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Abstract 

Metal additive manufacturing (AM) is an important modern manufacturing method that 

offers many advantages over conventional manufacturing. Due to its complex thermal history, 

metal AM is still the focus of active research directed at fully understanding process-structure-

property (PSP) relationships. In the age of integrated computational materials engineering (ICME), 

understanding the mechanisms that drive PSP relationships are critical in enabling robust modeling 

and optimization of AM processes. The AM processing parameters largely dictate the thermal 

history, which in turn influences the microstructure, macrostructure, and mechanical properties. In 

this dissertation, the fatigue behavior of 316L stainless steel made via laser-powder bed fusion (L-

PBF) was investigated. There is a particular lack of research addressing the influence of part 

geometry on fatigue behavior. With the goal being to accelerate the design process, it is imperative 

to understand how mechanical behavior changes with section thickness to accurately predict when 

and where failure will occur in large, complex parts. The focus of this dissertation is on the effects 

of section thickness and AM machine on high cycle fatigue behavior in AM 316L stainless steel. 

 The high cycle fatigue (HCF) behavior was characterized using ultrasonic fatigue (UF) 

testing. Specimens with a gauge diameter of 5.0 mm, 2.5 mm, and 1.5 mm were fabricated  on a 

GE Additive Concept Laser M2 machine. Specimens with a gauge diameter of 5.0 mm and 1.5 

mm were fabricated on a 3D Systems ProX DMP 200 machine. Additionally, selected samples 

were subjected to a stress relieving heat treatment and others were tested with the as-built surface 

removed. A random fatigue limit (RFL) model informed by the maximum likelihood estimation 
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(MLE) was used to quantify statistical variability and estimate an S-N curve fit along with fatigue 

strength at 108 cycles.  

 It was observed that HCF behavior is improved as the gauge diameter is reduced for both 

AM machines. Thorough investigation revealed that the surface condition and residual stress state 

are the primary factors influencing the observed section thickness effects on HCF. The influence 

of AM machine on HCF was modest. Removal of the as-built surface led to a substantial 

improvement in HCF properties.  Stress relieving heat treatment led to an improvement in the HCF 

properties compared to as-built samples. The residual stress state was determined to be tensile on 

the surface of the as-built samples with higher stresses in the 5.0 mm specimens compared to the 

1.5 mm specimens. There was also a significant difference in residual stress magnitude between 

the CL M2 and ProX 200 specimens despite showing a similar fatigue response.  

 The small fatigue crack growth (FCG) behavior of 316L made on both the CL M2 and 

ProX 200 were compared. No significant difference in FCG behavior was observed when altering 

processing parameters, build orientation, or feedstock supplier. Despite different types of defects 

and residual stress states, small crack growth rates (CGR) are largely the same. When crack 

initiation in HCF specimens occurs sub-surface, crack growth begins in vacuum at multiple orders 

of magnitude slower CGRs, leading to longer fatigue lives. A model for the prediction of HCF 

behavior informed by CGRs and defect sizes was verified for each condition. 

The results from this investigation can be used to design new AM processing routes and 

post-processing routines for improving the predictability of the HCF response of AM fabricated 

components.   
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Chapter 1 Introduction 

Additive manufacturing (AM) is a rapidly evolving technology whose process-structure-

property (PSP) relationships are the focus of active research. AM is a modern manufacturing 

method that has garnered particular interest for its ability to create intricate geometries in single-

step manufacturing processes aiding to the complexity of parts that can be manufactured while 

reducing the amount of assembly required [1–5]. The automotive, aerospace, naval, and medical 

industries have all found applications where AM is better suited than conventional manufacturing 

methods [6,7].  

Laser-powder bed fusion (L-PBF) is one of the most widely researched metal AM 

techniques, with over 130 process variables that dictate the final product [8,9]. Optimizing the 

process parameters is the focus of many studies, with a primary goal to reduce porosity, surface 

roughness, and manufacturing defects while improving the microstructure and mechanical 

properties [10–28]. The easiest to control process parameters – laser power, scan speed, hatch 

spacing, layer thickness, laser spot size, and scan strategy – are the ones most widely investigated. 

Of the over 65 L-PBF machines currently available, most come with recommended process 

parameters for each common material used, and as such this dissertation does not focus on altering 

the process parameters. Rather, a focus will be placed on the effects that may be observed across 

build platforms using the manufacturer’s recommended settings. 

For structural components, fatigue is a critical design property that has been shown to 

depend largely on the surface finish, residual stresses, and processing defects. Both surface finish 

[2,29–32] and internal defects [33,34] have been found to significantly impact the fatigue behavior 
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due to their role in serving as points of stress concentration [35,36]. As such, the residual stress 

state also plays a role in the fatigue behavior as it alters the mean stress experienced by the 

specimen, with tensile residual stresses reducing the fatigue strength [37].  

Given L-PBF’s ability to fabricate intricate components, an understanding of how the 

section thickness alters the fatigue behavior is imperative. So-called ‘size effects’ are a 

phenomenon seen in conventionally manufactured materials whereby a reduced thickness results 

in an improved fatigue performance [38–44]. As it stands, size effects in conventionally 

manufactured materials are thought to be governed by Weibull’s weakest link theory [44]. This 

theory suggests that a larger volume will have a higher probability of shorter fatigue life due to the 

abundance of more crack initiating elements [35,44,45]. In all the efforts to characterize processing 

parameter effects on mechanical performance, size effects have not been explicitly shown in occur 

in AM. This dissertation serves to fill this gap while evaluating which aspects of the PSP 

relationships have the strongest influence on the fatigue behavior observed.  

The overarching goal of this dissertation is to lay the groundwork for understanding the 

mechanistic PSP relationships in regards to fatigue behavior of AM as a means to inform ICME 

models [46]. This work focuses on 316L stainless steel manufactured by L-PBF. The fatigue 

response, crack growth behavior, microstructure, surface roughness, critical flaws, and residual 

stresses are investigated as a product of the processing parameters chosen. The specific objectives 

of this dissertation were to:  

1.  Investigate the influence of AM machine and gauge diameter on the microstructure, 

macrostructure, and residual stress state of the as-printed L-PBF specimens. 

2. Determine the section thickness (gauge diameter) effects on the fatigue response in the 

high cycle fatigue (HCF) regime. 
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3. Characterize the source of fatigue crack initiation relative to the different AM machines 

and gauge diameters. 

4. Establish the primary mechanisms responsible for the observed gauge diameter effects. 

5. Characterize the short crack growth behavior and determine if influences of additive 

machine or heat treatment can influence short crack growth rates.   

6. Confirm the validity of a short crack fracture mechanics approach for predicting HCF (S-

N) behavior of AM materials. 

Chapter 2 consists of a literature review of current research pertaining to metal AM and L-

PBF, 316L stainless steel, ultrasonic fatigue testing and high cycle fatigue (HCF) behavior, crack 

growth behavior and stress concentrations, and factors that influence the fatigue of AM. Chapters 

3, 4, and 5 each focus on a separate study that has been prepared for publication. As such, the 

introduction and discussion sections of each may contain repetitive information from Chapter 2. 

Chapters 3 and 4 investigate the gauge diameter effects on fatigue behavior of GE Additive 

Concept Laser M2 and 3D Systems ProX DMP 200 L-PBF machines, respectively. The crack 

growth behavior of samples produced on both machines is investigated in Chapter 5. The final 

chapter, Chapter 6, presents the conclusions and recommendations for future work.  

This dissertation work is conducted as part of a collaborative study between the University 

of Michigan and the Office of Naval Research (ONR) on a multi-lab, multi-university program 

referred to as Agile Integrated Computational Materials Engineering (ICME). The Naval Research 

Laboratory (NRL) and the Carderock Division of the Naval Surface Warfare Center (NSWC) were 

key members of this collaborative effort and instrumental in providing test specimens for this 

dissertation. The University of Michigan’s role in this program was split into two goals: HCF 

testing and critical flaw evaluation, and crystal plasticity modeling of L-PBF 316L stainless steel. 
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This dissertation represents the entirety of the work done on HCF testing and critical flaw 

evaluation.  
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Chapter 2 Background and Literature Review 

2.1 Metal Additive Manufacturing 

ISO and ASTM define additive manufacturing (AM) as a “process of joining materials to 

make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing 

and formative manufacturing methodologies” [1]. With this, seven AM processing categories are 

defined: binder jetting, directed energy deposition, material extrusion, material jetting, powder bed 

fusion, sheet lamination, and vat photopolymerization. ASTM F3122-14 [2] defines these as 

Binder Jetting – additive manufacturing process in which a liquid bonding agent is 

selectively deposited to join powder materials. 

Directed Energy Deposition – additive manufacturing process in which focused thermal 

energy is used to fuse materials by melting as they are being deposited. 

Material Extrusion – additive manufacturing process in which material is selectively 

dispensed through a nozzle or orifice. 

Material Jetting – additive manufacturing process in which droplets of build material are 

selectively deposited. 

Powder Bed Fusion – additive manufacturing process in which thermal energy selectively 

fuses regions of a powder bed. 

Sheet Lamination – additive manufacturing process in which sheets of material are bonded 

to form a part. 

Vat Photopolymerization – additive manufacturing process in which liquid photopolymer 

in a vat is selectively cured by light-activated polymerization. 

There are seven different AM processes because they all have advantages and disadvantages. 

Despite these differences, all AM processes follow the same generic process [3]: 
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1) 3D CAD model 
2) Convert the model file to STL 
3) Transfer file to machine 
4) Machine setup 
5) Build 
6) Removal 
7) Post-processing 
8) Application 

In general, all AM process are identified by the material used, the method of joining the 

material, and the state in which the feedstock is brought into the process [1]. For metal AM, the 

system is largely divided into three categories based on feedstock type: powder bed, powder feed, 

and wire feed. AM is then further broken down into the process, which largely describes the energy 

source. The manufacturing method can largely be separated into single-step and multi-step 

processes [1]. For metal AM, this is often referred to as direct-to-metal and indirect processes, 

respectively [4]. Direct-to-metal produces a net shape part directly from the computer model to the 

printer, while indirect processes require some sort of intermediate processing steps [4]. 

Intermediate processing steps do not include post-processing (e.g. support removal, surface 

finishing, heat treatment, etc.) because this is almost always required in a process. Instead, 

intermediate processing steps are defined by operations following the initial AM fabrication that 

consolidates the part to the desired shape, size, and properties [1]. Examples of this would be 

casting, sintering, and machining, with sintering being the most common processing step seen in 

a multi-step process as multiple AM processes produce green bodies/composites that need to be 

reduced to their desired shape and material. AM processes are also separated into the mechanism 

for fusion, for fusion-based (melting) methods. In powder-bed fusion (PBF), the fusion mechanics 

can be full melting, liquid phase sintering, chemically induced binding, or solid state sintering, 

where full melting and liquid phase sintering fall in the direct-to-metal category and chemically 

induced binding and solid state sintering are indirect processes [3]. The most commonly used PBF 
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process involves full melting, and that is the focus of this review. Focusing on this direct-to-metal 

AM process, we can further categorize this process by defining the heat source responsible for the 

fusion. There are four main heat sources used: laser (L), electron beam (EB), plasma arc (PA), and 

gas metal arc (GMA) [4].  

2.1.1 Powder Bed Fusion 

Powder bed fusion (PBF) is an AM process whereby a thermal energy selectively melts 

and solidifies specified regions of a bed of powder feedstock [1]. When thermal energy is provided 

by a laser this process is called laser powder bed fusion (L-PBF) or selective laser melting (SLM). 

As is inherent in the name, the feedstock used in L-PBF is powder, and specifically a powder bed 

(as opposed to powder-feed or wire-feed systems). The L-PBF process works by focusing a laser 

onto a bed of metallic powder feedstock and moving the laser (or bed) such that the powder is 

melted in the desired shape [3–7]. The scan path, processing parameters, and build supports are 

determined and added into the part file code to achieve the product. There are a few main 

components to a L-PBF system, namely: the build chamber, powder bed, powder supply, recoater 

arm, laser, and mirrors (Figure 2.1). The feedstock powder is held in its own platform, raised 

slightly for each subsequent layer to allow the recoater arm/roller to spread a thin layer of the 

feedstock onto the build platform. The build platform hosts the end product, which is built on to a 

removable build plate (substrate) that acts as a mechanically and thermally robust base on which 

the first layers of the build adhere [7]. Layer by layer, feedstock material is spread onto the powder 

bed where the laser melts the powder into the desired shape. The laser works to not only melt the 

new layer of powder but also fuse this layer with the previous layers. L-PBF is a precise AM 

technique that can produce parts with a high dimensional accuracy at a fine resolution through the 

use of mirrors that direct the focus of the beam. Often one or more scanning mirror or galvanometer 
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driven mirror is used to achieve this [4,7]. After the laser is finished scanning a build layer, the 

build plate is lowered to allow for more feedstock and the recoater distributes a new layer. During 

this time, the melted powder has solidified, thus requiring this layer to be re-melted to allow for 

proper fusion of the new layer of powder on top. The scanning strategy has a significant impact on 

the quality of the end product, as it affects the thermal history, porosity, and microstructure. In L-

PBF there are over 130 process variables that contribute to the manufacture of the final product. 

Of those variables, the most influential ones to consider are the laser power, layer thickness, scan 

velocity, scan pattern, and hatch distance, illustrated in Figure 2.2 [8]. The influence these 

parameters have will be discussed further in Section 2.3.3.  

2.2 Metallurgy of Stainless Steel 

2.2.1 Physical metallurgy of stainless steel 

Stainless steel is a classification of iron-based alloys which contain 10.5% or more 

chromium. Within this classification are five subgroups: austenitic, ferritic, martensitic, 

precipitation hardening, and duplex. The focus of this work is on AISI 316L (UNS S31603) 

stainless steel, an austenitic stainless steel [9,10]. Austenitic stainless steels are typically used for 

their corrosion resistance and good formability. 316L is altered from the base austenitic stainless 

steel AISI 302 by increasing the molybdenum content for improved corrosion resistance, and 

reduced carbon content for welding capabilities [10]. The chemical composition to be considered 

AISI 316L is shown in Table 2.1. L-PBF 316L has the same composition requirements as AISI 

316L [11]. The subsequent nominal mechanical properties of an annealed sheet of conventional 

wrought 316L are shown in Table 2.2.  
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Table 2.1. Chemical composition (in wt. %) of AISI 316L stainless steel [9,10]. Maximum allowable values unless 
otherwise specified. 

Fe  Cr  Ni  Mo  C  Mn  P  S  Si  
Balance 16.00-18.00 10.00-14.00 2.00-3.00 0.030 2.00 0.045 0.030 1.00 

  
Table 2.2. Nominal mechanical properties [9,10] of conventional wrought 316L SS as annealed sheet.  

Elastic 
Modulus 

[GPa] 

Tensile 
Strength  
[MPa] 

Yield Strength 
(0.2% offset)  

[MPa] 

Elongation  
in 50mm  

[%] 

Rockwell 
Hardness 

Endurance 
limit 

[MPa] 
193 558 290 50 B79 269 

 

2.2.2 316L powder particles for use in Laser-Powder Bed Fusion 

Feedstock in the case of L-PBF is the metallic powder particles placed in the bed to be 

melted together to form the desired workpiece. The powder particles supplied for this have to be 

manufactured, and there are four main methods to achieving this: gas atomization (GA), rotary 

atomization (RA), plasma rotating electrode process (PREP), and water atomization (WA) [4,7]. 

GA produces particles by using highly pressurized gases to atomize molten material. RA takes that 

same molten material and instead is poured onto a rotating disk. The centrifugal force causes 

molten droplets to be flung from the disk and cooled into solid particles while flying through the 

air. PREP is similar to RA in that it involves rotation to create particles, but in this case the end of 

a solid metal bar is melted using an electric arc or plasma while at the same time the bar is rotated 

releasing molten droplets to solidify into particles. WA is similar to GA but instead of highly 

pressurized gas, highly pressurized water is used [12]. Figure 2.3 shows the results of these 

methods found in the literature. PREP produces the most uniform particles out of all the methods, 

in both individual particle geometry and batch particle size distribution. The downside of PREP 

being that it is costly and has a low production yield. GA also produces spherical particles, but 

these particles typically are not smooth like PREP particles. They exhibit a dimpled surface texture 

with random satellite particles across the surface. Additionally, due to the gas used for atomization, 
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these particles often contain entrapped gas, which is released during the AM process causing 

porosity in the workpiece. RA produces smooth particles much like PREP but the centrifugal 

forces in this process cause the particles to be elongated rather than spherical. WA is the least 

desirable method for producing feedstock as it results in irregular and coarse particles. A spherical, 

uniform size distribution feedstock powder is most desirable as it has the best packing structure, 

resulting in less porosity. Spherical powders are also advantageous in that they flow better, so 

during the recoating process in AM the new layer of feedstock will be more uniformly distributed 

as opposed to a feedstock with coarse and irregular powder particles.  

There are no standards dictating the sphericity or symmetry of powder particles but there 

are standards for the chemical composition. ASTM standard F3184-16 [11] outlines the material 

requirements of 316L stainless steel powder particles for use in powder bed fusion AM. The 

chemical composition requirements match that of wrought 316L, as shown in Table 2.3. F3184-

16 also specifies minimum requirements for tensile properties at room temperature, shown in Table 

2.4.  

Table 2.3. Chemical composition (in wt. %) of AISI 316L stainless steel powder particles for the use of powder bed 
fusion [11]. Maximum allowable values unless otherwise specified. 

Fe  Cr  Ni  Mo  C  Mn  P  S  Si  
Balance 16.00-18.00 10.00-14.00 2.00-3.00 0.030 2.00 0.045 0.030 1.00 

 
Table 2.4. Minimum tensile requirements in the stress relieved, solution annealed, and hot isostatic pressing (HIP) 
conditions for X, Y, and Z directions [11]. 

Tensile Strength  
[MPa] 

Yield Strength (0.2% offset)  
[MPa] 

Elongation in 50mm  
[%] 

515 205 30 
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2.3 Fatigue of 316L Stainless Steel Laser-Powder Bed Fusion 

2.3.1 Fatigue and crack growth in metals 

Fatigue is broadly described as permanent structural change that results from cyclic stress 

or strain [4,13–16]. In order for fracture to occur from fatigue, cyclic stress, tensile stress, and 

either macroscopic plastic strain (for low cycle fatigue) or microscopic plastic strain (for high cycle 

fatigue) all need to occur simultaneously – the absence of one will prevent fatigue cracks from 

initiating and propagating [14,16]. The fatigue process can be separated into three stages based on 

the work with aluminum alloys reported by P. J. E. Forsyth in 1963 [17]. Stage I is when the initial 

fatigue damage can produce cyclic slip bands and other microscopic damage eventually leading to 

a physical separation of surfaces to become an initiated crack which is parallel to the local shear 

stress. Stage II is crack propagation, where the direction of crack propagation is dominated by the 

direction of maximum tensile stress. Stage III is fracture, which occurs once the crack has 

propagated sufficiently that the specimen is unable to sustain the imposed loads [14] – in other 

words, catastrophic fracture occurs. These three stages are demonstrated in Figure 2.4. 

In stage I fatigue, the microstructure and grain morphology play an important role in crack 

nucleation and this stage is often referred to as the microstructure-sensitive stage [18]. During 

Stage I, a crack is often referred to as a microcrack or short crack [19]. These cracks can be 

microstructurally short (i.e., the size of grains), locally short (i.e., the size of the crack tip plastic 

zone), or physically short (i.e., less than a mm in length). Stage I can be broken further into three 

stages: initial cyclic damage, formation of initial microscopic flaw (microcrack initiation), and 

coalescence of microcracks to form an initial fatal (detectable) flaw [19]. The mechanisms by 

which cracks nucleate in pure metals is through cyclic slip bands, extrusion-intrusion pairs, twin 

boundaries, or grain boundaries [16]. In alloys, nucleation can occur via these mechanisms but can 
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also occur due to inclusions, second-phase particles, and other discontinuities [16]. Fatigue cracks 

can also initiate at geometric notches or other stress concentration sites. Once a microcrack is 

formed it will grow at an accelerated rate compared to long crack; the study of which is referred 

to as “short” crack growth [19]. A short crack can propagate into a long crack from either a defect, 

stress concentrator, or slip band; or a fatigue crack can result from a pre-existing crack that 

occurred during manufacturing [20].  

In AM, many fatigue cracks initiate at stress concentrators. Murakami defines stress 

concentrators as a discontinuity in the material structure, exhibiting a higher stress than the bulk 

material [20]. The two most basic stress concentrators occur at holes and notches. These stress 

concentrators are quantified by the stress concentration factor, kt. This factor varies by the loading 

imparted on the specimen and the type of stress concentrator, so kt is found with the appropriate 

use of standard equations found in reference books [20].  The notch root radius, 𝜌𝜌, (graphically 

defined in Figure 2.5) is an important parameter used in determining kt, as the smaller the radius, 

the larger the stress concentration factor will be.  

The stress concentration factor, kt, is defined for holes and notches however it is 

inappropriate for cracks. A crack has a root radius 𝜌𝜌 approaching zero because the crack end is so 

sharp [20]. For a crack, we could estimate the stress concentration using the concept of equivalent 

ellipse since the crack tip can be thought of as an extremely sharp ellipse, however, the root radius 

equal to zero results in an unbounded stress concentration [20]. G.R. Irwin described a singularity 

at which the stress from the crack tip occurs at 𝑎𝑎−1/2, with r being the distance from the crack tip 

[20]. For characterizing crack propagation, the stress intensity factor, KI, (for mode I cracking) is 

used to quantify the intensity of the stress singularity distribution [21]. For a crack of length 2a 

under uniaxial tensile stress, 𝜎𝜎0, the stress intensity in the vicinity of the crack tip is given by Eq. 
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2.1. It is important to understand which regime we are measuring crack growth in as long crack 

growth behaves differently than short crack growth. For short crack growth the fracture mechanics 

approach may have limitations because the crack extension mechanisms may differ from those 

observed in long cracks [19]. 

 𝐾𝐾𝐼𝐼 = 𝜎𝜎0√𝜋𝜋𝑎𝑎 2.1 

At low stresses, cracks have been observed to initiate, propagate a short distance and then 

stop. When a crack stops propagating even under continued cycling and does not contribute to 

failure or fracture it is deemed a non-propagating crack [13]. This non-propagating crack 

phenomenon has been associated with the fatigue limit seen in certain metal alloys. In fatigue 

testing, each specimen has a specific fatigue life, 𝑁𝑁𝑓𝑓, which is the number of stress (strain) cycles 

a specimen has experienced prior to failure [16]. The fatigue strength, 𝑆𝑆𝑁𝑁, is defined as the stress 

needed to cause failure at a specific number of cycles [15] or similarly the stress that a specimen 

can endure for a specific number of cycles [14]. The median fatigue strength is defined as the 

“[stress] at which 50% of the specimens of a given sample could survive N stress cycles” [15]. In 

contrast to the fatigue strength, the fatigue limit (also known as the endurance limit) is “the 

maximum stress that the metal can withstand for an infinitely large number of cycles with 50% 

probability of failure” [14]. Murakami confirms this definition for unnotched, defect free 

specimens, but goes further to specify that the fatigue limit is the threshold for crack propagation. 

A specimen at the fatigue limit that has not failed may not be devoid of cracks but have cracks that 

are non-propagating cracks [20]. To think of this graphically, as the number of cycles grows 

infinitely large, the stress will reach a horizontal asymptote, as shown in Figure 2.6. Murakami 

identifies the clear bend in the curve as the “knee point,” and attributes this effect to non-

propagating cracks [13]. This then explains why Murakami believes a fatigue limit is the threshold 
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for crack propagation. Fatigue life, fatigue strength, and fatigue limit are all metrics used to 

describe the fatigue behavior of a material.  

2.3.2 Fatigue of additive manufacturing  

Fatigue of 316L stainless steel in L-PBF has been widely researched [22–34] with three 

main attributes being known to affect the fatigue behavior: as-built surface finish, residual stresses, 

and processing defects. In multiple studies on fatigue of AM samples, both surface roughness 

[4,28,30,35,36] and internal defects [22,34] were found to be significantly influential on fatigue 

behavior because they served as points of stress concentration [20,37]. The site for crack initiation 

is dictated by the stress-concentration factor, Kt, whose value depends on the geometry of the 

defect [14]. Local cyclic stresses are also affected by the local residual stresses. In general, surface 

residual stresses increase the fatigue strength when they are compressive and decrease when 

tensile, particularly in hard steels [14]. Investigations into the residual stress states of L-PBF 

printed parts have shown axial tensile residual stresses reaching or exceeding the bulk room 

temperature yield stress of the wrought material [38]. Residual stresses arise from melting, 

solidification, and re-melting during the laser processing which leads to large thermal stress 

gradients [8,39–42]. Irrespective of processing parameters and orientation, in nearly every 

instance, axial residual stresses in L-PBF application of 316L are generally compressive at the 

center of a sample and tensile at the surface [38,41–44]. This distribution of residual stresses can 

lead to part distortion and degradation of fatigue performance [39,45–47]. 

2.3.3 Factors that influence fatigue behavior in additive manufacturing  

Substantial progress has been made in understanding how the AM process parameters 

interact with one another to produce a desired product and a user can design a process map to meet 
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multiple specifications simultaneously [48]. Since AM is a relatively slow manufacturing process, 

it is important to recognize the importance of manufacturing specific parameters such as build 

time. Not every parameter can be fully optimized, so it is important to identify the parameters that 

are most influential to the desired outcome. In terms of fatigue response, important characteristics 

have been determined to be residual stresses, defects, surface roughness, and microstructure. 

Important to the current investigation, we must understand not only how changing these 

parameters influences the final products but also how the influence of these parameters changes 

with sample geometry.  

2.3.3.1 Residual stress  

Residual stresses are defined as stresses that exist within a body without any externally 

applied loads [45,49]. Residual stresses can have a detrimental influence in AM parts, with high 

residual stresses leading to part distortion and fatigue performance degradation [39,45–47]. 

Residual stresses in L-PBF applications have been reported to reach as high as the bulk room 

temperature yield stress of the wrought material and sometimes even higher [38]. Residual stresses 

in AM arise from melting, solidification, and re-melting of the specimen during laser processing 

[8,39–41]. The laser powder bed fusion process is such that a layer of metallic powder particles is 

distributed across the build plate, the high-intensity point-source of heat, typically a laser, is 

focused on the material and moves in a way to build up the desired three-dimensional (3D) 

geometry layer-by-layer. The laser used to melt the powder particles creates large thermal 

gradients in its path leading to thermal stress. In general, this process can be thought of in three 

stages [42]. Stage 1: the laser is focused onto the material, which is heated and melted. Stage 2: 

the laser moves away from this location and the material begins to cool. Stage 3: the material fully 

cools to the ambient temperature. When a new powder layer is added, this process is repeated. 
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Previous layers will be re-heated with the new layer and depending on the energy input may re-

melt. Eventually, the layers are built up enough that the first layers no longer experience any re-

heating by the new layers. The build can be divided into three regions based on thermal experience: 

the melted zone (region I), the heat-affected zone (region II), and the non-heat affected zone 

(region III), shown in Figure 2.7. 

The formation of residual stress is from the large thermal gradients that occur in the L-BPF 

process. These thermal gradients are often described by the temperature gradient mechanism 

(TGM) model (Figure 2.8) [43,40]. This model depicts the formation of residual stresses through 

the three stages of the LBPF process. During stage 1, the rise in temperature causes the heated 

material in region I and region II to expand. The cooler temperature of region III restricts the 

expansion of material and causes compressive stresses in regions I and II and tensile stresses in 

region III. During stage 2, as the laser moves away from this location and the material begins to 

cool, regions I and II begin contracting. Region III being cooler, again restricts this motion, 

creating tensile stresses in region I. Tensile residual stresses become locked in in region I, with 

compressive residual stresses in region II. Region II becomes more compressive and reduces the 

magnitude of tensile stresses in region III. As this process is repeated, the region that was region I 

moves into region II and eventually region II moves into region III. The next layer of powder is 

added and melted then becomes Region I. The thermal gradients can vary significantly depending 

on part size, build time, built plate and/or powder bed temp, atmosphere used in the build chamber, 

thermal characteristics of the powder used, and the melt pool size [38]. With their wide variation, 

residual stressed are often described by the size of their influence in the material [49,50]. Type I 

residual stresses, also referred to as macro-residual stress, act over a larger area with respect to the 

dimension of the part. Type II, or micro-residual stresses, act over areas equivalent to the grain-
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size. Type III residual stresses act over areas on the atomic scale [49,50]. The type of residual 

stress effects different scales of parameters like part geometry and mechanical properties, phase 

transformations, and dislocation stress field and crystal lattice defects, respectively [40,49,50].  

Irrespective of processing parameters and orientation, in nearly every instance, axial 

residual stresses in L-PBF applications of 316L are spherical (Figure 2.9b) with compressive 

stresses at the core and tensile stresses at the surface [38,41–44]. The largest tensile stresses exist 

at the surface nearest the build plate [38,41,43] with the largest compressive stresses at the center 

of the specimen along the build direction [38,42,43]. Wu et al. [38] depicts this behavior using 

neutron diffraction and DIC measurements shown in Figure 2.9. DIC measures the axial residual 

stress on the surface of a specimen, while neutron diffraction measures the internal residual 

stresses. These measurements were taken at a depth of 15 mm from the top surface, so the depiction 

of residual stress here is two-dimensional. Neutron diffraction measurements were taken at 

multiple points along the build direction two show the residual stress behavior in a third direction 

(Figure 2.10) [38]. The magnitude of these stresses can be altered by adjusting the processing 

parameters, but the distribution of residual stresses largely stays the same.  

Though the distribution of residual stresses is inherent in the process itself, the prevention, 

reduction, and mitigation of these stresses can significantly improve part performance. Since 

residual stresses are formed due to thermal gradients, any processing parameter that can alter the 

thermal history can influence their formation and magnitude. The most influential parameters are 

energy input, scanning strategy, layer thickness, orientation, pre-heating, and dwell time. 

Many L-PBF equipment manufacturers provide a set of optimized printing parameters for 

a given material to aid in producing quality builds [51]. Often these parameters are optimized for 

part density as it is generally thought that defects and porosity are the leading cause of part failure 
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and poor mechanical behavior. With this, many researchers have studied the effects of different 

processing parameters on the final product, often creating what is called an optimized process 

window. An optimized process window generally focuses on laser power as a function of scan 

speed (also known as energy input) and will highlight the energy inputs that lead to various types 

of defects. This is discussed further in Section 2.3.3.2 but the idea of a process window can also 

be thought of in terms of thermal impact.  

While energy input looks at the laser power versus scan speed and is given units J/mm2, 

energy density factors in the volume of the part and is in units of J/mm3. Often energy density is 

described by Eq. 2.2 

 𝐸𝐸 =
𝑃𝑃

𝑣𝑣 ∙ ℎ ∙ 𝑑𝑑
 2.2 

where P is the laser power, v is the scan speed, h is the hatch distance, and d is the layer thickness. 

It should be noted that this is an approximation as it does not accurately represent the actual volume 

of the material that is affected, but it can be used approximate energy per unit volume [45].  

Researchers have investigated both energy input and energy density effects on residual stress. Liu 

et al. determined that increasing the energy input by decreasing the scan velocity will increase the 

magnitude of residual stresses in 316L [42]. Simson et al. also determined that when the energy 

density is increased sufficiently that the porosity is reduced to below 1%, the residual stress 

increases. [52]. They attribute this, however, to the porosity itself. Residual stresses can be relaxed 

by porosity and defects when the porosity is greater than 1%. At structural densities greater than 

99%, the residual stress values are nominally the same (Figure 2.11) [52]. Similarly, by calculating 

the strain, Mukherjee et al. concluded that the residual stress would increase with increasing power 

and decrease with decreasing scan speed (Figure 2.12) [53]. Aside from residual stress, higher 

energy density has been shown to improve the mechanical properties of 316L [54], so energy 
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density will need to be low enough to reduce the residual stress but high enough to improve the 

mechanical properties [45]. 

Some other rules-of-thumb for residual stresses in L-PBF 316L have been established in 

the literature. A shorter dwell time can result in lower magnitude residual stresses [41] because a 

longer dwell time allows the material to cool further. When a new layer of material is added and 

melted the thermal gradient between the new layer and the previous layers is much higher. A high 

thermal gradient can be more restrictive to the expansion and reduction occurring in the new layer 

during thermal cycling, causing higher residual stresses to form [8,46,49]. With the same logic, 

pre-heating the build plate can also result in lower magnitude residual stresses [43]. Increasing the 

layer thickness without changing the power or velocity will result in larger grains [55], higher 

magnitude tensile near surface residual stresses, and more porosity. In one study this combination 

led to a modest reduction in fatigue strength, however, the author notes the sample size may not 

be statistically robust [23].  

The L-PBF scanning strategy has been the focus of much research as it has a great impact 

on the thermal history. Scanning strategy can be broken down into pattern, sequence, track length, 

layer rotation, and orientation. The majority of scan patterns are directional [44,56–60], crosshatch 

[54,60,61], sector (island) [44,58,62–64], helix [44,56], fractal [65–67], or point (spot) [68]. 

Altering the scan pattern seeks to change the thermal history by reducing the track length, 

increasing the energy density, increasing the amount of remelting, and decreasing thermal 

gradients. In general, a shorter track length reduces the magnitude of residual stresses 

[42,44,56,58,62,63,65–67]. Remelting refines the microstructure [57,61,69], increases part density 

[61], improves the surface finish [61], and increases the yield strength [57]. Changing the 

orientation of the scan direction either through layer rotation or bidirectional scanning has been 
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shown to reduce the magnitude of residual stresses [40,44,70,71]. Changing the orientation of the 

build is also used for residual stress mitigation since residual stress changes depending on the 

direction in which they are measured. In a typical L-PBF build, on the top surface, the highest 

residual stress will be in the scan direction, while in a side surface the highest residual stress will 

be in the build direction [52]. The magnitude of these residual stresses, however, can be greatly 

reduced with altered build orientations [72]. 

To modify residual stresses, in addition to adjusting the processing parameters, post-

processing treatments like heat treating, hot isostatic pressing (HIP), and surface machining can 

also be effective. Heat treating (HT) 316L is generally performed as an annealing process at 

temperatures between 400oC and 1100oC in an argon atmosphere. An annealing HT can be divided 

into two main types: stress-relief and recrystallization. These two differ in the temperature of the 

heat treatment and the effect they have on the microstructure. 316L stainless steel made by L-PBF 

has a recrystallization temperature around 1050oC to 1100oC, above which full recrystallization 

can occur [39]. A summary of heat treatments done on L-PBF 316L can be found in Table 2.5. 

The higher the HT temperature the more residual stress relaxation is observed but one must be 

cognizant of microstructural changes. Changes in the microstructure can begin around 650oC with 

minor dislocation annihilation and the formation of fine precipitates, though this is not universally 

observed [73,74]. At 800oC the cellular substructure may begin to decompose, and some have 

noted the formation of a σ phase [73,74]. Significant microstructural changes and recrystallization 

have been noted to occur at 1050-1100oC, with equiaxed grains and δ ferrite phases being formed 

at 1400oC.  
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Table 2.5. Summary of heat treatments performed on LPBF 316L. 

Condition Duration Observation References 
388oC  
   on build plate 

4 hr Increased yield strength, decreased fatigue behavior Mower and Long 
[26] 

400oC  
argon + air 
cool 

4 hr 24% relaxation of residual stresses 
No change in mechanical properties or microstructure 

Chao et al. [73] 
Cruz et al. [74] 

450oC  
on build plate + 
argon 

4 hr No residual stress relaxation Sprengel et al. [39] 

650oC 
argon 

2 hr 25 to 46% relaxation of residual stresses 
Reduced yield strength, poorer fatigue behavior 

Riemer et al. [28] 
Leuders et al. [25] 

650oC  
argon + air 
cool 

2 hr 63.5% relaxation of residual stresses 
Reduced yield strength 
Minor dislocation annihilation, fine precipitates found at grain 
boundaries and dislocation walls (enrichment of Mn and O) 

Chao et al. [73] 
Cruz et al. [74] 

650oC  
furnace cool 

1 hr No change in crack growth behavior 
No microstructural changes 

Fergani et al. [75] 

650oC 
on build plate 

2 hr Improved fatigue behavior in horizontal samples but no noticeable 
change in vertical samples 

Blinn et al. [76] 

700oC 
furnace cool 

2 hr 3 to 66% relaxation of residual stresses measured by XRD Williams et al. [77] 

700oC 
furnace cool 

2 hr 10 to 50% relaxation of residual stresses measured by ND Williams et al. [77] 

700oC  
air cool 

2 hr Increased fatigue life Polishetty and 
Littlefair [27] 

700oC  
vacuum 

1 hr Reduced hardness Carlton et al. [78] 

800oC  
argon + air 
cool 

2 hr Cellular substructure decomposition, new intergranular particles 
appear with increased Mo, Si, and O concentrations. Could be a 
precursor to σ phase.  

Chao et al. [73] 

800oC  
gas quench 

1 hr 75% relaxation of residual stresses Sprengel et al. [39] 

900oC  
gas quench 

1 hr 86% relaxation of residual stresses 
Minor grain growth 

Sprengel et al. [39] 

900oC 
furnace cool 

2 hr ~90% relaxation of residual stresses 
Increased fatigue strength 

Lai et al. [79] 

1050oC  
furnace cool 

1 hr Recrystallization has occurred 
Improved crack growth resistance 

Fergani et al. [75] 

1050oC  
water quench 

1 hr Recrystallization has occurred 
Highest crack growth resistance 

Fergani et al. [75] 

1095oC  
vacuum + 
argon quench 

1 hr Reduced hardness, reduced yield strength Carlton et al. [78] 

1100oC  
argon + air 
cool 

5 min 92.4% relaxation of residual stresses 
Reduced yield strength 
Complete cellular dendrite annihilation, fully austenitic structure 
maintained 

Chao et al. [73] 
Cruz et al. [74] 

1100oC  
argon + air 
cool 

8 hr Inclusion particle coarsening, recrystallization occurs, and 
microstructure becomes equiaxed 

Chao et al. [73] 

1100oC 
ArH2 mix + 
furnace cool 

30 min Reduced residual stresses 
Recrystallization has occurred 

Shin et al. [64] 

1400oC 
argon + air 
cool 

10 min Inclusion particle coarsening, δ ferrite formation Chao et al. [73] 



 25 

 

Hot isostatic pressing (HIP) is another post-processing treatment that aims to improve the 

mechanical behavior. HIP works by raising the temperature of the material while simultaneously 

placing it under a high hydrostatic stress state. HIP alters the microstructure in the same way that 

HT does, often resulting in indistinguishable microstructure changes.  [80]. HIP is used when it is 

desirable to both densify the material and produce a recrystallized microstructure. The high 

pressure of HIP works to reduce porosity. However, the literature is inconclusive with regards to 

HIP of 316L, likely due to variability in porosity. It appears that HIP generally reduces porosity 

and therefore may improve metrics such as the fatigue behavior, but only for the specific types of 

porosity that control fatigue crack initiation. HIP works best on porosity that is closed (i.e., 

keyholing and gas entrapment) and is ineffective with open porosity (i.e., lack of fusion, LOF) 

[80]. Leuders et al. and Riemer et al. demonstrated that HIP resulted in increased high cycle fatigue 

limits and longer fatigue lives [25,28]. Shin et al. also showed how HIP can reduce the residual 

stress but found no difference in fatigue response comparing HT and HIP conditions. Both HT and 

HIP produced nominally the same porosity reduction and residual stress relaxation, likely due to 

the fact that densification was high in the as-built condition and the porosity that did exist had a 

low aspect ratio [64]. 

2.3.3.2 Manufacturing defects  

In laser powder bed fusion, there are over 130 process variables that can contribute to the 

manufacture of a part [81,82], meaning that each of these variables could have some significant 

impact on the microstructure, mechanical behavior, and quality of the part. With so many variables 

at play, the most commonly explored are the variables that are the easiest to control. Variables 

such as laser power and scan speed have been the most widely researched and as such these 
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variables are the basis for what is known as a power-velocity (P-V) map (or process window). The 

energy density (J/mm3), described by Eq. 2.2, is the basic metric shown in a P-V map. These maps 

are then overlayed with various aspects of the end part, such as microstructure, defects, or 

mechanical behavior. In this section we consider process maps with respect to defects. In Section 

2.3.3.4 we consider process maps with respect to the microstructure.  

 A general representation of a process window for L-PBF application with respect to defect 

formation is shown in Figure 2.13. Across most metals, we notice trends of high power and low 

velocity resulting in keyholing, low power and high velocity resulting in lack-of-fusion (LOF), 

and high power and high velocity resulting in “balling”. Balling occurs via two different 

mechanisms: a) when the laser power is such that incomplete melting occurs causing a 

discontinuity in the scan track or b) excessive scan speed creates spattering of liquid metal droplets 

[83]. The first type of balling is often thought of in terms of wettability with an insufficiently 

melted powder particle attaching to the bulk but not becoming uniform with it. Spattering balling 

occurs from the liquid metal droplets partially solidifying before re-attaching to the bulk. 

Keyholing is a phenomenon that occurs under high energy densities by which a capillary metal 

vapor is formed and trapped into the material by collapsed molten material that begins to solidify 

before the vapor can escape or be backfilled [8]. LOF occurs when the energy density is low or 

the scanning pattern is such that complete melting is not achieved resulting in previous melt pools 

not being completely filled by a new melted layer. In recent years it has been standard for the 

manufacturers of L-PBF systems to provide the customer with a set of nominal parameters that 

should result in a satisfactory build, but there has been continued research done to further optimize 

this process window for a variety of metals. 
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There are many aspects to defect quantification but in L-PBF defects are generally 

associated with porosity, melt pools, or inclusions. Clymer et al. created a tool to generate P-V 

process maps based on variables of interest [48]. The work of Clymer et al. was done to create 

process maps of multiple variables (relative density, surface finish, precision, deposition rate, and 

yield strength) so that they could be overlayed to determine the optimum parameters to meet 

certain build requirements (Figure 2.14). On the experimental side, Bang et al. were able to visually 

represent the changes in porosity with energy density by associating micrographs in a process map 

(Figure 2.15) [84]. This is only part of a defect process map, however, since it only considers 

energy densities that would result in predominantly LOF pores, rather than keyholing. Röttger et 

al. conducted a similar study but instead of analyzing the laser power and velocity, evaluated point 

distance and exposure time as variables (Figure 2.16) [85]. In this case, point distance was set 

equal to the hatch spacing and exposure time was a measure of time exposed to a given energy 

density. Taking it one step further, Deng et al. looked at not just the laser power (P) and scan speed 

(V), but also the hatch spacing (S) [82]. They investigated all three parameters to create process 

maps for both relative density (RD) and surface roughness (SR). They produced the process maps 

in Figure 2.17 for 316L to show the optimized values of power, speed, and hatch spacing to achieve 

a part with the highest relative density and smoother surface finish. In general, we notice certain 

trends like increasing scan speed resulting in higher porosity [86], reduced energy density resulting 

in higher porosity levels and larger pores [87,88], too little remelting resulting in more porosity 

while too much remelting resulting in keyhole porosity [89,90], and that in general higher levels 

of porosity result in poorer fatigue properties [22]. These processing maps can also be overlayed 

with other results, such as the fatigue response, shown by Zhang et al. in Figure 2.18, or yield 

strength shown by Clymer et al. in Figure 2.19. 
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Even with these process maps available, it is important to know the mechanisms behind 

defects impacting fatigue behavior. As discussed in Section 2.3.2 defects are critical in fatigue as 

they are often the source of stress concentrators which lead to crack initiation. There are various 

types of defects: binding defects [91,92], lack of fusion (LOF) porosity [22,92–95], gas entrapment 

porosity [92,93], keyhole porosity [92,96–99], residual stress cavities [91], spattering [100–102], 

and powder defects [92,103,104]. Their shape and size largely determine the amount of influence 

they have. The shape of a defect determines its stress concentration factor. A perfectly round 

defect, such as gas entrapment and keyholing, has a lower stress concentration factor compared 

with a sharp narrow crack-like defect. Murakami argues that the size of a defect is more influential 

than the shape [37]. If a defect exists that is larger than the non-propagating crack size at the fatigue 

limit, this defect will decrease the fatigue strength. Defects smaller than the non-propagating crack 

size will not cause crack propagation and therefore will not change the fatigue strength. Defects of 

similar geometry influence the fatigue strength greater depending on their size than on the stress 

concentration factor, since Kt for defects of similar geometries would be the same. Even if the 

stress concentration factor is high, if the defect is smaller than the non-propagating crack size, it 

will not be detrimental to the fatigue strength [20]. The extent to which each type of defect 

influences the fatigue behavior of AM materials is an active area of research. 

2.3.3.3 Surface roughness  

When considering fatigue behavior, surface roughness can be considered a surface defect. 

Similar to internal defects, surface defects can be stress concentrators and lead to cracking. There 

are many parameters that quantify surface texture according to ISO 25178-2 [105], with the 

primary parameters for quantifying surface roughness being Sv, Sz, and Sa. These parameters 

characterize the surface roughness of irregular profiles seen on L-PBF surface finishes by 
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quantifying the maximum pit depth, the maximum height of the profile, and the deviation of the 

surface profile from the mean, respectively [105]. The surface roughness is quantified over an 

evaluation area, A, defined as a portion of the scale-limited surface specified as the area under 

evaluation. The key topographical features within an evaluation area are the peak/hill and pit/dale. 

These parameters are visually explained in Figure 2.20. 

In multiple studies on fatigue of AM, surface roughness was deemed to be either 

significantly influential on fatigue behavior or at the very least a smoother surface performs better 

compared to the as-built surface [4,28,30,35,36]. Surface roughness occurs in AM, and specifically 

in L-PBF, for two main reasons: the ‘stair step effect’ and improper melting and balling [4]. The 

stair step effect is a result of the layer-by-layer process inherent in AM and is dramatically affected 

by the slicing process in AM preparation. The slicing process approximates the geometry of a 

specimen with built-up layers, causing curved surfaces across multiple build layers to have a ‘step’ 

effect rather than being a perfectly smooth curve. Even in straight cylindrical samples, however, 

an inherent surface roughness still exists. In powder bed processes this roughness is due to 

improper melting and balling [58,83,106]. True balling occurs with increased scanning speed and 

laser power and causes the scan track to break apart instead of stay as one continuous track [106]. 

This interruption of the scan path occurs because of the wettability of the material. Rather than the 

spherical powder particles wetting into the material surface to form a half cylinder, the surface 

tension of the molten material causes balling to occur [58]. Other, less severe types of “balling” 

occur either as result of vaporization of the particles during melting, or improper melting of the 

particles. Vaporization causes high recoil pressure in the melt pool resulting in melt expulsion or 

splashes [58]. Improper melting occurs when the laser power is too low and the particles do not 

receive sufficient energy to fully melt into the material surface [83]. Increasing the layer thickness 
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has been shown to increase the surface roughness for this reason [23]. Surface roughness has such 

a great impact on fatigue life due to the geometry of the roughness in the same way that internal 

defects impact fatigue. As previously mentioned, fatigue failure is more likely to occur from stress 

initiators. A stress initiator can be found at any location where the surface is neither perfectly flat 

nor perfectly round, so a rough surface can be the host of many stress initiators. In a specimen free 

from all internal defects, the location for crack initiation is at a surface imperfection [14]. In fact, 

Murakami asserts that fatigue crack initiation most readily occurs at the free surface [107]. 

Similarly, a specimen free from all surface imperfections with have crack initiation occurring 

below the surface at internal defects. There has yet to be a definitive answer on whether surface 

roughness or surface connected defects are more critical in fatigue applications.  

2.3.3.4 Microstructure 

Microstructure is largely dependent on the thermal history and solidification behavior 

during the manufacturing process. L-PBF processes are characterized by large thermal gradients 

and multiple re-heating thermal cycles. This process often results in crystal growth direction 

aligned with build direction, higher texture degree, and higher aspect ratio of grains [69]. 

Generally, columnar grains form along the build direction, owing to the melt pools formed during 

manufacturing. The microstructure perpendicular to the build direction is a result of the scanning 

strategy and can therefore vary greatly, but typically has lower grain aspect ratios. This anisotropy 

in microstructure results in an anisotropy of mechanical properties. The processing parameters can 

affect different aspects of the microstructure, such as the grain size, the aspect ratio of the grains, 

the average misorientation angle, and the primary dendritic arm spacing. Optimizing the 

microstructure can be done with P-V process maps (Figure 2.21) as was done with defects 

discussed previously.  
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For L-PBF applications with 316L, the microstructure formed is typically single phase 

austenite regardless of scanning strategy [57]. Additionally, 316L has a preferential <001> texture 

in the build direction [108]. Heat treatment can further change this microstructure, often resulting 

in more equiaxed grains, inclusion particle coarsening, and the formation of σ and δ ferrite phases 

[73]. In general, a microstructure with larger, more equiaxed grains will result in improved fatigue 

behavior. 
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Figures 

 
Figure 2.1. Laser powder bed fusion system schematic. Image downloaded from CustomPartNet Inc. website. 

 

 
Figure 2.2. Common process parameters regarding the scanning of the laser that takes place in laser powder bed 
fusion systems [7]. 
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Figure 2.3. SEM images of (a) gas atomization (GA) of Inconel 718 [109], (b) rotary atomization (RA) of Inconel 
718 [109], (c) plasma rotating electrode process (PREP) of Inconel 718 [109], and (d) water atomization (WA) of 
H13 tool steel [12].  

 

 
Figure 2.4. The three stages of fatigue crack growth and various modes associated with each as described by 
Forsyth. This schematic was created specifically for strong aluminum alloys but is generally applicable to many 
metals. Forsyth adds that the modes depicted here are a composite arrangement of possible modes and does not 
necessarily represent a general sequence [17]. 
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Figure 2.5. Variables used in calculating the stress concentration factor of a surface notch under remote uniform 
tension [21]. 

 

 
Figure 2.6. Graphical representation of the fatigue limit. Curve ABC demonstrates the S-N curve of a material with a 
fatigue limit. Curve ABD demonstrates the S-N curve of a material without a fatigue limit [13]. 

 

 

Figure 2.7. Temperature distribution as a function of depth from the top surface. The material depth is segmented 
into the melted zone (region I), heat-affected zone (region II), and non-affected zone (region III) [42]. 
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Figure 2.8. Thermal gradient mechanism (TGM) model first proposed by Mercelis and Kruth [43] with diagram 
modified by Li et al. [40] to graphically depict the residual stress formation.  

 

 
Figure 2.9. Axial residual stresses in AM L-shaped structure. Measurements are from both neutron diffraction 
(LANSCE) and DIC measurements. Measurements were taken at 15 mm down from the top surface with the bottom 
surface being at z=0 and the top at z=30. The L-shaped rectangular prism was built at 400 W laser power, 1800 
mm/s scan speed, and 45o rotated 5 x 5 mm2 island scanning. (a) shows the values of the data and the location of 
measurements in the x and y direction while (b) shows a representative contour plot made from this data [38]. 
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Figure 2.10. Residual axial strains measured via neutron diffraction along the bend of an L-shape specimen. X here 
represents a measure of distance from the build plate in the z-direction and is not a measure of distance along the x-
direction. A scan was done near the outer corner (green), inner corner (blue), and between the two (red). 
Measurements were taken on a L-shape specimen built at 400 W laser power, 1800 mm/s scan speed, and 45o 
rotated 5 x 5 mm2 island scanning [38]. 

 

 
Figure 2.11. Residual stresses in L-PBF 316L at energy densities 43 J/mm3, 71 J/mm3, 79 J/mm3, and 143 J/mm3 
[52]. 

 

 
Figure 2.12. Response of residual strain with increasing power (left) and scanning speed (right) [53]. 
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Figure 2.13. Defect process map for laser powder bed fusion applications [8]. 

 

 
Figure 2.14. Example of a P-V map that seeks to optimize or meet certain requirements for multiple variables [48]. 

 

 
Figure 2.15. Porosity defect process window for 316L on a Farsoon FS271M L-PBF system [84]. 
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Figure 2.16. Micrographs of 316L built at varying point distances and exposure times [85]. 

 

 
Figure 2.17. Process contour maps of (a) surface roughness and (b) relative density of 316L given laser power (P), 
scan speed (V), and hatch spacing (S) [82]. 

 

 
Figure 2.18. Process contour map of laser powder bed fusion 316L showing the response at (a) low stress fatigue life 
and (b) high stress fatigue life. (c) relates these results back to defects in a defect process map [34]. 
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Figure 2.19. P-V process map of 316L laser powder bed fusion showing the response in yield strength [48]. 

 

 

 
Figure 2.20. Visual representation of hill and dale profile elements with their respective peaks and pits [110]. 
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Figure 2.21. P-V process maps for 316L focusing on the resulting (a) average grain size, (b) grain aspect ratio, (c) 
average grain boundary misorientation, and (d) primary dendritic arms spacing [81]. 
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Chapter 3 The Influence of Section Diameter on the Ultrasonic Fatigue Response of 316L 

Stainless Steel Manufactured via GE Additive’s Concept Laser M2 Laser Powder Bed 

Fusion Systems 

3.1 Introduction 

Additive manufacturing (AM) is a rapidly evolving technology which allows for complex 

geometry, single-step manufacturing processes, and reduced assembly that offers many advantages 

over conventional manufacturing methods [1,2]. Laser-powder bed fusion (L-PBF) is one of the 

best-known metal AM methods, having been one of the first most widely used methods. In L-PBF, 

there are over 130 process variables that can contribute to the manufacture of a part [3,4] each 

impacting the microstructure, mechanical behavior, and quality of the part. The establishment of 

quantitative understanding of these effects is important for development of integrated 

computational materials engineering (ICME) methods [5] which have the potential to accelerate 

the design of robust AM processes and components [6,7]. In order to inform ICME models, the 

process-structure-property relationships for AM materials must be well understood. The most 

investigated process parameters are those which are easiest to control (e.g., laser power, scan 

speed, hatch spacing, layer thickness, laser spot size, scan strategy, etc.). Currently, most L-PBF 

equipment manufacturers designate ideal process parameters for a wide range of materials to 

reduce porosity, surface roughness, and manufacturing defects. These optimized parameters are 

based on research investigating the ways in which process parameters influence microstructures 

and properties [8–35]. For many structural components, fatigue is a critical design property and 
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thus establishing quantitative understanding of the fatigue behavior of AM components is 

essential.  

Fatigue of 316L stainless steel in L-PBF has been widely researched [36–48] with three 

main attributes being known to affect the fatigue behavior: as-built surface finish, residual stresses, 

and processing defects. In multiple studies on fatigue of AM samples, both surface roughness 

[2,42,44,49,50] and internal defects [36,48] were found to be significantly influential on fatigue 

behavior because they served as points of stress concentration [51,52]. The site for crack initiation 

is dictated by the stress-concentration factor, Kt, whose value depends on the geometry of the 

defect [53]. Local cyclic stresses are also affected by the local residual stresses. In general, surface 

residual stresses increase the fatigue strength when they are compressive and decrease when 

tensile, particularly in hard steels [53]. Investigations into the residual stress states of L-PBF 

printed parts have shown axial tensile residual stresses reaching or exceeding the bulk room 

temperature yield stress of the wrought material [54]. Residual stresses arise from melting, 

solidification, and re-melting during the laser processing which leads to large thermal stress 

gradients [55–59]. Irrespective of processing parameters and orientation, in nearly every instance, 

axial residual stresses in L-PBF application of 316L are generally compressive at the center of a 

sample and tensile at the surface [54,58–61]. This distribution of residual stresses can lead to part 

distortion and degradation of fatigue performance [56,62–64]. 

 One of the advantages of L-PBF AM is the ability to fabricate components with complex 

geometries which may have substantial variations in section thicknesses throughout the 

component. The influence of AM section thickness on fatigue behavior has not been the subject of 

significant study. In conventionally manufactured components, it has been shown that the fatigue 

strength of metallic materials can decrease with increasing specimen size [65–71]. The prevailing 
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theory behind this phenomenon comes from Weibull’s weakest link theory, which postulates a 

larger volume will have a higher probability of shorter life due to the abundance of more crack 

initiating elements [70,72,51]. This phenomenon has not been explicitly shown to occur in L-PBF 

components, although some aspects of this have been investigated. Studies have shown the effect 

of powder layer thickness [13,20,37,58] and overall part height (number of layers) [58,60] on 

structural and mechanical results in AM materials, but only limited investigation has been 

conducted on geometric scaling. In this instance, geometric scaling can be thought of as scaling in 

three dimensions such that similar geometries are maintained. The current investigation aims to 

characterize gauge section diameter effects occurring in 316L L-PBF, as well as evaluate various 

aspects of processing-structure-property relationships to determine the degree of influence each 

has on these scaling effects.  

 Ultrasonic fatigue (UF) testing is used in this research for its ability to rapidly obtain high 

cycle fatigue (HCF, 104 to 107 cycles) [38,73–75] and very high cycle fatigue (VHCF, >107 cycles) 

[3,4,75–77] data. UF testing is conducted by stimulating specimens at resonant frequencies close 

to 20 kHz [78,79], compared to the conventional servo-hydraulic HCF testing apparatus which is 

typically conducted at 20-60 Hz. This reduces testing time in the HCF and VHCF regime to hours 

or days rather than months or, in the case of VHCF, years. This enables testing of a significantly 

larger number of samples which, in turn, substantially improves the statistical significance of 

inferences which can be made on the factors influencing fatigue responses. Prior research suggests 

that there are no frequency effects on the fatigue behavior in austenitic stainless steels [80].    

In this study, the effects of sample gauge section diameter on the ultrasonic fatigue 

behavior of 316L SS produced via L-PBF are investigated. In particular, the HCF fatigue behavior 

was evaluated for three different gauge diameters (1.5 mm, 2.5 mm, and 5.0 mm) in L-PBF 
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samples manufactured using identical processing parameters. These samples were also evaluated 

for changes in surface roughness, defect morphology, and microstructure that may arise due to 

changes in gauge diameter. The influence of surface roughness was examined by comparing as-

built samples to samples with the surface removed by low stress grinding. As-built residual stress 

distributions were also characterized for two different gauge diameters (1.5 mm and 5.0 mm). In 

the 5.0 mm gauge diameter sample the influence of stress relieving heat treatment on HCF and 

residual stress was quantified. 

3.2 Materials and Methods 

3.2.1 Material properties 

A single batch of AISI 316L stainless steel powder particles produced by GE Additive 

Concept Laser GmbH (CL 20ES) was used to fabricate all specimens. The powder was reported 

by GE Additive to have a chemical composition shown in Table 3.1 which is generally consistent 

with standard AISI 316L stainless steel used for L-PBF [81]. A combination of virgin and sieved 

particles were used in the fabrication of all specimens. Particle size analysis revealed the median 

particle size to be approximately 30 µm with 90% of particles being less than 45 µm (Table 3.2). 

Additionally, 73.6% of particles measured were found to have a sphericity of 0.9 or less, with the 

average sphericity being 0.791. A portion of the powder batch was used to fabricate L-PBF tensile 

samples to measure bulk mechanical properties. The results indicated that the elastic modulus for 

this condition was 165 GPa with a yield strength of 466 MPa, showing a significantly lower elastic 

modulus and higher yield strength compared to wrought 316L stainless steel [82,83] (Table 3.3). 
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Table 3.1. Chemical composition (in wt. %) of CL 20ES 316L stainless steel powder particles according to GE 
Additive compared to the ASTM standard composition for 316L laser-powder bed fusion powder particles. Single 
values represent maximum allowable contents for that given element.  

Type Fe  Cr  Ni  Mo  C  Mn  P  S  Si  
GE Additive Balance 16.5-18.5 10.0-13.0 2.0-2.5 0.030 2.0 0.045 0.030 1.0 

 

Table 3.2. Powder particle size (in µm) cumulative distribution function of GE Additive CL 20ES stainless steel 
powder. 

 10% 50% 90% 
Virgin 21.5 30.4 43.5 
Virgin + Sieved 20.2 30.1 44.8 

 

Table 3.3. Mechanical properties of 316L austenitic stainless steel at room temperature. 

Type Elastic Modulus [GPa] Tensile Strength [MPa] Yield Strength 0.2% Offset [MPa] 
Wrought 193 558-560 290 
Experimental 165 565 466 

 

3.2.2 Specimen fabrication 

All fatigue specimens were fabricated using a GE Additive Concept Laser M2 (CL M2) at 

the US Naval Research Laboratory. The processing parameters, listed in Table 3.4, are the 

recommended parameters for 316L by GE Additive.  

Table 3.4. Laser powder bed fusion (L-PBF) process parameters for every build. 

Machine Laser Power Scan Speed Layer Thickness Laser Spot Size 
CL M2 370 W 900 mm/s 25 µm 160 µm 

The specimens were fabricated in a cylindrical dog-bone geometry (Figure 3.1) in the vertical 

orientation for ultrasonic fatigue testing. To test size effects, the gauge diameter was built to be 

5.0 mm, 2.5 mm, or 1.5 mm, with the length of the specimen adjusted to maintain a 20 kHz resonant 

frequency for each gauge diameter. L-PBF samples were fabricated in 4 different builds, with 32 

to 40 samples per build.  For each layer, individual fatigue samples were fabricated first by building 

the sample interior (infill region) with multiple line scans, followed by a number of final contour 
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scans to fabricate the sample as-built surface. Individual samples were removed from the base 

using electro-discharge machining (EDM) prior to thread machining. 

3.2.3 Ultrasonic fatigue testing 

Ultrasonic fatigue (UF) testing is conducted at room temperature on equipment developed 

by University of Natural Resources and Life Sciences, Vienna (BOKU) [79] and operated at 20 

kHz. Experimentation was conducted under fully reversed (𝑅𝑅 = −1) loading. Failure was defined 

as the point in life at which the UF instrumentation detects a change in frequency greater than 200 

Hz from the starting resonant frequency of approximately 20 kHz. A value of 200 Hz was chosen 

to allow the crack to propagate sufficiently to be observed by the unaided eye but not fully fracture 

the specimen. If a specimen does not meet this failure criteria prior to 108 cycles, it was deemed a 

runout.  

The HCF testing protocol consists of four steps: (1) statistical sample of intermediate-stress 

level fatigue (~20 samples); (2) statistical sample of high-stress level fatigue (~10 samples); (3) 

quantification of fatigue strength at 108 cycles using staircase testing at low-stress fatigue (~10 

samples); and (4) application of a Random Fatigue Limit (RFL) model using a Maximum 

Likelihood Estimation (MLE) to quantify statistical variability and estimate the S-N curve and 

fatigue strength, SN. 

3.2.4 Fatigue strength calculations 

A life-regression model (S-N curve) is used to quantitatively describe the fatigue properties 

of a given sample group from experimental fatigue tests. There are multiple models that can be 

used to generate an S-N curve from fatigue data, including the Random Fatigue Limit (RFL) model 

[84] which is used herein. The RFL curve fit also acts as a metric to more readily determine the 
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fatigue strength, SN, of a material condition by using the entire S-N curve population including 

runout data points. The RFL model can be used for a range of different distributions and 

constraints, making it important to implement a Maximum Likelihood Estimation (MLE) to the 

calculation of the RFL model. In the current investigation, this was done following the methods 

outlined by Engler-Pinto Jr. et al. [75]. MLE analysis has shown that a Weibull distribution is the 

best fit in most cases, so, in the current investigation this is the distribution used in each RFL 

analysis. Once the appropriate RFL model is selected, the fatigue limit and fatigue strength can be 

calculated for the dataset. The RFL model was selected in place of other models such as the 

Modified Basquin model [74,85] as it has been shown to generally provide a better fit to HCF data 

as determined by MLE [74]. 

 Another common method for estimating the fatigue strength, SN, is the staircase method. 

This is a fatigue testing method which sequentially tests samples at varying stress levels. The first 

sample is tested at a pre-determined stress and observed to be either a failure or a runout. The 

following sample is tested at a higher stress if the previous sample was a runout and a lower stress 

if it was a failure. This continues for any number of samples, resulting in a roughly even split of 

runouts and failures. The median stress of these tests is used as an estimate of the median fatigue 

strength of the material, with the assumption that the fatigue strength is normally distributed. For 

its simplicity, this method was used to test a portion of the sample group, however, an RFL model 

is still applied to the entire dataset as it is more accurate in predicting the fatigue strength of data 

that is not normally distributed [74].  

3.2.5 Surface roughness 

Surface roughness was measured on all samples using a Keyence optical microscope. Both 

line roughness and surface roughness were measured from the included Keyence software on as-
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built dog-bone samples. A shape correction is applied to account for the cylindrical surface. Nine 

images of the surface were taken at 600x magnification and stitched together to form an area of 

interest approximately 900 x 1200 µm. Surface characteristics measured include the arithmetic 

mean height of the surface profile (Sa), root mean square height of the surface profile (Sq), and the 

maximum height of the surface profile (Sz), as defined by ISO 25178-2. 

3.2.6 As-built surface removal 

Removal of the as-built sample surface was conducted to characterize both the impact of 

reducing the as-built surface roughness and also removing the L-PBF contour passes from the 

printed part. In both cases, material removal is done using a RTS Leeds low-stress sample 

polishing machine at Element Materials Technology in Wixom, MI. The CL M2 samples show a 

clear distinction between the infill and contour regions, with differing microstructures and defect 

concentrations, as shown in Figure 3.2. Removing the as-built surface was characterized into two 

groups: surface removal (Figure 3.2 b) and contour removal (Figure 3.2 c). The surface removal 

machines approximately 75 µm from the surface while the contour removal removes the entire 

contour passes (approximately 150 µm) from the surface. 

3.2.7 Residual stress 

The axial residual stress was measured on three samples: one as-built 5.0 mm CL M2, one 

as-built 1.5 mm CL M2, and one stress relief heat treated 5.0 mm CL M2. Residual stress 

measurements are done using x-ray diffraction (XRD) with material removal via electropolishing 

to get a profile of residual stress versus depth from the surface. Samples were measured using an 

LXRD 13115 with a Mn target, x-ray elastic constant of 20,199 ksi (139,000 MPa), {311} 
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crystallographic plane, and 152.8ᵒ Bragg angle. Residual stress measurements were conducted by 

Proto Manufacturing Inc. in Taylor, MI. 

 In addition to measuring the residual stress, a partial relief of the residual stress was 

conducted by heat treating eight 5.0 mm CL M2 samples. A stress relief heat treatment was 

completed in a Lindberg 1700ᵒC tube furnace in a sealed Argon environment. The heat treatment 

consisted of a forty-five minute heat-up, four hour soak at 650ᵒC, and a three hour furnace cool to 

room temperature. These conditions were chosen to provide stress relief while limiting 

microstructural changes [39,42,86–89].   

3.2.8 Microstructure and fractography 

Microstructural characterization was conducted to evaluate the influence of gauge 

diameter. The samples were cut using a low speed saw, ground using increasingly fine grit SiC 

grinding paper, and polished using 1 µm diamond suspension followed by 0.04 µm colloidal silica, 

using the procedure outlined by Rowenhorst et al. [90]. Sections were taken from the gauge area 

both parallel and normal to the build direction. Electron backscatter diffraction (EBSD) was used 

to evaluate the microstructure in multiple orientations. EBSD scans were taken in both the interior 

and at the edge of each sample to obtain an understanding of how the microstructure changes 

throughout the samples, most notably from the contour to the infill. EBSD characterization was 

accomplished using an EDAX Hikari EBSD camera on a Tescan MIRA-3 GMH electron 

microscope at 30 kV and a beam intensity of 18, with a scan area 600 ꓫ 600 µm and a step size of 

0.5 µm. Analysis was completed using EDAX OIM AnalysisTM in the austenite phase with a 

minimum grain boundary misorientation angle of 1o.  
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Analysis of the fracture surface was conducted utilizing SEM on a Tescan Mira-3 GMH 

electron microscope. Analysis of defects on the fracture surface was completed with the use of 

SEM images and ImageJ.  

3.3 Results 

3.3.1 Microstructure 

The microstructure was characterized for each unique build and a representative sample of 

images are shown in Figure 3.3. The microstructure was evaluated both normal and parallel to the 

build direction to observe the anisotropic morphology. Each orientation was evaluated in the 

specimen interior and the near surface region (edge). This allowed for understanding of 

microstructural changes that may occur between the infill and contour regions. Figure 3.3 (a-d) 

depicts the microstructure observed for the 1.5 mm CL M2 specimens for direct comparison to the 

5.0 mm CL M2 specimens below (Figure 3.3 e-h). All samples show a distinct change in 

microstructure from the contour to the infill regions. In general, a uniform crosshatch patterning 

normal to the build direction and columnar grains parallel to the build direction in the infill region 

are seen. The contour region consists of generally smaller and more equiaxed grains. Additionally, 

an increase in the density of pore-like defects at the intersection of the contour and infill regions 

is observed as indicated by the arrows in Figure 3.2 a, c, e, and g. 

3.3.2 Surface roughness 

Surface roughness measurements indicated that there was no significant change in surface 

roughness as the diameter of the as-built sample is changed (Table 3.5). The as-built surface was 

also evaluated by examining cross-sectioned samples perpendicular to the build direction (Figure 

3.4) using SEM. The Keyence, with its limited resolution, measures surface roughness 
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predominantly from the evidence of build layers and partially melted particles adhered to the 

sample surface. Using the SEM, evidence of individual particles and build layers, as well as deeper 

crevices (denoted in Figure 4 with red circles) that are generally not picked up by the Keyence are 

seen. For this reason, future discussion will distinguish between the surface roughness (Keyence) 

and surface crevices (SEM).  

Table 3.5. Surface roughness characteristics for each gauge diameter sample group. Characteristics include the 
arithmetic mean deviation of the surface profile, root mean squared deviation of the surface profile, and maximum 
height of the surface profile as defined by ISO 25178-2. At least 3 samples were characterized for each gauge 
diameter.  

Type Sa [µm] Sq [µm] Sz [µm] 
1.5 mm CL M2 3.38 ± 0.87 4.28 ± 1.05 32.83 ± 5.73 
2.5 mm CL M2 3.11 ± 0.97 3.92 ± 1.19 29.35 ± 5.83 
5.0 mm CL M2 3.93 ± 0.49 5.00 ± 0.67 37.05 ± 5.78 

 

3.3.3 Residual stress 

Axial residual stress measurements were taken on both a 1.5 mm and 5.0 mm sample. 

Measurements were made through the depth of the as-built samples, showing the residual stress 

profile throughout the thickness of the samples (Figure 3.5). This shows that both samples have 

tensile residual stresses on the surface and compressive residual stresses in the sample interior. 

The magnitude of tensile residual stresses (at the sample edge) was significantly higher in the 5.0 

mm sample and the magnitude of the compressive residual stresses (in the sample interior) was 

higher in the 1.5 mm sample. It should be noted that the residual stress profile in the 5.0 mm sample 

was measured prior to fatigue testing while the residual stress profile in the 1.5 mm sample was 

measured after the sample had been tested in fatigue and the sample fractured. This was required 

due to lack of additional unfatigued samples for the 1.5mm sample diameter. In the 1.5 mm sample, 

residual stress measurements were taken well below the fracture surface while still being within 

the gauge length in order to avoid large deviations in residual stress due to stress relaxation that 



 60 

occurs during fatigue fracture. Axial tensile residual stress peaks just below the surface, exceeding 

the measured values of yield strength and ultimate tensile strength in the 5.0 mm sample. Despite 

this, no evidence of deformation or fracture was seen in these samples prior to testing. As suggested 

by Wu et. al. [54], comparisons between residual stress and the uniaxial yield strength may not be 

appropriate in AM materials due to the multiaxial nature of the  residual stress states. 

 Axial residual stress measurements are also taken on the surface of two 5.0 mm samples 

and one 1.5 mm sample. These measurements were made in either three or six different regions 

around the sample circumference. The surface axial residual stress measurements are non-

destructive which allows for one of the samples to be measured before and after stress relief heat 

treatment. Figure 3.6a shows a comparison of the 5.0 mm samples measured in the as-built 

condition and stress relieved condition. Figure 3.6b shows how the surface axial residual stress of 

the 5.0 mm stress-relieved samples compares to the as-built 1.5 mm sample. Table 3.6 shows the 

stress-relieved 5.0 mm had lower magnitude tensile residual stress compared to the as-built 5.0 

mm, but still a higher magnitude tensile residual stress compared to the as-built 1.5 mm. Due to 

lack of sample availability, residual stress measurements in the 2.5 mm CL M2 samples were not 

conducted. 

Table 3.6. Averaged values of the measured surface axial residual stress for each sample type.  

Type Average Measured Stress [MPa] Number of measurements 
5.0 mm As-built 292 ± 13 12 
5.0 mm Stress-relieved 143 ± 11 3 
1.5 mm As-built 69 ± 17 3 

 

3.3.4 Ultrasonic fatigue behavior 

A total of 130 as-built CL M2 specimens were tested for the three different gauge diameters 

(1.5 mm, 2.5 mm, and 5.0 mm). An additional eight stress-relief heat treated, eight surface-

removed, and eight contour-removed specimens were fatigue tested to show the influence of 



 61 

residual stress, surface roughness, and contour/infill defect density on fatigue behavior, 

respectively. Each group was UF tested across a range of maximum stress levels to capture 

behavioral changes at different stresses and to obtain a more complete view of the RFL estimated 

S-N curve. The UF results for each as-built CL M2 sample group are graphically represented in 

Figure 3.7. Fitting each sample group to an RFL model assuming a Weibull distribution informed 

by MLE indicates that reasonable curve fits were obtained for all of the fatigue data groups. As 

shown in Figure 3.7, significant improvements in fatigue behavior are observed with decreasing 

gauge diameter. From the RFL model curve fit, a value for the fatigue strength can be calculated 

along with a standard deviation of the data. The fatigue strength can also be calculated from the 

staircase testing procedure. Comparing the two methods of calculating the fatigue strength (Table 

3.7) shows they are in good agreement. The fatigue results of Figure 3.7 show that with decreasing 

gauge diameter, a general increase in fatigue life, Nf, and fatigue strength, SN, at 108 cycles, was 

observed. The variability for the 1.5 mm as-built samples is rather substantial, with a standard 

deviation for the calculated fatigue strength of 26.1 MPa (Table 3.7). The standard deviation in the 

RFL calculation is high in this case due to the two samples that were runouts at 160 MPa. Despite 

this variability, there is a statistically significant gauge diameter effect on fatigue behavior 

occurring between 5.0 mm and 2.5 mm samples (p<0.0001) and between 2.5mm and 1.5mm 

samples (p=0.0467).  

Table 3.7. Fatigue strength for each sample group as determined by random fatigue limit (RFL) model and the 
staircase testing procedure. The fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

1.5 mm As-built 123.0 ± 26.1 122.5 ± 6.6 
2.5 mm As-built 98.7 ± 7.0 97.0 ± 6.4 
5.0 mm As-built 89.5 ± 5.7 91.0 ± 7.0 
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The UF results for samples which had the as-built surface removed and the contour 

removed are shown in Figure 3.8. Both the surface-removed and contour-removed results show a 

marked improvement in fatigue strength, SN, at 108 cycles and fatigue life, Nf in all cycle regimes. 

The improvement is such that these 5.0 mm samples perform even better than the 2.5 mm and 1.5 

mm as-built samples, demonstrating that the surface region has a substantial influence on the HCF 

behavior. This improvement is attributed to the removal of the surface crevices, as well as a general 

reduction in surface roughness. This surface removal reduces both the number of potential crack 

initiation sites and the severity of the stress concentration at these sites. A further slight 

improvement in fatigue strength was observed when the entire contour (including the contour/infill 

zone) is removed. In general, the fatigue strength estimates from the RFL analysis (Table 3.8) 

show no statistically significant difference between the surface-removed and contour-removed 

samples. It should be noted that the sample populations for both these groups is limited which 

makes estimating statistical significance of these small differences difficult. 

Table 3.8. Fatigue strength for contour-removed and surface-removed sample groups compared to the as-built 5.0 
mm diameter condition. Fatigue strength is determined by random fatigue limit (RFL) model and staircase testing 
procedure. The fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

5.0 mm Contour-Removed 179.0 ± 3.8 181.4 ± 6.4 
5.0 mm Surface-Removed 170.0 ± 12.9 175.0 ± 5.0 
5.0 mm As-built 89.5 ± 5.7 91.0 ± 7.0 

 

The UF results for the stress-relief heat treated samples are shown in Figure 3.9. The 

implementation of a stress relief heat treatment on as-built samples results in a moderate 

improvement in fatigue strength at 108 cycles and a slight improvement in fatigue life. The stress 

relief heat treatment reduced the surface residual stress from 292 MPa to 143 MPa and improved 

the fatigue strength from 89.5 MPa to 116 MPa as shown in Table 3.9.  For comparison, the surface 

residual stress in the as-built 1.5 mm samples is 69 MPa and the fatigue strength is 123 MPa.  
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Table 3.9. Fatigue strength for the stress-relief heat treated 5.0 mm sample group compared to the as-built 5.0 mm 
diameter and 1.5 mm diameter conditions. Fatigue strength is determined by random fatigue limit (RFL) model. The 
fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

1.5 mm As-built 123.0 ± 26.1 122.5 ± 6.6 
5.0 mm Stress-Relief Heat Treat 116.0 ± 4.9 115.0 ± 8.7 
5.0 mm As-built 89.5 ± 5.7 91.0 ± 7.0 

 

3.3.5 Fracture surface analysis of as-built samples 

Fatigue fracture surfaces were characterized using SEM fractography. Figure 3.10 shows 

a representative view of the fracture surfaces for each as-built sample group. The fracture surface 

has two distinct regions: fatigue crack growth in the bottom region of the images and ductile 

overload in the top region of the images. The bottom regions show the path of crack growth caused 

by ultrasonic fatigue. The top region experiences ductile failure from manual overload by sample 

bending. This manual overload is done to reveal the entire fracture surface as the criteria for failure 

in the UF testing does not result in complete fracture of the specimen. As can be seen, the 

macroscopic fracture surface morphology is similar for all three gauge diameters.  

While the images in Figure 3.10 are the typical fatigue fracture surface seen in most 

samples, some of the 5.0 mm as-built samples showed multiple fatigue crack initiation sites as 

shown in Figure 3.11. Evidence of multiple initiation sites were also seen in 2.5 mm and 1.5 mm 

samples, however much less common. In all cases, multiple fatigue fracture surfaces were most 

often seen in higher maximum stress, σmax, conditions. 

The fatigue fracture surface of each as-built sample reveals many different types of sub-

surface defects, as highlighted in Figure 3.12. The primary defects were lack of fusion (LOF) 

porosity [36,55,91–94], gas entrapment porosity [91,92,95,96], keyhole porosity [25,28,97–100], 

improperly melted particles [92,95,101–103], and discontinuities in the composition [104]. For 
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these samples, an increase in defect concentration was observed at the contour/infill region (Figure 

3.12 a & b), consistent with what was observed in EBSD (Figure 3.3). The defects in this region 

were a variety of improper melting causing both porosity (Figure 3.12 c & d) and solid defects 

such as melt pool boundaries or unmelted particles (Figure 3.12 g-i). Additionally, some of these 

samples have shown evidence of composition variation either due to a change in concentration of 

certain elements (typically increased carbon and decreased iron) or the inclusion of foreign 

elements (Figure 3.12 e & f). Despite the abundance of these subsurface defects, the crack initiation 

in as-built samples were generally due to surface crevices or surface-connected defects (Figure 

3.12 k & l), not internal defects.  

The size of the defects observed on the fracture surface were analyzed using ImageJ.  Both 

the area and the longest distance across the defect (diameter) were measured. All defects were 

quantified in the same manner, regardless of whether they are a pore, inclusion, or irregular 

melting. In this part of the study, all defects in the as-built samples were measured regardless of 

whether or not they could be the initiating defect. Only obvious three-dimensional defects were 

characterized. Discontinuities associated with local composition differences (e.g., oxides, 

carbides, etc.) such as in Figure 3.12 f and near surface LOF such as in Figure 3.12 j have not been 

included in this population. This defect study also does not include or account for crack initiation 

at the surface due to surface defects, such as surface crevices or surface-connected defects (Figure 

3.12 k & l), as the morphology of these defects cannot be seen from the fracture surface. The 

results for defect size (diameter), shown in Figure 3.13, indicate that the size of defects is not 

affected by the gauge diameter. This effectively rules out processing defect size or defect 

morphology as being the leading cause of the gauge diameter effects on HCF observed on the as-

built samples.  
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As stated previously, crack initiation in nearly every as-built sample occurs at or near the 

surface. Our investigation into surface roughness showed that there is no significant difference 

between gauge diameters, but that the presence of surface crevices must also be considered. The 

crevices are not detectable by the normal surface roughness measurements. The frequency of 

surface crevices in each sample set is difficult to determine as they are most readily observed in 

cross-sectioned samples which only isolates two locations around the circumference of the gauge 

section. The cross-section observations were inadequate to determine if the size or distribution of 

these crevices is affected by gauge diameter. However, it could be determined that in all as-built 

samples these crevices are the likely the source of crack initiation. Figure 3.14 shows examples of 

secondary cracks that had formed within the gauge section but away from the primary fatigue 

fracture surface in both 5.0 mm and 2.5 mm as-built samples. In both cases the cracks appear to 

have formed at a surface crevice.  

Crack initiation also occurs at the surface region in the 5.0 mm stress relief heat treated 

samples. Despite showing improvements in fatigue behavior due to the reduction of tensile stresses 

on the surface, the as-built surface finish remains the source of fatigue cracking just as in the as-

built samples. For this reason, the fracture surfaces of both sample groups are largely 

indistinguishable, as shown in Figure 3.15. 

3.3.6 Fracture surface analysis of samples with as-built surface regions removed 

To summarize what is known so far: gauge diameter effects on fatigue behavior have been 

shown to occur in 316L L-PBF. It is also shown that the microstructure, surface roughness, defect 

morphology, and defect size distribution do not change with changing gauge diameter. In addition 

to this, it is shown that a concentration of defects as well as a change in microstructure occurs at 

the contour/infill zone but that crack initiation generally occurs at or near the surface. For this 
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reason, an investigation was conducted to analyze the influence the as-built surface morphology 

and the contour/infill zone morphology has on the fatigue behavior. Figure 3.16 shows a 

representative fracture surface of 5.0 mm surface-removed and contour-removed samples, 

compared to the as-built fracture surface. The general shape of the fracture surface is nominally 

the same as the as-built samples, but the source of crack initiation is starkly different.  

While the as-built samples typically showed crack initiation occurring at or near the 

surface, the surface- and contour-removed samples show sub-surface, internal defects as the source 

of crack initiation. Figure 3.17 shows the general initiation site morphology of both surface- and 

contour-removed samples. The initiation sites in the surface-removed samples were generally from 

AM processing defects that can be characterized as a complex conglomerate of lack of fusion 

(LOF) and melt pool defects. Evidence of these types of defects were also seen on the fracture 

surface of as-built samples, however they were rarely the source of crack initiation. The initiation 

site in the contour-removed samples has a defect morphology not reported by previous researchers. 

There is a distinct "fish-eye" surrounding each defect, showing that initial crack growth occurred 

sub-surface and in vacuum [4,105]. Once the crack reaches the surface, the fracture surface 

morphology changes to that of a typical "in-air" crack path. These defects tend to be larger and 

further from the surface than the defects found in the surface-removed samples. They also all tend 

to have a roughly square shape and a relatively flat surface. The morphology of the defect surfaces 

suggest that these are LOF voids between melt pool boundaries, however the reason for this shape 

is unknown. 

The initiating defects for the surface-removed and contour-removed samples can be further 

compared by looking at the 3D morphology of the LOF defects. Fracture surface topology and 

profilometry were conducted on all failed samples using the Keyence optical microscope to assess 
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the defect height in the build direction. Matching halves of a given fractured sample are shown in 

Figure 3.18 to help visualize the 3D morphology of the initiating defect. The average height (along 

the build direction) for an initiating defect is 46 µm for a surface-removed sample and 19 µm for 

a contour-removed sample. The cross-sectional area of the initiating defect is on average 3,803 

µm2 and 11,335 µm2 for surface- and contour-removed samples, respectively. While the initiating 

defect in both sample groups were determined to be LOF defects, the initiating defects in the 

contour-removed samples were more expansive across a given build layer but rarely permeates 

through multiple build layers – a build layer being 25 µm thick. The defects found in the surface-

removed samples almost always extended through multiple build layers, suggesting a different 

formation mechanism.  

Since the LOF defects in surface-removed and contour-removed samples differed 

morphologically, composition analysis was conducted to provide insight into the defect formation 

mechanisms. Composition analysis via EDS for the surface-removed initiating defects shows an 

essentially uniform composition across the initiating defect and fracture surface. The contour-

removed samples, on the other hand, show compositional variation specifically at the LOF defects 

(Figure 3.19). EDS shows increased concentrations of Si and Mn, indicative of Si-oxides (SiO2), 

Mn-oxides (MnO), and silicates (MnSiO3, Mn2SiO4) [106,107]. This suggests that these silicate-

oxides form due to Si and Mn reacting with O trapped in the powder particles and/or O trapped in 

the voids of LOF defects.  

To further investigate the differences between the surface-removed and contour-removed 

samples, the microstructures beneath the fracture surfaces are compared via EBSD. Figure 3.20 

depicts a cross-sectional view of a surface-removed sample (Figure 3.20 a) and contour-removed 

sample (Figure 3.20 b). These images show both the external ground surface and the path of crack 
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growth from the initiating defect. Figure 3.20 a shows that part of the contour and the contour/infill 

zone remain intact in the surface-removed sample, while Figure 3.20 b shows that in the contour-

removed sample this region has been removed. The surface-removed sample shows a crack growth 

path that is relatively tortuous, as opposed to the contour-removed sample which has a smooth 

crack growth path. This suggests different crack growth mechanisms and behavior between the 

two sample types, which would help explain why the contour-removed specimens have longer 

fatigue lives despite having larger initiating defects.  

3.4 Discussion 

In this study we have characterized the influence of AM section thickness on HCF, using 

fatigue sample gauge diameter as a measure of section thickness. A pronounced gauge diameter 

effect on HCF in AM 316L stainless steel has been observed. In particular, 1.5 mm diameter 

samples show a substantial increase in fatigue life and fatigue strength at 108 cycles compared to 

5.0 mm samples. The HCF response of 2.5 mm diameter samples was intermediate to these results.  

We have also attempted to identify the underlying factors that produce this gauge diameter effect 

as discussed below. 

Previous studies [e.g., 14,16] have shown that adjusting the processing parameters can alter 

the microstructure, however, in the current investigation, the processing parameters were not 

altered for the different gauge diameter fabrication, therefore changes in microstructure with gauge 

diameter were not expected and were not observed. Additionally, gauge diameter did not have an 

observable effect on the microstructure as shown in Figure 3.3. Normal to the build direction, all 

groups have a crosshatch pattern (Figure 3.3 e-f, i-j), characteristic of directional scanning 

strategies in L-PBF. Parallel to the build direction, columnar grains that extend across multiple 

build layers were observed. This cross-hatched cell microstructure is common in many L-PBF 
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systems as grains will preferentially grow in the direction of heat flow (along the build direction) 

and correlate with melt pools which span multiple layers. A cell represents a given grain or grain 

cluster that matches with a single square in the crosshatch pattern, as demonstrated in Figure 3.21. 

Comparing cell sizes for each gauge diameter (Figure 3.3 b & f), it can be observed that the cells 

are roughly the same size at approximately 125 µm in width in the infill regions. Additionally, the 

melt pool depth (Figure 3.3 d & h) and width of the contour zone (Figure 3.3 a, c, e, g) appears 

unchanged between the 1.5 mm and 5.0 mm as-built samples. If only microstructure was taken 

into consideration, one may not expect any change in fatigue with changing gauge diameter. Since 

we do see changes in fatigue behavior with gauge diameter, this indicates that factors other than 

the mesoscale microstructure dominate the HCF response of these samples.   

Processing-related AM defects found on the entire fracture surface were characterized by 

SEM and determined to be consistent with lack-of-fusion porosity and solid defects such as melt 

pool boundaries or unmelted particles. These defects were not associated with fatigue crack 

initiation but were taken to be indicative of the general porosity from AM. Quantification of these 

images indicated that the size of these defects follows a log normal distribution and both the size 

and distribution are statistically indistinguishable for all three gauge diameters. The mean size of 

these defects was approximately 34 µm in diameter. In addition, an increased concentration of 

defects was observed at the infill/contour zone for all sample diameters. This suggests that defect 

sizes, distribution, and morphology do not significantly impact the gauge diameter effect on fatigue 

behavior of these as-built samples. 

For samples tested in the as-built condition, crack initiation is observed to occur at the as-

built surface in the majority of cases. These cracks generally were related to surface connected 

crevices that are assumed to have formed during individual AM processing passes and can be 
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considered AM processing-related defects. There did not appear to be a correlation between 

crevice depth and sample gauge diameter, so this did not appear to explain the gauge diameter 

influence on fatigue lives. The measured value of the as-built surface roughness showed no 

significant difference between gauge diameters, indicating that surface roughness does not 

significantly impact the gauge diameter effect on fatigue behavior.   

While the processing parameters themselves were unchanged for the different builds, the 

complexity of the thermal history required to produce different gauge diameters can affect the 

residual stresses produced in each build set. All as-built samples, regardless of gauge diameter, 

demonstrate a peak tensile axial residual stress near the surface and transition into a peak 

compressive axial residual stress at the sample interior. This type of residual stress distribution has 

been observed previously for L-PBF processes [54,58–61]. The difference between gauge sizes 

lies in the magnitude of residual stresses, which shows a higher magnitude near-surface tensile 

stress in the 5.0 mm as-built samples and a higher magnitude sub-surface compressive stress in the 

1.5 mm as-built samples. Our results are consistent with at least one previous study [54]. Wu et al. 

reported that a reduction in part thickness can result in a lower magnitude tensile axial residual 

stress on the surface [54]. It should be noted that they also reported a lower magnitude compressive 

stress in the thinner region of the sample interior. Our observation is the opposite of this with a 

somewhat lower magnitude of compressive residual stresses in the sample interior for the 1.5 mm 

sample compared with the 5.0 mm sample. To ensure resonance of the ultrasonic fatigue samples, 

changes in sample diameter also require changes in the length of the sample scaled with the gauge 

diameter. Mercelis and Kruth found that the more layers added (more layers results in a taller 

height) the higher the residual stress is in the final part [60]. Our results are consistent with this 
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observation, in that the longer gauge length in 5.0 mm samples correlated with a higher tensile 

residual stress on the surface.  

The residual stress analysis in this current work showed that the axial residual stress is of 

greater magnitude and is tensile on and near the surface for 5.0 mm samples compared to 1.5 mm 

samples which exhibited a lower tensile residual stress on the surface. This could contribute to the 

observed gauge diameter effect but it is important to note the degree to which the tensile residual 

stress negatively affects the fatigue behavior. Fatigue testing shows a moderate improvement in 

fatigue strength at 108 cycles and slight improvement in fatigue life with a stress relief heat 

treatment of the 5.0 mm as-built samples (Figure 3.9 b). Additionally, fatigue crack initiation 

occurs at or near the surface, in the same manner as the as-built samples. Since the crack initiation 

sites and general fracture surface appear to be unaffected by gauge diameter, the improvement in 

fatigue behavior is attributed to the reduction in tensile residual stresses at the sample surface in 

the 1.5mm samples. The higher magnitude tensile residual stress observed in the 5.0 mm sample 

would in general increase the local mean stress and/or crack opening stress during fatigue testing 

resulting in shorter fatigue life. The strong correlation between residual stress distribution and 

fatigue behavior is consistent with previous work. Lueders et al. [39,42] has shown that the tensile 

residual stresses present in L-PBF parts negatively impact the fatigue behavior in the high cycle 

regime as it affects crack growth.  

In the current study, experiments conducted in samples subjected to a stress relief heat 

treatment showed a pronounced reduction in the residual stresses and also improvements in the 

HCF behavior. This further demonstrates the importance of residual stresses on fatigue behavior. 

This observation is consistent with previous studies [41,86,87,89].  
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For fatigue critical AM components, the results of this study show the importance of 

controlling residual stresses that are produced during AM fabrication. Without mitigating residual 

stress formation, AM components of varying section thickness can be expected to have significant 

variations in HCF lives, with thick sections exhibiting an increase in the probability of fatigue 

failure. The effect of section thickness can be somewhat moderated by subjecting AM components 

to stress relief heat treatment. 

3.5 Conclusions 

In this study, the fatigue behavior of L-PBF 316L SS under fully reversed (𝑅𝑅 = −1) 

ultrasonic fatigue loading in the high to very high cycle fatigue regime was investigated. 

Cylindrical dogbones of three gauge diameters (1.5 mm, 2.5 mm, 5.0 mm) were fabricated in the 

vertical direction with no post-processing to study the effects of sample diameter on fatigue 

behavior in the as-built condition. An additional set of samples were fabricated for post-processing 

for the purpose of studying the effects of the surface removal, contour removal, and stress-relief 

heat treatment on HCF in the 5.0 mm diameter samples. The following conclusions can be drawn: 

1) The high to very high cycle ultrasonic fatigue behavior of these AM samples is strongly 

influenced by the diameter of the specimen. A reduction in gauge diameter results in an 

increased fatigue strength at 108 cycles and increased fatigue lives in the high cycle fatigue 

regime.  

2) For samples built on the same AM machine (Concept Laser M2) and using the same 

processing variables, the fabrication of samples with varying diameter does not result in 

differences in microstructure (grain size, morphology and texture), defect size and 

distributions, or surface roughness. This indicates that the mesoscale microstructure and 

defect structure are not responsible for the observed changes in fatigue behavior. 
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3) Fractography suggests that crack initiation occurs at or near the surface in as-built samples. 

Cross-section analysis revealed that the surface initiation is likely due to deep surface 

crevices. 

4) Axial residual stress magnitudes are affected by the gauge diameter, and likely contribute 

to sample diameter effect. Large diameter samples have a higher magnitude tensile residual 

stress near the surface, while smaller diameter samples have a higher magnitude 

compressive residual stress at the center of the samples. Partial relaxation of residual stress 

via stress relief heat treatment demonstrates that the high magnitude tensile stresses on the 

surface negatively affect the high cycle fatigue behavior.  

5) Removing the as-built surface significantly improves the fatigue life and fatigue strength 

at 108 cycles. The fatigue behavior is further improved when the contour/infill zone is 

removed. In samples which have had the surface removed, fatigue crack initiation occurs 

at relatively large lack-of-fusion defects that are typical of AM processing.   
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Figures 

 
Figure 3.1 Concept laser M2 specimen geometry for ultrasonic fatigue tests. 

 

 
Figure 3.2. EBSD images showing cross sections of the as-built sample microstructure (a) and depictions of sample 
cross sections with surface removal (b), and with contour removal (c). In (a) the entire contour zone is intact, (b) 
depicts the removal of approximately 75 µm with the contour zone partially intact, and (c) the entire contour zone is 
depicted as removed. 

(a) (b) (c) 
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Figure 3.3. Inverse pole figure (IPF) maps generated via EBSD indicating the microstructure present in the (a-d) 
1.5mm CL M2 and (e-h) 5.0mm CL M2 sample groups. Arrows indicate pore-like defects at the intersection of the 
infill and contour regions. 

 

  
Figure 3.4. SEM profile view, perpendicular to the build direction for the as-built surface roughness in (a) 2.5 mm 
CL M2 and (b) 5.0 mm CL M2 samples. The red circles indicate the presence of surface crevices that are deeper 
than the surface roughness measurements shown in Table 5. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(a) (b) 
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Figure 3.5. Comparison of the axial residual stress depth profile of a 1.5 mm and 5.0 mm as-built CL M2 sample. 

 

 

 
Figure 3.6. (a) Comparison of surface axial residual stress of 5.0 mm as-built and stress-relieved samples. (b) 
Comparison of 1.5 mm as-built and 5.0 mm stress-relieved samples. 

(a) (b) 
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Figure 3.7. Stress-life (S-N) ultrasonic high cycle fatigue curves for all as-built CL M2 samples. Runout samples are 
indicated by unfilled data icons and are classified as cycling longer than 108 cycles without failure. Each set of data 
is accompanied by a Weibull distribution curve fit determined via random fatigue limit (RFL) analysis. 

 

 
Figure 3.8. Stress-life (S-N) ultrasonic high cycle fatigue curves for surface-removed and contour-removed samples. 
Samples are shown compared to their 5.0 mm CL M2 as-built counterpart. Runout samples are indicated by unfilled 
data icons and are classified as cycling longer than 108 cycles without failure. Each set of data is accompanied by a 
curve fit determined via random fatigue limit (RFL) analysis assuming a Weibull distribution. 
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Figure 3.9. Stress-life (S-N) ultrasonic high cycle fatigue curves for as-built samples having undergone a stress-
relief heat treatment. All samples are shown compared to their 5.0mm CL M2 as-built counterpart. Runout samples 
are indicated by unfilled data icons and are classified as cycling longer than 108 cycles without failure. Each set of 
data is accompanied by a curve fit determined via random fatigue limit (RFL) analysis assuming a Weibull 
distribution. 

 

   
Figure 3.10. Representative ultrasonic fatigue fracture surface fractography for as-built (a) 1.5 mm CL M2, (b) 2.5 
mm CL M2, and (c) 5.0 mm CL M2.  

(a) (b) (c) 
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Figure 3.11. Multiple fatigue fracture surfaces found on 5.0 mm as-built high-stress, low-cycle samples. 

 

 
Figure 3.12. Examples of common defects seen on the fracture surface in each sample group. (a-b) increase in defect 
concentration at contour/infill region of CL M2 samples. (c) – (d) porosity via gas entrapment or keyholing found in 
CL M2 samples. (e) – (f) discontinuity in composition. (g) – (h) melt pool boundaries. (i) – (j) lack of fusion and 
irregular melting found in CL M2 samples. (k) – (l) surface initiation from surface crevice. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 
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Figure 3.13. Defect size distribution is shown to compare the 1.5 mm, 2.5 mm, and 5.0 mm as-built samples. All 
defects on the fracture surface are measured. Defect size is quantified as the longest distance across the surface of a 
defect (diameter).  

 

  
Figure 3.14. Example of crack initiating at surface crevice and propagating during UF testing in (a) 2.5 mm CL M2 
and (b) 5.0 mm CL M2. 

(b) (a) 
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Figure 3.15. Representative ultrasonic fatigue fracture surface fractography for 5.0 mm CL M2 samples (a) as-built 
and (b) stress-relief heat treated. 

 

   
Figure 3.16. Representative ultrasonic fatigue fracture surface fractography for 5.0 mm CL M2 samples (a) as-built, 
(b) surface removal, and (c) contour removal samples. 

(a) (b) 

(a) (b) (c) 
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Figure 3.17. Examples of common initiating defects seen in (a-c) surface removal and (d-f) contour removal 
samples. 

 
Figure 3.18. 3D topological maps of both matching halves for a fractured (a) surface removal sample and (b) 
contour removal sample. A cross-sectional profile is taken for each sample at the location indicated by the white 
dashed line and is plotted to depict the total height of a LOF defect. 

(a) (b) (c) 

(d) (e) (f) 

(a) 

(b) 



 83 

 
Figure 3.19. LOF structure of initiating defects in contour removal samples. (a) and (b) SEM micrographs of 
initiating defects with their corresponding Si and Mn EDS elemental maps.  

 

 
Figure 3.20. EBSD inverse pole figure (IPF) showing the microstructure beneath the initiating defect and fracture 
surface for (a) surface removal sample, and (b) contour removal sample. The left side of each image shows the 
sample surface. The surface removal sample shows the contour/infill zone still intact while the contour removal 
sample shows no evidence of the contour. 

(a) (b) 
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Figure 3.21. Depiction of what constitutes a cell in the microstructural analysis. The size of the cell (width) is used 
to qualitatively represent microstructural changes in each build. 
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Chapter 4 The Influence of Section Diameter on the Ultrasonic Fatigue Response of 316L 

Stainless Steel Manufactured via 3D Systems’ ProX DMP 200 Laser Powder Bed Fusion 

System 

4.1 Introduction 

Additive manufacturing (AM) is a modern technology subject to continued research and 

innovation. Metal AM offers many advantages over conventional manufacturing methods [1,2] 

but still requires further investigation to fully understand AM process-structure-property (PSP) 

relationships. The PSP relationships are of particular importance for development of integrated 

computational materials engineering (ICME) models [3]. A key outcome of ICME is to model and 

predict complex production part performance without the need for laboratory testing [4,5]. 

Understanding complex part performance is important for factors such as fatigue behavior which 

is not only material dependent but geometry dependent. The phenomenon of seeing an improved 

fatigue response when reducing section thickness has been well known in conventionally 

manufactured metallic materials for quite some time now [6–12]. Until recent work by Trombley 

et. al. (Chapter 3), this had not been explicitly shown to occur in AM materials as well. Due to the 

complex thermal history AM parts experience during fabrication, it is worthwhile not only to show 

that this newer manufacturing method also exhibits size effects, but to investigate the aspects of 

AM processing that influence the fatigue response seen. Once a fundamental understanding of how 

the part geometry influences the fatigue response in AM materials, this can then be implemented 

into ICME models. 
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The focus of the work herein is on 316L stainless steel manufactured via laser-powder bed 

fusion (L-PBF). L-PBF is well-established in metal AM with at least 65 L-PBF systems 

commercially available. Most L-PBF systems manufacturers designate ideal process parameters 

for a range of materials that result in reduced porosity, surface roughness, and manufacturing 

defects. There are over 130 process variables, all of which have some influence on the part’s 

microstructure, mechanical behavior, or overall quality [13,14]. Extensive research has been done 

on how these processing parameters interact to create the desired outcome, the most investigated 

of which are the ones easiest to control (e.g., laser power, scan speed, hatch spacing, layer 

thickness, laser spot size, scan strategy, etc.) [15–33]. Given the extensive amount of variability 

possible in L-PBF systems, it is important to show that the effects observed, namely that of gauge 

diameter effects observed on the GE Additive Concept Laser M2 (CL M2) in Chapter 3, are not 

unique to that system. This current work investigates whether the gauge diameter effects seen on 

the CL M2 also exist on the 3D Systems ProX DMP 200 (ProX 200).  

Typically, fatigue behavior of L-PBF materials is governed by surface finish [2,34–37], 

processing defects [38,39], and residual stresses. Surface finish and defects act as stress 

concentrators [40,41] and are most readily the site of fatigue crack initiation. How quickly an 

external applied stress results in a fatigue crack is aided by the stress-concentration factor, Kt, at 

the source of crack initiation. This value varies based on the geometry of the notch, hole, or crack 

[42]. Fatigue cracking is also aided by tensile residual stresses [43–46]. Prior research has shown 

that L-PBF parts typically exhibit tensile residual stresses at the surface and compressive residual 

stresses at the core of the part [47–51]. This pattern of residual stresses arises from the melting, 

solidification, and re-melting inherent in L-PBF which creates large thermal stress gradients that 

follow the path of heat flow [43,48,49,52,53].  
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In this study, the effects of gauge section diameter on the ultrasonic fatigue behavior of 

316L stainless steel is investigated. The specimens are fabricated in two diameters (1.5 mm and 

5.0 mm) using L-PBF. With processing parameters kept the same between both builds, the 

overarching goal of this work is to investigate how the geometry of a specimen influences the 

melting, solidification, and re-melting process that occurs in L-PBF. A look at how the 

microstructure, surface roughness, defect morphology and distribution, and residual stresses are 

influenced by part geometry is shown in the Results section. This is paired with an investigation 

on how the high cycle fatigue (HCF) behavior changes with gauge section diameter, surface 

condition, and residual stress state. Finally, a comparison is made between the work utilizing the 

CL M2 (Chapter 3) and the current work utilizing the ProX 200. 

4.2 Materials and Methods 

4.2.1 Material properties 

Each specimen was manufactured using GE Additive Concept Laser CL 20ES Stainless 

steel powder meeting composition standards of 316L for L-PBF [54]. The powder was 

manufactured by GE Additive, who provided the composition of the material as given in Table 

4.1. A combination of virgin and sieved powder was used for the manufacture of test specimens. 

Particle size analysis revealed the median particle in both virgin and virgin + sieved to be 

approximately 30 µm with 90% of particles being less than 45 µm (Table 4.2). Additionally, 73.6% 

of particles measured were found to have a sphericity of 0.9 or less, with the average sphericity 

being 0.791. A portion of the powder batch was used to manufacture L-PBF tensile samples to 

measure bulk mechanical properties. The results indicated that the elastic modulus for this 
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condition was 165 GPa with a yield strength of 466 MPa, showing a significantly lower elastic 

modulus and higher yield strength compared to wrought 316L stainless steel [55,56] (Table 4.3). 

Table 4.1. Chemical composition (in wt. %) of GE Additive CL 20ES powder particles as provided  by GE Additive. 

Type Fe  Cr  Ni  Mo  C  Mn  P  S  Si  
GE Additive Balance 16.5-18.5 10.0-13.0 2.0-2.5 0-0.03 0-2.0 0-0.045 0-0.03 0-1.0 

 

Table 4.2. Powder particle size (in µm) cumulative distribution function of GE Additive CL 20ES stainless steel 
powder. 

 10% 50% 90% 
Virgin 21.5 30.4 43.5 
Virgin + Sieved 20.2 30.1 44.8 

 

Table 4.3. Mechanical properties of L-PBF 316L austenitic stainless steel at room temperature. 

Type Elastic Modulus [GPa] Tensile Strength [MPa] Yield Strength 0.2% Offset [MPa] 
Measured 165 565 466 

 

4.2.2 Specimen fabrication 

All fatigue specimens were manufactured using a 3D Systems ProX DMP 200 (ProX 200) 

at the Naval Surface Warfare Center – Carderock Division (NSWC). The 3D Systems 

recommended processing parameters for 316L were used for the manufacture of all specimens 

(Table 4.4). 

Table 4.4. Laser powder bed fusion (L-PBF) process parameters for every build, as recommended by 3D Systems 
for 316L stainless steel. 

Laser Power Scan Speed Layer Thickness Jump Speed Hatch Spacing Spot Size 
129 W 1400 mm/s 30 µm 5000 mm/s 50 µm 50 µm 

 

The specimens were fabricated in a cylindrical dog-bone geometry (Figure 4.1) in the 

vertical orientation for ultrasonic fatigue testing in the as-built condition. To assess the influence 

of part thickness on fatigue behavior, specimens with a gauge diameter of 5.0 mm and 1.5 mm 

were built. The geometry of the specimens was designed to resonate at 20 kHz despite different 
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gauge diameters. Thirty-six 5.0 mm and eighty-eight 1.5 mm specimens were built across four 

separate build plates. In every build, the infill of all specimens was completed prior to the contour 

pass on each specimen. All specimens were removed from the build plates using electro-discharge 

machining (EDM), followed by machining an M8x1.0mm thread on one end for insertion into the 

ultrasonic fatigue testing equipment. 

4.2.3 Ultrasonic fatigue testing 

Ultrasonic fatigue (UF) testing is used in this study for its ability to rapidly obtain high 

cycle fatigue (HCF, 104 to 107 cycles) and very high cycle fatigue (VHCF, >107 cycles) data. UF 

testing is conducted at room temperature on equipment developed by University of Natural 

Resources and Life Sciences, Vienna (BOKU) [57] and operated at 20 kHz. Operating at 20 kHz 

allows for HCF and VHCF data to be obtained in hours or days compared to months or years it 

would take operating at 20-60 Hz as is typical in servo-hydraulic fatigue testing. UF testing can be 

used and compared to conventional fatigue data in this work as it has been shown that the 

frequency of testing has no effect on the fatigue behavior in austenitic stainless steels [58]. 

Experimentation was conducted under fully reversed (𝑅𝑅 = −1) loading. Failure was defined as the 

point in life at which the UF instrumentation detects a change in frequency greater than 200 Hz 

from the starting resonant frequency of approximately 20 kHz. A value of 200 Hz was chosen to 

allow the crack to propagate sufficiently to be observed by the naked eye but not fully fracture the 

specimen. If a specimen does not meet this failure criteria prior to 108 cycles, it was deemed a 

runout.  

The HCF testing protocol consists of four steps: (1) statistical sample of intermediate-stress 

level fatigue (~20 samples); (2) statistical sample of high-stress level fatigue (~10 samples); (3) 

quantification of fatigue strength at 108 cycles using staircase testing at low-stress fatigue (10 
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samples); and (4) application of a Random Fatigue Limit (RFL) model using a Maximum 

Likelihood Estimation (MLE) to quantify statistical variability and estimate the S-N curve and 

fatigue strength. 

4.2.4 Fatigue strength calculations 

A life-regression model (S-N curve) is used to quantitatively describe the fatigue properties 

of a given sample group from experimental fatigue tests. There are multiple models that can be 

used to generate an S-N curve from fatigue data, including the Random Fatigue Limit (RFL) model 

[59] which is used herein. The RFL curve fit acts as a metric to more readily compare the fatigue 

life and strength of each sample group at varying stresses. The RFL model can be used for a range 

of different distributions and constraints, making it important to implement a Maximum 

Likelihood Estimation (MLE) to the calculation of the RFL model. In the current investigation, 

this was done following the methods outlined by Engler-Pinto Jr. et al. [60]. MLE analysis has 

shown that a Weibull distribution is the best fit in most cases, so, in the current investigation this 

is the distribution used in each RFL analysis. Once the appropriate RFL model is selected, the 

fatigue limit and fatigue strength can be calculated for the entire dataset, including runout values. 

The RFL model was selected in place of other models such as the Modified Basquin model [61,62] 

as it has been shown to generally provide a better fit to HCF data as determined by MLE [62]. 

An experimental method for estimating the fatigue strength is the staircase method. This is 

a fatigue testing method which sequentially tests samples at varying stress levels. The first sample 

is tested at a pre-determined stress and observed to be either a failure or a runout. The following 

sample is tested at a higher stress if the previous sample was a runout and a lower stress if it was 

a failure. This continues for any number of samples, resulting in a roughly even split of runouts 

and failures. The median stress of these tests is used as an estimate of the median fatigue strength 
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of the material, with the assumption that the fatigue strength is normally distributed. For its 

simplicity, this method was used to test a portion of the sample group, however, an RFL model is 

still applied to the entire dataset as it is more accurate in predicting the fatigue strength of data that 

is not normally distributed [62]. 

4.2.5 Surface roughness 

Surface roughness was measured on all samples using a Keyence optical microscope. Both 

line roughness and surface roughness were measured from the included Keyence software on as-

built dog-bone specimens. Values of Sa, Sv, and Sz as defined by ISO 25178-2 [63] are reported to 

assess differences in surface roughness. A shape correction is applied to account for the cylindrical 

surface. Nine images of the surface were taken at 600x optical magnification and stitched together 

to form an area of interest approximately 900 x 1200 µm. 

4.2.6 As-built surface removal 

The as-built surface was removed from twenty 1.5 mm ProX 200 specimens to characterize 

the impact removing the as-built surface roughness has on the fatigue behavior. Material removal 

was done using a RTS Leeds low-stress sample polishing machine at Element Materials 

Technology in Wixom, MI. The surface removal process removes approximately 75 µm from the 

surface, reducing the diameter by 0.15 mm. This process both improves the surface finish by 

reducing the surface roughness and completely removes the contour pass on each specimen. The 

contour pass shows a differing grain morphology than that of the infill, as seen in Figure 4.2, so 

removing this may influence the fatigue behavior. 
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4.2.7 Residual stress 

The axial residual stress was measured on four specimens: one as-built 5.0 mm ProX 200, 

two as-built 1.5 mm ProX 200, and one stress relief heat treated 1.5 mm ProX 200. Residual stress 

measurements are done using x-ray diffraction with material removal via electropolishing to get a 

profile of residual stress versus depth from the surface. Specimens were measured using an LXRD 

13115 with a Mn target, x-ray elastic constant of 20,199 ksi (139,000 MPa), {311} crystallographic 

plane, and 152.8ᵒ Bragg angle. Residual stress measurements were conducted by Proto 

Manufacturing Inc in Taylor, MI. 

In addition to measuring the residual stress, a partial relief of the residual stress was 

conducted by heat treating thirty-three 1.5 mm ProX 200 specimens. A stress relief heat treatment 

was completed in a Lindberg 1700ᵒC tube furnace in a sealed Argon environment. The heat 

treatment consisted of a forty-five minute heat-up, four hour soak at 650ᵒC, and a three hour 

furnace cool to room temperature. These conditions were chosen to provide stress relief while 

limiting microstructural changes [34,64–68]. 

4.2.8 Microstructure and fractography 

Microstructural characterization was conducted to determine if the gauge diameter of the 

as-printed part influenced the grain morphology in any way. The samples were cut using a low 

speed saw, ground using increasingly fine grit SiC grinding paper, and polished using 1 µm 

diamond suspension followed by 0.04 µm colloidal silica, using the procedure outlined by 

Rowenhorst et al. [69]. Sections were taken from the gauge area both parallel and normal to the 

build direction. Electron backscatter diffraction (EBSD) was used to evaluate the microstructure 

in multiple orientations. EBSD scans were taken in both the interior and at the edge of each sample 



 101 

to obtain an understanding of how the microstructure changes throughout the samples, most 

notably from the contour to the infill. EBSD characterization was accomplished using an EDAX 

Hikari EBSD camera on a Tescan MIRA-3 GMH electron microscope at 30 kV and a beam 

intensity of 18, with a scan area 600 ꓫ 600 µm and a step size of 0.5 µm. Analysis was completed 

using EDAX OIM AnalysisTM in the austenite phase with a minimum grain boundary 

misorientation angle of 1o. 

Analysis of the fracture surface was conducted utilizing SEM on a Tescan Mira-3 GMH 

electron microscope. Analysis of defects on the fracture surface was completed with the use of 

SEM images and ImageJ.  

4.3 Results 

4.3.1 Microstructure 

The microstructure was characterized for the 5.0 mm and 1.5 mm specimens with a 

representative sample of images shown in Figure 4.3. Images were taken normal and parallel to 

the build direction to observe the anisotropic microstructure morphology. Both the sample interior 

and surface region were captured to observe microstructural changes caused by the use of contour 

passes. Figure 4.3 highlights the differences in microstructure between the two specimen sizes (1.5 

mm and 5.0 mm) using the ProX 200. Processing parameters were kept the same between the two 

builds so any difference in microstructure would be attributed to thermal gradient differences 

during fabrication. All samples show the characteristic cross-hatch grain morphology normal to 

the build direction and columnar grains parallel to the build direction commonly observed in L-

PBF. Evidence of a contour pass is seen in Figure 4.3, which shows a differing microstructure 

characteristic of smaller grains, no cross-hatch pattering, and no columnar grains. The contour 



 102 

zone shows a different grain morphology which results from a different scan pattern used for the 

infill raster scan. 

4.3.2 Surface roughness 

Surface roughness measurements indicated that there was no significant change in surface 

roughness as the diameter of the as-built sample changed (Table 4.5). The surface roughness values 

reported are from Keyence optical measurements, which measures surface roughness by means of 

evidence of build layers and partially melted particles adhered to the sample surface. Cross-

sectional analysis on the SEM revealed that the specimens have features of surface roughness that 

would be obstructed in the Keyence optical measurements. Previous research has referred to the 

obstructed surface roughness of the specimens as surface crevices (Chapter 3). Evidence of 

obstructed surface crevices is also observed in the ProX 200 specimens, as shown in Figure 4.4. 

Subsequent discussion will distinguish between the surface roughness (Keyence) and surface 

crevices (SEM). 

Table 4.5. Surface roughness characteristics for each gauge diameter sample group. Characteristics include the 
arithmetic mean deviation of the surface profile, maximum height of the surface profile, and maximum pit depth as 
defined by ISO 25178-2:2021.  At least 3 samples were characterized for each gauge diameter.  

Type Sa [µm] Sz [µm] Sv [µm] 
5.0 mm ProX 200 8.88 ± 2.77 78.84 ± 30.12 33.52 ± 10.64 
1.5 mm ProX 200 5.30 ± 1.45 52.83 ± 19.25 25.25 ± 7.22 

 

4.3.3 Residual stress 

Axial surface residual stress measurements were taken at three radial locations within the 

gauge section of five as-built specimens: three 5.0 mm and two 1.5 mm specimens, as shown in 

Figure 4.5 a. Of the five specimens, one 5.0 mm and both 1.5 mm specimens, were also 

incrementally electropolished to get an axial residual stress depth profile (Figure 4.5 b). The 5.0 
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mm specimens from Build 6 and 1.5 mm specimens from Build 3 were measured in the as-built 

un-tested condition, while the 5.0 mm specimen from Build 1 was measured post-mortem. 

An axial residual stress surface and depth profile were measured on one stress-relieved 1.5 

mm specimen for comparison to the as-built state, as shown in Figure 4.6. Due to testing 

availability the stress-relieved 1.5 mm specimen did not have a surface or depth profile measured 

prior to heat treatment. 

4.3.4 Ultrasonic fatigue behavior 

The ultrasonic fatigue behavior of 36 as-built 5.0 mm specimens were compared to 30 as-

built 1.5 mm specimens. An additional 48 1.5 mm specimens were subjected to post-processing, 

with 31 specimens being stress-relieved and 17 were surface-removed. Trombley et al. previously 

reported the effects of stress-relief heat treatment and surface removal on the fatigue behavior of 

CL M2 samples (Chapter 3), whose testing procedure and analysis was replicated for the ProX 200 

specimens in this study.  

The UF results for each as-built ProX 200 group are graphically represented in Figure 4.7. 

Each sample group is separately fitted using an RFL model assuming a Weibull distribution 

informed by MLE. The ProX 200 specimens show a significant increase in fatigue life, Nf, and 

fatigue strength, SN, at 108 cycles with decreasing gauge diameter. The fatigue strength as 

determined by RFL and staircase testing is shown in Table 4.6 indicating that both methods are in 

good agreement. 

Table 4.6. Fatigue strength for each sample group as determined by random fatigue limit (RFL) model and the 
staircase testing procedure. The fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

1.5 mm ProX 200 117.0 ± 19.7 107.0 ± 9.0 
5.0 mm ProX 200 88.9 ± 9.9 93.0 ± 9.0 
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The UF results for the surface-removed 1.5 mm ProX 200 specimens are shown in Figure 

4.8. Removing the as-built surface significantly improves the fatigue strength, SN, at 108 cycles 

and fatigue life, Nf in all cycle regimes. The fatigue strength estimations are summarized in Table 

4.7. Due to material availability, 5.0 mm ProX 200 specimens were not subjected to surface-

removal.  

Table 4.7. Fatigue strength for surface-removed 1.5 mm specimens compared to the as-built 1.5 mm ProX 200 
specimens. Fatigue strength is determined by random fatigue limit (RFL) model and the staircase testing procedure. 
The fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

1.5 mm Surface-Removed 143.0 ± 29.6 146.7 ± 9.4 
1.5 mm As-Built 117.0 ± 19.7 107.0 ± 9.0 

 

The UF results for the stress-relief heat treated 1.5 mm ProX 200 specimens are shown in 

Figure 4.9. The stress-relief heat treatment imparts a mild improvement in fatigue strength at 108 

cycles with no significant difference in fatigue life at higher stresses. The fatigue strength 

estimations are summarized in Table 4.8. Due to material availability, 5.0 mm ProX 200 specimens 

were not subjected to stress-relief heat treatment. 

Table 4.8. Fatigue strength for stress-relieved 1.5 mm specimens compared to the as-built 1.5 mm ProX 200 
specimens. Fatigue strength is determined by random fatigue limit (RFL) model and the staircase testing procedure. 
The fatigue strength is defined as the stress needed to cause failure at 108 cycles. 

 Fatigue Strength [MPa] 
via RFL 

Fatigue Strength [MPa] 
via Staircase 

1.5 mm Stress-Relief 126.0 ± 9.7 124.4 ± 8.3 
1.5 mm As-Built 117.0 ± 19.7 107.0 ± 9.0 

 

4.3.5 Fracture surface analysis and defect characterization 

Fatigue fracture surface analysis is done to compare the crack growth path in each sample 

group. Figure 4.10 shows a representative view of the fracture surface for both 5.0 mm and 1.5 

mm ProX 200 specimens.  Every fracture surface shows two distinct regions, with fatigue crack 
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growth in the lower half and ductile overload in the top half of each image. The bottom half shows 

the amount of crack growth that occurred during fatigue testing. The top half shows the ductile 

failure that occurred due to manual overload by bending after the test had been completed. The 

testing criteria is such that “failure” is detected after a resonant frequency change of 200 Hz and 

therefore does not correlate to complete fracture of the sample. Manual overload is required to 

reveal the entire fracture surface for the purpose of fractography. Figure 4.10 shows that 

macroscopic fracture surface morphology is similar between the two diameters. 

Upon closer inspection of each fatigue fracture surface, the researchers noticed lack-of-

fusion (LOF) pores spread across the entire area. It was apparent that the source of fatigue crack 

initiation in all samples was due to LOF pores connected to the specimen surface. A selection of 

representative higher magnification SEM images are shown in Figure 4.11 highlighting these 

initiating defects in both the 5.0 mm and 1.5 mm specimens. These defects appear to be LOF pores 

due to their irregular shape (as seen in Figure 4.4 and Figure 4.11) and presence of unmelted 

powder particles within the defect, as shown in Figure 4.12 [38,70–73]. 

When the specimens are stress-relieved, the source of crack initiation does not change. 

Figure 4.13 shows the representative fractography of the as-built 1.5 mm ProX 200 specimens 

compared to the stress-relieved 1.5 mm specimens. The fracture surface morphology and source 

of crack initiation are nominally the same. LOF pores connected to the sample surface are also the 

only source of fatigue crack initiation when the as-built surface is removed. Figure 4.13 also 

compares the as-built 1.5 mm ProX 200 specimens to the surface-removed ProX 200 specimens. 

Analysis of the defect size and morphology for stress-relieved and surface-removed specimens 

indicates that these LOF pores are indistinguishable from those in the as-built specimens (Figure 

4.14).  



 106 

The size of the initiating defects on the fracture surface were analyzed using ImageJ. The 

area of each defect was measured by tracing the perimeter of the LOF pore as seen by the fracture 

surface. The area of the defects were also approximated using the area and √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 parameter 

defined by Murakami for irregularly shaped cracks [42].  The size of initiating defect is compared 

between the 5.0 mm and 1.5 mm ProX 200 specimen groups, as shown in Figure 4.14, and shows 

that defect size does not appear to have any correlation with specimen diameter. The initiating 

defects in both groups are essentially indistinguishable. 

4.4 Discussion 

For AM 316L stainless steel fabricated on the ProX 200 system, as the gauge diameter of 

a specimen is reduced, a marked improvement in the HCF response is shown. The ProX 200 1.5 

mm specimens show a substantial improvement in fatigue strength at 108 cycles and fatigue life in 

all stress regimes compared to the 5.0 mm specimens. Literature suggestions there are five main 

factors that can influence the HCF response in AM specimens: microstructure, defect morphology, 

surface roughness, section thickness effects, and residual stress state. 

4.4.1 Influence of microstructure, defects, and surface roughness 

The microstructure in both the 1.5 mm and 5.0 mm ProX 200 specimens is nominally the 

same. As seen in Figure 4.3, both specimen groups show a cross-hatch pattern normal to the build 

direction and short columnar grains parallel to the build direction. Both groups have similar grain 

size and morphology, contour pass grain morphology, and porosity. 

The source of crack initiation in both the 1.5 mm and 5.0 mm specimen groups is LOF 

pores at the specimen surface. In most specimens, there is one primary LOF pore acting as the 

source of crack initiation, though at higher stresses multiple LOF pores are often seen to initiate 
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cracks and lead to multiple cracks on the fracture surface. Despite differences in gauge thickness 

(diameter), the 1.5 mm and 5.0 mm specimens show an average initiating defect size of 174 µm 

and 134 µm, respectively. The size of the initiating defect is not significantly different between 

the two different as-built specimen groups. The overall size distribution of defects seen on the 

fracture surface is largely the same between the two groups.  

In all ProX 200 specimens, the measured surface roughness was determined to be 

influenced by a combination of build layers, adhered and partially melted powder particles, and 

LOF defects at the surface. The specimens also showed evidence of surface crevices that were 

otherwise obstructed during optical measurements of surface roughness but would likely also 

contribute to surface roughness effects. Due to consistent processing parameters, the measured 

surface roughness was nominally the same between the 1.5 mm and 5.0 mm specimen groups.  

It can be concluded from the above that the significant differences in HCF behavior 

observed between the 1.5mm and 5.0 mm gauge diameter samples are not due to any differences 

in microstructure, initiating defect size or surface roughness. 

4.4.2 Influence of residual stress 

The tensile residual stress magnitude is substantially lower in the 1.5 mm specimens 

compared to the 5.0 mm specimens. Literature has shown that high tensile residual stresses in the 

loading direction are detrimental to HCF behavior [43–46,74]. This is commonly thought of as an 

increase in tensile mean stress which is known to lead to lower resistance to cyclic stresses in the 

high cycle fatigue regime. Due to the higher tensile residual stresses on the surfaces, it is concluded 

that the 5.0 mm specimens experience a higher mean stress under cyclic loading than the 1.5 mm 

specimens leading to the reduced fatigue strength. 
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4.4.3 Influence of L-PBF machine 

Both the ProX 200 and CL M2 exhibit gauge diameter effects on HCF behavior in 316L 

stainless steel. In both cases, decreasing gauge diameter for samples built of identical geometries 

led to improved HCF resistance. Processing parameters for the CL M2 machine are provided in 

Table 4.9. Despite differences in processing parameters each AM system produces specimens with 

remarkably similar fatigue behavior. Figure 4.15 shows that the fatigue strength at 108 cycles for 

the 1.5 mm specimens are within 10% of each other, while the 5.0 mm specimens are within 1% 

of each other – far below one standard deviation for each group. This suggests that despite these 

differences in processing parameters, specimens of identical geometries exhibit nominally similar 

HCF response.  

Table 4.9. Laser powder bed fusion (L-PBF) process parameters for every build done on the GE Additive Concept 
Laser M2. All processing parameters used come recommended from GE Additive for use with 316L stainless steel. 

System Laser Power Scan Speed Layer Thickness Jump Speed Hatch Spacing Spot Size 
CL M2 370 W 900 mm/s 25 µm unknown unknown 160 µm 

 

4.4.3.1 Processing parameter influence on microstructure 

When comparing the microstructure of the ProX 200 to the CL M2, both systems show 

cross-hatch patterning normal to the build direction and columnar grains parallel to the build 

direction, as seen in Figure 4.16. The cross-hatch patterning is typical for L-PBF systems that use 

a raster scanning strategy, as both of these do. Columnar grains are seen in most L-PBF systems 

due to the remelting of previous layers and preferential heat flow along the build direction. The 

microstructure in the ProX 200 specimens shows generally smaller grains both normal and parallel 

to the build direction. This is to be expected given the 50 µm laser spot size of the ProX 200 

compared to the 160 µm spot size of the CL M2. The shorter columnar grains are due to a reduced 

energy density, E (in J/mm3), given by Eq. 4.1. 
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 𝐸𝐸 =
𝑃𝑃

𝑣𝑣 ∙ ℎ ∙ 𝑑𝑑
 4.1 

where P is the laser power (in W), v is the scan speed (in mm/s), h is the hatch distance (in mm), 

and d is the layer thickness (in mm). The ProX 200 system has an energy density of 61 J/mm3 

while the CL M2 has an energy density of 103 J/mm3, meaning the specimen experiences a higher 

average energy per material volume in each build layer when manufactured on the CL M2. When 

looking at the contour zones, both systems show evidence of at least one contour pass, with the 

CL M2 showing a more distinct contour zone than ProX 200. In both cases, the contour passes 

contain smaller, less columnar grains. The CL M2 is prone to a higher porosity concentration at 

the contour-infill zone, while the ProX 200 has greater porosity throughout. The differences 

between these two systems suggest that the HCF response is not greatly dependent on grain 

morphology, given their similar fatigue responses. 

4.4.3.2 Processing parameter influence on surface roughness 

The as-built surface in any L-PBF system is largely dependent on the processing 

parameters, namely scan pattern, energy density, and layer thickness. In recent years, the 

implementation of one or more contour passes following fabrication of the bulk of the specimen 

geometry in each layer has become common practice. The contour passes serve to reduce the as-

built surface roughness by smoothing the area between scan paths in raster scanning strategies. 

Additionally, the contour passes tend to have different built parameters than the infill scan, 

optimized to improve surface finish. Even with this improvement, an inherent as-built surface 

roughness is still left due to unmelted and partially melted powder particles adhered to the 

specimen surface and the stair-step effect that exists between build layers. The fact that the surface 

roughness is different between the ProX 200 and CL M2 is therefore unsurprising. The exact 

parameters of the contour passes are unknown in both systems as these are programmed by the 
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manufacturer and cannot be modified by the user. The only known quantitative difference is the 

layer thickness of 30 µm for the ProX 200 and 25 µm for the CL M2. Qualitatively, the differences 

seen are thicker, more distinct contour zones in the CL M2, and more adhered, less melted powder 

particles in the ProX 200. Since it has been determined that fatigue crack initiation does not occur 

at the measured surface roughness but rather obstructed surface crevices (CL M2) and LOF pores 

(ProX 200), the optically measured value of surface roughness should have little effect on the 

similarities in HCF response seen in both systems. 

4.4.3.3 Processing parameter influence on fatigue crack initiation 

The only source of crack initiation in all ProX 200 specimens was LOF at the surface. In 

the CL M2 as-built specimens, crack initiation most often occurred at surface crevices. These 

surface crevices are a combined result of minor layer delamination caused by tensile axial residual 

stresses and printing discrepancies resulting in higher stress concentrations between build layers. 

The surface crevices act as shallow surface cracks [42] in terms of stress concentration factor, 

where the maximum stress intensity factor is given by Eq. 4.2, 

 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ≅ 0.65𝜎𝜎0�𝜋𝜋𝜋𝜋√10 4.2 

where c is the depth of the crack from the surface and σ0 is the maximum stress applied during 

fatigue testing. In specimens with insufficiently long surface crevices (𝑙𝑙 ≤ 10𝜋𝜋), the shallow 

surface crack overestimates the size of the defect, and as such should be quantified by the √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

parameter instead of 𝜋𝜋√10. The surface LOF pores in the ProX 200 specimens would be treated 

as an irregular surface crack [42], as given by Eq. 4.3.  

 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ≅ 0.65𝜎𝜎0�𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 4.3 
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For 5.0 mm specimens tested at 120 MPa, the average crevice depth, c, in CL M2 

specimens is 24 µm, resulting in a KImax of approximately 1.2, while the average crack size, √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, 

is 53 µm, resulting in a KImax of approximately 1.0. The average crack size, √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, in ProX 200 

specimens is 124 µm, resulting in a KImax of 1.54. Thus the average LOF pore in the 5.0 mm ProX 

200 specimen produces a slightly higher stress intensity than the average 5.0 mm CL M2 specimen. 

These results are summarized in Table 4.10.  

Table 4.10. Comparison of the average defect size of specimens tested at 120 MPa. Defect size is quantified either 
by the crevice depth, c, or the √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 parameter. Resulting maximum stress intensity factors, KImax, are given with 
respect to the average defect size, as calculated by Eq. 4.2 and 4.3. 

Specimens Defect size metric Average defect size [µm] KImax 
5.0 mm CL M2 Crevice depth, c 24 1.20 
5.0 mm CL M2 √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 53 1.01 

5.0 mm ProX 200 √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 124 1.54 
 

4.4.3.4 Processing parameter influence on residual stress states 

The state of residual stress along the loading direction has an additive effect on the total 

stress felt at the start of fatigue crack initiation. Tensile stress adds to the external stress applied 

while compressive stress acts to reduce the applied stress. Since the source of crack initiation for 

all specimens regardless of L-PBF system is at or near the surface, the axial residual stress at the 

surface has the greatest impact on crack initiation and effectively increases the cyclic mean stress. 

The surface axial residual stress is measured for each system (ProX 200 and CL M2) and each 

geometry (5.0 mm and 1.5 mm) and shown in Figure 4.17. For the 5.0 mm geometry, the CL M2 

produces specimens with higher tensile residual stress. For the 1.5 mm geometry, the tensile 

residual stress is nominally the same between the two systems. Table 4.11 shows the average 

measured stress for each build group for easier comparison. 
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Table 4.11. Average measured surface axial residual stress for each build group. 

Type Average Measured Stress [MPa] Number of measurements 
5.0 mm CL M2 292 ± 13 12 
5.0 mm ProX Build 6 152 ± 15 6 
5.0 mm ProX Build 1 111 ± 12 3 
1.5 mm CL M2 69 ± 17 3 
1.5 mm ProX  58 ± 16 6 

  

Residual stresses arise due to the melting, solidification, and re-melting of the specimen 

during fabrication, making the processing parameters highly influential on the resulting residual 

stress state. In general, a larger thermal gradient will result in larger magnitude residual stresses as 

described by the temperature gradient mechanisms (TGM) model [50,53]. While nearly every 

processing parameter has a hand in altering the residual stress, the processing parameter with the 

greatest influence is the energy density from Eq. 4.1. The CL M2 system has the higher energy 

density of 103 J/mm3 compared to 61 J/mm3 in the ProX 200. While a complete understanding of 

how each processing parameter influences the residual stress formation in each system is beyond 

the scope of this work, suffice to say it makes logical sense that the CL M2 specimens will have a 

higher residual stress magnitude than the ProX 200 specimens. This is in agreement with literature 

which has shown that higher energy densities tend to increase the magnitude of residual stresses 

in L-PBF 316L applications [17,18,49]. The nearly double tensile residual stress of the 5.0 mm CL 

M2 specimens compared to the 5.0 mm ProX 200 would suggest a significantly poorer fatigue 

behavior, however Figure 4.15 shows they are nearly identical. One possible explanation for this 

lies in the maximum stress intensity produced by the initiating defect, as discussed in the previous 

section. The LOF pores in the ProX 200 specimens produce a higher magnitude stress intensity 

compared to the CL M2 specimens. The higher stress intensity combined with the lower residual 

stress present in the specimen could result in a similar overall HCF response during testing to the 

CL M2 specimens, resulting in nearly identical fatigue behavior. 
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4.5 Conclusions 

The influence of gauge diameter (1.5 mm vs 5.0 mm diameter) on the fatigue behavior of 

L-PBF 316L SS was investigated on specimens produced using a ProX DMP 200. The following 

conclusions can be drawn for the ProX DMP 200 specimens: 

1) The fatigue behavior in the high to very high cycle fatigue regime was  strongly influenced 

by gauge diameter. A reduction in gauge diameter results in an increased fatigue strength 

at 108 cycles and increased fatigue lives in the high cycle fatigue regime. 

2) The microstructure, initiating defect size, and surface roughness did not change with 

varying gauge diameter. This indicates that the mesoscale microstructure, defect size, and 

surface roughness are not the primary factors producing the observed differences in fatigue 

behavior. 

3) The source of fatigue crack initiation in ProX DMP 200 specimens was lack-of-fusion 

(LOF) pores at the specimen surface. The LOF defects were not affected by gauge diameter 

so these defects were also not the source of the differences in fatigue behavior. 

4) Axial residual stress magnitudes were strongly  influenced by the gauge diameter, with a 

larger diameter corresponding to higher magnitude tensile residual stress near the sample 

surface.  

5) Removal of the as-built surface finish significantly improves the fatigue behavior. Crack 

initiation still occurs at lack-of-fusion pores connected the specimen surface, though the 

defects are made effectively smaller due to the surface removal.  

A comparison is made between identical specimens fabricated on the ProX DMP 200 and the 

Concept Laser M2. The following conclusions can be drawn from this comparison: 
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6) The high cycle fatigue (S-N) responses of specimens produced on different L-PBF systems 

were very similar, including the influence of gauge diameter.   

7) The source of fatigue crack initiation is different for the two systems. Fractography 

indicates that crack initiation in the Concept Laser M2 occurs at the surface due to deep 

surface crevices. Crack initiation in the ProX DMP 200 occurs at the surface due to lack-

of-fusion defects.  

8) There is no significant difference in residual stress magnitudes between the two systems. 

The residual stresses dominate the high cycle fatigue resistance in both systems.   
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Figures 

 
Figure 4.1 As-printed specimen geometry for 5.0 mm and 1.5 mm diameter dog-bone ultrasonic fatigue tests. 
Dashed lines represent final specimen geometry after machine threading. 

 

 
Figure 4.2. Evidence of contour pass seen normal to the build direction in both 5.0 mm (left) and 1.5 mm (right) 
specimens as depicted by electron backscatter diffraction (EBSD) inverse pole figures (IPF). 
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Figure 4.3. Inverse pole figure (IPF) maps generated via EBSD indicating the microstructure present in the (a-d) 
5.0mm ProX 200, and (e-h) 1.5mm ProX 200 specimen groups. 

 
Figure 4.4. Cross-sectional view parallel to the build direction of a 1.5 mm specimen. This view shows the surface 
roughness as generated by build layers and adhered powder particles (orange), surface crevices due to printing 
defects and cracking (blue), and lack-of-fusion (LOF) pores at the specimen surface (red) and interior. 
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Figure 4.5. Axial residual stress as measured by XRD for as-built 5.0 mm and 1.5 mm specimens. (a) Axial residual 
stress surface profile, measured at three angular positions (90ᵒ, 210ᵒ, and 300ᵒ relative to roller direction) on each 
specimen. (b) Axial residual stress depth profile, measured at one angular position per specimen. 

 

 
Figure 4.6. Axial residual stress as measured by XRD for stress-relieved compared to as-built 1.5 mm specimens. (a) 
Axial residual stress surface profile, measured at three angular positions (90ᵒ, 210ᵒ, and 300ᵒ relative to roller 
direction) on each specimen. (b) Axial residual stress depth profile, measured at one angular position per specimen. 

(a) (b) 

(a) (b) 
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Figure 4.7. Stress-life (S-N) ultrasonic high cycle fatigue curves for all as-built ProX 200 specimens. Runout 
samples are indicated by unfilled data icons and are classified as cycling longer than 108 cycles without failure. 
Runout samples were re-tested at 210 MPa and are indicated by the half-filled icons. Each set of data is 
accompanied by a Weibull distribution curve fit determined via random fatigue limit (RFL) analysis. 
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Figure 4.8. Stress-life (S-N) ultrasonic high cycle fatigue curves for 1.5 mm ProX 200 specimens in the as-built and 
surface-removed conditions. Runout samples are indicated by unfilled data icons and are classified as cycling longer 
than 108 cycles without failure. Runout samples were re-tested at 210 MPa and are indicated by the half-filled icons. 
Each set of data is accompanied by a Weibull distribution curve fit determined via random fatigue limit (RFL) 
analysis. 
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Figure 4.9. Stress-life (S-N) ultrasonic high cycle fatigue curves for 1.5 mm ProX 200 specimens in the as-built and 
stress-relieved conditions. Runout samples are indicated by unfilled data icons and are classified as cycling longer 
than 108 cycles without failure. Runout samples were re-tested at 210 MPa and are indicated by the half-filled icons. 
Each set of data is accompanied by a Weibull distribution curve fit determined via random fatigue limit (RFL) 
analysis. 
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Figure 4.10. Representative ultrasonic fatigue fracture surface for as-built (a) 5.0 mm and (b) 1.5 mm ProX 200 
specimens. 

 

 
Figure 4.11. Selection of initiating defects seen on the fracture surface in both (top) 5.0 mm and (bottom) 1.5 mm 
ProX 200 specimens. 

(b) (a) 
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Figure 4.12. Evidence of lack-of-fusion (LOF) porosity in 5.0 mm and 1.5 mm ProX 200 specimens. Arrows show 
evidence of unmelted powder particles trapped with the LOF pore. 

 

 
Figure 4.13. Representative fatigue fracture surface for 1.5 mm ProX 200 specimens in the (a) as-built, (b) stress-
relieved, and (c) surface-removed conditions. 

(b) (c) (a) 
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Figure 4.14. Initiating defect size distribution comparing the 5.0 mm as-built, 1.5 mm as-built, 1.5 mm stress-
relieved, and 1.5 mm surface-removed ProX 200 specimens. Defect size is quantified as the traced √area of the LOF 
defect as defined by Murakami [42]. ‘X’ icons represent the average defect size. 
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Figure 4.15. Ultrasonic fatigue response in as-built specimens fabricated using the 3D Systems ProX DMP 200 
compared to the GE Additive Concept Laser M2 in (a) 1.5 mm diameter dog-bone specimens and (b) 5.0 mm 
diameter dog-bone specimens. 

(b) 

(a) 
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Figure 4.16. Inverse pole figure (IPF) maps generated via EBSD indicating the microstructure present in the 5.0mm 
CL M2 compared to the 5.0mm ProX 200 specimens both normal and parallel to the build direction. 

 

 
Figure 4.17. Comparison of surface axial residual stress states between specimens built on the ProX 200 and CL M2 
in the (a) 5.0 mm geometry and (b) 1.5 mm geometry. 

 

(b)

 

(a) 
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Chapter 5 Short Fatigue Crack Growth and S-N Prediction in 316L Stainless Steel 

Manufactured via Laser Powder Bed Fusion 

5.1 Introduction 

Metal additive manufacturing (AM) is a manufacturing technique which is increasingly 

becoming of interest for its many advantages over conventional manufacturing methods [1,2]. Due 

to the complex thermal history produced in AM components, metal AM is the subject of significant 

investigation to establish process-structure-property (PSP) relationships. In the age of integrated 

computational materials engineering (ICME) [3-5], it is often the goal to understand the 

mechanisms behind the PSP relationships in order to accurately model and predict material 

behavior) [3–5]. One topic that has been the subject of numerous studies is the fatigue behavior of 

AM parts. Fatigue behavior has been shown to strongly depend on the AM processing parameters 

as these dictate the thermal history of the part. While there is a fair understanding of how the 

thermal history influences the fatigue response [2], there is still much to learn about the 

mechanisms that drive this behavior. It is important to understand how changes to the AM process 

influence both fatigue crack initiation and growth. 

Crack initiation and crack growth are influenced by microstructure, defects, and residual 

stresses. In laser-powder bed fusion (L-PBF), there are over 130 process variables that collectively 

dictate the final microstructure, defect morphology, and residual stress of the component [6,7]. 

Extensive research has been done on how these processing parameters interact to create the desired 
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outcome, the most investigated of which are the ones easiest to control (e.g., laser power, scan 

speed, hatch spacing, layer thickness, laser spot size, scan strategy, etc.) [8–26]. For 316L stainless 

steel, in particular, several studies have been conducted to determine the influence of build 

orientation and heat treatment on the crack growth behavior [27–31]. Of these studies, none have 

evaluated the crack growth behavior in ultrasonic fatigue test specimens, nor have they made a 

prediction of the fatigue life (S-N) behavior or made direct comparisons to S-N data. To the authors 

best knowledge, there have been no reports that involve direct comparisons of specimens 

fabricated using different L-PBF machines on fatigue crack growth behavior. This study aims to 

fill those gaps while discussing mechanisms behind crack initiation and growth under various 

conditions. 

In this study, fatigue samples of 316L stainless steel were manufactured via L-PBF on 

either a Concept Laser M2 or a ProX DMP 200 AM machine for characterization of the high cycle 

fatigue (HCF) and fatigue crack growth (FCG) behavior. For fatigue lifetime analysis, specimens 

were built in the vertical orientation and were left in the as-built state, stress-relieved, or had the 

as-built surface removed via low stress grinding. For crack growth analysis, specimens were built 

in both the vertical and horizontal orientations and were left in the as-built state or were stress-

relieved. Scanning electron microscopy (SEM) analysis of the fracture surfaces of failed specimens 

were used to identify and quantify fatigue crack initiation sites. Using the measured FCG 

characteristics and defect data, predictions were made of the S-N response and compared to the 

true S-N response of tested specimens. Conclusions are drawn regarding the mechanisms 

influencing HCF and FCG behavior in L-PBF applications.  
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5.2 Materials and Methods 

5.2.1 Material properties 

The focus of this work is on 316L stainless steel powder particles manufactured using L-

PBF systems. All specimens were manufactured using either GE Additive Concept Laser GmbH 

CL 20ES or 3D Systems Phenix LaserForm 316L powder particles. The chemical composition of 

each powder is shown in Table 5.1, compared to the ASTM standard for AISI 316L used for 

additive manufacturing [32]. Both powders used were a combination of virgin and sieved particles, 

with particle size distribution and average sphericity shown in Table 5.2. A portion of the CL 20ES 

powder batch was used to manufacture L-PBF tensile samples for bulk mechanical property 

measurements (Table 5.3). Measurements were taken in both the vertical and horizontal build. 

Table 5.1. Chemical composition (in wt. %) of AISI 316L stainless steel bulk and GE Additive CL 20ES powder 
particles as listed by GE Additive and measured vie EDS. 

Type Fe  Cr  Ni  Mo  C  Mn  P  S  Si  
Standard [32] Balance 16.0-18.0 10.0-14.0 2.0-3.0 0.030 2.00 0.045 0.030 1.00 
Concept Laser Balance 16.5-18.5 10.0-13.0 2.0-2.5 0.030 2.00 0.045 0.030 1.00 
Phenix Balance 16.0-18.0 10.0-14.0 2.0-3.0 0.030 2.00 0.045 0.030 1.00 

 

Table 5.2. Powder particle size (in µm) cumulative distribution function of GE Additive CL 20ES and 3DSystems 
Phenix LaserForm 316L stainless steel powder. 

 10% 50% 90% Avg Sphericity 
CL 20ES Virgin 21.5 30.4 43.5 0.790 
CL 20ES Virgin + Sieved 20.2 30.1 44.8 0.791 
LaserForm Virgin 14.6 24.6 40.3 0.793 
LaserForm Virgin + Sieved 12.6 24.2 40.7 0.786 

 

Table 5.3. Mechanical properties of CL 20ES virgin + sieved 316L austenitic stainless steel at room temperature. 

Type Elastic Modulus [GPa] Tensile Strength [MPa] Yield Strength 0.2% Offset [MPa] 
Vertical 165 ± 4 565 ± 7 467 ± 4 
Horizontal 202 ± 5 691 ± 13 579 ± 3 
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5.2.2 Specimen fabrication and processing 

5.2.2.1 Processing parameters 

All specimens were manufactured using either a GE Additive Concept Laser M2 (CL M2) 

at the US Naval Research Laboratory (NRL) or a 3D Systems ProX DMP 200 (ProX 200) at the 

Naval Surface Warfare Center – Carderock Division (NSWC). The processing parameters used, 

listed in Table 5.4, are the recommended parameters from each respective system manufacturer.  

Table 5.4. Laser powder bed fusion (L-PBF) process parameters for every build, as recommended by 3D Systems 
for 316L stainless steel. 

 Laser Power Scan Speed Layer Thickness Jump Speed Hatch Spacing Spot Size 
CL M2 370 W 900 mm/s 25 µm unknown unknown 160 µm 

ProX 200 129 W 1400 mm/s 30 µm 5000 mm/s 50 µm 50 µm 
 

All specimens were fabricated in a cylindrical dog-bone geometry to accommodate 

ultrasonic fatigue testing specimen requirements. Specimens built on the CL M2 were 

manufactured in the vertical orientation, while specimens manufactured on the ProX 200 were 

built in the vertical and horizontal orientations. The as-built gauge diameter was 5.0 mm for all 

specimens. The geometry for the specimens is identical across platforms (Figure 5.1) with the only 

change being orientation and support structures. This geometry was designed to resonate at 20 

kHz, a necessity for ultrasonic fatigue testing. Each build layer starts with the infill and ends with 

multiple contour passes around the perimeter. The infill scan pattern for the CL M2 and ProX 200 

are known to be different, however the specifics are proprietary and unknown to the authors. All 

specimens were removed from the build plates using electro-discharge machining (EDM), 

followed by machining an M8x1.0mm thread on one end for insertion into the ultrasonic fatigue 

(UF) testing equipment.  
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5.2.2.2 Test matrix 

In this work, the specimens depicted in Figure 5.1 can be separated into seven operating 

groups, as described in Table 5.5. Each of the seven groups is designated for one or both uses: 

ultrasonic fatigue (UF) testing or fatigue crack growth (FCG) testing. Under the umbrella use of 

UF testing, specimens are investigated for the purposes of generating a high cycle fatigue-life (S-

N) curve, calculating the fatigue strength, and quantifying crack initiating elements. These 

specimens are separated into five groups for UF testing: CCV-au, CCV-hu, CCV-su, CCV-cu, and 

PCV-au. Under the umbrella use of FCG testing, specimens are investigated for the purposes of 

generating FCG data, plotting the da/dN vs. ΔK behavior, and computing S-N predictions. Three 

groups were FCG tested: CCV-ad, CCV-hd, and PPH-ad. A fourth and fifth group (PCV-ad and 

PPV-ad) were planned, however due to AM miss-prints, the specimens exhibited excessive large 

lack-of-fusion (LOF) pores that precluded FCG characterization for these conditions.  

 Table 5.5. Specimen group designation by build system, powder, and orientation. 

Designation Machine Powder Orientation Condition Use 
CCV-au/d CL M2 CL 20ES Vertical As-built UF, FCG 
CCV-hu/d CL M2 CL 20ES Vertical Stress-relieved UF, FCG 
CCV-su CL M2 CL 20ES Vertical Surface-removed UF 
CCV-cu CL M2 CL 20ES Vertical Contour-removed UF 
PCV-au ProX 200 CL 20ES Vertical As-built UF 

PPH-au/d ProX 200 LaserForm 316L Horizontal As-built FCG 
PPV-ad ProX 200 LaserForm 316L Vertical As-built - 

 

5.2.2.3 Fatigue crack growth specimens 

Specimens subjected to FCG testing underwent additional machining, polishing, and 

focused ion beam (FIB) notching. A 1.96 mm wide flat was machined out of the gauge section by 

removing 200 µm from the diameter via machining at Westmoreland Mechanical Testing & 

Research in Youngstown, PA. The flat was subsequently smoothed by hand using increasingly 

fine grit SiC grinding paper and polished using 1 µm diamond suspension followed by 0.04 µm 
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colloidal silica. A PFIB notch was placed perpendicular to the loading axis to induce fatigue 

cracking at a specific location that can be observed by the researchers (Figure 5.2). This notch was 

made to be 100 µm deep, 200х20 µm and was cut out of the surface using a Thermo ScientificTM 

HeliosTM G4 Plasma FIB UXe.  

5.2.2.4 Surface removal 

The as-built sample surface was removed from sixteen CL M2 specimens to characterize 

both the impact of reducing the as-built surface roughness and removing the L-PBF contour passes 

from the printed part. Material removal was done under low-stress using a RTS (Leeds) Ltd Sample 

Polishing Machine at Element Materials Technology in Wixom, MI. The CL M2 samples show a 

clear distinction between the infill and contour regions, with differing microstructures and defect 

concentrations, as shown in Figure 5.3. Removing the as-built surface was characterized into two 

groups: surface-removed (Figure 5.3 b) and contour-removed (Figure 5.3 c). The surface-removed 

specimens have approximately 75 µm removed from the surface while the contour-removed 

specimens have the entire contour passes (approximately 150 µm) removed from the surface. 

5.2.2.5 Residual stress and stress relief 

The axial residual stress was measured on three specimens: one  as-built CL M2 specimen 

(CCV-au), one stress-relieved CL M2 specimen (CCV-hu), and one as built ProX 200 specimen 

(PCV-au). Residual stress measurements are done using x-ray diffraction with material removal 

via electropolishing to obtain a profile of residual stress versus depth from the surface. Specimens 

were measured using an LXRD 13115 with a Mn target, x-ray elastic constant of 20,199 ksi 

(139,000 MPa), {311} crystallographic plane, and 152.8ᵒ Bragg angle. Residual stress 

measurements were conducted by Proto Manufacturing Inc in Taylor, MI 
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In addition to measuring the residual stress, a partial relief of the residual stress was 

conducted by heat treating eight CL M2 specimens. A stress relief anneal was completed in a 

Lindberg 1700ᵒC tube furnace in a sealed Argon environment. The anneal consisted of a forty-five 

minute heat-up, four hour soak at 650ᵒC, and a three hour furnace cool to room temperature. These 

conditions were chosen to provide stress relief while limiting microstructural changes [27,28,33–

36]. 

5.2.3 Ultrasonic fatigue testing 

Ultrasonic fatigue (UF) testing is used in this study for its ability to rapidly obtain high 

cycle fatigue (HCF, 104 to 107 cycles) and very high cycle fatigue (VHCF, >107 cycles) data. UF 

testing is conducted at room temperature on equipment developed by University of Natural 

Resources and Life Sciences, Vienna (BOKU) [37] and operated at 20 kHz. Operating at 20 kHz 

allows for HCF and VHCF data to be obtained in hours or days compared to months or years it 

would take operating at 20-60 Hz as is typical in servo-hydraulic fatigue testing. UF testing can be 

used and compared to conventional fatigue data in this work as it has been shown that the 

frequency of testing has no effect on the fatigue behavior in austenitic stainless steels [38]. 

Experimentation was conducted under fully reversed (𝑅𝑅 = −1) loading. Failure was defined as the 

point in life at which the UF instrumentation detects a change in frequency greater than 200 Hz 

from the starting resonant frequency of approximately 20 kHz. A value of 200 Hz was chosen to 

allow the crack to propagate sufficiently to be observed by the naked eye but not fully fracture the 

specimen. If a specimen does not meet this failure criteria prior to 108 cycles, it was deemed a 

runout.  

The HCF testing protocol consists of four steps: (1) statistical sample of intermediate-stress 

level fatigue (~20 samples); (2) statistical sample of high-stress level fatigue (~10 samples); (3) 
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quantification of fatigue strength at 108 cycles using staircase testing at low-stress fatigue (~10 

samples); and (4) application of a Random Fatigue Limit (RFL) model using a Maximum 

Likelihood Estimation (MLE) to quantify statistical variability and estimate the S-N curve and 

fatigue strength. 

5.2.4 Fatigue strength estimations 

A life-regression model was used to quantitatively describe the fatigue properties of a given 

sample group from the experimental fatigue-life (S-N) tests described above. There are multiple 

models that can be used to generate an S-N curve from fatigue data, including the Random Fatigue 

Limit (RFL) model [39] which is used herein. The RFL curve fit acts as a metric to more readily 

compare the fatigue life and strength of each sample group at varying stresses. The RFL model 

can be used for a range of different distributions and constraints, making it important to implement 

a Maximum Likelihood Estimation (MLE) to the calculation of the RFL model. In the current 

investigation, this was done following the methods outlined by Engler-Pinto Jr. et al. [40]. MLE 

analysis has shown that a Weibull distribution is the best fit in most cases, so, in the current 

investigation this is the distribution used in each RFL analysis. Once the appropriate RFL model 

is selected, the fatigue limit and fatigue strength can be calculated for the entire dataset, including 

runout values. The RFL model was selected in place of other models such as the Modified Basquin 

model [41,42] as it has been shown to generally provide a better fit to HCF data as determined by 

MLE [42]. 

 An experimental method for estimating the fatigue strength is the staircase method. This is 

a fatigue testing method which sequentially tests samples at varying stress levels. The first sample 

is tested at a pre-determined stress and observed to be either a failure or a runout. The following 

sample is tested at a higher stress if the previous sample was a runout and a lower stress if it was 
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a failure. This continues for any number of samples, resulting in a roughly even split of runouts 

and failures. The median stress of these tests is used as an estimate of the median fatigue strength 

of the material, with the assumption that the fatigue strength is normally distributed. For its 

simplicity, this method was used to test a portion of the sample group, however, an RFL model is 

still applied to the entire dataset as it is more accurate in predicting the fatigue strength of data that 

is not normally distributed [42].  

5.2.5 Fatigue crack growth testing 

Fatigue crack growth (FCG) testing is done using the same UF set-up described above. A 

Keyence optical microscope was focused on the PFIB notch and images of the surface were taken 

every ~3,000 cycles. The resolution of the optical microscope was such that crack length 

measurements could be reliably taken as small as 2 µm. The total length of the crack emanating 

from both sides of the PFIB notch, including the length of the notch, defines the surface crack 

length, 2𝜋𝜋.  The stress intensity factor, 𝐾𝐾𝐼𝐼, at each measure of the surface crack length is calculated 

following Eq. 5.1 defined by Newman-Raju [43]. 𝑆𝑆𝑡𝑡 is the remote uniform-tension stress, 𝑎𝑎 is the 

depth of the surface crack, 𝜋𝜋 is the half-length of the surface crack, 𝑏𝑏 is the half-width of the 

cracked surface (half the diameter of the gauge section, 2.5 mm), 𝐾𝐾 is the plate thickness (diameter 

of the gauge section, 5.0 mm), 𝑄𝑄 is the shape factor for an elliptical crack (𝑄𝑄 = 2.464), 𝜙𝜙 is the 

parametric angle of the ellipse, and 𝐹𝐹 is the stress-intensity boundary-correction factor. In this 

work, 𝑎𝑎 is assumed to be equal to 𝜋𝜋 at all instances, subsequently making 𝜙𝜙 = 45°. The fatigue 

crack growth rate, 𝑑𝑑𝑎𝑎/𝑑𝑑𝑁𝑁, is calculated using the seven-point sliding polynomial method and 

measured values of cycles, 𝑁𝑁, and crack length, 𝑎𝑎 from the FCG tests. 
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5.2.6 Small crack fracture mechanics prediction 

The fatigue lifetime (S-N curve) of a given sample group can be predicted using a small 

crack fracture mechanics approach [44,45]. Assuming the crack growth rate follows a power law 

function, the Paris law [46], shown in Eq. 5.2, is fit to the 𝑑𝑑𝑎𝑎/𝑑𝑑𝑁𝑁 vs. Δ𝐾𝐾 data in order to find the 

constants 𝐶𝐶 and 𝑚𝑚. A least square fit was used to determine the Paris Law constants C and m. An 

integration of Eq. 5.2 yields an equation for the propagation lifetime, 𝑁𝑁𝑝𝑝, as a function of crack 

length, shown in Eq. 5.3. The initiation life is assumed to be negligible and 𝑁𝑁𝑝𝑝 is equated to the 

fatigue lifetime in the small diameter fatigue sample.  As a means of predicting the fatigue behavior 

of a sample group, Eq. 5.3 utilizes the initiating defect size data obtained from the fracture surface 

analysis of UF test specimens. The initial crack length, 𝑎𝑎𝑖𝑖, is considered to be the effective 

initiating defect size, √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, as defined by Murakami [47]. The final crack length, 𝑎𝑎𝑓𝑓, is the size 

of the fracture surface, approximately half the gauge diameter, 2.5 mm. Minimum, maximum, and 

average defect size values were used as 𝑎𝑎𝑖𝑖 to show the variation in fatigue lifetime prediction for 

different sized defects. 
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5.3 Results and Discussion 

5.3.1 Ultrasonic fatigue behavior 

5.3.1.1 As-built specimens 

The ultrasonic fatigue behavior of 45 as-built CL M2 (CCV-au) and 36 as-built ProX 200 

(PCV-au) specimens are compared. The UF results of the two groups, CCV-au and PCV-au, are 

shown in Figure 5.4. Each set of S-N results were fit using the RFL model assuming a Weibull 

distribution informed by MLE. The fatigue strength as determined by RFL and staircase testing is 

also shown in Figure 5.4. Both groups (CCV-au and PCV-au) use the same powder, sample 

geometry, and build orientation, but different L-PBF machines and different print parameters. The 

fatigue response indicates a slightly longer fatigue life at higher stress for the PCV-au samples. 

The fatigue strength at 108 cycles is nearly indistinguishable between the CCV-au and PCV-au 

specimen groups, at 89.5 ± 5.59 MPa and 89.0 ± 9.90 MPa, respectively. The fatigue strength as 

determined by staircase testing is in good agreement with that of the RFL analysis. 

5.3.1.2 Stress-relief and residual stress 

Eight as-built CL M2 specimens were stress-relieved and UF tested to characterize the 

effects of stress-relief on fatigue behavior. The eight stress-relieved specimens, designated CCV-

hu, are compared to the 46 as-built CCV-au specimens and shown in Figure 5.5. Due to a limited 

number of test specimens and the stress they were tested at, the RFL analysis for the CCV-hu 

specimens is accurate only for lower stress fatigue behavior. Despite the few number of specimens, 

it can be concluded that the stress-relief results in a higher fatigue strength at 108 cycles. The 

fatigue strength for the stress-relieved specimens (CCV-hu) and as-built specimens (CCV-au) are 

115.0 ± 7.36 MPa and 89.5 ± 5.59 MPa, respectively.  
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Axial residual stress measurements in the gauge section were conducted both before and 

after stress-relief on two CL M2 (CCV-hu) specimens. In one specimen, surface residual stresses 

were measured followed by measurement of a residual stress depth profile. The other specimen 

had surface residual stress measurements taken in the as-built condition followed by stress-

relieving and subsequent residual stress measurement. The depth profile shown in Figure 5.6 

shows that the residual stress distribution is in a tensile state at the surface and transitions to a 

compressive state at the specimen core region. Tensile residual stresses are highest just below the 

surface, where the contour and infill meet. The amount of stress reduction achieved by stress-

relieving is shown in Figure 5.7 and is found to be an almost 50% reduction. Tensile residual 

stresses have been shown to negatively affect the fatigue behavior in L-PBF samples, so the fatigue 

response seen in Figure 5.5 is consistent with the stress reduction observed.  

5.3.1.3 Surface removal 

Removing the as-built surface finish by means of surface-removal (CCV-su) and contour-

removal (CCV-cu) results in significant improvement in fatigue behavior. Figure 5.8 shows 

substantially longer fatigue lives at higher stress for the surface-removed and contour-removed CL 

M2 specimens as compared to the as-built (CCV-au) specimens. The fatigue strength at 108 cycles 

is found to be 168.0 ± 12.6 MPa and 182.0 ± 8.91 MPa for the CCV-su and CCV-cu groups, 

respectively. There is a mild improvement in the fatigue behavior of the CCV-cu specimens over 

the CCV-su specimens, though it should be noted that the small population sizes (8 specimens) of 

each group make estimating statistical significance of these small differences difficult. These 

results demonstrate that the surface region has a substantial influence on the fatigue behavior. This 

improvement is attributed to both the reduction in surface roughness and removal of surface 
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crevices, which have been shown to be the source of crack initiation in these specimens [Chapter 

3].  

5.3.2 Fatigue crack growth behavior 

Figure 5.9 shows the crack growth behavior of the three specimen groups that were tested, 

vertical CL M2 as-built (CCV-ad), vertical CL M2 stress-relieved (CCV-hd), and horizontal ProX 

200 (PPH-au). Figure 5.9 indicates that the crack growth behavior is similar for L-PBF 316L 

despite build platform, source powder, build orientation, or stress-relieving. Despite the apparent 

lack of significant differences between groups, the crack length vs cycles curves shown in Figure 

5.10, suggest that time to crack initiation differs significantly. This shows that the start of crack 

growth is slowest in the PPH-ad specimens, fastest in the CCV-ad and CCV-hd specimens. While 

crack growth rates are similar, it takes more time for the stress-relieved and horizontal specimens 

to reach the failure criteria, compared to the as-built, vertical specimens.  

5.3.3 Fracture surface analysis 

5.3.3.1 As-built ProX 200 

The sole source of fatigue crack initiation in UF tested PCV-au specimens are surface-

connected LOF pores (Figure 5.11). The stress concentration factor, 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼, near the crack tip 

emanating from these surface-connected LOF pores is defined by Murakami’s equation for an 

arbitrarily shaped surface crack [47,48] in Eq. 5.4.  

 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ≅ 0.65𝜎𝜎0�𝜋𝜋√𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 5.4 

Here, 𝜎𝜎0 is the maximum loading stress during UF testing, in MPa, and √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the square-root 

equivalent traced area of the initiating defect normal to the loading direction, in m [47,48]. The 

LOF pores likely arise due to the low energy density, indicated by the processing parameters in 
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Table 3.4. The largest, smallest, and average defect sizes in this specimen group are 223 µm, 85 

µm, and 134 µm, respectively (Table 5.6). 

5.3.3.2 As-built and stress-relieved CL M2 

The primary source of fatigue crack initiation in UF tested CCV-au specimens is surface 

crevices. Surface crevices act as surface cracks whose stress intensity factor is also given by Eq. 

5.4. The surface crevice arises from a combination of surface notches dictated by melt pool size 

between build layers on the outer surface of L-PBF parts [49] and tensile residual stress assisted 

crack opening causing mild delamination between build layers [Chapter 3]. The largest, smallest, 

and average defect sizes in this specimen group are 260 µm, 47 µm, and 121 µm, respectively 

(Table 5.6).  

As with the as-built CL M2 specimens (CCV-au), the source of crack initiating in the CCV-

hu specimens is predominantly surface crevices. The largest, smallest, and average defect sizes in 

this specimen group are 247 µm, 62 µm, and 149 µm, respectively (Table 5.6). 

5.3.3.3 Surface-removed and contour-removed CL M2 

Removing the as-built surface finish in CL M2 specimens removes the surface crevices 

that act as fatigue crack initiation sites in the CCV-au and CCV-hu specimens, leaving behind a 

smooth, relatively defect-free surface. The source of crack initiation in the surface-removed (CCV-

su) and contour-removed (CCV-cu) specimens then comes from sub-surface defects. With no 

connection to the surface, the initial crack growth occurs in vacuum, leaving behind distinct 

fisheye fracture surfaces [7,38,50–52] seen in Figure 5.13. The CCV-su and CCV-cu specimens 

have differing fracture surface from each other, in that the CCV-su defects tend to be smaller and 

closer to the surface. The CCV-cu fracture surfaces also contain an additional feature within the 
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fisheye: the fine granular area (FGA) [52,53]. The distinction between the FGA and the rest of the 

fisheye is demonstrated in Figure 5.14. The largest, smallest, and average defect sizes in the CCV-

su specimen group are 80 µm, 47 µm, and 61 µm, respectively. The largest, smallest, and average 

defect sizes in the CCV-cu specimen group are 147 µm, 82 µm, and 105 µm, respectively (Table 

5.6). 

Table 5.6. Maximum, minimum, and average defect size as defined by Murakami’s √area parameter for each group 
subjected to ultrasonic fatigue testing.  

Specimens Max defect size [µm] Min defect size [µm] Average defect size [µm] 
PCV-au 223 85 134 
CCV-au 260 47 121 
CCV-hu 247 49 162 
CCV-su 80 47 61 
CCV-cu 147 82 105 

 

5.3.4 Fatigue life prediction modeling 

In every specimen group, crack initiation occurred at a pre-existing defect whose size can 

be quantified by Murakami’s √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 parameter [54]. Pre-existing defects act as pre-existing 

cracks, therefore the crack initiation time can be neglected and sole focus can be placed on 

modeling crack growth behavior. In all specimens with the as-built surface maintained, crack 

initiation occurred at surface-connected defects whose 𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 is described by Eq. 5.4, allowing for 

S-N prediction informed only by defect size and crack growth behavior. 

5.3.4.1 Determining ∆Kth 

316L stainless steel is known to exhibit an endurance limit (Figure 5.4, Figure 5.5, Figure 

5.8) at which the test specimen can withstand an infinite number of cycles without failure [55]. 

This effect is attributed to non-propagating cracks [56], suggesting that the existence of cracks in 

the material does not necessitate fatigue failure if the crack is sufficiently small relative to the 

applied stress. This threshold for crack growth is denoted ∆𝐾𝐾𝑡𝑡ℎ and its value can be determined in 
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a number of ways. If crack growth testing in the threshold regime (typically 10-10 to 10-13 m/cycle 

[52]), ∆𝐾𝐾𝑡𝑡ℎ can be taken as the lowest measured value of ∆𝐾𝐾. The lowest average crack growth 

rates measured in this work were between 10-9 and 10-10 m/cycle for the CL M2 specimens and 10-

10 m/cycle for the ProX 200 specimens. For values such as these it is possible to define the ∆𝐾𝐾𝑡𝑡ℎ 

as the ∆𝐾𝐾 value at 10-10 m/cycle as determined by a fit of the FCG data by the Paris Law (Eq. 5.2). 

The ∆𝐾𝐾𝑡𝑡ℎ can be seen in Figure 5.15 with their respective Paris Law fit. Figure 5.15 shows that the 

stress-relieved CL M2 (CCV-hd) specimens have the lowest ∆𝐾𝐾𝑡𝑡ℎ value at 1 MPa√m, followed by 

as-built CL M2 (CCV-ad) at 1.15 MPa√m and as-built ProX 200 condition (PPH-ad) at 1.36 

MPa√m. Another method for predicting ∆𝐾𝐾𝑡𝑡ℎ comes from Murakami’s √𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 parameter model, 

which allows for the prediction of threshold values without the need of fatigue data [57]. For this 

current work, it was found that this method significantly overestimates ∆𝐾𝐾𝑡𝑡ℎ, with the lowest value 

predicted being 3.49 MPa√m and the highest being 6.17 MPa√m. One final method of estimating 

an apparent ∆𝐾𝐾𝑡𝑡ℎ comes directly from the UF data and the Paris Law. This method sets the apparent 

threshold stress value equal to the fatigue strength as determined by RFL analysis. Using the C 

and m constants determined by the Paris Law fit of the FCG data and the initial crack length 

determined in Section 5.3.3, the apparent ∆𝐾𝐾𝑡𝑡ℎ values are determined to be 1.16 MPa√m, 1.21 

MPa√m, and 1.66 MPa√m for the CCV-ad, PPH-ad, and CCV-hd specimen groups, respectively. 

It is important to note here that for the ProX 200 specimens, the UF S-N data were from samples 

that were built in the vertical orientation using Concept Laser powders (PCV-au) while the FCG 

data were from samples that were built in the horizontal orientation using LaserForm powders 

(PPH-ad). This complication arose due to miss-prints and lack of available powders however we 

believe that this analysis is useful. Since there is no UF test data for the PPH-ad group, the fatigue 

data from PCV-au is used to estimate the apparent ∆𝐾𝐾𝑡𝑡ℎ value. Additionally, the values for initial 
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crack length comes from PCV-au specimens. Since the difference seen between the fatigue crack 

growth rates of CCV-ad and PPH-ad specimen groups is negligible, we speculate that in the small 

crack regime, orientation effects on small crack growth rates is minimal and propose that this 

analysis is useful. 

5.3.4.2 Using small crack growth data to predict S-N response 

Using the Paris Law constants, the initial crack sizes determined in Section 5.3.3, and Eq. 

5.3, the predicted fatigue lifetime (S-N response) is shown in Figure 5.17. This analysis assumes 

that the initiation life is negligible and the total life of an S-N fatigue sample can be estimated by 

the propagation life as is frequently done [44,45]. The UF data acquired for CCV-au is shown in 

Figure 5.17 (a1) and (a2) with an S-N prediction informed by as built CL M2 (CCV-au) defect 

data and crack growth data (CCV-ad). The UF data acquired for CCV-hu is shown in Figure 5.17 

(b1) and (b2) with the S-N prediction informed by stress-relieved CL M2 (CCV-hu) defect data 

and stress-relieved CL M2 (CCV-hd) crack growth data. The UF data acquired for PCV-au is 

shown in Figure 5.17 (c1) and (c2) with the S-N prediction informed by vertical ProX 200 (PCV-

au) defect data and horizontal ProX 200 (PPH-ad) crack growth data. Figure 5.17 (a1), (b1), and 

(c1) shows the S-N prediction with ∆𝐾𝐾𝑡𝑡ℎ set as the ∆𝐾𝐾 value determined at 10-10 m/cycle, while 

Figure 5.17 (a2), (b2), and (c2) shows the S-N prediction using the apparent  ∆𝐾𝐾𝑡𝑡ℎ approach.  

Both methods of determining ∆𝐾𝐾𝑡𝑡ℎ provide a relatively good fit to the fatigue data with 

most specimens falling within the bounds set by the minimum and maximum defect sizes. For the 

as-built CL M2 (CCV-au) specimens tested at 210 MPa fatigue lives were below the predicted 

bounds. This is attributed to the presence of multiple crack initiation sites. The quantification of 

initiating defects was performed for each failure site, however the lives were estimated without 

considering multiple initiation sites. The occurrence of multiple initiation sites in one specimen 
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would serve to reduce the fatigue life of that specimen as the individual fracture surfaces coalesce. 

This is supported by specimens with more and/or larger secondary fracture surfaces having shorter 

fatigue lives, as shown in Figure 5.18.  

Using the apparent threshold method for the prediction resulted in the S-N prediction in 

Figure 5.17 (a2), (b2), and (c2). This generally fit better than using ∆𝐾𝐾 at 10-10 m/cycle for the 

CCV specimens. This fit did not work as well for the PCV-au specimens in Figure 5.17 (c2), which 

is attributed to the differences between the PCV-au and PPH-ad specimens.  

Without the use of the apparent threshold method, the S-N prediction for the as-built CL 

M2 (CCV-au) and stress-relieved CL M2 (CCV-hu) are quite similar (Figure 5.17 a1 and b1). The 

reason for this arises from the similar defect sizes in both groups. The method of calculating the 

crack growth behavior used intrinsically incorporates the residual stress of the specimens being 

tested as they are not free of residual stresses when tested. However, this means that the effect of 

residual stresses is not accounted for in the S-N prediction models, leading to a similar prediction 

for both. Residual stresses effectively change the testing load ratio, leading to mean stress effects 

not covered in the scope of this work, but by using the apparent threshold method, we can 

incorporate residual stress effects into the S-N prediction as the fatigue strength is intrinsically 

influenced by this as well. 

5.3.4.3 Predicting S-N response of samples with sub-surface defects 

HCF specimens that had either the as-built surface removed (CCV-su) or the AM contour 

removed (CCV-cu) exhibited sub-surface LOF defects as the initiation site. For these specimens 

the initial fatigue crack propagation was in vacuum. Prediction of fatigue life behavior for crack 

growth in vacuum cannot be done using the previously discussed ambient air FCG tests as the 

crack growth behavior is expected be very different. Using the C and m constants from the S-N 
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prediction shown in Figure 5.17 (a1) and the defect sizes found in Section 5.3.3. on the surface-

removed (CCV-su) and contour-removed (CCV-cu) specimens yields the results seen in Figure 

5.19 (a1) and (a2). The crack growth data of CCV-ad severely underpredicts the fatigue response 

of CCV-su and CCV-cu. Although crack growth testing in vacuum was beyond the scope of the 

current work, previous research in steel has shown that FCG testing in vacuum can reduce the K-

values at 10-10 m/cycle by 55-70% [52]. Increasing the CCV-au K-value by 70% makes ∆𝐾𝐾 at 10-

10 m/cycles 1.70 MPa√m. The S-N prediction using this as the new ∆𝐾𝐾𝑡𝑡ℎ value results in the slightly 

better fit seen in Figure 5.19 (b1) and (b2). Extending the apparent threshold approach to include 

best fit values, not only for ∆𝐾𝐾𝑡𝑡ℎ but also for C and m values yielded the predictions shown in 

Figure 5.19 (c1) and (c2). This fit suggests an apparent Paris law relationship with the constants 

𝐶𝐶 = 2.25 × 10−12 m/cycles and 𝑚𝑚 = 6.5439 for CCV-su and 𝐶𝐶 = 2.0 × 10−13 m/cycles and 

𝑚𝑚 = 6.9479 for CCV-cu, with thresholds of ∆𝐾𝐾𝑡𝑡ℎ = 1.79 and ∆𝐾𝐾𝑡𝑡ℎ = 2.45, respectively. This 

would put crack growth rates for surface-removed at low as 2.25 × 10−12 m/cycles and contour-

removed as low as 2.0 × 10−13 𝑚𝑚/𝜋𝜋𝑐𝑐𝜋𝜋𝑙𝑙𝑎𝑎𝑐𝑐. These are similar in magnitude to the work of Stanzl-

Tschegg and Schönbauer which reported crack growth rates in vacuum of ~10-12 m/cycle for the 

FGA and ≤10-11 m/cycle for the smooth area. It follows reasonably that the crack growth rate is 

slower in the CCV-cu than CCV-su due to the presence of a FGA within the fisheye, as discussed 

in Section 5.3.3.3.  

The small crack growth model approach for predicting the HCF (S-N) response of as-built 

and stress-relieved AM specimens and specimens that have had the as-built surface removed is 

promising. Using the actual size of the initiating defects and assuming the initiation life is 

negligible provides a good estimate of the S-N response of specimens fabricated by L-PBF. These 

findings can be used in conjunction with ICME simulations for predicting the local HCF response 



 151 

of components manufactured using AM processes using predicted defect sizes in place of the 

measured defect sizes used in the current work. 

5.4 Conclusions 

The high cycle fatigue behavior of AISI 316L stainless steel manufactured via L-PBF under 

different processing parameters was characterized using ultrasonic fatigue testing in laboratory air. 

Specimens built on the Concept Laser M2 and ProX DMP 200 were evaluated for the influence 

processing parameters and post-processing has on fatigue response, crack initiation, and crack 

growth behavior. The following conclusions can be drawn: 

9) No significant difference in fatigue performance or crack growth behavior was observed 

between specimens built using the same source powder in the vertical orientation on the 

CL M2 and ProX 200. Fatigue strength and fatigue crack growth rates do not significantly 

differ despite differences in processing parameters leading to different sources of fatigue 

crack initiation and different magnitudes of residual stress.  

10) Residual stress relaxation serves to moderately improve the high cycle fatigue behavior but 

has no significant effect on the observed fatigue crack growth behavior.  

11) For the Concept Laser manufactured specimens, removal of the as-built surface changes 

the source of fatigue crack initiation from surface crevices to sub-surface lack-of-fusion 

(LOF) pores. Sub-surface LOF pores experience crack growth in vacuum until the crack 

path reaches the outer surface of the specimen. Crack growth in vacuum grows at 

significantly slower rates than in ambient air, leading to improved fatigue behavior despite 

having larger initiating defects.  

12) Using a small crack fracture mechanics approach, the high cycle fatigue (S-N) response of 

as-built and stress relieved specimens can be reasonably well predicted based on the size 
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of the initiating defect.  For application to specimens in which the as-built surfaces have 

been removed, modifications to this approach are required to account for crack growth in 

vacuum during the early stages of HCF.    
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Figures 

 

Figure 5.1 As-printed specimen geometry for 5.0 mm diameter dog-bone ultrasonic fatigue tests. Solid lines 
represent as-printed geometry while dashed lines represent final specimen geometry after machine threading. 

 

 
Figure 5.2. Plasma focused ion beam (PFIB) notch cut into the machined flat surface of a fatigue crack growth 
(FCG) test specimen. 
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Figure 5.3. Electron Backscatter Diffraction (EBSD) images depicting cross-sections of the CL M2 microstructure 
in the (a) as-built, (b) surface-removed, and (c) contour-removed states. Note that (b) and (c) are not original EBSD 
images, rather a depiction of (a) with approximately 75 µm and 150 µm removed, respectively. 

 

 
Figure 5.4. Stress-life (S-N) ultrasonic high cycle fatigue curves for as-built CL M2 (CCV-au) and ProX 200 (PCV-
au) specimens, Runout samples are indicated by unfilled data icons and are classified as cycling longer than 108 
cycles without failure. Runout samples were retested at either 120 MPa or 210 MPa and included with the failures 
dataset. Each dataset is accompanied by a Weibull distribution curve fit determined via random fatigue limit (RFL) 
analysis. 

(a) (b) (c) 
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Figure 5.5. Stress-life (S-N) ultrasonic high cycle fatigue curves for stress-relieved CL M2 (CCV-hu) specimens 
compared to as-built (CCV-au) specimens. Runout samples are indicated by unfilled data icons and are classified as 
cycling longer than 108 cycles without failure. Runout samples were retested at 120 MPa or 210 MPa and included 
with the failures dataset. Each dataset is accompanied by a Weibull distribution curve fit determined via random 
fatigue limit (RFL) analysis. 

 

 
Figure 5.6. Axial residual stress depth profile of an as-built CL M2 (CCV-hu) specimen before stress-relieving. The 
three lines represent three separate angular positions in which measurements were taken on the same sample. 
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Figure 5.7. Surface axial residual stress profiles of one CCV-au specimen (CCV-au Sample 1) and one CCV-hu 
specimen before (CCV-au Sample 2) and after (CCV-hu Sample 2) stress-relieving. 

 

 
Figure 5.8. Stress-life (S-N) ultrasonic high cycle fatigue curves for surface-removed (CCV-su) and contour-
removed (CCV-cu) CL M2 specimens compared to as-built specimens. Runout samples are indicated by unfilled 
data icons and are classified as cycling longer than 108 cycles without failure. Runout samples were retested at 210 
MPa or higher and included with the failures dataset. Each dataset is accompanied by a Weibull distribution curve fit 
determined via random fatigue limit (RFL) analysis.  
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Figure 5.9. Fatigue crack growth rates (da/dN) as a function of ΔK for three groups: as-built vertical CL M2 (CCV-
ad), stress-relieved vertical CL M2 (CCV-hd), and as-built horizonal ProX 200 (PPH-ad).  

 

 
Figure 5.10. Fatigue crack growth rates tested at 120 MPa for the three specimen groups: as-built vertical CL M2 
(CCV-ad), stress-relieved vertical CL M2 (CCV-hd), and as-built horizontal ProX 200 (PPH-ad). Unfilled data icons 
indicate fatigue crack growth rates not included in the da/dN vs. ΔK calculations as a result of using the seven-point 
sliding polynomial method to calculate da/dN. 
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Figure 5.11. Two examples of lack-of-fusion (LOF) initiating defects found on the fracture surface of as-built, 
vertical ProX 200 specimens (PCU-au). 

 

 
Figure 5.12. The fracture surface of two examples of surface crevice fatigue crack initiation in as-built, vertical CL 
M2 (CCV-au) specimens. 
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Figure 5.13. Representative initiating defects seen in (left) surface-removed CL M2 (CCV-su) specimens and (right) 
contour-removed CL M2 (CCV-cu) specimens. Both specimens show the formation of a fisheye on the fracture 
surface, indicative of crack growth in vacuum.  

 

 
Figure 5.14. Fracture surface of a CCV-cu specimen highlighting the fisheye seen during crack growth in vacuum. 
The fisheye for these samples is made up of the initiating defect, the fine granular area (FGA), and the surrounding 
smooth area (SA).  
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Figure 5.15. Fatigue crack growth (FCG) data for the three specimen groups tested: CCV-ad, CCV-hd, and PPH-ad. 
The data is fit to the Paris Law and the C and m constants are shown. The ∆𝐾𝐾𝑡𝑡ℎ value as determined by the ∆𝐾𝐾 value 
at 10-10 m/cycles is shown for each specimen group.  

 

 
Figure 5.16. Fatigue crack growth (FCG) data for the three specimen groups tested: CCV-ad, CCV-hd, and PPH-ad. 
The data is fit to the Paris Law and the C and m constants are shown. The apparent ∆𝐾𝐾𝑡𝑡ℎ value as determined by the 
fatigue strength from the UF test data is shown for each specimen group.  



 161 

 
Figure 5.17. S-N prediction informed by crack growth behavior and initiating defect size. (a1) as-built, vertical CL 
M2 (CCV-au) ultrasonic fatigue data paired with the 10-10 m/cycle S-N prediction method. (a2) as-built, vertical CL 
M2 (CCV-au) ultrasonic fatigue data paired with the apparent threshold S-N prediction method. (b1) stress-relieved, 
vertical CL M2 (CCV-hu) ultrasonic fatigue data paired with the 10-10 m/cycle S-N prediction method. (b2) stress-
relieved, vertical CL M2 (CCV-hu) ultrasonic fatigue data paired with the apparent threshold S-N prediction 
method. (c1) as-built, vertical ProX 200 (PCV-au) ultrasonic fatigue data paired with the 10-10 m/cycle S-N 
prediction method. (c2) as-built, vertical ProX 200 (PCV-au) ultrasonic fatigue data paired with the apparent 
threshold S-N prediction method.  

(a1) (a2) 

(b1) (b2) 

(c1) (c2) 
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Figure 5.18. Evidence of multiple crack initiation sites occurring in CCV-au specimens UF tested at 210 MPa. 
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Figure 5.19. S-N prediction informed by crack growth behavior and initiating defect size of (left) surface-removed, 
vertical CL M2 (CCV-su) and (right) contour-removed, vertical CL M2 (CCV-cu) paired with their respective 
ultrasonic fatigue data. The S-N prediction is generated via (a1, a2) CCV-ad FCG data, (b1, b2) a 70% increase in 
the ∆𝐾𝐾𝑡𝑡ℎ value at 10-10 m/cycles, and (c1, c2) apparent (best fit) values of ∆𝐾𝐾𝑡𝑡ℎ, C and m.  

 

  

(a1) (a2) 

(b1) (b2) 

(c1) (c2) 
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Chapter 6 Conclusions and Proposed Future Work 

6.1 Conclusions 

In this dissertation, a quantitative investigation into the role gauge section diameter and 

stress relief heat treatment have on the short crack growth behavior and high cycle fatigue response 

of L-PBF 316L stainless steel specimens was performed. The final conclusions are summarized as 

follows:  

1. Additive manufacturing (AM) of 316L was observed to exhibit a significant size effect on 

high cycle fatigue (HCF), whereby a specimen with a smaller (1.5 mm) gauge diameter 

will have a higher fatigue strength than a specimen with a larger (5.0 mm) gauge diameter. 

Both the fatigue strength at 108 cycles and fatigue life in all stress regimes are increased 

with decreasing gauge diameter. This effect has been shown to occur regardless of L-PBF 

machine, processing parameters, surface roughness, microstructure, and initiating defect 

morphology.  

2. In as-built AM specimens, crack initiation most readily occurs at surface-connected 

defects, due to the higher stress concentration factor at these features compared to sub-

surface defects. When the as-built surface is removed, crack initiation can still occur at 

surface-connected defects, if they exist. If the surface is relatively free from defects, crack 

initiation will occur at sub-surface defects. In L-PBF, the most common defects seen in 

this dissertation are lack-of-fusion (LOF) porosity and build layer related surface crevices. 

LOF pores arise from low energy densities, as dictated by the processing parameters. In 
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3. specimens with LOF pores, the porosity is seen equally dispersed throughout the gauge 

section. Surface crevices arise from a combination of print discrepancies leading to 

incomplete adhesion at build layer edges and mild layer delamination as a result of tensile 

axial residual stresses. Both surface-connected LOF pores and surface crevices can be 

treated as surface cracks and time to crack initiation can be largely neglected when 

discussing crack propagation in HCF testing.  

4. When the as-built surface is removed, a significant improvement in fatigue strength at 108 

cycles and fatigue life in all stress regimes is observed. When crack initiation occurs at 

surface-connected defects, the fatigue behavior is improved due to a slight reduction in the 

size of the surface-connected LOF pores. When crack initiation occurs at sub-surface 

defects, the fatigue behavior is improved because the initial crack growth occurs in 

vacuum. The time a crack spends growing in vacuum is visually indicated by the fisheye 

on the fracture surface. Specimens with evidence of a fine granular area (FGA) within the 

fisheye show longer lives than those without, likely due to reduced crack growth rates in 

that area.    

5. Axial residual stresses play a significant role in producing the diameter effects observed in 

this investigation. Specimens built with a larger gauge diameter exhibit higher tensile 

residual stresses at the surface compared with smaller diameter samples. Stress relief heat 

treatment reduces the overall level of residual stress and this improves the HCF resistance 

in large diameter specimens. The effect of stress relieving on HCF is less pronounced in 

small diameter samples due to the generally lower level of residual stress produced during 

AM.   
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6. The small crack growth behavior is not significantly different for different L-PBF 

machines, build orientations, and source of feedstock powder.  

7. Using a small crack fracture mechanics modeling approach, the high cycle fatigue (S-N) 

response can be reasonably well predicted for as-built and stress-relieved specimens when 

informed by the initiating defect size and crack growth behavior. This understanding lays 

the foundation for use of ICME models to predict local fatigue behavior in geometrically 

complex AM specimens. 

6.2 Recommendations for future work 

Based on the results and conclusions presented in this dissertation, the following 

recommendations are proposed for future work:  

1. This dissertation mentions briefly the concept of the weakest link theory, though a 

complete study of this was unable to be conducted. The weakest link is a proposed 

hypothesis for explaining the size effects seen on the high cycle fatigue (HCF) behavior. 

This theory suggests that specimens of a larger size have a higher probability of containing 

a crack initiating element, leading to shorter fatigue lives and lower fatigue strengths. This 

dissertation touched on this idea by comparing gauge diameter but did not take into account 

gauge length or gauge volume. To resolve this, specimens of modified geometry – a 5.0 

mm diameter specimen with identical gauge length to a 2.5 mm specimen and 5.0 mm 

diameter specimen with identical gauge volume to a 2.5 mm specimen – would be fatigue 

tested to note any changes to fatigue behavior. This would allow for conclusions to be made 

whether the size effects seen are more weakest link dependent or residual stress dependent.   

2. The short fatigue crack growth (SFCG) behavior was characterized for 5.0 mm specimens 

in this dissertation. SFCG testing was not conducted on 2.5 mm or 1.5 mm specimens, 
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though it would be beneficial to do so. It has been concluded that the residual stress state 

has some level of influence on the high cycle fatigue (HCF) response with regard to size 

effects. Despite this, there is little to no noticeable effect on the SFCG behavior between 

the as-built and stress-relieved specimens. Since SFCG testing was conducted on 

specimens not free from residual stresses, the influence of the residual stress state is 

inherently included in the crack growth behavior. For this reason, it would be beneficial to 

conduct SFCG testing on smaller samples as their residual stresses have been shown to be 

lower than the stress-relieved 5.0 mm specimens.  

3. The short fatigue crack growth (SFCG) studies conducted in this dissertation were able to 

measure the crack growth behavior at crack growth rates (CGR) as low as 10-10 m/cycle, 

though it is possible that the true crack growth threshold values exist below this. For this 

reason, further SFCG studies should be conducted using the methods described in Chapter 

5 but at lower stress values, such that CGRs between 10-11 and 10-12 m/cycle can be 

achieved. 

4. A total of 33 specimens across both L-PBF machines and various gauge diameters (5.0 mm 

diameter specimens built on a Concept Laser M2 AM machine and 1.5 mm diameter 

specimens built on a ProX DMP 200 AM machine) were subjected to some form of surface 

removal. This dissertation was able to show that surface removal results in an improved 

fatigue strength at 108 cycles and fatigue life in all stress regimes regardless of L-PBF 

machine or specimen size. Due to lack of availability of sufficient high quality AM 

specimens of two diameters on both machines, it was not feasible to conduct a systematic 

study of this effect. A systematic study on this topic would be of value. To achieve this, 

the studies in Chapter 3 and 4 would need to be duplicated to include surface removal of 



 172 

both 5.0 mm and 1.5 mm specimens on each L-PBF machine. Chapter 3 would also benefit 

from having more specimens across a wider range of stresses tested to fill out the rest of 

the S-N curve.  

5. This dissertation has concluded that specimens with sub-surface crack initiation have 

longer fatigue lives and higher fatigue strengths at 108 cycles due to a reduced crack growth 

rate (CGR) for cracks growing in vacuum. This conclusion is aided by other published 

research that has shown reduced CGRs in vacuum for other stainless steels, but has not 

been explicitly shown to occur in L-PBF 316L. It would be beneficial to conduct short 

fatigue crack growth (SFCG) studies in vacuum to accurately measure the value of CGRs 

in vacuum for L-PBF 316L. This would allow for more accurate prediction of S-N curves 

in instances where crack growth begins in vacuum.  

6. The entirety of this dissertation focused on initiating defect analysis post-mortem, by 

means of investigating the fracture surface of failed samples, determining the source of 

crack initiation, and quantifying the defect. Studies have been conducted previously by 

others in which x-ray CT scans are done on L-PBF specimens before and after fatigue 

testing. These methods give a better understanding of the global, 3D defect morphology 

and distribution for use in ICME models. A 3D view of the initiating defects may be 

beneficial in terms of stress intensities and stress concentration factors. The use of x-ray 

CT also provides information about defect morphology before and after fatigue, should 

there be any defect coalescence or secondary crack initiation. Additionally, x-ray CT would 

be particularly useful in further studies on the weakest link, as this method could be used 

to quantify the number of potential crack initiation sites across the different gauge 

diameters (5.0 mm and 1.5 mm).   



 173 

7. It has been shown in other work that both the short crack growth behavior (SFCG) and 

high cycle fatigue (HCF) behavior is influenced by the load ratio, R. This dissertation 

demonstrates size effects occurring under fully reversed loading, 𝑅𝑅 = −1. To obtain a 

complete understanding the SFCG and HCF behavior, testing should be conducted at 

various load rations (i.e., 𝑅𝑅 = 0.1, 𝑅𝑅 = 0.5, etc.). This is important for being able to 

accurately model and predict fatigue behavior in a range of loading scenarios. 

8. This dissertation demonstrates size effects occurring in ultrasonic high cycle fatigue. 

Traditional servo-hydraulic fatigue testing would allow testing in the lower frequency 

range (20-150 Hz), to assess the degree to which size effects occur in this regime. Literature 

has conflicting results whether discrepancies in fatigue behavior exist between servo-

hydraulic and ultrasonic fatigue testing, so it would be beneficial to investigate this 

thoroughly. 
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