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This overview focuses on the current state of knowledge pertaining to the mechanical characteristics of
metallic parts fabricated via additive manufacturing (AM), as well as the ongoing challenges and immi-
nent opportunities in fabricating materials with increased fatigue resistance. Current experimental evi-
dence suggests that the mechanical properties of laboratory AM specimens may not be representative
of those associated with parts, due primarily to differences in geometry/size which influence the thermal
histories experienced during fabrication, and consequently, microstructural features, surface roughness,

ﬁil{lvivt(i]\czsinanufacturin (AM) and more. In addition, standards for mechanical testing methods, specimen design procedures, post-
Fatigue 5 manufacturing treatments, etc., may need to be revised for AM parts. Standardizing the AM process

may only be accomplished by strengthening the current understanding of the relationships among pro-
cess parameters, thermal history, solidification, resultant microstructure, and mechanical behavior of the
part. Having the ability to predict variations in mechanical behavior based on resultant microstructure, or
matching the best conceivable properties of a part in accordance with the loading critical plane, are some
possible solutions for making AM a more reliable means for producing functional parts. Developing
microstructure-property models is arguably the first necessary step toward design optimization and

Microstructure-property
Multiaxial loading
Review

the more efficient, accurate estimation of the structural integrity of AM parts.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

According to the American Society for Testing and Materials
(ASTM), additive manufacturing (AM) is defined as the “process
of joining materials to make objects from three-dimensional (3D)
model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies” [1]. AM is a common term used
to describe a group of advanced manufacturing technologies that
create objects in a layer-wise method. There are different types
of AM techniques depending on the feed stock form (e.g., powder
versus wire), feeding system (e.g., powder bed versus blown pow-
der), energy source (e.g., laser versus electron beam), and materials
(e.g., metal versus polymer), etc. [2-4]. This overview is based on
those that use the focused laser beam as a source of energy to melt
metallic powder for forming a part. These types of AM methods can
be classified in two main categories: (i) laser powder bed fusion
(L-PBF), in which a bed of powder serves as the feeding system,
such as selective laser melting (SLM), and (ii) direct laser deposi-
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tion (DLD), which employs a blown powder system, such as laser
engineered net shaping (LENS) [2].

These new manufacturing techniques have provided new ave-
nues for fabricating net-shaped parts, and even assemblies, with
complex geometries that traditional manufacturing methodologies
are unable. New developments in AM processes, along with inno-
vations in advanced materials, have enabled more unique
approaches for product development, manufacturing, and supply
chain management [5,6]. Since AM has less geometrical con-
straints, industries will benefit from AM by finding new design
paradigms for achieving lighter and cleaner products, as well as
shorter lead times with lower costs. Moreover, AM can streamline
the manufacturing and assembly process since assemblies can be
consolidated into a single additive part, reducing the total number
of parts and overall cost [2-4,7].

Additive manufacturing perhaps has the most appeal to indus-
tries targeting low volume production of highly customized parts
for specific applications, especially in the medical arena [8]. Surgi-
cal instruments and patient/injury-specific implants can be gener-
ated via AM for reducing patient wait times and accelerating their
post-implant healing. Via AM, more individualized medical equip-
ment can be generated and delivered more rapidly at a reasonable
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Nomenclature

k material constant

N number of cycles to failure

2N¢ number of reversals to failure

R surface roughness

R strain ratio

Rs stress ratio

AYmax/2 maximum shear strain amplitude
Ag[2, €, strain amplitude

AG[2, G, stress amplitude

€ axial strain

G axial stress

Onmax Normal stress acting on the plane of maximum shear
strain

Oy monotonic yield stress

price [5,6]. Beside these, AM provides the ability of remote manu-
facturing and repair (in space, at sea) on demand as well as manu-
facturing of functionally-graded parts. Hence, AM has gained
considerable attention from various industries, such as aerospace
and biomedical, to fabricate functional service parts. However,
the full potential of AM to provide new means for manufacturing
load bearing (i.e. structural) parts is not yet fully realized [9].

The main challenge against the continued adoption of AM by
industries is the uncertainty in structural properties of their fabri-
cated parts [3,4,9]. This uncertainty arises due to AM parts possess-
ing microstructural heterogeneities and randomly dispersed
defects [9]. In addition to the variation in as-received powder char-
acteristics, building procedure, and AM systems, this challenge is
exacerbated by the many involved process parameters, such as
laser power, laser speed, layer thickness, etc., which affect the ther-
mal history during fabrication [3,4,9]. Thermal history (i.e. melt
pool temperature, thermal gradient, cooling rate, cyclic reheating)
in AM process affects the microstructural details, such as grain size,
morphology, and texture; defect type, size, and spatial distribu-
tion; residual stress, etc., and consequently, mechanical behavior
of fabricated part [9].

Although significant research effort has been devoted to param-
eter optimization/control to achieve more uniform microstructure
in AM parts [2,10], undesirable consequences of this manufactur-
ing method on material properties are inevitable, and overcoming
this challenge is still an open issue [9]. In addition, even under
fixed, optimized process parameters, any change in build parame-
ters, such as part size and build orientation, may cause variation in
microstructural, and consequently, mechanical characteristics
[11,12]. As a result, there are still significant gaps to fully under-
stand and establish the relationship between the process, struc-
ture, property, and performance of AM parts [13].

In this overview, the fatigue characteristics and related chal-
lenges inherent to metallic parts fabricated via laser-based additive
manufacturing are discussed. It should be noted that the goal of
this paper is not to include all the existing studies related to AM,
but to provide an overview mostly based on many authors’
research to emphasize the important and imminent challenges
pertaining to characterizing the fatigue behavior of AM metals.
There are definitely other related topics to the structural integrity
of AM parts, such as residual stresses, very high cycle fatigue
behavior, and more, that are not discussed in this overview.

The organization of this paper is as follows. Fatigue behavior of
AM materials and their comparison with conventionally-built
counterparts are described in Section 2. Next, the effects of size,
time interval and geometry on mechanical behavior and
microstructural properties of AM parts are presented in Section 3.
Section 4 discusses anisotropy in mechanical properties (i.e. tensile
and fatigue), imposed by part’s build orientation during AM pro-
cess. The effect of surface finish on fatigue resistance and failure
mechanism of AM parts is described in Section 5. Some opportuni-
ties in additive manufacturing of more fatigue resistant materials

are discussed in Section 6. Finally, a summary of this manuscript
along with some conclusions is provided in Section 7.

2. Fatigue behavior and failure mechanisms

In general, the mechanical properties under static loading,
including tensile, compressive, hardness, etc., of AM parts are com-
parable to their conventionally-fabricated forms [14]. This is pri-
marily due to the fact that AM parts experience relatively high
cooling rates during their fabrication, resulting in finer microstruc-
ture as compared to their conventionally-fabricated counterparts
[4,9,15,16]. Although there exists a number of works focused on
the characterization of AM parts, their mechanical behavior
(including the trustworthiness and durability) is still not well
understood [9].

A major concern for metallic AM parts in application is their
performance under cyclic loading, i.e. their fatigue resistance - a
common mode of mechanical failure in many engineering struc-
tures [9,11,17]. Contrary to failures that occur under static loading,
failure by fatigue is mostly a local phenomenon driven by impuri-
ties and microstructural heterogeneity - traits descriptive of
metallic parts fabricated using current AM technology [9,11,17].
Therefore, improving the trustworthiness and durability of engi-
neering parts fabricated via AM cannot be achieved without a thor-
ough understanding of the fatigue damage process, failure
mechanisms, and more specifically, their relationships with the
microstructure of AM materials.

Due to variations in post-manufacturing processes, material
feedstock, specimen types (round versus flat), testing modes
(strain-controlled versus force-controlled), etc., it is difficult to
make direct comparisons between fatigue data obtained from AM
materials and those obtained from conventionally-built parts of
the same material as reported in the literature. However, to facili-
tate general discussion, some fatigue data related to AM parts such
as DLD Ti-6Al-4V (as-built without any heat treatments) [18], L-
PBF 17-4 PH stainless steel (SS) (heat treated) [11], and L-PBF
Inconel 718 (hot isostatic pressed and heat treated) [19] are com-
pared with those of corresponding wrought materials at room tem-
perature reported elsewhere [20-23]. These data are presented in
Fig. 1. As seen in this figure, AM materials exhibit significantly
shorter fatigue lives and lower high cycle fatigue (HCF) strength
as compared to their corresponding wrought material form. Other
studies [15,24-26] have also reported lower fatigue resistance for
AM parts regardless of the manufacturing method and material
type. It is well established that the surface roughness of parts
can adversely affect its fatigue behavior [17]. Hence, in order to
provide a more reasonable and unbiased comparison between
the AM parts, which typically possess significant surface rough-
ness, with fatigue data corresponding to their wrought material
forms, data pertaining to AM parts in their machined and/or pol-
ished surface conditions were selected for this comparison.
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Fig. 1. Comparison of fully-reversed uniaxial fatigue data of (a) DLD Ti-6Al-4V [18], (b) L-PBF 17-4 PH SS [11], and (c) L-PBF Inconel 718 [19] to wrought materials [20-23], at
room temperature. Fatigue fracture surfaces and crack initiation sites of (d) DLD Ti-6Al-4V [18], (e) L-PBF 17-4 PH SS [11], and (f) L-PBF Inconel 718 [19] specimens.

Considering the fact that the ultimate tensile strength of AM
materials, investigated previously by the authors [11,18,19], was
almost similar to that of wrought counterparts, the shorter fatigue
life of AM materials - especially in high cycle fatigue (HCF) - can
be explained by the presence of defects, which can serve as crack
initiation sites. Fig. 1 presents the crack initiation sites for the

previously-investigated DLD Ti-6Al-4V [18], L-PBF 17-4 PH SS
[11], and L-PBF Inconel 718 [19] specimens. Fractography of the
failed specimens reveals that, regardless of the manufacturing
method and material type, cracks tend to initiate from voids
induced during the powder-based AM process, as shown in Fig. 1
[11,18,19].
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Further microstructural examination and fractography of AM
materials have revealed different types of defects, such as voids
and particles, as the main sources of damage [11,18,19]. Voids
can be classified as pores or un-melted regions (i.e. weak metallur-
gical bonding between layers, so-called lack of fusion). The exis-
tence of pores is predominantly attributed to entrapped gas, a
result of vapor recoil during melt pool formation or non-ideal for-
mation of powders during their fabrication. Un-melted regions
within AM parts form due to insufficient fusion and/or low laser
penetration depth during fabrication. Pores are typically small in
size and possess a spherical-shape, whereas un-melted regions
are irregularly-shaped, and most importantly, slit-shaped. Particle
inclusions may be classified as partially- or un-melted powder par-
ticles, caused by ineffective fusion, and primary/secondary phase
particles, formed during solidification.

In wrought materials, slip bands and microstructural weak
points (e.g., microstructural defects and grain boundaries) typically
compete together for initiating cracks by providing local plastic
deformation under cyclic loading. However, current analysis of
the fatigue fracture surfaces reveals that cracks initiate from voids
located closer to the surface of AM parts, which seems to be the
most life limiting failure mechanism for AM materials
[11,18,19,26]. Such surface voids provide the required stress con-
centration to initiate a crack at a lower number of fatigue cycles.

Location, shape, and size of voids have been found to be the
main contributor for the larger scatter in HCF data of AM materials
[11,18,19,26]. Since the crack initiation stage dominates the total
fatigue lifetime in HCF, sensitivity to defects is more pronounced
when compared to the low cycle fatigue (LCF) regime, where the
crack propagation stage typically dominates the total fatigue life-
time [17]. Although the mechanisms for crack initiation depend
on the material as well as applied stress/strain level (i.e. LCF versus
HCF), voids with larger size, more irregular shape, and closer to the
surface are found to be more detrimental to fatigue resistance due
to their provision of higher stress concentrations [11].

Results have shown that for most cases, the failure mechanism
of AM materials is more affected by void location as opposed to its
shape or size, as crack initiation sites are observed to be closer to
the specimens’ surface [11,19,26,27]. In fact, an AM part consisting
of high intra-part void density (i.e. large voids or cluster of voids),
located far from the surface, still does not exceed the dominating
and detrimental influence of a near-surface void with regards to
crack initiation [27]. Surprisingly, fatigue experiments on DLD NiTi
(also known as Nitinol) [26] have demonstrated that, regardless of
the location, shape, and size of the microstructural defect, fatigue
life is always shorter for the duplicate specimen with the higher
stress response (i.e. the average net section stress). This observa-
tion indicates that the maximum stress level may be the most
influential factor on the fatigue behavior of additively-
manufactured superelastic NiTi [26,28].

Hot isostatic pressing (HIP) is often considered as the most
effective post-manufacturing treatment available for remedying
process related defects of AM parts and improving their fatigue
performance [24,29]. Via HIP, it is possible to homogenize the
microstructure of AM parts while also densifying and stress reliev-
ing their matrix, as HIP uses the combined action of high pressure
and temperature. Several studies have shown that employing HIP
on AM Ti-6Al-4V can significantly improve its fatigue resistance,
resulting in comparable fatigue strength relative to their wrought
counterparts [24,30,31]. However, these findings cannot be gener-
alized for other AM materials without taking into account other
material aspects, such as void/microstructure characteristics and
failure mechanisms.

For instance, a study performed by Leuders et al. [32] on 316L
SS, fabricated via an L-PBF system, showed distinct fatigue behav-
ior after HIP, as presented in Fig. 2. As it may be seen, in contrast to
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Fig. 2. Comparison of fully-reversed (Rs = —1) fatigue stress-life data for L-PBF Ti-
6Al-4V and L-PBF 316L SS in as-built and HIP conditions [32].

Ti-6Al-4V, L-PBF 316L SS in its ‘HIPed’ condition demonstrates
lower fatigue resistance relative to its as-built counterpart in
shorter life regimes. This is due to the fact that the failure mecha-
nism of Ti-6AI-4V is still dominated by the remaining voids after
employing HIP [32], while damage evolution in 316L SS under cyc-
lic loading is more strongly affected by its monotonic strength,
which can actually be reduced through HIP [32]. In addition,
316L SS has a very high ductility (>50%), which can possibly
accommodate an increased stress field imposed by defects; thus,
the influence of HIP on the fatigue strength is less effective as com-
pared to that of Ti-6Al-4V [32]. It should be noted that no further
heat treatments were performed after HIP was done on either
material.

The fatigue resistance of L-PBF Inconel 718 specimens [19], as
presented in Fig. 1c, also possesses a relatively low HCF resistance
while in the HIPed condition (1163 °C =10 °C and ~102 MPa for
3 h). Analysis of the HCF fracture surfaces of L-PBF Inconel 718
has revealed crack initiations from large un-melted regions
(>100 pum) adjacent to the specimens’ surfaces [19]. The L-PBF Ti-
6AL-4V investigated by Leuders et al. [27] also showed the pres-
ence of large voids (>72 pm) after HIP, and these voids were found
to serve as fatigue crack initiation sites. These findings suggest that
voids inside AM parts cannot always be suppressed by employing
HIP. In fact, in addition to the parameters chosen for HIP (i.e. pres-
sure, temperature, and time), closure of a void is dependent on the
encapsulated gas inside of it [30].

The laser-based AM process takes place inside a chamber filled
with an inert, protective gas, e.g., argon, to avoid oxidization of the
fabricated material at elevated temperatures. The complete sup-
pression of process-sourced voids in AM parts fabricated in an inert
atmosphere may be difficult to achieve given the low solubility of
common inert gases in the metal matrix [30,33]. Nevertheless, the
HIP process can still improve the durability and HCF performance
of AM parts by decreasing the size of voids and smoothing their
sharp angles, as well as fusing any un-melted particles.

3. Effects of size, geometry, and process time interval

In AM methods, any change in the size, geometry, or number of
fabricated parts on the build plate may significantly affect the final
product properties (micro- and macro-structural) [2,12]. Therefore,
for parts with complex geometries, the possibility of achieving a
homogenous microstructure and defect distribution is debatable
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given the current state-of-the-art in AM technology. More impor-
tantly, mechanical data as collected from small laboratory speci-
mens may not be truly representative of actual parts of the same
material and process. Thus, establishing process-structure-prop
erty-performance relationships for various AM materials and pro-
cesses is vital for reducing uncertainty in performance of the fabri-
cated parts.

The primary reason for variation in properties as a result of a
change in specimen/part size or geometry is related to the thermal
histories experienced during fabrication, which can be affected by
any change in the inter-layer time interval, i.e. the amount of time
taken for the laser to finish one layer and start depositing the next
layer [12]. The inter-layer time interval can also vary with the
number of parts fabricated on a build plate, which is important
for scenarios in which one seeks to maximize the number of parts
fabricated per build operation. Therefore, even under constant
laser process parameters and scanning pattern, different inter-
layer time intervals are inevitable as one changes the size or
number of parts on the build plate. As a result, distinct thermal his-
tories, and consequently, various microstructural details including
grain size, phase fraction, and defect size and distribution may be
obtained by varying the inter-layer time intervals [12].

The effect of inter-layer time intervals during DLD [12] and L-
PBF [34] processes on the properties of fabricated samples has
been recently investigated. This was achieved by varying the num-
ber of samples fabricated on a build plate [12,34], as shown in
Fig. 3. In one set, a single cylindrical rod was fabricated on the build
plate (single-built), as shown in Fig 3a, while for the other set, mul-
tiple rods were fabricated on the build plate together (multi-built),
as shown in Fig. 3b. As a result, the samples of each set experienced
different inter-layer time intervals and distinct thermal histories
(i.e. heating/cooling rates) during fabrication.

For single-built 316L SS samples fabricated via DLD, the inter-
layer time interval was approximately 10s, and the multi-built
samples experienced an inter-layer time interval nearly 10x as
large, i.e. ~100 s [12]. Microstructural investigations revealed dis-
tinct porosity and grain size for the DLD 316L SS samples of the
two sets, as presented in Fig. 3c [12]. Samples with longer inter-
layer time intervals (i.e. multi-built) contained a finer microstruc-
ture due to higher cooling/solidification rates along each layer
(~60 pm in average). Conversely, samples with shorter inter-
layer time intervals (i.e. single-built) experienced lower cooling
rates and higher bulk temperature, resulting in a coarser
microstructure (~140 um in average) [12]. In addition, longer
inter-layer time intervals were found to diminish the laser pene-
tration depth, or heat affected zone size, due to colder initial layer
temperatures, which impacted the degree of previous layer re-
melting. Due to this lower laser penetration depth, previously-
deposited layers displayed lack of fusion traits, as such layers could
not become sufficiently molten to achieve effective metallurgical
bonding. This allowed the formation of un-melted regions between
layers. As a result, voids were found to be more prevalent in the
multi-built samples relative to the single-built ones, as shown in
Fig. 3c [12].

Multi-built specimens fabricated via DLD were found to exhibit
higher Vickers hardness, compressive yield, tensile yield and ulti-
mate strength values as compared to their single-built counter-
parts [12]. This is attributed to the longer inter-layer time
intervals utilized for the multi-built specimens, leading to higher
cooling rates, and consequently, finer microstructure. Engineering
tensile stress-strain curves of DLD 316L SS for the single-built
and multi-built sets are shown in Fig. 3d [12]. It may be seen that
the elongation to failure of the multi-built specimens is signifi-
cantly lower than that of the single-built set, due to the higher
level of porosity and finer microstructure. Moreover, since slight
oxidization is somewhat unavoidable for the employed DLD pro-

cess, oxide particles were observed more frequently on the tensile
fracture surface of multi-built specimens, as such specimens expe-
rienced longer exposure times during the manufacturing process
relative to the single-built ones [12]. These features may also jus-
tify the observed lack of ductility for the multi-built specimens.

The authors herein have also evaluated the effect of process
time intervals on fatigue behavior of DLD Ti-6Al-4V [35]. The
results have demonstrated a significant difference in fatigue per-
formance between single-built and double-built specimens in var-
ious fatigue life regimes [35]. Double-built Ti-6Al-4V specimens
showed lower fatigue strength as compared to their single-built
counterparts, mostly due to the presence of more voids serving
as crack initiation sites. In addition, the coarser microstructure of
the single-built specimens may have caused a higher resistance
to crack propagation by providing a more tortuous path for crack
growth, mostly in the low cycle regime [35].

A similar study suggests that the mechanical properties of parts
fabricated via L-PBF are less sensitive to variations in the inter-
layer time interval [34]. As shown in Fig. 4, differences in tensile
and compressive strengths, as well as elongation to failure under
tension, between single-built and multi-built sets of L-PBF 17-4
PH SS are not significant [34]. Relative to DLD, L-PBF can provide
for significantly higher laser scanning speeds (~10-100x faster)
and lower layer thicknesses (~10x smaller), and most importantly,
the part is surrounded by powder during the build. The surround-
ing powder behaves as an insulator to heat transfer, and since L-
PBF parts are not exposed fully to the environment during the
build, the cooling rates are less surface area dependent. In addition,
the powder feeding mechanism in L-PBF processes causes an extra
inter-layer delay (~15 s) — due to the time that it takes to spread a
new powder layer - decreasing the difference in the total inter-
layer time between single-built (~20s) and multi-built (~55s)
specimens. Spreading a new powder layer over the previously-
built material also allows the accumulated heat in the parts to
reduce due to heat transfer with the cooler, fresh powder layer,
which results in various part assemblies having more similar ther-
mal histories. Nevertheless, variation in lower length-scale (micro-
level) properties is still likely to occur for parts fabricated via L-PBF.
Therefore, it can be expected that the inter-layer time interval vari-
ations during L-PBF will affect the fatigue behavior, which is a
more local phenomenon relative to monotonic properties.

4. Effect of build orientation

The orientation in which AM parts are built (i.e. build orienta-
tion) may greatly affect defect directionalities (i.e. aspect ratio in
shape), and thus, generates and dictates their anisotropic struc-
tural response, especially in tensile strength, elongation to failure,
and fatigue resistance [11,24,29,36-39]. In addition, the anisotropy
may also be resulting from changes in the thermal history during
fabrication (i.e. cooling rate and cyclic re-heating from subsequent
layers), which affect microstructural details (i.e. grain size, phase
fraction, defect size, type and distribution, etc.) [11].

It has been found that 17-4 PH SS, fabricated via an L-PBF
method in the vertical and horizontal orientations, reveal aniso-
tropy in tensile strength, elongation to failure, and fatigue resis-
tance, as shown in Fig. 5 [11]. From Fig. 5, it may be seen that
horizontally-built specimens in their as-built condition exhibit
higher monotonic tensile strength, fatigue resistance, and elonga-
tion to failure relative to the L-PBF parts built vertically. The L-
PBF 316L SS specimens have found to also possess higher fatigue
strength when built horizontally as compared to either vertically
or diagonally (45° with respect to the build plate) [40]. Other stud-
ies in the literature have reported similar results, with
horizontally-built specimens possessing higher tensile strength
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for single-built and multi-built samples at the middle region [12] and (d) engineering tensile stress-strain curves of DLD 316L SS for single-built and multi-built specimens

[12].

and fatigue resistance relative to those fabricated in other orienta-
tions [11,24,29,36,37,41].

Mower and Long [41] recently demonstrated higher fatigue
strength for horizontal L-PBF 17-4 PH SS specimens as compared
to diagonal specimens. Likewise, enhanced fatigue resistance was
observed for Ti-6Al-4V specimens fabricated via either L-PBF or
DLD in the horizontal orientation, as compared to their
vertically-built counterparts [24,29]. These findings indicate that
a part’s build orientation strongly affects its fatigue resistance
independent of the material type and manufacturing method (i.e.
L-PBF or DLD).

In general, as-built AM parts inherently consist of anisotropic
microstructure due to an uneven thermal history and directional

heat transfer that the parts experience during fabrication [42,43].
Microstructural features, including grain size, grain morphology,
and crystallographic orientation, affect the fatigue performance
and failure mechanism of the part, especially pertaining to crack
initiation and short crack growth. Therefore, the effects of
microstructural features, as driven by the thermal history during
the AM process, need to be considered when investigating the ani-
sotropic behavior of AM parts [9].

In the absence of voids and inclusions, slip bands usually drive
crack initiation in metallic materials [44]. In general, finer
microstructures provide better crack initiation resistance than
coarser microstructures due to a higher density of slip bands -
when crack initiation occurs in slip bands within grains [45]. Addi-
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Fig. 4. Comparison of tensile and compressive strengths as well as elongation to failure for L-PBF 17-4 PH SS in single-built and multi-built conditions [34].
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Fig. 5. (a) Engineering stress-strain curves, and (b) fully-reversed (R. = —1) strain-life fatigue experimental data for vertically- and horizontally-built L-PBF 17-4 PH SS in as-

built condition [11].

tionally, fatigue crack initiation of textured materials is controlled
by the orientation of the active slip system(s) with respect to the
loading direction(s) - i.e. maximum shear stress [46]. For instance,
higher fatigue strength has been reported for Ti-6AI-4V when the
maximum resolved shear direction is perpendicular to basal
planes, where the easiest and most common slip systems, basal
slip, reside in this alloy [47-51]. Crystallographic orientations of
the adjacent grains may also act as a barrier for short crack growth
[52,53]. The crack path deflection across a grain boundary is
strongly influenced by the relationship between the grain orienta-
tions of neighboring grains [54]. Therefore, high-angle grain
boundaries act as an effective barrier to transgranular short crack
growth. Crack growth may be retarded/arrested when none of
the available slip systems are oriented closely [45,53,55].

Grain size and morphology can also influence intergranular fati-
gue crack growth, leading to anisotropy in fatigue performance of
AM materials. Typically, coarser grains can provide better crack
growth resistance due to their larger grain boundaries, causing lar-
ger crack deflections [17,45,56]. In addition, anisotropic grain
growth, leading to an elongated grain morphology, may affect
crack growth for different loading directions. Elongated grains
(i.e. columnar) typically form during the AM process in the direc-
tion of solidification, which tends to be near-parallel with the
building direction [12,16,37,57]. In cases where loading is perpen-
dicular to the building direction (i.e. the elongated direction of
grains), cracks typically grow parallel to the building direction, as
shown in Fig. 6a, and therefore, they experience less deflection in
the path, leading to a lower crack growth resistance. On the other
hand, a higher crack growth resistance can be expected when the
crack growth is perpendicular to the building direction, as shown
in Fig. 6b; such cracks experience a more tortuous and deflective
crack path [37,56].

It is expected that post manufacturing heat treatments, such as
solution/homogenizing annealing, will remove the aforementioned
microstructural directionality or heterogeneities imposed by part
build orientation or directional solidification during the AM pro-
cess. Inspection of L-PBF 17-4 PH SS microstructure has revealed
no difference in grain size, grain morphology, or crystallographic
orientation within vertically- and horizontally-built samples after
heat treatment (solution annealing for 30 min at ~1040 °C and
peak-aging for 1 h at ~482 °C) [11]. Although the microstructures
were almost homogenized after heat treatment, the L-PBF 17-4
PH SS specimens still displayed anisotropy in tensile and fatigue
strengths as well as elongation to failure, as shown in Fig. 7 [11].
This figure shows engineering stress-strain curves and fully-
reversed (R = —1) strain-life fatigue experimental data for L-PBF
17-4 PH SS in heat treated condition [11]. Kobryn and Semiatin
[24] also reported anisotropic tensile and fatigue behaviors for ver-
tical and horizontal DLD Ti-6Al-4V after stress relieving in a vac-
uum for 2h at 700-730°C. These results suggest that the
observed structural anisotropy in AM parts may be more influ-
enced by defects rather than microstructure [24].

Using X-ray computed tomography (CT) and microstructural
imaging, the defects within various L-PBF 17-4 PH SS samples have
been characterized, revealing the presence of large voids with high
aspect ratios (ratio of the largest to the smallest overall dimension
of the void). Fig. 8a illustrates the typical porosity within the gage
sections of horizontal and vertical L-PBF 17-4 PH SS specimens,
detected using X-ray CT [11]. As shown in Fig. 8b, these voids
(i.e. un-melted regions) were irregular and slit-shaped, forming
mostly between layers due to insufficient fusion or low penetration
depth of laser [11]. The orientation of these voids with respect to
the loading direction were found to be the main source of the
structural anisotropy observed in these vertical and horizontal
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(a) Crack growth parallel to the
building orientation

(b) Crack growth perpendicular to

the building orientation

Building orientation

Fig. 6. Schematics demonstrating crack growth (a) parallel and (b) perpendicular to the elongated grains along the building direction (double arrows show the applied

loading direction).
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Fig. 7. (a) Engineering stress-strain curves and (b) fully-reversed (R; = —1) strain-life fatigue experimental data for L-PBF 17-4 PH SS, vertically- and horizontally-built, in

heat treated condition [11].

specimens, causing anisotropic damage evolution under various
loading directions. The lower elongation to failure and fatigue
strength of vertical specimens as compared to horizontal ones, as
seen in Fig. 7, is most likely due to the fact that the major axes
of the split-shaped un-melted regions were perpendicular to the
loading axis, thus providing higher stress concentrations, and con-
sequently, easier means for void growth and crack initiation. This is
shown schematically in Fig. 8c. For the horizontal specimens, the
major axes of the un-melted regions were parallel to the loading
direction, resulting in lower stress concentrations and relatively
more resistance to crack initiation [11].

Experimental evidence suggests that although the proper heat
treatment may be able to remove structural anisotropy arising
from microstructure directionality, it may not be a feasible option
due to defect directionality. In this regard, the HIP process is a
legitimate candidate for remedying structural anisotropies related
to microstructure and defects. An investigation on the mechanical
behavior of L-PBF Inconel 718 [19] revealed no microstructural
(e.g., grain size/morphology, crystallographic orientation) or void
directionality (e.g., aspect ratio in shape) within horizontally-
and diagonally-built samples after employing HIP. The results of
Kobryn and Semiatin [24] have also shown that HIP can signifi-
cantly reduce the anisotropy in tensile and fatigue properties of
DLD Ti-6Al-4V originating from the part’s build orientation, by
reducing manufacturing-induced porosity, as well as eliminating
directional porosities. These results suggest that the high temper-
ature and pressure that occur during a typical HIP process not only

homogenize the microstructure by complete recrystallization of
the material [19,29,58], but may also remove or reduce direction-
ality in void shape by decreasing their sharp angles [19,24,59].

Although AM process parameters, such as laser power, scan
speed, layer thickness and hatching pitch, can be optimized to
obtain almost fully dense parts, as authors herein exercised for L-
PBF 17-4 PH SS using immersion method (Archimedes’ principle)
[11], the use and accuracy of it for improving the structural integ-
rity is at question. The horizontally- and vertically-built L-PBF 17-4
PH SS parts, optimized for density, contained many voids within
their gage sections, as can be seen in Fig. 8a. The reason is related
to the presence of slit-shaped flaws, i.e. un-melted regions, which
covered a broad cross-sectional region with relatively small vol-
ume. Therefore, this type of void was not detected via bulk density
measurements by immersion method. This indicates that consider-
ing only density, as measured by immersion method, as a sole cri-
terion for process parameter optimization may not necessarily lead
to the enhanced mechanical properties of AM materials — espe-
cially their fatigue resistance [11]. Considering the fact that fatigue
failure is a localized structural damage, unlike failure due to static
load, presence of a small irregular shaped defect/void close to sur-
face is often enough to cause fatigue failure. However, one small
void may not affect the density measurement - using immersion
method - significantly.

Fig. 9 shows the effect of heat treatment on fatigue behavior of
vertically- and horizontally-built L-PBF 17-4 PH SS specimens [11].
As it can be seen, the heat treated specimens, regardless of their
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Fig. 8. (a) 3D volumetric image of X-ray CT scan for vertical and horizontal L-PBF
17-4 PH SS specimens showing the void distribution within the gage section
(different colors represent different void sizes), (b) radial cross-section images of a
horizontal L-PBF 17-4 PH SS specimen in as-built condition, and (c) schematics
representing the orientation of a void formed between layers of vertical and
horizontal specimens with respect to the loading direction and the resultant stress
concentrations [11].
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build orientation, demonstrated higher fatigue strengths relative to
their as-built counterparts in LCF. Heat treatment also increased
the yield and tensile strengths of both vertically- and
horizontally-built specimens [11]. However, contrary to expecta-
tion, the heat treated specimens exhibited lower fatigue strength
in HCF. For wrought 17-4 PH SS, the HCF strength typically
increases after conducting a similar heat treatment schedule due
primarily to an increase in tensile strength (or hardness) [60,61].
This is due to the fact that fine, coherent precipitates in the matrix
of the heat treated material increase the strength (i.e. tensile
strength or hardness), and consequently, cause more resistance
to dislocation movement, which results in its enhanced resistance
to crack initiation [11]. However, for the AM specimens that
already contained voids as large as 100 um, the mechanism of
crack initiation leading to HCF failure has been found to be
different.

The more ductile behaving materials are typically less sensitive
to impurities, as such materials are accommodating to an increased
stress field around their voids through a larger local plastic zone
[11,17]. As a result, contrary to their wrought counterparts, heat
treating the L-PBF 17-4 PH SS specimens may not improve their
fatigue resistance in high cycle regime in the presence of large
voids. This suggests that the heat treatment instructions/schedule,
found optimal for wrought materials, may not necessarily improve
AM part performance. For instance, the specific heat treatment (i.e.
solution annealing plus peak-aging), which is beneficial for HCF of
wrought 17-4 PH SS, is detrimental for their L-PBF counterparts.
Therefore, post-manufacturing processes, such as heat treatment,
need to be designed and standardized specifically for AM parts.

5. Effect of surface roughness

Relative to conventionally-manufactured metallic materials,
additively-manufactured parts, in as-built condition, possess sig-
nificantly higher surface roughness, mostly due to partially-
melted powder existing along their periphery. This surface rough-
ness has proven to be beneficial for some medical applications
(e.g., implants) [62,63]. For instance, the surface roughness of
bone-interfacing orthopedic implants may provide better bone
in-growth, and consequently, faster and more effective osseointe-
gration - defined as a direct structural and functional connection
between living bone and the surface of a load-carrying implant
[62,63]. However, surface roughness is one of the most detrimental
factors affecting the fatigue performance of metallic materials
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Fig. 9. Fully-reversed (R = —1) strain-life fatigue experimental data and fits for (a) vertical, and (b) horizontal L-PBF 17-4 PH SS in as-built and heat treated conditions [11].
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under cyclic loading [17,64]. Hence, post-manufacturing opera-
tions for improving the durability of AM parts are often required.
This is problematic, as many AM parts are desired to be used in
their as-fabricated, net-shape condition, especially when they have
a complex geometry. Therefore, any post-production surface treat-
ment diminishes a major benefit of AM, i.e. the ability to produce
complex geometries in which conventional processing may be
impracticable. It is, thus, essential to fully understand the fatigue
behavior of AM parts and its dependence on surface finish.

The surface roughness of an AM part can be affected by the type
of equipment, powder size, utilized process parameters, and its
build orientation [4]. DLD systems typically produce rougher sur-
faces relative to L-PBF methods, due to their use of thicker hatching
pitches and layers, as well as larger size powder. In general, the
surface roughness of AM parts typically increases by an increase
in hatching pitch, layer thickness, or powder size [4]. Build rate
(i.e. laser beam energy or speed) can also affect the surface quality,
i.e. as the build rate increases, surface quality decreases [4].

Anisotropic, distinct roughness can also exist along the surface
of an AM part. For instance, for a part fabricated via L-PBF while
oriented in a vertical incline, the overhanging side (i.e. facing
downward toward the build-plate) is found to possess a higher
surface roughness relative to the contracting surface (i.e. upward
facing side), as shown in Fig. 10 [19,40,65]. This figure presents
the X-ray CT image of a 45° orientated Inconel 718 specimen, fab-
ricated via an L-PBF method. Higher surface roughness of the over-
hanging side is attributed to the more direct contact of this face
with the powder bed during manufacture and in this giving rise
to melt pool thermal/fluidic edge effects [19]. As with defects
and microstructure, the surface roughness varies with respect to
position within the part [19,39,66]. It has been found that more
near-surface voids form along the downward-facing side of a part
fabricated at an incline [19,66], due to melt pool thermal/fluidic
edge effects while in contact with powder bed during manufacture,
e.g., capillary action, heat build-up, and more [19].

Surface Roughness, R,= ~10 um

¥ Surface Roughness, R,= ~25 pm

Fig. 10. X-ray CT image of a 45° orientated Inconel 718 specimen, fabricated via an
L-PBF method, showing a higher surface roughness for the overhanging side (i.e.
downward facing side toward the build-plate) relative to the contracting surface
(i.e. upward facing side) [19].

Several studies in the literature have investigated the effect of
post-manufacturing surface treatment (e.g., as-built, machined,
polished) on the fatigue behavior of various materials
[13,18,21,22]. Results generally indicate that reducing the surface
roughness, R,, by machining or polishing, will improve the fatigue
resistance of AM materials, especially in the long life regime (i.e.
HCF). Spiering et al. [15] showed a higher HCF strength at a stress
ratio of R = 0.1 for machined (R, = ~5 pm) L-PBF 316L SS relative
to their as-built counterparts (R, = ~50 pum). However, the differ-
ences in LCF behavior of machined and as-built specimens were
found to be small. Stoffregen et al. [25] also studied the effect of
surface condition (as-built versus machined) on the HCF behavior
of L-PBF 17-4 PH SS under pulsating-tension (Rs=0) loading.
Their results revealed a HCF strength for machined specimens
(Ra=~0.6 pm) nearly twice as high as that of as-built ones
(Ra=~14 um). Nevertheless, the fatigue strength of as-built
L-PBF 17-4 PH SS tended to meet that of machined one in the
mid-life fatigue regime [25]. Results of Aboulkhair et al. [67]
showed very close fatigue resistance for as-built (Ra=~17 pm)
and machined (R, = ~0.6 um) L-PBF AlSi10 Mg specimens under
tension-tension loading condition (R =0.1) in both mid-life and
long-life regimes.

Wycisk et al. [68] studied HCF behavior of Ti-6Al-4V fabricated
via L-PBF under as-built (R, = ~12 pm) and polished conditions at a
stress ratio of Rs = 0.1. Their results exhibited a significantly lower
HCF strength (i.e. endurance limit) for as-built specimens
(210 MPa) relative to their polished counterparts (500 MPa) [68].
In addition, contrary to expectation, they reported higher scatter
in the HCF region for polished specimens as compared to as-built
specimens [68]. This can be explained by differences in crack initi-
ation mechanisms between as-built and polished specimens. Anal-
ysis of fatigue fracture surfaces revealed crack initiation from
surface discontinuities for the as-built specimens, whereas pol-
ished specimens showed failure from both surface roughness and
interior defects [68]. These results suggest that the differences in
defect type, size, and location, serving as a crack initiation site
for polished specimens, may cause scatter in HCF data. In general,
the influence of surface finish on fatigue behavior of AM parts may
also be affected by material type, particularly its ductility and
involved failure mechanisms. A more ductile behaving material
exhibits less sensitivity to defects, surface roughness, or any stress
raiser features in the microstructure. Accordingly, different materi-
als, or even the same material with different post-manufacturing
heat treatments, may show distinct sensitivity to surface machin-
ing - depending on crack initiation mechanisms (e.g., surface ver-
sus sub-surface).

Edward and Ramula [29] investigated the effect of surface finish
(as-built versus machined) on the fatigue behavior of L-PBF Ti-6Al-
4V fabricated in different build orientations under R = —0.2 load-
ing. They reported higher surface roughness and surface tensile
residual stress for the specimens fabricated in the vertical orienta-
tion (R, = ~38 um) relative to their horizontally-oriented counter-
parts (R, =~31 pum) [29]. Therefore, it can be expected that the
vertically-built specimens exhibit a larger difference between the
as-built and machined conditions, as the higher surface roughness
and surface tensile residual stress are more detrimental to fatigue
resistance by accelerating the crack initiation stage. However, con-
trary to these expectations, their results showed that the effect of
surface machining on improving part’s HCF resistance was more
pronounced for specimens fabricated in a horizontal orientation
as compared to the vertical orientation [29]. This can be explained
by considering the crack initiation mechanism as well as presence
of sub-surface voids, their size and distribution. Analysis of fatigue
fracture surfaces, conducted in [29], revealed the presence of large
sub-surface un-melted regions (>100 um). By machining and
removing the rough surface, these sub-surface voids are brought
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to the surface of the specimens. Thus, these surface voids can still
serve as a crack initiation site and affect the part’s fatigue behavior.
In addition, depending on the size and shape, these surface voids
may be more detrimental than surface roughness as they can
provide a higher stress concentration. Un-melted regions are more
detrimental for vertically-built specimens relative to horizontally-
built ones, as shown in Fig. 8, due to their wider projected area and
larger stress concentration. As a result, the fatigue behavior of
vertically- and horizontally-built specimens with respect to post-
AM surface machining may vary based on the characteristics of
interior voids formed during fabrication.

The fatigue behavior of Inconel 718 fabricated via L-PBF has
been recently investigated [19]. Experimental results have indi-
cated that the location of interior voids and the thickness of the
outer layer that is removed during machining are important
parameters when quantifying the effects of surface finish (i.e.
as-built versus machined) on fatigue behavior of AM parts. In this
particular study, the room-temperature uniaxial fatigue behavior
of L-PBF Inconel 718 - stress relieved, HIPed (at 1163 °C+10°C
and ~102 MPa for 3 h), solution treated, and aged - were investi-
gated under as-built (R, =~20 pm) and machined (R,=~2 pm)
conditions [19]. It is worth noting that for the as-built specimens
(i.e. fabricated directly in their net shape configuration), the cir-
cumferential surface roughness introduced error when measuring
the gage section diameter, as depicted in Fig. 11. Therefore, it is
essential to consider the effective load carrying area (i.e. aggregate
area) for calculating the actual applied stress and comparing the
fatigue behavior of as-built and machined specimens.

The stress amplitude versus fatigue life, obtained from fully-
reversed (Rs = —1) fatigue tests, of the L-PBF Inconel 718 speci-
mens in the machined and as-built conditions are shown in
Fig. 12 [19]. It may be seen that as-built specimens have similar
fatigue resistance relative to their machined counterparts in both
LCF and HCF regimes. Typically, it is expected that the as-built
specimens with rougher surface condition show significantly lower
fatigue resistance relative to machined specimens, at least in HCF
regime, where crack initiation often dominates the total fatigue
lifetime. However, the above scenario was not observed in this
study, and this is most likely due to the presence of sub-surface
large voids, which were brought to the surface by machining [19].

Analysis of the fatigue fracture surfaces revealed that surface
voids or discontinuities were the most life-limiting features of both
machined and as-built L-PBF Inconel 718 specimens, regardless of
the life regime (i.e. LCF or HCF) [19]. This is due to the fact that
defects at the surface can provide higher stress concentration,

Fig. 11. Presence of partially-melted powders on gage section of as-built speci-
mens, causing errors during measurement of fatigue specimens’ diameter. The
specimen’s diameter is approximately 5 mm.
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Fig. 12. Room temperature fully-reversed (Rs = —1) uniaxial fatigue stress-life data
for L-PBF Inconel 718 in machined and as-built conditions [19].

leading to earlier crack initiation. In addition, cracks tend to grow
faster along the free surface relative to the depth of the part [69].

The short-life and early mid-life failure mechanisms of both
machined and as-built L-PBF Inconel 718 specimens were charac-
terized with cracks initiating from multiple damage sites [19]. This
can be explained by the fact that the crack growth life is a larger
fraction of the total fatigue life at higher stress levels (i.e. LCF),
which provides an opportunity for other cracks to initiate
[70,71]. In long life fatigue regimes, large voids on the surface of
machined specimens were found to always serve as crack initiation
sites. In this case, the most ‘severe’ void near the surface controls
the fatigue life of machined specimens and typically, a single, dom-
inant crack grows to failure [19].

Multiple crack initiation sites, however, were found on the fati-
gue fracture surfaces of the as-built specimens that failed during
HCF. This is attributed to the existence of more potential fatigue
crack initiation sites on the surface of as-built specimens, due to
the existence of a large number of discontinuities on the specimen
outer surface [19]. Accordingly, several regions with similar condi-
tions (i.e. size, location, etc.) can serve as possible crack initiation
sites. As a result, crack initiation and propagation from multiple
sites were observed for as-built specimens instead of crack initia-
tion and propagation from the most extreme, life-limiting void that
was observed for machined specimens. However, since the effects
of crack propagation and coalescence are not as significant in this
regime, no major differences can be noticed in Fig. 12 for fatigue
lives between the machined and as-built specimens at HCF [19].

The X-ray CT scans, taken from the gage section of an as-built L-
PBF Inconel 718 specimen, revealed the presence of large voids
along the perimeter, as can be seen in Fig. 13a. Direct contact of
the part’s surface with the powder bed during manufacture may
have given rise to melt pool thermal/fluidic edge effects (i.e. insta-
bilities), leading to near-surface voids along the edges of the part.
In addition, the HIP process cannot remove open voids (i.e.
surface-connected voids) because these type of voids act as an
extension of the specimen’s surface [72]. Therefore, for as-built
L-PBF parts, the probability of voids being near the surfaces is
higher than machined ones. These observations suggest that the
thickness of material removed during machining may play a signif-
icant role on the fatigue behavior of post-machined AM parts. In
other words, depending on the thickness of the outer layer that
is trimmed away during machining, the voids may be removed
or brought to the surface. As a result, fatigue behavior of machined
specimens may be different based on the specimen design, as
shown in Fig. 13b.
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Fig. 13. (a) Distribution of voids mapped on the cross sectional view of a gage
section, captured by X-ray CT scan of an as-built specimen [19], and (b) schematics
showing different specimen designs, including fabricating the near net shape
specimen or cylindrical rod.

Fig. 13b schematically shows different specimen designs,
including fabricating the near net shape specimen as well as cylin-
drical rod. As seen, the thickness of the outer layer that needs to be
trimmed away during machining is thinner for the near net shape
specimen as compared to the rod one. Accordingly, by removing a
thin layer from the surface of a near net shape fabricated specimen,
the effect of surface machining on fatigue life may not be as pro-
nounced [19]. These findings suggest that the specimen design
procedure may need to be standardized for AM materials in order
to obtain a better understanding of their fatigue behavior as it per-
tains to the more robust engineering of parts fabricated via AM.
However, if the process/design parameters are optimized in such
a way that there are no near surface voids in the as-build speci-
mens, the thickness of the removed layer during the post-
manufacturing machining process should not greatly affect the
fatigue behavior.

6. Some immediate opportunities

The fatigue behavior and related challenges inherent to metallic
parts fabricated via laser-based AM has been summarized and dis-
cussed. However, there are many more challenges related to the
improvement of AM parts that have not been discussed in this
overview, such as residual stress, very high cycle fatigue behavior,
process parameter optimization, process control, and more.
Regardless, it has been clearly demonstrated that the fatigue resis-
tance of AM parts is typically lower than their wrought counter-
parts mainly due to presence of manufacturing induced defects.
Furthermore, material properties obtained from laboratory speci-
mens may not be directly applicable for determination of part
performance.

Laboratory specimens experience a thermal history unique to
their own fabrication and different to that of parts. As a result,
microstructural features and mechanical properties obtained from
laboratory specimens and actual parts are also expected to be dif-
ferent. Therefore, it is essential to establish process-structure-prop

erty-performance relationships of AM materials in order to reduce
uncertainty in predicting the performance of fabricated parts. In
addition, mechanical testing methods and specimen design proce-
dures may need to be revised to better understand the mechanical
behavior of engineering parts fabricated via AM. Post-
manufacturing treatment protocols used for wrought materials
may not be applicable for improving the durability of AM materi-
als. Thus, procedures for the effective and consistent post-
manufacturing treatments of wrought materials may need to be
revised for AM parts.

Addressing the aforementioned challenges can only be accom-
plished by a better understanding of the interrelationships among
process parameters, thermal history, solidification, resultant
microstructure, and mechanical behavior of AM parts, as presented
schematically in Fig. 14 [9]. As seen, utilized process and design
parameters affect the thermal history (i.e. cooling rate, thermal
gradients, and cyclic reheating) of the AM part. The thermal history
during fabrication governs solidification, and consequently, all the
resultant microstructural details such as grain size, morphology,
and orientation; defect size, type, and distribution; residual stress,
etc. Accordingly, these microstructural features dictate the struc-
tural properties, and especially the fatigue performance, of fabri-
cated parts.

It is clear that the machine-to-machine and process variability
can complicate the understanding of interrelationships between
process/design parameters and ultimate AM part performance.
Therefore, one solution for ensuring the adoption of AM materials
for application should center on predicting the variations in
mechanical behavior of AM parts based on their resultant
microstructure. The AM process parameters for a specific material
system and AM method need to be ultimately optimized based on
the geometry/size of the part as well as for achieving the desired/-
targeted mechanical properties. In addition, improving the fatigue
resistance may be possible by aligning the best conceivable prop-
erties of a part in accordance with the loading characteristics/
directions and/or minimizing the defects in the part’s critical loca-
tions with high stresses. These opportunities in additive manufac-
turing of materials with better fatigue resistance materials are
discussed in more details in the following sections.

6.1. Microstructural sensitive mechanical models

Variations of microstructural details resulting from AM process-
ing conditions cause greater uncertainty and scatter in mechanical
behavior, and especially the fatigue resistance, of AM parts. Despite
significant research efforts toward optimizing process parameters
to fabricate AM parts with uniform microstructure [2,10], over-
coming this challenge is still an open issue. Achieving a homoge-
nous, defect free AM product immediately after its fabrication
has not yet been fully demonstrated. Therefore, having the ability
to accurately predict variation in mechanical behavior may accel-
erate the adoption of AM for a myriad of engineering applications.
In this regard, a microstructural sensitive mechanical model that
can incorporate the microstructural details, especially defect
statistics (e.g., size and spacing), may be appropriate for modeling
the mechanical behavior of AM parts [9]. Such a microstructure-
property model provides the ability to predict damage evolution
under loading - whether monotonic or cyclic fatigue - based on
the microstructural details resulting from the manufacturing
process.

The internal state variable (ISV) plasticity-damage model
[73,74] is an example of such microstructural sensitive mechanical
models and has proven to be effective in linking microstructural
details (i.e. grain size and morphology as well as defects statistics)
to deformation behavior of materials under tension, compression,
and torsion loading conditions. This model incorporates the main
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Fig. 14. Relationships among manufacturing process parameters, thermal history, solidification, microstructure, and mechanical behavior of AM parts [9].

steps related to damage evolution, i.e. void nucleation, growth, and
coalescence to predict the monotonic stress-strain response of the
material as well as its variations as affected by microstructural
properties and defects statistics.

The applicability of the ISV plasticity-damage model to predict
the monotonic tensile behavior of DLD 316L SS was examined by
the authors herein [75]. In this particular study [75], the effects
of microstructural features, associated with the manufacturing
process of both ‘single-built’ and ‘multi-built” DLD 316L SS (see
Fig. 3) on stress-strain behavior were successfully captured using
the ISV plasticity-damage model. Fig. 15 presents the stress-
strain data from tension experiments and the predictions based
on the ISV plasticity-damage model for single-built and multi-
built DLD 316L SS [75]. The predicted lower and upper bounds,
presented in Fig. 15, indicate that the model is capable of capturing
scatter in stress-strain experimental data (shown as error bars)
using the microstructural details unique to each set of specimens.
The ranges observed during tension experiments for elongation to
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Fig. 15. ISV plasticity-damage model predictions of lower and upper bounds as
compared with the experimental data and scatter bands (shown by error bars) for
single-built and multi-built DLD 316L SS [75].

failures were predicted using the defects data/statistics in the fab-
ricated material. The ranges for yield and ultimate strengths were
also determined by the standard deviation of measured grain size
in each set [75].

Under cyclic loading, the multi-stage fatigue (MSF) model, as
introduced by McDowell et al. [76], can be a useful microstructural
sensitive fatigue model as it has a proven ability to capture
microstructural details and to link them to fatigue behavior. The
MSF model considers multiple experimentally-observed stages of
fatigue damage evolution, i.e. crack incubation, small crack growth,
and long crack growth. The MSF model was successfully applied to
DLD 316L SS [77] and DLD Ti-6Al-4V [78], as shown in Fig. 16. The
fatigue behavior in these materials can be modeled based on
microstructural features, such as grain size, porosity, void size
and spacing.

This specific model (i.e. MSF model) also has the ability to pro-
vide a range of possible fatigue lives depending on the microstruc-
tural properties and defects, as presented in Fig. 16 [77,78].
Analysis of fatigue fracture surfaces has revealed that fatigue
cracks are mostly initiated from relatively large voids located at
or near the specimens’ surface [77,78]. Thus, the lower and upper
bounds correspond to the largest and smallest void diameters
observed and this aids in predicting uncertainty in the fatigue
experimental data. As seen from Fig. 16, these bounds fit the data
satisfactorily, with most of the experimental data points falling
within the upper and lower prediction bounds. More importantly,
the upper bounds predicted by the MSF model are also close to the
fitted curves for wrought materials, as can be seen from Fig. 16,
indicating that the void size is a significant contributor to the fati-
gue behavior of DLD 316L SS [77,78]. In other words, the model
correctly predicts the fatigue behavior of the wrought material
close to the upper bound, where voids are either very small or do
not even exist.

Although such microstructural sensitive fatigue models are dif-
ficult to calibrate, they are very useful for AM parts as they do not
have uniform microstructural properties and defects statistics, due
to variation of thermal history in different locations of the part.
Therefore, it may be worth calibrating the model once, although
experimentally exhaustive, and then using it for any element/point
of the part only by knowing the microstructural details (e.g., grain
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size and defects statistics). These models provide a means for pre-
dicting the mechanical behavior by linking the stress/strain (based
on geometry and loading) and strength (based on microstructure
and defects properties) contours.

6.2. Design for application

6.2.1. Critical location(s) approach

Developing microstructural sensitive mechanical models based
on structure-property relationships of AM materials would be the
first step toward minimizing costly prototyping, reducing testing,
design optimization, and improving part reliability. Such models
can also be complemented by using finite element analysis (FEA)
to determine the critical location(s) or element(s) with higher
stress/strain and possibility of fatigue failure for any part with a
complex geometry. As a result, a reverse design approach can be
developed to determine process/design parameters based on the
targeted application, geometry, and service loading, as shown in
Fig. 14.

After determining the critical location(s) and associated stress/
strain for a part via FEA, the performance of the AM part may be
enhanced by appropriately tuning/selecting the process and design
parameters for the critical location(s) with high stresses. For the
real-time controllable AM systems, defects can be minimized at
critical location(s) through controlling process and design parame-
ters during fabrication, as described schematically in Fig. 14, by

means of a reverse engineering approach. This approach is much
more time and cost efficient than controlling the process for the
entire part. For AM methods lacking a real-time monitoring and
controlling system, the most suitable process parameters can be
selected based on the critical location(s)’ geometry. In this case,
the local thermal histories dictate the most appropriate process
parameters for fabricating a part, with minimal defects at critical
location(s). Therefore, thermal simulations of the AM process in
advance of fabrication can help in adjusting the process/design
parameters to achieve the desired thermal history [79]. However,
enhancing the mechanical performance by adjusting the process/
design parameters, even at critical locations, requires an under-
standing of process-structure-property-performance relationships
of AM materials and parts.

Improving the surface quality only for the critical location(s)
would be an alternative approach to enhance fatigue performance
of AM structural components under service loading. The need for
post-manufacturing surface treatment (e.g., machining, polishing,
shot-peening, or laser shock peening) limits the appeal of AM tech-
nology, which provides the ability to produce complex geometries
unachievable via conventional manufacturing methods. Hence,
conducting post-manufacturing surface treatments only on the
critical location(s) would be more efficient and better justified
for parts manufactured by AM techniques.

6.2.2. Critical direction(s) approach

Strategically aligning the relative orientation of a material’s
strongest plane(s) to the loading critical direction(s) in parts is
another solution for improving the fatigue performance of AM
parts. In other words, the inherent anisotropy of AM materials
may provide a unique opportunity to improve their fatigue perfor-
mance through texture control; by matching the most critical
stressing direction(s) within the part to the best properties offered
by texture. This may include defining an appropriate angle
between layers - linked to the grain morphology, crystallographic
orientation, and voids’ directionality - and loading direction.

A combination of experimental, computational, and analytical
methods may be utilized to facilitate an approach, as shown
schematically in Fig. 17, for designing parts with enhanced struc-
tural integrity under service loading. The left side of the “V” defines
the loading requirements as stress/strain histories at the critical
element(s)/location(s) dictated by the part geometry and realistic,
multiaxial loading; while the right side of the “V” describes the
design approach to fabricate materials with the desired

Multiaxial Process & Design
Loading Parameters
Critical %
Loading Plane %‘ Them}al
% & Behavior
s
73 <L
Fati
z;;ig‘:e Microstructure
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Fig. 17. The approach introduced to design fabricated AM parts with enhanced
structural integrity under general service loading. MSMM stands for microstruc-
tural sensitive mechanical models.
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microstructure, including grain size and orientation as well as
defects distribution and directions.

The multiaxial stresses in critical elements of components and
structures not only arise from multidirectional loading, stress con-
centrations, or residual stresses [80], but also from the heterogene-
ity of the microstructure, specifically for AM materials. Therefore, it
is essential to account for the cyclic multiaxial stresses/strains in
design by a means of an appropriate multiaxial fatigue model. Mul-
tiaxial loadings can be categorized as either in-phase (IP) or out-of-
phase (OP). For IP or proportional loading, the ratio of torsional to
axial loading and its principal directions remain fixed; under OP or
non-proportional loading, principal directions, and consequently,
maximum shear directions, rotate in time.

Investigations of cracking behavior under multiaxial loading
indicate that cracks usually nucleate on preferred planes within
the material, as presented in Fig. 18 for 1050 normalized steel
under IP loading [60]. Although the preferred orientation depends
on the material and the state of loading, it can be seen from Fig. 18
that such orientation is not random. This suggests that the pre-
ferred plane(s) for cracks can be detected based on damage distri-
bution on all planes within the material, assuming the material is
isotropic and homogenous, using an appropriate multiaxial dam-
age parameter.

Damage observations suggest critical plane approaches, which
reflect the physical mechanism of the fatigue damage process,
are most reliable and robust for multiaxial fatigue life estimations
[80]. These approaches consider specific plane(s) within the mate-
rial with maximum fatigue damage as the critical plane(s). The
Fatemi-Socie (FS) model [81] is an example of a critical plane
approach for shear damage materials, as presented by Eq. (1):

Aymax O'n,max _
T(Hk—gy )7c (1)

where oy is the material monotonic yield stress and k is the mate-
rial constant, which can be found by fitting uniaxial fatigue data to
the torsion fatigue data, Aymax/2 is the maximum shear strain
amplitude and G, max is the normal stress acting on the plane of
maximum shear strain.

An example of damage distribution with plane orientation for IP
and 90° OP axial-torsion loading with the same equivalent strain
based on the FS parameter is shown in Fig. 19 [80]. As seen, a
higher damage value for OP loading results in a shorter fatigue life
as compared to IP loading. More importantly, the maximum dam-
age values, based on FS damage parameter, occur along the 115°

E

Fig. 18. Preferred cracking orientation observed for 1050 normalized steel under
in-phase (IP) axial-torsion loading [60].

and 0° planes for IP and OP loadings, respectively - in agreement
with experimental observation for cracking orientations, shown
in Fig. 19. Results indicate that cracks nucleate and grow on the
plane(s) with the highest damage values, depending on the mate-
rial and the state of loading, rather than random orientation.

It should be noted that this may not be the case for AM materi-
als considering the fact that they are often anisotropic due to their
texture and defects’ directionality, respectively, resulting from the
presence of elongated grain morphology and inter-layer slit-
shaped voids. For AM materials, which are not necessarily homoge-
neous and isotropic, a relative critical plane approach needs to be
defined to account for both material and loading critical planes.
In this case, the relative critical plane approach can be utilized
for the reverse engineering, based on Fig. 17, to align the strongest
material plane with the loading critical plane, and the weakest
material plane with the direction which experiences minimum
damage from loading.

The multiaxial fatigue life of AM parts can possibly be improved
by the development of directionally processed materials in which
the best property/texture directions are aligned with the most crit-
ical loading plane under service loading. By performing analytical
critical plane searches in the macroscale, the directions with high
risk of fatigue failure under multiaxial loading can be determined.
A microstructural sensitive fatigue model can then relate the dam-
age values in different directions to microstructural properties (i.e.
grain morphology, crystallographic orientation, and defect orienta-
tion) for the intended service loading and the required life cycle.
Thereupon, the obtained relationship may be utilized to adjust
the process and design parameters to control the thermal history
for desired microstructure (grain morphology, crystallographic ori-
entation, and defects’ directionality), as shown in Fig. 17, to move
the material’s critical plane (i.e. weak plane) from the loading crit-
ical plane. The required thermal history, including cooling and
solidification rates and heat flux direction, can also be simulated
for predicting and/or controlling appropriate process/design
parameters during or before AM, as needed.

For instance, as seen from Fig. 19, if loading is IP, the strongest
plane should be aligned with ~15° or ~115° planes and the weak-
est aligned with ~65° or ~155° planes. Similarly, if the loading is
OP, the strongest plane should be aligned with 0° plane and the
weakest plane to fall somewhere within 50-130° range. These
techniques, including critical locations and directions as well as
microstructural sensitive mechanical models, may provide a
means of fabricating more fatigue resistant AM parts until fabrica-
tion of defect free products can be fully achieved.

7. Summary

While AM continues to demonstrate potential for full-scale pro-
duction of customized and/or complex parts, the mechanical
behavior, and thus, trustworthiness of these parts is not yet well
understood. This creates a challenge for AM technology to be fully
adopted in various engineering applications such as aerospace,
automotive, and biomedical. To overcome this challenge, the pro
cess-structure-property-performance relationships for various
AM processes (e.g., laser powder bed fusion and direct laser depo-
sition) and material systems must be established. Since the fabrica-
tion parameters (process) of AM parts affect their microstructure
(structure), which dictates the mechanical behavior (property)
and the part performance, it is imperative that all of these phases
be taken into consideration.

Despite numerous experimental research efforts focused on
characterizing the fatigue behavior of AM metals over the past dec-
ade, more research is required to enable more accurate and reliable
fatigue life estimation methodologies for AM parts. This particular
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Fig. 19. Variation of FS damage parameter with plane orientation under in-phase (IP) and 90° out-of-phase (OP) axial-torsion loadings at the same strain levels [80]. The

observed cracking orientations are also demonstrated.

problem is challenging and demands standardized approaches and
measurement techniques. This overview paper has discussed sev-
eral important ongoing challenges related to the fatigue of AM
materials. Some possible, immediate solutions have been also pre-
sented as a means to provide insights into overcoming some of the
challenges related to the structural integrity of AM parts.

Fatigue and durability evaluation are among the major chal-
lenges against widespread adoption of AM parts. In general, dam-
age evolution of metallic AM materials under cyclic loading
conditions is directly affected by impurities sourced from the AM
process itself. Among the many different sources of damage evolu-
tion under cyclic loadings, voids are the major life limiting factor
and the most dominant mechanism for fatigue crack initiation in
AM metals. Variations in location, shape, and size of voids are
found to be the main reason for the large scatter in the AM fatigue
data. The HIP process can be used to improve the durability and
HCF performance of AM parts by fusing un-melted particles,
decreasing the voids size and smoothening their sharp angles,
and even closing some voids. However, it should be noted that
employing the HIP process in order to improve the fatigue resis-
tance may not necessarily lead to the same outcome for different
AM materials. In addition to the parameters chosen for HIP (i.e.
pressure and temperature), material microstructure, associated
failure mechanism, void location, and the encapsulated gas inside
of the voids play important roles.

Any change in the size, geometry, or number of fabricated parts
on the build plate may significantly affect the inter-layer time
intervals and thermal dissipation during AM process. The experi-
enced thermal history, and consequently, the resultant microstruc-
ture and mechanical properties of the fabricated parts strongly
depend on their size and geometry. Therefore, due to variations
in thermal histories, specimen properties may not be directly
applicable to determine/predict the part performance. In addition,

for a part with complex geometry, a homogenous microstructure
and defect distribution is hard to achieve via current laser-based
AM methods.

The build orientation of AM parts can generate anisotropic
structural response, especially in fatigue behavior. This is attribu-
ted to the microstructure (i.e. grain morphology and crystallo-
graphic orientation) and defect directionality (i.e. distinct
dimensions of the void in different planes). High temperature
and pressure during the HIP process may significantly reduce the
anisotropy in structural properties of AM parts, imposed by build
orientation, via homogenizing the microstructure through com-
plete recrystallization of the material, as well as removing the
directionality in void shape by smoothening their sharp angles.

Comparing the results of various studies suggests that the influ-
ence of surface finish on fatigue behavior of materials may also be
affected by material type, particularly its ductility and involved
failure mechanisms. In addition, void characteristics - especially
their locations - and the thickness of the removed surface during
machining may play significant roles on the fatigue behavior of
machined AM parts. Depending on the thickness of the outer layer
that is trimmed away during machining, the voids may be removed
or brought to the surface. Thus, fatigue behavior of machined spec-
imens may be different based on the specimen design.

Mechanical testing methods, design procedures, standards, etc.
may need to be revised for AM materials. Difficulty of relating
specimen properties to the part performance, due to different ther-
mal history, also needs to be addressed in the mechanical testing
methods and design procedures. In addition, the structural integ-
rity of AM parts may not necessarily improve following the heat
treatment schedule found effective for wrought materials, due to
the unique fatigue failure mechanisms of AM metallic parts. There-
fore, post-manufacturing processes (e.g., heat treatment) also need
to be developed specifically for AM parts.
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Although microstructural sensitive mechanical models are diffi-
cult to calibrate, they may be suitable for AM parts, as they possess
variations in microstructural properties and defects statistics,
resulting from unique thermal histories experienced at different
locations within a part. Providing the ability to predict the varia-
tion in mechanical behavior based on the microstructural details,
such models may be beneficial for reducing prototype testing, as
well as improving the part’s reliability and design optimization.
Microstructural sensitive mechanical models can also be comple-
mented by using finite element analysis (FEA) to determine the
critical location(s) with high probability for fatigue failure. There-
fore, enhancing the fatigue resistance of AM parts may be more
economically possible by improving the surface quality and mini-
mizing defects only in these critical location(s).

In addition, turning the weak plane in the material (i.e. material
critical direction) away from the loading critical direction in the
component may be another solution for improving fatigue perfor-
mance of AM parts, considering their anisotropic and nonhomoge-
neous properties. By determining the directions with high risk of
fatigue failure under the intended service loading, appropriate
microstructural and defect properties, in particular orientation,
can be identified to tolerate the loading by a means of a
microstructural sensitive fatigue model. Finally, the obtained rela-
tionship may be utilized to adjust the process and design parame-
ters to control the thermal history for achieving the desired
microstructural and defects’ directionalities. Again, this requires
an understanding of process-structure-property-performance rela-
tionships of AM materials.
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Glossary

3D: three-dimensional

AM: additive manufacturing
CT: computed tomography
DLD: direct laser deposition
FS: Fatemi-Socie

HCF: high cycle fatigue

HIP: hot isostatic pressing

IP: in-phase

ISV: internal state variable
LCF: low cycle fatigue

LENS: laser engineered net shaping
L-PBF: laser powder bed fusion
MSF: multi-stage fatigue

OP: out-of-phase

PBF: powder bed fusion

PH: precipitation hardening
SLM: selective laser melting
SS: stainless steel
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