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1. Introduction 

1.1 Research background 

Ni-based superalloy 718 (Alloy 718) has gained significant popularity in extreme-

temperature aerospace applications over the decades, owing to its outstanding mechanical 

properties, fatigue and creep resistance at high temperature up to 700 °C, as well as its 

exceptional corrosion resistance. In addition, it is known to have good weldability 

ascribed to its relatively sluggish precipitation kinetics [1–3]. The face-centered cubic 

(FCC) matrix of Alloy 718 contains a large percentage of alloying elements such as Cr, 

Nb and Mo, and small additions of Ti and Al [4,5]. The remarkable strength of the alloy 

is mainly attributed to the presence of coherent ordered, disc-shaped γ″-Ni3Nb [6]. The γ″ 

precipitate is a metastable phase with a body-centered tetragonal (BCT) D022 crystal 

structure with lattice parameters a = 0.363 nm, and c = 0.741 nm [7,8]. With continued 

aging, this phase can undergo a transformation into the equilibrium, incoherent δ phase 

(D0a orthorhombic, Ni3Nb) with lattice parameters a = 0.514 nm, b = 0.423, and c = 0.453 

nm [8,9]. While the precipitation of the δ phase can indirectly enhance mechanical 

strength by suppressing grain growth during solution annealing and thus resulting in a 

microstructure of fine grain size, it also signifies the loss of strengthening γ″ phases due 

to the depletion of Nb elements, leading to severe degradation of mechanical properties 

[10–12]. In addition, some strengthening contribution also arises from coherent ordered 

γ′ precipitates (L12 face-centered cubic, Ni3(Al,Ti)) with a spheroidal/cuboidal 

morphology [6]. Fig. 1.1 showcases the aforementioned three phases observed via 

transmission electron microscope (TEM) [6,13]. On the other hand, Fig. 1.2 represents a 

schematic illustration of the crystal structures of the phases [14]. 

The excellent strength of Alloy 718 provides substantial benefits; nevertheless, they 

also pose challenges from a manufacturing technology standpoint. The conventional 

manufacturing methods for Alloy 718 components typically involve casting, forging, and 

machining processes. While these techniques have been widely used, they often entail 

complicated procedures and multiple manufacturing steps. Consequently, the production 

cycle becomes longer, which can result in cost inefficiencies for the overall process [15]. 

Given that this alloy is increasingly employed in aerospace applications requiring 
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complex structural geometries such as turbine blades with internal cooling channels or 

intricate nozzles for liquid rocket engine injectors, the drawbacks of conventional 

manufacturing methods should become even more pronounced in this field [16,17]. As 

an illustrative example, Fig. 1.3 demonstrates the processes employed for the production 

of aero-engine discs through the conventional methods [18]. The production of the disc 

involves a series of sequential processes. Firstly, Alloy 718 billets are prepared through 

ingot metallurgy. This process begins with triple melting processes including vacuum 

induction melting, electro-slag remelting, and vacuum arc remelting. Once the billets are 

annealed for compositional homogeneity, they undergo thermal-mechanical working (i.e., 

cogging) to break down the as-cast structure and reduce the grain size to acceptable levels. 

The cast-and-wrought billet, obtained through ingot metallurgy, is then subjected to a 

three-stage forging process, consisting of upsetting, blocking, and finishing. Finally, the 

forged disc undergoes machining to achieve precise final shape of the disc. It is important 

to note that these manufacturing steps are obviously inefficient and result in a significant 

loss of material. 

To address these challenges, additive manufacturing (AM), also known as 3D printing, 

has emerged as a promising production method for Alloy 718 parts. This innovative 

approach offers the potential to realize the complicate geometry and achieve cost-

effective production of Alloy 718 components, hence highly desirable in various fields, 

especially, in the aerospace sector [19]. As an example, Fig. 1.4 illustrates an AM fuel 

injector in the LE-9 engine [20], a hydrogen-fueled rocket engine for the first stage 

propulsion of H3 launch vehicle, newly developed by the Japan Aerospace Exploration 

Agency (JAXA) in collaboration with Mitsubishi Heavy Industries (MHI) [21–23]. 

Previously, the manufacturing process for this component involved the production of 

approximately 500 individual parts through machining and joining processes. However, 

by implementing AM technology, the fuel injector can now be manufactured as a single, 

unified part. This advancement has resulted in a remarkable reduction of the overall 

production time and cost [20]. 

Despite the numerous advantages of AM, the widespread adoption of the method for 

producing Alloy 718 parts is hindered by uncertainties regarding their mechanical 
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integrity. This uncertainty is primarily due to the presence of small defects such as 

porosities and surface roughness and complex microstructural features, which will be 

discussed in detail in the following section. In the aerospace sector, where Alloy 718 is 

used as a major structural material, fatigue-related failures account for approximately 55% 

of all detected failures [24]. Therefore, it is of paramount importance to evaluate the 

fatigue strength of additively-manufactured (AM) Alloy 718 from the viewpoint of 

material strength design. Fatigue failures still remain a critical and unresolved concern 

for metallic parts, and specifically for the implementation of AM technologies in the 

industry. While the fatigue properties of conventionally manufactured Alloy 718, i.e., 

wrought (WR) Alloy 718, are well-established and utilized for part design, it is expected 

that there will be deviations from these properties in AM alloy, which are relatively less 

explored [25]. This knowledge gap necessitates extensive research to bridge the 

understanding, and this thesis aims to contribute to filling this gap to the best of its 

abilities.  
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Fig. 1.1. (a) Dark field image viewed along a (001) direction of the microstructure of 

an Alloy 718 sample aged at 1073 K for 24 hours, illustrating the morphologies of γ′ 

and γ″ particles [6]; (b) TEM micrograph showcasing δ phases along the grain 

boundary [13]. 
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Fig. 1.2. Schematic illustration of the unit cell of γ′ phase (FCC L12), γ″ phase (BCT 

D022) and δ phase (orthorhombic D0a). The open circles represent nickel atoms, blue 

solid circles represent either aluminum or titanium atoms and the black solid circles 

represent niobium atoms [14]. 
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Fig. 1.3. Schematic illustration of sequential processes to produce aero-engine discs via conventional manufacturing methods 

[18]. 
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Fig. 1.4. Application of AM method in LE-9 engine fuel injector [20]. 
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1.2 A brief introduction to additive manufacturing 

As mentioned in the previous section, the presence of small defects and the intricate 

microstructure of AM materials introduce challenges in assessing fatigue strength. 

Therefore, it is essential to gain a comprehensive understanding of the impact of each 

factor on fatigue strength in order to ensure the structural integrity. Before commencing 

this exploration, it is crucial to provide a concise overview of key concepts of the AM 

method and the unique features of AM materials, in comparison to materials fabricated 

by conventional manufacturing methods. This initial step will establish a foundation for 

further examination of the topic. 

 

1.2.1 Key concepts of AM method 

Additive manufacturing is defined to be the “process of joining materials to make parts 

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

and formative manufacturing methodologies” [26]. Among the various categorized AM 

processes, our primary focus will be put on powder bed fusion (PBF). PBF has attracted 

considerable attention in recent years due to its capability to fabricate metal components 

with nearly complete density. The PBF falls into two categories depending on the energy 

sources as laser powder bed fusion (L-PBF) and electron beam powder bed fusion (E-

PBF). 

L-PBF, also known as selective laser melting (SLM), operates within a protective 

atmosphere, typically argon or nitrogen. Schematic illustration of L-PBF system is 

presented in Fig. 1.5 [27]. To begin the process, a layer of powder with a controlled 

thickness is uniformly spread on the build platform. The laser beam selectively irradiates 

specific areas of the powder layer based on a CAD model. The build platform is then 

lowered by the thickness of the new powder layer. A subsequent layer of powder is added 

on top of the preceding layer, and this process is repeated iteratively until the final object 

is fabricated. L-PBF is not limited to metals and can also be utilized for polymers, 

ceramics, and cermets [28]. Fig. 1.6 provides a schematic overview of the interaction 

between the laser beam and the powder bed [29]. When the laser beam irradiates the top 
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surface of the powder bed, a small portion of the laser energy is dissipated through 

radiation and convection. Most of the laser energy is absorbed by the powder particles, 

causing them to heat up quickly and melt in localized areas. Once the laser moves away 

from the melted region, known as the molten pool, the molten material rapidly solidifies, 

resulting in the consolidation of the melt. This process enables the bonding of adjacent 

tracks and neighboring layers through fusion. 

In L-PBF, there are four representative parameters to be considered for process 

optimization; laser power, scanning speed, hatch spacing, and layer thickness, as 

illustrated in Fig. 1.7 [30]. The combined influence of these parameters is quantified as 

the energy density which is the ratio of the energy beam power to the product of scanning 

speed, layer thickness, and hatch spacing. The product of scanning speed, layer thickness, 

and hatch spacing is referred to as the build rate [31]. Extensive research has demonstrated 

that the energy density has a significant impact on the microstructures and mechanical 

properties of AM components [32–34]. 

E-PBF functions similarly to L-PBF, with the difference of employing an electron beam 

as the heat source instead of a laser, as schematically presented in Fig. 1.8 [35]. The E-

PBF process follows a four-step cycle: powder layer spreading, preheating, selective 

melting, and lowering of the build platform. The preheating step serves two purposes: 

sintering the powder bed using a defocused electron beam to establish good electrical 

conductivity for a stable process, and minimizing residual stresses [36,37]. Because E-

PBF takes place within a vacuum chamber, the process helps reduce impurities, 

particularly for materials that are sensitive to oxygen [37]. On the other hand, to interact 

with the electron beam, the powder bed in E-PBF must possess conductivity, which 

restricts the applicability of E-PBF to conductive materials such as metals [28].  

Regardless of the specific categories they belong to, AM technologies have the 

following advantages in common. Firstly, they allow for the production of complex or 

custom parts directly from the design shape, eliminating the need for expensive tools like 

punches, dies, or casting molds. Since intricate parts can be made in one step, the number 

of manufacturing steps can be dramatically reduced. Additionally, AM technique 

significantly reduces the number of parts by eliminating or reducing the need to assemble 
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multiple components. It not only lowers the production cost but also reduces potential 

failure modes across joined parts. Moreover, the technology enables the achievement of 

superior performance than conventional manufacturing method by realizing mechanical, 

thermal, and other optimization approaches for the design of complex parts, incorporating 

internal features such as conformal cooling channels on combustion chambers or turbine 

blades [37,38]. 

 

1.2.2 Typical features of AM materials 

Distinct characteristics in as-built AM materials, as compared with that of wrought (i.e., 

forged or rolled) materials, can be summarized as strong crystallographic texture, micro-

segregation, residual stress and defects. These AM features need to be thoroughly 

considered in view of fatigue design, particularly in critical applications such as aerospace. 

Since AM methods involve the localized and epitaxial solidification identical to 

traditional welding processes, they produce microstructures closely resembling those in 

multi-pass welds [39]. Therefore, as a first step to understand the AM features, it would 

be beneficial to refer to the underlying mechanism of the solidification behavior in the 

molten pool in welding process. 

In fusion welding without a filler metal, crystals or grains at the solid-liquid interface 

between the base metal and the liquid metal, i.e., the fusion boundary [40,41] grow into 

the molten pool, by making the atoms in the liquid follow the arrangement of atoms in 

the base metal grains. That is, the grains inherit the crystallographic orientation of the 

base metal grains [42], as depicted in Fig. 1.9 [43]. This growth process is referred to as 

epitaxial solidification. Once grain growth is initiated at the boundary of the molten pool, 

grains tend to grow along the direction perpendicular to the molten pool boundary, in 

which heat dissipates fastest. Simultaneously, grains are likely to grow in the easy-growth 

direction. The most favorable orientation for grain growth in FCC materials is the <001> 

direction [42]. Hence, grains with easy-growth direction perpendicular to the pool 

boundary can continue growing into the interior of the molten pool. On the other hand, 

grains with less favorable orientation with respect to the direction perpendicular to the 

boundary are impeded and grow only a limited distance [43] (cf. Fig. 1.9). This 
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phenomenon is commonly known as competitive growth [44]. Similarly, in AM process, 

grain growth predominantly initiates at the solid-liquid interface, and grains in the newly-

solidified materials are promoted to grow succeeding the crystallographic orientation of 

grains in materials adjoining the molten pool, and mainly along the build direction (BD) 

which is parallel to a global heat flux direction. Furthermore, through sequential 

solidification of AM, the re-melting of underlying layers facilitates the restart of the grain 

growth process, enabling it to span multiple layers. These two distinct mechanisms, i.e., 

epitaxial solidification and competitive growth, are primarily responsible for the 

development of strong crystallographic texture with elongated grain morphology of AM 

materials [45]. 

Meanwhile, solidified microstructures can exhibit various sub-structures, which are 

governed by two parameters: the thermal gradient G and the solidification rate R. The 

G/R ratio determines the morphology of the structure, while the product of G and R, called 

the cooling rate, determines the size of the structure [46]. The impact of G/R and GR on 

the solidification structure is depicted in Fig. 1.10 [42]. According to G/R values, the 

solidification structure can be planar, cellular, columnar dendritic to equiaxed dendritic. 

On the other hand, as the cooling rate GR increases, all four structures become finer. 

Based on the numerical calculation of the G/R value via heat transfer and liquid metal 

flow model, Wei et al. [47] reported that during L-PBF process, the formation of either 

cellular or columnar dendritic structure is favorable. However, it is noted that the presence 

of various morphologies is possible due to variations in temperature gradient and 

solidification rate across different regions of the molten pool [48]. 

Micro-segregation is another microstructural feature observed in AM materials. During 

AM process, the rapid cooling in the highly localized melt pool results in a non-

equilibrium solidification condition. Namely, there is limited time for the solute alloying 

elements in the liquid phase to diffuse back into the solid phase, leading to the micro-

segregation of refractory alloying elements [39]. For as-built AM Alloy 718, the micro-

segregation of alloying elements such as Nb brings about the precipitation of brittle 

particles such as Laves phases ((Ni,Fe,Cr)2(Nb,Mo,Ti)) at the interdendritic regions, as 

reported in numerous literatures [49–51]. The high fraction of these particles is 
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significantly undesirable since they are known to deplete beneficial alloying elements and 

promote the initiation and propagation of cracks, causing the degradation of the 

mechanical properties including tensile ductility, ultimate tensile strength, fracture 

toughness, and fatigue life [52,53]. Fig. 1.11 depicts the micro-segregation of refractory 

alloying elements, along with the evolution of solidification sub-structures in AM 

microstructure [54].  

Residual stress is also a major concern that limits the widespread adoption of AM 

method. The process involves localized rapid heating and cooling steps, leading to 

significant thermal gradients in the molten pools. These non-uniform cooling rates and 

large thermal gradients inevitably accompany elevated levels of residual stress in AM 

materials [55]. Fig. 1.12 [55] illustrates a temperature-gradient mechanism suggested by 

Mercelis and Kruth [56] to describe the development of residual stress during AM. Firstly, 

the laser-beam irradiation of a new layer results in the uniform expansion of the layer. 

The expansion of the new layer is limited by the cooler underlying layers, leading to the 

formation of compressive stresses in the new layer and tensile stresses in the underlying 

part. Upon cooling, the new layer contracts at a faster rate than the underlying layers, 

causing tensile stresses in the new layer and compressive stresses in the layers below. 

However, it must be noted that the actual mechanism of residual stress generation in AM 

parts is much more complicated by the fact that new layers are not uniformly 

heated/melted but separately according to scan strategy [57]. The presence of high tensile 

residual stress can give rise to cracking, delamination, fatigue failure, and thermal 

deformation [58,59]. Therefore, to minimize the impact of residual stresses and improve 

the quality of AM parts, various techniques such as post heat treatment [60] and 

optimization of process parameters [39] can be employed. 

Finally, the presence of small defects such as porosity and surface roughness is a long-

standing and significant challenge observed in almost all of the metallic AM components 

ascribed to the processing nature [61]. Porosity can be categorized as either “powder-

induced” or “process-induced”, as depicted in Fig. 1.13(a) [62]. Powder-induced 

porosities refer to gas pores that may form within the powder feedstock during powder 

atomization. On the other hand, process-induced porosities result from improper process 
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conditions. For instance, inadequate power supply can induce the generation of lack of 

fusion, which is characterized by an irregular shape and a range of sizes, from sub-micron 

to macroscopic, and can be identified by un-melted powders visible in or near the pore. 

Conversely, excessive power can cause vaporization of the metal from the melt pool, 

known as spatter ejection, leading to the formation of voids or poor surface quality [62]. 

Gas pores can also form due to the entrapment of shielding gas within the molten pool 

[44]. In addition to porosity, surface roughness is an unavoidable feature in as-built AM 

parts as shown in Fig. 1.13(b) [63]. Surface roughness can be attributed to several factors 

such as inherent stepwise layer-by-layer build which forms “staircases”, insufficient heat 

energy resulting in un-melted powders on the surface, or the liquid metal's contraction 

into a spherical shape driven by surface tension, known as the balling phenomenon [64–

67]. The evolution of porosities and surface roughness during the AM process is 

schematically presented in Fig. 1.14 [61]. 
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Fig. 1.5. Schematic overview of laser powder bed fusion (L-PBF) system [27]. 
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Fig. 1.6. Schematic illustration of the interaction between laser beam and powder bed 

[68]. 

 

 

Fig. 1.7. Schematic illustration of L-PBF process parameters: laser power, scanning 

speed, hatch spacing, and layer thickness [30]. 
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Fig. 1.8. Schematic overview of electron beam powder bed fusion (E-PBF) system [35]. 
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Fig. 1.9. Process of epitaxial solidification and competitive growth of grains within a 

welded molten zone [43]. 
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Fig. 1.10. Effect of temperature gradient G and solidification rate R on the morphology 

and size of solidification structure [42]. 
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Fig. 1.11. Schematic illustration of micro-segregation of refractory alloying elements 

and the evolution of solidification sub-structures in AM microstructure [54]. 
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Fig. 1.12. Schematic illustration of the temperature-gradient mechanism for the 

development of residual stress during AM [55]. 
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Fig. 1.13. Examples of defects introduced during AM process: (a) porosities including 

lack of fusion and gas pores [62]; (b) surface roughness with um-melted powders. 

Arrows in the images indicate the build direction [63]. 
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Fig. 1.14. Schematic illustration of the evolution of porosities and surface roughness 

during the AM process [61]. 
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1.3 Literature review 

Alloy 718 is frequently utilized in applications such as aerospace where components 

are subjected to numerous loading cycles during operation [69]. Hence, the high-cycle 

fatigue (HCF) properties of the alloy are of utmost importance in maintaining the 

structural integrity and safety of critical systems. However, the innate characteristics 

induced by the AM process such as crystallographic texture, micro-segregation, residual 

stresses and defects might add complexity to the evaluation of fatigue strength of AM 

Alloy 718. To ensure the reliable design for AM components, it is crucial to thoroughly 

understand the influence of each factor in a comprehensive manner. 

While all of the AM features are mutually correlated each other, particular attention 

should be given to the process-induced defects such as lack of fusion, pores, and surface 

roughness [70], all of which are known to manifestly deteriorate the fatigue properties of 

AM parts when compared to their WR counterparts [71,72]. The influence of surface 

roughness is particularly pronounced for specimens in the as-built condition [73]. 

Previous research conducted by Kelley et al. [74] has demonstrated that AM Alloy 718 

specimens with a machined surface exhibit significantly longer fatigue life compared to 

those with an as-built surface condition. In fact, the difference in lifetimes was found to 

be between 100 and 1000 times. Moreover, Witkin et al. [75] revealed that machined AM 

Alloy 718 specimens showed the fatigue strength similar to that of WR specimens while 

testing with as-built surfaces led to a decrease in fatigue life. The presence of porosities 

near the surface also subsequently degrades the fatigue performance of AM Alloy 718, as 

supported by the studies of Balachandramurthi et al. [63] and Pei et al. [76]. 

The hot isostatic pressing (HIP) technique is commonly employed to address surface 

defects near the sub-surface and internal defects [77]. Indeed, it has been observed that 

HIP-processed AM Alloy 718 specimens with the machined surface exhibit fatigue 

properties equivalent to those of WR Alloy 718 [74,75]. However, it is important to note 

that HIP is not effective in eliminating surface defects such as surface roughness and open 

pores on the surface and, therefore, its influence on the fatigue strength of specimens 

without surface machining is marginal [77]. Furthermore, considering that one of the 

major advantages of the AM process is its capability to produce complex geometries with 
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internal features, post surface finishing may not be feasible [78]. Therefore, from a 

practical perspective of fatigue design, it is essential to quantify the effects of the process-

induced defects on the fatigue strength.  

Despite the abundant publications to date, there is still a relative scarcity of papers that 

specifically concentrate on the quantitative evaluation of the effect of the defects. A 

fracture mechanics-based, √area  parameter model, proposed by Murakami and Endo 

[79], has been broadly used for the quantitative evaluation of fatigue strength of materials 

containing small defects as a small-crack problem. Recently, some research groups have 

attempted to apply the model to the fatigue limit evaluation of Alloy 718. To validate the 

applicability of the √area  parameter model, Kevinsanny et al. [80] performed fully-

reversed, uniaxial fatigue tests using WR Alloy 718 with different grain sizes and a variety 

of artificial small defects. As a result, they confirmed that in a small-crack regime, the 

predicted fatigue limits were in good agreement with the experimental results. Yamashita 

et al. [81] also assessed the fatigue limit of AM Alloy 718 via a small, Mode I, fatigue 

crack-growth threshold. They reported that in the evaluation based on the opening-mode 

threshold, the fatigue limit of the AM alloy had been overestimated by more than 10%. 

On the other hand, Okazaki et al. [82] observed an arrested crack lying along the 

maximum shear-stress plane at the bottom of a circumferential notch during the tension-

compression fatigue test of WR Alloy 718. In their experiment, the criterion based on the 

opening-mode threshold provided a far from conservative prediction of the fatigue limit. 

Moreover, in a study by Tanaka et al. [83], push-pull and torsional fatigue tests of the WR 

Alloy 718 revealed that the fatigue limit was determined as the non-propagating condition 

of a small, shear-mode fatigue crack. In spite of the numerous studies to have been 

conducted on the fatigue limit of Alloy 718, the mechanism determining the fatigue limit 

has remained obscure; a lack of systematic experimentation has precluded the 

establishment of a universal method for the fatigue strength assessment of AM Alloy 718. 

Moreover, the fatigue threshold and small-crack behavior in this AM alloy have yet to be 

investigated in detail. 

On the other hand, several researchers have investigated the relationship between 

microstructural factors other than defects and fatigue performance of AM Alloy 718. For 
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example, Nishikawa et al. [84] observed small fatigue crack initiation and growth 

behavior in Alloy 718 specimens fabricated by rolling and AM. The findings indicated 

that the fatigue lives of the AM specimens with a strong [001] texture were shorter 

compared to the rolled plate specimens. It was suggested that a strong texture tends to 

generate low-angle grain boundaries (LAGBs) due to the close alignment of grains with 

a specific orientation and that the presence of a large fraction of LAGBs accelerated the 

shear mode, fatigue crack-growth rate at an early stage of propagation, ultimately 

resulting in a decrease in fatigue life. The similar results were acquired from the study of 

Ghorbanpour et al. [85] in which the values of fatigue crack-growth threshold of L-PBF 

samples were dependent on the fraction of the LAGBs. In addition, Konečná et al. [86] 

performed fatigue crack growth (FCG) tests with as-built AM Alloy 718 specimens and 

revealed that the threshold value of the AM alloy was significantly lower than that of WR 

alloy, which was potentially attributed to residual stress. However, there is a lack of 

evidence regarding the relationship between residual stress and small fatigue crack 

behavior in the HCF regime because Ni-based superalloys are typically subjected to post 

heat treatment for precipitate hardening after printing. Meanwhile, the role of Laves and 

δ phases, resulting from the micro-segregation of Nb in AM Alloy 718, has been a topic 

of debate. Gribben et al. [87] argued that the presence of δ phase caused a depletion of γ″ 

phases, which weakened the HCF strength of AM Alloy 718 at room temperature. 

Similarly, in a study by Sivaprasad and Raman [88], a large amount of Laves and δ phases 

resulted in inferior fatigue resistance in Alloy 718 tungsten inert gas (TIG) weldments. 

On the contrary, Sui et al. [89] reported that the HCF strength of AM Alloy 718 was 

comparable to that of WR alloy. The researchers observed that the growth of secondary 

cracks near the main crack path was hindered by the presence of unbroken particles of 

Laves and δ phases. Based on this observation, they suggested that the presence of Laves 

and δ phases may have contributed to the HCF strength of AM Alloy 718. Nonetheless, 

systematic investigations regarding the correlation between microstructural features and 

fatigue performance of AM Alloy 718, especially in relation to small fatigue-crack 

behavior near the threshold regime, are still limited. Furthermore, the synergistic effect 

of multiple factors in AM microstructures might render it more difficult to evaluate the 

individual effect of each factor, thus leaving a research space that remains unexplored.  
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1.4 Objective and outline of the thesis 

This study aims to evaluate the fatigue limit of additively-manufactured Ni-based 

superalloy 718, with a significant emphasis on the influence of small defects and 

microstructural features in AM materials. Considering that the remarkable impact of small 

defects has been well documented in numerous literatures, the initial phase of this study 

is to quantify the influence of the defects on the fatigue limit from the perspective of a 

small crack problem. Subsequently, the study proceeds to systematically explore the 

impact of microstructural factors on the fatigue strength. To accomplish this goal, the 

study is structured into five chapters including the current introduction, and each chapter 

is outlined as follows: 

In Chapter 2, fully-reversed, push-pull and torsional fatigue tests are performed using 

specimens with machined surfaces onto which an artificial defect is introduced or with 

machined surfaces having no artificial defects (i.e., smooth condition). Based on the 

observation of small, fatigue crack-growth behavior at the fatigue limit, the determining 

condition of the fatigue limit is identified. Subsequently, shear-mode, fatigue crack-

growth threshold in each test is estimated in order to quantitatively deal with the effects 

of small defects. 

In Chapter 3, an AM sample with different microstructure is prepared to investigate the 

impacts of precipitates (i.e., γ″, Laves and δ phases), grain size and residual stress on the 

fatigue threshold. Fatigue specimens possess different surface and defect conditions, i.e., 

an as-built surface with rough surface and a machined surface with an artificial defect. In 

a similar fashion to the preceding chapter, push-pull fatigue tests are conducted, and the 

fatigue limit determining condition is examined. Finally, shear-mode fatigue threshold is 

comparably discussed with that of previous chapter. 

In Chapter 4, the influence of crystallographic texture and annealing twin boundaries 

on fatigue resistance of the alloy is explored. A push-pull fatigue test using an WR 

specimen and a torsional fatigue test using an AM specimen are conducted to investigate 

the small-crack behaviors in both AM and WR materials at/near the fatigue limit. With 

the aids of electron microscopic techniques, the role of grain boundaries and annealing 

twin boundaries in crystallographic fatigue crack resistance is elucidated, based on 

geometric relationship between crack-planes of adjacent grains in the matrix or the twin. 

In Chapter 5, the achievements in this study are summarized.  
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2. Quantitative evaluation of the effect of defects on the fatigue limit of 

AM Alloy 718 via shear-mode threshold 

2.1 Introduction 

The fatigue crack-growth threshold, ΔKth, also known as the fatigue threshold, is a 

critical parameter in fatigue analysis such as fatigue limit evaluation of materials 

containing defects. It corresponds to the lower bound of stress intensity factor (SIF) range 

below which the crack-growth rate is extremely low or negligible [1]. It is well known 

that the threshold for “large crack” with an order of a few millimeters in common 

structural steels is independent of crack size under a constant stress ratio [2]. However, it 

should be noted that threshold for “small crack” becomes smaller than that for large crack 

and is decreased with a decrease in crack size (i.e., the crack-size dependence of ΔKth). 

This unique phenomenon for small cracks is closely related to the significant difference 

in the mechanical severity (e.g., stress and strain distributions) near the crack tip between 

large crack and small crack even under a same stress intensity [3]. In the long history of 

the research on metal fatigue, the growth and threshold behaviors of the latter have been 

dealt with as “small crack problem” [4], and there have been considerable efforts to 

develop methods for predicting the ΔKth values of materials with small defects [5]. 

With the above situation as background, Murakami and Endo [6] proposed a simple 

and useful method to predict the threshold SIF range for Mode I fatigue cracks, ∆KIth, and 

accordingly the fatigue limit, which is called √area parameter model. It is based on the 

experimental findings as follows: i) fatigue limit is the threshold condition for non-

propagation of cracks emanating from defects, ii) the cracks propagate in a direction 

almost perpendicular to the direction of the principal stress (i.e., Mode I cracks) at the 

fatigue limit. According to this model, the crack-size dependence of ∆KIth of various 

ferrous alloys in small crack regime can be formulated as follows (cf. Fig. 2.1) [5]: 

ΔKIth = 3.3×10−3(HV + 120)(√area)1/3      (2.1) 

where area is defined as the area of a small defect or crack projected onto a plane 

perpendicular to the principal stress, as illustrated in Fig. 2.2. In the small-crack regime, 

the fatigue limit of materials containing surface defects at a stress ratio of −1 can be 
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predicted using the formula as follows: 

σw = 1.43(HV + 120)/(√area)1/6       (2.2) 

Over the years, numerous studies have extensively demonstrated the applicability of 

this model, covering a wide range of materials [7–9].  

However, the comprehensive evaluation method of fatigue limit still lacks clarity with 

regard to Alloy 718. First of all, the determining condition of the fatigue limit, i.e., 

whether it is governed by the threshold condition of Mode I cracks (∆KIth) or shear-mode 

cracks (ΔKτth), remains a subject of debate. Although Kevinsanny et al. [10] suggested 

the √area parameter model is applicable to WR Alloy 718 (cf. Fig. 2.3), Okazaki et al. 

[11] observed an arrested crack lying along the maximum shear-stress plane at the bottom 

of a circumferential notch during the tension-compression fatigue test of WR Alloy 718. 

In their experiment, the criterion based on the opening-mode threshold provided an 

overestimated prediction of the fatigue limit. Moreover, Tanaka et al. [12] recently 

conducted fatigue tests using two WR Alloy 718 samples under different loading 

conditions (i.e., tension-compression, pure-torsion and torsion with superposed static 

tension). They demonstrated that the fatigue limit of all WR samples was dominated by 

the non-propagation of small, shear-mode fatigue cracks, i.e., ΔKτth, irrespective of 

loading conditions, exhibiting a crack-size dependence similar to that of ∆KIth. The similar 

results were obtained in the push-pull fatigue tests of a coarse-grained WR alloy (WR-

CG) in which some non-propagating cracks along the maximum shear-stress direction 

were also observed [13]. Notwithstanding the efforts of several researchers to date, since 

the reported results vary substantially amongst researchers and there is a lack of 

observation on the crack-arresting mode, a thorough understanding of the determining 

condition of the fatigue limit of the alloy remains elusive and incomplete, hindering the 

establishment of fatigue limit prediction model for AM Alloy 718. 

In addition, AM material has a significantly different microstructure compared to WR 

material, as addressed in the previous chapter. This could lead to a disparity in fatigue 

thresholds between AM and WR materials. Indeed, Yamashita et al. [14] have assessed 

the fatigue limit of two AM Alloy 718 materials with different microstructures in terms 
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of the opening-mode threshold. The results revealed that estimated values of ∆KIth for all 

AM alloys were apparently lower than those of WR alloys [10] (cf. Fig. 2.3 and Fig. 2.4). 

While the validity of the ∆KIth-based evaluation for AM materials is still uncertain, the 

aforementioned experimental results imply that AM alloys may exhibit poor fatigue 

resistance compared to WR alloys. This difference in fatigue resistance can be attributed 

to various microstructural factors of AM materials. It is noteworthy that the quantification 

of the effect of defects via fatigue threshold is a prerequisite for gaining a comprehensive 

understanding of the influence of other factors on fatigue resistance, which ultimately 

provides insights for improving the fatigue performance of AM materials. Nevertheless, 

a systematic investigation of the small, fatigue crack-growth threshold of AM Alloy 718 

has not yet been conducted. 

In this context, the initial objective in this chapter is to elucidate the determining 

condition of the fatigue limit in the AM alloy based on analyses on the crack-arresting 

mode at or near the fatigue limit. Following this, an attempt will be made to assess the 

fatigue-crack growth-threshold in order to quantify the effect of defects on fatigue limit 

of AM Alloy 718. Finally, the chapter will compare and discuss the results of the fatigue 

threshold estimation for AM alloy with those of WR alloys.  
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Fig. 2.1. Crack size dependence of the threshold SIF range for Mode I fatigue cracks, 

∆KIth, of various ferrous alloys in small crack regime [5]. 
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Fig. 2.2. Definition of the projected area of small defect onto the principal stress plane, 

area. 
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Fig. 2.3. Relationship between the threshold SIF range for Mode I fatigue cracks, ∆KIth, 

and the defect size, √area, in WR Alloy 718. CG stands for coarse-grained, EDM for 

electron discharge machining, FG for fine-grained, and FIB for focused ion beam [10]. 
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Fig. 2.4. Relationship between the threshold SIF range for Mode I fatigue cracks, ∆KIth, 

and the defect size, √area, in two different AM Alloy 718 samples. The datum of ∆KIth 

is indicated by a dotted red line [14]. 
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2.2 Experimental methods 

2.2.1 Materials 

Round bars of Alloy 718 measuring 19 mm in diameter and 100 mm in length were 

fabricated by L-BPF process with a laser power of 960 W and a build rate of 20 mm3/s. 

The as-built bar was subjected to solution treatment and aging (STA), solution-treated at 

955 °C for 0.5 h and subsequently, double-aged for 8 h at 720 °C and 620 °C, respectively. 

In addition to the AM material, WR Alloy 718 rod with diameters of 30 mm was 

referenced so as to comparably assess the fatigue crack-growth resistance. The WR alloy 

was solution-treated at 955 °C for 1 h and double-aged at 718 °C and at 621 °C for 8 h, 

respectively. The chemical compositions of the AM powders and the WR material are 

listed in Table 2.1. Experimental data for WR can be found in the previous studies of 

Tanaka et al. [12] and Kevinsanny et al. [15]. 

Fig. 2.5 presents the initial microstructures of all the samples observed via electron 

backscatter diffraction (EBSD), backscatter electron (BSE) imaging and energy-

dispersive X-ray (EDX) techniques in a scanning electron microscope (SEM). The AM 

sample exhibited elongated grains extending to several deposit layers, with preferential 

orientation along the [001] crystal direction with respect to BD, as shown in inverse pole 

figure (IPF) maps of Fig. 2.5(a), the result of the epitaxial and directional solidification. 

Conversely, the WR material displayed equiaxed and randomly-oriented grains, with no 

significant crystallographic texture with respect to the axial direction of the base material, 

as seen in Fig. 2.5(d). It is noted that similar features were observed on the surface of a 

fatigue test specimen of the WR material in a direction perpendicular to the axial direction 

(cf. Fig. 4.3(b)). The SEM-BSE image reveals that Laves phases and δ phases were 

dispersed both within grain interior (i.e., intragranular) and along grain boundaries (GBs) 

(i.e., intergranular) in AM sample, resulting from the micro-segregation of elements such 

as Nb and Mo during solidification in the AM process, as shown in Fig. 2.5(c) and Table 

2.2, obtained by EDX technique. On the other hand, the presence of δ phases was solely 

observed along GBs in WR with no Laves phases identified (cf. Fig. 2.5(e)). The 

mechanical properties (0.2 % proof stress, σ0.2, tensile strength, σB, and Vickers hardness, 

HV, with the standard deviation (SD)) measured in ambient air at room temperature are 
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documented in Table 2.3. The Vickers hardness, HV, was an average value of 20-point 

data measured with a load of 9.8 N and a holding time of 30 s. 

 

2.2.2 Test procedures 

Fig. 2.6 illustrates the shapes and dimensions of the specimens. Some of the AM round 

bars were fabricated into torsional fatigue specimens with no artificial defects, i.e., 

smooth condition, as shown in Fig. 2.6(a). This condition was chosen to facilitate the 

comparison of fatigue data between the present study and the literature, specifically a 

study by Tanaka et al. [12]. On the other hand, the other AM bars were machined into 

push-pull fatigue specimens (cf. Fig. 2.6(b)) onto which small, semicircular notch was 

introduced via electrical discharge machining (EDM) (cf. Fig. 2.6(c)). The size of the 

notch was determined based on the average grain size of 105 μm, calculated from the 

initial microstructure (cf. Fig. 2.5(a)). The introduction of an artificial notch not only eases 

the observation of crack-growth behavior by confining the crack initiation site, but also 

enables an accurate evaluation of the stress intensity factor. All of the specimen axes were 

parallel to BD. All specimen surfaces were polished with emery papers, followed by 

buffing with a diamond paste. In the case of the EDM-notch specimen, the surface was 

polished prior to the introduction of the notch. 

Torsional fatigue tests were conducted with a resonance fatigue-testing machine, 

developed by Endo et al. [16], operated at a stress ratio, R, of −1 and a test frequency, f, 

of 50 Hz. Push-pull fatigue tests were executed using a servo-hydraulic fatigue-testing 

machine at R of −1, and f of 10 Hz. The test frequency of each test was selected within 

the allowable range to ensure stable control of each testing machine. Prior to the tests, the 

alignment between the specimen and the loading axes was carefully adjusted to ensure 

that no bending stress was exerted on the test section. The torsional fatigue limit, τw, was 

determined by the maximum level of shear-stress amplitude, τa, at which a specimen did 

not fail after loading at 108 cycles. On the other hand, in push-pull fatigue tests, the fatigue 

limit, σw, was determined by the maximum level of normal-stress amplitude, σa, at which 

a specimen did not fail during 107 cycles due to the limitation of loading frequency at 10 

Hz. All tests were carried out in ambient air at room temperature. The tests were 
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periodically halted to examine the propagation of fatigue cracks using the plastic replica 

method. When a crack did not proliferate during two million cycles under push-pull 

loading or during twenty million cycles under torsional cyclic loading, taking into account 

the total loading cycles in each case, the crack was considered to be a non-propagating 

crack. 
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Table 2.1 Chemical compositions of AM powders and WR material (mass %). 

Material C Si Mn P S Ni Cr Mo Co Cu Al Ti Nb B Ta Fe 

AM      52.18 19.24 3.08 0.03  0.61 0.91 5.17   Bal. 

WR 0.04 0.06 0.09 0.01 0.005 53.93 17.89 2.96 0.25 0.07 0.55 0.98 5.41 0.005 0.01 17.50 

 

Table 2.2 EDX analysis on chemical composition of matrix and Laves phase (mass %). 

Point (phase) Ni Fe Cr Nb Mo Ti 

1 (Matrix) 52.5 18.4 18.8 5.3 4.0 0.9 

2 (Laves phase) 46.5 15.5 16.7 12.6 7.6 1.6 

 

Table 2.3 Mechanical properties of AM and WR materials. 

Materials σ0.2 [MPa] σB [MPa] HV (SD) 

AM 1134 1351 470 (± 12) 

WR 1207 1420 456 (± 10) 
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Fig. 2.5. Initial microstructures of Alloy 718 used in this study: (a) IPF map and (b) BSE image of AM with reference to BD; 

(c) EDX mapping corresponding to BSE image of (b); (d) IPF map and (e) BSE image of WR with reference to the axial 

direction of the base material. (Numbers in BSE image represent points for EDX analysis shown in Table 2.2.) 
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Fig. 2.6. Shapes and dimensions of: (a) torsional fatigue test specimen (in mm); (b) 

EDM-notch specimen for the push-pull fatigue tests (in mm); (c) small, semicircular 

EDM notch (in μm). 
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2.3 Results and discussion 

2.3.1 Torsional fatigue test results 

The S-N data for AM, obtained by the torsional fatigue testing of smooth specimens, 

are featured in Fig. 2.7. For the sake of comparison, the torsional fatigue data are also 

plotted for the WR specimen with the same surface condition, conducted at an identical 

stress ratio and frequency [12]. It should be noted that the fatigue limit of AM was nearly 

45 % lower than that of WR. Moreover, in run-out AM specimens, some small, grain-

sized fatigue cracks which initiated from either the matrix or the defect were observed on 

the surface, almost parallel to the maximum shear-stress direction (cf. Fig. 2.8(a) and (b)). 

Through periodic crack-propagation observations using the plastic replica method, as 

shown in Fig. 2.8, these shear-mode cracks were deemed to either stop growing or to 

propagate at an extremely slow rate. Hence, the presence of these shear-mode arrested 

cracks suggests that the fatigue limit of the AM materials can be determined by the 

threshold SIF range for shear-mode fatigue cracks, ΔKτth, under cyclic torsional loading, 

analogous to the results of the torsional fatigue tests of WR materials reported by Tanaka 

et al. [12]. Furthermore, when the ΔKτth values of the two materials were assessed to 

quantify the effects of small defects, a dramatic degradation of the fatigue strength of AM 

was also revealed, as compared to that of WR, as will be later demonstrated. 

 

2.3.2 Push-pull fatigue test results 

Fig. 2.9 presents the S-N data for AM as obtained from push-pull fatigue tests using the 

EDM-notch specimen. The fatigue test results for WR specimens with EDM-notches [10] 

are also presented in the figure. Despite the same defect size (√area = 125 μm for EDM-

notch), the fatigue limit of AM (i.e., 240 MPa) was significantly inferior to that of WR 

(i.e., 390 MPa), a phenomenon that cannot be explained solely by the effect of defects. 

Rather, it suggests the presence of intrinsic factors dominating the fatigue strength in these 

materials, to be further examined in later chapters. 

Fig 2.10 showcases BSE images of an arrested crack at the fatigue limit observed in 

notched AM specimens of the push-pull fatigue tests, marked by a white rectangle in Fig. 
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2.10(a). In the figure, the arrest crack seems to be a Mode I crack. However, a higher 

magnification view at the notch-tip revealed that crack was arrested in the vicinity of GBs, 

indicated by dotted yellow lines, after propagating and branching along the {111} slip 

planes, as indicated by solid white lines (cf. Fig. 2.10(b)). This experimental finding 

implies that the local shear stress ahead of the crack-tip is the primary crack driving-force 

at the fatigue limit. Therefore, it was presumed that the fatigue limit under fully-reversed, 

uniaxial cyclic-loading was governed by the shear-mode crack-growth threshold, ΔKτth.  

On the other hand, the crack that propagated along a direction that closely aligned with 

the maximum shear-stress direction, with a slight deviation due to the grain orientation, 

as evidenced in Fig. 2.10(a), was obtained by a subsequent test of the run-out AM 

specimen at a stress amplitude some 20 MPa higher than the fatigue limit (cf. Fig. 2.10(a)). 

The test was conducted to examine the behavior of small fatigue cracks near the threshold 

stress, which will be discussed further in Chapter 4. It is noted that the crack arrested at 

the fatigue limit did not propagate further, even after the stress amplitude was increased 

to 260 MPa. In contrast, the crack that was initiated at 260 MPa continued to propagate. 

These results may be attributed to multiple factors, including the interaction between 

adjacent cracks (between branched cracks or between non-propagating and propagating 

cracks), the influence of local microstructures on each crack, and the potential effect of 

the loading history, such as the coaxing effect. However, the specific underlying reason 

for these observations has not been clarified in this study. 

 

2.3.3 Evaluation of the shear-mode, fatigue crack-growth threshold 

According to the results of the previous subsection, it is deemed that the fatigue limit 

of AM Alloy 718 is the threshold condition of a shear-mode crack, irrespective of loading 

conditions (i.e., torsion and push-pull). In the case of torsional fatigue testing of the 

smooth specimen, the non-propagating crack was found to be lying on the maximum 

shear-stress plane (cf. Fig. 2.8). In contrast, regarding the push-pull fatigue test of the 

notched specimen, the arrested crack did not macroscopically lie on the maximum shear-

stress plane, although the primary driving force for the crack at the fatigue limit is the 
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local shear stress ahead of the crack tip. Such a shear-mode threshold under the two 

conditions will be quantified in the ensuing sections. 

For shear-mode cracking under cyclic torsion, Okazaki et al. [18] proposed the 

following formula to evaluate threshold SIF ranges on the basis of the √area parameter 

model: 

∆Kτth = 2×0.69τw√π√areaτ       (2.3) 

where √areaτ is the square root of the area of the crack or defect projected onto the 

maximum shear-stress plane. Since an accurate crack-shape with respect to depth 

direction was not identified in this study, the crack generated from the defect was assumed 

to arrest in a hemispherical surface grain, thus possessing a semicircular shape (i.e., 

√areaτ  = √π/2 a, where a is the half-length of the surface crack) (cf. Fig. 2.11). 

Consequently, ΔKτth = 1.5 MPa·m1/2 was derived by inserting τw = 130 MPa and √areaτ 

= 22 μm into Eq. (2.3). 

On the other hand, thin EDM-notch including the arrested crack (Fig. 2.6(b)) under 

push-pull loading can almost be mechanically equivalent to a planar crack normal to the 

loading axis. The SEM observation (cf. Fig. 2.10) revealed that the crack emanating from 

the notch grew along the {111} slip plane by the driving force associated with local shear 

stress at the notch-tip. Hence, the present study examined the normal and shear stress 

distributions in the vicinity of the tip of a Mode I crack in an infinite plane under remote 

tension, σ0, illustrated in Fig. 2.12(a). The elasticity solutions for the distribution of 

normal stress in θ direction, σθ, and shear stress, τrθ, in the vicinity of the tip are provided 

with the polar coordinates (r, θ) as follows [3]: 

σθ = 
KI

√2πr
(
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4
cos

θ

2
+

1

4
cos

3θ

2
)       (2.4) 
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√2πr
(

1

4
sin

θ

2
+

1

4
sin

3θ

2
)       (2.5) 

where KI is Mode I SIF. Referring to Eqs. (2.4) and (2.5), the normalized stresses near the 

tip as functions of an angle θ are depicted in Fig. 2.12(b). It should be noted that the 
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magnitude of each stress component varies depending on the angle. The maximum normal 

stress, σθmax, and the maximum shear stress, τrθmax, occurred along the direction of θ = 0° 

and ±70.5°, respectively. 

The maximum Mode I SIF range, ∆KIθmax, and the maximum shear-mode SIF range, 

∆Kτθmax, are thus defined as follows, respectively: 

KIθmax = σθmax√2πr        (2.6) 

Kτθmax = τrθmax√2πr        (2.7) 

Based on Fig. 2.12(b) and Eqs. (2.6) and (2.7), the ensuing relationship is derived 

between the maximum Mode I SIF range and the maximum shear-mode SIF range under 

fully-reversed, push-pull loading: 

∆KIθmax = 2.598∆Kτθmax        (2.8) 

Equation (2.8) indicates that even when only remote uniaxial stress is applied (i.e., 

Mode II SIF, KII = 0, macroscopically), the local shear-stress field is formed in the vicinity 

of the crack-tip so that the crack can propagate in shear mode. ∆KIθmax can be calculated 

by using the formula proposed by Murakami [19]: 

ΔKIθmax = 2×0.65σ0√π√areaP       (2.9) 

where √areaP  is the square root of the area of a crack or defect projected onto the 

principal stress plane. Using Eqs. (2.8) and (2.9) for AM, the ∆KIθmax = 6.2 MPa·m1/2 was 

obtained from σw = 240 MPa and √areaP = 125 μm, yielding ∆Kτth = 2.4 MPa·m1/2. 

The ΔKτth values gathered as a function of √area  (i.e., √areaτ  or √areaP)  are 

provided in Fig. 2.13. For comparison purposes, also plotted in the figure are the results 

of torsion and push-pull fatigue tests using smooth specimens of two WR alloys [12], 

including WR and solution-treated samples without aging, duly labelled WR-ST, and the 

result of push-pull fatigue tests using smooth specimens of a coarse-grained WR alloy 

(WR-CG) [13]. It is noteworthy to mention that threshold values of the AM material 
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exhibit a crack-size dependence, i.e., ΔKτth  (√area)1/3, similar to the result gained from 

WR materials [12,13]. 

With respect to the crack-size dependence of ∆Kτth in the small-crack regime, Tanaka 

et al. [12] proposed the following relationship for WR Alloy 718 as demonstrated in Fig. 

2.13: 

∆Kτth = 1.01(√area)1/3            (2.10) 

All the experimental results for WR Alloy 718 are in accordance with the aforementioned 

crack-size dependence in the regime of 10 μm < √area < 300 μm [12,13].  

Based on the above results, it was assumed that the crack-size dependence of ∆Kτth in 

the small-crack regime for the AM material can also be formulated by the least squares 

fitting in the regime of 10 μm < √area < 300 μm as follows: 

∆Kτth = 0.50(√area)1/3            (2.11) 

It must be noted that the preceding results highlight the inferior small-crack resistance 

of the AM material compared to that of WR materials, in spite of their similar mechanical 

properties outlined in Table 2.3. Since the influence of defects on the fatigue strength of 

these alloys was quantitatively expressed by the crack-size dependence of ∆Kτth, the 

reduced ∆Kτth value of the AM alloy for the same defect size (cf. Eqs. (2.10) and (2.11)) 

should be attributed to any factors other than defects. Therefore, in the next chapters, 

some possible dominant factors for ∆Kτth will be examined by focusing on notable 

features of AM microstructures as compared to WR ones.  
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Fig. 2.7. S-N data obtained via torsional fatigue tests. 
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Fig. 2.8. Plastic replica observation of non-propagating cracks in AM run-out 

specimens tested at (a) 
a
 = 120 MPa; (b) 

w
 = 130 MPa. 
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Fig. 2.9. S-N data obtained via push-pull fatigue tests. 
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Fig. 2.10. (a) BSE image of fatigue crack emanating from EDM-notch under push-pull 

loading; (b) correspond to the region marked by white rectangle in (a). 
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Fig. 2.11. Estimation of the area of defect plus crack projected onto the maximum shear-

stress plane, areaτ , for torsional fatigue test. The crack-shape with respect to depth 

direction was assumed to be semicircular, as indicated by a dashed red line. 
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Fig. 2.12. (a) Definition of the stresses near the tip of a Mode I crack under remote tension; (b) normalized stresses as 

a function of an angle around crack-tip. 
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Fig. 2.13. ∆Kτth of AM and WR Alloy 718 as a function of √area. The regression line 

(solid black line) is defined using the least squares fitting for all experimental data. 
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2.4 Conclusion 

In this chapter, the fatigue limit of an additively-manufactured, Ni-based superalloy 

718 was evaluated in terms of the fatigue crack-growth threshold. Based on the macro- 

and microscopic analyses, the determining mechanism of the fatigue limit and the effects 

of small defects were all thoroughly explored. The principal conclusions are summarized 

as follows: 

1. AM sample possessed elongated grains extending to several deposit layers, with a 

strong crystallographic texture along the [001] crystal direction relative to the build 

direction. Moreover, Laves and δ phases were observed both within grain interiors 

and along grain boundaries. 

2. Fatigue tests revealed that small-crack behavior at the fatigue limit was governed 

by maximum shear stress under both cyclic torsional loading and push-pull loading. 

This implied that the fatigue limit of all the samples was the threshold condition of 

a shear-mode, small fatigue-crack propagation, similar to the findings related to 

wrought materials. 

3. In each case, the shear-mode, fatigue-crack growth-threshold, ∆Kτth, was estimated 

to quantify the effects of small defects. As a result, the relationship between the 

∆Kτth and defect size could be formulated in an expression of ∆Kτth = 0.50(√area)1/3. 

4. The aforementioned experimental results demonstrate not only a crack-size 

dependence consistent with the results of wrought materials, but also a 

substantially low fatigue resistance of additively-manufactured materials. The 

dominant factors contributing to this reduced fatigue resistance should be 

systematically elucidated, a topic of the following chapters.  
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3. Dominant factors for inferior fatigue resistance of AM Alloy 

718−Part 1: Influence of precipitates, grain size and residual stress 

3.1 Introduction 

In Chapter 2, it was revealed that the fatigue limit of AM Alloy 718 is 50% lower than 

that of WR alloys, with respect to the same defect size. This suggests the presence of a 

dominant factor, in addition to defects, that contributes to the inferior fatigue crack-

growth resistance observed in the examined AM samples. Based on extensive literature 

review [1–13] and the comparison of microstructural features between AM and WR alloys 

demonstrated in the previous chapter, potential factors that can influence the fatigue 

resistance of Ni-based superalloys, irrespective of crack size, i.e., small crack and large 

crack, are summarized in Fig. 3.1. It is noted that, in addition to the inherent 

microstructural characteristics mentioned in Section 1.2, factors such as boron content, 

grain size, hardening precipitates, and annealing twin boundaries (ATBs) are also 

considered. A brief review on their effects on fatigue resistance is provided as follows. 

With regard to the boron, Xiao et al. [13] demonstrated that the increase of boron 

content can improve the long fatigue crack-growth threshold of WR Alloy 718. The 

authors suggested that, since boron atoms in solution act as obstacles to the dislocation 

movement by hindering the dislocation slip, they can enhance the FCG resistance. 

However, at room temperature, the effect of boron content within the range of 10 to 60 

ppm on the fatigue threshold was negligible, whereas the content of 120 ppm notably 

enhanced the fatigue threshold. It should be highlighted that all AM and WR Alloy 718 

materials examined in this study were found to possess a similar boron concentration in 

the ranges of 30 – 50 ppm. Therefore, it is deemed that the boron concentration is not 

dominant factor for the difference in fatigue resistance between AM and WR materials. 

For the effect of solution hardening by precipitates (i.e., γ″ phases), Deng et al.[5] 

suggested that the coarsened γ″ phases lowered fatigue thresholds of WR Alloy 718, 

probably due to the decrease of shear-stress increments, which is based on the fact that 

when dislocations pass through precipitates by bypassing them, the shear-stress 

increments decrease as the precipitate size increases. In addition, a fine-grained 

microstructure is known to be beneficial to fatigue resistance because it provides a larger 
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fraction of GBs, obstacles to dislocation motion [14]. On the other hand, a coarse-grained 

microstructure can also have advantages in terms of fatigue resistance by reducing the 

effective crack-growth driving force through the formation of tortuous crack paths (i.e., 

crack tip shielding effects or roughness induced crack closure) [15,16]. In the case of 

ATBs, an enhancement of the fatigue resistance is generally expected from the higher 

volume of ATBs which can block dislocations like GBs [2], as seen for example in fatigue 

crack-growth testing of an austenitic stainless steel [1]. Nevertheless, impacts of these 

factors on small fatigue crack-growth resistance of this alloy remains still unclear since 

former research was associated with long fatigue cracks of which mechanism is 

essentially different from the small crack behavior near the threshold regime [17–19]. 

In this chapter, the effects of precipitates (i.e., γ″ phases, δ phases and Laves phases), 

grain size and residual stress are explored. For this purpose, new AM Alloy 718 sample 

was prepared under different process condition to control the grain size. The sample was 

then subjected to HIP to not only remove the defects but also dissolve δ phases and Laves 

phases present in as-built AM sample. In addition, it is expected that this process can 

release any residual stress that might exist. Push-pull fatigue testing was conducted on 

specimens having as-machined surface with artificial notches and as-built surfaces. Based 

on the observation results of arrest cracks, the determining condition of fatigue limit and 

fatigue threshold were examined.  
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Fig. 3.1. Potential factors influencing fatigue crack-growth resistance of Ni-based 

superalloys. 
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3.2 Experimental methods 

3.2.1 Materials 

Round bars of Alloy 718 were fabricated by L-BPF process with a laser power of 350 

W and a build rate of 5 mm3/s, yielding the energy density (i.e., the ratio of laser power 

to build rate) of 70 J/mm3. The as-built bar was subjected to HIP at 1050°C and 150 MPa 

for 4 h prior to STA heat treatment. STA condition was the same as that of the AM material 

in Chapter 2. It should be noted that the process condition of the previous sample was a 

laser power of 960 W and a build rate of 20 mm3/s, which yields the energy density of 48 

J/mm3. Hereafter, according to the energy density and the heat-treatment route, two AM 

materials in the previous and the current chapter were correspondingly identified as AM-

L and AM-H-HIP. In addition, apart from the first WR alloy investigated in Chapter 2, the 

second WR Alloy 718 rod with diameters of 20 mm was prepared as a reference WR 

material. The second WR sample was solution-treated at 980°C for 1.5 h, while the first 

was solution-treated at 955°C for 1 h. Double-aging conditions were identical for both 

samples. Depending on their solution treatment temperatures, the first and second 

materials were labelled WR-L and WR-H, respectively. The chemical compositions of the 

WR-H are listed in Table 3.1. 

Fig. 3.2 presents the initial microstructures of all the samples observed via EBSD, BSE 

imaging and EDX techniques. For comparison, observation results of AM-L (Fig. 3.2(a), 

(b) and (c)) and WR-L (Fig. 3.2(g) and (h)) are also displayed. Similar to AM-L, AM-H-

HIP also exhibited columnar grain morphology with a preferred [001] crystallographic 

grain orientation along the BD, as shown in IPF maps of Fig. 3.2(d). Although detailed 

process parameters for both AM materials were not disclosed by the manufacturer, the 

resulting microstructure of AM-H-HIP was relatively fine-grained, i.e., the average grain 

size is 105 μm for AM-L and 71 μm for AM-H-HIP. This can be potentially attributed to 

the higher energy density during the process of AM-H-HIP [20,21]. WR-H showed the 

microstructure similar to WR-L, i.e., equiaxed grains with a weak crystallographic texture 

(cf. Fig. 3.2(g) and (i). The SEM-BSE image of AM-H-HIP reveals that δ phases and 

carbide particles were detected along the GB (cf. Fig. 3.2(e) and Table 3.2) while no Laves 

phases were identified, a fact attributed to the HIP temperature that was sufficiently high 
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to dissolve prior Laves phases and δ phases into the matrix. Moreover, Fig. 3.3 showcases 

the distributions of misorientation angle for all experimental materials in this study, 

indicating that AM sample possesses a relatively high fraction of low angle grain 

boundaries (LAGBs) due to the strong texture with negligible content of annealing twin 

boundaries (ATBs), i.e., misorientation angle of 60°, whereas WR sample has a relatively 

high portion of high angle grain boundaries (HAGBs) and ATBs. The average grain sizes 

were calculated from the initial microstructures. The heat treatment conditions, the 

microstructure characteristics and the mechanical properties measured in ambient air at 

room temperature are documented in Table 3.3. 

 

3.2.2 Test procedures 

Fig. 3.4 illustrates the shapes and dimensions of the specimens. It is noted that different 

types of specimens were fabricated for each test due to the different sizes of the initial 

round bars. Some of the AM-H-HIP round bars were fabricated into push-pull fatigue 

specimens, in which gauge sections of ≈ 7 mm in diameter remained with as-built 

conditions with rough surface and unfused powders, as shown in Fig. 3.4(a). In addition, 

one specimen of AM-H-HIP of 5 mm in diameter with a semicircular EDM-notch was 

manufactured for push-pull fatigue test (cf. Fig. 3.4(b) and (c)) due to the limited number 

of the initial materials. All of the specimen axes were parallel to BD. On the other hand, 

WR-H bar was machined into push-pull fatigue specimens, onto which a small 

semicircular EDM-notch with crack-like thin slits produced by the focused ion beam (FIB) 

at both ends, inclined at 45° with respect to the specimen axis, was introduced (cf. Fig. 

3.4(d) and (e)). The introduction of FIB slits was aimed at sharpening the crack tip to 

facilitate the generation of non-propagating cracks along the direction of the maximum 

shear-stress plane. It was presumed that the effect of defect shape and orientation on 

fatigue limit of this alloy is not significant, based on the studies by Kevinsanny et al. [22] 

and Lorenzino et al. [23]. For all of the notched specimens, prior to the notch introduction, 

the surfaces were polished with emery papers, followed by buffing with a diamond paste. 

Push-pull fatigue tests were executed using a servo-hydraulic fatigue-testing machine 

at R of −1, and f of 10 Hz. The fatigue limit, σw, was determined by the maximum level 
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of normal-stress amplitude, σa, at which a specimen did not fail during 107 cycles. Note 

that, due to the limited number of the specimen, the EDM-notch specimen of AM-H-HIP 

was tested by increasing the stress amplitude (σa-increasing test) in steps of 20 MPa from 

the initial value which was predicted to be lower than the fatigue limit. When a crack 

generated from the notch did not propagate during an additional 2×106 cycles after an 

increase in stress amplitude, the crack was considered to be a non-propagating crack, and 

the fatigue limit was defined as the corresponding maximum stress amplitude. All the 

tests were conducted in ambient air at room temperature. Prior to the tests, the alignment 

between the specimen and the loading axes was carefully adjusted to ensure that no 

bending stress was exerted on the test section. Special attention was given to as-built 

specimens for which achieving a perfect axisymmetric shape during specimen fabrication 

can be challenging. The tests were periodically halted to examine the propagation of 

fatigue cracks using the plastic replica method. 
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Table 3.1 Chemical compositions of WR-H material (mass %). 

Material C Si Mn P S Ni Cr Mo Co Cu Al Ti Nb B Ta Fe 

WR-H 0.02 0.05 0.04 0.006 <0.001 52.74 18.53 3.04 0.13 0.04 0.55 0.89 5.28 0.004 0.01 18.56 

 

Table 3.2 EDX analysis on chemical composition of matrix and precipitates (mass %). 

Point (phase) Ni Fe Cr Nb Mo Ti 

1 (Matrix) 52.5 18.4 18.8 5.3 4.0 0.9 

2 (Laves phase) 46.5 15.5 16.7 12.6 7.6 1.6 

3 (δ phase) 64.3 10.0 10.6 11.1 2.7 1.3 

4 (Carbide) 5.0 1.4 1.8 78.4 5.5 7.9 
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Table 3.3 Heat treatment conditions, microstructure characteristics, and mechanical properties of materials. 

Materials Heat treatment conditions 

Average 

grain size 

[μm] 

Distribution of Laves 

and δ phases 

Fraction 

of ATBs 

[%] 

σ0.2 

[MPa] 

σB 

[MPa] 

HV 

(SD) 

AM-L 
Solution treatment: 955°C, 0.5 h → WQ 

Aging: 720°C, 8 h → FC, 620°C, 8 h → AC 
105 

Intragranular and 

intergranular Laves and 

δ phases  

<1 1134 1351 
470 

(± 12) 

AM-H-HIP 

Hot isostatic pressing: 1050°C, 150MPa, 4 h → FC 

Solution treatment: 955°C, 0.5 h → WQ 

Aging: 720°C, 8 h → FC, 620°C, 8 h → AC 

71 

Intergranular δ phases 

<1 1200 1381 
486 

(± 12) 

WR-L 
Solution treatment: 955°C, 1 h → WQ 

Aging: 718°C, 8 h → FC, 621°C, 8 h → AC 
18 32 1207 1420 

456 

(± 10) 

WR-H 
Solution treatment: 980°C, 1.5 h → WQ 

Aging: 718°C, 8 h → FC, 621°C, 8 h → AC 
8 40 1225 1460 

463 

(± 4) 

“WQ” stands for water quenching, “FC” for furnace cooling and “AC” for air cooling. 
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Fig. 3.2. Initial microstructures of Alloy 718 used in this study: (a)(d) IPF maps and 

(b)(e) BSE images of AM-L and AM-H-HIP with reference to BD; (c)(f) EDX mapping 

corresponding to BSE images of (b) and (e); (g)(i) IPF maps and (h)(j) BSE images of 

WR-L and WR-H with reference to the axial direction of the base material. (Numbers 

in BSE images represent points for EDX analysis shown in Table 3.2.) 
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Fig. 3.3. Misorientation angle distribution for: (a) AM-L; (b) AM-H-HIP; (c) WR-L; 

(d) WR-H. 
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Fig. 3.4. Shapes and dimensions of: (a) as-built specimen for the push-pull fatigue tests 

(in mm); (b) EDM-notch specimen for the σa-increasing test  (in mm); (c) small, 

semicircular EDM-notch (in μm); (d) EDM+FIB notch specimen for the push-pull 

fatigue tests (in mm); (e) small, semicircular EDM-notch with FIB slits inclined at 45° 

with respect to the specimen axis (in μm). 
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3.3 Results and discussion 

3.3.1 Push-pull fatigue test results 

Fig. 3.5 presents the S-N data for AM-H-HIP as obtained from push-pull fatigue tests 

using the as-built specimen. The fatigue test results for WR-H with EDM+FIB notches 

and WR-L with drill-holes are also presented in the figure. Despite the nearly identical 

defect size (√area = 94 μm for defect in as-built specimen (cf. Fig. 3.8(a)), √area = 84 

μm for EDM+FIB notch, and √area = 93 μm for drill-hole [22]), the fatigue limit of 

AM-H-HIP (i.e., 220 MPa) was significantly inferior to those of WR-H (i.e., 420 MPa) 

and WR-L (i.e., 410 MPa), a similar phenomenon observed in the precedent chapter, 

suggesting the presence of intrinsic factors dominating the fatigue strength in this AM 

material other than defects, to be examined in the present and subsequent chapters. Fig. 

3.6(a) shows the crack-length, 2a, as a function of the number of cycles, N, in the σa-

increasing test using an EDM-notch specimen of AM-H-HIP, where 2a is the total length 

of the crack including the notch-length, as illustrated in the figure. Crack-growth rate, 

d(2a)/dN, was extremely slow (less than 2 × 10−10 m/cycle) until σa reached 240 MPa, at 

which point 2a started increasing dramatically. Therefore, the fatigue limit of this 

specimen was determined to be 220 MPa. On the other hand, Fig. 3.6(b) shows the plastic 

replica observation of fatigue cracks generated from the notch-tip during the test. It should 

be mentioned that a small crack was initiated at 200 MPa and was finally arrested, even 

with the subsequent increase in stress amplitude up to 240 MPa. Moreover, another 

fatigue crack was generated and continued to propagate at a stress amplitude of 240 MPa. 

Similar to the experimental finding in Section 2.3.2 (cf. Fig. 2.10(a)), there might be 

various complex factors contributing to these results, including the interaction between 

adjacent cracks, the influence of local microstructures, and the potential presence of a 

coaxing effect. It is important to highlight that since the influence of each individual factor 

on the fatigue limit could not be elucidated in the present study, the determined fatigue 

limit in this test should be considered as an approximation. 

Fig 3.7 showcases BSE images of the arrested crack at the fatigue limit and the 

propagating crack near the fatigue limit, observed in notched AM specimen of the σa-

increasing test. The higher magnification view near the notch-tip revealed that the arrested 
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crack propagated along the {111} slip plane, as indicated by solid white lines, and was 

finally arrested in the vicinity of GBs at the fatigue limit, indicated by dotted yellow lines 

(cf. Fig. 3.7(b)). This infers that the local shear stress ahead of the crack-tip is the primary 

crack driving-force in this material under fully-reversed, uniaxial cyclic-loading, identical 

to the results of AM-L. Accordingly, the fatigue limit of AM-H-HIP under push-pull 

loading was also presumed to be governed by the shear-mode crack-growth threshold, 

ΔKτth. In addition, the propagating fatigue crack emanating from the EDM-notch in AM-

H-HIP proliferated along a direction close to the maximum shear-stress direction, with a 

slight deviation due to the grain orientations, as evidenced in Fig. 3.7(a), until it deflected 

the paths to the macroscopic Mode I direction. 

On the other hand, in the case of AM-H-HIP, cracks were hardly observable on the 

specimen surface due to the rough surface and remnant powders. Therefore, the run-out 

specimen was tested again at a higher stress ratio, R = 0.1, to identify a fatal defect in the 

specimen. Fig. 3.8(a) displays the fracture surface of the specimen and Fig. 3.8(b) 

showcases the fracture initiation site with the effective defect size at the fracture origin as 

considering the interaction of un-melted powder and surface roughness [24] (cf., broken 

lines in Fig. 3.8(b)). When two small defects are adjacent within a critical length 

corresponding to the smaller defect size, fatigue crack coallescense would preferentially 

occur in the region between those defects due to the SIF elevation [25]. Therefore, 

effective defect size in the as-built specimen was measured by enveloping adjacent 

defects and the area between the defects [26,27]. Furthermore, in order to identify the 

crack arresting mode in this specimen, secondary cracks in a broken specimen were 

investigated. Fig. 3.9 presents a BSE image of an example of secondary cracks observed 

near the surface in the cross-section cut parallel to the axial direction of an as-built 

specimen, which was broken at a stress amplitude of 540 MPa. A small crack generated 

from the valley of the rough surface propagated obliquely with respect to the loading 

direction through a few grains along the {111} slip plane, indicating that the crack-growth 

was mainly driven by maximum shear stress. Given the similarity of the crack-growth 

behavior to that of small fatigue cracks observed in this study, it can be presumed that the 

secondary crack is a small fatigue crack generated during fatigue loading. Consequently, 
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it was inferred that the fatigue limit of the as-built specimen is determined by the threshold 

condition of shear-mode crack growth. 

 

3.3.2 Evaluation of the shear-mode, fatigue crack-growth threshold 

The previous section revealed that the fatigue limit of AM-H-HIP is also the threshold 

condition of a shear-mode crack. Therefore, shear-mode fatigue crack-growth threshold 

in each test was estimated in a manner similar to the evaluation method for AM-L.  

In the case of push-pull fatigue testing of the as-built specimen, the non-propagating 

crack was assumed to be lying on the maximum shear-stress plane based on the 

observation results of secondary cracks (e.g., Fig. 3.9). Therefore, for the evaluation of 

shear-mode threshold SIF ranges, the following model proposed by Okazaki et al. [28] 

was applied. 

∆Kτth = 2×0.69(σw/2)√π√areaτ       (3.1) 

where σw is the fatigue limit of push-pull fatigue tests and √areaτ is the square root of 

the area of the crack or defect projected onto the maximum shear-stress plane. The 

effective defect size at the fracture origin of the run-out as-built specimen (cf. Fig. 3.8(b)) 

was used for the estimation of threshold SIF ranges. Since an accurate shape of the defect 

enveloped by dotted yellow line is not unknown, it was assumed that the projected area 

of the defect onto the maximum shear-stress plane is the same as the effective defect size 

at the fracture origin due to the spherical shape of the un-melted powder. Consequently, 

ΔKτth = 2.6 MPa·m1/2 was derived by inserting σw = 220 MPa (cf. Fig. 3.5) and √areaτ 

= 94 μm (cf. Fig. 3.8(b)) into Eq. (3.1). 

On the other hand, regarding the push-pull fatigue test of the notched specimen (i.e., 

the σa-increasing test), the arrested crack did not macroscopically lie on the maximum 

shear-stress plane, although it stopped propagating in shear-mode. As mentioned in the 

previous chapter, thin EDM-notch including the arrested crack under push-pull loading 

can almost be mechanically equivalent to a planar crack normal to the loading axis. Based 
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on the elasticity solutions for the distribution of normal stress and shear stress in the 

vicinity of the crack-tip, the following relationship is obtained between the maximum 

Mode I SIF range and the maximum shear-mode SIF range under fully-reversed, push-

pull loading: 

∆KIθmax = 2.598∆Kτθmax        (2.8) 

Here, ∆KIθmax can be calculated by using the formula proposed by Murakami [29]: 

ΔKIθmax = 2×0.65σ0√π√areaP       (2.9) 

where √areaP  is the square root of the area of a crack or defect projected onto the 

principal stress plane. Using Eqs. (2.8) and (2.9) for AM-H-HIP, the ∆KIθmax = 7.0 

MPa·m1/2 was obtained from σw = 220 MPa and √areaP = 188 μm, yielding ∆Kτth = 2.7 

MPa·m1/2. 

The ΔKτth values gathered as a function of √area  (i.e., √areaτ  or √areaP)  are 

provided in Fig. 3.10. For comparison, the results of torsion and push-pull fatigue tests 

using AM and WR alloys [30,31] demonstrated in Chapter 2 are also plotted in the figure. 

It is noteworthy to mention that threshold values of all the AM materials obey the rule of 

ΔKτth  (√area)1/3. Moreover, through the least squares fitting, the following relationship 

is gained within an almost 10% error band, which is consistent with the results of Chapter 

2.  

∆Kτth = 0.50(√area)1/3            (2.11) 

Given that two AM alloys examined in this study show nearly identical fatigue strength 

regardless of different process conditions and heat treatment routes, the influence of 

potential factors targeted in this chapter, i.e., precipitates, grain size and residual stress 

seems to be minimal. In the subsequent section, the discussion will be made on the reason. 

 

3.3.3 Influence of precipitates, grain size and residual stress on fatigue resistance 
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Firstly, with regard to hardening precipitates, fatigue crack-thresholds of Alloy 718 are 

reported to be closely related to the resistance of the precipitates against the dislocation 

motion which changes with the coarsening of the precipitates [5]. Moreover, micro-

segregation of Nb elements along the interdendritic region (stemming from rapid 

solidification during the AM process) is supposed to inhibit the evolution of the 

precipitates, specifically γ″ phases, during solution and aging treatments since it promotes 

the formation of undesirable particles such as Nb-rich Laves phases and δ phases. Hence, 

it was expected that HIP treatment could improve the fatigue threshold of the AM alloy 

by homogenizing the microstructure. Nevertheless, no dramatic enhancement of the 

fatigue resistance of AM-H-HIP was observed as evidenced in Fig. 3.10. Therefore, to 

identify the link between precipitates (i.e., γ″ phases) and poor, shear-mode, small fatigue-

crack resistance in AM alloys, size and dispersion state of the precipitates in AM and WR 

samples were comparably investigated using the transmission electron microscope (TEM) 

technique. 

TEM micrographs of AM-L and WR-H samples are respectively exhibited in Fig. 

3.11(a) and (d). The local γ″ precipitate-free zones (PFZs) are prevalent in both samples 

along the boundaries of coarse particles. It is believed that these particles are Laves phases 

and δ phases, which led to the formation of PFZs by the depletion of Nb. For more precise 

observation of the γ″ phase morphology, TEM bright-field (BF) images for each sample 

are presented in Fig. 3.11(b), (c) and (e), revealing fine particles dispersed in the γ matrix. 

Contrary to our expectations, there was a minor difference in the dispersion state and size 

of γ″ phases, approximately 30 nm or less in size for all samples. Strictly speaking, the 

precipitate was coarse in the order of AM-H-HIP, WR-H and AM-L with average sizes of 

26 nm, 23 nm and 21 nm, respectively. Hence, the TEM observation results infer no 

obvious correlation between the precipitation of the γ″ phase and the shear-mode crack-

threshold. 

Even though the comparative evaluation of the effect of precipitate sizes was not 

feasible in this study due to the close similarity in size of the materials, small fatigue 

crack-growth resistance is deemed to be minimally influenced by the different precipitate 

states for the following reason. It is acknowledged that the successive shearing of 
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coherent hardening precipitates by moving dislocation pairs under cycling loading is the 

primary characteristic of slip deformation in this alloy. As depicted in Fig. 3.12 [32], such 

a dislocation-precipitate interaction would bring about the formation of precipitates-

depleted zone and consequently, facilitate crack initiation within the region owing to 

diminished resistance to dislocation gliding [33–35]. After all, the depletion of shearable 

precipitates would be triggered in the crack-tip vicinity at an earlier stage of cyclic loading, 

resulting in equivalent shear-mode, small fatigue crack-growth resistance in these 

materials, regardless of the state of precipitate evolution. Indeed, the shear-mode 

thresholds of two types of WR Alloy 718 samples, i.e., solution-treated with aging (WR-

L) and without aging (WR-ST), were found to be nearly identical despite the different 

states of precipitates [3] as shown in Fig. 3.10, supporting the premise above. 

Secondly, regarding the effects of δ phases and Laves phases on the fatigue strength of 

the alloy, a few researchers reported two opposing views as follows: (i) degradation of 

fatigue strength by the depletion of γ″ phases [7,8]; (ii) retardation of fatigue crack-

propagation [6]. The impact of the former is thought to be trivial, due to the inability of 

hardening precipitates to resist fatigue, as mentioned earlier. Above all, if fatigue strength 

was influenced by δ phases and Laves phases, there should be a noticeable disparity in 

fatigue thresholds between AM-L and AM-H-HIP. On the other hand, the positive impact 

of the δ phases and Laves phases, i.e., the retardation of fatigue cracks, could not be 

confirmed in the present study. This was due to the fact that, at the fatigue limit, most 

cracks were arrested in the vicinity of GBs, preferential sites for δ phases and Laves 

phases, thus rendering it impossible to evaluate their roles separately. Nevertheless, when 

compared to that of WR materials, the substantially inferior fatigue strength of AM-L 

with both δ phases and Laves phases within grain interiors, as well as along GBs, implies 

that these precipitates might play a minor role in the fatigue crack-arresting mechanism 

of this alloy. 

Thirdly, the reason why the effect of grain size on the small fatigue crack-growth 

threshold was not observed in this study can be explained by a recent study conducted by 

Kevinsanny et al. [22], who performed the push-pull fatigue tests of WR alloys with fine-

grained (WR-FG) and coarse-grained (WR-CG) microstructures. They demonstrated that 
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fatigue strength evaluated by small, opening-mode fatigue threshold was nearly 

equivalent between WR-FG and WR-CG materials. Instead, grain size determines the 

initial defect size since a crack initiated in a grain can be regarded as an initial defect [36]. 

In other words, the larger grains, the larger the crack initiation size, which effect is 

expressed by the crack-size dependence of fatigue threshold. Furthermore, grain size 

determines the tolerable defect size of the alloy, i.e., the fatigue limit of the alloy with 

coarser grains is less susceptible to defects, since defects smaller than the crack initiation 

size would be harmless to the fatigue limit. For example, from push-pull fatigue testing 

on coarse-grained AM Alloy 718, Kevinsanny et al. [37] revealed that the effect of surface 

roughness and porosities on the fatigue limit of the alloy was negligible, which was 

attributed to the relatively larger grain size than the process-induced defects. Accordingly, 

grain size is believed to contribute to both the initial defect size and the tolerable defect 

size. 

Finally, a brief mention must be made on the influence of residual stress since as-built 

AM parts essentially involve local residual stresses due to non-uniform solidification 

rates and large thermal gradients [38,39]. This is known to be unfavorable to the fatigue 

strength by altering the mean stresses and effective load ratio during cyclic loading 

[40,41]. Indeed, numerous studies have demonstrated the significant impacts of residual 

stress on fatigue strength of various as-built AM materials such as Al alloy [42], Ti alloy 

[43], and stainless steel [44]. Notwithstanding, since our experimental materials 

underwent HIP or STA treatments after printing, the effect of residual stress was thought 

to have been sufficiently minimized. For example, Barros et al. [45] investigated the 

distribution of residual stresses in as-built and heat-treated AM Alloy 718 samples. The 

latter was solution-treated at 1065°C for 1 h, followed by a double aging process with 

identical conditions applied to our samples. Using the hole-drilling strain-gage method to 

measure the magnitude of residual stress, they discovered that the as-built specimen 

exhibited tensile residual stress ranging from half the yield strength to near the yield 

strength. However, the residual stress was significantly reduced after the STA heat 

treatment. Based on the results of the literature, the HIP condition of AM-H-HIP is 

supposed to be enough to eliminate the residual stress. Nevertheless, the fact that the 
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threshold values of AM-H-HIP are apparently identical to those of AM-L implies that 

residual stress is not the dominating factor for the inferior fatigue resistance of both AM 

alloys in the present study.  
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Fig. 3.5. S-N data obtained via push-pull fatigue tests. 
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Fig. 3.6. (a) Crack-growth curve in the σa-increasing test using an EDM-notch 

specimen of AM-H-HIP; (b) plastic replica observation of non-propagating crack and 

propagating crack at the notch tip. 
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Fig. 3.7. (a) BSE image of fatigue crack emanating from EDM-notch under push-pull 

loading; (b) correspond to the region marked by white rectangle in (a). 
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Fig. 3.8. (a) SEM image of the fracture surface of AM-H-HIP as-built run-out specimen 

with as-built condition tested at R of 0.1; (b) SEM image of the fracture origin in (a). 
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Fig. 3.9.BSE image of a secondary crack observed in AM-H-HIP as-built specimen 

broken at σa = 540 MPa. 
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Fig. 3.10. ∆Kτth of AM and WR Alloy 718 as a function of √area. The regression line 

(solid black line) is defined using the least squares fitting for all experimental data. 
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Fig. 3.11. γ″ phase observations via TEM: (a)(d) TEM micrographs of AM-L and WR-H; 

(b)(c)(e) BF images of AM-L, AM-H-HIP and WR-H. 
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Fig. 3.12. A schematic illustration of the crack initiation within precipitate-depleted 

zone and successive shearing of precipitates at the crack tip under cyclic loading [32]. 
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3.4 Conclusion 

In this chapter, the determining factors for the inferior fatigue resistance of an 

additively-manufactured, Ni-based superalloy 718 (AM Alloy 718) were investigated 

with focus on the effects of precipitates, grain size and residual stress. To this end, AM 

Alloy 718 sample was manufactured by different processing condition (i.e., higher energy 

density) and heat treatment route (i.e., hot isostatic pressing before solution treatment and 

aging), as compared to those of the AM alloy investigated in Chapter 2. By performing 

push-pull fatigue tests, the fatigue threshold was evaluated, and the effects of the factors 

were discussed. The main conclusions are summarized as follows: 

1. The AM sample produced in this chapter exhibited a relatively fine-grained 

microstructure in which intragranular Laves and δ phases were dissolved. However, 

a strong texture still remained, with only a negligible fraction of annealing twin 

boundaries. 

2. Push-pull fatigue tests using specimens with as-built surface and a notched 

specimen with polished surface revealed that the fatigue limit of all the samples 

was the threshold condition of a shear-mode, small fatigue-crack propagation, 

similar to the findings in the previous chapter.  

3. The shear-mode, fatigue-crack growth-threshold, ∆Kτth, was estimated in each case. 

As a result, the newly obtained relationship between the ∆Kτth and defect size was 

also in accordance with the identical crack-size dependence expressed by ∆Kτth = 

0.50(√area)1/3, despite different microstructures in AM materials. 

4. The aforementioned experimental results imply that precipitates, grain size and 

residual stress are not dominating factors resulting in inferior fatigue resistance of 

AM alloys in this study. This premise was supported by further investigation on 

the size and dispersion state of hardening precipitates via transmission electron 

microscope, as well as a review of relevant literature. 
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4. Dominant factors for inferior fatigue resistance of AM Alloy 

718−Part 2: Influence of crystallographic texture and annealing twin 

boundary 

4.1 Introduction 

In the last chapter, it was revealed that AM-H-HIP sample fabricated under process and 

heat treatment conditions different from those of AM-L sample also has significantly 

lower small, fatigue crack-growth resistance than WR materials. A comparison of the 

microstructural characteristics of all experimental materials investigated in this study is 

presented in Fig. 4.1. Given that dissimilar status of precipitates and grain size, along with 

residual stress were not critical factors for poor fatigue resistance of AM alloys, the 

subsequent focus should be on the crystallographic texture and annealing twin boundaries 

(ATBs), which are the most significant distinguishing factors between AM and WR 

materials. 

The strong crystallographic texture of AM alloys results in a higher prevalence of low-

angle grain boundaries (LAGBs) in their microstructures compared to WR alloys. 

Generally, it is believed that LAGBs have lower resistance to crack propagation across 

GBs while high angle grain boundaries (HAGBs) provide larger blocking effect on crack 

penetration through GBs, leading to the crack arresting [1]. In addition, it is observed that 

WR matrix has a large fraction of ATBs associated with the misorientation angle of 60°, 

which are also thought to enhance the resistance to slip transmission [2]. Hence, lower 

fatigue resistance in AM samples would be expected due to the weaker barriers that can 

resist fatigue cracking, being supported by the study of Nishikawa et al. [3] which 

demonstrated higher small fatigue crack-growth rates of AM Alloy 718 than WR alloy at 

an early crack propagation stage due to strong texture of AM microstructures. 

Nonetheless, the relationship between these boundaries and small, fatigue crack-growth 

threshold has not been fully understood yet.  

In this context, the present chapter examines the effects of crystallographic texture and 

ATBs on small fatigue resistance, with the objective of elucidating the dominant factor 

for inferior fatigue threshold of AM alloys. Fatigue tests were additionally conducted to 
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obtain cracks that propagate over a few grains in both AM and WR alloys. The small-

crack behaviors at/near the threshold condition were primarily interpreted with respect to 

geometric relationship between crack-planes in neighboring grains. 
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Fig. 4.1. Comparison of microstructural characteristics of all experimental materials. 
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4.2 Experimental methods 

In order to facilitate a comparative discussion on the small fatigue-crack behavior 

between AM and WR alloys near the threshold stress, an additional push-pull fatigue test 

using the WR-L specimen with a drill-hole (√area = 94 μm) was performed in a manner 

similar to the σa-increasing test of Chapter 3, i.e., the normal-stress amplitude was 

gradually increased every 2×106 cycles in steps of 20 MPa from the predicted fatigue 

limit. The shapes and dimensions of the specimen and the drill-hole, shown in Fig. 4.2(a) 

and (b), were determined based on the study of Kevinsanny et al. [4], in which non-

propagating cracks emanating from a drill-hole grew in a direction closely aligned with 

the maximum-shear-stress direction under push-pull loading before being arrested. In 

addition, it is noted that the propagating cracks obtained by push-pull fatigue tests of AM-

L (cf. Fig. 2.10(a)) and AM-H-HIP (cf. Fig. 3.7(a)) in precedent chapters were also 

referenced. In addition, a specimen with a semicircular EDM-notch of AM-L was 

manufactured for the torsional fatigue test (cf. Fig. 4.2(c) and (d)). The specimen axis was 

parallel to the BD. Torsional fatigue testing was executed with a resonance fatigue-testing 

machine, operated at a stress ratio of −1 and a test frequency of 50 Hz. It should be noted 

that the test was also conducted by gradually increasing the shear-stress amplitude every 

1×107 cycles in steps of 10 MPa from an initial value inferior to the fatigue limit. All of 

the specimen surfaces were polished with emery papers, followed by buffing with a 

diamond paste. The experiments were performed in ambient air at room temperature, with 

the tests being periodically halted to examine the fatigue crack-growth using the plastic 

replica method. 
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Fig. 4.2. Shapes and dimensions of: (a) drill-hole specimen for the push-pull fatigue 

test (in mm); (b) small, drill-hole (in μm); (c) EDM-notch specimen for the torsional 

fatigue test (in mm); (d) small, semicircular EDM-notch (in μm). 
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4.3 Results and discussion 

4.3.1 Push-pull fatigue test results 

Firstly, the effect of crystallographic texture on the fatigue resistance under push-pull 

fatigue loading was investigated due to the relatively more abundant experimental data. 

Fig. 4.3 shows small, crack-growth behaviors observed in EDM-notch specimen of AM-

H-HIP and drill-hole specimen of WR-L near the threshold condition. Although cracks 

emanating from artificial defects appear to grow in Mode I macroscopically, cracks 

proliferated along the slip planes, as indicated by solid white lines, at an early stage of 

propagation within a few grains. Considering that crystallographic, small fatigue-

cracking was pronounced in both materials, the influence of GB misorientation should be 

crucial to fatigue resistance as mentioned in the introductory section. According to Zhai 

et al. [5], two geometric parameters of crack-planes between neighboring grains, i.e., the 

twist angle and the tilt angle, should be taken into account to evaluate GB resistance to 

crystallographic cracking.  

As shown in Fig. 4.4, the twist angle (α) defines the intersection angle of the two crack-

planes on the GB plane, with the tilt angle (β) associated with an angle between traces of 

crack-planes on the sample surface. The “CD” and “LD” in Fig. 4.4 indicate crack-growth 

direction and loading direction, respectively. Note that the GB plane was assumed to be 

perpendicular to the CD for simplification. When crystallographic cracks propagate 

across GBs, they need to change the slip plane so as to be favorable to continuous crack 

extension. The process requires a certain energy to fracture the hatched area in Fig. 4.4, 

dependent upon the twist angle. Hence, the twist angle can contribute primary resistance 

to the crack-growth along slip planes, while the tilt angle reduces the effective crack-

growth driving force (i.e., crack-tip shielding effect). Therefore, these geometric 

parameters were investigated along the paths of all cracks generated in the AM-L, AM-

H-HIP and WR-L specimens for the push-pull fatigue tests. 

Based on the grain orientation obtained from the EBSD, the twist angle and tilt angle 

distribution of each sample are plotted in Fig. 4.5(a) and (b), respectively. The most 

distinct feature in Fig. 4.5 is that the calculated values of the twist angle were significantly 
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lower in the AM specimens than in the WR one. Twist angles in the WR specimen were 

randomly distributed from 15° to 78° with an average value of 43°, whereas those of the 

AM specimens were distributed up to 30°, with average values of 11° in AM-L and 12° 

in AM-H-HIP. Furthermore, with respect to the distribution of tilt angles, large scatters 

were observed in all of the materials without any significant material dependence. These 

results infer that the twist angle plays a major role in the fatigue crack-arresting 

mechanism in Alloy 718 and that the tilt angle is associated with a secondary role, 

captured in earlier experimental studies [6,7] and verified using the crystal plasticity 

extended finite element method [8].  

Fig. 4.6 exhibits SEM images and IPF maps associated with the crack generated in the 

AM-H-HIP specimen (cf. Fig. 4.6(b) and (d)), as well as the crack that initiated from the 

drill-hole of the WR-L sample, at/near the threshold condition. The final stress amplitude 

for the AM and WR specimen was 240 MPa and 490 MPa, respectively. Both cracks 

propagated along the {111} slip planes in a crystallographic manner over a few grains 

before they stopped propagating. The featured grains are labelled, with an annealing twin 

(AT) in the WR sample denoted as AT1. The calculated twist angles (α) and tilt angles (β), 

along with the maximum Schmid factors (SFs) for each {111} slip plane are listed in 

Table 4.1. It must be pointed out that the active slip systems (i.e., crack-planes) adjacent 

to GBs have been highlighted using bold font, while the primary slip systems associated 

with the highest SF have been underlined. Accordingly, the underlined bold font 

corresponds to the primary slip plane facilitated for crack propagation. 

It is noteworthy that the precondition for crack-growth across GBs in AM-H-HIP was 

the presence of favorable slip planes, not only with high SFs, but also with strong 

compatibility (low twist/tilt angles) in an adjacent grain. For example, the (111) and (1̅11) 

planes in Grain 3 bore identical SF values, but the crack that propagated along the (1̅11) 

plane in Grain 3 possessed an advantageous geometrical relationship with the (1̅11) plane 

in Grain 2. Furthermore, the low twist angle between the (1̅11) plane in Grain 2 and the 

(1̅11) plane in Grain 1 appeared to facilitate the fatigue cracking along the (1̅11) slip plane 

in Grain 2, despite the similar tilt angle and SF values of the (11̅1) and (1̅11) planes in 

Grain 2. Moreover, all of the twist angles in Grain 4 with respect to Grain 3 were relatively 
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higher than those in other cracked grains of the AM sample, a plausible reason for crack-

arrest in the vicinity of the GB between Grains 3 and 4. If the tilt angle was the most 

critical factor, the crack should have propagated along the (11̅1) plane in Grain 4 with the 

highest SF and the lowest tilt angle. This suggests that the twist angle, as opposed the tilt 

angle, is a more vital factor in inhibiting the transmission of cracks through GBs. 

Additionally, for the WR-L specimen, it is difficult to individually evaluate the influence 

of the geometric parameters since they were outweighed by the influence of SFs. 

Notwithstanding, the overall lower values of twist and tilt angles in the AM-H-HIP 

specimen than those in the WR specimen support our hypothesis surrounding the role of 

the parameters in the inferior fatigue crack-growth resistance of AM alloys. 

Although emphasis was placed on the influence of GB misorientation in this chapter, 

it is worthwhile to concisely mention the role of annealing twin boundaries, a distinct 

feature between AM and WR samples. Considering that ATBs are effective to impede 

dislocation motion like GBs [9], the extremely low portion of ATBs in AM alloys 

appeared to have a significant impact on their poor fatigue resistance. However, our 

investigation of the WR-L specimen with a drill-hole suggested that the role of ATBs is 

nearly similar to that of GBs. Namely, it relies on the geometrical relationship between 

slip/crack planes in the AT and the matrix, as illustrated in Fig. 4.7 [10]. For instance, 

crystallographic cracks can penetrate into an ATB if the primary slip plane in the AT has 

a low twist angle with the crack-plane in the matrix, as manifested in Fig. 4.6 (cf. the twist 

angle of 13° between Grain 6 and AT1). Therefore, the role of ATBs seems to be varied 

according to different twin-matrix configurations. However, in order to gain a better 

understanding of the dominant role of this boundary, further experimental data on the 

interaction between arrested cracks and ATBs is required. 

 

4.3.2 Torsional fatigue test results 

In this section, the role of twist and tilt angles in the small crack behavior of AM alloy 

subjected to torsional cyclic loading is further examined. Fig. 4.8(a) features an SEM 

image of two cracks emanating from the EDM-notch, denoted as C01 and C02. Higher 
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magnification views near the crack-tips reveal that cracks grew across GBs (indicated by 

dashed yellow lines) by a few microns in length (cf. Fig. 4.8(b) and (c)). Moreover, 

transgranular cracks propagated obliquely with respect to the notch direction, due to the 

crystallographic orientation of grains evidenced in Fig. 4.8(d), where GBs with 

misorientations less than and superior to 10° were represented by solid green and black 

lines, respectively. 

Fig. 4.9 exhibits the crack-length as a function of the number of cycles, based on the 

plastic replica observation of the cracks emanating from the notch-tip (cf. Fig. 4.10). The 

crack-length is defined as the projected length onto the plane parallel to the notch-plane. 

The points at which the cracks encountered GBs were demarcated by a solid line for C01 

and a dashed line for C02, with their colors corresponding to those of the GBs in Fig. 

4.8(d). The results signify that crack-growth rates were heavily controlled by GBs. The 

overall crack-growth rate was apparently faster for C01, i.e., the average values were 

≈1×10‒12 m/cycle for C01 and ≈2×10‒13 m/cycle for C02. Moreover, after encountering 

an identical GB (black arrow in Fig. 4.8(d)), a greater stress amplitude (i.e., 210 MPa) 

was required for C02 to penetrate the boundary than for C01 (i.e., 170 MPa), as shown in 

Fig. 4.9. 

The preceding results were also interpreted with respect to GB resistance to 

crystallographic cracking, since the cracks proliferated along the {111} slip planes (cf. 

Fig. 4.8(d)). The featured grains are labelled as per Fig. 4.8(d), i.e., Grains 1 ~ 4. The 

calculated twist and tilt angles, along with the SFs for each {111} slip plane, are listed in 

Table 4.2. The activated slip systems (i.e., crack-planes) adjacent to GBs are highlighted 

in bold font, while the slip systems associated with the lowest twist and/or tilt angles are 

underlined. 

It is noteworthy that the prerequisite for crack-growth across GBs was the presence of 

favorable slip planes, not only with high SFs, but also with strong compatibility (both low 

twist and tilt angles). Regarding C01, the (111) and (11̅1) planes in Grain 2 bore nearly 

identical SF and twist angle values, yet the crack radiated along the (111) plane in Grain 

2 because of the lower tilt angle with the (111) plane in Grain 1. Meanwhile, the higher 

twist angle of the (111) plane in Grain 3, compared to that in Grain 2, appears to have 
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induced crack-arrest for more than ten million cycles. Furthermore, in Grain 4, it is 

reckoned that the even lower tilt angle of the (111̅) plane than the (1̅11) plane encouraged 

the crack to escalate along the (111̅) plane, despite the higher twist angle. As for C02, the 

crack initiated along the (1̅11) plane in Grain 2, the relatively high twist angle of which 

seems to have hindered the growth through the GB between Grains 1 and 2. 

Considering the aforementioned discussion points, twist and tilt angles are presumably 

the predominant factors governing the alloy’s small, fatigue-crack resistance under 

torsional cyclic loading. This appears to contradict a result of the previous section in 

which the twist angle dominated fatigue-crack resistance, while the tilt angle played a 

secondary role under push-pull fatigue loading. Such a discrepancy can be attributed to 

the difference in the number of directions with the maximum crack-growth driving force, 

depending on the loading mode. For the crack-tip subjected to remote shear-stress, the 

principal shear-stress occurs solely along the direction parallel to the crack-plane [13], as 

depicted in Fig. 4.11. Conversely, the crack-tip subjected to remote normal stress has 

principal shear-stresses occurring in two directions (cf. Fig. 2.13(b)), allowing them to 

grow along a favorable slip plane - a potential reason for the lesser sensitivity to the tilt 

angle. 
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Fig. 4.3. Small, crack-growth behaviors near the threshold condition observed in: (a) 

EDM-notch specimen of AM-H-HIP; (b) drill-hole specimen of WR-L. 
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Fig. 4.4. Schematic of crystallographic crack-growth mechanism along slip planes 

between adjacent grains. 
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Fig. 4.5. Distribution of (a) twist and (b) tilt angles between neighboring crack-planes 

along the crack path. 
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Fig. 4.6. SEM images and IPF maps of crack-growth behavior at the threshold condition: (a)(b) AM-H-HIP with EDM-

notch specimen; (c)(d) WR-L with drill-hole specimen. 

 



109 

 

 

 

 

 

Table 4.1 Results of calculated SF, α and β values along crack-paths of the push-pull 

fatigue tests. 

Grain Slip planes SF α β Grain Slip planes SF α β 

Grain 1 

111 0.42 

/ / Grain 5 

111 0.39 

/ / 
1̅11 0.42 1̅11 0.33 

11̅1 0.44 11̅1 0.48 

111̅ 0.48 111̅ 0.47 

Grain 2 

111 0.32 3 90 

Grain 6 

111 0.43 68 93 

1̅11 0.48 13 4 1̅11 0.27 29 27 

11̅1 0.46 93 5 11̅1 0.22 43 20 

111̅ 0.41 110 80 111̅ 0.13 107 38 

Grain 3 

111 0.49 31 74 

AT1 

111 0.49 13 43 

1̅11 0.49 10 1 1̅11 0.10 41 48 

11̅1 0.34 100 31 11̅1 0.30 98 65 

111̅ 0.34 112 73 111̅ 0.42 59 31 

Grain 4 

111 0.42 35 76 

Grain 7 

111 0.45 37 44 

1̅11 0.13 44 41 1̅11 0.32 38 27 

11̅1 0.49 43 9 11̅1 0.29 116 69 

111̅ 0.45 54 62 111̅ 0.03 41 83 
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Fig. 4.7. (a) Geometrical relationship between slip/crack planes in the twin and the matrix; Dislocation-twin interaction in (b) twin 

boundaries with no twist angle; (c) twin boundaries with large twist angle. 
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Fig. 4.8. (a) SEM image of cracks emanating from the notch observed via the torsional 

fatigue test using an EDM-notch specimen of AM-L; (b)(c) magnified views of the 

regions marked by dashed white squares in (a); (d) IPF map of (a). 
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Fig. 4.9. Crack-growth curve obtained via the torsional fatigue test using an EDM-

notch specimen of AM-L. 
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Fig. 4.10. Plastic replica observation of cracks emanating from the notch-tip obtained 

via the torsional fatigue test using an EDM-notch specimen of AM-L. 
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Table 4.2 Results of calculated SF, α and β values along crack-paths of the torsional 

fatigue test. 

C01 

Grain Slip planes SF α β Grain Slip planes SF α β 

Grain 1 

111 0.46 

/ / Grain 3 

111 0.47 8 3 

1̅11 0.45 1̅11 0.47 70 87 

11̅1 0.43 11̅1 0.40 80 76 

111̅ 0.43 111̅ 0.45 18 6 

Grain 2 

111 0.47 4 4 

Grain 4 

111 0.43 78 11 

1̅11 0.44 88 79 1̅11 0.45 6 84 

11̅1 0.47 5 84 11̅1 0.45 77 79 

111̅ 0.39 90 1 111̅ 0.44 18 4 

C02 

Grain Slip planes SF α β Grain Slip planes SF α β 

Grain 1 

111 0.46 

/ / Grain 2 

111 0.47 74 85 

1̅11 0.45 1̅11 0.44 10 3 

11̅1 0.43 11̅1 0.47 83 15 

111̅ 0.43 111̅ 0.39 12 80 
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Fig. 4.11. (a) Definition of the stresses near the tip of a Mode II crack under remote shear stress; (b) normalized stresses 

as a function of an angle around crack-tip. 
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4.4 Conclusion 

The current chapter aimed to explore the factors responsible for the reduced fatigue 

resistance observed in an additively-manufactured Ni-based superalloy (AM Alloy 718), 

primarily focusing on the impact of crystallographic texture and annealing twin 

boundaries. Through the push-pull and torsional fatigue testing near the threshold 

condition, the relationship between GB misorientation and small fatigue crack-growth 

resistance was investigated. The following conclusions were drawn: 

1. The average value of twist angle along the paths of cracks generated during push-

pull fatigue tests was substantially lower in the AM specimens than in the WR one. 

In addition, small cracks preferentially grew along favorable slip planes with low 

twist and/or tilt angles. The aforementioned results implies that the twist angle 

dominated fatigue-crack resistance, while the tilt angle played a secondary role 

under push-pull fatigue loading. 

2. Similar to the GB misorientation, the role of ATBs was also interpreted based on 

the geometrical relationship between slip/crack planes in the twin and the matrix. 

Namely, in the presence of compatible relationships between the crack planes in 

both the twin and the matrix with a low twist angle, small cracks are expected to 

easily penetrate through ATBs. However, in order to enhance our understanding of 

the dominant role of this boundary, it is necessary to gather more experimental data 

on the interaction between arrested cracks and ATBs. 

3. Under torsional fatigue loading, both the twist and tilt angles were likely to be the 

primary factors influencing the small fatigue crack resistance of the alloy. This 

observation seems to contradict the results obtained from push-pull fatigue tests. 

This discrepancy can be attributed to the variation in the number of directions with 

the maximum crack-growth driving force, which depends on the loading mode. 
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5. Concluding remarks 

Ni-based superalloy 718 (Alloy 718) has been extensively used for components 

operating in extremely severe environments and loading conditions (e.g., rocket engines), 

owing to its outstanding mechanical properties including fracture toughness, creep and 

fatigue strength, as well as its excellent corrosion resistance in a wide range of 

temperatures. Notwithstanding, such exceptional properties also hinder the machinability 

of the alloy into near-net-shape products for which there exists a high demand. Thus, over 

the past decade, additive manufacturing (AM) has attracted much attention as a next-gen 

production method for Alloy 718 parts with complex shapes. This novel method presents 

the possibility of achieving complex geometries and cost-efficient manufacturing. 

Nevertheless, the widespread adoption of additively-manufactured (AM) Alloy 718 is 

hindered by concerns regarding their mechanical integrity, which stems from innate 

features of AM materials such as crystallographic texture, micro-segregation, residual 

stresses and defects. Considering that Alloy 718 is commonly employed in critical 

applications like aerospace, where components endure numerous loading cycles during 

operation, the high-cycle fatigue properties of the alloy play a crucial role in ensuring the 

structural integrity and safety of critical systems. However, the comprehensive 

understanding of the influence of these factors on the fatigue strength of AM Alloy 718 

is still lacking. 

To address the aforementioned issue, the present study aimed to investigate the fatigue 

limit of AM Alloy 718 by performing torsional and push-pull fatigue tests with specimens 

having various microstructures and defects, focusing primarily on the impact of the AM 

features. Given the extensive documentation on the significant influence of small defects 

in the fatigue behavior of various materials, the initial phase of this study was dedicated 

to the quantitative evaluation of the effect of defects on the fatigue limit of AM Alloy 718, 

from the viewpoint of a small crack problem. Based on the macro- and microscopic 

analyses of the crack arresting mode at the fatigue limit, the determining mechanism of 

the fatigue limit and fatigue threshold were examined. Following it, the study took a 

systematic approach to explore the impact of other microstructural factors on the fatigue 

strength of the AM alloy, utilizing multi-scale electron microscopic analysis. The 

achievements in this study are summarized as follows: 
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1. Torsional and push-pull fatigue tests were performed on the AM Alloy 718 sample 

to examine the influence of defects on fatigue limit. The AM sample exhibited 

coarse and elongated grains with a strong crystallographic texture along the [001] 

crystal direction in relation to the build direction (BD). Additionally, both Laves 

and δ phases were detected within the interiors of the grains and along the grain 

boundaries (GBs). Based on non-propagating crack observation, it was suggested 

that the fatigue limit in each case is the threshold condition of a shear-mode, small 

fatigue-crack propagation. Therefore, the shear-mode, fatigue-crack growth-

threshold, ∆Kτth, was estimated and the following relationship between the ∆Kτth 

and defect size was obtained, ∆Kτth = 0.50(√area)1/3, implying not only a crack-

size dependence of shear-mode threshold but also a significantly poor fatigue 

resistance of AM material, as compared to wrought (WR) materials. 

2. The influence of precipitates (i.e., γ″, Laves and δ phases), grain size and residual 

stress was examined to elucidate the dominating factor responsible for inferior 

fatigue resistance of AM Alloy 718. A new AM sample (AM-H-HIP), processed 

with higher energy density and subjected to hot isostatic pressing (HIP), showed a 

relatively fine-grained microstructure in which Laves phases and intergranular δ 

phases, observed in the previous AM sample (AM-L), were completely dissolved. 

In addition, it was presumed that the residual stress that might exist in as-built AM 

sample can be completely eliminated by HIP. Through push-pull fatigue tests using 

specimens with as-built surface and a notched specimen, it was proposed that the 

fatigue limit of all the samples was also governed by the shear-mode, fatigue-crack 

growth-threshold, ∆Kτth. The estimation of ∆Kτth revealed that the different 

microstructures between two AM samples resulted in minor difference in fatigue 

threshold, implying that precipitates, grain size and residual stress are not 

responsible for inferior fatigue resistance of AM alloys. 

3. To elucidate the potential factors behind the reduced fatigue resistance observed in 

AM Alloy 718, the influence of crystallographic texture and annealing twin 

boundaries (ATBs) was examined. To this end, a push-pull fatigue test using a WR-

L drill-hole specimen and torsional fatigue test using an AM-L EDM-notch 

specimen were conducted at/near the fatigue limit. Based on the small, fatigue 
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crack-growth behavior, the role of GBs and ATBs in crystallographic fatigue crack 

resistance was investigated in terms of the geometric parameters between crack 

planes of adjacent grains, such as twist and tilt angles. As a result, the average value 

of twist angle along the crack paths generated during push-pull fatigue tests was 

substantially lower in the AM specimens than in the WR one. Moreover, it was 

revealed that the twist angle dominated fatigue-crack resistance, while the tilt angle 

played a secondary role. The role of ATBs could also be interpreted with the 

geometric parameters. In contrast to push-pull loading, it is likely that both the 

twist and tilt angles play a crucial role in determining the small, fatigue-crack 

resistance of the alloy during torsional fatigue loading, which can be attributed to 

the differences in the number of directions of the maximum crack-growth driving 

force. 

4. Taking into consideration all of the preceding discussion points raised in this study, 

it seems that a significant percentage of low GB misorientation angles (i.e., low 

twist angle under push-pull loading and low twist/tilt angles under torsional fatigue 

loading) is the principal contributor to poor, small fatigue-crack resistance in AM 

Alloy 718. However, the current conclusion is based on very limited experimental 

findings. In addition, the combined effects of multiple factors may possibly hinder 

a more thorough understanding of their individual roles, potentially limiting the 

significance of this work. Nonetheless, this study provides a better insight into the 

influence of the inherent microstructural features of AM parts on the shear-mode, 

fatigue-crack threshold, aided by multi-scale electron microscopic analysis. In 

order to shed more light on this issue, further extensive experimental studies will 

be required, using AM samples with diverse microstructures that have been tailored 

by varying process parameters and/or post-heat treatments. This will be the focus 

of future phases of our research. 
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