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FULL PAPER
Directed Energy Deposition versus Wrought Ti-6Al-4V:
A Comparison of Microstructure, Fatigue Behavior,
and Notch Sensitivity
Seyed Mohammad Javad Razavi* and Filippo Berto
Laser Engineered Net Shaping (LENS), a Direct Energy Deposition (DED)
additive manufacturing process is a 3D manufacturing process generally used
to produce fully dense parts or to repair/add additional material to an
existing component. The main aim of this work is to evaluate the fatigue
behavior of LENS specimens in the presence of geometrical discontinuities
and to compare its performance to the one obtained from wrought
specimens. For this aim, axial fatigue tests are carried out on three sets of
specimens namely, smooth, semi-circular and V-notched specimens to
determine the fatigue strength and notch sensitivity of the LENS and
wrought Ti-6Al-4V materials. The LENS material shows higher fatigue
strength and notch sensitivity compared to wrought material which is
attributed to the unique microstructural features leading to different fatigue
failure mechanisms. Further, the fatigue data is assessed by use of strain
energy density as a failure criterion.
1. Introduction

Additive Manufacturing (AM) technology is a process that
enables the manufacturing of unprecedented complex designs
in an economic fashion produced layer-by-layer by using a
combination of energy delivery and material deposition. AM
parts are commonly no longer isotropic, mostly including
residual stresses, occasionally not fully dense, having rough
surfaces and there is a high chance of internal defects (e.g.,
trapped voids, lack of fusion between the layers, etc.), which are
all dependent on the underlying manufacturing strategy related
to the input geometry. Different post treatment strategies have
been proposed by researchers to overcome these challenges.
Among the common suggested methods for improving
the mechanical performance of AM parts are the application
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of heat-treatment for releasing the residual
stresses, surface treatments (i.e., sand
blasting, shot peening, chemical etching)
for reducing the surface roughness, Hot
Isostatic Pressing (HIP) for reducing the
internal porosities, and machining the AM
parts for improving the surface roughness
and eliminate the sub-surface defects.

Direct Energy Deposition (DED)
includes all the processes where focused
energy generates a melt pool into which
feedstock is deposited. Among different
DED methods, LENS is one of the most
commercialized forms that uses metal
powder injection into amolten pool created
by a focused, high-powered laser beam (see
Figure 1).[1,2] This technology can be
utilized for the AM fabrication of a wide
range of alloys such as stainless steel,
aluminum, and titanium as well as metal
matrix composites and functionally graded materials. The main
applications for LENS technology in aerospace industries include
the repair and overhaul of worn and cracked components without
the need to replace the whole component. The overall cost and
required time for repairing components using LENS technology
was reported to be significantly less than other repair methods.
Flawlessmetallurgical bonding between the LENS-addedmaterial
and the base material results in promising mechanical perfor-
mance of the LENS repaired parts compared to the mechanically
bonded repairsusing thermal spray orchromingprocessesoreven
conventional welding processes. This technology is also being
used for rapid prototyping, rapid manufacturing, and limited-run
manufacturing for aerospace, defense, andmedical industries.[3–9]

High production rate and the negligible porosity of LENS
parts have resulted in common application of this process for the
production of industrial parts, however, the reported range of
surface roughness in LENS components is higher than the other
AM method. While the surface roughness of selective laser
melting (SLM) and electron beammelting (EBM) components is
respectively Ra¼ 5–15 μm and 20 μm, LENS components have a
surface roughness range of Ra¼ 10–91 μm.[8] Hence, the post-
process for improving the surface roughness and shaping of fine
details by machining, grinding or polishing has been required to
overcome this inherent limitation of LENS method.[10,11]

Among different titanium alloys, Ti-6Al-4V has been widely
used both for biomedical applications and critical industrial
applications due to its high specific strength, corrosion
resistance, and fatigue strength. Numerous studies have
by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A Schematic illustration of LENS process.

www.advancedsciencenews.com www.aem-journal.com
evaluated the microstructure and mechanical properties of Ti-
6Al-4V produced by LENS technique.[12–21] Due to cyclic heating
induced by sintering the new layers followed by fast cooling
during the LENS process, complex microstructural features,
including large columnar prior β grains, fine αþ β basketweave
morphology, and in some cases martensite α’ phase were
observed. Comparable yield and tensile strengths and lower
ductility were found compared to that of the wrought material.

Dealing with high cycle fatigue (HCF) behavior of LENS
components, initial researches reported shorter fatigue lives
were reported for the LENS Ti-6Al-4V compared to the wrought
material.[13,22,23] This was attributed to the presence of internal
and surface defects within the tested LENS specimens. As
reported by Prabhu et al.,[22] eliminating the surface defects in
Table 1. LENS processing parameters.

Powder size
[μm]

Laser power
[W]

Head writ
[mmi

Current research 44–149 325 0.63

Prabhu et al.[22] 44–149 400 0.63

Nassar et al.[33] 126.8 450 0.63

Zhai et al.[12,34] 44–149 330 0.6

Zhai et al.[12,34] 44–149 780 0.8

Sterling et al.[13] 44–149 350 1.01

Sandgren et al.[14] 44–149 330 0.55

Wolff et al.[15,35] 44–149 710,

800,

940

0.6

Buciumeanu et al.[36] 32.53 350 0.51

0.76

1.01

Kistler et al.[16] 44–149 300 0.63

Niknam et al.[37] 44–149 206 1.5

Niknam et al.[37] 44–149 385 2.4
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LENS specimens led to longer fatigue lives that exceed the lower
survival probability band of fatigue lives reported for wrought
annealed material and lies in the upper survival probability band
of hot isostatic pressed (HIP) casted material. In another
research by Bian et al.,[23] it was observed that subjecting the
LENS specimens to HIP process reduces the effect of internal
pores, enhancing the fatigue strength to the same range as
wrought material. Amsterdam and Kool[24] observed similar
HCF fatigue behavior for wrought and severely porous LENS Ti-
6Al-4V specimens, indicating that a fatigue strength higher than
that of wrought material can be achieved for porosity-free LENS
components. This was later shown in a research by Razavi
et al.,[25] where they obtained higher fatigue strengths for
porosity-free LENS Ti-6Al-4V alloy compared to the wrought
material. The inconsistency in the reported fatigue behavior of
LENS Ti-6Al-4Vmay be attributed to different employed process
parameters and post treatments, which consequently led to
different microstructures and porosity levels in the produced
parts. The thermal history, microstructure, residual stress level
and morphology of the pores strongly depends on manufactur-
ing process parameters, such as laser power, head write speed,
layer height, hatch spacing and powder flow rate.[23]

In design of industrial components, the presence of
geometrical discontinuities such as notches which induces
localized stress gradient is unavoidable. Due to commonly
negative effect of notches on fatigue life of mechanical
components, it is an essential task to evaluate the resistance
of the metallic materials against fatigue crack nucleation from
the notch border. The fatigue behavior and notch sensitivity of
AM components has been the topic of some recently published
articles, where the effect of surface roughness and internal
defects on the overall behavior of notched components have been
evaluated.[26–31]

Currently, very limited design criteria are presented for
AM components considering stress concentration phenomena
e speed
n�1]

Layer height
[mm]

Hatch spacing
[mm]

Powder flow rate
[gmin�1]

5 0.508 0.381 1.9

5 0.254 0.762 2.4

5 0.18 0.91 3

0.3 0.5 1

0.4 1.0 2

6 0.508 0.508 9.6

0.3 0.5 1

0.95 1.25 7.2

0,

2,

4

0.02 0.02 9.36

6 0.25 0.71 2

0.025 – 60

0.025 – 30
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arising from geometrical discontinuities. Additionally, to the
best of authors knowledge no fatigue data are presented in
technical literature by testing notched components made by
LENS technology. Hence, this paper aims to contribute to the
fundamental understanding of the notch fatigue behavior of Ti-
6Al-4V specimens produced by LENS. Three different specimen
geometries namely, smooth, semi-circular and V notch were
considered for the experimental studies. The notch fatigue
behavior of LENS specimens was then compared to that of the
wrought Ti-6Al-4V. In the first part of the paper, details of the
manufacturing method that was used for fabrication of the
samples are described. Afterwards, the microstructures and
fatigue test results of smooth and notched LENS specimens are
presented and compared to that of the wrought specimens.
Lastly, applicability of ASED failure criterion for fatigue life
prediction of both LENS and wrought notched specimens was
evaluated.
2. Experimental Section

2.1. Specimens Fabrication

Spherical gas atomized Ti-6Al-4V (grade 5) powder with a
mesh size of �100/þ 325 (SAE AMS 4998C) provided by
TIMET was utilized for LENS fabrication of specimens. An
OPTOMEC LENS 850-R machine powered by a 1 kW Nd:YAG
laser was utilized for fabrication of 40 cuboid Ti-6Al-4V
samples which were fabricated in-series with proper distance
Figure 2. Representative surface condition of the fabricated LENS sample;
section.
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to eliminate thermal interaction with the previously
deposited specimens. The detailed process parameters are
given in Table 1 together with the process parameters used in
the previously published articles on LENS fabrication of Ti-
6Al-4V specimens. The 81mm long specimens were
fabricated vertically with a cross-section of 4� 16mm over
a mill-annealed Ti-6Al-4V substrate with a thickness of
6mm.

The substrates were machined after production of the
samples. In order to relieve any internal residual stresses, all
LENS specimens were stress relieved using annealing heat
treatment for one hour in a preheated furnace at 600 �C
followed by cooling at room temperature.[32] Figure 2
illustrates the representative surface morphology of the
LENS samples. The LENS samples were ultimately post-
machined to eliminate the high surface roughness and sharp
valleys on the surface between the sintered layers. A mean
surface roughness of 0.25 mm was obtained from all the
specimens after machining. The geometry of the test
specimens after machining is shown Figure 3. Three
different geometries including one smooth specimen and
two notched specimens namely blunt V-notch and semi-
circular were considered for the fatigue test specimens. In
order to compare the fatigue behavior of LENS specimens
with the conventional Ti-6Al-4V alloys, a set of test speci-
mens with the geometries given in Figure 3 were produced
from wrought Ti-6Al-4V. The wrought specimens were
machined using the same procedure resulting in similar
surface roughness to LENS specimens.
(a) surface view, (b) longitudinal cross section, and (c) transversal cross
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Figure 3. a) geometrical dimensions of the fabricated LENS cuboid, (b) schematic illustration of surface condition and subsurface defect removed by
machining, and (c) geometrical dimensions of the fatigue test specimens.
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2.2. Microstructural Analysis

Wrought and LENS samples were sectioned horizontally (i.e., x–
y plane) and vertically (i.e., x–z and x–y planes) along the
centerline to observe the microstructure. The samples were hot-
mounted in PolyFast, polished and etched using an etching
solution containing 3ml HF, 6ml HNO3 and 100ml distilled
water (ASTM E407-07) also known as Kroll’s reagent. The
mentioned etchant reveals the α and α’ grains of Ti-6Al-4V with
white color whereas the β and intergranular β grains have a
darker color under optical microscope. The etched samples were
then examined using both optical microscope (Olympus,
BX53MRF-S, Tokyo, Japan) and scanning electron microscope
(SEM) (FEI, Quanta 650 FEG, Oregon, USA) to evaluate the
microstructure.
2.3. Fatigue Testing

Specimens were tested under uniaxial fatigue loading using an
MTS landmark servohydraulic test machine (Minnesota, USA)
Adv. Eng. Mater. 2019, 1900220 1900220 (4 of 15) © 2
equipped with a 50 kN load cell. The tests were performed
under load control with a loading ratio of R¼ 0.01 and a
frequency of 10Hz at room temperature. An average of twelve
specimens were tested for each testing case to obtain the stress-
life curve. Specimens that survived at 5� 106 cycles were
considered as run-out. SEM analysis was performed to observe
the fracture surface of tested specimens and define different
failure mechanisms in wrought and LENS specimens.
2.4. Theoretical Fatigue Assessment Method

2.4.1. Strain Energy Density Approach

Fundamentals of local failure approaches state that material
failure occurs when the key parameter (e.g., stress, strain, strain
energy density (SED), etc.) at some critical distance from the
geometrical discontinuity reaches a given critical value.[38] Three
different methods namely, point method, line method and
volumetric method have been investigated in the past consider-
ing the values of the key parameter in a single point, averaged on
019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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a line or averaged in a control volume, respectively.[39,40] As one
of the common key parameters, strain energy density (SED) has
been widely used by numerous researchers for failure assess-
ment of components made of different brittle, quasi-brittle and
ductile materials in presence of geometrical discontinuities
under static and fatigue loads.[40–42] To the best of authors’
knowledge, the first proposal of strain energy density for failure
assessment under pure tension and pure compression was dated
1885 by Beltrami.[43] Later on, Sih[44] proposed a point method
failure criterion based on SED. Proposing a volumetric SED
method, namely average strain energy density (ASED) criterion,
Lazzarin and Zambardi[45] stated that failure occurs when the
averaged SED value in a control volume around the notch or
crack, W reaches a material dependent critical value, WC ¼
σ2t =2E where σt and E are the conventional ultimate tensile
strength and the elastic modulus of the material.

The representative control volumes for different notch geome-
tries is illustrated inFigure4, inwhich2α is thenotchopeningangle,
ρ is the notch root radius, R0 is the critical radius, and r0 is the
distancebetween thenotch root and the centerof thecontrol volume
in blunt notch defined as r0 ¼ ρ� ðπ� 2αÞ=ð2π� 2αÞ. Dealing
with cracks (2α¼ 0, ρ¼ 0) and sharp notches (ρ¼ 0), the control
volume is a circle ofR0 radius centered at crack/notch tip.While for
the blunt notches under mode I loading, control volume has a
crescent shape, with an external radius of (R0þ r0) and the
maximum width of R0 as measured along the notch bisector line.
Thecritical radiusR0understatic loadingcanbecalculatedusing the
following equation[45]:

R0 ¼ ð1þ νÞð5� 8νÞ
4π

KIC

σt

� �2

ð1Þ

where ν is the Poisson’s ratio and KIC is the fracture toughness of
material obtained from pre-cracked specimen.

The average SED value in the control volume for sharp
notches under mode I loading can theoretically be calculated
using the following equation[45]:

W1 ¼ e1
E

KV
1

R1�λ1
0

 !2

ð2Þ

where e1 is a function that depends on the notch opening angle
2α,KV

1 is themode I notch stress intensity factor (NSIF), and λ1 is
Figure 4. Control volume around crack, sharp V-notch and blunt V-notch u
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the Williams’ series eigenvalue.[46] In the case of blunt notches,
the average SED value can be analytically expressed as a function
of tensile stress at the notch tip under mode I loading[47]

W1 ¼ Fð2αÞ �H 2α;
R0

ρ

� �
� σ2tip

E
ð3Þ

in which F is a function dependent on notch opening angle,H is
a function dependent on notch opening angle and the ratio of
critical radius to notch root radius (i.e., R0/ρ) and σtip is the
tensile stress at notch tip.
2.4.2. Synthesis Based on ASED

Lazzarin et al.[45,48] employed the concept of ASED criterion for
synthesis of fatigue data obtained by testing different geometries
of welded joints. They reported that the average SED in a control
volume around the geometrical discontinuities is capable of
providing a master curve independent of the geometry of the
notch. Having this master curve for each material, one can
simply evaluate the fatigue behavior of different notch
geometries without the necessity to perform new sets of
experiments.

According to the analytical formulation of ASED criterion,
the critical radius around the crack and notch tip can be
calculated using the fatigue limit of smooth specimens, ΔσA
(in order to quantify the influence of defects and surface
roughness in the material, in the absence of any global stress
concentration effect) and the NSIF range at fatigue limit of
notched specimens, ΔKV

1A. In this study, the fatigue limit of
both smooth and notched specimens was calculated at 106

loading cycles.

R0 ¼
ffiffiffiffiffiffiffi
2e1

p
ΔKV

1A

ΔσA

� � 1
1�λ1 ð4Þ

The ASED range for smooth specimens is defined as
ΔW1 ¼ Δσ=2E, where Δσ is the stress range in the net section
of the test specimens. In the case of the notched specimens
under mode I fatigue loading, ΔW1 can be calculated by
substituting the NSIF range, ΔKV

1 and notch tip tensile stress
range, Δσtip in Equations (2) and (3), respectively. As an
nder mode I loading condition.[40]
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alternative for ASED calculation, one may use finite element
software to directly obtain this value by linear elastic analysis of
the notched component.
2.4.3. Numerical Analysis

A set of two-dimensional linear elastic analyses was performed
in the current research to calculate the stress concentration
factor,Kt and SED values of the notched specimens. For this aim,
elastic modulus of 110GPa and Poisson’s ratio of 0.34 were used
in numerical analyses. Mesh sensitivity analyses were performed
on the finite element models considering the opening stress
distribution along the notch bisector line as the key parameter in
order to obtain the proper element size. A minimum element
size of 2 μm was considered for NSIF analysis while a larger
element size of 200 μm was considered for the SED analyses.
Similar to the previous researches on ASED criterion,[40]

independency of the ASED values to the element size was
observed in the mesh sensitivity analyses. Double symmetric
models were loaded under unit applied stress at the net-sectional
area and the peak stress values at the notch root representing the
stress concentration factor were obtained. The fatigue notch
Figure 5. Macrostructure of columnar prior grains in different sections parall
XZ plane, (c) YZ plane.
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factor, Kf, was experimentally obtained by dividing the fatigue
limit of smooth specimens to that of the notched specimen at
50% probability of survival (i.e., Kf¼Δσ50%|smooth/Δσ50%|
notched). Having the stress concentration factor and fatigue
notch factor, one can simply evaluate the notch sensitivity of the
material using q¼ (Kf � 1)/(Kt� 1). According to this formula-
tion, for the material fully sensitive to the presence of notch,
q¼ 1 (i.e., Kf¼Kt), while q¼ 0 represent a material that has
fatigue notch factor of Kf¼ 1 meaning that the fatigue limit of
notched specimen is equal to that of the smooth one.
3. Results

3.1. Microstructure

A preliminary microstructure investigation by use of optical
microscope showed no porosity in both LENS and wrought
materials. Figures 5 and 6 show the microstructures of LENS
samples observed using optical microscopy. The optical images
in Figures 5 and 6 show the columnar microstructure of the
LENS samples with the prior grains elongated along the built
direction including three different microstructures of columnar
el and perpendicular to the LENS build direction (Z axis) (a) XY plane, (b)

019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) representative illustration of a prior β grain growing through several sintered layers along the build direction in LENS samples, (b–d) different
magnifications of the microstructure of LENS samples illustrating the area between two prior β grains, (e) acicular α0 microstructure of LENS samples.
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and basket-weave αþ β grains and acicular α’. The microstruc-
ture of wrought Ti-6Al-4V alloy at different magnifications is
shown in Figure 7. According to Figure 7, the microstructure of
wrought samples includes lighter equiaxed α grains with an
average grain size of 5 μm surrounded with darker β phase. The
microstructural features of both studied materials were
evaluated inmore details using SEManalysis. Figure 8 illustrates
various microstructures revealed under SEM. The Al-reach black
Figure 7. Microstructure of thewrought Ti-6Al-4Vsamples at differentmagnific

Adv. Eng. Mater. 2019, 1900220 1900220 (7 of 15) © 2
zones in Figure 8 correspond to α and α0 phases, while the white
zones, reach in vanadium, correspond to β phase.
3.2. Fatigue Strength and Notch Sensitivity

The results obtained from the statistical elaboration of fatigue test
data for different specimen geometries made of LENS and
ations showingα and βphases (a) lowmagnification, (b) highmagnification.

019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. SEM illustration of (a–c) different phases observed in LENS) and (d) wrought samples.
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wrought Ti-6Al-4V are reported in Figures 9 and 10, respectively.
The fatigue strength of smooth, semi-circular notch and V-notch
specimensmade by LENS process at 106 cycles were 482, 477, and
293MPa. While in the case of wrought specimens, fatigue
strengths of 345, 344, and 258MPa were obtained for smooth,
semi-circular notch and V-notch specimens. In both cases, as
expected the fatigue strength was reduced in presence of notches
having the lowest value forV-notched specimens. According to the
fatigue data illustrated in Figure 9 and 10, while the scatter index,
Tσof thesmooth andsemi-circular specimens is approximately the
same, the V-notch specimens had slightly higher scatter bands.
The detailed fatigue data of all the tested specimens together with
stress concentration factor and notch reduction factor of each
tested case are presented in Table 2. According to Table 2, lower
fatigue notch factors were obtained for the semi-circular and V-
notched specimens made of wrought Ti-6Al-4V compared to the
LENS notched specimens which has resulted in lower notch
sensitivity of wrought material compared to the LENS fabricated
material. The notch sensitivities of both studied materials were
higher when V-notch geometry was introduced in the specimen.
3.3. Fractography

SEM fractographs of the tested specimens are shown in
Figures 11 and 12. It should be noted that since the LENS
Adv. Eng. Mater. 2019, 1900220 1900220 (8 of 15) © 2
samples were machined to get the final geometry of the test
specimens, the surface of the tested specimens is not that of the
original build. According to Figure 11, the fracture surface of
LENS specimens represents a flaky appearance at the vicinity of
fatigue nucleation site. Getting farther from the initiation site,
the surface features appear to be blockier in nature until
reaching the final inclined fracture surface which is character-
ized by dimples showing the ductile nature of failure by void
coalescence in the final stage of the crack propagation.

Unlike the LENS specimens, all wrought specimens experi-
enced uniform fatigue crack nucleation from specimen surface
(see Figure 12). The fracture in the wrought specimens do not
show a clear flaky fatigue crack growth appearance, having a
more uniform fatigue fracture surface from the initiation point
up to the final failure.
3.4. Theoretical Fatigue Assessment Results

Linear elastic analyses were performed on different specimen
geometries to obtain the ASED value. Critical radii of R0¼ 0.366
mm and 0.538mm were calculated respectively for LENS and
wrought materials using the formulation given in section 2.4.
The results of ASED analysis with confidence bands of 10%,
50%, and 90% are presented in Figure 13. All the analyzed data
are presented in a scatter band of TW¼ 2.07 and inverse slope of
019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Fatigue data from different specimen geometries made by LENS process tested under loading ratio of R¼ 0.01 and 10Hz loading frequency:
(a) smooth,[25] (b) semi-circular notch, (c) V-notch, (d) comparative presentation of all geometries.

Figure 10. Fatigue data from different specimen geometries made of wrought Ti-6Al-4V tested under loading ratio of R¼ 0.01 and 10Hz loading
frequency: (a) smooth,[25] (b) semi-circular notch, (c) V-notch, (d) comparative presentation of all geometries.
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Table 2. Fatigue behavior of the tested Ti-6Al-4V specimens.

Material Geometry Δσ50%
a) [MPa] Tσ k Kt Kf q

LENS Smooth 482 1.11 7.54 1.073 – –

Semi-circular notch 477 1.11 6.15 1.308 1.010 0.03

V-notch 293 1.20 6.05 2.279 1.645 0.50

Wrought Smooth 345 1.19 3.99 1.073 – –

Semi-circular notch 344 1.13 5.94 1.308 1.003 0.01

V-notch 258 1.25 5.10 2.279 1.337 0.26

a) Fatigue strength at 1� 106 cycles.

www.advancedsciencenews.com www.aem-journal.com
k¼ 2.53 for LENS specimens and TW¼ 1.63 and k¼ 2.63 for
wrought specimens. The obtained scatter bands have reasonably
small values compared to the values reported in the open
literature for steel notched components.[40,41]
4. Discussion

Fatigue behavior of LENS Ti-6Al-4V specimens in presence of
geometrical discontinuities has been evaluated in this study. The
Figure 11. SEM fractograph of the tested LENS specimens; (a,b) fatigue fra
numbers indicate: 1) fatigue initiation site, 2) intergranular failure (on the bou
in the colony, 4) rivers formed due to crack propagation through a twist gra
direction of fatigue crack propagation).

Adv. Eng. Mater. 2019, 1900220 1900220 (10 of 15) © 2
fatigue limits of different specimen geometries were experi-
mentally obtained and used for notch sensitivity analysis.
Different fatigue behavior and fatigue failure mechanisms of the
two studied materials were corelated to the difference in their
microstructures. Due to lack of fabrication faults in the
machined LENS specimens, the main governing factor for
defining the failure of these components is assumed to be the
microstructure of the material and induced notches in the
specimens.
4.1. Microstructure

According to the microstructure of LENS samples (see Figures 5
and 6), as a result of sequential layer deposition an epitaxial grain
growth through the height of the sample occurs during the LENS
process, leading to a columnar prior-β grain structure. Although
a layer height of 0.508mm was used for fabrication of the LENS
samples, the columnar grains grew over several sintered layers
(see Figure 6a) having 0.2–0.3mm width. Since the melting
temperature is commonly in a range higher than transus
temperature, the solidified sintered metal forms β phase which
cture surface, (c) localized fatigue initiation site within the material, the
ndary of α lamellae), 3) transgranular crack growth through the α lamellae
in boundary, and (c) the ductile failure surface. (red arrows indicate the
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Figure 12. SEM fractograph of the tested wrought specimens; (a,b) fatigue fracture surface, (c) uniform fatigue initiation from the specimen’s edge and
(c) the ductile failure surface. (red arrows indicate the direction of fatigue crack propagation).
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subsequently transforms during cooling and re-heating of the
bottom layers. Nucleation of α phase within the prior β grains
leads to formation of a basketweave structure by transformation
of β phase into a martensitic type of α phase, namely α’. The
acicular α’ martensite phase induced by the high cooling rate,
describes the lower ductility of the LENS samples compared to
the conventionallymade titanium alloy.[18] According to Figures 6
and 7, very fine α’ grains of length 5–10 μmandwidth of�0.3μm
Figure 13. Synthesis of fatigue data based on SED; (a) LENS specimens, (

Adv. Eng. Mater. 2019, 1900220 1900220 (11 of 15) © 2
were observed within the columnar prior-β grains. These
observations are consistent with the previous researches in
the literature, where presence of α’ martensite phase within a
prior-β grain parallel to the deposit building direction was
reported.[12,14,18,34,37]

Unlike powder bed AM methods, where the heat induced by
sintering can be transferred through both the surrounding
powder and the specimens itself, the induced heat during DED
b) wrought specimens.
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process transfer through the sintered layers, reheating them
and possibly resulting in partial α0-α transformation. In this
case, α colonies start to form close to the prior-β grain
boundaries. On the other hand, Qiu et al.[49] reported that
performing stress-relief heat treatment induces α0-α transfor-
mation. This phase transformation is thought to be partially
occurred also in the LENS samples analyzed in the current work
after the stress-relief heat treatment. It is worth mentioning
that the microstructure of LENS parts is strongly dependent on
the thermal history during the fabrication process. Hence,
predicting the microstructural characteristics of LENS parts
and the level of their dependence on the process parameters is
still to be studied.[17] Numerous researches have been
conducted in the past to evaluate the effect of different process
parameters on the microstructural features and material
properties of LENS parts.[50–53]
4.2. Notch Sensitivity and Failure Mechanisms

Dealing with titanium alloys with Hexagonal Close Packed
(HCP) α and Body Central Cubic (BCC) β crystal lattice
characteristics, the fatigue behavior highly depends on the
morphology and size of the α phase in the material.[12,54] As a
result of finer α grain size of LENS samples, higher high cycle
fatigue strength can be obtained for this material.[13]

Considering the lattice structure of HCP α phase, only limited
number of slip system occurs within this phase which are all
parallel to each other (planes (0001) inMiller-Bravais system). This
limited number of slip system compared to Cubic Crustal (CC)
structures, reduces the chance of moving mobile dislocations in
favorable planes resulting in lower likelihood of formation of
intrusions and extrusion, which are the leading cause of crack
initiation in thematerial.[54] In this scenario, severalpotential crack
initiation sites can arise within the reduced section of a smooth
specimen. While, in the case of the notched specimens with
Figure 14. Schematic illustration of fatigue crack growth in Ti-6Al-4V. a) form
grain 2); (b) intergranular crack propagation between grain 1 and 3; (c) crack
crack growth with different angle according to the grain orientation in grain
separate cracks without any crack propagation in the hatched area, as a resu
hatched area in this case is called bridging ligament).
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smaller reduced volume (i.e., the length of reduced section is
shorter in notched specimens), there is a lower possibility of
formation of intrusions and extrusions. Among the studied
geometries, V-notched specimens have the lowest possibility of
formation of intrusions and extrusions, making these specimens
more resistant to fatigue if the comparison is made based on the
local notch stress. Depending on the presence of grains with
favorable crystallographic orientation in the small region around
theV-notch tip, the fatigue life canvary. This dependencyof fatigue
lifeofV-notchedspecimens to themicrostructure, results inhigher
scatterbandof the fatiguedata for this geometry.Asa result ofhigh
fatigue limit of notched specimens, lower notch sensitivity values
are obtained for the tested wrought material. Dealing with LENS
specimens with finer α grains, lower plastic yielding occurs in the
notched region compared to the wrought notched specimens,
increasing the notch sensitivity of the material in this case. It
should be mentioned that the notch sensitivity is rather a
combined material-geometrical factor that for a constant material
can changed by changing the geometry of the notch.However, as a
general term, this parameter is being used by engineers and
scientists to compare the notch fatigue behavior of different
materials.

Complex fatigue crack initiation mechanism with multiple
crack propagation directions from the initiation site was
observed in the LENS specimens. According to Figure 11c,
cross-colony slip-band crack initiation was observed for LENS
specimens, with subsequent small-crack growth generally
occurring along the planar-slip bands into neighboring, but
differently oriented, lamellar colonies. In these specimens, the
crystallographic crack initiation and propagation favored by
aligned α lamellar colonies is expected. The fatigue crack cut
across the α lamellae which have the main axes aligned almost
parallel to the stress axis (i.e. transgranular failure). On the
other hand, if the α lamellae are oriented perpendicular to the
load axis, intergranular crack growth along the lamellae
boundaries occurs (see Figure 11). The fatigue crack initiation
ation of a rough crack front geometry in two adjacent grains (grain 1 and
growth along unfavored crack path (the step between grain 1 and 3); (d)
3 and 4; (e) rejoining of the cracks in grain 3 and 4; (f) rejoining of the
lt of retarded crack in this region due to large step height (the uncracked
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Table 3. Synthesis of the experimental results of smooth and V-notch
specimens by ASED.

Material W versus Nf relationship Tσ TW R0 [mm]

LENS W ¼ 67:02N�0:308
f

Smooth: 1.11

V-notch:1.21

1.42 0.366

Wrought W ¼ 181:04N�0:419
f

Smooth: 1.19

V-notch:1.25

1.90 0.538

www.advancedsciencenews.com www.aem-journal.com
in the wrought material is also somewhat influenced by the
microstructure, but due to equiaxed microstructure of this
material, typical fatigue crack initiation from the specimen
edge was observed with significantly lower tortuosity
(see Figure 12). The microstructural fatigue crack propagation
is schematically illustrated in Figure 14. According to
fractography results, the fatigue crack splits into separate,
crystallographically favorable oriented crack planes in adjacent
grains or colonies, leaving some steps between the fatigue crack
growth facets (hatched area in Figure 14), the height of which is
proportional to the grain or colony size.[55] Presence of these
steps in the crack front geometry can effectively retard further
extension of the crack to form again a continuous and uniform
crack front (Figure 14b). This crack growth retardation is a
result of forcing the crack to propagate along a crack path which
is microstructurally unfavored in addition to the fact that the
step plane has an unfavorable angle towards the stress axis
(shown by σ in Figure 14). The schematic view of crack
propagation through the step plane is shown in Figure 14b. It is
worth mentioning that depending on the size of the steps, the
retardation effect was reported by Peters et al.[56] to be so large
that rejoining of the separated crack fronts by continuous
growth and before crack growth in the step area can occur
(through grain 1 to grain 3 and grain 2 to grain 4) resulting in
un-cracked, so-called bridging ligaments (see Figure 14f). Due
to presence of columnar prior β grains, and large lamellar
microstructure and α colonies in LENS specimens, the height
of the steps on the fracture surface was larger than that of
wrought specimens with equiaxed α grains (Figures 11 and 12)
contributing to a reasonably rougher fracture surface of LENS
specimens and consequently more roughness induced closure
effects during fatigue crack propagation.
Figure 15. The accuracy of ASED criterion in predicting the fatigue life of the t
90% probability of survival were obtained from the test results of smooth a
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4.3. Theoretical Analysis

Various key factors namely global geometrical discontinuities
(i.e., notch and crack), local geometrical discontinuities (i.e.,
internal defects and surface roughness), microstructure, failure
mechanism, and residual stress govern the fatigue failure of
different mechanical structures. Hence, a practical way for
fatigue assessment of these components would be to employ a
general failure criterion that can take into account all these
factors by use of a limited experimental information as input.
The volumetric local approaches such as ASED are thought to
count for the mentioned factors by the help of averaging all
material inhomogeneities, resulting the criterion to be valid for
the multiscale design of components.[40,41] The two different
material production methods in this study resulted in different
microstructures and failure mechanisms. Hence, two separate
sets of theoretical analyses were performed on the test data to
assess the notch fatigue behavior.

According to Figure 13, the agreement between the ASED
results and experimental data was found to be satisfactory. By
using the fatigue data in a range from 104 to 106 and considering
the probabilities of survival Ps¼ 10% and 90%, energy-based
scatter indexes, TW of 2.07 and 1.63 were obtained for LENS and
wrought materials. These scatter indexes become equal to 1.44
and 1.28 when reconverted to an equivalent local stress range
with the same probability of survival (Tσ ¼

ffiffiffiffiffiffiffi
TW

p
), which is a

reasonably small value compared to the stress-based curves in
Figures 9 and 10.

According to ASED criterion, by performing experiments on
two sets of specimens, i.e., smooth and sharp notched
specimens, one can calculate the critical radius and obtain the
fitting constants of the ASED-life formula as W ¼ ANB

f . By
performing the ASED analysis on both sets of fatigue data on
LENS and wrought specimens, these ASED constants were
obtained and reported in Table 3. These data can then be used to
predict the fatigue behavior of other notched components made
of the same materials. The obtained theoretical results for
different geometries of the test specimens are summarized in
the experimental, Nf, versus estimated, Nf,SED fatigue life plots
illustrated in Figure 15 for both LENS and wrought materials.
The fatigue predictions for wrought specimens are seen to fall
always within the parent scatter band obtained from the
ested specimens; a) LENS, b) wrought. (The scatter bands with 10, 50, and
nd V-notch specimens).
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reference specimens. however, the predictions for semi-circular
notch specimensmade by LENS process nearly fall outside of the
parent scatter band but on the conservative side. This was
consistent with the previous studies reporting conservative
predations of semi-circular notched specimens when the ASED
method was used.[57] To conclude, by considering the AM
material as a new material, one can have an engineering
prediction of fatigue life by use of the conventional fatigue
criteria such as ASED method.
5. Conclusions

The major aim of this research was to investigate the effect of
presence of geometrical discontinuities on the fatigue properties of
additively manufactured Ti-6Al-4V, produced with LENS. The
following conclusions can be drawn from the present investigation:
1)
Adv.
The microstructural analysis of LENS samples revealed
presence of lamellar α, basket-weave αþ β, α colonies, and
very fine α’ martensite phases within the columnar prior β
grains. While for the wrought samples, coarse equiaxed α
gains decorated with β grains were observed.
2)
 All the tested LENS specimens including smooth and
notched specimens underwent higher number of cycles to
failure compared to the cases were wrought material was
tested. This enhanced fatigue strength was attributed to the
finer grain size in LENS specimens resulting in higher
fatigue nucleation life as well as presence of basket-weave
and columnar prior β grains in the material resulting in
higher degree of tortuosity and accordingly more roughness
induced closure effects during crack propagation in LENS
material. The fractographical analyses of the tested speci-
mens revealed a cross-colony slip-band crack initiation
mechanism for LENS specimens, while a mostly uniform
fatigue crack initiation from the edge of specimens was
observed for wrought specimens.
3)
 In the case of V-notched specimens, smaller reduced area
ahead of notch tip was thought to lead to lower likelihood of
presence of grains with favorable grain orientation for fatigue
crack initiation in this region, which consequently resulted in
higher scatter band of the fatigue data for this geometry
compared to smooth specimens. On the other hand, larger
reduced area in the notched region of semi-circular notched
specimens resulted in almost similar probability of presence
of favorable grain orientation for fatigue initiation in these
specimens to the smooth specimens. Due to finer grains in
LENS specimens, the lower plastic yielding in the notched
region resulted in higher fatigue notch factor compared to
wrought specimens.
4)
 Synthesis of fatigue data was performed by use of ASED
criterion. The theoretical results showed a good consistency
with the experimental data.
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