blocks was measured by the Archimedes method (Mettler Toledo 
XS204) and micrograph analysis of planes parallel to the build direction. Since fatigue failure is 
sensitive to the largest occurring defects, inspection was also performed to estimate the size 
distribution of the large defects. This was done by taking 30 random images of areas 0.31 mm
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each using optical microscope and identifying the largest defect size within each image [20, 21]. 
The equivalent spherical pore diameters were then calculated and used as the input for fitting the 
Gumbel Extreme Value Distribution, following the maximum likelihood method as described in 
the ASTM E2283. The cumulative distribution is given by 
 

                                                        𝐹(𝑥) = exp(− exp (−
𝑥−𝜆

𝛿
))                                                (1) 

 
where x is the equivalent spherical pore diameter, λ and δ are the location and scale parameters of 
the Gumbel distribution respectively.  
 
 Fatigue test samples were designed in accordance to ASTM E466 (Figure 1 (b)). They 
were machined from the rectangular blocks in Figure 1 (a) by the wire cut electrical discharge 
machining (EDM) method, followed by manual grinding to remove the resulting surface layers. 
Samples were extracted from each block along the z-axis such that the loading direction was 
perpendicular to the build direction. Fatigue tests were conducted in air under a constant force-
controlled sinusoidal loading at R=0.1 on a servo hydraulic testing system (MTS 810) at a 
frequency of 5 Hz. 
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Figure 1    (a) Rectangular blocks and small test blocks were built at an angle from the recoating 

direction, (b) geometry of fatigue test samples (dimensions in mm). Eight samples 
were extracted from each rectangular block along the z-axis by wire cutting.  

 

3.   Results 
 

3.1 Porosity – Volume Fraction and Size Distribution  
 
 Optical micrographs in Figure 2 (a)-(d) show the porosity on the vertical planes of the test 
blocks. T1 and T2 contain predominantly small spherical pores. For T3, there is a sudden 
increase in the pore size and the pores are irregular in shape. This indicates that sufficient 
remelting of the previously deposited powder layer can no longer be achieved at this layer 
thickness, resulting in the formation of lack of fusion defects. Further increase in layer thickness 
at T4 led to a large increase in the number of lack of fusion defects, such that they were in closer 
proximity to each other. This observation is consistent with the measured relative densities shown 
in Table 1, except that the Archimedes method is unable to capture the small change in porosity 
between T1 and T2. 
 

 
 

 
 

Figure 2    (a) – (d) Optical micrographs showing porosity (in black) on planes parallel to the 
build direction for T1, T2, T3 and T4 respectively. 
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 The Gumbel distribution parameters of the samples are also shown in Table 1. The value 
of λ is equal to the mode of the Gumbel distribution, i.e. the equivalent spherical pore diameter 
with the highest frequency of occurrence in a sample. For near fully dense parts, i.e. T1 and T2, 
most of the pores are in the order of 10 μm. At close to 99% relative density (based on the image 
analysis method), i.e. T3, large pores in the order of 50 μm are already present. Also, in addition 
to the increase in pore size, the pores are more widely distributed with increasing layer thickness, 
as shown by the values of the scale parameter δ. This is mainly due to stereological effect where 
cutting sample for metallographic examination exposed the irregularly-shaped defects at different 
sections along their length. In fact, for T3 and T4, the assumption of spherical defects in 
estimating the pore size is no longer valid. The orientation of the pores with respect to the loading 
direction is important for estimating the size of these defects. However, for simplicity, spherical 
defects were assumed in this work. Lastly, in comparison with the Archimedes method, the 
Extreme Value Distribution was able to capture the small increase in pore size from T1 to T2, as 
indicated by the larger λ value. 
 

Table 1   Density of the samples measured by the Archimedes method and image analysis of the 
optical micrographs, and the Gumbel Extreme Value Distribution parameters for 
describing the equivalent spherical pore diameter distributions of the largest-occurring 
defects. 

 

Sample 

ID 

Layer 

thickness 

(μm) 

Relative density (%) 
Gumbel distribution 

parameter 

Archimedes 
Image 

analysis 

Location 

parameter  

λ (μm) 

Scale 

parameter 

 δ (μm) 

T1 20  98.93±0.08 99.98±0.05 6.6 4.3 
T2 40  99.14±0.01 99.92±0.18 13.4 7.6 
T3 60  98.11±0.02 98.88±0.95 53.6 35.9 
T4 80  91.95±0.14 93.66±3.15 146.6 51.7 

 

3.2 High Cycle Fatigue and Facture Behaviour 

 

Fatigue Life 
 
 Figure 3 shows the fatigue life of the samples. T1 and T2 are nearly identical. Using T1 as 
the reference, the fatigue lives of T3 and T4 were reduced significantly, by 65% and 94% 
respectively. The change in fatigue resistance is proportional to the relative densities of the 
samples, indicating that porosity plays an important role on the failure of T3 and T4 relative to 
T1 and T2.  
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Figure 3   Fatigue life of laser powder bed fusion stainless steel 316L samples subjected to 
maximum cyclic loading of 438 MPa.  

 
Fractography  

 
 Figure 4 displays the SEM images of the fracture surfaces after fatigue tests. The dotted 
lines in Figure 4 (a) and (c) separate the fatigue crack origins from the crack propagation region 
for T1 and T2 respectively. Figure 4 (b) and (d) are the enlarged views of the crack initiation 
regions. Both samples exhibited intergranular crack initiation behaviour. The arrows in Figure 4 
(b) and (c) indicate intergranular de-bonding at grain boundaries. Comparing the two samples, T2 
contained a larger crack initiation region with more extensive intergranular cracking. Figure 4 (d) 
shows a large area of neatly arranged dendritic cells. The presence of intergranular fracturing and 
micro-cracks is explained as follows: during solidification, the rapid cooling process could have 
resulted in competitive grain growth at the solid-liquid interface and caused the formation of 
differently oriented grains at the melt pool [22] and a large amount of dislocations, even though 
the global grain orientation is parallel to the build direction, i.e. epitaxial grain. Material 
deformation by the slip mechanism is constrained by the grain boundaries, where dislocation 
pile-up can trigger intergranular fatigue cracking [23]. Increasing the layer thickness could have 
led to less extensive remelting and grain regrowth. Grain boundary defects were thus more 
prevalent for T2 than T1, contributing to the larger crack initiation region. 
 
 SEM image of the fracture surface of T3 in Figure 4 (e) shows fatigue crack initiation 
from a surface defect in the order of 100 μm. This is comparable with the defect size obtained 
from the Extreme Value Distribution. Materials transited rapidly into the propagation mode once 
cracks were initiated. Cracks could have been initiated at many other lack of fusion defects in the 
material subsurface. They joined the main crack propagation path and became visible on the 
fracture surface. Overall, these lack of fusion defects had resulted in the near 60% reduction in 
fatigue life for T3 as compared to T1. For T4, the influence of porosity on fatigue failure became 
even more significant. No distinct crack origin could be identified in Figure 4 (f). The large 
amount of defects significantly reduced the load-bearing capacity of the material. The interaction 
of closely spaced pores compounded the effect by increasing the local stress concentration and 
multiple cracks were initiated simultaneously, leading to the much lower fatigue strength. 
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Figure 4    SEM images of sample fracture surfaces. (a) T1 showing transition from mixed 
intergranular and transgranular fracture at the crack initiation site (within dotted 
line) to transgranular propagation, (b) enlarged view of (a) showing debonding at 
sub-grain boundaries (white arrows), (c) T2 showing a larger and more 
intergranular crack initiation region than T1, (d) enlarged view of (c) showing sub-
grains revealed by intergranular fracture, (e) T3 showing crack initiation from lack 
of fusion defect at the sample surface, and (f) T4 showing extensive lack of fusion 
defects and no discernible major crack origin. 
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4.   Discussions – Competition between Microstructure and Porosity 
 
 Based on the experimental fatigue test results, it appears that the failure mechanism of 
T1 and T2 is different from T3 and T4. Specifically, fatigue crack initiation in T1 and T2 was 
predominantly driven by grain boundary defects, while T3 and T4 failed due to crack initiation at 
porosity. This section provides the discussions on the effect of microstructure and porosity on the 
observed properties. 
 

4.1 Fatigue Limit  
 
 For low cyclic stress conditions, the size of the local plastic zone is in the order of short 
range microstructure and the influence of local microstructural heterogeneity is very significant 
[24]. Consequently, the growth of small and large fatigue cracks are fundamentally different at 
applied cyclic stress close to the fatigue limit. The Kitagawa-Takahashi concept had been used 
for defining the critical defect size a0 below which fatigue strength is not affected by changes in 
crack size [9]. Based on the work by Kitagawa and Takahashi [25], the relationship between 
crack length a and the stress range for crack propagation ΔS can be described by the equation 
derived by El Haddad et al. [26]: 
 

                                                                Δ𝑆 =
Δ𝐾th

𝐹√𝜋(𝑎+𝑎0)
                                                             (2) 

 
where ΔKth is the threshold stress intensity factor range, F is a geometric factor and a is the crack 
size. For a defect-free component with fatigue limit ΔSe, a0 is a material constant described by:  
 

                                                                  𝑎0 = (
Δ𝐾th

𝐹Δ𝑆e
)2

1

𝜋
                                                             (3) 

  
 A planar near surface circular defect was modelled to evaluate the influence of defect 
size on the fatigue crack propagation stress, i.e. the fatigue limit. Experimentally determined 
fatigue crack growth data [16] and the BS7910 [27] for calculating F were used. Figure 5 shows 
the Kitagawa-Takahashi diagram in terms of Equation (2) and the fatigue limit results obtained in 
this work. Since λ is equal to the mode of the Gumbel distribution, its values, as presented in 
Table 1, are representative of the equivalent spherical pore diameters of the samples and were 
used for estimating the crack size a. As two cracks could be considered as originating from the 
two ends of the planar defect, the crack size a = λ/2. It can be seen from Figure 5 that cracks 
originating from process-induced pores for T1 and T2 are in the short fatigue crack regime where 
fatigue limits are not influenced by the crack size. This agrees with results from the fractography 
analysis, where pores in T1 and T2 were too small that cracks originated at the grain boundary 
defects instead. Porosity-induced cracks in T3 and T4 are approaching the transition region 
between short and long fatigue cracks. For T4, the model considerably over-estimates the fatigue 
limit; this is because rather than containing an isolated pore, as assumed by the model, sub-
optimal processing in L-PBF produces parts with homogenously distributed defects. 
Neighbouring pores were in close proximity to each other and imposed greater stress 
concentration, resulting in the lower fatigue strength. Also, the assumption of spherical defects in 
deriving λ could have underestimated the actual pore size of T3 and T4, where irregular pores 
were prevalent. An appropriate factor on strength needs to be applied to account for these effects. 
In summary, process-induced pores in T1 and T2 were in the short fatigue crack regime and were 
too small to cause crack initiation. Crack initiation from grain boundary led to the similar fatigue 
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limits of these samples. For T3 and T4, process-induced pores were large enough to cause fatigue 
crack initiation, leading to the crack size-dependent fatigue limits. 
 

 
 

Figure 5    Kitagawa-Takahashi diagram comparing the El Haddad model and the experimental 
high cycle fatigue test data from this work. 

 

4.2 Critical Defect Size 

 
 It is of practical interest to define the critical pore size for ensuring the reliability of 
components under high cycle fatigue loading. The Kitagawa-Takahashi analysis can only be used 
to provide theoretical but not accurate estimate of the critical pore size. Experimental results from 
this work shows that this transition exists between the pore size of T2 and T3, such that 13.4 μm 
< λcritical < 53.6 μm. This should be interpreted in conjunction with the size of the local 
microstructure. Figure 7 shows the microstructure on the plane parallel to the build direction for a 
typical L-PBF stainless steel 316L. As observed from the fractographs, intergranular failure could 
have occurred at the boundary between differently oriented grains. The lengths at such grain 
boundaries are marked in Figure 6. They are mostly in the order of 30 μm to 40 μm. Since the 
pores in T2 are smaller, microstructure boundaries become the detrimental defects. For T3, the 
pores are larger than the size of the local microstructure and they become the most critical defects 
that trigger fatigue cracking. However, it is to be noted that while results from this work provided 
evidence to the critical defect size in L-PBF stainless steel 316L, they may be limited to the 
processing parameter region (optimised for a layer thickness of 20 μm) and scan strategy used in 
this work, as changing the process settings could lead to different microstructure length scales.    
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Figure 6    SEM image showing characteristic microstructures of L-PBF parts. The lengths of the 
boundaries between some different oriented grains are shown.  

 

5.   Conclusions 
 
 The following conclusions were drawn from the results obtained in this work: 
 

1) Two fatigue failure modes are possible for stainless steel 316L manufactured by 
the L-PBF process depending on the level of porosity. For parts containing small pores, grain 
boundary defect-driven crack initiation is the predominant failure mode (T1 and T2). Parts 
containing large pores are prone to porosity-driven crack initiation (T3 and T4), which 
significantly reduced the high cycle fatigue life. When pores are too large and close to each other 
(T4), local stress concentration increases due to interaction among the pores, resulting in much 
greater reduction in fatigue strength.  

 
2)  Having established that the transition in fatigue crack initiation modes occurred 

between T2 and T3, their porosity parameters were compared with the size of the local 
microstructure heterogeneity. The pore size and volume fraction of T2 could be used as a 
conservative estimate of the critical pore size that triggers porosity-induced fatigue crack 
initiation.  
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