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Abstract

Electron beam melting (EBM) is a rapidly-developing metal additive manufacturing
process that holds significant interest in the aerospace and biomedical industries for the high-
strength titanium alloy, Ti-6Al-4V. These industries have fatigue-limited applications, but a lack
of understanding of the EBM process-microstructure-fatigue relationships limit widespread use
and presents challenges for certification. In this review, uniaxial fatigue data was collected and
the effects of build orientation, surface roughness, and hot-isostatic pressing are linked to the
fatigue properties highlighting microstructure, defects, and failure mechanisms. The observations
and conclusions are supported by statistical analysis using the mean fatigue life obtained by the
Random Fatigue-Limit Model. Both EBM-process and post-process structure relationships are
discussed in order to identify the best-practice for fatigue-resistant design. The performance of
the EBM material is compared to conventionally manufactured Ti-6Al-4V and possible methods
to increase the fatigue resistance are discussed. Anisotropic fatigue behavior was observed in as-
fabricated parts and no statistical distinction was found in the fatigue performance of HIPed and
as-fabricated material provided the same as-fabricated rough surface condition. However,
comparable fatigue life to traditionally manufactured lamellar Ti-6Al-4V is achieved when both

post-process HIP and machining are applied to EBM-fabricated parts.

Keywords: Electron Beam Melting, Titanium, High Cycle Fatigue, S-N Curves, Surface
Roughness, Fatigue Crack Initiation, Defects, Fatigue Strength



1. Introduction

Additive manufacturing (AM), also widely known as three dimensional printing or rapid
prototyping, enables the production of fully-dense objects in a layer-by-layer fashion directly
from a Computer Aided Design (CAD) file [1-3]. Electron Beam Melting (EBM) is one such
technology with numerous potential applications in biomedical, aerospace, automotive, and
energy industries [1, 4-7]. Originally developed by Arcam AB, EBM is a powder-bed fusion AM
process in which an electron beam selectively melts metal powder to produce near-net-shape
complex parts. EBM allows for the fabrication of fine features, such as meshes and internal
structures, not possible by traditional manufacturing techniques while cutting lead times and
tooling costs.

The tensile behavior of EBM manufactured parts is well documented in literature [8-12],
but because the EBM technology has only been available for commercial use since 2002 [13], the
fatigue data of the various alloys that the system is capable of processing is scattered and the
underlying mechanisms are less understood. This paper attempts to unify and discuss the fatigue
performance of EBM-fabricated Ti-6Al-4V, acommonly used alloy in the EBM process. Ti-6Al-
4V has been the most widely studied alloy owing to its applications in aerospace, biomedical, and
automotive industries because of its high strength to weight ratio, corrosion resistance, toughness,
and workability [14] and accounts for nearly 50% of the global titanium market [15]. Some
current applications of the EBM Ti-6Al-4V components include medical and dental implants [16-
18], robotics [19], aerospace components [20-22], and the ability to build new features on an
existing part [23]. As-fabricated EBM Ti-6Al-4V tensile strength properties often meet ASTM
standards (ASTM F136 [24], ASTM F1108 [25], ASTM 348 [26]) and US Department of Defense

standards for aerospace applications [27], but often fail to meet requirements for fatigue loading



applications. Because Ti-6Al-4V is widely used in fatigue sensitive environments and the use of
additive manufacturing for fatigue applications is a long-term goal for aerospace companies_[28],
fatigue properties are the focus of this review.

A limitation to widespread use of EBM fabricated Ti-6Al-4V components is the lack of
documentation, knowledge, and repeatability in the process needed for -certification.
Comprehensive descriptions of the EBM process are provided in other publications [4, 29-32],
but it should be noted that the EBM process subjects materials to a thermal history unique to an
individual build and has a significant impact on the resulting microstructure and mechanical
properties (refer to [33] for EBM cooling path and critical cooling rates for Ti-6Al-4V). For
additive manufacturing of fatigue and flight critical components, qualification and certification is
needed [28]. A major component of certification is understanding how process conditions, part
design, build path, and post processing impacts mechanical properties. For the EBM process to
be repeatable, the part geometry, control version, and process themes must be held constant. If
any of the mentioned three are altered or updated, the EBM process is subject to change,
introducing new variables and jeopardizing the certification of the part. Because the exact process
conditions are often underreported in the literature, this article presents fatigue data of EBM
fabricated parts in different states of post-processing and build orientation to provide insight on
how to solve key issues in the certification process.

A number of metal additive manufacturing review articles are readily available in the
literature. Comprehensive overviews of metal AM that focus on processes and underlying
materials science have been published by Sames et al. [19] and DebRoy et al. [34]. Multiple
authors have compiled mechanical property data of all AM Ti-6Al-4V and related results to

microstructure, defects, heat treatments, and processing conditions and then compared to



traditionally manufactured Ti-6Al-4V [35-37]. Gorssee et al. [38] emphasizes defects and
microstructure by plotting material property spaces for AM Ti-6Al-4V to demonstrate the scatter
in mechanical behavior. Kok et al. [39] investigated the anisotropy and heterogeneity in the
microstructure and mechanical properties and found that horizontally oriented AM parts often
had a higher mechanical strength compared to those vertically oriented. Li et. al [40] and Cao et
al. [41] limit their review investigations to the fatigue behavior of AM Ti-6Al-4V. In addition to
investigating the crack growth behavior and failure mechanisms, Cao et al. developed a modified
Kitagawa-Takahashi diagram to predict the effects of internal and surface defects on fatigue
strength of the fine Widmanstétten microstructure common to AM Ti-6Al-4V. Li et al. collected
axial fatigue data of conventional and AM Ti-6Al-4V comparing fatigue performance and also
offered future research areas to address knowledge gaps in the literature. This review compiles
fatigue data from numerous sources in open literature that investigated the effects of orientation
[42-48], post-process machining [46, 49-51], and post-process heat treatments [48, 50-56] on the
fatigue performance of EBM fabricated Ti-6Al-4V. Surface roughness and porosity are then
correlated to fatigue properties through quantitative and qualitative conclusions supported by
statistical analysis.

In this manuscript, the fatigue performance of EBM components is exclusively studied
due to its attractive build conditions (vacuum and elevated build temperatures) for use with this
titanium alloy. Plots of the stress versus the number of cycles to failure (S-N curves) and
endurance limits associated with high-cycle fatigue (HCF) were compiled as the focus of this
review as they are indicative of the useful fatigue life, whereas crack-growth rates are useful for
establishing service intervals [57]. The effects of orientation, post-process machining, and hot

isostatic pressing (HIP) on fatigue performance are discussed and compared to traditionally



manufactured Ti-6Al-4V in an attempt to reduce the uncertainty in the design limits for EBM
parts. The observations are then tested and confirmed with a statistical analysis utilizing a mean
fatigue life obtained by the Random Fatigue-Limit (RFL) model. A goal of this review article is
to establish statistically-relevant guidelines for the fatigue behavior of different material
conditions obtained from EBM manufacturing and common post-processes.

In order to directly compare fatigue data from different sources, a concept of effective
maximum applied stress (ceff) introduced by Li et al. [40] has been used to normalize the data.
Equation 1 describes ceff as a function of the maximum applied stress (omax) and R, the ratio

between the minimum and the maximum stresses experienced during a cycle.

1 — p\0-28 )
Ocff = Omax (T)

Normalizing the stress levels is critical because the R ratio can affect fatigue life [58, 59]. The
oeff model, however, does not consider the frequency of the tests which can also influence fatigue
behavior [59-62]. Frequency effects on fatigue life are normally observed over 2-3 orders of
magnitude difference in frequency. Since the majority of data available in literature is limited to
a relatively narrow frequency range of 20-120 Hz, frequency is not considered to be a significant
factor.

This review begins by differentiating the microstructures of Ti-6Al-4V obtained by the
EBM process and traditional methods in Section 2. Defects common in EBM-fabricated parts that
are detrimental to fatigue and their origins are also described in Section 2. Section 3 establishes
the material conditions and methods used to compare and evaluate uniaxial fatigue data. The data
is then presented in order of increasing post-processing, progressing from parts that received no
post-processing to parts that are machined and HIPed in Section 4. The effects of build

orientation, surface roughness, machining, porosity, and HIP are discussed and related to the



fatigue performance throughout Section 4 as well. The Random Fatigue-Limit Model and mean
fatigue life are introduced and discussed in Section 5. Lastly, Section 6 outlines recommendations

for possible in-situ and post-EBM methods to improve the fatigue resistance.

2. Microstructures and Defects

The EBM solidification environment consists of a steep thermal gradient and rapid initial
solidification rate followed by an extended anneal to produce a unique microstructure (Fig. 1).
Although the initial build layers near the stainless steel build plate often contain equiaxed prior 3
grains with random orientation [63], the microstructure of Ti-6Al-4V manufactured by EBM
consists primarily of wavy columnar prior 3 grains. The prior B grains, delineated by the grain
boundary a phase (acg), extend multiple layers along the build direction due to the intense thermal
gradient that exists in the Z/build direction (Fig. 1a.). In contrast to the Z planes where the
columnar prior  grains are observed, the X-Y planes (or scanned surfaces) are relatively equiaxed
(Fig. 1b.). Within the prior 3 grains, a transformed o + 3 microstructure with both Widmanstétten
and colony morphologies from martensite decomposition can be observed. A range of 0.66 — 4
um o lath thickness has been reported in the literature for as-fabricated material [47, 64, 65]. In-
depth analyses of the microstructural formation and features resulting from EBM are provided

elsewhere [63, 66].
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Figure 1. Optical micrographs of EBM manufactured Ti-6AI-4V where (a) is an image of the x-y plane and (b) is
an image of the z/build direction [67] (used with permission).



In comparison to the EBM microstructure, conventionally-manufactured Ti-6Al-4V
typically has a bimodal (Fig. 2a.) or lamellar (Fig. 2b.) microstructure. The conventionally
manufactured Ti-6Al-4V data considered in this review (bimodal [68, 69], lamellar [70-72])
includes a range of o colony and lath sizes in the lamellar microstructure, and a range of primary
alpha (ap) grain sizes in the bimodal microstructures. Both microstructures are considered because
they are typical of different process cycles used in industry depending on the end application and
material requirements. The fatigue behavior of Ti-6Al-4V with bimodal and lamellar

microstructures is discussed elsewhere [69, 71, 73-76] as are the processing routes to obtain each
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Figure 2. Representative micrographs of the reference bimodal (a) and lamellar (b) microstructures [73] (used with
permission).



Common Defects

Two of the most common defects in EBM manufacturing include spherical gas pores and
lack-of-fusion (LOF) defects (Fig.3.). Spherical gas pores (Fig. 3a.) result from trapped argon gas
leftover from the gas-atomization process used to manufacture the powder [19, 78]. In finished
parts, the location of the gas pores was found to be strongly correlated with the scanning
parameters, with pores having a tendency to congregate at the end and turning points of hatching
infill scans [79]. Other common defects are non-spherical, irregularly shaped voids (Fig. 3b.) that
result from incomplete melting due to non-optimized build parameters [80]. The lack-of-fusion
defects are typically oriented perpendicular to the build direction and are located at the interface
between layers. While LOF defects and gas porosity are localized to the interior of the part and
can be mitigated by post-process heat treatments [19], other defects such as melt balling [81] or

layer delamination [82] result in build failure and are therefore omitted from this analysis.

Figure 3. Optical images of gas porosity (a) and a lack-of-fusion void (b) [64].
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3. Methods, Terminology, and Approach

The microstructure, density, and surface roughness of EBM-manufactured Ti-6Al-4V are
highly-dependent on the process parameters of each individual build and are sources of scatter in
fatigue data. It has been reported that up to 100 different process parameters can affect the fatigue
life of AM components [40]. The quality of the stock powder [19, 83-86], focus offset [87-90],
line offset [88, 91], contouring [92, 93], beam scan speed [79, 94, 95], line or volume energy [53,
78, 96-98], scan length [80, 99, 100], distance from the build plate [54, 64, 101-105] and build
plate location [64, 80], and part wall thickness [105-108] are select EBM process parameters that
have been recently studied and noted to affect microstructure. Because of a lack of reporting in
the literature on process conditions or themes used during the respective builds, direct
relationships between process parameters and fatigue life is not well documented. For the purpose
of this study, four material conditions were identified that are common across all studies that
investigate the fatigue performance of EBM fabricated Ti-6Al-4V (Figure 4). The four conditions
are 1) Non-Machined/Non-HIPed, 2) Machined/Non-HIPed, 3) Non-Machined/HIPed, and 4)
Machined/HIPed. In addition, the effects of build orientation on fatigue life are compared in

Conditions 1 and 2.
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3. Non-
Machined/HIPed
Material

Figure 4. Different material conditions of interest.

Material condition 1) Non-Machined/Non-HIPed, includes parts that received no
machining nor post-process hot isostatic pressing but does include annealed or stress-relieved
parts. Material condition 2) Machined/Non-HIPed, includes parts that were machined prior to
testing but did not undergo any post-process HIP treatments, but again includes annealed or stress
relieved parts. Specimens that were polished following machining are also included in this
material condition.

Material condition 3) Non-Machined/HIPed, includes specimens that were, HIPed but
were not machined prior to testing. Lastly, Material condition 4) Machined/HIPed, represents
specimens that were both machined and HIPed following EBM fabrication. The build orientation
of the HIPed specimens in these final two categories was not considered due to insufficient data
available in literature.

With regard to build orientation, ‘horizontal’ parts were built such that the build direction
is perpendicular to the applied loading and will be denoted with red markers and trend lines when

appropriate. The ‘vertical’ parts were built such that the build direction was parallel to the load

12



direction and denoted with purple markers and trend lines. A schematic of test specimens in
different build orientations is provided in Figure 5.

Fatigue data in each material condition was collected from sources in the open literature.
The applied stress data was normalized using Equation 1, assigned a marker based on surface
finish, material condition, and orientation, then plotted against the original cycles to failure
reported by the authors. In addition to generating S-N curves for each respective material
condition, the endurance limits, defined as the stress level at which the part will survive 107 cycles
or more, are also reported if provided by the original author. It was noted that all authors who
provided endurance limits ran tests at R = 0.1. Therefore, the endurance limits cited in this
manuscript match those reported by the authors, and not normalized by Equation 1 as this was
considered redundant. For consistency, the lowest reported endurance limit of a particular
material condition is used to compare endurance limits across material conditions and referred to

as the ‘Minimum Run-Out Stress’ (MRS).
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Figure 5. Schematic of test specimen in different build orientations for axial fatigue tests. Vertically-orientated
specimens were built parallel to the loading direction and the horizontally-oriented specimens were built
perpendicular to the load direction. The lines represent individual layers and colored arrows indicate the build
directions.
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4. EBM Fatigue Performance and Failure Mechanisms
Condition 1: Non-Machined/Non-HIPed — Effect of Build Orientation

The EBM parts are built layer-by-layer, which can create a unique microstructural
anisotropy and surface conditions in the Non-Machined/Non-HIPed material condition
(Condition 1). Direct comparisons of orientation can only be made within a single study as
comparing samples across multiple builds introduces inter-build variations, such as different
powder chemistries, software settings, machine model and year, and build geometries. To isolate
the effect of build orientation, parts from the same study are represented by like-line and symbol
styles only differing in red or purple color to represent horizontal or vertical builds, respectively.
It is unclear if the parts in each study were fabricated in a single build, but within each study the
same powder, machine, and process settings were used.

Although the data set is limited, and some data points fail within the low-cycle fatigue (Nt
< 10%) region, results presented in Fig 6 indicate that the horizontally-built specimen have superior
fatigue life. Each horizontally-oriented (red) trend line shows greater fatigue performance than
the vertically-oriented (purple) counterpart. The endurance limits in the Non-Machined/Non-
HIPed condition were reported to be between 105 to 200 MPa [46, 50, 80] and 200 to 240 MPa
[46] for vertically and horizontally oriented parts, respectively. Thus, the MRS of the horizontally

oriented samples is nearly double that of the vertical samples [46].
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Figure 6. Fatigue behavior of Condition 1 (Non-HIPed/Non-Machined) orientation comparison.
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The superior fatigue strength of the horizontally oriented samples in the Non-
Machined/Non-HIPed can be attributed to the rough surface finish. Since EBM parts are built
layer-by-layer, notches with sharp radii are created on the surface and are oriented perpendicular

to the loading direction in vertical samples, which provides a preferential crack initiation site

(Fig.7).

Figure 7. SEM micrograph of the notched surface of as-built parts. The red arrow indicates the build direction, and
white arrows indicate surface notches. Figure adapted from [109].

The spacing between the notches is often greater than the layer thickness, indicating that they are
likely formed by the melt-pool overflow and not the layers themselves [89]. These sharp notches
concentrate the stress and act as early crack-initiation sites, reducing the overall fatigue life in
both orientations, but are more detrimental in the vertically-oriented parts [110]. The surface
roughness when the measurement direction was parallel to the build direction was found to be
2x-3x higher than the roughness measured perpendicular to the build direction [51]. This
anisotropic surface roughness likely contributes to the anisotropic fatigue behavior when the as-
fabricated surface is present. It was also reported that the horizontally-built specimens may
demonstrate a more tortuous crack propagation path [46].

In Fig. 6, it can be observed that a number of samples fail within the low cycle fatigue
region. Although the authors ran load-controlled tests at stresses lower than the reported yield
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strengths, the samples failed at cycles associated with low cycle fatigue. The authors of both
studies attribute the early failures to the rough as-fabricated surfaces [46, 111] which has been
measured to have a much greater stress concentration factor, Ky,, than one (3.28 — 9.1) [110, 112].
Although the applied stress is lower than the yield stress, the high K; values suggest that fatigue
cracks can initiate easily and the life is controlled by crack growth [113], as opposed to initiation

under normal HCF conditions.

Condition 2: Machined Surface with Non-HIPed Material — Effect of Build Orientation

As previously discussed, the rough surface contributes to the orientation-dependent
fatigue behavior in Non-Machined/Non-HIPed EBM parts. However, parts are often machined
when possible to eliminate the rough surface finish. Figure 8 presents the fatigue behavior of
Machined/Non-HIPed parts with different build orientations.

Due to potential process and material variations between studies, one must again compare
like-builds within a single study, denoted by similar trend lines and markers in Figure 8 differing
in only purple or red color. Although slight differences in fatigue strength due to orientation may
appear in specific studies, the fatigue behavior of the Machined/Non-HIPed condition over all of
the studies is inconsistent, and thus a definitive relationship cannot be identified. The endurance
limits of vertically oriented machined samples show a slightly higher fatigue strength with values
ranging from 300 to 460 MPa [46, 55] compared to horizontally oriented samples ranging from

300 to 390 MPa [42, 46], however the difference is not significant and the MRS values are equal.
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Figure 8. Fatigue behavior of Machined/Non-HIPed parts comparing build orientation.

Although the anisotropy in the fatigue performance is not apparent after machining, the
lack-of-fusion defects, which are oriented perpendicular to the build direction, may lead to
anisotropic fatigue properties and should be considered. If the LOF defects are oriented
perpendicular to the loading direction, such as in the case of vertically oriented samples in axial
fatigue tests (shown schematically in Figure 9.), the fatigue resistance could be reduced as the
interior voids lessen the area of which the load is distributed increasing local stresses. With
horizontally-oriented parts, the lack-of-fusion defects are oriented parallel to the loading direction

where the decrease in load-bearing area is not to the same extent as observed in vertical parts.
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Similar conclusions were made for tensile [109] and low-cycle fatigue [114] tests of Ti-6Al-4V

built by laser additive manufacturing methods.
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Build Build

Direction Direction
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Loading ] to Loading
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Figure 9. Schematic demonstrating the orientation of lack-of-fusion defects. The lines represent individual build
layers.
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Condition 2: Machined Surface with As-Built Material - Machining Effects

The fatigue performance of metallic materials is generally known to be dependent on
surface quality where the fatigue life is inversely proportional to the surface roughness [115, 116].
The machined EBM parts generally show a greater fatigue performance (e.g. Machined/Non-
HIPed shaded area in Fig. 10) than parts with Non-Machined surfaces, primarily due to a
reduction in surface roughness, but have inferior fatigue life compared to the conventional Ti-
6AIl-4V material. Figure 10 shows that there is a clear benefit to machining fatigue critical parts
as a significant increase in fatigue life is observed following machining. In addition to eliminating
surface notches for early crack initiation, machining can also increase the fatigue strength of the
machined part by inducing compressive residual stresses at the surface [117].

A 3x increase is observed in the MRS of vertically oriented specimen after machining,
increasing from about 105 MPa in the Non-Machined/Non-HIPed condition to 300 MPa in the
Machined/Non-HIPed condition. The horizontal specimen under the same circumstances showed
a less pronounced increase of 1.5x (200 to 300 MPa) [46]. Following a stress relieving heat
treatment, vertically oriented samples endurance limits decreased to values between 220 to 350
MPa [50, 80, 118], roughly a 30% decrease in the MRS as grain growth and coarsening can occur
during post-process heat treatments [119]. Because residual stresses are relieved during the EBM

build [120], stress relieving heat treatments are not necessary for fatigue applications.
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Figure 10. Fatigue behavior of Machined specimens compared to Non-Machined (Non-HIPed material).

The significant number of defects on the rough surface of an as-built specimen provide
obvious crack-initiation sites [49, 110, 111, 121, 122]. By contrast, crack-initiation sites for
machined samples with non-HIPed material are generally sub-surface pores or defects [50, 55,
111]. The porosity and voids inherited from the EBM process reduces the fatigue resistance of
the Machined/Non-HIPed condition in comparison to the conventional Ti-6Al-4V. The scatter in
the data can be attributed to factors such as the depth of the material removed during machining,
as an estimated 650 pm of material removal is needed to eliminate all surface roughness effects
[123], EBM process optimization [102], texture [124, 125], and void presence, size, and proximity

to the surface [126, 127].
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Condition 3: Non-Machined Surface with HIPed Material - HIP Effects

HIP is a manufacturing process that uses an inert gas at elevated temperatures and
pressures to reduce or effectively eliminate porosity [128, 129]. Comparison of the fatigue
behavior of HIPed samples to as-fabricated samples in Fig. 11 (both having as-built surfaces)
reveals the HIP process does not universally improve the fatigue life of EBM parts with a non-
machined surface. This same conclusion was also reported in the literature [51, 130]. Although
HIP is effective at closing porosity, it does not eliminate the as-fabricated rough surface and early
crack initiation sites. In addition, the HIP process has been shown to coarsen the microstructure
nearly doubling the o lath size from 1.7 um to 3.2 um [55]. The microstructural coarsening has
been linked to lowered UTS and YS after HIP [52, 54-56] with losses of strength up to 100 MPa
when compared to as-built EBM samples [54]. The microstructural grain coarsening from the HIP
process and the rough surface from EBM appears to mitigate any benefit obtained by closing the
porosity with regards to the fatigue life. However, even though the fatigue life appears to be lower
on an average, it is evident that HIP reduces the scatter in fatigue data. Such scatter in the non-
HIPed condition can arise if the defect size is larger than the surface roughness, thereby changing
the failure mode from surface initiated cracks to internal cracks. HIP ensures that the pores are
closed and that the fracture will initiate only due to surface effects. This would allow for less
conservative factors of safety while designing components where machining may not be an
option, like in the case of very complex geometries.

Another possible benefit of HIP is related to the load bearing area. Non-HIPed fatigued
specimen have shown that LOF defects can cover up to 5% of the fracture surface[130]. This

reduction of area increases local stresses and can reduce fatigue performance. Although the rough
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surface appears to be the dominant factor in fatigue strength of AM material, a minor benefit
could be obtained by HIP maximizing the load bearing area.

The MRS for Non-Machined/Non-HIPed (105 MPa) is about 20% lower than that of the
Non-Machined/HIPed (125 MPa) [50]. However, a range of endurance limits for the Non-
Machined/Non-HIPed condition from 105 — 200 MPa [46, 50, 80] was reported, while only one

value was observed for the Non-Machined/HIPed condition.
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Figure 11. Fatigue behavior of HIPed parts compared with Non-HIPed with Non-Machined surfaces.

24



Condition 4: Machined Surface with HIPed Material

The EBM samples that are HIPed and machined display comparable-to-superior fatigue
performance to the conventionally-manufactured Ti-6Al-4V (e.g. Machined/HIPed highlighted
area in Fig. 12), indicating that the combination is very effective at improving fatigue
performance. Following post-EBM machining and HIP, the MRS is about 4x greater than that in
the Non-Machined/HIPed condition and about 1.75x the MRS in the Machined/Non-HIPed
condition. Reported endurance limits of HIPed and machined parts spanned values between 518
and 650 MPa [42, 50, 55, 80, 118], comparable to traditionally manufactured lamellar Ti-6Al-4V
values found in the literature (480 — 704 MPa) [70-72]. A strong linear correlation exists between
the ultimate tensile strength of a material and the endurance limit, normally about half the UTS
for most metallic materials [131]. This is only encountered in EBM manufactured Ti-6Al-4V
following post-process HIP and machining where the endurance limits are greater than 55% the
UTS of the material. In the Non-Machined/Non-HIPed condition, the endurance limits are
approximately 20% the UTS and roughly 40% in the Machined/Non-HIPed condition.

The o lath width has been linked to mechanical properties where coarser laths lead to a
reduction in endurance limits [69, 132] and tensile strength [133]. The HIP process coarsens
microstructure and decreases the YS and UTS such that the strength occasionally fails to meet
ASTM B348-14 [26], but the endurance limits are comparable to conventional lamellar Ti-6Al-
4V and superior to the Non-HIPed material despite the grain coarsening. If the a laths are similar
in width (e.g. rows 1, 2, and 5 in Table 1), EBM + HIP Ti-6Al-4V has nearly identical mechanical
properties to conventionally manufactured lamellar Ti-6Al-4V.

Following the HIP and machining processes, the crack-initiation mechanism has been

observed to shift from near-surface porosity defects in Machined/Non-HIPed samples to an interior
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site [50, 55]. Such interior sites could be o/p phase boundaries oriented for slip transfer [50] or
cross colony slip-band fracture [55]. These subsurface crack initiation sites are similar to those
encountered in traditionally-manufactured lamellar Ti-6AIl-4V [71, 117, 134].

Figures 11 and 12 show that there is less scatter in the data for HIPed material, both with
machined and non-machined surfaces. The large scatter in the HCF data of AM parts can be
attributed to the presence of defects, as the HCF life is affected by the void shape, location, and
size [135], and the diverse microstructural features that arise in EBM parts resulting from different
geometries and process settings. Therefore, the scatter in the fatigue data of the HIPed material
could be reduced because of the reduction in porosity and homogenization of the microstructure.
The post-process HIP is capable of reducing the scatter in the fatigue data for both surface
conditions and for a variety of EBM process settings as they were either underreported or differed
across multiple studies. Based on this observation, post-fabrication HIP can potentially simplify
the certification process by eliminating EBM process variables, provided that the HIP can

effectively close the porosity and homogenize the microstructure.
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Figure 12. Fatigue behavior of the HIPed material with the machined surface compared with the as-built surface
and reference material.

Table 1. Microstructure and Mechanical Properties of EBM HIPed material compared to
conventionally manufactured lamellar Ti-6Al-4V (all machined surfaces).

No. Ref. Process a lath width Oyield uTsS Endurance
Route (um) (MPa) (MPa) Limit (MPa)
1 Nalla[71] Conventional 1-2 975 1055 570
2 Niinomi [72] Conventional 15 - - 600
3 Ivanova [70] Conventional 0.92 - - 704
4 Shui [55] EBM + HIP 3.2 701* 819~ 580
5 Hrabe [80] EBM + HIP 1.6 946.5 1,032 550-600
6 Kirchner* [118] EBM + HIP 15, 8~ 800, 910, 450, 650
895 1,028
7  Greitemeier [50] EBM + HIP 4.65* 774* 896 600
8  Ackelid (Ti-6Al- EBM + HIP 3.75* 867 950.5 518
4V) [42]
9  Ackelid (Ti-6Al- EBM + HIP 3.5% 810.5% 909 518
4V ELI) [42]

tAuthor tested multiple HIP treatments, range of runouts and tensile properties post HIP are listed
“maximum o lath widths for various HIP treatments, not averages

*Not reported by authors, measured using method outlined by Vander VVoort [136] with optical micrographs
provided by author

*Does not meet ASTM B348-14 [26]
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5. Statistical Fatigue-Life Modeling and Analysis

The certification process relies on a statistical approach based on test data to quantify
uncertainty with respect to process variations and build designs [40]. The Random Fatigue-Limit
(RFL) [137] statistical model was applied to compare the fatigue-life distributions and model the
mean fatigue lives under the four described material conditions. The model was chosen because
it describes the dependence of fatigue-life on the stress level while considering the variability that
is often observed in fatigue data [137]. It is effective because it can accommodate the increased
scatter that is commonly observed with HCF data (standard deviation of fatigue life increases
with decreasing applied stress) and the flattening of S-N curves at fatigue limits. Under each
condition, the fatigue-life data from different studies is compiled and analyzed by the RFL Model.
Realizing that the fatigue-life data from different studies were collected with different process,
material, and experimental variables, only the average fatigue-life behaviors under the four

conditions are compared.
A commonly-used analytical representation of the S-N curve in HCF is given by [137]
N(o) = co7¢, )

where ¢ is the applied stress, N(o) is the expected cycles to failure at the stress ¢, and ¢ and d are
positive material parameters. Note that ¢ in this section refers to the effective stress, oetr, where
the subscript “eff” is dropped for convenience. Taking the logarithm of the S-N relation given

by Eq. (2) results in

log[N(0)] = a + b -log(o), (3)
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where a =log (c) and b = - d. Eqg. (3) describes the relationship between the mean fatigue life and
the applied stress. In order to account for the scattering observed in the fatigue-life experiments,

a random error term is introduced into the following regression model
IOg[NU] = .Ui(Uij) + 5ij = a; + bi ' IOg(O'ij) + gij’ (4)

fori=1, 11, 1l IV,and j=1, ..., mi, where the subscript i represents the conditions, m; is the
number of data points under the condition i, Njj is the j™ data point under condition i collected at
the stress aij, &ij is the random error term, which is assumed to follow the normal distribution with
mean zero and standard deviation, si, and p;(0) = a; + b; - log(o) is the mean logarithm
transformed fatigue life at stress o under condition i. The collected fatigue life data is denoted by
{(Nij, 04, 6;):i = LILIL1V; j = 1,...,m;}, where J is the runout indicator defined as ¢ = 1 for
a failure observation and ¢ = 0 for a runout. The likelihood function of the observed fatigue-life

data under condition i is, then, given by

; log(N;;)-a;-bilog(oi )\ %Y log(N;;)-a;—bilog(oi )\ |1 %4
Li(ai,bi,si)zr[}":l[gb( f ’)] x[l—CD( ! f)] , (5)

Si Si

where ¢ () and ®(-) represent the probability density function and the cumulative distribution
function of the standardized normal distribution, respectively [138]. Point and interval estimates
of the unknown parameters, a;, bi, and si, and the mean function, ui(c), at a given stress, o, can be
obtained via standard statistical inference methods, e.g., the maximum likelihood method or the

Bayesian method [139].

Figure 13 shows the estimated mean function, £; (o) (solid line), under each condition and
the probabilistic S-N Curves associated with 90% confidence bands (dashed lines of the same

color). Itis clear that Condition 4 (Machined and HIPed) has the highest mean fatigue life than
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the other three conditions at the same stress and the confidence band of Condition 4 does not
overlap with bands of the other three conditions. It seems that Condition 2 (Machined/Non-
HIPed) has a higher mean fatigue life than Condition 1 (Non-Machined/Non-HIPed) and
Condition 11 (Non-Machined/HIPed). The confidence bands of Conditions 1 and 2 slightly
overlap at the high-stress/low-cycle region; while the confidence bands of Conditions 1 and 3 are
largely overlapped. Hence, the statistical hypothesis method described is used to compare the

mean fatigue lives under Conditions 1, 2, and 3.

700
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Figure 13. Estimated mean life-stress relations (solid lines) and the associated 90% confidence bands (dash lines)
under the four conditions (1 — red; 2 — blue; 3 — black; 4 — green).

First, the mean fatigue-lives under Conditions 1 and 2 are compared by testing the following two

hypotheses:

Hy: py(0) = up (o) vs. Hy: wi(0) < py (o).
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The null hypothesis is that the mean fatigue lives are equal at a given stress for both conditions.
The alternative hypothesis, Hi, states that Condition 2 yields a higher mean fatigue life than
Condition 1 at a given stress, o. The test uses the following test statistic

_ ﬁI(U)—ﬁII(U)
VVar[iy(o)] + Var[iy(o)]

Z

where f1; (o) denotes the estimated mean fatigue life at stress o under Condition i, and Var[fi;(o)]
is the estimated variance of fi;(g). The test rejects the null hypothesis, Ho, and supports the
alternative hypothesis, Hi, with a significance level, «, if the computed test statistic value z1 is
less than a critical value of the standardized normal distribution, -z,. When a = 0.10, -zg.10=- 1.282
[138]. Table 2 lists the test statistic values for a selection of ¢ values spread within the
experimental stress range. Because all the test statistic values are less than -1.282, Ho is rejected
at all stress values with a significance level of o = 0.10, and it is apparent that Condition 2 yields
higher mean fatigue-lives than Condition 1 at those stress levels confirming that machining

improves the fatigue resistance in a statistically significant manner.

Table 2. Computed test statistic, z1, for comparing the mean fatigue lives between Conditions 1 and 2.

o (MPa) 100 200 300 400 500 600

Z1 -2.54 -3.95 -4.40 -3.13 -2.15 -1.56

Next the mean fatigue-lives under Conditions I and 11l are compared, following two hypotheses:

Hy: py(0) = (o) vs. Hy: (o) # py (o).

The alternative hypothesis, Hj, states that Condition 3 yields a different mean fatigue life than

Condition 1 at a given stress, a. The test uses the following test statistic
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_ ﬁI(U) - ﬁm(a)
VVar[a(o)] + Var[iy(0)]

Zp

The test rejects the null hypothesis, Ho, with a significance level, o, if the computed test statistic
value, zz, is less than -z.» or greater than z,2, when o = 0.10 and zo.0s = 1.645 [138]. Table 3
lists the test statistic values for ¢ values ranging from 100 MPa to 600 MPa. As shown in Table
3, all the test statistic values fall between -1.645 and 1.645. Therefore, Ho cannot be rejected for
all the selected stress values. This indicates that there is no evidence to claim that the HIP
process has a significant effect on the mean fatigue life if the EBM fabricated parts are not also
machined.

Table 3. Computed test statistic, z,, for comparing the mean fatigue lives between Conditions 1 and 3.

o (MPa) 100 200 300 400 500 600

22 -0.02 -0.915 1.56 1.45 1.32 1.23

In summary, the conclusions from previous sections about the effectiveness of machining and the
HIP process are confirmed through statistical analysis. No statistically significant difference was
observed in the fatigue performance of HIPed and as-fabricated material if the specimens were
not also machined. Machining, however, significantly improved fatigue performance of both as-
fabricated and HIPed material. The statistical disparities in fatigue life that are present between
the machined and non-machined specimen are attributed to the crack initiation mechanisms. The
fatigue life of specimen with surface initiated failures was reported in literature to be roughly one
order of magnitude less than specimen with internally initiated failures [41]. The crack initiation
sites for machined specimen were internal, either porosity defects in as-fabricated material or

microstructural features in HIPed. Fatigue cracks were observed to initiate from the surface in
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non-machined specimen resulting in statistically lower average fatigue lives compared to their

machined counterparts.

6. Design Recommendations

Given the importance of surface finish and internal defects on fatigue performance,
several in-situ and post-processing methods are proposed to increase the fatigue resistance of the
EBM-manufactured Ti-6Al-4V. Each of these processes can influence surface roughness,
porosity distribution, or increases the fatigue damage tolerance of the microstructure.

Surface Roughness

Traditional machining and polishing have been shown to be effective at reducing the
surface roughness of EBM Ti-6Al-4V to increase the fatigue life. Non-traditional but promising
machining methods include laser ablation [140], chemical etching [123], and rotary ultrasonic
machining (RUM) [141]. Process conditions to mitigate surface roughness include optimized
contour scanning [93] and reduced layer thickness and powder size [19, 87, 110, 140]. Each has
the potential to reduce the as-fabricated surface roughness, but are limited by post-processing,
cost, geometric considerations, increased build time, powder smoking [10, 142], and vacuum
destabilization issues [17].

Results have indicated that machining is required for fatigue critical parts. However, a
primary benefit of AM in general is the high degree of geometric design freedom and the ability
to build internal features where machining is not possible. A potential approach for reducing
surface-level defects and porosity on complex geometries is chemical etching. Etching has been
shown to increase the yield strength and fatigue life of AM Ti-6Al-4V [123, 143]. Chemical

etching is believed to increase strength because the etchant blunts surface cracks and defects in
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addition to removing bulk material. By contrast, machining only removes bulk material and may
leave sharp notches and defects on the surface of the machined part.

The average surface roughness, Ra, of as-fabricated EBM vertical walls can range from
20-50 pum [89, 144] and severe roughness can exceed 88 um [51]. Although process parameters
can be adjusted to improve the surface roughness, it often occurs at the expense of geometric
accuracy and density. Because a recommended surface roughness for aerospace components is
3.2 um [145], EBM fabricated parts may require considerable surface machining to be acceptable
for the aerospace industry regardless of process parameters. For biomedical uses, however, a
rough surface is preferred for osseointegration [140, 146]. Thus, it is advised to optimize the
process to reduce porosity and melt-related defects and let the end application determine the final
surface condition.
Defects

The amount of porosity and other melt-related defects are inversely proportional to the
beam energy input. Therefore, optimizing the process settings and increasing overall energy can
reduce the porosity. Morton et al. [147] achieved comparable LCF performance between EBM
and wrought ‘L’-shaped brackets after incorporating additional melt scans into the EBM build.
The increase in the fatigue life can be attributed to porosity closure resulting from the increased
energy input. These results demonstrate how optimizing scan parameters, specifically energy
input, can increase part density and ensuing fatigue performance. However, machine wear, build
times, geometric dimensions, and part swell must be considered when increasing the energy input.
Microstructural Control

One of the main advantages of AM is the ability to control the local microstructure by

altering scan strategies and melt themes. This technique has already been successful in controlling
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the crystallographic orientation of Inconel 718 by altering the electron beam current and scan
velocity [148]. By altering the local heat input, it is possible to control the cooling rate and
microstructural features. A fast scan produces a refined microstructure and a slow scan yields a
coarsened microstructure [43]. With this, it may be possible to grade the microstructure to
optimize performance for fatigue applications with a fine-grained microstructure near crack-

initiation sites and transition to a coarse lamellar structure to slow long crack growth.

Conclusions

Published data on the fatigue resistance of the EBM-fabricated Ti-6Al-4V has been
compiled, analyzed, and compared to traditionally-manufactured bimodal and lamellar Ti-6Al-
4V. Some relevant observations and conclusions are:

e Anisotropic fatigue performance is observed in the Non-Machined/Non-HIPed condition
(Condition 1). Specifically, horizontally-oriented parts appear to have superior fatigue
resistance because vertically-oriented parts are more susceptible to crack initiation
resulting from the rough surface finish produced by melt pool solidification. Build
orientation effects are not evident after machining, but may exist due to inclusions of
partially-sintered powders. There is insufficient data to determine if orientation effects are
present after HIP.

e HIPed and machined EBM parts have comparable-to-superior fatigue life relative to
traditional lamellar and bimodal microstructures. The failure mechanisms and endurance

limits are similar to that of traditionally manufactured lamellar Ti-6Al-4V.
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Annealing or stress-relief heat treatments are not advantageous for EBM fatigue-limited
applications since residual stresses are relieved in-situ and only further coarsen the
microstructure,

Statistical analysis of the mean fatigue life confirms that HIP alone does not increase the
fatigue life of non-machined parts. However, HIP reduces the scatter in the fatigue data
and provides a more predictable material performance by eliminating porosity and
homogenizing the microstructure. Thus, HIP may be a viable method for reducing EBM
process variability and simplifying the certification process.

The most significant factors driving fatigue-damage tolerance of EBM parts are the
surface roughness, porosity-related defects, and microstructure. Elimination of both the
surface roughness by machining and porosity by HIP yielded statistically improved
fatigue resistance. Machined/HIPed and Machined/Non-HIPed material yielded a
statistically higher average fatigue life than the Non-Machined/Non-HIPed material and
Non-Machined/HIPed. Machined/HIPed material displayed statistically higher fatigue life
then the Machined/Non-HIPed material.

Although several EBM-process settings and strategies are being pursued to increase
fatigue resistance, limited success has been achieved thus far. Based on the available data,
HIP and machining are the most effective methods to increase the fatigue resistance of

EBM parts.

EBM additive manufacturing offers advantages over traditional manufacturing because of the
high degree of geometric design freedom and potential to reduce costs of fabrication. Further
research on the direct effects of melt strategies, process parameters, and post-processing steps on

fatigue resistance is needed to realize the advantages of using the EBM to manufacture
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dependable structural components. The mechanical properties must be more predictable, as a
degree of scatter is still observed after post-process machining and HIP. In-situ process
monitoring and better documentation and reporting of process parameters will aid in the

certification process and allow for more effective evaluations of results spanning multiple studies.
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Appendix

Table 1A. Fatigue Data Reference Chart — Non-HIPed, Build Orientation (Figs. 6 and 8)

Symbol Trend Line Orientation & Material Surface Reference
Style Style Color Condition Condition
Horizontal, Non-HIPed  Non-Machined [111]
‘ Purple
. Horizontal, Non-HIPed  Non-Machined [149]
-=r Purple
‘ Horizontal, Non-HIPed  Non-Machined [46]
- = Purple
Horizontal, Non-HIPed Machined [111]
‘ Tt Purple
Horizontal, Non-HIPed Machined [42]
. - T = Purple
Horizontal, Non-HIPed Machined [46]
A Purple
____________ Horizontal, Non-HIPed Machined & [111]
‘ Purple Peened
Table 2A. Fatigue Data Reference Chart (Figs. 10 - 12)
Symbol Microstructure Material Surface References
Condition Condition
' EBM Non-HIPed Non-Machined [46, 50, 111,
149]
EBM Non-HIPed Machined [42, 46, 50,
‘ 80, 111, 150]
‘ EBM HIPed Non-Machined [49, 122]
A EBM HIPed Machined [42, 151, 152]
‘ Bimodal Machined [68], [69]
. Lamellar Machined [70-72]
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