
Contents lists available at ScienceDirect

International Journal of Fatigue

journal homepage: www.elsevier.com/locate/ijfatigue

Fatigue of additive manufactured Ti-6Al-4V, Part II: The relationship
between microstructure, material cyclic properties, and component
performance

R. Molaeia, A. Fatemia,b,⁎, N. Sanaeib, J. Peguesc,d, N. Shamsaeic,d, S. Shaoc,d, P. Lie, D.H. Warnere,
N. Phanf

aMechanical Engineering, University of Memphis, Memphis, TN 38152, USA
bMechanical, Industrial and Manufacturing Engineering, University of Toledo, Toledo, OH 43606, USA
cMechanical Engineering, Auburn University, Auburn, AL 36849, USA
dNational Center for Additive Manufacturing Excellence (NCAME), Auburn University, Auburn, AL 36849, USA
e Cornell Fracture Group, School of Civil and Environmental Engineering, Cornell University, Ithaca, NY 14853, USA
f Structures Division, U.S. Naval Air Systems Command (NAVAIR), Patuxent River, MD 20670, USA

A R T I C L E I N F O

Keywords:
Additive manufacturing
Powder Bed Fusion (PBF)
Ti-6Al-4V
Fatigue behavior
Multiaxial stresses

A B S T R A C T

Part I of these two-part paper series focused on the process and structure relationships, effect of powder feed-
stock, fabrication parameters, and post fabrication treatments on the resulting microstructure, defect char-
acteristics, and surface quality of the fabricated Ti-6Al-4V parts. This second part extends the study by evaluating
the effect of the aforementioned factors on axial, torsion, and multiaxial fatigue behavior of the additively
manufactured (AM) Ti-6Al-4V specimens. Despite the advantages of additive manufacturing techniques dis-
cussed in Part I, they are still rarely used in fatigue critical load carrying applications, partly due to insufficient
understanding of fatigue behavior and its dependence on variations in material microstructure and defects. This
becomes even more challenging when other process characteristics of AM including build orientation, residual
stresses, and surface roughness are considered. This paper discusses these effects, as well as machine-to-machine
variability and the effects of specimen geometry and size, post heat treatment, and multiaxial stress state.
Experimental uniaxial, torsion, and multiaxial fatigue test results recently generated by the authors for laser
beam powder bed fusion- produced Ti-6Al-4V alloy are reviewed. The observed behaviors and the influence of
the aforementioned effects are then related to the resulting microstructure and defect characteristics discussed in
Part I. Fatigue life prediction results for specimens based on the effective defect size calculated by extreme value
statistics (EVS) of the internal defects and surface roughness are also presented and compared with experimental
data. The observed behaviors and specimen test results are then used for fatigue life analysis and predictions of a
link component as an illustrative application example.

1. Introduction

In the first part of this two-part publication, the effects of powder
feedstock, fabrication parameters, and post manufacturing treatments
on the resulting microstructure, defect characteristics, and surface
quality were discussed. This second part evaluates the effects of the
aforementioned factors on the fatigue behavior of Additively
Manufactured (AM) Ti-6Al-4V alloy. Despite the advantages of Additive
Manufacturing (AM) discussed in Part I [1], this technology is still not
used in critical load carrying applications, partly due to insufficient
understanding of cyclic deformation and fatigue behavior. Fatigue

behavior varies with microstructure, intrinsic internal defects, residual
stresses, and surface roughness, which in turn depend on the process
parameters and post treatments used.

Fatigue cracks generally initiate from defects such as inclusions,
internal pores, and surface roughness, or within the regions where a
number of adjacent grains of nearly the same orientation have the slip
characteristics of a single large grain [2]. This becomes more important
for AM metals where defects and uncertainties in microstructural
characteristics are key concerns. As discussed in Part I [1], this un-
certainty arises from a vast number of parameters including build
methods and procedures, AM systems, process parameters, feedstock
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characteristics, and post manufacturing treatments. These variations, in
turn, affect the microstructural details (such as grain size, morphology,
and texture), defect characteristics (such as size, shape, location, and
density), and residual stresses and, therefore, mechanical behavior in
general, and fatigue performance in particular.

It is often desirable to determine the mechanical performance of a
component from simple monotonic tensile test results. Tensile tests are
easy and inexpensive to perform, as compared to fatigue tests, which
are time consuming and more complicated. However, since the majority
of components undergo cyclic loading throughout their service life,
fatigue properties of the materials are of utmost importance to their
design [3]. Over the years, several methods have been proposed to
develop correlations amongst the monotonic tensile data and fatigue
properties of conventional materials, for example in [4,5]. Never-
theless, since fatigue behavior is much more sensitive than tensile be-
havior to the characteristics of microstructure and defects, it is difficult
to develop a robust relationship between tensile and fatigue properties.

Fig. 1 shows correlation of the ultimate tensile strength versus fa-
tigue limit (defined as fatigue strength at 107 cycles) from several
studies for Ti-6Al-4V manufactured by different AM techniques with
different post heat treatment conditions, for two different stress ratios
commonly used to generate fatigue data [6–21]. It is worth mentioning
that when there was not a data point at 107 cycles, the fatigue limit was
estimated using a power law fit of the reported stress versus life data. As
can be seen, there is a lack of correlation between monotonic tensile
and fatigue strength across various AM techniques, as well as within
particular fabrication methods, i.e. PBF data with different heat treat-
ments.

An extensive review of published AM Ti-6Al-4V fatigue data was
conducted in [22]. The review included a comprehensive analysis of
different aspects of this alloy, including microstructure, failure me-
chanisms, processing parameters, and defects. Among the fatigue data
sets examined, none matched the performance of wrought Ti-6Al-4V
material without a post build surface treatment. Further, only the TIG
wire-feed Directed Energy Deposition (DED) method was shown to

Nomenclature

a crack length
b fatigue strength exponent
C paris equation coefficient
C' constant in modified Paris equation
da dN/ crack propagation rate
G shear Young’s modulus
k constant in Fatemi-Socie parameter
n Paris equation exponent

N2 f reversals to failure
R minimum to maximum stress or strain ratio
Ra arithmetic mean of surface roughness
Rt max peak-to-valley roughness
RzISO 10-point height roughness
α maximum principal stress angle
γa shear strain amplitude
εa axial strain amplitude
ε̄a von-Mises effective strain amplitude
ρ̄ 10-point valley radius
σa axial stress amplitude
σeff effective stress
σmax maximum stress
σ̄a von-Mises equivalent stress amplitude
σ̄ a1 maximum principal stress amplitude
σ '

f fatigue strength coefficient
τa shear stress amplitude

areaD max, maximum prospective internal defect size

areaeff effective defect size
areaP projection of the effective maximum prospective defect

size
areaR max, maximum prospective equivalent surface defect size

from roughness profile

Abbreviations

AM Additive Manufacturing/Additively Manufactured
BCC Body Center Cubic
CIS Crack Initiation Site
DED Directed Energy Deposition
E-Beam PBF Electron-Beam Powder Bed Fusion
EBSD Electron Backscatter Diffraction
EVS Extreme Value Statistics
FCC Face Centered Cubic
FEA Finite Element Analysis
FS Fatemi-Socie Damage Parameter
HCF High Cycle Fatigue
HCP Hexagonal Close Packed
HIP Hot Isostatic Pressing
LCF Low Cycle Fatigue
LOF Lack of Fusion
LB-PBF Laser Beam Powder Bed Fusion
PBF Powder Bed Fusion
TCD Theory of Critical Distance
TIG Tungsten Inert Gas Torch Wire-Feed DED
VHCF Very High Cycle Fatigue

Fig. 1. Correlation of fatigue limit defined as fatigue strength at 107 cycles with
monotonic ultimate tensile strength for AM Ti-6Al-4V for (a) R=−1, and (b)
R=0.1 stress ratios. The data were extracted from several available studies in
the literature. The data are divided to n-HT (as-built non-heat treated), HT
(annealed and/or heat treated), and HIPed categories.
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exhibit performance comparable to wrought material without post
fabrication heat treatment. In closing, the review points out the possi-
bility that further advancement of AM technology, e.g. optimization of
build parameters and improvements in the feedstock material, might
soon provide near wrought fatigue performance without these ex-
pensive post processing steps.

This paper, as the second part of a series, mostly contains recent
experimental fatigue data generated by the authors in a collaborative
effort on Laser Beam Powder Bed Fusion (LB-PBF) Ti-6Al-4V alloy.
Fatigue performance of the fabricated specimens with two different
fabrication machines and different geometries are reviewed for axial,
torsion, and combined axial-torsion loading conditions. Details re-
garding the associated fabrication processes, sample geometries and
heat treatment are discussed in Section 2. Torsion or multiaxial loads
are discussed, which are common for many components and structural
members. Even in parts under uniaxial loading conditions, the stress
state may be biaxial or multiaxial due to complex geometries, residual
stresses, and stress concentrations [23]. Nonetheless, a small number of
studies have considered stress states other than uniaxial in AM mate-
rials [6,24,25].

In each of Sections 3–5, following the findings in Part I, effect of
build orientation, process parameters and fabrication machine, heat
treatment, and surface condition are evaluated, where possible. Sub-
sequently, the failure mechanisms of the specimens with different
conditions is discussed in these sections and compared across heat
treatments and surface conditions.

Since the source of fatigue damage initiation in AM metals is often
internal and surface defects, it is alluring to attempt to predict the fa-
tigue life from the characteristics of observed defects. It is generally
believed that fatigue strength of a component is governed by its largest
defects [26]. The concept of Extreme Value Statistics (EVS) along with
Murakami's area parameter which was described in Part I [1] has re-
cently been adopted in several studies to estimate the largest expected
defect in AM materials for use in fatigue life predictions and has shown
to provide promising results [8,27]. The utilization of these methods to
predict fatigue life based on internal and surface defects is discussed in
Section 6.

Mechanical properties collected from small laboratory specimens
might not fully represent the actual behavior of a part made of the same
material [28,29]. This discrepancy arises from factors that are not ty-
pically probed in a coupon scale test. These include stress concentration
and gradient effects, size/scaling effects, joint and contact stresses, re-
sidual stresses, environmental effects, and load history effects. These
issues are discussed in Section 7.

2. Fabrication processes, specimen geometries, and heat
treatments

Two LB-PBF machines were used to fabricate the specimens in ac-
cordance with ASTM Standard B348 [30]. These are referred to as
M290 and AM250 throughout the paper. M290 used a laser power of
285W, scanning speed of 1200mm/s, hatch distance of 140 μm, and
layer thickness of 30 μm. AM250 used a laser power of 400W, scanning
speed of 1000mm/s, hatch distance of 160 μm, and layer thickness of
50 μm. Both machines used an Argon shielding gas during fabrication.
For more information about the fabrication details the reader is referred
to [6,24].

Two different specimen geometries were utilized to perform the
fatigue tests. Round solid specimens were used for axial fatigue tests
and thin-walled tubular specimens were used for some axial, but mostly
torsion and multiaxial fatigue tests. Thin-walled tubular specimens
were designed in accordance to ASTM Standard E2207 [31] main-
taining the thin-wall assumption. These specimens were used for tor-
sion and multiaxial fatigue tests in order to minimize shear stress gra-
dient in torsion. For more information about the round solid and thin-
walled tubular specimen geometries, the reader is referred to [32] and

[6,24], respectively. All of the data in this paper are for these specimen
geometries, unless otherwise specified.

Common heat treatment processes for AM Ti-6Al-4V alloy were
discussed in Part I, with three common cases considered here: (1) non-
heat treated (n-HT) condition which consisted of specimens subjected
to no subsequent heat treatment processes, (2) below the β-transus
temperature annealed/stress relieved condition which consisted of
preheating the furnace to 700 °C and leaving the samples inside the
chamber for 1 h with supplying Argon gas followed by free convection
air-cooling at room temperature, and (3) Hot Isostatic Pressing (HIP)
which consisted of 920 °C and 100MPa for 3 h in accordance to ASTM
Standard F2924 [33]. HIP is an effective thermo-mechanical treatment
that acts to reduce the volume of internal defects such as Lack of Fusion
(LOF) defects, which are known as a major detriment to fatigue per-
formance of AM parts. The microstructural specifications of the as-built,
annealed, and HIPed specimens were presented in Part I [1].

3. Axial fatigue behavior

3.1. Effect of defects

In High Cycle Fatigue (HCF) or Very High Cycle Fatigue (VHCF), the
majority of the fatigue life is spent in the initiation and early propa-
gation of embryonic fatigue cracks [34–36]. In general, fatigue cracks
typically initiate by plastic slip which is governed by the local micro-
structure. In wrought polycrystalline alloys, saturation of fatigue stress
is associated with the formation of localized well-regulated dislocation
substructures, such as persistent slip bands in most Face Centered Cubic
(FCC) and some Hexagonal Close Packed (HCP) metals [37], or dis-
location cells in Body Center Cubic (BCC) and most HCP metals. Such
substructures localize the macroscopically-applied deformation into
finite slip bands, which carry large amounts of shear deformation
[38–40]. Fatigue cracks can then be formed at the free surface or along
grain boundaries by the intrusion-extrusion mechanism [41–43]. As
such, microstructure attributes are key to fatigue performance.

For AM metals, in HCF and VHCF regimes, stress concentrations at
and near defects can facilitate localized plastic deformation, even
though the macroscopic mechanical response appears to be elastic
[44,45]. In traditional alloys, localized plastic deformation leads to the
formation of low energy sub-grain dislocation structures at saturation,
whose irreversible plastic deformation leads to cyclic damage and ul-
timately fatigue crack initiation [46–49]. The extent of the plastic de-
formation surrounding defects depends on multiple factors including
the shape, size and location (e.g. nearest neighbor defect, or distance to
the free surface) of the defect and the characteristics of the surrounding
microstructure (i.e. phase composition, crystal orientation, and grain
size). From the perspective of linear elastic fracture mechanics, the size
and shape of the defect are key in the earliest stages of crack growth,
with large LOF defects being most detrimental to fatigue performance.

A subset of literature data was examined to demonstrate how α-
colonies/prior-β grains, LOF defects or spherical pores can impact the
HCF strength of AM Ti-6Al-4V focusing on manuscripts where both
fatigue life and Crack Initiation Site (CIS) fractography were reported
for both powder feed AM (laser and electron beam) and traditionally
fabricated wrought materials [11,12,14,15,17–20,50–59]. In Fig. 2, the
HCF strength is defined as the effective stress of a fatigue cycle that
corresponds to a fatigue life of 106 cycles, interpolated from the re-
ported S-N (i.e. stress-life) curves. To compensate for variation in stress
ratio (R) across the data, the concept of an effective stress was used,
following Eq. (1) [60]:

= ⎛
⎝

− ⎞
⎠

σ σ R1
2eff max

0.28

(1)

The CIS was estimated from the root of the projected area of the
defect in the direction of loading. Given that samples do not fail at
exactly 106 cycles, inference was required using nearby data points.
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Additionally, the typical CIS size was obtained from the reported defect
sizes of the corresponding sample batch. When multiple CISs (namely,
LOF, spherical pores, or α-colonies/prior-β grains) were reported, then
the CIS with the highest expected stress intensity was used, noting that
LOF defects have significantly higher stress intensity factors than
spherical pores. If crack initiation was not associated with a defect, it
was assumed to be due to the localization of slip, as occurs in wrought
material and measured from the initial crack zone (flat area at the CIS).
This type of failure has been reported in HIPed AM Ti-6Al-4V samples
[54], where the propensity for cracks to initiate from defects has been
decreased. Samples with bi-modal microstructure, horizontally-built
and 45°-built samples were excluded from the dataset.

It is apparent from Fig. 2 that the HCF strength is generally (but not
always) the greatest when the CIS does not correspond to a LOF defect
or spherical pore. The difference in HCF strength between the LOF
defect and spherical pore CISs is not discernible among the data shown.
Further, the HCF strength is not strongly correlated with size for any of
the CIS types, which is consistent with AM literature, for example [61].
While these two points contradict the often-used linear elastic fracture
mechanics vantage, this is not necessarily surprising considering the
length scales involved, e.g. plastic zone size vs CIS size, and potential
for strong nonlocal effects, e.g. grain characteristics within the neigh-
borhood of the CIS. In support of this point, it is worthwhile to note that
in some cases the HCF strength of wrought or HIPed AM Ti-6Al-4V
samples was inferior to non HIPed AM samples with LOF-type CISs.

3.2. Effect of build orientation

As discussed in Part I [1], various design and processing parameters
such as shape and size of the part as well as its build orientation can
influence the microstructure and defect characteristics. Specifically,
directional prior-β grain growth along the build direction can result in
microstructural anisotropy in the part and hence anisotropy in many
aspects of the mechanical performance. For instance, Carroll et al. [62]
reported significant anisotropy in the ductility of laser-based DED Ti-
6Al-4V related to the grain boundary α-phase, along the prior-β phase
boundaries, being subjected to tensile opening modes for loading di-
rections perpendicular to the build direction. In fact, anisotropy in the
Low Cycle Fatigue (LCF) behavior has been reported and attributed to
the anisotropy in ductility related to the directional prior-β micro-
structure [63]. Though it has been shown that process conditions
governing the cooling rate during solidification can affect the presence
of the columnar prior-β microstructure [64], the relationship between
build orientation, microstructure, process induced defects, and the re-
sulting fatigue performance requires attention.

As discussed in [28,65], the aspect ratio and build orientation can

influence the thermal history and, therefore, the residual stresses, re-
sultant microstructure, and the orientation and shape of the defects. For
non-heat treated and annealed conditions in the literature, for example
in [10,51,66,67], build orientation anisotropy of fatigue performance
has been reported. Generally, vertically fabricated samples are found to
have shorter uniaxial fatigue lives than samples fabricated in other
directions. This is often attributed to the projected area of the LOF
defects normal to the loading axis being larger for the vertically built
samples. For instance, some strong anisotropy in the fatigue behavior of
other AM materials, 17-4 PH and 316L stainless steels, has been re-
cently reported by the co-authors [28,68,69]. Horizontally fabricated
samples were found to have longer fatigue lives than samples fabricated
in vertical orientation. The authors concluded that the anisotropy ob-
served in the fatigue behavior of these materials is due to the fact that
the projected area of the LOF voids on the loading plane are different
for vertically and horizontally fabricated specimens.

Edwards and Ramulu [51] reported significant anisotropy for LB-
PBF Ti-6Al-4V related to build orientation of the specimens with frac-
tography images suggesting the presence of LOF defects at the CIS. In
another recent study, LB-PBF Ti-6Al-4V specimens were fabricated in
vertical, diagonal, and horizontal directions [32]. The presence of pores
was reported for all build orientations, however, fractography analysis
revealed the pores at the crack initiation sites to be spherical rather
than slit shaped LOF defects. The projected area of these spherical pores
on the loading plane is almost the same regardless of build orientation;
therefore, little anisotropy was observed between the different spe-
cimen orientations. Fig. 3(a) and (b) show similar performance of an-
nealed Ti-6Al-4V coupons for three build orientations and two surface
conditions [32,70]. Further, specimens subjected to HIP processing,
often show little or no anisotropy in fatigue performance [6,7,71],
where LOF defects and spherical porosity are often minimized. The

Fig. 2. Correlation between effective stress and crack initiation site (CIS) size
for different CIS types: LOFs, spherical pores, and α-colonies/prior-β grains.
Hollow data points corresponding to wrought samples.

Fig. 3. Superimposed results of fully-reversed axial fatigue tests for LB-PBF
annealed rod specimens with different build orientations for (a) as-built surface,
and (b) machined surface conditions [32,70]. The specimens are fabricated
with M290 machine.
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findings suggest that, despite the directional prior-β grain structure of
LB-PBF Ti-6Al-4V, anisotropy in the HCF behavior is mostly a function
of the character and presence of LOF defects influencing fatigue crack
initiation and propagation rather than microstructural characteristics.

3.3. Effect of residual stresses

As discussed in Part I [1], residual stresses can be removed or at
least minimized during or after the fabrication process. The fabrication
process parameters, build orientation, and post fabrication heat treat-
ment can all play a role in the resulting residual stress. If significant
residual stresses remain, they can act as an additional fatigue crack
driving force and need to be considered in fatigue life analysis.

Several studies in the literature confirm the effect of different post
fabrication heat treatments in eliminating or reducing residual stresses.
For example, Leuders et al. [72] measured the residual stresses in LB-
PBF Ti-6Al-4V specimens and observed that the stress relieving heat
treatment at 800 °C for 2 h reduced the as-fabricated 200MPa residual
stresses to less than 5MPa after the treatment. It was observed that this
process improved the fatigue life by about a factor of four at the mid-life
regime. They also found that the stress relieving treatments resulted in
a fatigue crack growth behavior similar to the wrought Ti-6Al-4V ma-
terial. Vrancken et al. [73] also observed that residual stresses have a
significant influence on the anisotropic crack growth behavior of the
compact tension specimens of LB-PBF Ti-6Al-4V fabricated in different
orientations. In another study, Benedetti et al. [74] measured the re-
sidual stresses in LB-PBF Ti-6Al-4V specimens with different conditions
and observed that HIPing the samples at 920 °C and 100MPa for 2 h
could completely remove the residual stresses. The time required to
relax the residual stress in LB-PBF Ti-6Al-4V can be estimated by a
simple visco-plastic material model with parameters chosen to match
the high temperature material behavior [61]. For example, it takes ~ 10
mins for residual stresses to decrease from yield (951MPa) to 5MPa at
800 °C [61].

It has been shown that the scanning strategy can also have sig-
nificant effects on residual stresses and, subsequently, on the mechan-
ical properties of the fabricated parts [75,76]. For instance, Ali et al.
[75] examined different scanning strategies on LB-PBF specimens in-
cluding 45° alternating, 90° alternating, and several chessboard stra-
tegies with different sizes and different scan vectors in adjacent blocks.
They found that different strategies result in different residual stresses.
In another study, Casavola et al. [77] showed that the magnitude of
residual stress is affected by the part thickness and position of the
fabricated LB-PBF parts in the chamber. The challenge in relating re-
sidual stress effects to processing and post processing parameters is that
the parameters are also related to the defect characteristics, which can
also govern fatigue performance. To date, we are not aware of efforts
that have sought to isolate coupled effects, beyond standard stress-re-
lieving heat treatments at low temperatures which are intended to have
a mild effect on the microstructure.

3.4. Effect of post fabrication heat treatments/HIP

As discussed extensively in Part I [1], different heat treatments
could transform the less ductile martensite microstructure of fabricated
AM Ti-6Al-4V parts to a more ductile equilibrium +α β phase and also
change the amount of residual stresses. Therefore, the failure me-
chanism of the material under different heat treatment conditions may
differ due to differences in the microstructure and defect characteristics
of the material. For additive manufactured Ti-6Al-4V material, the low
ductility in conjunction with the presence of defects often results in
poor fatigue performance, and subsequent heat treatments to regulate
the part microstructure/ductility can be advantageous [51]. However,
the ductility of HT samples can still be noticeably lower than that of
conventional wrought specimens.

The improvement in ductility of AM Ti-6Al-4V parts through HT has

been mostly inconsistent with varying degrees of success being reported
in the literature [78–82]. Obtaining a coarser α microstructure can also
lead to additional improvements in ductility in which the α width is
mainly determined by the maximum soak temperature followed by
holding time. The best performance is often found at temperatures just
below the β-transus temperature, however, the columnar prior-β mi-
crostructure is preserved, which was shown to contribute to anisotropy
in the LCF regime. Many researchers have shown significant improve-
ments in ductility such that the elongation to failure required by ASTM
F1472 and F2924 [33,83] are obtained for LB-PBF Ti-6Al-4V.

Leuders et al. [72] showed that heat treatments consisting of soak
temperatures of 800 °C and 1050 °C resulted in subsequent improve-
ments in ductility from 1.6% for the as-fabricated material to 5% and
11.6% respectively. This improvement in ductility coincided with an
increase in HCF performance. The mean fatigue lives for as-fabricated
specimens was approximately 29,000 cycles while the 800 °C HT spe-
cimens resulted in an improvement to 93,000 cycles and the 1050 °C HT
specimens improving to 290,000 cycles. While significant improve-
ments in HCF performance was observed for the heat-treated speci-
mens, the performance was still lower than what is typically observed
for conventional Ti-6Al-4V.

Leuders et al. [72] also showed that HIP treatment was successful in
improving the ductility, in addition to reducing the size of the porosity,
resulting in a fatigue limit comparable to conventional wrought Ti-6Al-
4V. In fact, AM Ti-6Al-4V parts post processed with HIP and a sub-
sequent surface machining have been well established to have fatigue
performance on par with traditional wrought Ti-6Al-4V [6,61]. Fig. 4
shows the superimposed axial fatigue test data of the wrought and
HIPed LB-PBF machined surface Ti-6Al-4V tubular specimens with
different build orientations [6]. As can been seen, the fatigue perfor-
mance of HIPed LB-PBF specimens is not only comparable with the
wrought material, but also shows no substantial difference between
different build orientations (vertical versus diagonal (45° built) speci-
mens). As discussed in [61], the effectiveness of HIP treatment in im-
proving the fatigue performance of AM material, relative to other heat
treatments, can be attributed to a combination of decreasing crack in-
itiating defect sizes below a threshold and changing the microstructure
around the defects. This finding was supported by a quantitative Elec-
tron Backscatter Diffraction (EBSD) observation of a more refined mi-
crostructure surrounding the defects in HIPed LB-PBF Ti-6Al-4V [61].

Due to the presence of inherent build defects in AM parts, HIP
treatment still seems to be a necessary post treatment procedure to
obtain good fatigue performance. The behavior of the HIPed LB-PBF
material was found to be ductile, and the failure mechanism to be shear.
Failure orientation of HIPed samples under axial loading was along
maximum shear planes [6]. The ductile behavior observed for HIPed
specimens is also consistent with the findings of the monotonic test
results in [6]. The combined effects of microstructural transformation
to a more ductile −α β phase, and removal or significant shrinkage of

Fig. 4. Superimposed results of fully-reversed axial fatigue tests for wrought
and LB-PBF HIPed machined surface tubular specimens with different build
orientations fabricated with M290 machine [6].
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the internal defects are the main contributors for this behavior [6].

3.5. Effect of surface roughness

Although the capability to fabricate complex and/or near net shape
geometries is one of the most promising advantages of AM, relative to
conventional manufacturing techniques, it is currently not achievable
for fatigue critical AM Ti-6Al-4V builds due to the requirement for post-
build surface treating. Topographic surface features can function as
initiation sites for fatigue cracks and thus can play a substantial role in
determining fatigue life. As discussed in Part I [1], the surface topo-
graphy of AM builds is tortuous due to the partially melted powder
particles, and in the cases of curved surfaces the discrete layer-wise
building process. Therefore, the effects of surface finish on the fatigue
behavior is an important consideration in fatigue analyses and design of
AM parts.

AM Ti-6Al-4V specimens tested in the as-built surface condition
resulted in fatigue lives up to four times shorter than their machined
and polished counterparts in [84,85]. It is generally understood that the
rough surface of as-built specimens creates stress concentrators that
lead to earlier crack initiation. Fig. 5 provides a comparison of strain-
life fatigue data for both as-built surface and machined surface speci-
mens fabricated in vertical and diagonal (45° to the build plate) di-
rections [70]. Regardless of the build direction, the fatigue resistance of
specimens with rough as-built surfaces is much lower than the ma-
chined surface specimens, especially in the HCF regime. At the strain
amplitude of 0.004mm/mm, the as-built surface condition results in a
fatigue life a few orders of magnitude shorter than the specimens with
machined surfaces.

As it was discussed in Part I [1], surface roughness can be affected
by both process conditions and post-process surface treatments. Pre-
vious work on the fatigue behavior of Ti-6Al-4V produced by LB-PBF
revealed that increasing mean roughness, Ra, correlated with de-
creasing fatigue resistance [65]. Fractography analysis showed that, in
the presence of high surface roughness, cracks initiate at many loca-
tions throughout the uniform gage section. The deep valleys of the
surface roughness act as micro-notches resulting in micro-cracks in-
itiating from the specimen surface. These cracks grow independently
until they become large enough to interact and coalesce into a single
large dominant crack, after which failure occurs abruptly. This crack
initiation and growth behavior is much different as compared to ma-
chined surface specimens where cracks typically initiate at a single
defect and grow until failure with little to no evidence of crack coa-
lescence on the fracture surface [65]. This interaction between several
cracks can compound the effects of early life crack initiation induced by
surface roughness and further contribute to the detrimental effect on
the HCF performance of AM Ti-6Al-4V.

Chan et al. [84] compared the effect of surface roughness on the
mean fatigue lives of both E-Beam PBF and LB-PBF Ti-6Al-4V specimens
at a stress range of 600MPa with stress ratio of 0.1. The E-Beam PBF
specimens had much higher surface roughness and much lower fatigue
strength compared to the LB-PBF specimens. Greitemeir et al. [86] also
compared the fatigue behavior of both LB-PBF and E-Beam PBF fabri-
cated Ti-6Al-4V and were able to make reasonable fatigue life predic-
tions using a fracture mechanics based approach. This approach uses
max peak-to-valley, Rt, as an equivalent initial flaw size. However, Rt

may not be truly representative of the initial flaw size as the particles
only partially fused to the surface would not be expected to contribute
greatly to the stress concentration induced by the rough surface. In-
stead, the deepest valleys of the surface roughness and the shape of
these valleys would be expected to be the main source of stress con-
centration. The radius of curvature at the valleys protruding into the
part, along with other surface roughness parameters, may give better
approximations of the surface roughness effects by also considering the
shape of the micro-notches.

Pegues et al. [87] also tried to predict fatigue life of LB-PBF Ti-6Al-

4V as-build surface specimens by considering several roughness para-
meters such as max peak-to-valley (Rt), 10-point height (RzISO), and the
10-point valley radius (ρ̄) for three different specimen types with
varying surface roughness. These roughness parameters and material
ultimate tensile strength were used to approximate the effective elastic
stress concentration factor, Kt, which was then employed to estimate
the fatigue notch factor, Kf. These factors were then used to predict the
stress-life fatigue curves which showed acceptable correlations to ex-
perimental fatigue data. Though the curves were slightly non-con-
servative, the approach provided reasonable estimations without the
need for excessive fatigue testing.

4. Torsion fatigue behavior

Unlike the relatively large number of uniaxial fatigue test data for
AM metallic materials discussed in the previous section, there is limited
fatigue test data on these materials under other loading conditions such
as torsion fatigue loading [24,88]. An important challenge associated
with torsion loading is the shear stress gradient through the cross sec-
tion, making it difficult to compare with fatigue behavior under uni-
form stress states, such as in uniaxial loading. This could be more cri-
tical for AM parts, where internal defects are inevitable part of the
manufacturing process and they are non-uniformly distributed. Defects
closer to the outer surface will also have more detrimental effect under
torsion loading which is associated with higher stress resulting from the
shear stress gradient.

4.1. Effect of build orientation

It is generally believed that the detrimental effect of defects on the
fabricated part’s fatigue strength can vary with defect-loading

Fig. 5. Fully-reversed strain-life fatigue behavior for machined surface and as-
built surface LB-PBF specimens built in (a) vertical and (b) diagonal orientation
[70].
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alignment, where the fatigue strength could substantially improve if the
loading direction is parallel to the common alignment of defects
[29,68]. This, however, becomes more complex under torsion loading
due to the fact that the failure orientation is not necessarily perpendi-
cular to or aligned with the loading direction. As an example, failure
orientations of ductile and brittle behaving materials under torsion
loading are shown in Fig. 6 for vertical and diagonal built (at 45°)
specimens. As can be seen, cracks could align at different orientations
based on the build orientation as well as the failure mode of the ma-
terial.

Improving the fatigue performance of the AM materials under dif-
ferent loading conditions may be possible by considering the applied
stress state and the expected failure mechanism. The fatigue life of AM
parts could be improved by developing the directionally fabricated
materials in which the best performance direction is aligned with the
most critically loaded plane orientation [28].

Build orientation effect under torsion loading was studied by Molaei
et al. [6] on LB-PBF HIPed specimens of Ti-6Al-4V fabricated in vertical
and diagonal (at 45°) orientations. Similar to the findings in the lit-
erature for uniaxial loading, generally no anisotropy effect in fatigue
performance was observed for HIPed samples built in different or-
ientations, as shown in Fig. 7. Neutralizing the fatigue crack initiating
defects, resulted in reduction of the anisotropy of the samples. This is in
addition to HIP’s homogenization effects on the microstructure re-
sulting from recrystallization of the alpha phase.

However, it was discussed in [6] that diagonal specimens show
somewhat longer fatigue lives under torsion loading, while shorter lives
were achieved under axial loading conditions as compared to the ver-
tical specimens. This was contributed, in some degree, to the orienta-
tion of LOF defects which are roughly oriented perpendicular to the
build direction [6]. Defects in the vertical specimens are along one of
the maximum shear planes under torsion loading, while they are along
one of the maximum shear planes for the diagonally built specimens
under axial loading, as can be seen from Fig. 6 for torsion loading,
knowing that LOF defects are perpendicular to the build direction.
Therefore, as the expected failure plane and build direction become
closer to being perpendicular, probability of failure increases.

4.2. Effect of fabrication machine and processing parameters

As presented in Part I [1], variations in process and design para-
meters can significantly affect the microstructure and defect char-
acteristics. In order to better understand this variability, both mono-
tonic tensile and torsion fatigue test results of LB-PBF Ti-6Al-4V
samples fabricated by the two LB-PBF machines (referred to as M290
and AM250 in Section 2) were compared to each other in [6]. As
mentioned earlier, the two machines used different processing para-
meters to fabricate the specimens.

The fatigue performance of the fabricated specimens with afore-
mentioned fabrication machines support the assertions made earlier in
Figs. 1 and 2. Fig. 8 shows significantly different fatigue performance
between the vertical as-built surface HIPed specimens fabricated with
these machines. This is because the size and density of defects in the
two specimen sets were very different. Further, considering that the
monotonic stress versus strain curves were nearly the same [6], the
point of Fig. 1 is also reinforced, i.e. the ultimate strength does not
correlate with fatigue performance, and is not a reliable indicator of the
cyclic response of the material.

4.3. Effect of post fabrication heat treatments

Selecting appropriate processing parameters and build orientations
could decrease the residual stresses that result from the fabrication
process. It was discussed in Part I [1] that the remaining residual
stresses could be removed with proper post fabrication heat treatment
processes. Moreover, it was discussed that if these post fabrication heat

treatments are applied at proper temperature and duration, they could
significantly improve the ductility and, therefore, would likely reduce
the notch sensitivity of the materials to defects. In addition to the
regular heat treatment and annealing processes, HIPing as a thermo-
mechanical treatment can neutralize defects.

Fig. 9 shows the effect of different heat treatment processes on
torsion fatigue behavior of the as-built surface and machined surface
specimens [6,24]. By comparing the torsion fatigue test results with and
without annealing for both as-built surface and machined surface spe-
cimens in Fig. 9(a), improvements offered by the annealing process
become evident. As can be seen in this figure, regardless of the surface
condition, annealing improved the fatigue behavior of the specimens by
more than an order of magnitude. Although no significant change in
ductility or microstructure was observed after the annealing process for
the specimens in [24], the improvement was attributed to the relief of
the residual stresses which were generated during the fabrication pro-
cess.

No significant difference in fatigue life of the annealed and HIPed
specimens in presence of the as-built surface condition is observed in
Fig. 9(a). This highlights the importance of the subsequent surface
finish step in the HIP process, given that the pressure associated with
HIP treatment does not act on defects that are connected to the surface.
Therefore, when considering the HIPing process, removal of a certain
amount of material from the surface, depending on the distribution of
the surface defects is necessary in order to see significant improvements
in the fatigue performance of HIPed samples. This can be seen in
Fig. 9(b) for machined surface annealed and HIPed vertical and 45°
specimens, where HIPed specimens exhibit longer lives as compared to
the annealed specimens. In addition, no substantial difference can be
observed between the fatigue performance of the machined surface
specimens built in different orientations after performing the HIP pro-
cess. However, capability of post fabrication heat treatments including
HIP in eliminating the anisotropy of the AM fabricated parts could still
depend on several factors including fabrication process parameters and
their induced defects with respect to size, density, surrounding micro-
structure, as well as residual stresses [89].

Fig. 6. Schematic view of predicted failure crack orientations for ductile and
brittle behaving materials under torsion loading (a) vertical built, and (b) 45°
built samples.

R. Molaei, et al. International Journal of Fatigue 132 (2020) 105363

7



4.4. Effect of surface roughness

Fig. 10(a) compares the LB-PBF as-built surface and machined sur-
face torsion fatigue test results for the annealed condition reported in
[24]. The wrought curve in this figure is shown as a reference from the
same study for comparison to the AM specimens. It can be seen from
this figure that the surface machining results in consistently longer fa-
tigue lives by an average factor of about 4. This agrees well with the
data presented in Fig. 5 for uniaxial loading. Surface machining re-
moves the stress concentrations associated with the rough surface and
the material that was deposited near the surface. The improvement is
not as significant as that expected for conventional wrought metallic
materials, due to the existence of interior impurities/defects which are
not affected by the surface treatment and result in detrimental effects
on the fatigue performance. This effect is similar to that in castings
which contain porosity and/or other defects.

Comparison of as-built surface and machined surface test results of
HIPed Ti-6Al-4V specimens is shown in Fig. 10(b). As can be seen in this
figure, the fatigue performance of the machined surface samples is
improved, as compared to those with the as-built surface condition.
This difference becomes more pronounced at longer lives, again in-
dicating a more substantial effect of defects in controlling the fatigue
behavior in HCF. Comparison between this figure and Fig. 9(a) in-
dicates that the best fatigue performance is observed only after ma-
chining the HIPed samples. Masuo et al. [90] observed a similar be-
havior regarding to the importance of the surface finish after
performing the HIP process under axial loading.

4.5. Failure mechanism

The failure mechanisms and cracking behaviors were identical for
machined surface specimens fabricated with two different machines

and process parameters. Shear failure (failure along the maximum shear
planes) was observed at higher shear stress levels for both specimen
sets, while tensile failure (failure along the maximum principal planes)
was observed as the stress level dropped. In addition, there was no
difference between the cracking behavior of the vertical and diagonal
specimens [6]. This is in spite of the microstructure, ductility, and de-
fect characteristics differences for M290 and AM250 fabricated samples
in annealed condition due to different fabrication parameters. How-
ever, due to the aforementioned differences, fatigue life of the fabri-
cated specimens with these two machines were very different. For ex-
ample, a M290 fabricated specimen under shear stress of 348MPa
failed after about 250,000 cycles, while the specimen fabricated with
AM250 failed after only about 29,000 cycles under the same shear
stress.

A dependence of crack growth direction on loading level was also
observed for both annealed and HIPed conditions. As the loading level
increases, longer mode-II cracks grow on planes of maximum shear
before branching to maximum tensile planes. Gates and Fatemi [91]
showed that friction and roughness induces crack closure, caused by
crack face interaction, play a key role in determining the crack path.
They showed that at the lower loading levels, the combined effect of
friction and roughness reduce the effective shear-mode driving force at
the crack tip until it drops below a critical level. As the load level de-
creases, the crack initiates in mode-I direction, indicating the dominant
influence of the internal defects at longer lives.

For machined surface HIPed specimens fabricated with M290,
cracks were observed to initiate on or near the maximum shear planes,
similar to the axial loading for the LB-PBF HIPed and the wrought
material. This is attributed to the HIP process evolving the more brittle
behaving α′ martensitic microstructure to a coarser, more ductile be-
having α lamellar structure, in addition to the closure/shrinkage of the
internal defects. Similar to the annealed condition, the crack growth

Fig. 7. Superimposed results of fully-reversed torsion fatigue tests for wrought
and LB-PBF HIPed machined surface tubular specimens with different build
orientations [6].

Fig. 8. Effect of fabrication machine and processing parameters on torsion fa-
tigue behavior of LB-PBF as-built surface HIPed Ti-6Al-4V alloy [6].

Fig. 9. Effect of heat treatment on fully-reversed torsion fatigue tests: (a) as-
built, annealed, and HIPed specimens with different surface conditions fabri-
cated with AM250, and (b) annealed and HIPed machined surface specimens
fabricated with M290 [6,24].
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direction was dependent on the loading level. In addition, some other
small cracks were evident at the vicinity of the failure crack. Shamsaei
and Fatemi [92] showed that a larger number of micro-cracks initiate in
more ductile behaving materials, as compared to the brittle behaving
materials. Again, there was no substantial difference between the
cracking behavior of the specimens fabricated in different orientation.

5. Multiaxial fatigue behavior

Multiaxial loads are very common for different components in many
industries, and even under uniaxial or torsion loadings the stress state
could be multiaxial due to the multidirectional residual stresses or
complexities of the geometries with stress concentrations. Despite this
fact, similar to the previous section for torsion fatigue study, only a few
studies address the fatigue performance of AM Ti-6Al-4V alloy con-
sidering multiaxial loading conditions [6,25,93].

5.1. Multiaxial data under annealed condition

Combined in-phase and 90° out-of-phase axial-torsion test data of
AM250 fabricated annealed specimens are shown in Fig. 11 for as-built
surface and machined surface conditions based on von-Mises equivalent
strain [25]. AM specimens have much shorter fatigue lives as compared
to the wrought material, regardless of the surface condition and mul-
tiaxial load path applied. However, as can be seen in Fig. 11(a), surface
machining improves the fatigue lives by a factor of about 4, which is
due to the removal of defects concentrated close to the surfaces, similar
to the observation for torsion loading discussed in the previous section.
One factor in the lack of significant improvement in fatigue behavior of
the machined surface AM specimens is the fine Widmanstätten micro-
structure that is present after annealing, as compared to the duplex

microstructure of the wrought material. This is in addition to the ex-
istence of interior defects which become more detrimental by moving to
the surface or near surface after the machining process. Hence, these
defects act as the weakest-link for the material and cause crack initia-
tions.

These findings are not surprising and consistent with uniaxial spe-
cimen test results from the literature. The inferior fatigue performance
of the LB-PBF annealed axially loaded specimens in [25], regardless of
the surface condition, as compared to the wrought condition, was at-
tributed to the microstructure at shorter lives and the presence of in-
ternal defects such as LOFs and entrapped gas pores at longer lives. In
some cases, LOF defects as large as 500 μm were observed for the fab-
ricated specimens from AM250, resulting in significant shorter lives as
compared to the reference wrought material.

5.2. Multiaxial data under HIPed condition

Fig. 12 shows the fatigue life of the in-phase and 90° out-of-phase
axial-torsion tests of the machined surface LB-PBF HIPed M290 fabri-
cated specimens in terms of von-Mises equivalent strain [6]. The
wrought data are also included from [25] for comparison. Although
most of the data are for vertically built specimens, a few test data are
also included for 45° built specimens to show the HIPing effect on
eliminating or reducing the anisotropy in multiaxial fatigue behavior. It
is evident from Fig. 12(a) that there is no significant difference between
the fatigue behaviors of vertical and diagonal (at 45°) specimens, after
applying the HIP process. This is similar to the results of the axial and
torsion fatigue tests discussed in the previous sections, where HIP sig-
nificantly decreases the directionality of defects, as well as homo-
genizes the microstructure.

As can be seen from Fig. 12, there is no significant difference be-
tween the fatigue behavior of the machined surface HIPed AM and
wrought materials. This indicates that if proper fabrication parameters

Fig. 10. Effect of surface finish on fully-reversed torsion fatigue tests and
comparisons to the wrought data: (a) annealed specimens with as-built surface
and machined surface conditions fabricated with AM250, and (b) HIPed spe-
cimens with as-built surface and machined surface conditions fabricated with
M290 [6,24].

Fig. 11. Superimposed fully-reversed fatigue test results on wrought and
AM250 fabricated annealed specimens under combined (a) in-phase, and (b)
90° out-phase axial-torsion loading conditions [25]. In part (b), the data point
with plastic deformation is excluded from the fit.
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are chosen for fabrication and, subsequently, appropriate post fabrica-
tion surface treatment and heat treatment processes such as HIP are
applied to the material, it is possible to elevate the AM material fatigue
performance to the level of the wrought material. The reasons for these
improvements were already discussed in Sections 3 and 4 of this paper
for axial and torsion fatigue behavior, as well as in Part I [1] of this two-
part paper series.

Despite the similarity of the fatigue behavior of the AM machined
surface HIPed material to the wrought material under different loading
conditions (according to Fig. 4, Fig. 7, and Fig. 12), it was discussed in
[6] that even after applying the HIP process, some interior defects as
large as about 100 μm remained, which could act as CISs. Fig. 13 shows
an example of a CIS caused by an entrapped gas pore under combined

in-phase axial-torsion load. It was discussed in Ref. [6] that the mi-
crostructure of the AM material after HIP is much more uniform in
terms of grain size and shape as compared to the less uniform equiaxed
grains of the wrought material. In spite of the remaining defects in the
AM HIPed condition, this is likely responsible for the similarity in the
fatigue behavior of the wrought and the AM HIPed materials.

5.3. Failure mechanism

The failure mechanism under multiaxial loading can be influenced
by the parameters of the post fabrication heat treatment, e.g. tensile
failure was observed for the annealed condition and shear failure was
observed for the HIPed specimens [6,25], similar to the axial and tor-
sion loading conditions. For the HIPed specimens multiple small cracks
were observed at the vicinity of the failure crack indicating a ductile
behavior [92].

For some of the annealed specimen tests, crack orientation was
observed to occur in an unexpected direction. Further investigation
indicated that this could be due to the coalescence of several internal

Fig. 12. Superimposed fully-reversed fatigue test results on wrought and ma-
chined surface HIPed specimens fabricated with M290 under combined (a) in-
phase, and (b) 90° out-of-phase axial-torsion loading conditions [6]. LB-PBF
specimens with different build orientations are included, when applicable. In
part (b), the data points with plastic deformation are excluded from the fits.

Fig. 13. Representative of fatigue crack initiation location of an LB-PBF machined surface HIPed specimen fabricated with M290 under combined in-phase axial-
torsion loading. The failure is due to a relatively large porosity caused by entrapped gas [6].

Fig. 14. Representative of internal cracks coalescence under combined in-phase
axial-torsion loading on a machined surface annealed specimen fabricated with
AM250 [94].
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defects. An example of this observation is shown in Fig. 14 for a com-
bined in-phase axial-torsion test on an annealed specimen. As shown,
two LOF defects grew individually up to the outer surface and joined
together to form the failure crack. As can be seen, one of the cracks
indicates mode-I orientation (i.e. tensile mode), while the other crack
represents mode-II crack orientation (i.e. shear mode). Therefore, due
to the presence of multiple internal defects in AM metals and their in-
teraction during fatigue crack growth, it is possible to observe cracks
with unexpected orientations [94].

5.4. Correlation of multiaxial fatigue data

Depending on the material microstructure and surface/sub-surface
defects, fatigue behavior is mainly dominated by microcracks occurring
near the maximum shear planes, along the maximum tensile plane, or
other specific plane orientations due to different stress states.
Therefore, appropriate damage models consistent with the damage
mechanism and cracking orientation, often referred to as critical plane
(s), are needed for correlating the multiaxial fatigue data.

Fatigue life correlations for all loading conditions of annealed spe-
cimens fabricated with AM250 are shown in Fig. 15(a) for the as-built
surface and in Fig. 15(b) for machined surface condition based on
maximum principal stress criterion. As can be seen, the data fall within
the scatter band of± 3× on life, regardless of the surface condition.
This corresponds to and is consistent with the tensile failure mode of
the annealed AM specimens observed in fatigue tests.

As discussed previously, the failure mechanism of the machined
surface LB-PBF HIPed alloy was shear, therefore, a criterion which is
appropriate for ductile behaving materials should be able to correlate
the fatigue test results in this condition. It was observed in [6] that the
commonly used von-Mises criterion failed to bring together fatigue data
of the material, as can be observed from Fig. 16(a), while Fatemi-Socie
critical plane parameter resulted in a reasonably good correlation of the
data, shown in Fig. 16(b). This was attributed to the shear failure me-
chanism of the LB-PBF material in HIPed condition which was discussed
earlier.

6. Modeling the effects of defects and surface roughness on fatigue
life

As discussed earlier, the fatigue performance of AM metals is sen-
sitive to the existence of defects. The aim of this section is to briefly
discuss a method to predict the multiaxial fatigue life of AM metals
based on some of the main defect characteristics discussed earlier.
Prediction results are then compared with experimental results for va-
lidation of the model.

Murakami et al. [95] examined the correlation between the fatigue
limit of clean steels and the CIS inclusion size defined by the square root
of the projected area on the loading plane. This parameter has been
implemented to represent defect size in several AM studies since the
geometrical parameter √area reportedly allows calculating the max-
imum Stress Intensity Factor (SIF) along the front of an internal or
surface crack with irregular shape [8,27]. The area of the defect is
defined as an effective area of a smooth contour circumscribing the
irregular defect shape. The rational for this definition is that the SIF on
an irregularly shaped defect will drive the crack towards a round shape
as it grows.

Murakami’s approach relies on using EVS of observed/sampled
defects to predict the size of the largest defect in a coupon, which is
subsequently assumed to govern fatigue performance [96]. This ap-
proach has shown promising results for fatigue life prediction for uni-
axial fatigue of AM material [27]. Given its popularity, an application
of this approach is briefly examined here, by means of an effective
defect size which is calculated for each loading case.

Fatigue life to crack initiation is defined here as a two-phase pro-
cess. Phase-I is life to nucleate a crack from a defect and phase-II is the

life associated with the growth of this small crack (typically up to less
than 2mm in length). This could be explained as the number of cycles
to transform a “defect” to a “small crack” and then its propagation as a
small crack to a size which corresponds to long fatigue crack growth
behavior. For AM Ti-6Al-4V with crack initiating defects, it is common
for the fatigue life to be considered as the growth life of a small crack
[8]. Also, for the considered test specimens here, the fatigue life after
reaching a crack length of about 2mm is very short. The accuracy of life
predictions based on this assumption depends significantly on the
adopted small crack propagation model.

Various approaches to this small crack growth life could be adopted
for correlation of the uniaxial and multiaxial fatigue life based on the
material properties such as crack growth threshold, and cracking and
failure mechanism of material. By closely observing material cracking
and failure behavior, and analyzing fracture surfaces, the appropriate
approach for fatigue life prediction for each material condition could be
selected. The fatigue life prediction approach discussed here is based on
a mode-I crack initiation and small crack growth from defects, for non
HIPed LB-PBF Ti-6Al-4V specimens fabricated with AM250. Internal
defect characteristics and surface roughness profiles of the corre-
sponding specimens were analyzed, and the gathered information were
further used for the fatigue life prediction based on defect and material
characteristics.

Defect and roughness profile characterization and EVS calculations
have been discussed in Part I [1] of this paper series. The experimental
fatigue life data used in this study has been gathered from a previous
study published by the authors on multiaxial fatigue performance of LB-
PBF Ti-6Al-4V [25]. In this section, an effective defect size for the
purpose of fatigue life modeling is presented, a generalized Paris
equation is adopted for the material, and the prediction results are
discussed for two cases of as-built surface and machined surface spe-
cimens.

Fig. 15. Correlation of fatigue test results of LB-PBF Ti-6Al-4V alloy on: (a) as-
built surface and (b) machined surface annealed specimens fabricated with
AM250 based on maximum principal stress criterion [25].
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6.1. Effective defect size

To incorporate the effect of defect size, an effective initial crack size
represented as areaeff max, or the square root of the effective defect area
can be defined based on the maximum prospective internal defect size
( area )D max, and the maximum prospective equivalent surface defect
size determined from the surface roughness profile ( area )R max, as
presented in Fig. 17 and applied to ductile cast iron [97]:

= +area area areaeff max D max R max, , , (2)

The equivalent surface defect size determined from the surface
roughness profile areaR is calculated based on the work by Murakami
et al. [98].

A stylus profilometer was used for measuring the surface roughness
profile. To calculate the effective defect size based on the roughness
profile and the method mentioned above, r is taken as the maximum
predicted Rmax from EVS (190.4 µm), t is the average pitch of the
measured roughness profile (464.6 µm) as presented in Eqs. (3) and (4),
and Rmax is the largest of the successive values of Rt,i calculated over the
evaluation length of 17.5 mm (i=7). The maximum prospective
equivalent surface defect size ( area )R max, was calculated by using EVS
for the data gathered from the roughness profile of the specimens based
on the method explained in the literature [97,98].
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The maximum prospective internal defect size ( area )D max, for all
AM250 annealed specimens and the maximum prospective equivalent
surface defect size ( area )R max, for AM250 annealed as-built surface
specimens were calculated as 219 µm and 175 µm, re-
spectively. areaR max, for machined surface specimens is considered zero

as their surface roughness is less than 1 µm.
Considering that in most of the observed experimental cases the

initiation of failure or the failure crack started at or very close to the
surface, an equivalent semi-elliptical surface crack was assumed for
fatigue life predictions. Also, the effect of defect shape is taken into
account by considering various aspect ratios as an important re-
presentation for the initial defect shape (Fig. 18). This is due to the fact
that irregular shape defects usually tend to transit quickly into an ap-
proximately smooth shape crack with various aspect ratios. Since the
size of the surface defects is usually very small with respect to the
diameter of the specimen, the local curvature of the specimen surface
could be neglected.

The stress intensity correction factor for crack geometry suggested
by Murakami for inclined semi-elliptical cracks [99] was used to take
into account the aspect ratio and inclination angle of the defect. For
vertically built specimens considered here, inclination angle of the
crack is taken as zero because of the assumption that most of the defects
are elongated between the layers and perpendicular to build direction.
Using appropriate assumptions, the correction factor calculated based
on the equation proposed by Newman and Raju [100] for finite thick-
ness plate with a surface elliptical crack yielded approximately similar
values for the same aspect ratios. The crack growth constants required
for the life predictions were gathered from crack growth studies per-
formed on similar AM Ti-6Al-4V in the literature [18,72].

6.2. Fatigue life modeling

A generalized Paris equation proposed by Pugno et al. [101] was
adopted for prediction of the fatigue life. The aim of their method was
to achieve an asymptotic match between the regime described by the
Basquin equation and the regime described by the Paris equation. This
can be interpreted as a Kitagawa-Takahashi method extended to finite
life. Their rationale behind this asymptotic match was to avoid mod-
eling of plasticity effect at a short crack tip. Quantized Fracture Me-
chanics was used to substitute the SIF, K, with a mean value:

= +∗K σ π a a( ( Δ /2)) (5)

where σ is the applied remote stress and a is the crack length. Paris
equation was used to relate the crack growth rate to the SIF range:

= ∗da
dN

C K a a σ(Δ ( , Δ , Δ ))n
(6)

where n and C are Paris equation constants which based on results for
annealed LB-PBF Ti-6Al-4V alloy in literature [18] are taken as 3.92
and 3.18× 10-12 m/cycle, respectively. In order to use this approach
for the LB-PBF Ti-6Al-4V material, it was assumed that in the limiting
case which the initial defect size tends to zero (ai → 0), the total fatigue
life calculated from integration of Paris equation is equal to the pre-
diction by the Basquin’s equation for the wrought Ti-6Al-4V material.
This implies that in an ideal case, where AM metal has a very similar
microstructure and as a result crack initiation fatigue life to the
wrought material, the only difference between the AM and wrought

Fig. 16. Correlation of fatigue test results of LB-PBF Ti-6Al-4V alloy on ma-
chined surface HIPed specimens fabricated with M290 based on (a) von-Mises
equivalent strain criterion and (b) Fatemi-Socie damage parameter [6].

Fig. 17. Schematic representations of effective defect size [97].
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materials is existence of defects and different crack growth properties.
These assumptions, accompanied by considering that the effect of final
crack length is negligible and taking the aspect ratio of the crack as

constant throughout the propagation life, leads to the following equa-
tion for fatigue life:
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where Y is the crack geometry factor for the case of inclined semi-el-
liptical cracks suggested by Murakami [99], and C ' is calculated based
on the Basquin equation constants of the wrought material:

=C σ2(2 ) b' '
f

1/ (8)

where σ '
f =987MPa is the fatigue strength coefficient and b =−0.034

is the fatigue strength coefficient gathered from uniaxial fatigue testing
of the wrought material [25]. For each loading scenario (i.e. axial,
torsion, or combined loading), the initial defect size ai, is substituted by
the projection of the effective maximum prospective defect size
( areap ) calculated from EVS, on the plane which is experiencing the
maximum principal stress and makes an angle α with the horizontal
direction [99]:

=area area α·cosp eff max, (9)

6.3. Internal defects

For the AM250 LB-PBF Ti-6Al-4V specimens with large pro-
cess‐induced irregular shape defects and low ductility, crack initiation
was observed on the plane of maximum principal stress and mode-I
crack growth was dominant. For machined surface specimens the ef-
fective initial defect size areaeff max, was calculated based only on the
size distribution of the internal defects since the measured surface
roughness was not significant compared to the internal defects size (less
than 1 μm). Fatigue test results and the predicted curves for vertically
built annealed and machined surface LB-PBF Ti-6Al-4V specimens are
shown in Fig. 19. The initial defect size used in fatigue life predictions

Fig. 18. (a) The effective area of a defect served as crack initiation site on the fracture surface of an as-built surface specimen, (b) the effective area of a near surface
defect served as crack initiation site on the fracture surface of a machined surface specimen, and (c) schematic view of the aspect ratio.

Fig. 19. (a) Projection of the defect size on the plane of maximum principal
stress for each loading condition and, (b) experimental data and calculated
fatigue curves (Aspect Ratio= 0.5) for different loading conditions of annealed
LB‐PBF Ti-6Al-4V with machined surface condition using generalized Paris
equation. (Significantly large fabrication defects were found on the fracture
surfaces corresponding to the solid data points).
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for each loading condition which was gathered from the EVS analysis of
the 2D defect characterization results, is also shown in the figure.

The fatigue life prediction results presented in Fig. 19(b) are based
on the aspect ratio of 0.5 which is a reasonable assumption based on the
crack initiating defects observed on the fracture surfaces. The fatigue
life prediction results based on maximum prospective defect size from
EVS methods presented in Part I [1] of this paper series shows rea-
sonable correlation with the experimental data, despite the discussion
surround Fig. 2. As can be interpreted from Eq. (7), the prediction re-
sults are first very sensitive to the initial defect size and then sensitive to
the aspect ratio of the initial defect. It can be observed from this figure
that the axial and combined out-of-phase axial-torsion tested specimens
generally showed slightly lower fatigue life for the same level of max-
imum principal stress, compared to torsion and combined in-phase
axial-torsion tested specimens. This agrees well with the assumption to
calculate the effective defect size observed for each loading condition as
the projection of the maximum prospective defect size on the plane of
maximum principal stress which is the lowest for torsion loading con-
dition.

As mentioned earlier and based on the experimental observations,
annealed specimens containing large defects generally showed tensile
failure mode, while the HIPed material exhibited shear failure mode,
which is similar to the failure mechanism of the wrought material. This
is due to the difference in microstructure and defect characteristics
inherent to the material and the fact that while the material is very
sensitive to the presence of defects in as-built state and annealed con-
dition, HIP treatment decreases this sensitivity. Fatigue life prediction
methods and results for HIPed specimens with shear failure mode are
currently under investigation by the authors.

6.4. Surface roughness

For as-built surface specimens the effective initial defect size was
calculated based on the size distribution of the internal defects and the
surface roughness profile as explained earlier. Fatigue test results and
the predicted curves for annealed as-built surface LB-PBF Ti-6Al-4V
specimens fabricated with AM250 are shown in Fig. 20. The fatigue life
prediction results presented in this figure are based on the aspect ratio
of 0.25, since a slenderer effective defect along the rough surface exits,
as seen from Fig. 18(a), compared to the machined surface with aspect
ratio of 0.5, as can be seen from Fig. 18(b). Changing the aspect ratio
from 0.5 to 0.25, decreases the life prediction results about 40%. The
data points shown as solid are associated with the specimens for which
very large defects were observed on the fracture surfaces. These defects
were significantly larger than the defects observed on the polished
surfaces used for EVS and are considered outliers. They could be caused
by manufacturing errors which are scarce and could be avoided, but
these defects can be problematic for modeling the fatigue life based on
the statistical analysis of the defect distribution.

7. Component fatigue testing and life predictions

Mechanical properties in general, and fatigue performance in par-
ticular, may differ from small laboratory specimens to the large com-
ponent levels. This is due to the fact that additional factors at the
component level often need to be considered, which are not typically
considered at the laboratory coupon test level. These include stress
concentration and gradient effects, size and scaling effects, joint and
contact stresses, surface treatment and residual stresses, multiaxial and
variable amplitude loadings, and environmental effects such as corro-
sion and temperature.

Such effects may be more significant for AM materials, where a
change in the size or scale and orientation of the part and, therefore,
thermal history, could result in different mechanical properties. In ad-
dition, presence of defects, both internal and surface, and their inter-
actions with the stress concentrations and residual stresses can add

more complexities to the task of performing accurate fatigue life pre-
diction of AM components. Selection of a proper fatigue damage model
could also significantly affect the bridging between coupon tests and
component level fatigue performance predictions.

Although component fatigue testing can be expensive and time
consuming, it is often necessary for fatigue life analysis validation. To
demonstrate transferability of the coupon test data presented in the
previous sections to component level fatigue life prediction, fatigue test
results from an AM flight-critical nacelle link of an aircraft [102] were
considered. The link was fabricated with the same type and model
machine as M290 with default build parameters used for the fabrication
process. Each build involved a set of four links as well solid cylindrical
rods for machining specimens and testing as witness coupons. A re-
presentative of the build plate is shown in Fig. 21(a). After fabrication
the links and witness coupons were subjected to a similar HIP treatment
as in [6], but for 2 h, and subsequently machined to avoid any adverse
effect of the rough surfaces.

Uniaxial load-controlled fatigue tests were performed on both the
links and witness coupons. Coupon tests were performed under both
R=−1 and R=0.1 conditions, while 9 link tests were only done
under fully-reversed R=−1 stress ratio. Representatives of the as-
sembled link on the fatigue testing machine and fracture location sites
are shown in Fig. 21(b)–(d). For more information about the testing
procedures the reader is referred to [102]. While the specimens were
built in vertical and diagonal orientations with respect to the build plate
(discussed in previous sections), witness coupons were fabricated in
horizontal (X, Y), and Z directions, as shown in Fig. 21(a). It is worth
noting that although negligible or no anisotropy was observed for
specimen tests fabricated in vertical and diagonal orientations after
undergoing the HIP process, as discussed extensively in previous sec-
tions, a relatively large amount of anisotropy has been reported in
[102] for the witness coupons. As can be seen in this figure, all of the
link components are built in the horizontal direction.

Fig. 20. (a) Projection of the defect size on the plane of maximum principal
stress for each loading condition and, (b) experimental data and calculated
fatigue curves (Aspect Ratio= 0.25) for different loading conditions of an-
nealed LB‐PBF Ti-6Al-4V with as-built surface condition using generalized Paris
equation. (Significantly large fabrication defects were found on the fracture
surfaces corresponding to the solid data points).
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Fig. 21. (a) The layout of the build plate for the uniaxial specimens and V-22 links. (b) Axial fatigue test configuration of the link. (c) Representative of the fractured
link assembly and, (d) crack initiation [102].

Fig. 22. Finite element results for one-eighth of the link during tension and compression load cycles with (a) nominal applied load amplitude of 31.14 kN (cor-
responding to 7000 lbs.), and (b) nominal applied load amplitude of 48.93 kN (corresponding to 11,000 lbs.).
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The prediction of fatigue life involves two steps. First stresses and
strains at fatigue critical location(s) need to be determined, in this case
from FEA. Then, using the obtained stresses and strains in an appro-
priate fatigue damage model, the life can be predicted, as described in
the following subsections.

7.1. Prediction of the stress field at the critical location of the link via FEA

The stress field in the link was obtained via the commercial Finite
Element Analysis (FEA) tool, ABAQUS/Standard. The domain was dis-
cretized using 10-node tetrahedron elements with 4 integration points
and quadratic shape functions (C3D10), with the element size of about
0.63mm. Strains and rotations were approximated as infinitesimal and
the solution was obtained via Newton’s method. Considering the sym-
metry of both the link geometry and loading, only one eighth of the
assembly was modeled to reduce the simulation time.

The fatigue tested assembly was simplified to be a pin with contact
against the link. The load was applied through the pin using a surface to
surface contact. To assess the interactions between the link and the pin,
after considering several options, a rigid pin with a friction coefficient
of 0.3 was chosen. The material properties were taken from [6], and an
isotropic J2 yield model was used with an associative flow rule. Also,
steady state cyclic stress-strain properties presented in [6] were used for
the non-linear analysis.

It is worth mentioning that when the applied load transitions from
tensile to compression, the associated nonlinearity of load transfer at
the pin-link contact produces a very nonlinear load path in stress space
at many locations. However, within the fatigue critical locations, the
compressive applied load does not induce significant stresses. Hence, it
can be concluded that the compressive part of the applied loading cycle
does not have any effect on the fatigue life.

The finite element stress state results under two nominal fully-re-
versed uniaxial loads are shown in Fig. 22. As can be seen, the stress
states at the highly stressed regions indicate presence of multiaxial
stresses. This is not surprising, since presence of stress concentrations
often result in multiaxial stress states, even under nominal uniaxial
loadings [89]. In addition, the fully-reversed nature of the applied load
does not result in fully-reversed stress ratio, R=−1, at the critical
location of the link. For example, at a nominal applied load amplitude
of 31.14 kN (see Fig. 22(a)), where there is little or no residual stresses
at the critical location of the link, the stress ratio in the highly stressed
region is approximately R=0. However, at a higher nominal applied
load amplitude of 48.93 kN (i.e. Fig. 22(b)), the stress ratio at the cri-
tical location is about R=−0.5 due to the presence of compressive
residual stresses which occur due to the plastic deformation during the
tensile portion of the loading.

As can be seen from Fig. 21, the finite element results are consistent
with the representative fracture site of the link, suggesting that the
fatigue failure occurred within the highly stressed region. However, in
one of the 9 tests, the life governing fatigue crack initiated from the
outer side of the link where the stress amplitude is substantially lower,
which could be due to several factors such as machining marks or
scratches on the surface.

7.2. Fatigue life predictions and data correlation

As discussed in Section 5.4, among different multiaxial fatigue
predictive models, classical yield criteria such as von-Mises equivalent
stress or strain are often used for the analysis, however, they lack a
general robustness when the loading conditions become more complex.
On the other hand, it was shown that critical plane-based approaches
have the capability of reflecting the damage mechanisms of the material
and are, hence, more robust.

It was shown in [6] that the Fatemi-Socie critical plane parameter
[103] was consistent with the experimentally observed shear failure
mechanism of the LB-PBF HIPed specimens under multiaxial stress

states, resulting in satisfactory data correlations. Therefore, this para-
meter was used here to correlate the multiaxial specimen test results
reported in [6], with those of the uniaxial witness coupon test results
with different R ratios reported in [102] as well as with the fully-re-
versed link test results. A modified form of the parameter proposed by
Gates and Fatemi [104] was used, given by:
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where γΔ is the shear strain range on the plane that experiences that
maximum shear strain range, γΔ max is the maximum shear strain range
experienced on the plane where the damage parameter is maximized,
σn max, is the maximum normal stress occurring on the plane where the
damage parameter is maximized, G is the shear modulus, and k is the
material dependent parameter which reflects the influence of normal
stress on fatigue damage. The value of k was found to be 1.0 for the LB-
PBF HIPed material. It was discussed in [104] that the modified damage
parameter maintains all of the advantages and physical interpretations
of the original FS parameter, while it better accounts for the effect of
tensile mean stress.

Local stresses and strains were extracted from non-linear FEA results
at the fatigue critical location, as discussed in the previous section, for
input to the left side of Eq. (10). It is worth noting that although dif-
ferent approaches such as Theory of Critical Distance (TCD) are mostly
being used in fatigue analysis of the notched members in the literature
to account for the stress and/or strain gradient effects, this was not
considered in this particular study for a number of reasons. First, due to
the critical application of the link in an aircraft, this was done to con-
sider the worst-case scenario and have a conservative fatigue life pre-
diction. In addition, due to the geometry of the link, it could be as-
sumed that the stress/strain gradient effect is negligible.

Fig. 23 shows that using this parameter results in a reasonably good
correlation of the all the data, with the great majority of the data
within± 10% damage value scatter bands. These include specimen
data under different stress states, witness coupon test data with or
without mean stress (i.e. different R ratios), and the link data. However,
as can be seen there is a relatively large scatter in witness coupon data
which in some cases becomes as large as 6 orders of magnitude in fa-
tigue life, in which could be due to several factors. For more informa-
tion about the witness coupon and link component testing procedures
the reader is referred to [102]. It is also worth noting that only the
horizontally built witness coupon data are used in this figure. This was
done due to the fact that the link components are built in horizontal
orientation, and the orientation of their fatigue failure location is more

Fig. 23. Semi-log correlation of the multiaxial specimen test results (A: Axial; T:
Torsion; IP-AT: Combined In-Phase Axial-Torsion; OP-AT: Combined 90° Out-
of-Phase Axial-Torsion) reported in [6], with those of the uniaxial witness
coupon test results reported in [102] with different R ratios as well as their
uniaxial fully-reversed link assembly test results. All of the specimens, witness
coupons, and link assembly components were tested in machined surface con-
dition.

R. Molaei, et al. International Journal of Fatigue 132 (2020) 105363

16



similar to those of the horizontal witness coupons.
Such results indicate promise in reasonable predictability of AM

component fatigue performance based on test coupon fatigue data. It
should, however, be noted that while the link used here included some
key features of a representative component, it did not include some of
the other complexities mentioned earlier, such as surface roughness,
variable amplitude loading, or environmental aspects.

8. Summary and conclusions

In this Part II of the two-part paper series, uniaxial, torsion, and
multiaxial fatigue behaviors of LB-PBF Ti-6Al-4V alloy were reviewed
based on data generated by the authors and their relationships with
microstructure and defect features were discussed (i.e. structure-prop-
erty relationships). Despite the relatively large amount of uniaxial data
for AM Ti-6Al-4V, there is very little information on this alloy with
regards to torsion and multiaxial fatigue behaviors, in spite of their
importance in many practical applications. Fatigue behavior of speci-
mens fabricated with different fabrication systems and geometries,
several heat treatments, different surface roughness conditions, and
three build orientations were considered. The relationship between the
microstructures and defects produced under these different conditions,
extensively reviewed in Part I [1] of this paper series, and the fatigue
behavior under the aforementioned loading conditions was presented
and discussed. The specimen fatigue data and behaviors are then used
for component fatigue life analysis and life predictions.

Based on the experimental results and discussions in this paper, and
while considering the information and discussions presented in Part I
[1] of this paper series, the following conclusions can be drawn:

(1) Additive manufacturing fabrication systems and variations in the
associated build parameters significantly affect the produced mi-
crostructure and defects, as well as surface roughness and residual
stresses, and consequently the fatigue damage mechanism and
behavior.

(2) Under all loading conditions the AM Ti-6Al-4V without any fur-
ther surface and/or thermal post processing treatment exhibited
significantly shorter fatigue lives, as compared to the wrought
material due to the microstructural differences, defects, residual
stresses, and surface roughness.

(3) Surface machining in all loading conditions considerably improves
the fatigue behavior, which is mainly due to the removal of sur-
face defects and their stress concentration effects. However, the
improvements are not as significant as expected for the con-
ventionally fabricated wrought metals, which is due to the internal
defects still present after rough surface removal.

(4) Selection of process parameters and/or post fabrication thermal
processes such as HIPing, which acts to neutralize defects, may
result in a reduction or elimination of anisotropic fatigue beha-
vior.

(5) Selecting appropriate processing parameters and build orienta-
tions and/or post fabrication heat treatment processes could
eliminate or significantly decrease residual stresses produced
during the fabrication process, and therefore, their effects on fa-
tigue performance.

(6) Proper thermo-mechanical HIP treatment can transform the mar-
tensitic microstructure to a microstructure similar to the wrought
material with an α+ β phase, neutralize defects, and relax of
residual stresses. This, in turn, can elevate the fatigue performance
to the same level as the wrought metal, when subsequent ma-
chining is performed.

(7) While defects have been shown to degrade the fatigue perfor-
mance of additive manufactured Ti-6Al-4V, with lack of fusion
defects often being the most detrimental, the fatigue strength is
not only dependent on the defect size, but shape and location also
play a significant role in the criticality of a given defect.

(8) The failure mechanism observed under different stress states de-
pends on the microstructure, defect characteristics, and post sur-
face and heat treatment processes utilized. Annealed specimens
exhibited a tensile failure mode, while the HIPed specimens had a
shear failure mode similar to the failure mode of the wrought
material.

(9) Fatigue behavior under different loading conditions was domi-
nated by microcracks occurring along specific plane orientations.
Damage models consistent with the damage mechanisms and
cracking orientations correlated the fatigue data under different
stress states. This resulted in annealed specimen data correlating
well with maximum principal stress criterion suited for tensile
failure mode and the HIPed specimens data well correlating well
with the Fatemi-Socie critical plane parameter suited for shear
failure mode.

(10) Fatigue life predictions based on the maximum prospective ef-
fective defect size determined from EVS and calculated based on
the maximum principal stress direction for each loading condition
were reasonably close with 85% of the predicted lives within a
scatter band of 3 as compared to the experimental fatigue lives for
annealed as-built surface and machined surface specimens.

(11) With an appropriate fatigue damage model based on the physics of
the damage process, fatigue performance of a component may be
satisfactorily predicted based on the material fatigue behavior
obtained from specimen fatigue tests.
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