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A B S T R A C T   

Additive manufacturing techniques offer significant advantages over conventional manufacturing 
methods. These include the possibility of realizing highly customized components in which not 
only can the geometry be defined with a high degree of freedom, but the material composition or 
geometrical properties can also be manipulated throughout the component by introducing lattice 
structure zones. Such variations cannot be realized using conventional manufacturing techniques. 
However, the application of additively manufactured parts at the industrial scale is still limited 
owing to the high variability in mechanical properties, which also makes it difficult to define 
feasible tools to assess their structural integrity and determine their expected fatigue life with a 
sufficient degree of reliability. In addition, real components often experience multiaxial stresses at 
critical locations owing to their geometry or service-loading conditions. Thus, a proper under-
standing of the fatigue performance of additively manufactured components with complex ge-
ometries cannot neglect the consideration of multiaxial stress states. This review presents an 
overview of multiaxial fatigue in additively manufactured metallic components, providing in-
sights into crack initiation sites and growth orientations and relating them to the fatigue failure 
mechanisms in these components. The principal life prediction methodologies applied for the 
fatigue damage assessment of additively manufactured components under multiaxial fatigue 
loading are presented, with a particular focus on their accuracy in correlating fatigue data ob-
tained for different loading conditions.   

1. Introduction 

Additive manufacturing (AM) has gained significant attention in recent years for a wide range of applications in various industries 
such as aerospace [1–14], automotive [15–26], biomedical [27–38], and nuclear [39]. This is due to the numerous advantages that AM 
can offer: it allows the realization of components with complex geometries that cannot be realized through conventional techniques 
[40]; it can create highly customized components in which the mechanical properties can be varied by manipulating the geometry, 
such as with architectural materials [40–54], or varying the material feedstock throughout the component [55–68]; it allows for the 
fabrication of replacement parts [69]. A prosthesis may be the best example of utilizing all the advantages of AM [50,70–80]. Indeed, 
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as we can see from Fig. 1, the geometries of the components are particularly complex because of the need to be patient-specific and 
mimic the mechanical behavior of bones with a smooth solid surface and a lattice core; in addition, different materials can be used to 
meet the needs for strength and biocompatibility. 

However, despite their promising features, AM components are still not considered reliable for safety-critical or large-scale ap-
plications [40]. This is mainly due to the significant lack of understanding of their mechanical behavior, which is more complex owing 
to the synergistic effect of a wide range of variables and processes and post-process parameters typical for each fabrication process, 
resulting in a different final structure of each AM component [83–89]. The process parameters for laser powder bed fusion (LPBF) are 
known to affect the microstructure, residual stresses, surface roughness, and defect morphologies, including scanning speed, laser 
power, and hatch spacing [90,91]. In addition to the process parameters and post-processing heat treatments [92–98], the component 
size [99], geometry, orientation, and quantity on the build platform can affect the mechanical properties. This is due to the different 
thermal dissipation histories during the process due to the various times required for the deposition of each layer [100–103]. Such 
variations may also result in different behaviors between laboratory specimens and full-scale parts [69]. 

The industrial-scale application of AM components depends on the availability of feasible tools to assess their structural integrity 
and determine their expected fatigue life with a sufficient level of reliability. The fatigue phenomenon represents a demanding task for 
researchers, even with conventionally manufactured components for which there is already a certain degree of expertise gained by 
many years of research and experimental observations [104–115]. Regarding AM, the understanding of the fatigue phenomenon is 
further limited by the recency of the processes and their continuous development, the peculiarities of the AM components, variabilities 
associated with process parameters and post-process treatments, and the very limited amount of experimental data owing to their 
limited applications. 

As demonstrated by Molaei et al. [116] (see Fig. 2), the monotonic tensile strength of AM materials is a poor indicator of fatigue 
performance owing to variations in the microstructure, defects, residual stresses, and phenomena such as cyclic softening or hardening 
[117]. However, it is worth noting that research efforts have not only been devoted to the correlation between monotonic behavior and 
fatigue properties in conventional materials [118–122] but also with some AM materials [123] even though the greater sensitivity of 
fatigue behavior to the microstructure and defect features makes the finding of such relationships a demanding task [124]. 

The operational loading conditions of a component in most applications are non-periodic multiaxial [125–127], which are 
considerably different from those typically studied in research laboratories [128–140] which usually only consider the simplest 
loading condition, i.e., uniaxial loading. However, even simple loading conditions can result in a local multiaxial stress state owing to 
the complexity of the geometry [52,141–145], the presence of multidirectional residual stresses [117,146] or the anisotropy deter-
mined by the microstructure [100,147,148] and directional lack of fusion (LOF) defects [149–154]. Other issues include the fatigue 
regime considered [155–159], the effect of loading ratio [160–162], the non-periodicity of the load history in real applications 
[125,163–166] and the orientation of the loading direction, which changes continuously. For example, Molaei and Fatemi [167] 
investigated the load history extracted from full-scale flight test data of the lower wing skin of a P-3C aircraft [168]. 

An important aspect highlighted by Molaei et al. [169] is the variation in the material composition near the defects, which may lead 
to significant changes in the mechanical properties. Considering the local nature of the fatigue failure, such a variation in the local 
mechanical properties may contribute to the scatter of the fatigue test data. Some of these AM peculiarities may be reduced by tight 
control of the process parameters [170–172] or by involving post-processing techniques in the production chain. For instance, residual 
stresses in AM parts are generally difficult to avoid owing to the nature of AM processes that involve severe temperature gradients and 

Fig. 1. Examples of complex components realized through AM. Figure adapted from [81,82].  
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sharp cooling rates [69]; however, post-processing techniques, such as annealing, have been proven to be effective in reducing their 
magnitude [93,96,97,146,149,172–179] while post-processing techniques such as hot isostatic pressing (HIP) have been shown to 
improve the fatigue properties of AM components by changing the defect sizes and morphologies [69]. 

A wide variety of materials can be processed by AM, such as polymers, metals, ceramics, and composites [180]; however, this 
review focuses on the multiaxial fatigue of LPBF metal materials and components owing to the lack of sufficient experimental fatigue 
data under multiaxial loadings for other AM techniques and materials to provide a sufficient overview. It should be noted that, for the 
same reason, the examples provided in this work mainly focus on LPBF parts. On the other hand, the concepts and considerations about 
the modelling approaches discussed are more general. Indeed, even if other metal AM technics, such as EB-PBF or DED, may result in 
different surface finish and defect populations, the discussions regarding their effects on the multiaxial fatigue behaviour of AM metals 
are expected to be similar, resulting in a more general validity of the discussions provided in the present work. 

The main aim of this review is to promote the research in multiaxial fatigue of AM components and to provide guidelines for 
experimental and theoretical evaluation of the key factors affecting the multiaxial fatigue behavior of AM parts. A widely documented 
basis on the topic of multiaxial fatigue is indeed fundamental to achieve well-grounded conclusions leading to a proper understanding 
of this phenomenon and to the development of design methodologies able to ensure the necessary degree of reliability for the industrial 
application of AM components. 

The present review is organized as follows: Section 2 provides an overview of the specimen geometries utilized to investigate 
multiaxial loading conditions that can be found in the literature; Section 3 focuses on the crack initiation sites and growth orientation, 
providing insight on the parameters that affect them; Section 4 presents the fatigue prediction methodologies that can be used in 
dealing with multiaxial fatigue, providing examples of application and comparisons with experimental data to evaluate their accuracy; 
Section 5 presents the fatigue performance of a real AM component compared with laboratory specimen test results; finally, a summary 
and final remarks are presented in Section 6. These studies included fatigue data and analyses for LPBF Ti6Al4V and 17-4 PH alloys and 
different stress states resulting from axial, torsional, and combined axial–torsional loads. Many effects were considered in these studies 
including defects, surface roughness, anisotropy, post treatments such as HIP, as well as effects often present at the component level 
such as stress concentrations or notches and variable amplitude loads. 

2. Some specimen geometries used for multiaxial fatigue investigation 

The mechanical behavior of the material is typically investigated using specimens whose geometry is dependent on the objective of 
the investigation and the available testing machines that are used to characterize the mechanical behavior of materials and mechanical 
components. The experimental multiaxial fatigue data available in the literature were obtained from specimens according to the ASTM 
E2207-08 [181] standard. The specimen in Fig. 3a has a tubular thin-walled circular cross-section in which the wall thickness has a 
value small enough to meet the thin-walled assumption. Special care should be taken regarding specimen alignment to avoid spurious 
loads [182]. 

The possible influences of specimen geometry on the achieved fatigue results have been highlighted in the literature dealing with 
conventionally manufactured specimens [183–185]. To deal with AM, Fatemi et al. [186] proposed specimen geometries intended to 
reduce unintentional stress concentrations and stress gradients throughout the wall thicknesses to obtain more uniform stress states in 
the gauge section. The requirement for the thin-walled assumption results in some issues such as the difficulty of maintaining the 
concentricity of the inside and outside diameters, the possibility of having an insufficient number of material grains in the cross-section 
to meet the continuum assumption, and the possibility of buckling during either compression or shear loading. However, AM also 

n-HT HT HIPed
LPBF
EPBF
LDED

n-HT HT HIPed
LPBF
EPBF

a) b)

Fig. 2. Fatigue limit defined as fatigue strength at 107 cycles vs. monotonic ultimate tensile strength for AM Ti6Al4V in as-built non-heat-treated (n- 
HT), annealed and/or heat-treated (HT) and hot isostatic pressed (HIPed) conditions for a) R = − 1 and b) R = 0.1 stress ratios. Figure adapted 
from [116]. 
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allows for the use of other geometries to investigate the multiaxial fatigue properties. Fatemi and Molaei [186] proposed new specimen 
geometries (see Fig. 3c and d) with the aim of increasing the wall thickness, while still meeting the conditions for the thin-walled 
assumption. The proposed geometries also have the advantages of a higher tolerance for internal defects, such as voids and pores, 
and strengthening the material continuum assumption. In addition, the length of the specimens is reduced, leading to lower expenses 
for specimen production, and the larger cross-section leads to a higher buckling resistance and a reduction of unintended stress 
concentration, which also leads to a more uniform stress state in the gauge length. 

Other specimen geometries that are used to investigate the multiaxial fatigue behavior of AM components can also be found in the 
literature, such as those considered by Macek et al. [187] (Fig. 3b). 

3. Initiation sites and crack orientations 

3.1. Initiation sites 

While wrought metals usually have fatigue failures initiating from microscopic regions of localized plastic deformation and grain 
boundaries resulting from dislocations and slip systems [117], the fatigue performance of AM components is highly affected by internal 
defects and the high roughness of the as-built surface [116]. The extent of their influence on the fatigue behavior is dependent on the 
ductility of the material and the microstructure, which is dependent on the type of AM process used for fabrication and post-fabrication 
treatments [69]. Therefore, a deep understanding of AM defects is of paramount importance for properly assessing the structural 

Fig. 3. Specimen geometries for multiaxial loading conditions: a) ASTM E2207-08 [181] thin-walled tubular specimen; b) specimen geometry 
proposed by Macek et al. [187]; c) thin-walled tubular double-curve specimen proposed by Fatemi and Molaei [186]; d) thin-walled tubular straight 
outside-diameter specimen proposed by Fatemi and Molaei [186]. Figure adapted from [186,187]. 
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integrity and fatigue behavior of AM components. The most common defects in AM components include unmelted powders, pores due 
to entrapped gas, LOF defects with irregular shapes, and rough surface defects determined by the production processes. The 
morphology of these defects can be complex [152], but it can be described by several parameters, such as size, location, and shape, 
whose influence on the fatigue performance of AM components have been investigated in the literature [152,188–193]. 3D analysis of 
defects [152,194] is particularly useful dealing with multiaxial fatigue loading, providing information such as diameter, volume, 
morphology (e.g., sphericity and aspect ratio), and projected area of the volume on various planes, considering that under multiaxial 
loading, the orientation of the defects may influence the fatigue performance. Fig. 4 shows an example of a variety of defect mor-
phologies that can be found in AM components. In addition, the defect features may also be correlated between themselves; for 
instance, variability in defect shape and size has been noticed with changing location, especially in as-built surface specimens [152]. 
For a deeper understanding of defect formation, we refer the reader to [152,195,196]. To determine possible initiation sites in AM 
components under a generic loading condition, in situ full-field measurements carried out through infrared (IR) thermography or 
digital image correlation (DIC) can be useful for investigating the strain evolution during the fatigue experiment, as shown by Renzo 
et al. [197]. The application of thermographic techniques could also prove useful in the real-time monitoring of AM components to 
overcome the high randomness in the fatigue properties. Renzo et al. [198] monitored the thermal behavior of AM components during 
multiaxial fatigue loading and showed that a thermographic approach can help identify the most critical point that results in the failure 
of the component from the first cycles of the fatigue life, as shown in Fig. 5. 

3.1.1. Surface conditions 
If the surface remains in the as-built condition, the fatigue performance of an AM component is mainly affected by the surface 

roughness [117,153,199] making aspects such as the microstructure and internal defect sizes and distributions less relevant [167]. The 
surface roughness is significantly affected by different parameters, such as the specific AM process used [200,201], powder charac-
teristics [202], process parameters [203–205] and post-processing treatments [206,207]. 

Owing to the layer-by-layer build fashion of AM processes, the surface defects are usually distributed perpendicular to the building 
direction, creating a network of defects whose alignment with respect to the loading direction can significantly affect the failure 
mechanism [117,153,208]. Considering this behavior, the orientation of the loading direction with respect to the building direction 
can result in significant changes in the fatigue strength [205] owing to different values of surface roughness. Several works are 
available in literature that attempt to apply analytical models considering the surface roughness [192,201,209–211]. 

Fig. 6 shows how the rough surface of an as-built component results in multiple crack initiation sites that, after a first independent 
growth, coalesce to failure. Examples of multiple initiation sites for as-built surface specimens have also been reported in [153]. 

Machining the surfaces of AM components can improve the fatigue performance [200]; combining HIP and subsequent machining 
of the external surface, when possible, can avoid the influences of both defects and surface roughness on the fatigue behavior 
[169,212–214]. However, as shown in Fig. 7a and b, in HIPed components, there are still some residual defects that can act as possible 
crack initiation sites. 

Molaei et al. [169] demonstrated through 2D defect studies how the HIP process has almost no effect on pores in LPBF Ti6Al4V 
owing to the presence of pressurized entrapped argon gas inside and its low solubility in titanium [94]; the gas pores can act as a failure 
initiation site, as shown in Fig. 7c. In addition, the HIP process does not affect open pores or surface roughness, as shown in Fig. 7b 
[169,179,209,212,215,216] leading to crack initiation from the outer surface under torsional loading, as shown in Fig. 7d. Regardless 
of the heat-treatment conditions, when a rough surface is present, the cracking behavior is mainly controlled by surface defects. In 
addition, it is worth underlining that the machining of the surface must be performed after the HIP treatment owing to the lack of effect 

Fig. 4. Defect morphologies in Ti6Al4V annealed specimens obtained through: a) micro-computed tomography results; b) optical microscopy 
observation (relative size of defects is shown). Figure adapted from [152]. 
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this process has on surface defects [199]. 
A proper combination of process parameters and post-processing treatments may result in fatigue properties for AM components 

comparable with those of their wrought counterparts, as can be seen in Fig. 8a [169]. However, it is also worth reporting that such 
post-processing treatments, even if beneficial for the fatigue performance, do not always ensure that AM materials have a fatigue 
strength that is comparable with the conventional ones, as shown by Fatemi et al. [199]. They documented inferior fatigue perfor-
mance of AM parts compared to their wrought counterparts under both as-built and machined surface conditions. However, in [199], 
the inferior performance even after the post-processing treatments depended also on the fabrication process parameters that resulted in 
larger initial defects. Moreover, in some applications, surface machining of a complex component could be difficult and expensive, and 
in applications such as biomedical and orthopedic implants, rough surfaces are preferred over smooth ones [167]. 

Post-processing techniques can also impact the component microstructure. For instance, HIP treatment, owing to its key parameters 
such as temperature, pressure, and time, can result in microstructural changes [217]. Even if the HIP process has beneficial effects on 
the fatigue life by reducing the defect size and altering the morphology, microstructure coarsening can reduce this beneficial effect 
[178]. In this regard, the key parameters of the HIP process should be chosen considering the possible effects on the microstructure to 
obtain the highest improvement from this post-processing technique. 

When a surface can be machined to achieve a lower roughness, internal defects may become dominant in determining the fatigue 
behavior of the AM component. Regarding multiaxial fatigue loadings, Molaei and Fatemi [167] applied the critical plane approach 
and identified a plausible explanation for the lower performance regarding internal defects of machined samples; that is, by machining 
the surface, the internal defects, whose distribution are more random, determine a higher degree of uncertainty in the experimental 
data. 

Fig. 5. Temperature evolution for: a) two different applied stress amplitudes for in-phase axial and torsional loading; b) different load conditions at 
the same equivalent stress amplitude. In each specimen, it is possible to observe from the beginning the failure initiation site in the component. 
Figure adapted from [198]. 

Fig. 6. Multiple crack initiations on an LPBF as-built surface of: a) Ti6Al4V specimen under axial-torsion variable amplitude loading; b) 17-4 PH 
specimen under combined in-phase axial-torsion loading. Figure adapted from [153,167]. 
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Considering the discussions above, the internal defect location has a leading role in the fatigue behavior [69] with the defect at or 
near the surface being more detrimental, as demonstrated by Fatemi et al. [218] through finite element (FE) simulations. However, it is 
worth noting that the internal defect location is also related to the applied loading conditions: when uniaxial loading is considered for 
machined surfaces, the internal defects assume a leading role in determining the fatigue behavior of the material, as shown by Zhang 
and Fatemi [200] while under loading conditions involving shear or bending, being a stress gradient, the defects near the surfaces 

Fig. 7. Defect morphologies representative of AM metals subjected to post-processing heat treatments under a) machined and b) as-built surface 
conditions; c) fatigue crack initiation sites from internal defects for AM machined surface HIPed specimens; d) fatigue crack initiation sites from the 
external surface for AM as-built surface HIPed specimens. Figure adapted from [169,188]. 

a) b)

Fig. 8. Test results for wrought and AM HIPed machined Ti6Al4V specimens under a) torsional loading and b) axial loading. Figure adapted 
from [169]. 
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continue to assume a leading role in machined surface conditions. Fig. 8 shows the dependence of the fatigue properties on both the 
loading and surface conditions. 

Even if machined components have higher fatigue lives compared to their as-built counterparts [193,199], their fatigue behavior is 
more difficult to predict due to the randomness of the defect distribution inside the component cross-sections that represent the most 
favorable crack initiation points, as seen in Fig. 7c. In addition, the depth of machining has been shown to influence the fatigue 
behavior of AM components [100,173] due to the near-surface defects that can be brought to the surface by machining; consequently, 
parameters describing the surface roughness alone are not indicative of the fatigue performance of an AM component, as shown by 
Molaei et al. [153] who documented different fatigue performances for specimens characterized by similar surface roughness pa-
rameters but obtained with different techniques (see Fig. 9). This apparent inconsistency in the effect of surface roughness must be 
attributed to the surface qualities achieved through different techniques. As seen in Fig. 9c, the polished samples exhibited inferior 
performance compared to the machined samples, in spite of both polished samples and machined samples having the same surface 
roughness. This is explained by sub-surface defects having moved to the surface due to the removal of approximately 150μm of ma-
terial in the polished samples, while in the machined samples, all surface and near-surface defects were completely removed after 
removing 1mm of material. 

3.1.2. Complex geometry and notch effect 
AM processes are highly appreciated for their ability to fabricate geometrically complex components. However, a complex ge-

ometry can result in stress concentrators that may act as favorable fatigue initiation sites and can significantly lower the fatigue 
performance of an AM component [169,179,209,219–222]. Regarding multiaxial fatigue loadings, Molaei and Fatemi [167] studied 
notched and unnotched specimens both in the as-built and machined conditions and reported that the presence of global geometrical 
discontinuities, i.e., notches, may have a much higher detrimental effect than the surface conditions or internal defects that can be 

Fig. 9. Fatigue data for LPBF CA-H1025 heat-treated 17-4 PH specimens in as-built state and machined or polished to a similar surface roughness 
under a) axial and b) torsional loading; c) polished (left) and machined (right) surfaces of LPBF specimens. Figure adapted from [153]. 
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considered as local geometrical discontinuities. However, inhomogeneities in the geometrical discontinuity region can further worsen 
the fatigue performance by making the crack initiation process easier, as also shown by Macek et al. [187], when studying the fatigue 
performance of AM 18Ni300 under multiaxial loading conditions. Fig. 10 shows an interlayer defect that acts as a crack initiation 
point. 

The competing failure initiation sites determined by the rough surface, internal defects, and geometrical discontinuities are in 
accordance with the conclusions of Molaei et al. [223] in which the effects of the rough surface of unnotched as-built specimens are 
similar to the effect of a mechanically induced notch. From this perspective, both the unnotched and notched as-built surface spec-
imens can be considered as notched specimens with different stress concentration factors. In other words, the notch leading to the 
higher stress concentration controls the failure of the specimen, as in the case reported in [167]. Indeed, depending on the me-
chanically induced notch geometry and the loading conditions, a geometrical discontinuity may determine conditions that can be 
either more or less detrimental than the conditions determined by the surface roughness or internal defects. It is also worth noting that 
competing effects can exist between the defects and microstructure; indeed, studies on the interaction effect of lamellae width and 
round pore diameters on the fatigue performance of AM Ti6Al4V have shown that defects with a diameter lower than eight times the 
microstructure characteristic length have no influence on microcrack growth [224]. 

Other studies on notched AM components under multiaxial fatigue loading are available in the literature. In [208], for the notch 
geometry considered, regardless of the loading and surface conditions, the location of crack initiation was determined by the highest 
stressed location along the geometrical discontinuity, as shown in Fig. 11. However, it is worth mentioning that the conclusion of [208] 
may not be a general conclusion for AM notched components, and the initiation location can vary depending on notch acuity. 
Additionally, when dealing with non-proportional loading conditions, the location of the maximum stress at the notch changes 
continuously throughout the loading, creating multiple possible locations for failure initiation [225]. 

An aspect that should not be neglected while studying the multiaxial fatigue behavior of notched components is how the notch has 
been created; indeed, several studies have been conducted on components with geometrical discontinuities created in a subsequent 
production step by drilling a hole in the component, which does not reflect the conditions that can be found in real AM components, in 
which the aim is to build geometrical discontinuities during the AM process. Molaei et al. [223] investigated this aspect by performing 
fatigue tests under multiaxial loading conditions for the specimen geometry shown in Fig. 3a, in which holes were created both during 
and after the AM process, as shown in Fig. 12. The component with the hole built during the AM process shows deviations from the 
designed geometry that could result in higher stress concentrations than expected and, therefore, premature failures. In addition, the 
roughness changes along the notch edges as a function of the surface orientation with respect to the building direction, which can 
potentially affect the fatigue failure initiation point due to induced higher stress concentration from both the stair stepping effect and 
the presence of overhanged partially melted particles. 

However, it is worth underlining that the deviations between the expected and observed fatigue initiation sites were noticed only 
when dealing with torsional loading that had an expected failure initiation site in the top half of the hole where the roughness was 
highest. On the other hand, regardless of loading conditions, the fatigue properties were lower for the specimens with the hole built 
during the AM process, as compared to the specimens having the hole drilled in a subsequent step. It should be mentioned that 
machining of the AM component surface could be avoided if the surface roughness is low enough that the notch effect prevails; 
however, this would be highly dependent on the notch geometry, and its determination and achievement may not be a feasible task. 
Fatemi et al. [117] discussed that, if proper process parameters are used for fabrication, fatigue properties comparable to those of 
wrought material could also be obtained without HIPing the component. In addition, in an extended investigation of the notch–defect 
interaction, Solberg et al. [220] showed that the defects along a geometrical discontinuity may determine a change in the failure 
initiation site, as shown in Fig. 13, depending on the notch acuity and surface roughness. 

The conclusions obtained by Solberg et al. [220] are related to the change in surface roughness in as-built conditions owing to the 
various orientations of external surfaces with respect to the building direction obtained through different notch geometries. Regarding 

Fig. 10. a) Scanning electron microscopy (SEM) micrograph of the fracture surface of a notched AM 18Ni300 specimen and b) 3D reconstruction of 
crack initiation site showing the presence of an interlayer defect. Figure adapted from [187]. 
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the effect of the building direction on the fatigue performance of AM, several investigations can be found in the literature 
[93,149,151,193,208,212,226–230]; however, they mostly analyzed the uniaxial fatigue loading properties. In addition to the various 
surface roughnesses achieved depending on the building direction, other possible causes for the different fatigue performance achieved 
by changing the printing orientation may be found in irregularly shaped LOF defects, whose direction and morphology are affected by 
the building direction [149–154], and in the microstructure that determines anisotropic features [93,231,232]. Considering the 
process parameters to reduce the surface roughness and the amount of LOF defects, performing heat treatments to homogenize the 
microstructure [96] and machining the components [233] could represent effective solutions to reduce the influence of the build 
direction on the fatigue properties of AM components. However, the anisotropic behavior of AM materials can be considered as a 
variable in design and fabrication of mechanical components which can be taken advantage of in some applications. 

3.2. Crack orientations 

3.2.1. Surface conditions and load level effect on the failure mechanism 
Crack growth mechanisms are typically studied under uniaxial loading and mode I crack growth. In real applications, components 

Fig. 11. Crack paths of notched LPBF Ti6Al4V specimens under different loading conditions for (a) as-built annealed surface, (b) machined and 
polished annealed surface, and (c) HIPed machined surface; d) maximum principal plane and maximum shear plane directions. Figure adapted 
from [208,223]. 

Fig. 12. Hole in thin-walled tubular specimen: a) machined by drilling in a wrought component; b) machined by drilling after AM process and left in 
the as-built state; c) built during the AM process; d) magnification of c). Figure adapted from [223]. 
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usually experience multiaxial loads; consequently, cracks can also grow under mixed-mode conditions in various directions 
[128,164,208]. Indeed, studies on LPBF Ti-4Al-6 V and 17-4 PH specimens under multiaxial loading conditions [234] have shown that 
cracks can grow either in mode I and continue growing in mode I or in shear mode. The shear cracks can then change their direction 
and align with the maximum principal stress (MPS) plane as mode I cracks or grow in shear or mixed mode. In addition, crack growth 
behavior is also dependent on the stress ratio, whose value, if low, determines the significance of roughness-induced crack closure, and 
its influence can be detected in shear-driven failure and is affected by crack path, crack tip plasticity, and the extent of crack tip 
displacement in mode II and mode III, depending on the crack aspect ratio and specimen geometry [235]. 

In addition, the failure mechanisms of AM components may be different from those of their wrought counterparts, resulting in 
different fatigue crack orientations. By investigating the fatigue crack orientations under different loading conditions, Fatemi et al. 
[218] observed how the failure mechanisms of wrought and AM specimens could be different; while all failure cracks for the wrought 
material occurred on or near the orientation of the maximum shear plane (see Fig. 14a), crack orientations for both AM as-built 
annealed and machined annealed specimens were along the MPS plane, indicating a brittle behavior (see Fig. 14b and c) and sug-
gesting that the surface conditions may not have a strong influence on the crack orientation for smooth AM components, even if 
possible influences cannot be excluded a priori. However, as-built annealed AM specimens and machined and polished annealed AM 
specimens are both characterized by a martensitic microstructure that remains after the annealing process (see Fig. 14f) and by the 
presence of large internal defects that determine the brittle behavior [208]. A different failure mechanism has indeed been found in AM 
machined HIPed specimens [169] (see Fig. 14d), which presented cracks oriented along the maximum shear planes, indicating a 
ductile behavior similar to that of the wrought material (see Fig. 14d in comparison with Fig. 14a). This can be attributed to the change 
in microstructure and defect characteristics determined by the HIP technique, which led to the transformation of the α-martensite 
structure to the ductile α-β phase (see Fig. 14g). It is also worth noting that different build orientations were considered for these 
specimens, but no significant difference was noticed in the failure mechanism. 

However, the failure mechanism is not only dependent on the component microstructure. A change in the failure mechanism of AM 
Ti6Al4V was documented in [117,169,208] by changing the fatigue regime from low cycle fatigue (LCF), characterized by failure on 
the maximum shear planes involving plastic deformation, to high cycle fatigue (HCF), characterized by failure along the maximum 
principal plane indicating the dominance of internal defects (see Fig. 15a, b, and c). Renzo et al. [197,198,236] detected the same 
change in the failure mechanism of AM Ti6Al4V under in-phase axial-torsion loading (see Fig. 15d). Molaei et al. [153] documented 
different failure mechanisms with increasing applied stress levels for AM 17-4 PH stainless steel. Bressan et al. [237] investigated the 
fatigue behavior in the LCF regime of Ti6Al4V under multiaxial loading, detected higher plasticity and absorbed energy from the 
specimens in heat-treated conditions compared to their untreated counterparts, and observed that the hardening and softening curves 
depended on the heat treatment when dealing with the axial strain path and on the layering when dealing with the 90◦ out-of-phase 
strain path. This could also determine the change in the failure behavior of the specimens. 

It is worth noting that, regardless of the building direction, in machined surface conditions, cracks do not always propagate along 
the weak build plane, as might be expected; indeed, Fig. 15b I shows specimens characterized by cracks both in the vertical and 
horizontal directions with the same build direction, while the specimens with different build directions shown in Fig. 15b III and c III 
present failure along the same direction. However, the possible influence of the surface defect networks in determining the crack 
orientation cannot be excluded when dealing with as-built surface conditions. Molaei et al. [208], documenting failure in as-built 
surface annealed Ti6Al4V under torsional loading, noticed that failures, even if in accordance with the assumed maximum shear 

Fig. 13. Diagram relating failure initiation site in a notched region to the notch acuity. Figure adapted from [220].  
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stress mechanism of failure in the LCF regime, occurred only horizontally (see Fig. 15a I), while machined surface annealed specimens 
presented failures in both maximum shear planes at high loads as well as propagating cracks on both the maximum principal planes at 
low and medium loads (see Fig. 15b and c). Therefore, the influence of surface condition on the crack path cannot be excluded. Studies 
on AM as-built 17-4 PH specimens [153,208] provided further proof of the influence of these surface defect networks, as shown in 

Fig. 14. Crack orientations for a) wrought and AM in b) as-built annealed, c) machined and polished annealed, and d) HIPed machined surface 
condition specimens under different loading conditions for Ti6Al4V; optical microscopy of etched: e) wrought material showing equiaxed α-β 
microstructure; f) AM annealed at 700 ◦C for 1 h condition showing martensite microstructure; g) AM HIPed at 920 ◦C and 100 MPa for 3 h 
condition showing elongated α grains embedded in α-β phase microstructure. The maximum principal plane and maximum shear plane directions 
are reported for each loading condition for a better interpretation of the failure mechanism. Figure adapted from [169,218]. 
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Fig. 16. Molaei et al. [153] demonstrated the influence of these fabrication defects through torsional fatigue tests performed with 
different degrees of superimposed static compressive stress perpendicular to the defect network to lower their influence on crack 
initiation and growth orientation. 

The synergistic action of defects may also result in cracks with unexpected orientations. Fig. 17 shows two LOF defects that started 
propagating following different orientations (one growing according to mode I orientation and the other according to mode II) before 
coalescing and determining the dominant crack. Molaei et al. [208] studied the fatigue behavior of notched components and reported 
that secondary cracks can initiate and grow from the geometrical discontinuity after the first crack grows sufficiently long to affect the 
stress distribution around the notch. 

Another aspect worth mentioning regarding the crack orientations under multiaxial fatigue loading is crack branching, i.e., the 
deviation of the crack orientation during its growth following other failure mechanisms, causing possible formation of multiple crack 
fronts. 

Molaei et al. [208] documented this phenomenon by studying the fatigue behavior of AM 17-4 PH and Ti6Al4V. The comparisons 
between the dominantly shear- and axial-loaded specimens showed that, when axial loading was involved, the crack branched to mode 
I even if it initiated propagation in mode II, as can be seen in Fig. 18; similar observations have been reported by Renzo et al. [236]. The 
crack growth direction is then dependent on the applied shear and normal stresses on the crack plane [238], which reveals the 
importance of the friction- and roughness-induced crack closure effect in the crack growth process, with crack growth in mode II 
occurring if the driving force (shear mode deformation at the crack tip) is stronger than the friction of the crack surfaces [239]. This, in 
fact, is due to the increased plasticity at the crack tip, which could destroy the crack face asperities and, therefore, reinforce the 
effective mode II driving force and prevent branching to mode I. Different behaviors can be observed in wrought materials, such as 
crack branching due to crack face friction and roughness-induced closure effects. However, after the first branching, the crack may 
change its direction again owing to several factors, such as internal defects and interaction with other propagating cracks (see Fig. 17). 

Crack branching is also influenced by the fatigue regime; indeed, cracks have been seen to propagate longer in mode II before 

Fig. 15. Examples of crack orientations with changing load on AM Ti6Al4V specimens under torsional loading in a) as-built annealed, b) 45◦ built 
machined annealed surface, and c) vertically built machined annealed surface; d) in-phase axial-torsion loading in machined/polished heat-treated 
surface. Figure adapted from [169,198,208]. 
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branching with increasing loading levels, as can be observed from Fig. 15b and c. Gates and Fatemi [240] explained the same behavior 
for wrought 2024-T3 aluminum alloy, arguing that increasing the loading level leads to an increase in the effective shear-mode driving 
force owing to the combined effect of friction and roughness. As shown in the figure, this could cause the crack to initiate and grow 
primarily in mode I as the load level decreases. 

3.2.2. Notch effect on crack orientation 
Another factor that can influence the orientation of fatigue cracks is the presence of geometrical discontinuity, which is inevitable 

in AM components. Molaei et al. [208] investigated the fatigue behavior of notched specimens of machined and HIPed Ti6Al4V and 
both as-built and machined heat-treated 17-4 PH under multiaxial loading conditions. The failure mechanisms were found to be in 
accordance with what was previously observed for unnotched specimens; the machined surface condition resulted in mode II growth 
regardless of the nominally applied loading condition, while the as-built surface conditions were characterized by crack growth in 
mode I, owing to the additional friction determined by the rough surface and unmelted particles affecting the closure mechanism, as 
shown in Fig. 11. 

An interesting aspect is represented by the crack branching determined by the stress gradient caused by the geometrical discon-
tinuity. Although shear-mode crack initiation has been observed for machined surface specimens, when the crack grows in the lower 
stressed regions of the notched components, the frictional effects lead to a transition into mode I growth [223]. This behavior is 
consistent not only with that observed by Gates and Fatemi [241] for wrought 2024-T3 aluminum alloy, but also with the observed 

Fig. 16. Effect of multiple circumferentially connected defect networks on failure crack initiation and growth orientation of LPBF as-built surface 
CA H1025 heat-treated 17-4 PH alloy under a) axial, b) torsional, c) in-phase axial-torsion and d) 90◦ out-of-phase loading conditions. The 
maximum principal plane and maximum shear plane directions are reported for each loading condition for a better interpretation of the failure 
mechanism. Figure adapted from [153]. 

Fig. 17. Uncommon crack orientation determined by the synergistic action of two LOF defects under in-phase axial-torsion loading; one defect is 
following mode I orientation while the other presents mode II orientation. Figure adapted from [208]. 
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dependence of the crack path on the load level for the unnotched specimens, where the crack branches to mode I after initiation in 
mode II as the applied stress level decreases. 

4. Fatigue life prediction methodologies 

Despite the undeniable need for research that qualitatively assesses the effects of different parameters on the fatigue performances 
of AM components, without suitable tools to quantitatively define the effects of different parameters, AM components will lack 
structural and fatigue reliability; as a consequence, real applications of AM cannot be expected to flourish, resulting in significant 
limitations in the advancement of this technology. 

To date, only a few multiaxial fatigue assessment methodologies have been applied to assess the fatigue life of AM components that 
account for both the defects and surface conditions. In the following sections, the principal life prediction methodologies applied for 
the fatigue damage assessment of AM components under multiaxial fatigue loading are presented, with a particular focus on their 
accuracy in correlating fatigue data obtained under different loading conditions. 

4.1. Von Mises and maximum principal stress (MPS) criteria 

Fatemi et al. [199,218] studied the fatigue behavior of wrought, as-built AM, and machined AM thin-walled tubular Ti6Al4V 

Fig. 18. Failure crack paths showing branching for a) wrought and b) AM machined surface 17-4 PH and c) wrought and d) AM machined surface 
Ti6Al4V specimens under different loading conditions; solid red lines indicate maximum principal plane orientations, dashed green lines represent 
maximum shear plane directions, and dashed black lines indicate Fatemi–Socie (FS) critical plane orientations. The maximum principal plane and 
maximum shear plane directions are reported for each loading conditions for a better interpretation of the failure mechanism. Figure adapted 
from [208]. 
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specimens, considering axial, torsional, in-phase axial-torsion, and 90◦ out-of-phase axial-torsion loads. The data were summarized 
using both the von Mises equivalent stress amplitude and MPS amplitude (see Fig. 19). 

Although the von Mises criterion showed good correlation in the axial, torsional, and combined in-phase axial-torsion fatigue data, 
poor data correlation was achieved when dealing with the 90◦ out-of-phase tests. Similar conclusions were reached by Molaei et al. 
[153], who studied the multiaxial fatigue behavior of AM 17-4 PH. 

Better correlations between the data were observed through the application of MPS criterion. The reason behind the poor per-
formance of the von Mises criterion can be found in the behavior of the material; indeed, the von Mises equivalent stress performs well 
in dealing with the proportional stress states of ductile materials; however, the AM specimens showed brittle behavior, for which the 
MPS criterion is more suitable [242]. 

However, both methods failed to correlate the out-of-phase axial-torsion fatigue data. Considering that the real loading conditions 
affecting a component are often characterized by non-proportional variable amplitude multiaxial stress states, these methods are 
limited in practical applications. 

Fig. 19 reports the fatigue test data considered by Fatemi et al. [218] summarized through these two criteria for comparison in both 
machined and as-built conditions. 

4.2. Critical plane approach 

The critical plane approach, which is well known in the literature and has been applied with various methodologies [243–254], 
uses the basic material fatigue properties to determine the failure orientation [255–257] and crack initiation life. In AM components, 
the fatigue properties used to apply the critical plane approach are obtained from specimens produced with the same process pa-
rameters that should result in a statistically similar distribution of defects. Following this procedure, the effect of defects is indirectly 
considered; however, it is worth highlighting that such a procedure does not explicitly consider the effect of some parameters on the 
surface roughness and defect distribution, such as the surface orientation, component size, and component geometry (see Section 3.1). 

a)

c)

b)

d)

Fig. 19. Correlation of fatigue data obtained for Ti6Al4V specimens based on: (a) von Mises equivalent stress amplitude in as-built conditions; (b) 
MPS amplitude in as-built conditions; (c) von Mises equivalent stress amplitude in machined conditions; (d) MPS amplitude in machined conditions. 
Figure adapted from [218]. 
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The critical plane approach consists of several steps. The first step includes the determination of the nominal or local stress/strain, 
depending on the geometrical features of the component. The stresses are then projected in the shear and normal components onto 
different plane orientations. Damage is then computed for each plane using the selected damage parameter. Damage values on each 
plane are then used to evaluate the expected fatigue life of the component using a damage accumulation rule. 

Different damage parameters are available depending on the failure mechanism; there are both tensile-based critical plane pa-
rameters for the tensile failure mechanism, such as the Smith–Watson–Topper (SWT) typical in the HCF regime [167] and shear-based 
critical plane parameters, such as the Fatemi–Socie (FS), for the shear failure mechanism. 

The SWT parameter can be evaluated through [258]: 
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where σ1,max denotes the maximum stress on the maximum principal strain range plane, Δε1 denotes the maximum principal strain 
range, σ’

f denotes fatigue strength coefficient, ε’
f denotes fatigue ductility coefficient, 2Nf denotes reversals to failure, b denotes fatigue 

strength exponent, c denotes fatigue ductility exponent and E denotes Young’s modulus. 
However, it must be highlighted that a proper choice for the fatigue failure criteria cannot neglect consideration of the failure 

mechanisms; indeed, with the aim to prove the poor data correlation that can result by not properly considering the failure mechanism, 
Molaei et al. [153]applied the critical plane approach using the SWT parameter to correlate the fatigue data of as-built surface heat- 
treated 17-4 PH but this criterion did not result in an acceptable fatigue data correlation. In any case, the poor data correlation shown 
for the dataset considered in [153] is due to the shear failure mechanism, while good correlation with SWT parameter may be expected 
when the SWT parameter is used for tensile failure mechanism. 

The FS parameter can be evaluated through: 
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where Δγmax is the maximum shear strain range experienced on any plane, σn,max is the maximum normal stress occurring on the same 
plane, σy is material yield strength, τ’

f is shear fatigue strength coefficient, γ’
f is shear fatigue ductility coefficient, b0 is shear fatigue 

strength exponent, c0 is shear fatigue ductility exponent, G is shear modulus, 2Nf is reversals to failure and k is a material-dependent 
parameter that reflects the influence of normal stress on fatigue damage. 

Molaei et al. [208] applied the FS critical plane parameter, suitable for ductile behavior or shear failure mechanism materials, to 
summarize the fatigue data of AM machined HIPed Ti6Al4V material under different loading conditions considering the fatigue life 
assessment method and pure torsion strain-life properties, as seen in Fig. 20a; Molaei and Fatemi [169] also considered the FS critical 
plane parameter to correlate AM machined heat-treated 17-4 PH specimens under various multiaxial loading conditions, as seen in 
Fig. 20b. 

A modified form of the FS parameter (see Eq. (2)), proposed by Gates and Fatemi [259], has been shown to capture the transition of 
the failure mechanism from shear in the LCF to tensile in the HCF [117,153,208,260] and to better account for the mean tensile stress 
effects [259]. The modified FS parameter can be evaluated as follows: 

V 45
Torsion and Fit
Axial 
In-phase axial-torsion
Out-of-phase axial-torsion
Factor of 3 Scatter Bands 

a) b)

Fig. 20. Correlation of fatigue data through the FS damage parameter criterion of a) AM machined surface heat-treated 17-4 PH stainless steel alloy 
and b) AM machined surface HIPed Ti6Al4V alloy. Figure adapted from [169,208]. 
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The only difference from the FS parameter in Eq. (2) is that σy has been replaced with GΔγ to normalize the normal stress term 
where Δγ is the shear strain range. 

Molaei et al. [153] applied the modified FS critical plane parameter for both machined and as-built conditions of AM 17-4 PH 
material under different loading conditions, and the summary is shown in Fig. 21a; additionally, Molaei et al. [117] considered both 
machined and as-built AM Ti6Al4V under different loading conditions, as seen in Fig. 21b. Difficulties in correlating the torsional 
fatigue data have been reported by Molaei et al. [153] for as-built AM 17-4 PH material that showed premature failures in the short-life 
regime, which was attributed to the effect of surface defect networks. 

Fatemi et al. [117] and Molaei et al. [225] investigated, through the FS critical plane approach, the multiaxial fatigue behavior of 
notched AM Ti6Al4V and 17-4 PH under different surface conditions. In notched fatigue, the stress gradient induced by the geometrical 
discontinuity needs to be properly accounted for; in this regard, in [117,225], the FS critical plane approach was applied, using the 
theory of critical distances (TCD) [261–264] considering as critical distance, i.e., a material characteristic length, the largest observed 
defect length for each of the conditions studied, as shown in Fig. 22f; similar works can be found in the literature [265–270]. As can be 
seen in Fig. 22, the combination of the two approaches allows for an accurate multiaxial fatigue data correlation, within a scatter band 
of ±3, with the exception of the notched as-built Ti6Al4V specimens under torsional loading reported in Fig. 22e; this is attributed to 
the stair-stepping effect at the notch that resulted in lower fatigue performance due to higher-than-expected stress concentrations. 

Fatigue performance under variable amplitude loading conditions was investigated by Molaei and Fatemi [167] with both notched 
and unnotched AM specimens tests for both Ti6Al4V alloy and 17-4 PH stainless steel. The authors applied a multiaxial cycle counting 
method [271,272] to decompose the load history in equivalent constant-amplitude loading. Fig. 23 shows the predictions of the critical 
plane approach applied to the Ti6Al4V and 17-4 PH alloys specimens. As can be seen, nearly all the data fall within the scatter bands of 
1/3 and 3. The conservativisms shown by the machined samples are explained in Section 3.1. 

4.3. Fracture mechanics approach 

The metal fatigue damage process mainly involves nucleation and growth of microcracks up to a length of about a few grains on the 
order of one or two hundred microns, followed by small crack growth (typically less than 2 mm) [260], then long crack growth (>2 
mm). 

Because defects are present in the AM parts, the first step of crack nucleation may be non-existent. Therefore, the fatigue life may 
only consist of the small and long crack growth processes. Considering the significance of defects in controlling the fatigue behavior of 
AM metals, methods that explicitly consider their influence are of high interest in damage-tolerant design applications. 

The use of fracture mechanics (FM)-based parameters, such as the stress intensity factor (SIF), which can explicitly consider defects, 
could represent a valid tool to assess their fatigue behavior, as already proven for AM components under uniaxial loading [195,234]. 
Several approaches can be considered to correlate uniaxial and multiaxial fatigue data based on crack growth properties; however, an 
appropriate approach must be chosen by considering the fatigue damage behavior to be assessed by the observation of typical fracture 
surfaces. In any case, the application of these approaches may be demanding, and for some applications, simpler approaches may lead 
to advantages in terms of time and computational costs. 

The determination of crack growth properties may also require additional effort and financial resources to be acquired, and it is 
possible to find these properties for various AM metals [117,179,273,274] evaluated through standardized specimens, but they are 
mostly limited to mode I crack growth, and there is still a lack of crack growth properties for cracks starting from naturally occurring 
AM defects. In addition, it is worth highlighting how the mechanical properties of AM components are related to several parameters 
involved in their realization process, as presented in the previous sections. The common practice for dealing with the multiaxial fatigue 
assessment of AM components through the FM approach [116,167,200,225,234,275] is to consider mode I crack growth properties 

Fig. 21. Unnotched multiaxial constant amplitude fatigue data correlations based on modified FS damage parameter for LPBF; a) as-built (AB) and 
polished (P) surface not-HIPed, and machined (M) surface HIPed 17-4 PH [153] alloys and b) as-built (AB) surface and machined (M) surface 
Ti6Al4V [117]. Diagrams taken from [167]. 
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obtained from previous studies (and thus generally related to other process parameters) and assume them to be a reasonable estimation 
for the properties of the components analyzed, as long as the microstructure is similar. 

Some considerations must be made regarding the crack-growth properties to better understand their influence on the estimated 
fatigue life. Indeed, the fracture toughness value has been shown to have a small influence on the fatigue life predictions [234], even if 
the fracture toughness is highly dependent on the AM process variations; similar effects on the fatigue life predictions have been 
documented for the final crack length at failure [200]. The threshold value is dependent on the nominal load ratio, but its value at R =

0.1 represents a conservative lower bound estimate for R = − 1 if the entire stress range is considered [276]. Another parameter that 
significantly affects the predicted fatigue life is the initial assumed crack length [234]. 

Regarding the mixed-mode fatigue properties, when dealing with conventionally manufactured components, the stress intensity 
threshold derived for mode I has already been shown by Campbell and Ritchie [277] to represent a conservative lower bound estimate 
for the mixed-mode fatigue crack growth threshold, and similar conservative considerations have been performed for AM components 
[116,167,200,225,234,275]. 

An equivalent SIF range ΔKeq can also be considered when dealing with mixed-mode crack growth conditions by adding individual 
energy release rates. For a planar crack under plane stress conditions, this leads to the following equation [242]: 

ΔKeq =
[
ΔK2

I + ΔK2
II + (1 + ν)ΔK2

III

]0.5 (4)  

where ΔKi is the mode-i stress intensity factor and υ is the Poisson ratio. However, the evaluation of ΔKeq can be simplified depending 
on the failure mechanism observed; indeed, when the tensile failure mode is dominant, ΔKeq is assumed to be equal to ΔKI, as ΔKII and 
ΔKIII would be negligible, and the MPS can be considered as an equivalent stress to directly evaluate ΔKeq [275]; when in-plane shear 

Fig. 22. Multiaxial notched (N) and unnotched (UN) fatigue data correlation based on FS damage parameter of: Ti6Al4V specimens with a) 
machined surface annealed, b) machined surface HIPed, and c) as-built surface annealed conditions; 17-4 PH specimens with d) polished surface and 
e) HIPed machined surface and not-HIPed polished surface; f) largest observed defect size for different material and surface conditions used in the 
application of the TCD theory; (D) and (V) are related to the building direction and stand for diagonally and vertically, respectively. Dashed lines 
indicate the factors of 1/3 and 3 scatter bands. Figure adapted from [225]. 
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failure is dominant, ΔKeq is assumed to be equal to ΔKII, as ΔKI and ΔKIII would be negligible [275], and the possibility of evaluating 
ΔKII can also be through the FS critical plane parameter extended in the form of a shear-based SIF range according to [278,279]: 

ΔKII = GΔγmax
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where the parameters are those used in Eq. (3), as explained in Section 4.2 and a represents crack depth (see Fig. 25b). 
When dealing with shear failure, an important aspect to consider is the roughness-induced crack closure, which is dependent on the 

crack path, crack tip plasticity, and crack tip displacement in mode II [275], and the combined effect of friction and roughness plays a 
key role in determining the crack path by reducing the effective shear-mode driving force, especially at lower loading levels. This 
aspect has already been discussed in Section 3.2 dealing with crack orientations; a critical level, referred to as either a mode II 
threshold or a point at which the potential for mode I growth exceeds that of the shear-mode crack, can be determined to explain the 
observed crack branching. This phenomenon has been extensively studied by Gates and Fatemi [240]. They proposed a model 
considering the reduction in the effective mode II SIF due to crack face interaction effects based on the average effective crack asperity 
angle and the sliding coefficient of friction, μ, which represents the friction between opposing crack faces under ideal contact con-
ditions; through this model, the effective stress values and SIFs can be determined. 

At this time, the application of FM-based models for the fatigue life prediction of AM metals under multiaxial loading is still limited 
to a few contributions: Zhang and Fatemi [200] predicted the fatigue life for as-built surface tubular Ti6Al4V specimens tested under 
axial, torsional, and in-phase axial-torsion loading conditions; Molaei and Fatemi [167] studied the fatigue performance of Ti6Al4V 
and 17-4 PH under variable amplitude service loading conditions; Molaei et al. [225] analyzed notched uniaxial and multiaxial fatigue 
behavior of AM Ti6Al4V and 17-4 PH stainless steel under different fabrication heat treatments and surface roughness conditions 
following the same procedure of Molaei and Fatemi [167]; Sanaei and Fatemi [275] investigated the fatigue behavior of AM Ti6Al4V 
and 17-4 PH under multiaxial loading conditions; Molaei et al. [116] analyzed the fatigue behavior of AM Ti6Al4V under multiaxial 
loading conditions. 

4.3.1. Considerations regarding surface roughness and defects modeling 
To explicitly consider the defects inside the component, assumptions must be made regarding the initial defect size, location, and 

shape; these features can significantly affect the performance of these approaches in estimating the fatigue life. Therefore, the proper 
application of these approaches for design purposes cannot neglect statistical analysis to describe the defect features. In this regard, 
considering the average defect size as the representative defect size for all specimens in one batch showed good performance in 
correlating the experimental fatigue results [188,280] demonstrating the validity of these approaches for design purposes. On the 
other hand, when dealing with a real component, in some cases, the defect features can be determined through techniques such as 3D 
X-ray computer tomography [152] and the FM approaches can be applied considering the actual defects in the component for 
monitoring purposes. In this regard, Sanaei and Fatemi [188] applied the FM approach considering the initial size of the defect that 
acts as a failure initiation site. 

One major issue is determining the size and shape of the defects; indeed, various defect morphologies can appear in AM compo-
nents, as shown in Fig. 4. A feasible way to account for the size of the initial defect was proposed by Murakami [281] using the square 
root of the area (

̅̅̅̅̅̅̅̅̅
area

√
) method. According to this method, the defect area is defined as the effective area of a smooth contour projected 

perpendicular to the loading direction that circumscribes the irregularly shaped defect, as shown in Fig. 24b. This approach is based on 
experimental evidence showing that irregularly shaped defects also grow, driven by the SIF, toward a round shape [116,234], as can be 

Fig. 23. Experimental vs predicted (through FS critical plane approach) fatigue life under variable amplitude fatigue loadings for a) unnotched 
Ti6Al4V and 17-4 PH in as-built conditions and b) notched Ti6Al4V in different surface conditions; Dashed lines indicate the factors of 1/3 and 3 
scatter bands. Figure adapted from [167]. 
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seen in Fig. 24a. 
The main characteristics of a defect are its size, i.e., length, area, or volume, depending on the application, and shape, represented 

by the defect aspect ratio. 
The most detrimental defects in AM components are usually at or near the component surface, especially when the component is 

left in the as-built condition [117,153,199,218] and the synergistic effects of surface roughness and subsurface defects should be 
considered. It is worth highlighting that the spherical powder particles fused on the surface of the as-built AM specimens do not carry 
load or act as significant stress raisers [153,276]. Consequently, only the valley part of the surface profile was considered as a crack in 
[200,209,211]. To deal with surface roughness and subsurface defects, an equivalent semi-elliptical surface crack can be assumed. The 
aspect ratio of this surface crack can, however, affect the predictions from the FM approach. Sanaei and Fatemi [234], assuming a 
constant aspect ratio of the crack throughout the growth life, and reported a difference of approximately 30 % when changing the 
aspect ratio from 1 to 0.5. In this regard, in [116,167] the assumed initial crack and aspect ratios were based on observations of the 
component fracture surfaces, reporting good agreement between the experimental and predicted fatigue life. The size of the initial 
crack length can be established using Murakami’s method [283,284] which allows the determination of an effective initial crack size, 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff,max

√ , defined as: 

Fig. 24. a) Synchrotron radiation computed laminographic (SR-μ CT) observation of fatigue crack evolution from multiple surface-breaking pores to 
semi-elliptical surface crack; b) effective size of irregularly shaped defects according to the Murakami 

̅̅̅̅̅̅̅̅
area

√
method. Figure adapted 

from [281,282]. 
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff ,max
√

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaD,max

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max
√ (6)  

where ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaD,max
√ is the maximum prospective internal defect size and ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max

√ is the maximum prospective equivalent surface 
defect size obtained from the surface roughness profile, as shown in Fig. 25c. 

The ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max
√ term, as explained in [116], is evaluated from the roughness profile acquired through stylus surface profilometry 

and assuming the surface roughness to be equivalent to periodic notches with notch depth a and notch pitch 2b, according to the 
following equation: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max
√

2b
≅ 2.97

( a
2b

)
− 3.51

( a
2b

)2
− 9.74

( a
2b

)3
for

( a
2b

)〈
0.195 (7)  

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max
√

2b
≅ 0.38for

a
2b

> 0.195 (8) 

The terms a and b are determined through surface roughness parameters. A possibility considered by Sanaei and Fatemi [275] is to 
assume a = Rmax, where Rmax is the largest of seven successive values of Rt,i (see Fig. 25a) calculated over an evaluation length, and b is 
the average pitch of the measured roughness profile; however, other works in the literature [200,211] have considered a = Rv, where 
Rv is the maximum valley depth (see Fig. 25a). Sanaei and Fatemi [275] highlighted the fact that their choice of a = Rmax was due to the 
impossibility of the stylus method accurately capturing the surface profile owing to the stylus itself; however, interestingly, they 
noticed that the evaluated equivalent surface roughness defect size ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max

√
, considering a = Rmax, was very close to the value of Rv. 

In the more general case of an inclined semi-elliptical crack, the SIF geometry factor, Y, can be evaluated as suggested by Murakami 
[285]: 

YIB = [(0.66 + 0.23β2) + (0.462 + 0.17β2)(1 −
a
b
)]cos2β (9)  

YIIB ≅
(

0.71 − 0.13
a
b

)
sinβcosβ (10)  

where a/b is the aspect ratio and β is the inclination angle, according to Fig. 25b and d. 
Another possibility is to consider the projection of the defect area, ̅̅̅̅̅̅̅̅̅̅̅areap

√ , on the plane perpendicular to the MPS direction in the 

Fig. 25. a) Surface roughness parameters (figure from [153]); b) definition of the aspect ratio; c) equivalent defect size given by the combination of 
the maximum prospective equivalent surface defect determined from the surface roughness profile ( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaR,max

√
) and the maximum prospective 

internal defect size ( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaD,max
√

); d) inclined semi-elliptical surface crack. 
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case of tensile failure mode. 
̅̅̅̅̅̅̅̅̅̅̅areap

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff ,max
√ cosβ (11)  

where ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅areaeff,max
√ is the effective initial crack size (see Eq. (6)). With reference to Eq. (11), according to Murakami [285], the SIF can 

be evaluated as: 

KI = Y ⋅ σ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π
( ̅̅̅̅̅̅̅̅̅̅̅areap
√ )√

(12)  

where the SIF geometry factor, Y, is 0.65 for surface defects and 0.5 for internal defects [286]. According to Sanaei and Fatemi [234], 
when dealing with the shear failure mode, a similar approach can be considered by projecting the defect area on the maximum shear 
plane. 

A simplified approach to consider the surface roughness effect was proposed by Zhang and Fatemi [200] who considered the 
surface roughness as a surface crack with a depth given by the sum of the maximum surface valley, Rv, and a defect-induced crack 
length, a0. By assuming a semi-circular crack, the stress intensity factor can be evaluated as: 

KI = ασ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
π(Rv + a0)

√
(13)  

where α denotes the SIF correction factor [200]. However, assumptions must be made based on component geometry. Zhang and 
Fatemi [200] considered a thumbnail crack in a hollow cylinder; with the crack growing through the wall of the tubular specimen, then 
changing to a center through-thickness crack [281] to meet the proper geometrical conditions. 

As procedures to evaluate the SIFs in the case of AM defects, these can be used to predict the fatigue life through fatigue crack 
growth methods. The most commonly used FM models, based on SIFs, are presented in the following section. 

4.3.2. Fracture mechanics approaches applied to AM components under multiaxial loading conditions 
When a small plastic zone at the crack notch tip can be assumed according to the material properties, the fatigue life estimation can 

be performed according to linear elastic fracture mechanics (LEFM) following the Paris equation for the linear steady crack growth rate 
region: 

da
dN

= C
(
ΔKeq

)n (14)  

where C and n are parameters depend on the material used, a is half of the crack length, N are cycles and ΔKeq is the equivalent SIF 
range. The fatigue life, Nf , can be assessed as: 

Nf =

∫ ac

a0

da
A
(
ΔKeq

)n (15)  

where a0 is the initial crack length and ac is the critical crack length. It should be noted that this procedure can be applied to deal with 
long cracks. The Kitagawa–Takahashi method approximates a crack size, called small crack size, to distinguish between small and long 
cracks for the material considered. The small crack size, asmall, can be obtained by comparing the equations for the long crack threshold 
and fatigue limit [242]: 

asmall ≈
1
π

(
ΔKth

Δσf

)2

(16)  

where ΔKth is the SIF threshold value and Δσf is the fatigue limit. 
A generalized Paris equation can be effective in avoiding modeling the plasticity effect at a short crack tip. This approach was used 

to achieve an asymptotic match between the Paris and Basquin equations or a Kitagawa–Takahashi method extended to a finite life 
[188,287]. The application of the generalized Paris equation for AM components was proposed by Sanaei and Fatemi [234] on the 
assumption that in the ideal case of a defect-free condition, the AM component would behave like a wrought metal, with failure 
starting at slip bands, and would have the same fatigue properties. In this ideal case, the fatigue life, 2Nf , estimated through the 
integration of the Paris equation (Eq. (14)) should be equal to the prediction of Basquin’s equation (Eq. (17)) for the wrought material: 

Δσ
2

= σ′

f

(
2Nf

)b (17)  

where Δσ is the stress range, σ’
f is the fatigue strength coefficient and b is the fatigue strength exponent. Details about the applications 

of this approach can be found in [234]. 
Another widely used crack growth equation is NASGRO, which accounts for the stress ratio R, crack closure, and tails at the upper 

and lower ends of the growth rate curve and is given by [288]: 
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da
dN

= D
[(

1 − f
1 − R

)

ΔK
]n ( 1 − ΔKth

ΔK

)p

(
1 − Kmax

Kc

)q (18)  

where D and n are material parameters, p and q are empirical coefficients that determine the curvature of the growth rate curve in the 
tail regions selected to fit the experimental data, ΔKth is the threshold SIF range, R is the stress ratio, f is the Newman crack closure 
function [288], Kmax is the maximum SIF, and Kc is the critical SIF. 

In the Hartman–Schijve (H–S) variant of NASGRO, the material constants, D and P, are no longer dependent on the crack length. 
This equation captures the growth of small submillimeter cracks [289,290]: 

da
dN

= D

⎡

⎢
⎢
⎣

ΔK − ΔKthr
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − Kmax
A

√

⎤

⎥
⎥
⎦

P

= D

⎡

⎢
⎢
⎣

ΔK − ΔKthr
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ΔK

(1− R)A

√

⎤

⎥
⎥
⎦

P

(19)  

where A is the cyclic fracture toughness and ΔKthr is the effective lower fatigue threshold selected to fit the measured da/dN versus ΔK 
data according to the H–S equation; it is worth highlighting that these are different from the actual fracture toughness KC and fatigue 
crack growth threshold ΔKth, which are experimentally derived [289]. 

The sensitivity of the predictions using the H–S variant of the NASGRO equation to the parameters involved are available in the 
literature [234]. The initial defect size can significantly affect the predictions and becomes less significant as the initial defect becomes 
more elongated; the effects of variations in the constant D and exponent P on the prediction curve become less significant in the HCF, 
and the threshold value ΔKth has a significant effect on the prediction results, particularly in the HCF. A, which represents the cyclic 
fracture toughness, and the final crack size barely affect the predictions. 

Another option is to use software such as FASTRAN [291–293] whose fatigue model is based on a plasticity-induced crack closure 
mechanism and considers an effective SIF range. Using a damage rule that does not require the reordering of the loading history makes 
it particularly useful when dealing with real operational conditions [167]. The main crack-growth relation used by FASTRAN is: 

da
dN

= C
(
ΔKeff

)m[1 −
(
ΔK0/ΔKeff

)p
/(1 − (Kmax/KIe)

q
)
]

(20)  

where C and m are the Paris equation constants, p and q are constants used to fit the test data in either the threshold or fracture regions, 
ΔK0 is the effective stress intensity factor at the threshold, ΔKeff is the effective stress intensity factor, ΔKmax is the maximum stress 
intensity factor, and KIe is the elastic stress intensity factor at failure. ΔKeff is calculated as follows: 

ΔKeff =
[(

1 − σ′

0/σmax
)/

(1 − R)
]
ΔK (21) 

In this equation, σ’
0 is the crack-opening stress calculated using FASTRAN. This value is higher than σ0, which is the crack-opening 

stress computed from the original crack-opening stress equations without using the crack tip growth element. More information on the 
model considered by the FASTRAN software can be found in [167,292,293]. However, it is worth highlighting that FASTRAN only 
considers mode I crack growth, and to extend its application to multiaxial loading conditions or mixed-mode crack growth in which the 
effective area of the defect continuously changes according to the loading, Molaei and Fatemi [167] estimated the crack initiation 
defect by projecting the defect on the maximum damage plane orientation according to the FS critical plane approach. The application 
of FASTRAN has also been extended for the fatigue assessment of notched components under the assumption of mode I crack initiation 
and growth with an equivalent axial stress to be evaluated starting from the local equivalent von Mises stress using the appropriate 
stress concentration factors [167,225]. 

4.3.3. Application of FM for multiaxial fatigue assessment of unnotched geometries 
Dealing with as-built AM components, Zhang and Fatemi [200] compared two different methodologies to establish the initial crack 

size considering the surface roughness through the application of the Paris law (see Eq. (14)). Fatigue tests of unnotched AM Ti6Al4V 
specimens under both annealed and HIPed conditions were used to assess the accuracy of the considered methodologies. Owing to the 
brittle martensitic microstructure of their annealed Ti6Al4V specimens (see Fig. 14f), the assumption of a small plastic zone required 
for the application of LEFM following the Paris equation was verified. 

The first approach analyzed by Zhang and Fatemi [200] considered the surface roughness as a surface crack with a depth given by 
the sum of the maximum surface valley, Rv, and a defect-induced crack length, a0 (see Eq. (13)), which was assumed to be negligible; 
thus, a0 = 0. The second approach considered Murakami’s defect area method, as explained in Section 4.3.1, neglecting the term 
related to subsurface defects. The comparison between fatigue data related to annealed and HIPed conditions revealed non- 
conservative predictions by the first approach for the annealed conditions, which could be related to multiple crack interactions on 
the rough surface, synergistic effects of the rough surface and subsurface defects not accounted for in the models, or the inability of the 
surface profiler to accurately describe the deepest valley of the surface profile. 

However, it is worth highlighting the accuracy of their predictions considering that the fatigue crack growth data were estimated 
from experimental data in the literature with consequent possible differences in process parameters, geometry, and all the other as-
pects treated in the previous section. The crack growth rate was assumed to be the same for different loading conditions, even though 
different fatigue crack growth rates have been reported in the literature with changing loading conditions [241,294]. The estimated 
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small crack size, according to [242], was higher than the initial assumed crack length, Rv, revealing possible small crack growth effects 
not accounted for in the model. 

A more conservative prediction from the 
̅̅̅̅̅̅̅̅̅
area

√
model compared to the roughness model described by Eq. (13) was also observed at 

the same stress level, as seen in Fig. 26; this was due to a larger initial crack length estimated by the Murakami method. 
It is worth highlighting that Sanaei and Fatemi [234], by applying the 

̅̅̅̅̅̅̅̅̅
area

√
method, documented a roughness-equivalent defect 

size very close to the value of the Rv parameter assumed as the initial crack length in the first approach used in [200], despite being 
calculated with different surface roughness parameters with respect to those considered in [200]. This indicates that the Murakami 
method can be highly affected by the surface parameters chosen to determine the roughness-equivalent defect size; indeed Molaei et al. 
[116] evaluated the equivalent surface roughness defect size according to [234] and, without neglecting the synergistic effect due to 
the subsurface defects that were relatively large in the fatigue dataset considered, they were able to predict with an acceptable degree 
of accuracy the fatigue test data under different loading conditions. Indeed, it is worth noting how the predictions in [116], even 
considering the effect of subsurface defects, were less conservative when compared with the predictions in [200] as seen by comparing 
Fig. 26a and Fig. 27a. However, this could also be related to the different aspect ratios considered for the assumed initial crack—lower 
in [116], which has been seen to reduce the expected fatigue life. Acceptable predictions, as documented in [116] also deal with 
machined surface conditions in which only the internal defects were considered in evaluating the effective initial defect size owing to 
the relatively negligible values of the measured surface roughness; see Fig. 27b. 

The same dataset considered by Molaei et al. [116] has also been investigated by Sanaei and Fatemi [275] using the H–S variant of 
the NASGRO equation; in this case, a higher degree of inconsistency was detected between the expected and experimental results, 
specially at very short and long fatigue lives, as seen in Fig. 28. The causes of this discrepancy have been hypothesized to be the 
consideration of a unique value of the initial crack length and aspect ratio for all the specimen batches, and in the failure mechanism 
that, under complex loading conditions, could differ significantly from the tensile failure mode. 

Using the H–S variant of NASGRO and considering the FS parameter as the driving force for crack growth, Sanaei and Fatemi [275] 
investigated also a dataset with different surface conditions, in which shear-dominated failures were observed. Similar to the other 
dataset, a unique initial defect size and aspect ratio were considered for all the batches, and the fatigue crack growth properties were 
based on mode I values found in the literature. In this case, however, the predictions showed conservativism at the HCF and non- 
conservativism at the LCF,; the discrepancies at the LCF could be related to extended local plasticity and consequent violation of 
the LEFM assumptions. However, it is worth noting that long crack growth rate properties were used for predictions, as the needed 
small crack growth rate properties were not available; the predictions are expected to improve if small crack growth properties for each 
crack growth mode are considered. 

Improved accuracy has been observed with the application of the H–S variant of the NASGRO equation for 17-4 PH stainless steel 
experiencing shear-dominated failure, as shown in Fig. 29. 

It is also worth mentioning that, in the case of unnotched specimens under variable amplitude service loading conditions, a recent 
study [167] employed the FASTRAN software for fatigue life prediction. Assuming a semi-elliptical crack with size established as in 
[234], good agreement was found between the predicted and experimental sequences for the failure of the Ti6Al4V and 17-4 PH AM 
specimens in both the as-built and machined conditions. 

4.3.4. Application of FM for multiaxial fatigue assessment of notched geometries 
The fatigue life prediction of complex geometries using FM-based models is further complicated by the interaction between the 

component geometry and defects. Assuming mode I crack initiation and growth for notched components, it has been shown in 
literature [167,225], through the software FASTRAN (see Eq. (20)), the importance of the assumptions made regarding the relative 
position between the initial crack and global geometrical discontinuity in the component. Location and shape of the assumed initial 

Fig. 26. Fatigue life prediction of as-built annealed (Ann.) or HIPed Ti6Al4V specimens accounting for surface roughness through a) Eq. (13) and 
Paris law and b) Murakami method and Paris law. Figure adapted from [200]. 

P. Foti et al.                                                                                                                                                                                                             



Progress in Materials Science 137 (2023) 101126

26

a) b)

Fig. 27. Fatigue life prediction through generalized Paris Law for annealed LPBF TI6Al4V specimen under different loading conditions for a) as- 
built surface condition (Aspect ratio = 0.25) and b) machined surface condition (Aspect ratio = 0.5). Figure adapted from [116]. 

a) b)

Fig. 28. Fatigue life prediction through H–S NASGRO equation for LPBF annealed Ti6Al4V specimens experiencing tensile-dominated failure under 
multiaxial loading conditions for a) as-built and b) machined surface conditions. Figure adapted from [275]. 

a) b)

Fig. 29. Fatigue life prediction through H–S NASGRO equation for LPBF heat-treated 17-4 PH under multiaxial loading conditions for a) as-built 
and b) machined surface conditions. Figure adapted from [275]. 
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crack have also been shown to be dependent on the surface conditions. 
Regarding the Ti6Al4V as-built notched component, Molaei et al. [225] assumed a through-thickness crack at the notch edge in the 

thickness direction due to the rough surface, as shown in Fig. 30a. The initial defect size, a, in Fig. 30a, was defined in two different 
ways: with and without considering the synergistic effect of surface roughness and subsurface defects. The maximum roughness profile 
valley depth, Rv, as in [200], and the sum of Rv plus the maximum observed subsurface defect, Rv + defect, were assumed as initial 
crack lengths, with better prediction for the latter hypothesis for as-built surface conditions (see Fig. 30c). This may seem in contrast 
with the observations in [200], but it is worth highlighting that, while Molaei et al. [225] investigated as-built components, the 
specimens considered in [200] were subjected to post-treatment processes (annealing or HIPing); indeed, in [200] a sensitivity analysis 
of the fatigue life prediction model revealed that the consideration of an additional defect-related size led to worse fatigue life esti-
mations for the fatigue data analyzed, again demonstrating the importance of the heat treatments performed on the AM specimens. 
Another difference between the two studies is that the FM approach considered by Molaei et al. [225] and applied through the 
FASTRAN software [291–293] is based on plasticity-induced crack closure and considers an effective SIF range. Indeed, consideration 

a) b) c)

d) e)

a

2b b

2r 2r 2r

t 2t t

2W 2W 2W

a a

Fig. 30. a) Through-thickness crack with width c equal to Rv and Rv +defect representative of as-built specimens; b) center crack configuration; c) 
corner crack configuration representative of machined surface notched specimens; d) life estimation and sensitivity to the size of the considered 
defect for notched annealed as-built Ti6Al4V specimens under uniaxial loading; e) life estimation and sensitivity to the size of the location of the 
defect for notched annealed machined Ti6Al4V specimens under uniaxial loading. Figure adapted from [225]. 
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of the crack closure phenomenon leads to the same initial defect size resulting in a higher expected fatigue life. However, it is worth 
noting that the component geometry was different in the two studies (unnotched in [200] and notched in [225]). Considering the 
negligible effect of the surface roughness in the machined condition, two different crack/defect configurations were also considered: 
two symmetrical cracks at the center of the notch hole (see Fig. 30b) and two symmetrical corner cracks at the edge of the notch hole 
(Fig. 30c) with a crack aspect ratio of one for simplicity. The configuration shown in Fig. 30b leads to more accurate results for Ti6Al4V 
specimens, as shown in Fig. 30e, which is in accordance with the experimental observations showing crack initiation in the specimen 
thickness region [225] in which a slightly higher equivalent stress was observed [167]. 

Another aspect that should be considered is that in both [225] and [167], the fatigue life was divided into two stages: small crack 
growth (SCG) and long crack growth (LCG). For machined conditions, the SCG was assumed to finish when the crack reached a length 
equal to half the wall thickness and was seen on the outer surface for the center crack configuration to have a proper comparison with 
experimental data. For consistency reasons, the same crack length was assumed to be the end of the SCG phase in the other config-
urations. Looking at the crack length vs. cycles for LCG estimations, as shown in Fig. 31, a high degree of accuracy of the predicted vs. 
experimental fatigue life can be observed. It is also important to highlight that the experimental data considered both constant 
amplitude (Fig. 31a and Fig. 32b) and variable amplitude loads as a realistic load history measured from underwing of an aircraft 
(Fig. 31b and Fig. 32b); more details about the load history can be found in [167]. 

The fatigue life prediction of the method described above is shown in Fig. 32a, which deals with axial, torsional, in-phase, and 90◦

out-of-phase fatigue tests [225] and in Fig. 32b under variable amplitude service loading conditions [167] showing a good degree of 
accuracy for all the surface conditions and both AM metals considered. However, considering the high degree of accuracy of the model 
in the LCG region that it is possible to observe in Fig. 31, the lower accuracy of the predictions at a longer life could be related to small 
crack growth not properly considered due to unavailability of small crack growth data to be used for the predictions., The higher data 
scatter for the Ti6Al4V specimens in machined surface condition was reported to be due to a higher degree of randomness in the size 
and location of the internal defects, in contrast to the as-built surface condition where cracks initiate from the rough surface. 

5. Modeling of real AM components 

Specimens defined in standards represent the main means for investigating the material fatigue behavior, achieving insights 
regarding the failure mechanisms and influencing parameters. The experimental results are also useful for assessing the performance of 
various methods to determine the fatigue life, with the aim of applying the same methods with reliable estimations to real components. 
However, when dealing with AM parts, the mechanical properties and fatigue performance of real components may differ significantly 
from those achieved through specimens, owing to the large number of parameters that have been shown to influence the expected 
fatigue behavior. Assessing the fatigue performances of real components is an expensive task, but it is necessary when a higher degree 
of safety should be guaranteed; the research efforts are all devoted to minimizing the cost and time for this expensive investigation. 

Kasprzak et al. [295] performed uniaxial fully-reversed fatigue tests on an AM machined HIPed flight-critical nacelle link of an 
aircraft made with LPBF Ti6Al4V, along with witness coupons printed in two different directions, as shown in Fig. 33a. The link was 
tested under axial loading with R = − 1 and the witness coupons were tested under axial loading at R = 0.1 and R = − 1 load ratios. 
Tubular specimen test results built on a different built Platform and subjected to axial, torsion, and combined in-phase and out-of- 
phase loadings at R = − 1 are also shown in the figure. 

Stresses and strains at the critical fatigue locations of the nacelle link were achieved through nonlinear FE analysis considering the 
steady-state cyclic stress–strain properties. Even when the fatigue tests were performed through a global uniaxial load on the 
component (see Fig. 33b), owing to the geometry, a multiaxial stress state characterized the critical location in the component, and the 
comparison between the FE analysis and the actual fracture surfaces confirmed the consistency between the expected and actual failure 
locations, as shown in Fig. 33c, d, and e. Through FE analysis, Molaei et al. [116] showed that there was no correlation between the 
nominal stress ratio applied through the global load and the local stress ratio at the critical location that changed during the test, owing 
to the presence of residual stresses determined by plastic deformation during the tensile portion of the load, as shown in Fig. 33e. 

Molaei et al. [116] correlated the results from the components and specimen coupons tested by Kasprzak et al. [295] and those 
tested in [169] using the modified FS critical plane reported in Eq. (3). Fig. 33f shows a summary of the results with a good correlation 
between all the data, which led to the conclusion that, under some conditions, a good estimation of the fatigue properties of real 
components can be achieved starting from laboratory specimens. However, it was highlighted that the considered data were related to 
component and specimens subjected to both HIPing and surface machining that, as has been shown in previous sections, significantly 
affect the scatter of the fatigue results in AM components. The machining of the surfaces results in a higher uncertainty in the location 
of the critical defects in the component, while the degree of the beneficial effect of HIP on the fatigue properties of the AM components 
strictly depends on subsequent machining to remove surface and near surface defects, as well as the initial size of the internal defects 
and, as a consequence, on the process parameters. 

6. Summary and outlook 

AM processes have the potential to offer significant advantages with respect to conventional manufacturing methods in mechanical 
components; indeed, while the production chain in conventional manufacturing involving several technologies needs to be tailored to 
a single product, AM techniques allow the possibility of realizing highly customized components not only in their geometry, but also in 
the material properties that could be controlled by introducing topologically optimized structure zones or changing the material 
composition throughout the component. 
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However, their acceptance for industrial-scale applications at present is limited not only because of size and quantity restrictions, 
but also because of the high variability in the mechanical properties of these components subjected to the many manufacturing process 
parameters and post-process treatments. The establishment of reliable tools to assess their structural integrity and predict their ex-
pected fatigue life is indeed a challenging task. 

An important advantage of the additive manufacturing process is the ability to manufacture complex geometries. However, such 
complex geometries often result in multiaxial stresses at fatigue-critical locations owing to the component geometry itself, or from 
application of multi-directional loads. In addition, anisotropic features and residual stress fields determined due to the complex 
thermal history experienced by AM components during their realization result in multiaxial stresses. Thus, multiaxial fatigue cannot be 
neglected to reach a proper understanding of the fatigue performance of these components and achieve reliability in their application. 

The effects of several parameters were discussed in the present review, analyzing the fatigue behavior of AM metallic components 
with a focus on multiaxial stresses. The review considered studies that included fatigue data and analyses for LPBF Ti6Al4V and 17-4 
PH alloys and different stress states resulting from axial, torsional, and combined axial–torsional loads. Many effects were considered 
including defects, surface roughness, anisotropy, post treatments such as HIP, as well as effects often present at the component level 
such as stress concentrations or notches and variable amplitude loads. 

Process and post-process conditions significantly affect defect content, primarily consisting of porosity and LOF voids, which in turn 
affect fatigue performance, particularly at longer lives. Not only the size, but also shape, orientation, location, and distribution of 
defects can affect the fatigue behavior. Even with an optimum processing window for yielding maximum part density, LOF defects 
which are flat and often unmeasurable via standard density measurement methods, may still exist at relatively high part densities. LOF 
voids are more detrimental due to their irregular shape, as they can cause a greater stress concentration, when compared with 

Fig. 31. Predicted vs. experimental LCG data for LPBF machined surface notched Ti6Al4V specimens under a) axial and constant amplitude loading 
and b) axial-torsion variable amplitude service loading conditions. Figure adapted from [167,225]. 

a) b)

Fig. 32. Fatigue life prediction of FASTRAN software for LPBF Ti6Al4V and 17-4 PH alloys under: a) constant amplitude notched axial, torsional, in- 
phase, and 90◦ out-of-phase loading conditions; b) notched (N.) and unnotched (Unn.) variable amplitude axial and axial-torsion loading conditions. 
Both as-built (AB) and machined (M) conditions were considered. Figure adapted from [167,225]. 

P. Foti et al.                                                                                                                                                                                                             



Progress in Materials Science 137 (2023) 101126

30

(caption on next page) 

P. Foti et al.                                                                                                                                                                                                             



Progress in Materials Science 137 (2023) 101126

31

entrapped gas pores that are typically spherical. 
AM parts in the as-built surface condition typically have significantly higher surface roughness relative to their traditionally 

manufactured counterparts because of the inherent repetitive nature of the fabrication process. The surface roughness is influenced by 
several factors including the manufacturing process type and parameters, powder size, part geometry, and layer thickness and 
orientation. Higher surface roughness is usually observed on the overhanging surface, as compared with the contracting surface (ie, the 
surface facing upward). Fatigue cracks in as-built surface condition almost always initiate from the surface. Therefore, removal of the 
rough outer layer thickness by machining or other methods can play a significant role in improving fatigue performance of AM parts. 
However, as one of the key advantages of the AM technique is the capability of fabricating complex geometries as net shape, machining 
of such complex geometries would be difficult, if not impossible. Therefore, choosing proper powder characteristics and optimizing 
AM process and design parameters to obtain a smoother surface are important considerations to enhance the fatigue performance. 

Layer orientation can significantly affect the fatigue performance of AM parts, resulting in anisotropic behaviour. As the orientation 
of LOF defects are generally perpendicular to the build direction, fatigue behaviour can be related to the relative angle between the 
loading direction and layer orientation. Therefore, vertically built specimens with loading direction perpendicular to the defects 
typically exhibit shorter fatigue lives, as compared with horizontally built specimens with defect orientation parallel to the loading 
direction. However, in the absence of LOF defects, little or no anisotropy in fatigue performance has been observed. Although the 
relative angle between the loading direction and layer orientation can also dictate directionality of the microstructure, defect 
directionality plays a larger role on the anisotropic fatigue response. 

The common annealing treatment, if done at proper temperature and duration, can significantly improve ductility and, therefore, 
reduce the notch sensitivity of defects, as well as reducing or relaxing residual stresses, and in some cases minimizing structural 
anisotropy. HIP is an effective thermo-mechanical treatment to reduce the volume of porosity and internal voids (LOF defects) and 
their sharpness. This results in improved fatigue resistance and reduced anisotropy. Experimental fatigue data for L-PBF Ti-6Al-4 V 
after the HIP treatment indicate a similar performance to that of the wrought material. However, the significant effect of HIP treatment 
can only be observed after subsequent machining since the rough surface of as-built HIPed specimens still plays a key role in shortening 
their fatigue lives, especially in HCF regime. It has also been observed that HIP effect may depend on the type of loading. For example, 
the effect has been found to be smaller in torsion, as compared to axial loading, where the difference between the two loading con-
ditions with regards to HIPing effect may be attributed to the stress gradient in torsion, leading to a smaller highly stressed volume. 

Observed crack initiation and crack growth orientations under different stress states indicate the failure mechanism and how they 
are affected by the defect morphology, and as a consequence, by the process parameters and post-treatment processes that are widely 
known to affect them. Shrinking or eliminating the internal defects and transforming the microstructure to a more ductile structure 
using the HIP process changes the tensile failure mechanism to shear failure mechanism. Surface roughness which was shown to 
significantly affect the multiaxial fatigue performance of AM materials, has a synergistic effect in combination with internal defects 
and component geometry and may lead to significant changes in the component fatigue performance. However, the microstructure has 
also been shown to have significant effects on the fatigue behavior, determining the damage mechanism affecting these components. 
Depending on cooling rates inherent to a particular AM process, a broad range of phase structures can be produced. 

Presence of stress concentrations such as notches can significantly affect the load bearing capacity of AM parts. Cracking behavior 
at notches in AM parts can be very different from that in wrought metals due to the presence of surface and/or near surface defects and 
their interactions with the mechanically induced notch, anisotropy, ductility, and build orientation. When stress concentrations due to 
notches or geometry complexities are present in AM metal parts, the effect of internal defects may become small and the notched 
fatigue behavior could be similar to the notched wrought metal. However, a built-in notch can result in significant shorter fatigue life 
as compared to a machined notch because of the rough surface of the as-built notch vs the smooth surface of a machined notch. Also, 
while different heat treatments can significantly affect the fatigue performance of AM metals in the unnotched condition, they may 
have a small effect when a mechanically induced notch is present. 

Fatigue data are often generated under constant amplitude loading, while service load histories are typically variable amplitude in 
nature. Under such loading, effects such as load sequence and interactions become important. If periodic overloads exist in the load 
history and the AM material microstructure is such that cyclic hardening or softening occurs during the overload cycles, then 
deformation memory effect becomes an important consideration. It should also be noted that while a fatigue limit or endurance limit 
may be exhibited under constant amplitude loading, such limits do not generally exist under variable amplitude loading. In such cases, 
stress or strain amplitudes below the endurance limit from a S-N or strain-life curve generated from constant amplitude loading, will 
cause fatigue damage under variable amplitude service load histories. 

Several fatigue prediction methodologies were reviewed with a focus on their accuracy in correlating fatigue data subjected to 
different loadings in both as-built and machined surface conditions and considering the effect of post-processing treatments. The 
identification of the damage mechanism affecting the component is the basis for achieving an accurate fatigue assessment under 
multiaxial loading conditions. Critical plane approaches, especially those considering the modified FS damage parameter which are 
consistent with the physics of the damage process, have been shown to provide a feasible tool for the multiaxial fatigue assessment of 

Fig. 33. a) Layout of the build plate for flight-critical nacelle link of an aircraft and witness coupons for specimen machining made with LPBF 
Ti6Al4V; b) fatigue test setup of the flight-critical nacelle link; c) failed nacelle link; d) fracture surface showing the crack initiation location; e) FE 
results of the link during the tension–compression load cycle showing consistency of failure loacation between the model and real component; f) 
fatigue data correlation through the FS critical plane approach considering specimen data from [169] and real component and test coupon data from 
[295]. Figure adapted from [116]. 
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AM components. The fatigue data correlations and life predictions presented based on this approach included both unnotched and 
notched data, as well as well as constant and variable amplitude axial and multiaxial loading conditions. 

FM approaches were also considered, and it was shown that the reliability of their predictions is highly dependent on the assumed 
defect location and size and on the applied methodology to account for surface roughness; their application is also subject to the 
availability of statistical studies describing the defect morphologies inside the AM components, where defects are significantly affected 
by the large number of parameters involved in AM processes. Extreme Value Statistics (EVS) and equivalent defect size based on 
Murakami’s method for approximation of the initial defect size have shown promising results for representation of defects and surface 
roughness in application of FM approach to fatigue life prediction of AM metals. 

The fatigue data correlations and life predictions presented included data with different crack growth modes, depending on the 
observed crack growth mechanism for each material, manufacturing process, and post-process conditions. Predictions are expected to 
improve if small crack growth properties for each crack growth mode would have been available, instead of using mode I long crack 
growth properties for the predictions. Consideration of roughness-induced crack closure under mode II and mixed-mode crack growth 
may also be an important aspect to consider. The significant attention gained by AM technologies in recent years has provided a 
growing insight into the mechanical behavior of AM components. In addition, multiscale simulation techniques, which can predict the 
defect distribution and microstructure of the resulting structure by considering the thermal history [275] of the component, in 
combination with new investigation techniques, such as data-driven approaches [296–303], can help in relating several process pa-
rameters with the component mechanical behavior to increase their reliability and, thus, their real application, while decreasing the 
need for expensive and time-consuming experimental campaigns. 

The full potential of AM with respect to fatigue performance has yet to be realized. For example, depending on cooling rates 
inherent to a particular AM process, a broad range of phase structures can be produced, monitoring or controlling the melt pool size 
may lead to the ability to custom tailor microstructure for a desired application, or improvements in in-situ monitoring and ultimately 
closed loop control can provide the ability to fabricate a functionally graded microstructure [196]. Data-driven approaches can help in 
relating process parameters to attributes affecting fatigue performance. For example, while surface roughness is known to reduce the 
fatigue resistance of as-built AM parts, there is not a clear consensus of which roughness parameters can most effectively capture this 
effect. Such approaches may provide quantitative models to account for the effect of these surface discontinuities on fatigue 
performance. 

Nearly all the fatigue data are for cycles to failure less than 107 cycles. In some applications the life regime of interest is much 
higher, e.g., giga cycle fatigue. Testing in this life regime is not feasible with conventional fatigue testing machines. New testing 
machines that can operate at kHz frequencies are now more widely available to probe this important life regime in AM materials and 
investigate the role of AM defects and their characteristics. Also, factors such as size effects, friction and contact stresses, and envi-
ronmental effects which typically are not considered in the laboratory scale can result in different fatigue behaviors at the component 
level. For example, different locations of AM fabricated components may have different microstructures and defect characteristics due 
to different thermal histories. It is also important to consider the environmental effects such as corrosion in the component scale study 
of AM metals, where the variabilities in the microstructure and defects can result in very different corrosion behaviors, even for a 
particular part. 

To produce AM functional parts, qualification and certification will be needed to ensure safety, consistency, and reliability of 
performance. The current qualification or certification procedures rely on a “building block” concept and a statistical approach based 
on extensive mechanical test data to quantify uncertainty with respect to material and process variations, requiring extensive physical 
testing. Experimental qualification and certification are time extensive and costly as any changes in part size/geometry, process, or 
post-process conditions affect the thermal history, which, in turn, can affect microstructure, defect distribution, mechanical properties, 
and ultimately part performance. Developing an effective qualification and certification approach requires a good understanding of the 
large number of machine-to-machine and process parameter variabilities. This can be facilitated by integrating experiments and 
computational modeling based on material models at multiple length scales, including simulation of the thermal history to predict the 
resulting microstructure and defect formation. 
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[146] Leuders S, Thöne M, Riemer A, Niendorf T, Tröster T, Richard HAA, et al. On the mechanical behaviour of titanium alloy TiAl6V4 manufactured by selective 

laser melting: Fatigue resistance and crack growth performance. Int J Fatigue 2013;48:300–7. https://doi.org/10.1016/j.ijfatigue.2012.11.011. 
[147] Carroll BE, Palmer TA, Beese AM. Anisotropic tensile behavior of Ti-6Al-4V components fabricated with directed energy deposition additive manufacturing. 

Acta Mater 2015;87:309–20. https://doi.org/10.1016/j.actamat.2014.12.054. 
[148] Sridharan N, Chaudhary A, Nandwana P, Babu SS. Texture Evolution During Laser Direct Metal Deposition of Ti-6Al-4V. JOM 2016;68:772–7. https://doi.org/ 

10.1007/s11837-015-1797-6. 
[149] Yadollahi A, Shamsaei N, Thompson SM, Elwany A, Bian L. Effects of building orientation and heat treatment on fatigue behavior of selective laser melted 17–4 

PH stainless steel. Int J Fatigue 2017;94:218–35. https://doi.org/10.1016/j.ijfatigue.2016.03.014. 
[150] Simonelli M, Tse YY, Tuck C. Effect of the build orientation on the mechanical properties and fracture modes of SLM Ti-6Al-4V. Mater Sci Eng A 2014;616: 

1–11. https://doi.org/10.1016/j.msea.2014.07.086. 
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