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The possibility of predicting the fatigue behavior of additively manufactured
materials by means of microstructure- and defect-sensitive models is dis-
cussed in this paper. The effects of surface roughness, process-induced defects,
and microstructure on the fatigue life of additively manufactured materials
are presented, along with discussions on efforts to incorporate the subsequent
effects of these features on fatigue performance using fracture mechanics
approach, the multistage fatigue model, and numerical modeling and analysis.
Such efforts in fatigue modeling are critical to evaluate the reliability of
additive manufactured parts in order to further expand their industrial
adoption.

INTRODUCTION

Additive manufacturing has attracted a great
deal of attention in recent years, mainly due to its
capability to fabricate complex geometries, which
are often unobtainable through traditional subtrac-
tive methods.1–3 Production of functionally graded
materials4–9 and designed internal porosity4,6,7,10,11

are both viable through additive manufacturing.
Besides its production capacity, additive manufac-
turing is a versatile tool for repairing expensive
parts so as to prolong their service life.6,12,13 How-
ever, despite its potential, additive manufacturing
has not yet achieved full industrial adoption.

One of the major obstacles to implementation of
additive manufacturing is the unique structural
features stemming from additive processes, such as
porosity, lack of fusion (LOF), surface roughness,
and atypical microstructure. Defects such as poros-
ity and LOF are detrimental to mechanical prop-
erties, as they introduce uncertainty due to their
stochastic nature.14–16 In fact, the pores, LOF, and
surface roughness inherent to additive manufac-
turing can act as stress raisers, greatly reducing
the fatigue strength.14,17–19 Additively manufac-
tured (AM) parts experience relatively higher
cooling rates than conventionally manufactured

parts, yielding unique microstructural features
such as microscale segregation and finer grain
size.20 These factors can cause more uncertainty in
fatigue strength, increasing the challenge of
designing durable and reliable AM parts. Produc-
tion of defect-free AM parts is hardly possible.
Therefore, identifying and incorporating the indi-
vidual and synergic effects of defects, surface
topography, and microstructure on the fatigue
strength of AM parts is essential to facilitate its
broader industrial use. This may be achieved by
calibrating, modifying, or integrating available
microstructure- and defect-sensitive fatigue life
methodologies.21,22

While no single fatigue model may consider all of
the above-mentioned structural features, different
fatigue models have been successfully applied to
account for one or more of these structural features.
One method that has been successful in modeling
porosity and surface roughness effects is the

ffiffiffiffiffiffiffiffiffiffi

area
p

model by Murakami et al.,23–25 which uses the
square root of the defect area projected onto the
loading plane to calculate the stress intensity factor
at defects of irregular size, then calculates the
fatigue limit by expressing DKth as dependent on
the hardness of the material. Finite element anal-
ysis (FEA) has been applied to determine the effects
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of surface roughness on fatigue behavior.26 In this
approach, surface roughness measurements are
used to determine stress concentrations and crack
propagation thresholds via FEA, which are then
used to predict the fatigue life of components. The
multistage fatigue (MSF) model was developed by
McDowell et al.27 to address the effects of
microstructure on fatigue behavior through use of
internal state variables.28 Such considerations are
crucial for evaluating the fatigue performance of
AM parts, as slight alterations to process parame-
ters and/or geometry can affect the thermal history
and, thereby, the microstructure, defects, and
fatigue properties; For instance, different build
orientations29–33 or interlayer time intervals17,34,35

during fabrication, while keeping the other design
and process parameters constant, can change the
fatigue behavior of otherwise identical specimens.

The randomness of process-induced defects intro-
duces significant scatter into the fatigue data of AM
specimens, introducing an important challenge to
the usefulness of empirical fatigue models. While
empirical fatigue models allow for fatigue life
predictions of parts fabricated with a particular
process setting, they may not necessarily be appli-
cable to parts fabricated utilizing different process
and design parameters.17,19 Therefore, the effects of
the aforementioned structural features on fatigue
behavior need to be truly understood in order to
allow for service life predictions of AM products by
means of nondestructive defect analysis and appro-
priate microstructure/defect-sensitive fatigue life
assessment.

This overview paper is not a literature review,
and is by no means a comprehensive collection of
fatigue models. The aim here is rather to critically
discuss the potential of a few fatigue models to
capture the effects of surface roughness, process-
driven defects, and microstructure on the fatigue
behavior of AM parts fabricated via multiple addi-
tive manufacturing methods.

PHYSICAL FACTORS AFFECTING FATIGUE
LIFE

Surface Roughness

One of the factors affecting the fatigue life of AM
products is the relatively rough surface finish due to
the layer-upon-layer build strategy utilized by the
additive manufacturing process.22,36–47 Surface
roughness can be divided into two categories: pri-
mary roughness, arising from the cooling of the melt
pool on the part’s edge, and secondary roughness,
stemming from partially melted powder particles
adhering to the surface.38 To alleviate surface
roughness effects on the fatigue life of AM materi-
als, surface treatments are commonly used to
remove peaks and valleys associated with the as-
built rough surface. It has been reported that AM
specimens in as-built condition possess lower fati-
gue life than specimens subjected to various surface

treatments.36–43 Cracks were noted to initiate from
surface defects rather than from internal poros-
ity.36,37,39 An example of this can be seen in Fig. 1a,
reported by Torries et al.48

Based on existing literature, the most effective
surface treatment is milling the surface of AM
parts.38–40 Other studied surface treatment meth-
ods include micromachining,40 blasting,39,40 elec-
tropolishing,39 and vibratory grinding,40 all of which
improve the fatigue life of parts to varying degrees.
However, no direct correlation between specific
surface roughness values and fatigue life was
found.40 This could be due to the fact that surface
treatments affect material properties or create
residual stresses,40 or that by lessening the effects
of surface roughness other factors (such as internal
porosity) are allowed greater influence.

Fig. 1. Comparison of crack initiation sites for (a) as-built, (b) ma-
chined, and (c) machined HIP AM Ti-6Al-4V specimens. (d) The
fatigue life range for these specimens at strain amplitude of
0.005 mm/mm. Arrow represents runout tests48.
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While surface roughness can be machined or
polished away in some cases, the necessity for
surface treatment puts the versatility of the additive
manufacturing technique under question. Despite
the persistent and uncontrollable nature of the
rough surface finish, accurately modeling of its
subsequent effects would allow for use of as-built
AM components without postfabrication surface
treatment. Additionally, some applications, such as
bone implants, may benefit from surface roughness,
using it to promote better implant integration.11

Process-Induced Internal Defects

Process-inherent defects such as pores and LOF
stem from use of suboptimal processing parame-
ters.16,49 Porosity can be generated via vapor
recoil50 or high-speed flow51 in the melt pool, or
gas pores contained within powder particles used
during fabrication.18,49 As an internal stress raiser,
porosity plays a major role in fatigue failure of AM
materials by shortening the fatigue crack initiation
life.14,18,22,29,32,45–47,52–56 Multiple studies have
reported that cracks tend to initiate from subsurface
porosity in machined/polished AM speci-
mens.18,22,29,32,45,56,57 An example of this is shown
in Fig. 1b.48

LOF is a process-induced defect caused by insuf-
ficient remelting of previously deposited layers,58–60

insufficient melt pool energy density,61 or insuffi-
cient laser track overlap,58 leaving thin, often
irregularly shaped voids, which can be detrimental
to the fatigue strength of AM parts. The orientation
of LOF defects, which often corresponds with layer
orientation, can introduce anisotropy into the
fatigue response of AM products. LOF defects
typically form at boundaries between layers and
individual scan tracks,58 which ties their orienta-
tion to the build, or layer, orientation. As the LOF
orientation changes with respect to the loading, so
does the projected area on the loading plane;
increased area leads to lower fatigue resistance.
The magnitude of this change is correlated to the
notch sensitivity of the material; greater notch
sensitivity means the magnitude of this change will
be greater. Layer orientation had little38 to no
effect36,57 on the fatigue behavior of AM Ti-6Al-4V
fabricated via powder bed fusion (PBF). No LOF
were reported by Konečná et al.,38 and very little
LOF was reported by Wycisk et al.36 and Torries
et al.57; therefore, it appears that lack of anisotropy
is at least partially related to the absence of LOF.
However, studies of other materials revealed aniso-
tropy in the fatigue response as a result of changes
in layer orientation. Brandl et al.30 compared the
fatigue life of AlSi10Mg specimens built via PBF in
three orientations: horizontal, diagonal (45� angle),
and vertical. Vertical specimens displayed the low-
est fatigue life, with diagonal specimens exhibiting
slight improvement. Horizontal specimens pos-
sessed the longest fatigue life.30 Shrestha et al.31

(for AM stainless steel 316L), Yadollahi et al. (for
AM 17-4 PH stainless steel),32 and Meneghetti (for
AM maraging steel MS1)33 also reported
notable build orientation effects on the fatigue life
of PBF-fabricated specimens. Note that all of these
studies reported LOF or unmelted regions present
in the material.

Hot isostatic pressing (HIP) has been proven to
enhance fatigue resistance by shrinking or closing
internal porosity contained within AM parts
through simultaneous application of high tempera-
ture and pressure. With the effects of porosity
reduced via the HIP process, cracks tend to initiate
from the specimen surface (Fig. 1c).48 While it has
been shown that HIP can greatly improve fatigue
life of both machined and as-built speci-
mens,44,45,62,63 this is not always the case. HIP can
be less effective due to nonoptimal HIP parame-
ters64 or surface notches resulting from subsurface
pores exposed due to machining.65 Also, as-built Ti-
6Al-4V specimens subject to HIP may show only
marginal improvements to fatigue life due to cracks
initiating from the rough surface rather than inter-
nal porosity.37,40,43,62,66,67 HIP can reduce the scat-
ter in fatigue life due to pore closure. Porosity leads
to uncertainty in the fatigue life of AM parts,18,32,68

especially in the long-life regime18,35,36 (see Fig. 1-
d).48 While the machined specimens did exhibit
improved fatigue life as compared with the as-built
specimens, there was more scatter in the fatigue life
of machined specimens as compared with the as-
built and machined HIP specimens.

Despite porosity’s detrimental effects on fatigue
life, one can take advantage of a porous structure
for some specific applications; For instance, intro-
ducing internal porosity into a biomedical implant
can lower the Young’s modulus of the implant to be
closer to4,11 or even equal10 to that of bone, allowing
for improved integration.4,10,11 Therefore, while it is
critical to work towards controlling the porosity
volume fraction in AM parts, it is equally important
to be able to model its effects on the mechanical
properties.

Microstructure

Although process parameters can be optimized to
reduce the formation of defects, AM materials
experience a very high cooling rate during their
manufacture regardless of the selected process
parameters. In addition, any variation in process
parameters and/or part geometry can affect the
experienced thermal history, resulting in AM parts
possessing different microstructure and mechani-
cal/fatigue behavior than their wrought counter-
parts. Therefore, the subsequent effect of
microstructure on fatigue life needs to be truly
characterized before fatigue data generated from
specimens can be used for designing AM parts.22

Any variation in cooling rate during fabrication may
result in different volume fractions, morphologies,
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and characteristics of the constituent phases; For
instance, a higher cooling rate during additive
manufacturing of Ti-6Al-4V yields a nearly com-
pletely martensitic structure for both direct laser
deposition and PBF,16,69–72 while increasing the
deposited layer thickness from 30 lm to 60 lm may
provide adequate heat accumulation for decomposi-
tion of a¢ to a + b in PBF.73,74 Compared with a + b
microstructure, fine needle-like martensitic grains
would improve fatigue crack initiation life by virtue
of the reduced effective slip length being limited to
the a¢ lath thickness.73 Relatively coarser a + b
lamellar or basket-weave microstructure yields
reduced ductility and strength.73

The competition between the solidification rate
(speed of the solidification front) and the thermal
gradient (nucleation rate) can significantly alter the
solidified microstructure.75,76 In areas with a higher
cooling rate, the faster nucleation rate produces
equiaxed grain structures. This is more common
closer to the substrate, where the cooling rate is
high due to the higher rate of conductive heat
transfer through the substrate.77 On the other
hand, columnar grains often form farther from the
substrate, partly due to the lower cooling rate and
directional solidification.70 Columnar grains have
the propensity to copy their parent grains texture
and, especially in Ti alloys, produce sharp texture,
which introduces anisotropy into the monotonic
deformation behavior of the part.58,78 However, the
presence of defects in AM materials, such as LOF,
may override the effects of microstructural
variables.

Postprocess heat treatment, which is widely
used to improve the fatigue properties of AM
materials, is another major factor affecting
microstructural evolution. Large residual stresses
can be developed during additive manufactur-
ing.44–47,79,80 While heat treatment can remove
these stresses, it can also alter the fatigue prop-
erties of the material by altering the distribution
and individual properties of the phases. However,
a generic heat treatment of specimens might be
deleterious to the fatigue resistance of AM prod-
ucts. Sterling et al.18 found that Ti-6Al-4V speci-
mens, annealed at 704�C for 1 h followed by air
cooling, exhibited lower high-cycle fatigue life than
specimens not subjected to any heat treatment.
This decrease in fatigue life was attributed to
relief of beneficial compressive residual stresses
present in the specimens. In the same study, an
alternative heat treatment consisting of a 2-h soak
at 1050�C followed by furnace cooling resulted in
lamellar microstructure, improving material
strength and fatigue properties in the long-life
regime. Loss of ductility led to slightly lower
fatigue life in the low-cycle regime.18 Additionally,
AM products with different thermal history may
require entirely different heat treatment cycles to
improve their fatigue performance.

DEFECT- AND MICROSTRUCTURE-
SENSITIVE FATIGUE MODELS

As a major fatigue design factor, modeling the
fatigue behavior of engineering alloys has long been
an ongoing research topic. As such, the fatigue
behavior of an AM alloy needs to be well documented
before it can be considered a viable option in
engineering materials selection and processing.
However, the fatigue behavior of an AM metal can
vary significantly with any change in process and
design parameters, as they affect microstructural
and defect properties. Some traditional fatigue mod-
els are unable to capture such effects and, therefore,
cannot accurately capture the fatigue behavior of AM
materials. Other models, such as the fracture
mechanics approach, the MSF model, and numerical
modeling, may take some of these structural features
into consideration and, thus, be more applicable for
characterizing the fatigue behavior of AM materials.

Fracture Mechanics Approach

To more accurately predict the fatigue life and its
range for AM materials, contained defect and
surface roughness effects must be considered. One
method that considers process defect effects on
fatigue life is the

ffiffiffiffiffiffiffiffiffiffi

area
p

model by Mura-
kami,23–25,81,82 according to which the fatigue limit
of materials with heterogeneous defects, such as
pores and inclusions, is a factor of the hardness (as a
representative for material strength) and disconti-
nuities.81 The

ffiffiffiffiffiffiffiffiffiffi

area
p

model by Murakami23 deter-
mines the fatigue strength of a part with small
defects such as pores and inclusions by determining
the threshold stress for the small cracks that
naturally develop at the tip of the defects. By
treating the defects as irregular cracks, a represen-
tative dimension is taken as the square root of the
area of the defect projected in the direction of
maximum tensile stress. The accompanying stress
intensity factor is expressed as

Kmax ¼ 0:65r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
ffiffiffiffiffiffiffiffiffiffi

area
pq

for a surface crack; ð1Þ

Kmax ¼ 0:5r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
ffiffiffiffiffiffiffiffiffiffi

area
pq

for a internal crack, ð2Þ

where Kmax is the maximum stress intensity factor,
r is stress, and

ffiffiffiffiffiffiffiffiffiffi

area
p

is the aforementioned repre-
sentative dimension of the crack.81 Murakami and
Endo24 expressed the DKth of a material as

DKth / HV þ C1ð Þ � ð
ffiffiffiffiffiffiffiffiffiffi

area
p

Þ1=3; ð3Þ

where HV is the material hardness and C1 is a
material constant. Combining Eqs. 1 and 2 with
Eq. 3 and expressing the fatigue limit as the stress
at which DK = DKth, the fatigue limit, rFL, can be
expressed as81
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rFL ¼ 1:43
HV þ 120ð Þ
ð

ffiffiffiffiffiffiffiffiffiffi

area
p

Þ1=6
for surface cracks, ð4Þ

rFL ¼ 1:56
HV þ 120ð Þ
ð

ffiffiffiffiffiffiffiffiffiffi

area
p

Þ1=6
for internal cracks: ð5Þ

The
ffiffiffiffiffiffiffiffiffiffi

area
p

model allows for easy expression of the
relationship between the fatigue limit and defect
size via the Kitagawa–Takahashi diagram.83 Other
models24,84,85 can also be used to express this
relationship, which has a general form of the type80

rFL / 1

ð
ffiffiffiffiffiffiffiffiffiffi

area
p

Þ1=n0 ; ð6Þ

where n¢ = 2 for long cracks [the region of applica-
bility of linear elastic fracture mechanics (LEFM)]
and n¢ approaches infinity for very small cracks. In
the latter case, the fatigue limit tends towards the
fatigue limit of smooth specimens (i.e., typically, 0.5
ultimate tensile strength for steels), with competi-
tion between defects and microstructural
features.86,87

Beretta and Romano80 used the
ffiffiffiffiffiffiffiffiffiffi

area
p

model by
Murakami in conjunction with the Kitagawa–Taka-
hashi diagram to accurately predict the crack
growth threshold of AM materials. This can be seen
in Fig. 2 (elaborated from the data in Ref. 80),
where the

ffiffiffiffiffiffiffiffiffiffi

area
p

approach was used to determine
the fatigue strength and crack propagation factors
of AM AlSi10Mg and Ti-6Al-4V. Note that as the
equivalent defect size increases, the fatigue limit
decreases. Conversely, the crack growth threshold
increases and approaches the long crack growth
threshold as the equivalent defect size increases. In
particular, Beretta and Romano80 found that the
DKth �

ffiffiffiffiffiffiffiffiffiffi

area
p

and rFL �
ffiffiffiffiffiffiffiffiffiffi

area
p

relationships were
similar for AM and wrought AlSi10Mg and Ti-6Al-
4V at R = 0.1 and R = � 1. Romano et al.29 con-
ducted a study on the porosity of AM AlSi10Mg
specimens, seeking to determine the fatigue critical
pore size detected via x-ray computed tomography
(CT). Using ‘‘statistics of extremes,’’ the distribution
of the maximum defect size was estimated and
found to be consistent with the defects at the origin
of the fatigue failures.19 The

ffiffiffiffiffiffiffiffiffiffi

area
p

approach was
then applied to treat the pores as small cracks,
allowing for the fatigue strength to be found via
adoption of the El Haddad model88 to describe the
Kitagawa–Takahashi diagram.19,29

In addition to accounting for internal porosity, the
ffiffiffiffiffiffiffiffiffiffi

area
p

model by Murakami has shown the capacity
to consider surface roughness effects.89,90 Surface
roughness measurements may be used to create an
equivalent internal flaw size, which is then used to
determine the fatigue strength via the

ffiffiffiffiffiffiffiffiffiffi

area
p

model.89 A study by Greitemeier et al.90 used this
equivalent flaw size and the Forman–Mettu equa-
tion91 to predict the fatigue life of as-built AM

specimens. An average fit was found using an
equivalent internal flaw size derived from the
average surface roughness measurements, with
upper and lower bounds corresponding to surface
roughness deviations. This fit matched the data
well, with all data points falling within these
bounds.90

While these studies highlight the applicability of
the

ffiffiffiffiffiffiffiffiffiffi

area
p

model by Murakami to additive manu-
facturing, this approach in its current state may not
account for some influencing factors. The

ffiffiffiffiffiffiffiffiffiffi

area
p

model predicts the fatigue limit, not the fatigue life
at specific loadings. The fatigue life can be found by
application of crack propagation models, such as the
theory of critical distance (TCD)92–96 or the For-
man–Mettu equation or NASGRO, provided that
the crack is assumed to be semicircular with the
same

ffiffiffiffiffiffiffiffiffiffi

area
p

as the largest observed defect (see Ref.
19). Scatter bands can also be generated using
different defect sizes (2.5%, 50%, and 97.5% per-
centiles of the defect size), as seen in Fig. 3.19,80 The
specimens shown in this figure (P1, P2, and P3)
were fabricated with different process parameters.
Further discussion of the manufacturing processes
and differences are available in Ref. 19. The average
defect size observed in specimens P1, P2, and P3

Fig. 2. Fatigue strength and crack propagation thresholds as a
function of representative defect dimension for (a) AlSi10Mg and (b)
Ti-6Al-4V fatigue specimens fabricated via additive manufacturing,
tested at R = –1. Adapted from Ref. 80.
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and used to generate the fits was 500 lm, 250 lm,
and 90 lm, respectively. For defects such as these,
Murakami’s model does not take into account the
microstructure. These considerations become
important when defects have dimensions compara-
ble to the grain size.86,87 On the other hand, the
power law of DKth regarding defect size with a slope
of 1/3 is only valid over a limited defect size range
(up to 400 lm for AlSi10Mg and 300 lm for
Ti6Al4V). For larger defects, it is necessary to adopt
other formulations, as explained in Ref. 19.

Multistage Fatigue Model

The MSF model proposed by McDowell et al.27 is a
microstructure-sensitive fatigue model that uses a
reference grain size and orientation, pore size and
nearest neighbor distance, total porosity, and par-
ticle size to determine the fatigue life of a material
with consideration of the different stages of fatigue
damage evolution (crack incubation, microstruc-
turally small crack growth, and long crack growth).
The MSF model determines the total life as

NTotal ¼ NINC þNMSC þNLC; ð7Þ

where NTotal is the total cycles to failure, NINC is the
crack incubation cycles, NMSC is the number of cycles
spent in the microstructurally small crack growth
stage, and NLC is the number of cycles spent in the
long crack growth stage until failure. The nucleation
and propagation of these cracks are modeled using a
two stage Coffin–Manson relationship:

CINCN
a
INC ¼ b; ð8Þ

da

dN

� �

MSC

¼ v DCTD � DCTDthð Þ;ai ¼ 0:625D; ð9Þ

where CINC and a are the linear and exponential
material constants, respectively, b is the nonlocal
damage parameter based upon the ratio of the

plastic zone size around a defect and the diameter of

the corresponding defect, da

dN

� �

MSC
is the

microstructurally small crack growth rate, v is a
material constant, DCTD and DCTDth are the crack
tip displacement range and threshold, respectively,
ai is the initial crack length, and D is the diameter
of the pore serving as the initiation site. See Refs.
15, 27, 97 and 98 for more in-depth discussion on
this model. While the MSF model was designed for
A356-T6 aluminum alloy,27,97 it has also been
applied to A380-F aluminum alloy,97 plastics (acry-
lonitrile butadiene styrene),98,99 and even AM mate-
rials by Xue et al.15 and Torries et al.14,17

Because the MSF model utilizes defect size infor-
mation and compares the grain size and orientation
of the material in question to a reference size and
distribution, it can account for microstructural
changes caused by different thermal histories and
predict a mean fatigue life with upper and lower
bounds corresponding to the smallest and largest
observed internal defects, respectively.14 Therefore,
the MSF model not only predicts the average fatigue
life but can also account for data scatter due to
fluctuations in defect/microstructural features.
Though versatile, the MSF model, in its original
form, does not take into consideration the shape of
process defects or their orientation. However, a new
iteration of the MSF model may be capable of taking
the orientation into account.100 Additionally, while
fatigue life predictions made by this model are fairly
accurate, the large amount of data used for calibra-
tion limits its widespread application.

Numerical Methods

Fatigue cracks are predominantly driven by
localized plasticity and initiate from the specimen
surface for wrought materials. This initiation is
governed by the intrusion/extrusion mechanisms
arising from the formation and operation of sub-
grain dislocation structure, such as vein struc-
tures and persistent slip bands (PSB).101–107 For
AM materials, surface roughness results in local-
ized stress raisers and can lead to early onset of
plastic deformation. Due to the vanishingly small
volume fraction of such plastic zones, substantial
surface roughness-induced fatigue damage can
occur even though the overall cyclic stress–strain
response appears to be elastic. Therefore, com-
pared with wrought materials, as-built AM mate-
rials typically have significantly lower fatigue life
due to roughness-induced accelerated fatigue
crack nucleation.

Effective quantification of stress concentrations
near as-built or poorly machined surfaces of AM
parts may be achieved through FEA. Using an
experimentally obtained roughness profile (e.g., via
x-ray CT, Fig. 4a), the elastic stress distributions for
a sample surface can be readily analyzed by FEA
(Fig. 4b).26,108 This information can then be used to

Fig. 3. Fatigue life estimates obtained by LEFM analysis of the lar-
gest LOFs as cracks in two different AM processes for AlSi10Mg.
Average defect size for specimens P1, P2, and P3 was 500 lm,
250 lm, and 90 lm, respectively. Arrows represent runout tests.
Adapted from Refs. 19 and 80.
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determine the crack propagation threshold in order
to evaluate the actual fatigue performance of the
component.26 To this end, several empirical and
semiempirical fatigue stress concentration factors,
Kf, for surface roughness have been defined in
attempts to predict the fatigue strength of parts
with rough surfaces.95,96 Neuber92,109 and Peter-
son93,110,111 related the notch sensitivity, q, to the
notch root radius by using a material coefficient,
which effectively predicted the high-cycle fatigue of
notched specimens. However, considering the ran-
dom surface topography of AM products, the notch
root radius is extremely challenging to define.112 On
the other hand, Siebel and Stieler113 defined Kf

based on the relative stress gradient initiating from
surface roughness or stress raisers:

Kf ¼
Kt

1 þ ffiffiffiffiffi

cv
p ; ð10Þ

where Kt is the stress concentration factor, v is the
relative stress gradient, and c is a constant. v is
defined for loading along the z direction in cylindri-
cal coordinates (r, h, z) as follows:

v ¼ 1

rnotch

@rz
@r

� �

notch

: ð11Þ

Note that the abovementioned quantities are
calculated at the notch root, as denoted by the
‘‘notch’’ subscript. The stress gradient can then be
computed using FEA for the strain–displacement
relations. It was shown that Kf yielded satisfactory
results for a narrow range of fatigue life, while it
could not be applied to the entire life regime.

In another study by Suraratchai et al.,26 the
fatigue life of 7010-T7451 aluminum alloy speci-
mens with machining grooves with different ori-
entations was predicted. To characterize the
surface roughness, a filtered profile of the speci-
men surface roughness was determined using local
peak and valley height measurements. After cal-
culating the stress concentration factors via FEA,

the crack propagation life, Np, for through-thick-
ness and through-width crack propagation was
estimated as

da

dNp
¼ C DK90�ð Þm; ð12Þ

dc

dNp
¼ C KtDK0�ð Þm; ð13Þ

where a is half the short-axis length of the crack, c
is half the long-axis length of the crack, Np is the
number of cycles, DK is the stress intensity factor
range, Kt is the stress concentration factor, and C
and m are Paris law material constants. The angle
subscript denotes the angle at which K is deter-
mined with respect to the long axis of the crack.
Equations 12 and 13 are used in an iterative
calculation, where the a and c values for each cycle
are used to calculate a new DKh calculated from the
previous a and c values. Calculation stops and Np is
found when a is equal to the thickness of the
specimen, c is equal to the width of the specimen, or
DKh is equal to the fracture toughness. Once Np has
been determined, the crack initiation life is found
using

Ni ¼ b Ktrað Þa; ð14Þ

where Ni is the crack initiation life, ra is the stress
amplitude, and b and a are material constants that
can be found via a Basquin power-law fit. The total
predicted fatigue life is found by adding the crack
initiation and propagation lives. Fatigue life predic-
tions using this method were satisfactory for all
specimen types investigated by Suraratchai et al.26

Due to the successes of this model at average
surface roughness (Ra) values ranging from Ra =
0.25 lm to Ra = 11.1 lm,26 it is possible that this

method could be applied to as-built AM parts, which
can have Ra values ranging from 10 lm to 13 lm37

for laser-based powder bed fusion. To use this
method in its current form, the user assumes that
the subsurface defects/pores in the AM parts, par-
ticularly those close to the surface, have no effects
on the fatigue life and/or stress concentrations from
the rough surface. Additionally, this method is not
inherently sensitive to the changes in microstruc-
ture, although such changes are somewhat reflected
in the utilized material constants [i.e., C, m, a,
and b in Eqs. 9–11]. Because both porosity and
microstructure have been shown to greatly affect
the fatigue properties of AM materials, their inclu-
sion in FEA analysis is necessary to allow for more
realistic fatigue life predictions of metals fabricated
via additive manufacturing.

While the aforementioned FEA analysis assumes
that the mechanical response near the surface of a
material is linearly elastic, it is in actuality plastic.
This plastic behavior, which dictates the cyclic
stress–strain response and the initiation of cracks,
is dependent on factors such as local

Fig. 4. A hierarchical multiscale modeling scheme combining (a)
surface profilometry, (b) FEA-based methods, (c) bulk DD, and (d)
and surface DD. Adapted from Refs. 22, 26, 117 and 119.

Overview on Microstructure- and Defect-Sensitive Fatigue Modeling of Additively Manufac-
tured Materials

1859



microstructural features, chemical composition,
inclusions, and porosity, all of which can differ
between AM materials and their wrought counter-
parts.16,22,114–116 Therefore, application of FEA to
model the fatigue behavior of AM materials requires
incorporation of a priori knowledge regarding dislo-
cation evolution from lower length scale models.
One method to account for dislocation evolution is
application of discrete dislocation dynamics (DD)
models.

DD simulations have been performed to inves-
tigate fatigue damage of wrought materials in
terms of the initial cyclic hardening behavior,
crack initiation mechanisms, and fatigue crack
propagation behavior. Single-crystalline DD mod-
els have simulated the evolution of dislocation
structures as well as the cyclic hardening behavior
during the very early stage of fatigue dam-
age117–119 (Fig. 4c). This approach provides satis-
factory results, but is limited to the initial stage of
cyclic loading (the first 5–10 cycles) for realistic
initial dislocation density considerations. Using a
single-crystalline DD model that utilizes a phe-
nomenological treatment of free surface (without
the treatment of image force),120–124 the cyclic
deformation irreversibility due to escape of dislo-
cations through the free surface and initiation of
fatigue cracks via intrusion/extrusion mechanisms
can be determined (Fig. 4d). Attempted predictions
of the critical number of cycles for fatigue crack
initiation have been made based on the initial 20–
40 cycles of the loading sequence.125 Additionally,
by implementing an artificial crack opening
scheme, the fatigue crack propagation behavior
may also be simulated.125

However, a drawback to direct application of DD
to fatigue is the limitation on the total number of
simulated cycles. The cost of DD calculations
increases significantly with increasing dislocation
density, or the number of integration points on
dislocation lines due to the dislocation multiplica-
tion mechanisms under cyclic loading. The time
scale of DD is therefore severely limited.126–128

Therefore, incorporation of lower length scale infor-
mation on the evolution of the dislocation structure
obtained by DD into FEA-based models129,130

through a hierarchical multiscale modeling
scheme seems necessary (Fig. 4).

SUMMARY

While additive manufacturing is a versatile pro-
cess that opens many new design paths, one of the
obstacles to its widespread industrial implementa-
tion is the uncertainty often observed in fatigue
behavior of AM parts as a result of variations in
their surface roughness, process defects, and
microstructure. Knowledge of fatigue behavior and
its dependence on process variables is required for
certification and qualification of AM products.
Therefore, fatigue modeling methodologies that

are sensitive to the effects of surface roughness,
process defects, and microstructure features can be
very useful.

While there have been successful attempts to
model these effects on the fatigue life of AM parts,
an overarching and efficient fatigue model that
comprehensively addresses all the abovementioned
challenges has not yet been established. To design
more reliable and durable AM products, it is
essential to identify, develop, and/or update a model
that takes into consideration their structural fea-
tures. This may be accomplished by building on the
successes of the methods discussed in this review, as
well as pursuing new avenues.
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