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Abstract

Very high cycle fatigue characterization of additive manufactured Ti-6Al-4V alloys

Md Mehide Hasan Tusher

A wide range of industries rely on the laser powder bed fusion (L-PBF) technique to produce
intricate structures. The Ti-6Al-4V alloy has recently gained a lot of popularity due to its excellent
properties in the manufacture of components by L-PBF technology. It is necessary to consider the
fatigue performance of L-PBF-Ti-6Al1-4V alloy in very high cycle fatigue regime (VHCF) so that
the alloy can achieve a wide range of success in various different fields in the future. A study is
conducted to examine the effects of stress-relieved (SR) heat treatment on the very high cycle
fatigue (VHCF) performance of L-PBF -Ti-6Al-4V alloy in this investigation. There are many
factors that can affect the response of the VHCF of L-PBF-Ti-6Al1-4V alloy, and this study aims to
identify key factors that have a significant influence on the VHCF response of this alloy by
combining controlled platform temperatures with stress-relieved heat treatment. To accomplish
this, experiments were conducted on Ti-6Al1-4V alloy samples manufactured on a substrate with a
temperature of 80°C. These samples were subjected to Ultrasonic fatigue testing machine,
applying a fully tension-compression load (R= -1). To examine the fractured surfaces of the
specimens, a Hitachi Regulus 8230 Scanning Electron Microscopy (SEM) was employed, enabling
the analysis of crack-initiating features such as their nature, size, and location. Additionally, in
order to identify any defect resulting from the manufacturing process, printed samples were
inspected using an XT H225 X-ray p-CT system (Nikon, MI, USA), allowing computed

tomography (CT) observations on the gage sections of the samples.
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Chapter 1

Introduction and Overview
1.1 Background

Metal Additive Manufacturing (MAM) is a process where fine metal powders are used to produce
strong, complex components that are not possible with traditional methods [1-4]. In recent decades,
MAM especially L-PBF has been one of the emerging fields that has gained a great deal of interest
in industries around the world [1,4-13]. In order to create the 3D metal object using L-PBF, the
computer program slices the design into many layers that serve as a framework for all the
components of the object. In order for the final product to be created, the metal powders are then
layered together and fused with a laser. In the industry, L-PBF is one of the most versatile systems
available today and offers an unmatched level of design freedom. A number of benefits are
associated with L-PBF, including improved efficiency, reduced waste, lower emissions, and a
faster time-to-market for stronger and lighter parts. In the field of additive manufacturing (AM),
L-PBF plays a significant role in the increase of the manufacturing industry and keeps it growing.
Recently, some lightweight metal especially, Ti-6Al-4V alloy has gained much popularity in
designing many structural components in the aerospace, automotive, defense, transportation, and
bio-medical industries [2-4,11,13-17]. Ti-6Al-4V compressors and turbines used in aircraft or
automobile engines are subjected to high-frequency cyclic loadings that induce fatigue failure [18-
20]. It is found that L-PBF results in some features such as defects (porosity, inclusions, balling,
laser spatter, etc.), residual stresses, surface roughness, etc. that significantly affect the fatigue
behavior of Ti-6Al-4V parts [1,2,15,16,21-30]. Some other factors such as specimen geometry,

load ratio, build orientation, size, shape, and location of the defects also affect the fatigue behavior



of Ti-6Al-4V parts [31]. So, it is very important to consider the critical factors affecting Fatigue
performance while designing L-PBF- Ti-6Al1-4V parts. Recently, researchers have given attention
to investigating the impact of post-treatment to get optimized fatigue performance of L-PBF-Ti-
6Al1-4V alloy. Among various post heat treatments, stress relief heat treatment is very common for
Ti-6Al1-4V alloy to reduce residual stress which is one of the detrimental factors to fatigue
response. Though the main focus of stress relief heat treatment is to reduce residual stress, it is
also very imperative to investigate whether this post heat treatment has an influence on defects

statistics and microstructure ultimately on VHCF performance.

1.2 Ultrasonic Fatigue Testing Machine (UFTM) for VHCF

For performing the fatigue tests, an in-house built Ultrasonic Fatigue Testing Machine (UFTM) as

shown in Fig. 1 was used.

Fig. 1. Ultrasonic Fatigue Testing Machine (UFTM) developed under the supervision of Dr.

Ayhan Ince at Concordia University



It 1s shown in Fig. 1 that the testing machine used in the test is equipped with a piezoelectric
converter model CH-20C supplied by Branson with a maximum displacement of 20 um. The
mechanical vibration was generated by driving the converter at a frequency of 20 kHz via a
Branson DCX S-Series 120V power supply with a maximum power of 1250 W. The machine
consists of a half wavelength horn with an amplification factor of 3.4 machined from Ti-6Al-4V
alloy. In order to measure the displacement of the specimen during the fatigue test, the machine
uses an eddy current sensor from Micro Epsilon eddyNCDT 3010 with static and dynamic
resolutions of 0.025 and 0.04 microns, respectively. It is possible to use this sensor to calculate an
accurate displacement of the specimen under the operating frequency of 20 kHz. The power supply
and displacement sensor are controlled and monitored by a National Instruments USB-6210 DAC.
To perform the tests, a steel stud is used at one end of the specimen to attach it to the horn, while
the other end is left free. It is used to determine strain amplitudes of the specimen by positioning

the eddyNCDT 3010 beneath the specimen.

1.3 Objectives

As discussed in 1.1, post heat treatment has been demonstrated as a critical parameter to study
fatigue performance in designing components. The thesis work is trying to consider stress relief
heat treatment that influence the very high cycle fatigue (VHCF) performances of additively
manufactured Ti-6Al1-4V specimens and encompasses the following objectives:
I.  Impact of defects on very high cycle fatigue (VHCF) performances of additively
manufactured Ti-6Al-4V specimens.
II.  Investigation on the most critical type of defects initiating fatigue crack.
IlI.  Impact of microstructure on very high cycle fatigue (VHCF) performances of

additively manufactured Ti-6Al-4V specimens.



IV.  Investigation on the fracture morphologies of fatigue test specimens in VHCF regime.
This thesis is a part of a large research project, “Very high cycle fatigue characterization of
additive manufactured alloy” funded by The Natural Sciences and Engineering Research Council
of Canada (NSERC). The primary objective of this project is to investigate the effect of post heat
treatment on the fatigue performances of additively manufactured alloy in very high cycle fatigue
regime tested using Ultrasonic fatigue testing machine. The work presented in this thesis is
fundamental to provide guidelines for experimental tests of investigating the effect of post heat
treatment on very high cycle fatigue performance. The outcomes of these experimental tests will

be used to validate numerical models and help the development of the designed components.

1.4 Thesis Organization

There are four chapters in this thesis book which are structured according to the paper-based format
suggested by Concordia University and are grouped according to the order in which they are
presented. The outcomes of this thesis in partial fulfillment of the requirements for the degree of
Master of Applied Science (M.A.Sc.) in Mechanical, Industrial & Aerospace Engineering (MIAE)
have led to two journal articles one of which is already published in a peer-reviewed in the ASTM
International journal of Materials performance and characterization at the time of this submission.
Chapter 1 gives an overview of Metal Additive manufacturing (MAM), UFTM and objectives of
the research. Chapter 2 describes a systematic review of the critical factors affecting fatigue
performance of L-PBF-Ti-6Al-4V alloy both in high cycle and very high cycle fatigue regimes.
Chapter 3 describes the impact of stress relieved heat treatment on very high cycle fatigue
performance (VHCF) of additively manufactured Ti-6Al-4V alloy. It includes test setup,
experiment matrix, fatigue lives measurement and analysis procedures. Finally, Chapter 4

provides a summary of the findings and a number of recommendations for further investigation.



Chapter 2

High Cycle Fatigue and Very High Cycle Fatigue
Performance of Selective Laser Melting Ti-6Al-4V

Titanium alloy — A Review

Md Mehide Hasan Tusher!, Ayhan Ince'”
* Corresponding author: E-mail: ayhan.ince@concordia.ca
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DOI: 10.1520/MPC20220088

2.1 Abstract

Additive Manufacturing (AM) of metallic alloys, especially Titanium (Ti), has recently received
considerable attention due to its significant role in designing and developing many structural
components with complex geometries in aerospace, defense, and biomechanical industries. AM
technology based on selective laser melting (SLM) allows the production of lightweight structures
with geometric flexibility, which has not been otherwise possible by the conventional
manufacturing process. SLM-fabricated Ti-6Al-4V components often experience long loading
histories in high cycle fatigue (HCF) and even very high cycle fatigue (VHCF) regimes. As a result,
it is paramount to systematically investigate those components' fatigue behavior under both HCF

and VHCEF conditions. However, HCF and VHCF performances of SLM-Ti-6Al1-4V alloy are still
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not fully understood due to the complex nature of fatigue responses in those regimes resulting from
the defects/porosity and number of process parameters. In this context, the successful application
of load-bearing components in both HCF and VHCF regimes necessitates optimizing process
parameters and post-treatments for the optimal fatigue performance point of view. Several recent
studies dealing with Ti-6Al-4V parts manufactured by SLM have explored parameters affecting
fatigue performance in HCF and VHCF regimes. This paper presents a systematic and critical
review analysis of recent findings related to critical parameters, particularly residual stress, surface
roughness, build parameters, build orientation microstructural features, post-process treatment,
manufacturing deficiencies, specimen geometries, load ratio affecting mechanical and fatigue
properties, especially in HCF and VHCF regimes. The current study also aims to identify several
crucial topics that need to be addressed for SLM Ti-6Al-4V alloy to effectively utilize its full
potential in designing of advanced structural components.

Keywords: Additive manufacturing, selective laser melting, high cycle fatigue, very high cycle

fatigue, Ti-6Al-4V

2.2 Introduction

It has been observed that additive manufacturing (AM) has gained much attention over the last
several decades due to its unprecedented design freedom when combined with modern technology
[1,4-13]. The powder-based AM technology, especially Selective Laser Melting (SLM), allows
the production of lightweight structures with complex geometric features, which has not been
otherwise possible by conventional manufacturing processes [1-4]. The SLM offers many
advantages over traditional manufacturing processes such as casting, machining, and forming in
the cost-effective and time-efficient manufacturing of complex parts/components [32-34]. The

SLM is based on the layer-by-layer deposition of a near-net shape component using a laser beam



as the thermal source [14,25]. In the SLM, a metallic powder is melted selectively by the laser
based on layer-to-layer deposition. Moreover, smaller particles, thinner build layers, and slower
scan strategies utilized in the SLM technique result in finer features, better surface finish, and
tighter build tolerances compared to other layer-based AM techniques [35]. In recent years, SLM-
processed alloys, especially Ti-6Al-4V, have recently received considerable attention due to their
high strength, low density, and corrosion resistance [4]. Thus, Ti-6Al-4V plays a significant role
in designing and developing many structural components with complex geometries in aerospace,
automotive, defense, transportation, and biomechanical industries [2-4,11,13-17]. As for aircraft
or automobile engines, Ti-6A1-4V compressors and turbine blades are subjected to high-frequency
cyclic loadings, which induce fatigue failure [18-20]. In order to ensure the long-term reliability
of cyclically loaded components, good fatigue performance is considered as one of the most
important mechanical factors [21,36]. It has been a traditional practice in fatigue design to
determine the fatigue limit of a component by analyzing its fatigue strength [37]. In terms of fatigue
life, there are three different life regimes based on the number of fatigue cycles experienced by a
component. The first one is low cycle fatigue (LCF) which lasts up to 10° cycles until failure. The
second one is high cycle fatigue (HCF) which lasts between 10° and 108 cycles until failure, and
very high cycle fatigue (VHCF), which lasts above 108 cycles till failure [38]. However, there are
some studies to suggest that the HCF lasts between 10* and 10 cycles until failure and the VHCF,
which lasts above 107 cycles until failure [4,39-41]. This paper discusses fatigue performance
with the assumption of the HCF lasting between 10* and 107 cycles and the VHCF lasting beyond
107 cycles. A wide range of factors induced by the SLM process significantly influence fatigue
behavior in both the HCF and VHCF regimes, along with the structural performance of

components made of SLM materials. A number of variables are involved in the fabrication of the



SLM metallic part, such as rate of deposition, laser power, scanning speed, build layer thickness,
processing temperature, build direction, and build environment. These variables directly affect
resulting features such as surface roughness, residual stress (RS), microstructural morphology, and
defects (e.g., surface and subsurface), including gas and shrinkage porosity, voids, inclusions,
micro-cracking, balling, etc [1,2,15,16,21-30]. These SLM-resulting features significantly affect
the fatigue behavior of SLM-Ti-6Al1-4V parts in the HCF and VHCF regimes [1,2,14,21]. Some
other factors also appeared to affect fatigue resistance and data dispersion, including the size,
shape, and location of the pores on the specimen surface [14]. SLM processes often make use of
inert gases or vacuum atmospheres in order to reduce the adverse effects of atmospheric gas
absorption on material properties [42,43]. However, the use of a high vacuum environment may,
however, results in melt vaporization and the escape of impurities, leading to the formation of the
SLM with heterogeneous chemical properties [44,45]. Furthermore, flow rates and paths taken by
inert gas during the production process significantly affect the porosity level in SLM fabricated
parts [46]. Thus, the final SLM-Ti-6Al-4V part can contain gas porosity which is detrimental to
HCF and VHCF performance. SLM parts also exhibit reduced microstructural heterogeneity and
uneven RS due to low substrate temperatures [47,48]. Microstructural modifications of SLM
metallic materials have been demonstrated either by roller mechanisms that apply a load to each
layer after deposition or by incorporating a heat sink into the printed part [49]. An AM part
commonly exhibits columnar grains with epitaxial properties, causing anisotropy in mechanical
properties [50-57] . There is a direct relationship between anisotropy and the alignment of grain
grids parallel to the build direction. As a result of longer grain boundary lengths, there is more
accumulation of slip dislocations along the prior grain boundaries in the build direction compared

to the orientation perpendicular to the build direction [58,59]. Thus, vertically oriented Ti-6Al-4V



samples generally exhibit more plastic deformation before failure [60]. SLM-Ti-6Al-4V parts also
exhibit lack-of-fusion defects that act as stress concentration sites causing cracks to propagate
along the defect tip and ultimately fail, resulting from unoptimized process parameters [14,61,62].
There is a strong relationship between the fracture toughness anisotropy and the crack propagation
path in the SLM parts [63]. According to previous works, cracks propagate through columnar
grains in horizontally oriented samples, whereas cracks propagate along the columnar grain
boundary in vertically oriented samples [28]. The ductility of Ti-6Al-4V parts is additionally
anisotropic based on the build orientation [54] . It is also found that the tensile strength of the lower
half of the sample blocks is stronger than the upper half because of oxygen strengthening and a
finer microstructure [52,54,64]. Ductility and the fatigue performance of SLM-Ti-6Al-4V parts in
the HCF and VHCF regimes also show a significant relationship. Vertically oriented Ti-6Al-4V
parts have better ductility than horizontally oriented ones, and different post-heat treatments can
increase their ductility [47,52,65-67]. The hardness of the SLM parts is also affected by the
microstructure of the built materials. Ultimately, this property affects the HCF and VHCF
performances of SLM-Ti-6Al-4V parts [49,68]. It has been demonstrated that the fracture
toughness of SLM-Ti-6Al-4V parts is affected by the RS, which can be reduced by thermal
treatment processes such as stress relief heat treatment. There is evidence that after post-heat
treatment, the fracture toughness of SLM-fabricated parts of Ti-6A1-4V alloy increases with the
loss of anisotropy [28,69]. Therefore, it is imperative to fully comprehend the as-built (AB)
microstructure of metal SLM systems before selecting an appropriate post-heat treatment scheme
to achieve the required fracture toughness. SLM-Ti-6Al-4V parts have low fatigue strength
compared to wrought metal, mainly caused by the roughness of the build surface and the minimal

levels of internal defects that can act as crack-initiating sites [60]. Though the opposite conclusion



is available, the fatigue strength of SLM-Ti-6Al-4V parts is more optimized in a horizontal
configuration than in a vertical direction [3,14,70-72]. Most usually, SLM parts have a higher Paris
slope than their equivalents manufactured using EBM, which indicates a faster growth rate of
fatigue cracks due to RS, grain orientation, and the number of grain boundaries at the crack tip,
along with the degree of surface roughness and internal defects [60,73,74]. However, post-surface
treatment and post-heat treatment processes can improve fatigue strength [75-82]. As per previous
discussions, there are a number of critical factors that affect the fatigue performance of SLM-Ti-
6Al-4V parts in the HCF and VHCF regimes that need to be taken into consideration. This paper
provides a comprehensive overview of the critical factors such as microstructure, build orientation,
fabrication parameters, RS, load ratio, test frequency, surface polish, specimen geometries,
ductility, and heat treatment that have a significant impact on HCF and VHCF characteristics, and
fracture mechanisms of the Ti-6Al-4V parts manufactured by the SLM technique. This paper also
aims to describe recent advances in this field and highlights some key points that need to be
addressed to continue progress in the field of the SLM technique. To support utilizing the benefits
of this rapidly developing technology and fully employ the potential applications of the SLM Ti-
6Al-4V parts, this paper attempts to provide a broad understanding of interconnections between
the various aspects of the subject. The authors hope that the information from this paper will lead
future studies for further improvements of the fatigue performance of Ti-6Al-4V parts in the HCF
and VHCF regimes, as well as widening applications of SLM fabricated Ti alloys in different

industry applications.
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2.3 SLMed Titanium alloys

2.3.1 SLM technique

SLM is based on a layer-by-layer AM method for fabricating metallic parts from powder [16,83].
In addition to its ability to produce high-quality features and internal passages, the advantages of
this system include its ability to maintain dimensional control while maintaining a high level of
resolution [84,85]. Its ability to conserve raw materials and reduce energy consumption, part costs,
and fabrication time has made the process attractive to industries such as aeronautics, automotive,

and biotech [42,86-88]. Fig. 2 illustrates a schematic representation of the SLM process.
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Fig. 2. Schematic set up of SLM of method [89].

SLM process involves several steps, including powder deposition and laser scanning, that take

place in order to create a part [90]. It is necessary to conduct the melting and solidification
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procedure in an inert chamber in order to prevent the oxidation of the compound during melting

and solidification [91].

In terms of operational sequence, it is possible to breakdown the SLM process into the following

steps:
a.

b.

An STL file is typically used to export a 3D CAD model.

It is oriented in the optimal orientation for the build, depending on the Z-axis height, the
surface finish, and the minimization of the support structure.

All the minimal support design iterations are incorporated into the support structure to
generate.

Layers of equal thickness are sliced from the file and transferred to the machine.

Build plates are heated to reduce thermal gradients [92], preventing curling of the parts
from thermal expansion [93].

Metal powder is dispersed on a mobile platform.

An intense laser beam (energy source) is used to deliver energy to the bed surface for
melting the powder at particular locations/paths.

The build plate is then lowered by the thickness of the layer for the deposition of another

layer.

A layer-by-layer process is carried out by repeating the sequence from f'to h to create a solid three-

dimensional component. There are two types of time assigned to build a product: primary and

auxiliary. The former allows the powder to be scanned, which is process parameter-based, while

the latter enables the build plate lowering and powder deposition, commonly referred to as

"recoating" [94,95].
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2.3.2 Ti-6Al-4V alloy

Ti-6Al-4V is an a+ [ titanium alloy where Al stabilizes a and V acts as a B stabilizer. The nominal
chemical composition of Ti-6Al-4V alloy is given in Table 1. This alloy solutes 6 wt% Al and 4
wt% V to pure Ti. Ti is an allotropic material that is found in two different crystal structures,
namely o and B Ti. a-Ti exists below the B transus temperature, while B-Ti is found above the 3
transus temperature [96]. On the contrary, it is possible to maintain the dual phase a+ § Ti-6Al-4V
alloy at room temperature. Although phases can transition in Ti-6Al-4V, the transition temperature
and cooling rate associated with the fabrication process strongly affect the degree to which the
phase transformation occurs [97]. It is predicted that when fast cooling is applied from above the
B3 transus temperature, the 3 phase is decomposed by a non-equilibrium martensite reaction instead
of a + B transformation [96]. It is beneficial to undergo diffusional transformations in order to
produce a + B phase, while alpha prime (a') martensite transformation is a diffusionless process
that can be produced by rapid cooling [96]. Due to its chemical and mechanical properties, Ti-
6Al-4V has become widely used in aerospace, defense, maritime, power generation, automotive,
and biomedical industries [98-102]. These properties include a high strength-to-weight ratio, good
stability at high temperatures, excellent corrosion resistance, excellent fatigue resistance, and a
high level of biocompatibility [98-102]. This alloy shows poor thermal conductivity, low modulus
of elasticity, and high chemical reactivity, with most of the materials used to form cutting tools
that tend to weld to the cutting tool [102-107]. The poor thermal conductivity of this alloy makes
it challenging to dissipate the heat generated during machining, and the low modulus of elasticity
causes elastic recovery and chatter [102-107]. Thus, it is complicated to machine this alloy by
traditional processes compared to other competitive metal alloys. Another downside of this alloy

is that it is costly compared to other competitive metal alloys. The AM technology, particularly the
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SLM, can produce complex components of Ti-6Al-4V with few machining steps to their net or
near-net shapes [102,108]. Despite all the benefits of the SLM method, it also has many challenges
due to its intrinsic properties like RS(es) that develop during solidification due to high cooling
rates and temperature gradients that affect fatigue and fatigue crack propagation in SLM parts of
Ti-6Al-4V alloy [102,109]. AB parts have an anisotropic microstructure due to the rapid cooling
rates that occur during the part density maximization process, which is entirely composed of
acicular o’ martensite distributed within columnar prior B grains of the material [68,102,110-112].
Consequently, AB -Ti-6Al-4V parts manufactured by SLM feature higher hardness, yield strength,
and tensile strength but have a lower ductility than their wrought counterparts. As a result, for most
practical applications, the use of such AB parts in the service is very limited. As a potential
solution, Metastable martensite can be transformed into a biphasic o-B structure via post-
processing heat treatment to get a good balance between ductility and strength [67,102,113].

Table 1. wt% range of chemical composition of the Ti-6A1-4V alloy [114,115].

Fe A% C H N O |Al Y Other | Ti

elements

<03 [3.545 |<0.08 |<0.015|<0.05 |<0.2|55-6.75 | <0.005 | <0.40 Bal.

2.4 Effects of critical factors on HCF and VHCF performances of SLM -Ti-6Al-

4V parts

Fatigue failure is one of the most common failure modes that occurs due to cyclic loadings. For
aircraft or automobile engines, Ti-6Al-4V compressors and turbine blades are subjected to high-
frequency cyclic loadings. The following information may help the readers to better understand

loading scenarios of each component in each of their applications: When aircraft engines are in
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operation, their compressors and turbine blades are subjected to high-frequency cyclic loads in the
form of cyclic vibrations at frequencies above 1 kHz throughout their service lives [18,19]. Turbine
blades are supposed to operate for more than 1.5 X 10* hours before they can be rejected due to
failure [19]. Thus, it can be observed that a turbine blade undergoes approximately 5.4 x 10°
loading cycles during its service life. In general, HCF and VHCEF fatigue performances are usually
estimated using stress-life (S-N) or strain-life (e-N) methods, where N indicates the cycles to
failure. Several recent studies have involved Ti-6Al-4V parts manufactured through the SLM
technique concerning HCF and VHCF performances. There are many critical factors that
significantly affect the HCF and VHCF performances of SLM-Ti-6Al-4V parts. The significant
factors revealed in the literature affecting the fatigue life of SLM-Ti-6Al1-4V parts are regarded as
microstructure, RS, defects (lack of fusion (LOF), pores, etcetera), fabrication parameters, post-
processing treatment, load ratio (R-ratio), specimen geometry, etc.[2,3,14,21,70-
72,76,80,89,96,102,110,116-149]. In this review paper, significant factors affecting the HCF and
VHCEF performances of SLM-Ti-6Al-4V parts are discussed in a systematic way to provide a better

understanding of the effects of those factors.

2.4.1 Influences of microstructure on fatigue performance

There is a strong correlation between microstructure and fatigue behavior of SLM-Ti-6A1-4V
specimens [150]. The appropriate conditioning, reduction, or removal of pores may not improve
fatigue performance if the microstructure necessary to satisfy the optimal combination of strength
and ductility is sacrificed simultaneously [151]. A sample with fine microstructure generally
exhibits a higher fatigue strength than one with a coarse microstructure [152]. The microstructure
of SLM-Ti-6Al-4V parts is mainly governed by the cooling rate [153]. In the SLM method, cooling

rates of about 10*~10° k/s are found that produce martensitic structures in AB samples which
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contains ultrafine acicular o phases among B grains (Fig. 3A) [1,29,96,110,151,154]. Zhang et
al.[151] investigated the effect of microstructure on the fatigue performance of SLM-Ti-6Al1-4V

parts.

(A) as-built [N S | (8) 3 hrs HT

()12 hrs HT

Fig. 3. Microstructure evolution depending on different heat treatment temperatures and hot
isostatic pressing. A higher magnification image of the martensitic structure is shown in the inset
in (A). (4) As-built, (B) 3-h HT, (C) 12-h HT, (D) 24-h HT, (E) 48-h HT, and (F) HIP. Adapted

from Zhang et al. [151] with permission from John Wiley and Sons.
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According to the authors, the thickness of the acicular martensites of AB Ti-6Al-4V samples is as
tiny as a few hundred nanometers [151]. It is possible to discern the trace of the melting pools as
well as the B-grains on the surface, as shown in figure 24 by the white arrows [151]. An initial HT
of 3 hours decomposes the metastable martensitic structure into the regular a+f lamellar structure,
with the thickness of most a laths below 1 um [151]. It was demonstrated that the HT application
over three hours decomposes the metastable martensitic structure into a regular lamellar structure
with most of the laths having thickness below 1um, which continued to grow after HT was
continued (Fig. 3B) [151]. A bimodal type of microstructure shows that both strength and fatigue
performance have reached good equilibrium after 12 hours of the HT treatment based on the Hall-
Petch relation of Ti-6Al-4V (Fig. 3C) [151]. The reason for the improvement in the fatigue
performance is the thickness of major o laths of about 5 to 10 um whereas finer o laths are around
1 um in the bimodal microstructure [151]. In addition, if the HT time used exceeds 24 hours, larger
globules are more likely to be formed, which may result in a degraded strength; however, ductility
may be increased in a moderate way (Fig. 3D and Fig. 3E) [151]. The HIP process produces a
uniform structure with a well-defined Widmanstatten pattern, which will give a better fatigue
performance than the AB samples due to the thickness of the lath of about 1-2 um (Fig. 3F) [151].
Hasib et al.[155] also mentioned that o/ o’ lath thickness is the most critical factor controlling the
fatigue crack growth (FCQG) resistance, ultimately, the fatigue performance of SLM-Ti-6A1-4V
parts. It has been shown that greater lath thicknesses lead to a higher fatigue threshold and better
FCG resistance [155]. Li et al.[156] also found refined microstructure of HIPed Ti6Al4V parts
near defects that helps to improve HCF performance. Yu et al.[78,157] also discovered mostly

needle-shaped o’ martensites in AB-Ti-6Al-4V parts. However, HIP, HT-920 °C, and HT 850- 550
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C treatments coarsen the o laths and form B grains [78,157]. Zhang et al.[158] showed that

subsequent heat treatment with furnace cooling helps to increase o lath thickness (Fig. 4).
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Fig. 4. Heat treatment effects on the a lath thickness of SLM-Ti-6Al-4V parts. Here, AC and FC
stand for air cooling and furnace cooling, respectively. Adapted from Zhang et al.[158] with

permission from Elsevier.

Following post-processing treatment, martensites decompose further into fine, dispersive lamellar
o + B grains (Fig. 5) [78,157]. The width of the lamellar o phase gradually increased from 0.3 to

3.1 um as the heat treatment temperature increased from room temperature to 950 °C [157].
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Fig. 5. shows SEM micrographs of the microstructures of (4) SLMed, (B) HIPed, (C) HT-920°C,

(D), and (E) HT-850-550C Ti-6A1-4V specimens. Adapted from Yu et al.[78] with permission

from Elsevier.

According to Leuders et al.[159] heat treatment and HIP treatment enhance fatigue strength by
changing the microstructure of the martensite material into a dominated o -Ti microstructure (Fig.
64 and Fig. 6B). If the part temperature is raised above the martensite decomposition temperature
by repeated reheating, ultrafine Widmanstatten structures will be found [101]. There is a possibility
of getting pure o’ or o’ or a combination of o’ or o due to total martensitic transformation if a

high cooling rate in the molten pool is used [110]. Sufficient reheating can decompose the
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martensitic phases and the massive phases as they are meta-stable. Reheating decomposes the o’
phase at a temperature as low as 400 °C suggesting, that stress-relieving heat treatment above 400

OC can easily decompose the o’ martensite [154].
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Fig. 6. shows (A) XRD spectra for Ti-6A1-4V specimens in AB condition and (B) XRD spectra for
Ti-6A1-4V specimens heat treated (HT) for 2 h at 800°C. Adapted from Leuders et al.[159] with

permission from Elsevier.

Furthermore, increased power density can also decompose the o' martensite. For ot+f
microstructures, if the cooling rate is increased, the size of the a colonies and the thickness of
individual a plates will decrease. According to Yang et al.[68] four different martensites (primary,
secondary, tertiary and quartic o’ martensites) are found in the microstructure of SLM-Ti-6Al-4V
parts that can be controlled by adjusting the fabrication parameters. SLM-Ti-6Al-4V parts show
improved fatigue-resistant but poorer ductility than the EBM-Ti-6Al-4V parts. This is because of
the high density of dislocations and twins inside the needle-shaped o' martensite, generally with a
lath width between 0.2-1um [68,96,159-161]. By sacrificing plastic strain and the fine structure,

the dislocation strengthening effect is enhanced at the expense of dislocation motion being further
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restricted [159,160]. When the microstructure of an SLM sample is annealed in a range between
400°C to 800°C, RS are removed, and o' martensite is decomposed, resulting in an improved stress
intensity factor [96]. It is found that o' martensite will completely decompose at a temperature
higher than 700°C but the temperature below 600°C results in an incomplete decomposition [96].
As for the a+f microstructure, fatigue performance is improved with a decrease in a phases
[96]. However, Kasperovich and Hausmann[32] postulated that due to the irregular martensitic
microstructure, unexpanded particles, pores, and microcracks exist in SLM-Ti-6Al1-4V parts, the
fatigue strength of SLM parts appears to be lower than that of wrought Ti-6Al-4V
components. Ivanova, Biederman, and Sisson Jr. [162] reported that the crack begins in the alpha
phase of the HCF regime and propagates through the alpha phase as a cleavage fracture of T-
textured alpha grains. It is most likely due to this process that this alloy exhibits abnormal mean
stress behavior under HCF. In addition, Rafi [160] asserted that alpha-phase embrittlement could
occur when oxygen content increases on the surface. Leyens and Peters [98] stated that interstitial
elements (oxygen, hydrogen, nitrogen, and carbon) play a critical role in the ductility and,

ultimately, the fatigue strength of the Ti-6Al-4V parts.

2.4.2 Influences of defects on fatigue properties

Process inherent defects play an important role in the fatigue behavior of SLM-Ti-6Al-4V parts
both in HCF and VHCF regimes, as these defects act as a stress raiser [14,21,76,120,159,163-165].
There are different types of defects that can be found in SLM-Ti-6Al-4V parts, e.g., porosity, LOF,
rough surface, balling, hot tears, fish scales etcetera [47,67,121,163,166-168]. Fig. 7-Fig. 9 show

different types of defects present in SLM samples.
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Fig. 7. SEM images showing the cross section of pores on the longitudinal sections of the AB
sample; (A)-(C) lack of fusion pores with sharp edges of different curvature marked by white
arrows, (D) spherical pores. Adapted from Zhang et al. [151] with permission from John Wiley

and Sons.

Kasperovich and Hausmann [32], Du et al.[120], Li et al.[127], Liu et al.[2], Liu et al.[169], Gong
et al.[153,163] , Xu et al.[71], Liu and Wang [70], Pessard et al. [170], and Hu et al. [164]
investigated the effect of porosity/defects and found a detrimental impact of porosity/defects both
on HCF and VHCF performances. Du et al.[120] used 10 groups of specimens with different
porosity levels (Group 1:2.85 %, Group 2:5.18 %, Group 3:8.03 %, Group 4:1.20 %,
Group 5:0.83 %, Group 6:2.40 %, Group 7:53 %, Group 8: 4.73 %, Group 9:1.28 %,
Group 10:0.20 %) to investigate the effect of porosity on the fatigue strength of SLM-Ti-6Al-4V

parts.
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Fig. 8. (4) -(D) Faceting of spherical pores under HT for 48 hours. Adapted from Zhang et

al.[151] with permission from John Wiley and Sons.

The authors found the highest fatigue strength (300 MPa at 107 and 280 MPa at 108 failure cycles)
for the specimen group 10, which showed the lowest porosity (0.20%). In contrast, the lowest
fatigue strength (90 MPa at both 107 and 108 failure cycles) was found for the specimen group 3

containing the largest porosity (8.03%) at 10 failure cycles (Fig. 10) [120].
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Fig. 9. shows SEM images showing the sharp edges on the cross sections of LOF pores in the (4)
as-built sample, as well as HT samples for (B) 3, (C) 12, (D) 24, and (E) 48 hours. Adapted from

Zhang et al.[151] with permission from John Wiley and Sons.
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Fig. 10. S-N curves for different specimen groups. Adapted from Du et al.[120] with permission

from John Wiley and Sons.

To understand the effect of defects/porosity on the fatigue strength of SLM-Ti-6Al1-4V parts, figure

10 is reproduced from the data mentioned in the literature. As illustrated in Fig. 11, if the

porosity/defects level increases, the fatigue performance will decrease sharply. When the porosity

is about 0.20%, the fatigue strength is 300 MPa, but when the porosity level increases to 8.03%,

the fatigue strength decreases sharply to 90 MPa. It can also be found that there is a relationship

between the porosity level and the fatigue strength trend, as shown by the S-N curves. As for

specimen groups with a high porosity level, the S-N curve shows a single-wise trend, whereas for

specimen groups with a low porosity level, the S-N curve shows a stepwise trend, as illustrated by

Du et al. [120] (Fig. 12).
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Fig. 11. Reproduced graph showing the effect of porosity on fatigue strength based on data
reported in the literature. The data points are collected from Du et al.[120], Gong et al.[153]

,and Hu et al. [164].

Liu et al.[2] ,Gong et al.[153], Zhang et al. [171], Liu et al.[169] and Hu et al.[164] asserted that
slit-shaped and LOF defects have the most detrimental impact on fatigue life as fatigue cracks
initiate from LOF defects regardless of the build directions. Choi et al.[ 168] mentioned that oxygen
and nitrogen-related inclusions are more detrimental to the fatigue performance of SLM-Ti-6Al-
4V parts than LOF defects or gas pores. Moreover, Hu et al. [164] stated that the low fatigue
resistance and a large scatter in fatigue lives are due to the random distribution of defect sizes and
positions. Gong et al.[153] reported that if the volume fraction of small pores or voids in the

material exceeds 5%, the fatigue properties of the material will be significantly reduced.
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Additionally, the authors pointed out that defects caused by insufficient energy significantly impact

fatigue properties more than those caused by excessive energy input [153].
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Fig. 12. Impact of porosity on the trend line of the S-N curve based on the data mentioned by Du

et al.[120] with permission from John Wiley and Sons.

There is also a significant impact of microstructural defects, such as balling, on the fatigue

performance of the SLM part [172]. Liu et al.[128] extensively investigated the effect of defect

size and depth of defects on the VHCF performance, which is illustrated in Fig. 13. It appears that

the smaller effective size of the defect accounts for the fatigue failure of the specimens in higher

fatigue cycles. A relationship appears between fatigue lives and the size of the defect. There is

evidence in figure 124 to suggest that in all the specimens tested, the effective defect size, which

causes microcracks to initiate, varies from 50 to 100 um. The authors found the critical defect size

to be approximately 46 pum for SLM-Ti-6Al-4V specimens for fatigue failure with push-pull
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loads.[128] However, Pessard et al.[170] mentioned that the critical defect size is approximately
30 um for SLM-Ti-6Al1-4V specimens for fatigue failure with push-pull loads. Based on Fig. 13B,
it can be seen that the depth of the defect causing the crack increases with the number of cycles
until failure. The study demonstrated that fatigue cracks would likely initiate at a depth between
100 and 500 pm below the surface of the sample. da Costa et al.[4] and Jiao et al.[14]also
mentioned that a defect size and location play a significant role in crack initiation and fatigue life.
There may be more significance to the irregular shape than the size of the pores when it comes to

fatigue life, while for pores of the same size, the location may have greater significance than the

shape.
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Fig. 13. shows the relationship between (A) The effective defect size and the number of cycles to
failure of the SLM Ti-6A1-4V in the VHCF regime, (B) The depth of defects and the number of
cycles of the SLM Ti-6A1-4V in the VHCF regime. Adapted from Liu et al.[128] with permission

from Elsevier.
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2.4.2.1 Influences of fabrication parameters on the defect/porosity formation

As discussed in section 2.4.2 that porosity/defects levels play an essential role in HCF and/or
VHCEF performances. It has been reported that fabrication parameters have a significant impact on
porosity/defect levels, ultimately, on the fatigue performance of the SLM-Ti-6Al1-4V parts. Du et
al.[120] investigated the effect of fabrication parameters on HCF and VHCF behavior. The authors
concluded that the order of influence on the formation of porosity by individual parameters is laser
power > hatch spacing > layer thickness > scan speed [120]. The authors recommended that the
optimal fabrication parameters are 160W laser power, 70um hatch spacing, 30um layer thickness,
and 1000mm/s scan speed, resulting in 76.2 J/mm? laser energy density (Fig. 14) [120]. But, after
analyzing the data mentioned by Hasib et al.[155], it can be concluded that laser power and scan
speed are the most influential factors affecting the relative density of the SLM parts. The authors
found a relative density of more than 99% using 300 W laser power and 1200 mm/s scan speed,
while for laser power 100 W and scan speed 400 mm/s, the relative density was 90% [155]. For
both cases layer thickness and hatch distance were the same (0.03mm and 0.12 mm respectively),
which gave the same energy density of about 69.45 j/mm? [155].

Hasib et al.[155] also found the maximum relative density (>99%) using laser power 300W
and scan velocity 1200 mm/s. This supports the statements of Du et al. [120] as the laser power is
greater than the recommended value of 160W and the scan speed is more than recommended value
of 1000 mm/s.

Kasperovich and Hausmann [20,32] discussed the effect of fabrication parameters on the
porosity levels and found that the porosity reduces significantly with the increasing scanning
velocity up to 1.25 m/s. However, the authors did not find decreased porosity levels further after

increasing the scanning velocity. A spot size also plays a vital role in the porosity level. The lowest
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porosity level was found by using a scanning speed of 1.25 m/s and 200 W laser power alongside

with large spot size (Fig. 15) [20,32].
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Fig. 14. Effect of fabrication parameters on porosity. Adapted from Du et al.[120] with permission

from John Wiley and Sons.

A study conducted by Qiu, Adkins, and Attallah [173], revealed that with increasing laser power
and scanning speed, the porosity level decreases (Fig. 16). The authors stated that an increase in
scanning speed without keeping the laser power constant could lead to an increase in porosity. This

is due to reduced energy input and LOF defects [173].
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Fig. 16. Dependency of porosity level on laser power and scanning speed (f1<f2<f3). Adapted

from Qiu et al.[173] with permission from Elsevier.

Based on the extensive study of Elsayed et al.[174] on the effect of fabrication parameters on
porosity content, it has been established that the porosity content decreases with an increase in the
laser power and/or a decrease in scanning speed and hatch spacing (Fig. 174-B). The amount of
energy applied to the powder increases with a reduction in scanning speed or high laser power.
Increased energy enhances the diffusion process and seals the pores due to surface tension and
capillary forces. It is also possible to obtain continuous tracks due to the low scanning speed.
Furthermore, a small hatch spacing between adjacent scanning lines would cause the powder to

melt entirely between scanning lines by increasing the overlapping area [174].
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Fig. 17. shows (A) the interaction between scan speed and hatch distance on porosity, (B) the

effect of laser power on porosity the effect of scan speed on porosity. Reproduced from Elsayed et
al. [174] .

To understand the effect of the scan speed on the defect formation, Fig. 18 is reproduced from the
data sets in the literature. As illustrated in the figure, that defect level exhibits the most in the 200
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to 400 mm/s scan speed range. After a scan speed of 400 mm/s, the defect level reduces gradually.
On the other hand, a scan speed of 900 mm/s results in a substantial reduction of the defect level

as well, resulting in virtually no defects.
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Fig. 18. Effect of scan speed on the defect formation based on the data sets mentioned in the
literature. The data points are collected from Gong et al [153],Hu et al.[164],Du et
al.[120],Kasperovich and Hausmann[20,32],Elsayed et al.[174],Song et al.[175], Xiao et

al.[148],Palmeri et al.[134],Meng et al.[176],Jin et al.[124], and Hasib et al.[155] .
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Thus, a scan speed greater than 900 mm/s can be recommended to minimize the defect level.
However, Jin et al.[124] mentioned that the defect level is not too sensitive to the scan speed. In
order to gain a better understanding of how the layer thickness affects defect formation, Fig. 19

has been reproduced from the datasets in the literature.
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Fig. 19. Effect of layer thickness on the defect formation based on the data sets mentioned in the
literature. The data points are collected from Gong et al [153],Hu et al.[164],Du et
al.[120],Kasperovich and Hausmann[20,32] Elsayed et al.[174],Song et al [l175], Xiao et

al.[148],Palmeri et al.[134],Meng et al.[176],Jin et al.[124] and Hasib et al.[155].
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As illustrated in the figure, the defect level increases with layer thickness. So, it can be
recommended to use the layer thickness as low as possible. The data in Fig. 20 were reproduced
from the literature in order to understand the effect of hatch distance on defect formation. The
effect of hatch distance on defect formation is unclear, as illustrated in Fig. 20, despite Elsayed et
al. [174] mentioned that increased hatch distance contributes to a broader range of defect levels.

So, further extensive research is required to conclude the effect of hatch distance on defect

formation.
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Fig. 20. Effect of hatch distance on the defect formation based on the data sets mentioned in the
literature. The data points are collected from Gong et al.[153],Hu et al [164],Du et
al.[120],Kasperovich and Hausmann[20,32],Elsayed et al.[174],Song et al.[175], Xiao et

al.[148],Palmeri et al.[134],Meng et al.[176],Jin et al.[124] and Hasib et al.[155].
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To understand the effect of the laser power on the defect formation, Fig. 21 is reproduced from the
data sets in the literature. As illustrated in the Fig. 21 that the defect level increases with a decrease

in the laser power.
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Fig. 21. Effect of laser power on the defect formation based on the data sets mentioned in the
literature. The data points are collected from Gong et al [153],Hu et al.[164],Du et
al.[120],Kasperovich and Hausmann[20,32],Elsayed et al.[174],Song et al.[175], Xiao et

al.[148],Palmeri et al.[134],Meng et al.[176],Jin et al.[124] and Hasib et al.[155].
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It is also seen that the defect level goes down to almost zero when the laser power exceeds 160 W.
So, it can be recommended to use laser power of more than 160 W. In order to provide a complete
understanding of the effect of energy density on defect formation, Fig. 22 is reproduced from the
data sets presented in the literature. As illustrated in the figure, the defect level increases with a

decrease in energy density.
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Fig. 22. Effect of energy density on the defect formation based on the data sets mentioned in the
literature. The data points are collected from Gong et al [153],Hu et al.[164],Du et
al.[120],Kasperovich and Hausmann[20,32] Elsayed et al.[174],Song et al.[175], Xiao et

al.[148],Palmeri et al.[134],Meng et al.[176],Jin et al.[124] and Hasib et al.[155].
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It is also seen that the defect level goes down to almost zero when the energy density is more than
40 j/mm?. So, it can be recommended to use an energy density of more than 40 j/mm?. To achieve
the highest relative density of the part, it is thus helpful to use the recommended laser power and
energy density along with other fabrication parameters as illustrated in Fig. 18-Fig. 22. Karimi et
al.[177] investigated the effects of remelting on the development of porosity in SLM-Ti-6A1-4V
parts. The authors indicated that with the increase in melting sequence from single to triple melting,
the number of internal defects increases. Fusion pores are visible in a single melted sample. Still,
as the melting process progresses, these pores disappear, leaving only spherical pores [177]. It is
evident that both the number and the size of pores decrease with increasing the number of melting
steps. Miao et al.[178] mentioned that rescanning improves the relative density of SLM-Ti-6Al-
4V parts by reducing the number and size of the pores. Palmeri et al.[134] investigated the effect
of building orientation on porosity formation. The authors found almost 100% relative density for
the samples with building orientations of 0° ,15°, and 30° , while for 45°,60°, 75° ,and 90° building
orientations, the relative density decreased to 99.83%,99.81%,99.79% , and 99.77%, respectively

[134].

2.4.3 Influences of residual stress (RS) on fatigue properties

RS has a significant impact on HCF and VHCF performances. For the fatigue performance
assessment of the SLM fabricated parts, it is necessary to take into account any RS that may still
remain within the material prior to any fatigue analysis assessment. It is imperative to note that
there can be RS in SLM parts due to a variety of factors, including high-temperature gradients,
process parameters (process gas, laser power, hatch spacing, scan speed, scan orientation, scan
strategy, layer thickness, platform temperature), part geometry and most importantly, rapid melting

and solidification with subsequent thermal cycles during SLM processes [5,6,32,149,179-181]. RS
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strongly affects the initiation and growth of cracks arising from the rapid localized temperature
fluctuations during the SLM process [69]. Leuders et al.[159,161],Edwards et al.[182] ,Cain et
al.[183], Shamsaei and Simsiriwong[184] and da Costa et al.[4] asserted that compressive RS has
a positive impact on fatigue behavior while tensile RS has a detrimental effect on the fatigue
performance of SLM-Ti-6Al1-4V parts. Fig. 23 schematically shows the detrimental effect of

tensile RS on fatigue performance in terms of inducing higher crack growth rates.
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Fig. 23. Reduced fatigue properties due to additional internal tensile RS. Adapted from Bartlett

and Li[179] with permission from Elsevier.

It is necessary to appropriately select the fabrication process parameters and utilize post-
fabrication heat treatment processes to reduce or eliminate detrimental RS (es).
There are a variety of techniques that can be used to reduce or eliminate detrimental

residual stresses, including the use of appropriate fabrication process parameters (process gas, laser
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power, hatch spacing, scan speed, scan orientation, scan strategy, layer thickness, platform

temperature) and the utilization of post-fabrication heat treatment processes.

2.4.3.1 Influences of critical parameters affecting residual stresses

Marques et al.[5], Pauzon et al.[6], Xiao et al.[149], Bartlett and Li[179],Luo et al.[180], and Ali
et al.[181] studied the critical parameters that have a significant impact on the RS in metal powder
bed fusion. Fig. 24 shows the primary process parameters that significantly affect the RS

formation.
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Fig. 24. An analysis of the principal process parameters influencing RS formation in the AM

process [185].
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Table 2 provides a summary of known parameters that are related to the development of RS.

Table 2. Summary of known processing parameters that are related to the development of RS

[5,6,149,178-181,185].

Parameters General effect on RS
Laser power As laser power increases, RS increases as well
Scan speed As laser power decreases, RS increases as well

Scan orientation

Provides control over the distribution of the
RS. The magnitude of RS is also affected by

scan orientation.

Scan vector length

RS increases with longer vectors

Scan strategy

No obvious impact

Layer thickness

Layer thickness lower RS

Platform temperature

Higher base plate temperature lowers RS

Interlayer dwell time

Material dependent. Affect RS magnitude

Re-scan

Implementation of re-scan reduces the

magnitude of RS

Sample size

RS increases with increasing part size

Sample thickness

RS decreases with increasing sheet thickness

The effect of scan speed, laser density, scanning patterns, and platform temperature are shown

graphically in Fig. 25.
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Fig. 25. shows (A) The magnitude of RS as a function of scan speed, (B) Trends of RS magnitude
versus energy density, (C) Preheating temperature and RS magnitude at the top surface, (D)
Trends of RS magnitude versus island size, and (E) The magnitude of RS versus three different

rotation angles layer-to-layer. Adapted from Bartlett and Li [179] with permission from Elsevier.
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However, Xiao et al.[149] mentioned that the RS does not monotonously increase or decrease as
the laser power, scanning speed, or hatch spacing is increased. In terms of the RS, the effect of
scanning speed is greater than the effect of laser power, which is, in turn, more significant than

that of hatch spacing [149].
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Fig. 26. shows (A) The average value of maximum RS reported for various materials versus
thermal diffusivity, (B) The average value of maximum RS reported for various materials versus
thermal conductivity, (C) The average value of maximum RS reported for various materials versus
ultimate tensile strength, and (D) The average value of maximum RS reported for various materials

versus yield strength. Adapted from Bartlett and Li [179] with permission from Elsevier.
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In another study, Xiao et al.[148] investigated the effect of rescanning cycles on the RS. The
authors found 39% excess RS for the samples with one-time rescanning than the samples without
rescanning. However, as the number of rescanning cycles increases, RS decreases due to decreased
cooling rate. Luo et al.[180] mentioned that rescanning with an energy density of 75% resulted in
33.5%—-38.0% reductions in RS for the porous Ti-6Al-4V parts. According to Bartlett and Li [179],
RS is also susceptible to changes in thermal diffusivity, thermal conductivity, ultimate tensile
strength, and yield strength, as represented in Fig. 26. Lueders et al.[159] analyze the influences
of RS both on the AB and heat-treated samples (800° C) to confirm the effects of the heat treatment
on residual stress. For AB samples, RS was measured on the sample surface and at a depth of 100
pm from the surface. The authors found that the heat treatment reduces almost all the tensile RS,
while AB samples, especially vertically built samples, keep high internal stresses [159,186]. It is
also important to note that the AB specimens have a very high RS gradient inside the specimens
as well as the highest stresses being encountered in the interior areas of the specimens [159]. Thus,
it is found that the heat treatment helps to reduce the RS. In another study, Leuders et al.[161] also
studied the effect of the HIP on the RS. The authors measured the RS for the SLM-Ti-6Al-4V parts
both in AB condition and after HIP + shot peening at different distances from the initial surface (at
a depth of about 120 pm and 180 pm). The authors found tensile RS of about 800 MPa at a depth
of 0.115mm from the surface in AB condition. Fig. 27 shows the Results of the XRD measurements
depending on the build orientation. After HIP + shot peening, tensile RS was relieved, and
compressive RS was introduced [159,161]. After shot peening, the samples showed an RS of about

-910 MPa at the surface and -475 MPa at a depth of 180 um from the surface [159,161].
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Fig. 27. Surface RS analyses for SLM-Ti-6A1-4V parts in the AB condition depending on the build

orientation. Adapted from Leuders et al.[161] with permission from Elsevier.

Thus, it is evident that HIP treatment helps to reduce the tensile RS; instead, it helps to increase

compressive RS, which helps to improve fatigue performance. The values of RS mentioned by

Leuders et al.[159,161] are tabulated in Table 3.

Table 3. RS for SLM-Ti-6Al1-4V samples in different material conditions [159,161].

Material ~ condition/measuring | Sample depth, | RS a5 (MPa)

point mm X- direction Y- direction
AB/point 1 Surface +90 +235
AB/point 2 Surface +120 +215
AB/point 3 0.1 +265 +775
AB/point 4 0.115 N/A 800 + 35
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HIP+ Shot peened Surface N/A 910+ 125

HIP+ Shot peened 0.177 N/A —475 + 35
800°C/point 1 Surface -5 +10
800°C/point 2 Surface +5 -5

From the table above, it is clearly visible that RS exists not only in the build direction but also in
other directions i.e., crack propagation direction. Ali et al.[181] investigated the effect of pre-
heating on RS of SLM-Ti-6A1-4V parts. When the pre-heating temperature was 100°C, the
measured RS was 214 MPa, but after increasing the temperature to 370°C, RS was reduced by
almost 71% (61 MPa). At 470°C preheating temperature, RS becomes 25 MPa (almost 88.3%
reduction), and finally, at 570°C, RS becomes almost zero. Miao et al.[178] found rescanning as a
potential method to reduce the RS in SLM-Ti-6A-4V parts. The authors measured RS of about 254
MPa after rescanning, which was 322 MPa before rescanning [178]. Choi et al.[168] investigated
the effect of deposition/scan strategy on RS in SLM-Ti-6Al-4V parts. The authors found that the
raster pattern with a continuous scan/deposit (RP-1) reduces RS compared to the raster pattern
with an inter-track pause scan/deposit (RP-2). RP-1 gave tensile RS of about 150 MPa in the
deposited layer, which was 50% lower than that in RP-2 [168]. Acevedo et al.[187] mentioned that

LSP (Laser shock Peening) also helps to reduce RS.

2.4.4 Influences of post-processing heat treatment/HIP on fatigue properties

Leuders et al.[159,186] performed fatigue tests on SLM-Ti-6Al-4V parts in order to evaluate the
effects of heat treatment on fatigue strength in the HCF regime. The authors found that the post-
heat treatment significantly affects fatigue behavior. The authors showed that the post-heat

treatment increases the fatigue life of SLM-Ti-6Al1-4V parts compared to the AB specimens [159].
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The authors reported almost 3.5 times (93000 cycles at a stress amplitude 600MPa) and 10 times
(290000 cycles at a stress amplitude 600MPa) higher fatigue life than AB specimens (27000 cycles
at a stress amplitude 600MPa) when the post heat treatment temperature was 800° C and 1050°C
respectively. The results from Frkan et al.[75] suggest that the higher the heat treatment

temperature, the longer the life expectancy in the HCF (Fig. 28).
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Fig. 28. Heat treatment temperature effects the fatigue behavior of SLM-Ti-6Al-4V parts. C 700
and C 900 correspond to heat treatment temperature 700° C and 900° C for the vertically built

samples. Adapted from Frkan et al.[75] with permission from Elsevier.

As for HIP (Hot isostatic pressing) treatment, the authors reported improved fatigue strength
(630MPa with a standard deviation of 5.3 MPa) compared to both AB and heat-treated samples
[159]. The authors also asserted that stress-relieving heat treatment, even at a lower temperature,

improves the fatigue crack growth behavior similar to wrought Ti-6Al-4V parts [159]. Despite
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improved fatigue crack growth behavior, heat-treated samples show significant fatigue scatter
compared to AB samples [159]. Thone et al.[188] also independently confirmed the conclusions
above. Bhandari and Gaur[76] and Cutolo et al.[152] also suggested that heat treatment improves

fatigue life by reducing the RS (Fig. 29).
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Fig. 29. S—N curves for Ti-6A1-4V parts for AB and heat-treated condition. Adapted from Bhandari

and Gaur[76] with permission from Elsevier.

In their study, Li et al.[156] proffered that improved HCF performance can be achieved with HIP
treatment through the reduction in the defect size and the change in the microstructure surrounding
the defects, even though HIPed parts may show significant amounts of defects (~40 m-~200 m).
The authors also confirmed that HIP treatment does not eliminate sub-surface defects. Yu et al.[78]

also mentioned that both Heat treatment and HIP treatment improve the HCF life. As a further
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result, the authors concluded that the modification of microstructure in HIPed samples and the
reduction or elimination of pores in the samples are associated with an increase in the period of
fatigue crack initiation, resulting in an increased fatigue life compared to AB samples. Karami et
al.[189] recommended HIP treatment, along with sandblasting and chemical etching, for
improving the fatigue performance of SLM-Ti-6Al-4V lattice structures. Benedetti et al.[190]
claimed that HIP treatment helps to reduce the porosity throughout to a value of below 0.05 %

compared to 0.35 % in AB conditions. It might be the reason of having higher fatigue resistance

for the HIPed samples.
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Fig. 30. Fatigue behavior of SLM-Ti-6A1-4V components in HCF regime compared to reference
material (wrought Ti-6A41-4V) at the constant stress of 600 MPa. Adapted from Kasperovich and

Hausmann [32] with permission from Elsevier.
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Kasperovich and Hausmann [20,32] investigated the effect of post-treatment on HCF lives at a
constant stress 600MPa under load ratio -1 and reported that the HIP treatment provides ductile
fracture behavior and increases fatigue strength in the HCF region. Fig. 30 shows that although
heat treatment does not significantly improve HCF strength due to the inherent defects that still
exist, the HIP improves the fatigue life significantly for SLM-Ti-6Al-4V parts close to that
conventionally processed Ti-6Al-4V parts [20,32]. According to Chastand et al.[39] the HIP
treatment strongly affects the fatigue life in the HCF region of SLM-Ti-6Al-4V parts, and the
HIP treatment can improve the fatigue life by almost 90% compared to stress-relieved (SR) parts.
HIPed specimens, at a higher number of cycles and a very high number of cycles, show fatigue
life at the level of wrought processes, whereas stress-relieved parts are at the casting level (Fig.
31) [39,40]. Gunther et al.[40] investigated the effect of HIP treatment on fatigue life in the VHCF
region and found superior fatigue performance of HIPed Ti-6Al-4V parts compared to AB parts in
the VHCF region. Wycisk et al.[165] investigated the effect of SR heat treatment and HIP
treatment of SLM-Ti-6Al-4V specimens both in HCF and VHCF regimes. The authors found that
HIPed specimens show superior fatigue life compared to heat-treated samples in both regimes as

the HIP process cures inherent process defects (Fig. 32).
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Fig. 31. Fatigue life of SLM-Ti-6A1-4V specimens. Adapted from Chastand et al.[39] with

permission from Elsevier.

Tridello et al.[146] showed that the heat treatment improves the VHCF performance as heat
treatment shifts the crack origin to internal defects, and Wycisk et al.[165] confirmed the same for
the HIPed specimens. Edwards and Ramulu [182] also recommended post-treatment, such as SR
or HIP, for SLM-Ti-6Al-4V parts to reduce RS, which significantly improves fatigue performance
(see section 3.3). The reasons for the increased fatigue strength are attributed to the relief of
internal RS (es) and the change of o’ martensite microstructure into an o-Ti dominated

microstructure after heat treatment and HIP treatment [20,126,152,159,161].
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Fig. 32. Reproduced S-N curve of SLM-Ti-6A1-4V parts under SR and HIP treatment based on

data reported in Fig.(2)-(6) by Wycisk et al. [165].

Thus, heat treatment and HIP increase the fatigue strength of SLM-Ti-6Al-4V parts
[20,126,152,159,161]. Mertova, Dzugan, and Roudnicka [191] also investigated the effect of HIP
treatment in the HCF region and found significant improvement in fatigue life after the HIP
treatment as the HIP treatment reduces the porosity significantly ( from 0.67+ 0.30% to 0.01=+
0.01%). du Plessis and Rossouw [192] suggested that Ti-6Al-4V specimens show reduced porosity
after the HIP treatment, especially nearly zero at the core region of the specimen leading to higher
fatigue life, while, Chastand et al.[39], Kasperovich and Hausmann [20] indicated that the HIP
modifies the microstructure and removes unmolten particles and cold joints, but the heat treatment
does not change the porosity; the heat treatment does not improve durability. In contrast, it was
reported by Dallago et al. [193,194] that even though HIP treatments reduce internal porosity
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considerably, substantial change in fatigue resistance is not be found (Fig. 33) because the internal
porosity does not impact the fatigue resistance in the same way as surface defects (i.e., sharp
notches), that have a large impact on the fatigue resistance and it cannot be reduced by the HIP
treatment. Qiu, Adkins, and Attallah [173] showed that the HIP treatment closes almost all the

porosity; ultimately, it increases the fatigue life of SLM-Ti-6Al-4V parts, as discussed in section
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Fig. 33. Fatigue resistance for each structure type. Here, (CUB-NS), (CUB-S), (CUB-2S), (CYL-
NS), (CYL-S), and (CYL-2S) denote regular cubic cells, single staggered cubic cells, double
staggered cubic cells, regular cylindrical cells, single staggered cylindrical cells, and double

staggered cylindrical cells respectively. Adapted from Dallago et al. [194] with permission from

Elsevier.
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Interestingly, Cutolo et al.[152] claimed that compared to SR heat treatments, the HIP treatment
seems to reduce the fatigue performance of SLM-Ti-6Al-4V parts (Fig. 34), mainly due to the
coarsening of the microstructures, which can result in a lower crack propagation resistance. Qiu,
Adkins, and Attallah [173] also claimed that HIP treatment significantly improves ductility but
reduces the strength of SLM-Ti-6Al1-4V parts. Section 2.4.8 shows that ductility plays an essential

role in the fatigue performance of the SLM-Ti-6Al-4V parts.

450 ¢
- ® Ti-6AI4V-SR(800°C/2 h)
Basquin Fit line
350 | " Ti-6A4V-HIP(920°C/1000bar/2h)
Basquin Fit line
© 300
o
=3
» 250
@
5 @
200
150 : :
10* 10° 10°
Number of Cycles

Fig. 34. Reproduced S-N curve showing the influence of post-treatments on fatigue performance

of SLM-Ti-6AI-4V parts based on the data reported by Cutolo et al.[152].

Qian et al.[79] investigated the effect of different temperatures on the HCF performance. As
indicated by the author, the sample was heated up to 600°C in the SEM chamber using thermal
radiation controlled by an electro-hydraulic servo system. This study was conducted to investigate

the effect of different temperatures both on vertically and horizontally built samples. Based on the
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findings, the authors concluded that the increased temperature reduces the fatigue life of SLM-Ti-

6Al1-4V parts for both batches (Fig. 35).
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Fig. 35. The correlation between fatigue life and the temperature for specimens with different

building orientations. Adapted from Qian et al. [79] with permission from Elsevier.

The crack growth rate of Ti-6Al-4V parts also increases with temperature, whereas the slope of
the crack length curve gives an idea of the crack growth rate. The steeper the slope, the faster the
crack will grow. Fig. 36 shows the relationship between crack length and fatigue life at different

temperatures.
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Fig. 36. The correlation between crack length and fatigue cycle number at different temperatures.

Adapted from Qian et al.[79] with permission from Elsevier.

Fig. 37-Fig. 39 are reproduced based on the data reported in the literature that will help the readers
to understand how the HCF and VHCF performances are affected by the post-treatment. Fig. 37
illustrates that AB components show a maximum fatigue limit in the range of 290 MPa to less than
100 MPa. In contrast, Fig. 38 illustrates that heat-treated components show a maximum fatigue
limit in the range of 200-300 MPa, which is higher than the fatigue limit for AB components. In
the case of parts going through HIP treatment, as illustrated in Fig. 39, it will be found that the
fatigue limit for the HIPed parts shows the highest fatigue limit of about from 400 MPa to 500
MPa. Thus, after discussing the matter, it can be suggested that HIP treatment may be the best

post-treatment to achieve maximum fatigue strength.
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Fig. 37. S-N curves of AB-Ti-6Al-4V parts based on the data reported in the literature. The data
points are collected from Bhandari and Gaur[76], Cutolo et al.[77],Leuders et al.[186], Pegues et

al.[80],Alegre et al.[116],Liu et al.[128], and Zhao et al.[47].
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Fig. 38. S-N curves of HT-Ti-6A1-4V parts based on the data reported in the literature. The data

points are collected from Leuders et al.[159,186],Frkan et al[75] Bhandari

and

Gaur[76],Chastand et al.[39], Gunther et al.[40], Wycisk et al.[165], Tridelloet al.[146] Cutolo et

al.[77], Kasperovich and Hausmann[32], and Du et al.[119].
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Fig. 39. S-N curves of HIPed-Ti-6Al-4V parts based on the data reported in the literature. The
data points are collected from Leuders et al.[186], Chastand et al.[39], Gunther et al.[40]Frkan
et al[75] Bhandari and Gaur[76],Chastand et al.[39] Gunther et al.[40] Wycisk et

al.[165],Alegre et al.[116],Mertova et al.[191], and Kasperovich and Hausmann[32].
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2.4.5 Influences of Surface roughness and post-surface treatment on fatigue
properties

The SLM technique offers some of the most promising advantages when fabricating complex
geometries close to net shapes compared to conventional manufacturing techniques. Despite this,
sometimes it may be challenging to fabricate complex and near-net-shape geometries of Ti-6Al-
4V alloy due to the need for post-build surface treatment after the build was completed. The surface
roughness usually acts as a crack initiator in a way similar to inner pores. Therefore, increased
surface roughness is one of the potential reasons for degrading fatigue life [20,32,163,195,196].
As a result, for the design of SLM-Ti-6Al-4V parts, it is crucial to consider the effects of the
surface finish on the fatigue behavior of built parts [197]. Pegues et al.[80] investigated the effect
of the surface roughness on the HCF performance of SLM-Ti-6Al1-4V parts. The authors used two
types of specimens: machined with polish sample and AB sample, where two batches of AB
samples with different surface roughness were considered. According to the authors, samples with
a lower surface roughness showed a higher fatigue strength than samples with a greater surface
roughness. The sample with the surface roughness of 31.41um had a fatigue strength of about 75
MPa. On the contrary, the sample with the surface roughness of 0.45 pm displayed almost 1.5
times the fatigue strength (~115 MPa) of the previous sample. According to Wycisk et al. [41],
the surface roughness exerts a significant influence on fatigue performance. The authors found
that if the surface finish is improved from Ra=13pum to Ra=0.5pum ,the fatigue strength can
improve almost 2.5 times (~205 MPa to 510 MPa) [41]. Chastand et al.[39] reported that the
surface roughness significantly affects the fatigue life of the components at 107 cycles and that
the post-machining and polishing treatment doubled the fatigue life compared to the AB

specimens. da Costa et al.[4], Kahlin et al.[196], and Nakatani et al.[81] also asserted that the
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surface roughness has a detrimental impact on fatigue strength as increased surface roughness

reduces both the HCF and VHCF strength (Fig. 40).
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Fig. 40. S-N curve showing the impact of surface roughness on the fatigue performance of SLM-

Ti-6A1-4V parts. Adapted from Nakatani et al.[81] with permission from Elsevier.

Mertova, Dzugan, and Roudnicka [191] and Kasperovich and Hausmann [20,32] also confirmed
that machining with a good surface finish gives superior fatigue life compared to AB samples

(Fig. 41).
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Fig. 41. Effect of machining/surface roughness on the fatigue performance in the HCF region.

Adapted from Kasperovich and Hausmann [32] with permission from Elsevier.

However, Edwards and Ramulu [182] reported no significant influence of machined surface
conditions over AB surface conditions. Benedetti et al.[198] reported that electropolishing does
not significantly influence the increment in fatigue resistance. As for shot peening, Wycisk et
al.[41] found a higher fatigue strength (435 MPa) compared to AB samples but a lower fatigue
strength (about 15% lower) than the polished samples (Fig. 42). This finding is counterproductive
to the theory that shot peening affects the outer surface with compressive RS, which improves

fatigue performance higher than polished samples [41,199]. Despite higher fatigue strength,
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polished and shot-peened samples show significant fatigue scatter compared to AB samples due

to the surface and sub-surface crack initiation [41] .
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Fig. 42. Comparison of the fatigue limit of SLM-Ti-6A1-4V parts. Reproduced from the data

reported by Wycisk et al. [41] .

A study conducted by Yan et al.[82] demonstrated that ultrasonic surface mechanical attrition
(SMAT) can produce a nanostructured layer on the surface of the Ti-6Al-4V parts. The
nanostructured layer comprises a nanocrystalline grain layer, a sub-grain layer, and a layer that
coexists with fine and coarse grains. It was found that the fatigue resistance of the SMAT
specimens was 580 MPa, which was twice as high as the fatigue resistance of the AB specimens

(290 MPa) and 57% higher than the fatigue resistance of the HIP specimens (370 MPa) (Fig. 43).
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Fig. 43. 8-N curves of SLM-Ti-6AI-4V specimens under AF, HIP, and SMAT conditions.[§2]

Zhang et al.[200] investigated the effect of ultrasonic nanocrystal surface modification (UNSM)
on the HCF performance of SLM-Ti-6Al-4V parts. The authors used both low and high ultrasonic
vibration amplitudes while investigating the effect of UNSM on the fatigue performance of SLM-
Ti-6Al-4V parts. It was found that UNSM gives a better surface finish than the samples without

UNSM, which helps to improve the fatigue performance of the samples with UNSM (Fig. 44).
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Fig. 44. shows (A) Roughness profiles. Here, control denotes the samples without UNSM, whereas
L and H denote low and high ultrasonic vibration amplitudes used in UNSM. (B) S-N curve of Ti-
6A1-4V parts with and without UNSM. Here, F and S denote the fast and slow rotation speeds of
the RBF samples during processing, respectively. Adapted from Zhang et al. [200] with permission

from Elsevier.

Kahlin et al.[196] extensively investigated the effect of different post-surface processing methods
(shot peening, laser shock peening, centrifugal finishing, laser polishing, and linishing) on the
fatigue performance of SLM-Ti-6Al-4V parts. The authors found increased fatigue strength of
about 125% ,70%, 25%, and 17% after centrifugal finishing, shot peening, linishing, and laser
shock peening, respectively, compared to AB samples (Fig. 45) [196]. But, for laser polishing, it
is found 50% reduced fatigue strength compared to AB samples [196]. The authors recommend
centrifugal finishing or shot peening to get the fatigue strength of AB samples same levels as

wrought and machined Ti-6Al1-4V parts [196].
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Fig. 45. Fatigue life for L-PBF/SLM Ti-6A1-4V parts subjected to various post-surface treatments.

Arrows indicate run-out tests. Adapted from Kahlin et al.[196] with permission from Elsevier.

To understand the impact of surface roughness on fatigue performance properly, Fig. 46 is
reproduced from the data mentioned in the literature. It is seen from the Fig. 46 that the effect of
surface roughness on the fatigue performance of SLM-Ti-6Al-4V parts is not consistent. As seen
in the Fig. 46, the fatigue strength is approximately 540 MPa for a surface roughness value of 0.45
pum, but for a surface roughness value of 31.42 pum, the fatigue strength is approximately 80 MPa,
which is about 6 times lower than that of the previous value. Interestingly, when the surface
roughness value is 10.5 pm, the fatigue strength is approximately 80 MPa, which is the same as
the surface roughness value of 31.42 pm. Furthermore, when the surface roughness value is 5.13
um, the fatigue strength is approximately 110 MPa, which is almost same for the surface roughness

value 15 um. Hence, it is evident from the results presented above that the effect of surface
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roughness on the fatigue performance of SLM-Ti-6Al-4V parts is inconsistent. Thus, despite the
wide range of fatigue properties associated with surface post-processed materials, surface
roughness alone cannot provide a sufficiently strong indicator of fatigue properties due to the fact
that prior surface defects can be hidden under a smooth surface. The reason is that removing
surface roughness does not eliminate internal defects, and eliminating porosity with retaining AB
surface roughness does not produce the expected fatigue performance [191]. In order to achieve
optimal fatigue performance, it is recommended to eliminate both the high surface roughness and
inner defects. In conclusion, it is pertinent to remember that fatigue strength after post-processing
is determined by a combination of surface roughness, surface RS, microstructure, and the

remaining defects left in close proximity of the surface.

2.4.5.1 Effect of fabrication parameters on surface roughness

Fabrication parameters significantly affect the surface roughness value .The linear model proposed
by Elsayed et al.[174] for the SLM of Ti 6Al-4V parts has shown that the surface roughness is
related to laser power levels. The authors concluded that increasing the laser power could result in
a reduction in surface roughness of SLM-Ti-6Al-4V parts for both top and side surfaces (Fig. 47).
The reasons the authors mentioned are the flattening of the melt pool during injection and the

elimination of balling phenomenon resulting from the increased energy density [174].
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Fig. 46. S-N curves showing the impact of surface roughness on the fatigue performance of SLM-
Ti-6A1-4V parts based on the data in the literature. The data points are collected from Wycisk et
al. [201],Carrion et al.[118],Nakatani et al.[81],Kahlin et al.[196], Zhang et al.[200],Pegues et

al.[80],and Cutolo et al.[77] .
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Fig. 47. Effect of laser power on the surface roughness of SLM-Ti-6A1-4V parts. Reproduced from

the data points reported by Elsayed et al.[174].

Nakatani et al.[81] asserted that particle size and layer thickness used in the SLM technique
significantly influence the surface roughness of AB parts. The authors have also noted that unfused

particles on the surface of the material produce more scatter in the roughness value.

Table 4 will help the readers to understand the effect of fabrication process parameters on the

surface roughness.

Table 4. Effect of process parameters on surface roughness, Ra of AB- Ti-6Al-4V specimens

fabricated by SLM.
Build Powder | Laser | Scan Layer Hatch Energy Surface Refs.
orientation | size power | speed thickness | distance | density roughness,
(@m) | (W) | (mms) | (mm) (mm) | (Jmm?®) | Ra(um)
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Vertical 50 0.03 17 Kahlin,Ansell,

and

Moverare[206]

So, optimized fabrication parameters should be used to control the surface roughness.

2.4.6 Influences of building orientation on fatigue properties

The build orientation is considered one of the significant factors playing an important role in the
HCF and VHCF performance of SLM-Ti-6Al1-4V parts. There has been a general tendency for the
researchers when investigating the effect of the build orientation to construct the samples along
three directions; that is, horizontally (0°), inclinedly (45°), and vertically (90°) (Fig. 48). Edwards
and Ramulu [182] extensively investigated the effect of the build orientation and found significant
dependence on the fatigue performance of SLM-Ti-6Al-4Vconcerning the specimen build
orientation. The authors tested the samples built in three different orientations. The fatigue strength
of samples built in the X-direction was 60% greater than that of samples built in the Z-direction
(Vertical) and 30% greater than that of samples built in the Y-direction (Horizontal) at a lifetime

of about 2x10° cycles (Fig. 49) [182].
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Fig. 48. Schematic of the specimen orientations while building. Adapted from Xu , Liu and

Wang[70] with permission from Elsevier.

Qian et al.[72] investigated the effect of build orientation on both HCF and VHCF behavior of
SLM-Ti-6Al-4V parts. The authors observed a correlation between the angle of the build
orientation and fatigue performance in HCF and VHCF regimes, as the higher the angle is, the
worse the performance (Fig. 504) [72]. The authors reported maximum fatigue performance for
the horizontal samples, while vertical samples showed the lowest. The reduction of fatigue
performance was 7% from 0°to 45°, but it was larger (about 23%) from 45°to 90° [72]. Moreover,
the authors postulated evident differences for the specimens built in different directions in the HCF
region, but in the VHCEF region, the difference was negligible (Fig. 50B8) [72]. Chastand et al.[39]
also reported higher fatigue performance for the horizontally built samples compared to vertically

built samples.
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Fig. 49. shows (A) a Schematic of specimen build orientations [182] (B)The fatigue strengths of
samples built with different orientations targeting a lifetime of about 2x10° cycles. Adapted from

Edwards and Ramulu [182] with permission from Elsevier.
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Fig. 50. shows (A) The correlation between the angle of building orientation and fatigue
performance at the VHCF region and (B) The fatigue performance difference in HCF and VHCF

regimes. Adapted from Qian et al.[72] with permission from Elsevier.
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The reduced fatigue performance of the vertically constructed samples attributes to more
significant and numerous defects, along with unmelted particles in the vertically constructed
samples [79]. Xu et al.[70,71] also investigated the effect of the build orientation on both HCF and
VHCEF performance and reported maximum fatigue performance for the horizontal samples, while
vertical samples showed the lowest. Chang et al.[3] investigated the effect of the build orientation
after annealing treatment at 800° C for 2 h. Interestingly, the authors found higher fatigue strength
for the vertically built samples with larger fatigue scatters than the horizontally built samples. The
fatigue strength of the vertically constructed samples showed about 546 MPa, while that of the
horizontal samples showed about 530 MPa (Fig. 51). Jiao et al.[14] investigated the effect of the
build orientation on HCF performance more extensively. The authors used three different load
ratios (R=-1,0.1,0.5) while investigating the effect of the build orientation on the fatigue
performance of SLM-Ti-6Al-4V parts. Like Chang et al. [3],it was found higher fatigue strength
for the vertically built samples compared to the horizontally built samples for all the load ratios.
The higher fatigue performance of the vertically built samples can be explained by the presence of
smaller elliptical crack source pores farther away from the surface with a lower density than the
horizontal samples [14]. Leuders et al.[159] and Edwards and Ramulu [182] pointed out that for
a given applied stress range, there is a considerable scatter in the number of cycles until failure
and found the minimum scatter for the samples built in the X-direction while vertically built
samples show the maximum scatter. Horizontally built samples showed the lowest surface
roughness (30 um), while vertically built samples showed the highest surface roughness (39 pm)

[182]. This result verifies the discussion of section 2.4.5 .
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Fig. 51. S-N curve showing the fatigue results in different building directions of SLM-Ti-6A1-4V

parts after annealing treatment. Adapted from Chang et al.[3] with permission from Elsevier.

It has also been demonstrated that cracks that are parallel to the build layers show lower fracture
toughness than cracks that are transversal to the build layers [73,159]. Qiu, Adkins, and Attallah
[173] found poor ductility for the horizontally built samples compared to vertical samples. There
is a shred of evidence in section 3.8 that ductility influences HCF and VHCF performance.
Horizontal specimens may result in the production of uniform material. So, there is a
recommendation to investigate the horizontal samples further [73]. A sharp thermal gradient runs
along the thickness of the specimens laid on the base of the build chamber, resulting in non-uniform

microstructures [73].
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Fig. 52. shows (4) a-N curves of SLM-Ti-6A1-4V parts built in different directions (B) da/dN- AK
curve. Adapted from Sun et al.[207] with permission from Elsevier. The data for Khalil’s and

Jiao’s tests will be found in Khalil[208] and Jiao et al.[209].
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Fig. 53. S-N curve showing the effect of the build orientation on the fatigue performance of SLM-
Ti-6A14V parts based on the data in the literature. The data points are collected from Chang et

al.[3],Qian et al.[72],Jiao et al.[14], and Xu et al.[70,71].

Sun et al.[207] investigated the fatigue crack growth life of the specimens built in different

directions. The authors found almost similar fatigue crack growth life and crack growth rate for
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both horizontal (643600 cycles) and vertical samples (629068 cycles), but the samples built in 45°
showed 1.49 times and 1.46 times longer fatigue crack growth life with slower crack growth rates
than vertically and horizontally built samples respectively (Fig. 524-B) [207].

In order to properly understand the effect of the built orientation on the fatigue performance of
SLM-Ti-6Al-4V parts, Fig. 53 is reproduced based on the data found in the literature for different
load ratios. Fig. 53 shows that there is no certainty as to how the orientation of the built parts has
an impact on the fatigue performance of the SLM-Ti-6Al-4V parts. Therefore, in order to make
the figure more comprehensible, Fig. 53 is separated into three different figures, each of which

represents one of three different load ratios.
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Fig. 54. S-N curve showing the effect of building orientation on the fatigue performance of SLM-
Ti-6A14V parts at R=-1 based on the data in the literature. The data points are collected from

Qian et al.[72],Jiao et al.[14], and Xu et al.[70,71].
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In Fig. 54, data points for the load ratio=-1 are plotted, and there is no doubt that horizontal samples
show superior fatigue performance than vertical samples at a load ratio of -1 if the data sets of Jiao
et al.[14] are not taken into consideration. Fig. S5 illustrates the data points for the load ratio=0.1,
and it can be seen that vertical samples exhibit superior fatigue performance than horizontal

samples when a load ratio of 0.1 is used.
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Fig. 55. S-N curve showing the effect of building orientation on the fatigue performance of SLM-
Ti-6A14V parts at R=0.1 based on the data in the literature. The data points are collected from

Chang et al.[3], and Jiao et al.[14].

In Fig. 56, data points for the load ratio=0.5 are plotted, and it is clear that for load ratio=0.5,

vertical samples show higher fatigue performance compared to horizontal samples.
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Fig. 56. S-N curve showing the effect of building orientation on the fatigue performance of SLM-

Ti-6A14V parts at R=0.5 based on the data reported by Jiao et al.[14].

Based on the fatigue data, it can be cautiously stated that the effect of building orientation on
fatigue performance depends on the load ratio. The following recommendation is, therefore, to
take into account the load ratio when considering the impact of the built orientation on fatigue
performance. However, further research works should be carried out for a proper understanding of

the impact of build orientation on the fatigue performance of SLM-Ti-6Al-4V parts.

2.4.7 Influences of specimen geometry on fatigue properties

There has been limited research works to study the effect of specimen geometries on the HCF and
VHCEF performance of SLM-T-6Al1-4V parts. However, specimen geometries are considered to
have a significant effect on the performance of HCF and VHCF performance. Pegues et al.[210]

investigated the impact of the surface area size of the gage section on the HCF performance. The
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authors used three different types of specimens with different surface areas keeping the control
volume constant (Fig. 57). The results of this study demonstrate that for a given volume of SLM-
Ti-6Al-4V parts, increasing the surface area at the gage section results in a reduction in the fatigue
life of those parts due to multiple cracks that are induced within close proximity to one another
(Fig. 58) [210]. Li et al.[127] also suggested that increasing the surface area at the gage section of
parts made of SLM-Ti-6Al1-4V for a given volume will result in a reduction in their fatigue life as
a result of larger defects (Fig. 59). In another study, Pegues et al.[211] investigated the effect of
control volume on the HCF performance. For this study, the authors kept the surface area constant
while the control volume was changed (Fig. 60). It was found that the samples with lower gage
volumes showed improved fatigue life than the samples with higher gage volumes due to the crack
initiation shifts from the surface crack initiation to the internal crack initiation at sub-surface

defects (Fig. 61) [211].
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Fig. 57. shows (A) Specimen geometries showing the control volume and surface area of 123 mm®
and 126mm? (B) Specimen geometries showing the control volume and surface area of 123 mm’
and 100mm? (C) Specimen geometries showing the control volume and surface area of 123 mm’

and 81mm?. Redrawn firom the data reported by Pegues et al. [210)].
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Fig. 58. Reproduced S-N curve of SLM-Ti-6A41-4V parts showing the effect of surface area on

fatigue performance based on the data points reported by Pegues et al.[210)].
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Fig. 59. shows (A) The histogram for the effective defect diameter for the sample with a gage area
of 81 mm? (B) The histogram for the effective defect diameter of the sample with a gage area of

123 mm’. Adapted firom Li et al.!'*”! with permission from Elsevier.
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Fig. 60. shows (A) Specimen geometries with a control volume of 184 mm? (B) Specimen
geometries with a control volume of 123 mm?, and (C) Specimen geometries with a control volume

of 81 mm®. Redrawn from the data reported by Pegues et al. [211].
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Fig. 61. Reproduced S-N curve showing the effect of control volume on fatigue performance of

SLM-Ti-6A1-4V parts based on the data points reported by Pegues et al. [211].

In a more extensive research completed by Pegues et al.[202] demonstrated the relationship
between the gage diameter and the HCF behavior. The authors used five sets of specimens to
complete the assessments where three sets were designed with decreasing gage diameter, and the
remaining two sets were designed keeping the gage diameter constant. However, for all the sets of
specimens, the surface area at the gage section was increased by 25% (Fig. 62). The authors came
to the conclusion that fatigue behavior is more sensitive to the part gage diameter than the surface
area. It was found that the samples with smaller gage diameters show decreased fatigue life than
the samples with higher gage diameters due to the crack initiation shifts from the surface crack

initiation to the internal crack initiation at sub-surface defects (Fig. 63) [202].
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Fig. 62. Dimensions of geometry with constant volume and constant gage diameter. Adapted from

Pegues et al.[202] with permission from Elsevier.

The results of this study demonstrate that decreasing the gage diameter results in a reduction in the
fatigue life of those parts. It can be explained by the fact that there are multiple cracks in close
proximity to each other, which allows early crack coalescence to occur, ultimately leading to the
deterioration of crack growth stability [202]. In addition, a specimen with the gage diameter of
4.90 mm or less shows higher surface roughness on the down-skin surface resulting in shorter
fatigue life, whereas the gage diameter larger than 4.90 mm lowers the down-skin surface
roughness which gives improved fatigue life [202]. Moreover, the difference between the load
bearing and nominal stress amplitudes increases as the part diameter is decreased, which gives

significant scatter in the HCF data [202].
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Fig. 63. shows (A) S-N data points for different specimen sizes with constant gage volume and (B)
S-N data points for different specimen sizes with constant gage diameter. Adapted from Pegues et

al.[202] with permission from Elsevier.
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Additionally, the larger gage diameter increases the solidified part volume beneath the layer edge
resulting in efficient heat dissipation, which is one of the significant factors contributing to the

improvement of the fatigue life of specimens with the gage diameter larger than 4.90mm [202].

2.4.8 Influences of parts mechanical strength and ductility on fatigue properties

Ductility does not have a significant role in fatigue performance in the HCF region [159].
However, the combination of improved ductility and a reduction in RS can slightly increase a
number of cycles [159,186]. Leuders et al.[159,186] extensively investigated the role of ductility
on the fatigue life of SLM-Ti-6Al1-4V parts. The authors used different post-processing treatments
to confirm the effect of ductility on fatigue performance. According to the authors, HIPed
specimens treated at 920° C gives fine structure and high monotonic strength, whereas HIPed
specimens treated at 1050°C give coarse microstructure with reduced UTS, ductility, and ductile
B-phase that plays a significant role in the crack initiation. Ti-6Al-4V parts treated at 1050° C
shows lower ductility and lower strength, which promotes local plastic deformation that
accumulates the fatigue damage under cycling loading and increases the notch sensitivity
significantly, resulting in lower fatigue life (Fig. 64) [159,186]. Therefore, it can be concluded that
if the critical factors like RS, microstructure, and porosity are taken into consideration, then it can
be regarded that improved ductility plays a role in fatigue life improvements of SLM-Ti-6Al-4V

parts [159,186].
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Fig. 64. Reproduced S-N curve of SLM-Ti-6A1-4V parts under different post-treatments based on
the data points reported by Leuders et al.[186].

Frkan et al.[75] also suspected that improved ductility helps to increase the fatigue performance
of SLM-Ti-6Al1-4V parts. It is also believed that a higher degree of ductility can lead to a decrease
in fatigue crack growth [212]. Zhang et al.[151] reported that an increase in yield strength

contributes to the fatigue performance increase of SLM-Ti-6Al-4V parts.

2.4.9 Influences of load ratio/mean stress and frequency along with loading type

on fatigue properties

Pan and Hong [135] extensively investigated the effect of mean stresses and load ratios on the
HCF and VHCF performances of Ti-6Al-4V parts. When the mean stress, om =0, i.e., R=-1, was
used, the authors found the alternating stress, 6a, in the range between 400 and 550 MPa both in
HCF and VHCEF regimes [135]. In the VHCF regime, after increasing the om between 166 and 312

MPa, it was found that the fatigue resistance exhibited a high scattering in the range between 203
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and 375 MPa [135]. Additionally, it was shown that when the value of om increases to 468 MPa
(R=0.5), 728 MPa (R=0.7), and 832 MPa (R=0.8), the fatigue resistance decreased to about 176,
140, and 111 MPa respectively [135]. In light of the above discussion, it seems that the fatigue

resistance of SLM-Ti-6Al-4V parts decreases with increasing load ratios and mean stresses (

Fig. 65).
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Fig. 65. S-N data of Ti-6A1-4V parts under different values of mean stresses, om. Adapted from

Hong and Pan[135] with permission from John Wiley and Sons.

Wycisk et al.[165] investigated the effect of the load ratio and test frequency on the HCF and
VHCEF performances. The authors found a higher fatigue strength (omax=680+35 MPa) for the

specimens tested under the tension-tension loading (load ratio=0.1) whereas the specimens tested
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under the tension-compression loading (load ratio=-1) showed the maximum fatigue life of 575
MPa at a number of cycles 107(Fig. 66) [165]. As compared to the tension—tension loading, crack
initiation under the tension—compression has less influence on fatigue life [165]. In addition, the
authors demonstrated that the crack initiation point shifts from the surface crack initiation to
internal crack initiation after 107 cycles for R=-1 and 10° cycles for R=0.1. However, the authors
did not find any significant impact of test frequency on the fatigue life of SLM-Ti-6al-4V parts

(Fig. 674-B ) [165].
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Fig. 66. S-N curve of HIPed Ti-6A1-4V specimens showing the effect of load ratio [165].

Du et al.[119], Bhandari and Gaur[76] also confirmed that fatigue lives of SLM-Ti-6Al1-4V parts

decrease with increasing load ratios or the mean stresses (Fig. 68 and Fig. 69).
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Fig. 67. shows (4) The effect of test frequency on the VHCF performance under tension-tension
loading at Stress-relieved condition and (B) The effect of test frequency on the VHCF performance

under tension-tension loading at HIPed condition [165].
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Fig. 68. Effect of load ratios on fatigue performance in heat-treated material condition. Adapted

from Bhandari and Gaur[76] with permission from Elsevier.

Chengqi Sun et al.[144] demonstrated the effect of loading types on the VHCF behavior of SLM-
Ti-6Al-4V parts. The authors found the surface crack initiation under the rotating bending test,
while ultrasonic fatigue tests gave the interior crack initiation in the VHCF region. In addition,
ultrasonic fatigue tests show higher fatigue performance compared to rotating bending fatigue

tests, which is also important to note (Fig. 70) [144].
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Fig. 69. Effect of load ratio on fatigue performance of SLM-Ti-6A1-4V parts. Adapted from Du et

al.[119] with permission from Elsevier.
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The stress ratio does not have a significant impact on the crack initiation pattern in the HCF region,
while for VHCEF, the stress ratio significantly impacts the defect types [119].

It has been reported that the size of the irregularly shaped fusion defects with facets found
in the VHCF regime is significantly larger than that of the regularly shaped LOF defects at R=0.5,
but the irregularly shaped fusion defects without facets are smaller than the size of the regular
shaped ones [119]. The size of defects with regular shapes on the fracture surface that do not
contribute to crack initiation at R = 0.5 has been suggested to be very similar to that of defects that
will be found at R = -1 contributing to crack initiation [119]. So, from the above discussion, it can
be confirmed that the crack initiation mechanism may be altered by different stress ratios (mean

stress), which will ultimately affect the HCF and/or VHCF performances.

2.4.10 Influences of fabrication process on fatigue properties

Du et al.[120] and Carrion et al.[118] investigated the impact of the fabrication process on the
fatigue performance of SLM-Ti-6Al-4V parts. Du et al.[120] mentioned that fatigue strength is
very sensitive to the variation of energy density. In Fig. 71, the correlation between energy density
and stress amplitude is presented for two different fatigue strengths that are marked oy, and gy, in
the figure where 0,,, and o,,,, corresponds to fatigue strength at 107 and 108 cycles. It has been
observed that fatigue strength increases with increasing energy density though the fatigue strength

decreases significantly when the energy density goes up further from 76.2 j/mm?® to 83.3 j/mm?

[120].
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Fig. 71. Effect of Energy density on stress amplitude. ow7 and ows correspond to the fatigue strength
at cycles 107 and 108, respectively. Adapted from Du et al.[120] with permission from John Wiley

and Sons.

Carrion et al.[118] investigated the effects of powder recycling on the HCF performance of SLM-
Ti-6Al-4V parts. There is evidence from the study that the used powder may yield smaller internal
pores because it is more flowable and less compressible than the new powder. The recycling
powder had a minimal impact on the microstructure and fatigue performance of the AB Ti-6Al-4V
specimens. This is attributed to the fact that both specimen sets manufactured from new and used
powder had similar grain sizes and shapes. However, the samples fabricated from the used powder,
when presented in the machined surface condition, exhibited longer HCF lives when compared
with the samples fabricated from the new powder (Fig. 724-B). This is because the samples

fabricated from used powder had smaller effective defect sizes.
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Fig. 72. Reproduced S-N curve showing the effect of powder recycling on the fatigue performance

of AB and machined samples based on the data reported by Carrion et al. [118].

2.4.11 Influences of corrosion properties on fatigue performance

There have been limited research studies conducted on the effect of corrosion properties on the
fatigue performance of SLM-Ti-6Al-4V parts. Wegner et al.[7] investigated the impact of
corrosion on fatigue properties of SLM-Ti-6A-4V parts by using the corrosion fatigue test. For the
constant amplitude test (CAT), the samples were prepared by a special procedure schematically

illustrated in Fig. 73.
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Fig. 73. Overview of the corrosion fatigue sample preparation [7].

After preparing the samples, an in vitro corrosion cell was developed to enable a medial
superposition by simulated body fluid (SBF) at 37°C to perform the CAT (Fig. 74) [7]. It is seen
that corrosion properties have a significant impact on fatigue properties. There is a drastic decrease
in fatigue strength so that the trend S-N curve is bent as a result of locally intensified corrosion
caused by process-induced surface roughness, which acts as multiple crack initiation sites due to

corrosion (Fig. 75) [7].

101



Compression die with
tungsten carbide plate

n vitro cell

Fig. 74. Experimental setup for corrosion fatigue test [7].

102



1,1
- 00 [Mat.: Ti-6Al-4V 7
% 1,000 {R =10, f=5Hz P
= {Air, RT ® R i
g T N1 Niinie = 7-10° cy<les T T1 't
= g »
E & soolt |
c 9 ‘
&£ 9 1. - L) -
S B 400 Mat: WE43 ™" "Zovoen
s {R =10, f=10 Hz 1A Sy
£ S 3004 m A, il et o
g @ JAir, RT & B 8 W
E;Iv 8 200—' Mg | | \“\?\
& 1SBE, 37°Cc * Awms A
8 100 S = A BMg h“a‘ﬁ‘
0 17 Ny = 2-10° cycles N
10%° 1060 10 10¥ 10* 10° “10°
Number of cycles to failure N;

Fig. 75. Trend S-N curves for two batches of Mg alloy WE43 in comparison to the batch of Ti-

6Al-4V at RT and in SBF at 37 °C [7].

In order to further understand how the fatigue performance of the Ti-6Al-4V parts are
affected by a number of critical factors, it would be helpful to tabulate some fatigue data depending
on a number of primary parameters. Table 5 presents the results of some studies that have been
carried out on the fatigue and fracture toughness of parts manufactured by SLM based on some
critical parameters. There is an opportunity for readers to better understand the impact of those

factors on the fatigue performance of Ti-6Al-4V alloy.
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Table 5. Fatigue and fracture toughness of Ti-6Al-4V parts manufactured by SLM based on some critical parameters.

Alloy Machine Type of tests Process Parameters Post Treatment Fatigue strength/ Fracture Load Frequency (Hz) Specimen Risk volume* Refs.
Laser Power Scan speed Layer Hatch distance Build Energy Shielding gas Platform Post Heat/HIP Post Surface 9, O yellas O ChIEssy Reidto (BRmEiEy (mm’)
(W) (mm/s) thickness (mm) orientation density, j/mm? temperature Treatment Treatment MPavm
(mm)
SLM-Ti- SLM Axial Fatigue, 400 0.03 Horizontal Argon, Vacuum 100°C Annealed at 800°C, AB+ Machined 2.7 x 10* cycles at 1.4 0.1 40 Flat Leuders et
6Al-4V 250 HL Fracture toughness 1050°C, HIP at 920° 600 MPa al.[ 1 59]
C and 1000 bar
AB+ Machined+ HT- 2.9 x 10° cycles at 3.9+04
1050 600 MPa
AB+ Machined+ HIP 2 % 10° cycles at 4
600 MPa
Vertical AB+ Machined 2.7 x 10* cycles at 1.7
600 MPa
AB+ Machined + 9.3 x 10 cycles at 3.7
HT-800 600 MPa
AB+ Machined + 2.9 x 10° cycles at 6.1
HT-1050 600 MPa
SLM-Ti- SLM Fracture toughness 400 0.03 Vertical Argon 200°C HT-800°C, HT- AB+ Machined - 1.42 0.1 100 Flat
6Al-4V 250 HL 1050°C and HIP- - Leuders et
920°C AB+ Machined+ HT- 3.93
800°C a[213]
AB+ Machined + 3.62
HT-1050°C
AB+ Machined+ 4.20
HIP-920°C
AB, Machined 2 x 10° cycles at 3.06 -1
325 MPa
AB+ Machined+ HT- 2 % 10° cycles at 8.46
800°C 325 MPa
AB+ Machined + 2 x 10° cycles at 7.79
HT-1050°C 225 MPa
AB+ Machined+ 9.04
HIP-920°C
SLM-Ti- EOS M270 Axial Fatigue 200°C - AB 107 cycles at 550 -—- 0.1 50 Dog bone Rafi et
6Al-4V MPa Al [2 1 4]
SLM- Ti- SLM Axial Fatigue, 200 0.03 Vertical 45.33 Argon 180°C 650°C for 3h AB 107 cycles at 210 0.1 50 Hourglass 13.93
6Al-4V 250 HL Fracture toughness MPa
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Wyecisk et

+ ined + ' .
AB + Machined 107 cycles at 500 3.48 al [2 1 5]
HT-650 MPa
SLM- Ti- SLM Axial Fatigue, 175 710 0.03 Vertical Argon 200°C 800°C for 2hrs, HIP at AB+ Polished+ HT 10° cycles at 400 - -1 10 Hourglass Gunther et
6Al-4V 250 HL Ultrasonic fatigue 920°C and 1000 bar MPa A [ 40]
testing
AB+ Polished + HT 10° cycles at 250 19000
MPa
AB+ Polished + HIP 10° cycles at 400 19000
MPa
SLM- Ti- EOS Ultrasonic fatigue 200 0.03 Vertical 4533 Argon 180°C 650°C for 3hrs, HIP at AB + Machined + 10° cycles at 200 -1 20000 Hourglass Wycisk et
6Al-4V M270xt testing 920°C and 1000 bar HT MPa al.[ 1 65]
AB + Machined + 10° cycles at 483
HIP MPa
SLM- Ti- EOS Axial fatigue 170 1250 0.03 0.1 Inclined 4533 Argon - 650 °C for 3 hrs AB+HT 107 cycles at 210 - 0.1 50 Hourglass 13.93 Wycisk et
6Al-4V M270xt 45° MP:
. ) : a[201]
AB + HT+ Polished 107 cycles at 510
MPa
AB + HT+ Shot 10 cycles at 435
peened MPa
SLM- Ti- Concept Axial Fatigue 110-200 850-1500 0.04 Argon -—- HT-700°C for 1 hr AB 2.3x10° to 5.6x10° -—- -1 82 Dog bone 294.5 Kasperovich
6Al-4V Laser M2 and 900°C for 2 hrs, cycles at 600 MPa and
AB + Machined 1.2x10* to 2x10* 3
HIP Hausmann[
cycles at 600 MPa
AB + Machined+ HT 3x10* cycles at 600 2]
MPa
AB + Machined+ 1.5x10° to 3x10°
HIP cycles at 600 MPa
SLM- Ti- Self- Axial Fatigue 300 1000 0.04 0.12 Vertical 62.5 Argon -—- 500 °C for 2'h, 920 °C AB 10° cycles at 325 -—- =l 20 Dog bone 712.75 il [78]
uetal.
6Al-4V developed for 2 h, 850 °C for 2 MPa
SLM AB+HT-920 107 cycles at 350
i h, 550 °C for MPa
4 h, HIP at 920°C for [~ AB+HT-(850-550) 107 cycles at 350
2 hand 100 MPa Wie
AB + HIP 10 cycles at 460
MPa
SLM- Ti- EOS Axial Fatigue 280 1200 0.03 0.05 Vertical 155.56 - HIP at 900°C and 120 AB 107 cycles at 290 - -1 130 Hourglass 12.1 Yan et
6Al-4V M290 MPa for 2hrs MPa al.[8 2]
HIP 107 cycles at 370
MPa
SMAT 10" cycles at 580
MPa
SLM- Ti- ProX200 Rotating bending 3333 0.03 Vertical - - AB+ UNSM-Fast >10° cycles at 150 == -1 60 Hourglass Zhang et
6A1-4V fatigue test tati d MPa
atigue tes rotation spee al [200]
AB+ UNSM-Slow 6.89x107 cycles at
rotation speed 250 MPa
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SLM- Ti- ProX Axial fatigue 0.06 Vertical -—- Stress relieved at AB 2x10° cycles at 120 -- -1 60 Hourglass Cutolo et
MPa
By DTS 850°C, HIP at 9200 C a[77]
AB+HT 2x10° cycles at 235
and 1000 bar
MPa
AB+HIP 2x10° cycles at 220
MPa
SLM- Ti- Renishaw 400 0.06 Vertical -—- Stress relieved at AB+ Polished+ HT 10° cycles at 180 = Gaussian ~1749.13 Tridello et
6Al-4V AM400 850°C for 1hr 20MPa al [ 1 46]

Note: @ The risk volume is calculated manually from the dimensions of the samples mentioned in the literature where risk volumes were not found in the literature.
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2.5 Fracture mechanism at HCF and VHCF regimes

Generally, surface-without-rough area (RA) crack initiation takes place in LCF and is not the
predominant type of crack initiation in HCF and VHCF cracks [135]. Ti-6Al-4V samples
manufactured by SLM and tested in HCF and VHCEF regions show a definite difference in fracture
mechanism. It is common to find surface cracks with RA in both HCF and VHCF regimes and
interior cracks with RA in VHCF regimes [135]. It is important to note that if the failure occurs on
the surface with RA or without RA, it is a surface crack-induced failure, and if it occurs on the
interior with RA, it is an internal crack-induced failure [135]. There is evidence to indicate that the
RA region is the distinct region for the crack initiation and early growth in titanium alloys with
Bimodal microstructure (BM) that are prone to internal crack-induced VHCF [135]. RA region is
also a typical fractographic feature for internal crack and surface crack-indued VHCEF in titanium
alloys with Equiaxed microstructure (EM) [135]. Du et al.[l119] investigated the fracture
mechanism of SLM-Ti-6Al-4V parts subjected to different load ratios (R=-1 and R=0.5). The
authors found surface crack initiation in the HCF region (Fig. 76) whereas internal crack initiation

was observed in the VHCF regime (Fig. 77) for both the stress ratios.
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Fig. 76. Fracture surface morphologies showing the surface crack initiation failed in LCF and
HCF regimes, (A)R=-1, 6. = 324 MPa and Ny= 2.12 x10°;(B) R=-1, 6a = 300 MPa and Nr= 4.29
x10°;(C) R=0.5, 64 = 200 MPa and Ny = 7.23 x10* ; (D) R=0.5, 0 = 150 MPa and Ny = 1.46
x10°; PI in (B) being the location of transmission electron microscopy (TEM) sample cut by

focused ion beam (FIB). Adapted from Du et al. [119] with permission from Elsevier.

There are two types of defects categorized as regular (type I) and irregular defect (type II) while
testing the SLM-Ti-6A1-4V parts under HCF and VHCF regimes where regular defects are the
LOF defects with a regular shape (almost equiaxed) but without nonmetallic inclusions and

irregular defects are the LOF defects with an irregular shape (large aspect ratio) [72,119].

108



s 1 T —

------

~~~~~~

L 200

Fig. 77. Fracture surface morphologies showing the internal crack initiation with rough area (RA)
in VHCF regime, (A) R=-1, 0. = 250 MPa and Ny = 1.85 x10°: (B) Enlarged view of RA marked
by green box in (A); P2 and P3 in (B) being the location of transmission electron microscopy
(TEM) sample cut by focused ion beam (FIB). Adapted from Du et al. [119] with permission from

Elsevier.

In the HCF regime, type I defects dominate the crack initiation regardless of the stress ratios
used.[119] On the contrary, in the VHCF regime, both type I and type II defects can be found [119].
There is a tendency for type I defects to play a dominant role in crack initiation when specimens
are subject to VHCF under R=-1; however, at R=0.5, type II defects will play a prominent role in
initiating the crack in VHCF regimes [119]. In the VHCF regime at R=-1, RA surrounding the
crack origin is found, while at R=0.5, the RA feature is not seen [119]. Qian et al.[72] also
investigated the fracture mechanism of SLM-Ti-6Al-4V parts subjected to load ratio =-1 both in
HCF and VHCEF regimes. It is interesting to note that the authors found similar crack initiations
both in the HCF and VHCF regimes which contradict the statement of Du et al. [119] about the

surface crack initiation in the HCF regime. In both HCF and VHCF regimes, it is evident that
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cracks originate from the internal surface of the components both in HCF and VHCF regime and

exhibit the same type of subsurface-induced failure (Fig. 78) [72].

Fig. 78. Shows fracture surface morphologies of the the internal crack initiation with RA both in
HCF and VHCF regime (A) 0°, 6a = 450 MPa and Ny = 2.68 x 10°% (B) 0°, 6o = 300 MPa and Ny
=2.51 x 107; (C) 45°, 04 = 450 MPa and Ny = 3.7 x 10°; (D) 45°, 042 = 320 MPa and Ny = 3.1 x
107; (E) 90°, 6. = 400 MPa and Ny = 2.15 x 10°; (F) 90°, 6a = 250 MPa and Ny = 1.03 x 10°.

Adapted from Qian et al.[72] with permission from Elsevier.

However, the RA encompassing the internal defect is confirmed in the VHCF regime, and as a

matter of fact, this is the characteristic region in which cracks usually begin to appear in the VHCF
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regime [72]. There is found a fish eye pattern (FiE) that is formed outside the RA both in HCF
and VHCF regimes which contradicts the results of Du et al.[119] about the feature of the fracture
surface of HCF [72]. Liu et al.[ 128] mentioned that for R=-1, fine granular area (FGA) represents
the basic characteristic region of fatigue crack initiation in the VHCF region. Sun et al.[144] also
confirmed that FGA is a basic characteristic region of fatigue crack initiation in the VHCF region.
However, there is no clear relationship between the FGA size and fatigue life of SLM-Ti-6Al-4V

parts (Fig. 79).
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Fig. 79. Variation of FGA size with fatigue life. Adapted from Sun et al.[144] with permission

from Elsevier.

Pan and Hong [135] investigated the fracture mechanism of Ti-6Al-4V parts both in HCF and
VHCF regimes extensively subjected to different load ratios (-0.3, -1, 0.1, 0.5, 0.6,0.7, 0.8) both

in HCF and VHCEF regimes. The authors found surface crack initiations with RA both in HCF and
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VHCEF regions regardless of stress ratios (Fig. 80). However, both sub-surface and internal crack

initiations with RA are found in the VHCEF region (Fig. 81 and Fig. 82).

specimen surface

Fig. 80. shows Surface crack initiation with RA morphologies depending on different loading
conditions: (A) R = =1, om = 0, 6a = 533 MPa, and Nr= 6.04 x 10°; (B) R = —1, om = 0, 64 = 444
MPa, and Ny= 1.06 x 10°; (C) R = 0.8, om = 784 MPa, 0a = 89 MPa, and Ny= 1.8 x 10°; (D) R
= 0.8, om = 884 MPa, 0. = 113 MPa, and Ny = 2.22 x 10’. Adapted from Hong and Pan [135]

with permission from John Wiley and Sons.
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Fig. 81. shows Internal crack initiation with RA morphologies failed in VHCF regimes depending
on different loading conditions: (A) R = —0.3, om = 166, 6. = 293 MPa, and Ny=7.33 x 10’; (B)
R = 0.5, om = 468, 0a = 159 MPa, and Ny = 4.61 x 10°; (C, D) RA region detail, with arrows
indicating the facets of the cleavage that is marked by the box in (A) and (B). Adapted from Hong

and Pan [135] with permission from John Wiley and Sons.
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(A) specimen surface

Fig. 82. shows sub-surface crack initiation with RA morphologies failed in the VHCF regime. (4)R
= 0.1, om = 312 MPa, 6 = 249 MPa, and Ny= 1.10 x 10°; (B) RA enlargement marked by the box
in (A) where the arrow is indicating the cleavage facet; and (C) enlargement of a region outside
RA region where fatigue striations will be found (Marked by arrows). Adapted from Hong and

Pan [135] with permission from John Wiley and Sons.

Liu et al.[128] illustrated the defect features as shown in Fig. 83 where the red indicates internal

defects, and green means subsurface defects.
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Fig. 83. Schematic diagram of defect features. Adapted from Liu et al.[128] with permission from

Elsevier.

The authors proposed a new location parameter, L, for describing crack initiation mechanism

properly considering the orientation of the defects as follows[128]:

d
;0<L<1 Eq. 1

Here,

r = Radius of the fatigue fracture surface in pym

—dlzdz = Average depth of the defect from the surface

Larger values of the parameter L indicate a higher probability of cracks initiating at surface
defects.[128] A defect that has an L value ranging between 0.9 and 1 is classified as a surface

defect; a defect that has an L value between 0.8 and 0.9 is classified as a subsurface defect, and a
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defect that has an L value between 0 and 0.8 is classified as an internal defect [128]. To correlate

the fatigue strength with defect features, another parameter, D, is proposed as follows [128]:

D = So,(Vareasf)LF Eq.2

Here,
S = Shape factor of the irregular defect
B = Material dependent constant

varea,rr= Murakami’s parameter (Briefly explained in Sec.5)

0= Stress amplitude

Considering the value of D, it is possible to determine which defects are more destructive [216].
This can be done by considering the amount of contribution of the fatal defect to the internal crack
driving force [216]. The consideration of the Index P is chiefly to identify how far a material
contributes to the prolongation of fatigue life and how far it interacts with the matrix in the material
[217]. Thus, fatigue crack initiation and propagation are directly related to the defects and their
adjacent martensite laths. Based on the values of =0, 0.25, and 0.1, Fig. 84 illustrates the
relationship between the D values and the number of cycles to failure in the VHCF regime

[218,219].
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Fig. 84. Correlation between the value D and the number of cycles to failure Nrin the VHCF

regime. Adapted from Liu et al.[128] with permission from Elsevier.

D values have a reasonably linear relationship with fatigue life, with the largest and lowest values
of about 1298 and 593, respectively, for B = 0 [128]. There is, however, a certain degree of
dispersion in the data when D is set to 0.25. This is accompanied by a clear trend in which the
value of D gradually declines as fatigue life continues to increase [128]. A subsurface crack
initiation (red dashed line) is shown in Fig. 84 to have significantly larger D values than internal
(blue dashed line) and surface crack initiations. The D values are similar to those for B = 0.1 and
0.25 [128]. Thus, the selection of the material-dependent constant § may not affect the values of
D [128]. Zhu et al.[219] mentioned that subsurface defects and internal defect crack initiations
coexist at a value of D greater than 593. As illustrated in figure 83, the value of D = 593 can be
taken as the threshold value of D for crack initiation of subsurface defects, as internal defects will
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be found D less than 593. It is also clear from the data that it might be possible to find initiations
of internal defect cracks at any value of D, but initiations of subsurface defect cracks will only be

observed at values of D greater than the threshold value, Dm = 593 [128].

2.6 Prediction of Fatigue strength

2.6.1 Prediction of Fatigue strength considering defect size

The above discussions show that fatigue performance is sensitive to the defects (pores,
LOF defects, etcetera) that are the dominant crack source of fatigue failure for the SLM Ti-6Al-
4V parts. The low fatigue strength of the SLM-Ti has been attributed to the initial defects, which
are invariably formed during the SLM process, and came to light from the fatigue test results and
fracture surfaces that were observed. Several well-known existing formulas can predict the HCF
of material concerning the Varea parameter first proposed by Murakami et al.[220]. It has been
proposed by Murakami et al.[220] that using a statistical analysis of the extreme value counts of
the inclusion/defect size can be used as a method to determine the fatigue limit of steels. Though
the model proposed by Murakami et al.[220] is based on steels, it can be used for Ti-6Al-4V
material both at room and elevated temperatures as well.[1] The predicted fatigue limit, ow based
on Murakami’s model, is presented by Eq. 3 - Eq. 12.

For surface inclusion [220]:

1.43(120 + HV)

 (Vareamg,)/®

Ow

Here,
HV= Vickers hardness

Vareamax = Maximum defect size included in the risk volume of the sample.
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For inclusion just below the surface [220]:

1.41(120 + HV)

O-W —_— T ——
(Varetma) /° ka4
For internal inclusion [220]:
1.56(120 + HV)
Ow = —F——
Y (Vareapax) £q->

Liu et al.[221] modified the Eq. 3 by considering the internal threshold value and proposed the

following equation for the HCF regime:

2(120 + HV)
Ow =

 (Vareamg,) /o

Eq. 6

Wang et al.[222] and Yang et al.[223] introduced fatigue life (N) into the Murakami model and

modified the model for fatigue strength predictions as follows [224]:

(1204+HV) 1-R
ow = (3.09 — 0.120logN) [ I

(Varetmm)é 2

Eq.7

For the lower bound of a scatter of fatigue strength, the author proposed the Eq. 8 as follows [220]:

1.41(120 + HV)

 (Vareama,)

Ow Eq. 8

In another study, Liu et al. [221] modified the Murakami’s equation for predicting the VHCF
strength considering the effect of hydrogen during forming GBF and proposed the following
equation:

2.7(120 + HV)15/16
T (Varetm) 18

Eq. 9

S-N relationship within the HCF regime for a stress ratio R = 1 is generally described by the

Basquin equation, as shown in Eq. 10:
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0a = . (2N)P Eq. 10
Here,
= Stress amplitude
c = Fatigue strength coefficient
b = Basquin exponent
It can be assumed that Basquin equation is also valid to predict the S-N curve in the VHCF region.

Considering the Eq. 4 and Egq. 6, Liu et al. [221]proposed the Basquin’s constant as follows:

(120 + HV)9/8
(Varea;,)1/8

c=1.12 Eq. 11

And

1 1 1
b = §log (1.35(120 + HV) 16(\area;,) 48) Eq. 12

By rearranging the equations proposed by Tanaka and Akiniwa [225], Chapetti et al.[226], and
Mayer et al.[227], Liu et al. [221] derived the Basquin’s constant. The Basquin’s constants are
listed in Table 6.

Table 6. Basquin exponent (b) and fatigue strength coefficient (¢) predicted by different authors.

b c Refs.
1 1 1 9/8 1
<log (135(120 + HV) T6(Varea;) ) 11 Q20+ HV)™7 Liu et al
(Vareay,)1/8 [221]
_i 25 (120 + HV) Chapetti et
48 (Varea;;)1/6 al.[226]
1 1 1
- QC)n(Varean) s Mayer et

- al.[227]
n=28.82 for the bainitic bearing steel, 100Cr6 C=6.47x10* for the bainite steel,

(similar to JIS SUJ2), with tensile strength 100Cr6, (similar to JIS SUJ2), with

2387 MPa. tensile strength 2387 MPa

Tanaka and
-— Lt ymiarean)mi
ma v "Ca(my — Akiniwa[225]
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ma =14.2 for the quenching and tempering | Ca=3.44x10"?! for the quenching and
bearing steel, JIS SUJ2, with tensile strength | tempering bearing steel, JIS SUJ2,
2316 MPa with tensile strength 2316 MPa

2.6.1.1 Determination of initial crack size using extreme value statistics

The Kimax of a subsurface defect, as demonstrated in Fig. 85, is located at the closest location to
the free surface. In this area, cracks have the greatest chance of forming and penetrating quickly

through it. It is likely that this will result in a semi-elliptical crack appearing on the surface.

Elliptical crack
4 |~ equivalent to the
/- — | defect
2b ( -—

Qfect ),

P ) BB b A B B 1B
Specimen surface

Fig. 85. An illustration showing a semi-elliptical crack on the surface. Adapted from Jiao et al.[14]

with permission from Elsevier.

It can therefore be assumed that the subsurface defects are semi-elliptical surface cracks by
neglecting the short life of penetration. An analysis of the semi-elliptical cracks was conducted by
measuring their half-length a, and their depth b. Equation (4) requires two values: hardness, HV,

and the maximum defect size in the risk volume of the sample, Vareamax. Here is a quick overview
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of the proposed effective Varea method by Murakami to determine the size of the initial crack.
As a first step, the standard inspection area, So, is fixed. After selecting random areas from the
sample n times, the area with a defect size of So is selected again and again until the maximum
defect size is found among defects present in each of the selected areas. The j™ smallest size among
the n values found in the above procedure is denoted as Vareamax, j, for j=1, ..., n. The cumulative
probability function, F (%), and the reduced variates, y, are introduced and the following equations

can be used to calculate the values for Fj and y;j for given j:

Jj
F— x 100 (9
=T (%) Eq. 13
yj =—In(=ln——) Eq. 14

The n data of (Vareamasx, j, Fj or yj) are plotted in the semi-logarithmic graph of which the horizontal
axis represents Vareamax and the vertical logarithmic axis represents F and y. It is then using the
least squares method, a linear trend line equation that fits the data is formed in the form of Eq. 15
with two coefficients, m and c.

\/areamax =mXy+c Eq. 15
Now, for finding the Vareamq, ,the value of y corresponding to the risk volume should be

determined by the following equation:

T

y=—In(=Iln ) Eq. 16

Here,

T=Return period:
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T=_ Eq. 17
7 q

However, Kakiuchi et al.[1] used the following equation to find the return period:

r_ VY,
Vo

Eq. 18

Here,

V= Control Volume, mm?

However, Kakiuchi et al.[1] mentioned that V is defined as the volume, which is 5% of the control
volume (Volume at the gage section in the specimen for dog bone shaped specimen).

Vo= Standard volume, mm? = So Xho

Here,

. . YWareamax,
ho= Virtual thickness, mm = Mean value of Vareamax, j = —— 2%/
n

So= Standard detection area, mm?
Substituting the value of y in Eq. 15 obtained from Eq. 16, areamax is estimated using Eq. 17 or

Egq. 18. This procedure is schematically illustrated in Fig. 86.

2.6.2 Prediction of Fatigue strength considering surface roughness

Fatigue performance is also sensitive to the surface roughness, the dominant crack source of
fatigue failure for the SLM Ti-6Al-4V parts. Murakami et al.[220] mentioned that surface
roughness must be considered as a crack problem rather than a notch problem. Murakami et
al.[220] proposed an equation for the fatigue limit considering the surface roughness. The
predicted fatigue limit ow is presented by the following Eq. as follows:

LHA20 4 HY) 1-R,
g, =
w ( ’ﬁa‘r‘ear 1/6 2 Eq 19

Here,
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\arear = Maximum equivalent surface defect size determined from the surface roughness profile.

R= Load ratio

Fix SO

l

Select area with S, randomly

n times

Find the maximum defect size
from the selected area

l

Number the sizes in ascending order

Naretyy, | < ...< Naredyy, ;< ...< Varean, , 1‘

% | Plot (\.’area,,,,,L %) in a semi-logarighmic graph

hy is determined by Varea,,

v

Vy is determined by S, and h,

¥ P

T is determined by ¥ and F, |

Y

y is determined by T I

ax, |

V is determined
by volume of gauge section

Find Varea,,
fory given by T

Trend line equation of Varea,,, as a function of y
is determined in a plot of (Varea,,, P30

Fj is determined by jand n
¥; is determined by j and » (or F})
forj=1,....n

Fig. 86. Block diagram of procedure to determine Narea. Adapted from Kakiuchi et al.[1] with

permission from Elsevier.

2.6.2.1 Determination of maximum equivalent surface defect size using extreme

value statistics

Murakami et al.[220] proposed the following equations to calculate the equivalent defect size for
periodic surface notches as artificial surface roughness:

re a 1 a a 9

T~297(. )=35 (. )2 —974(_ )3 . Eq.2
. 297(,,) =35 (,,)" = 9.74(,,)% a/2b < 0.1 5 q. 20
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varea,
2b

~ (.38;a/2b > 0.195 Eq.21

Here,
a=Depth of the notch (Vertical distance of root to peak), um
2b= Pitch of the periodic notches (horizontal distance of peak to peak), um

Schematic representation of a and b from a surface roughness profile is shown in Fig. 87:

N AL AN AN S

|20 |
_ 4
L4 Y_ N Yﬁ N_©

Fig. 87. Notches and their equivalent cracks.

-

2.7 Fatigue life prediction model

Pugno et al.[228] proposed a generalized Paris equation for the prediction of fatigue life. The Paris
equation was generalized using Quantized Fracture Mechanics (QFM), which substituted SIF,

K(a), with a mean value:

Aa
K*(a,Aa) = o\/(n (a+ 7)) Eq. 22

Here,
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o = Applied remote stress

a = Initial crack length

Aa = Fracture quantum, a material constant

By considering the additional crack size, Pugno et al.[228] proposed the following generalized

Paris law:

da _ - AK*(a, Aa, Ao))! Eq. 2
dN_ ( al a; O-) q3

Here,
C and 1 are Paris equation constants.
By integrating Eq. 23, the total number of cycles NZ* can be found for the fatigue collapse for the

critical crack length ac:

1 ac d
NP = 4

© € . V@K' (aAq, o))

Eq. 24

In order to address the effect of load ratio R on the VHCF responses of the SLMed Ti-6Al-4V
parts, a unified statistical model was introduced by Paolino et al.[229,230] to describe the fatigue
life based on the obtained S-N data and the distribution of defect sizes. Fig. 88 shows a typical
duplex S-N curve showing gigacycle fatigue data with two plateaux where the upper plateau

represents a transition stress, and the lower plateau represents a fatigue limit.
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Surface

nucleation

Stress amplitude

Transition stress
Internal nucleation
Fatigue Limit

Infinite life
—
Number of cycles to failure

Fig. 88. Typical duplex S-N curve. Adapted from Paolino et al. [229] with permission from John

Wiley and Sons.

The authors proposed the cumulative distribution function (cdf) of the fatigue life of a duplex S-

N curve in the form of Eq. 25 [229,230]:

Fy = FYlsurfP;ct + FYlintF;cl(l - Ect) Eq. 25

Here,

x —_—
F,, = cdf of the logarithm of the fatigue limit = @[ | Eq. 26

x —
F,, = cdf of the logarithm of the transition stress = ®[

1 Eq.27
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In Eq. 26 and Eq. 27, y,, and p,, are the mean value of Xi and X, respectively, whereas gy, and
oy, are the standard deviation of Xi and X..

Fyiine = cdf of the fatigue life if crack nucleates superficially

_ q)[y — (yiine + x. bylint)] Eq. 28
OYlint

Fyisurg = cdf of the fatigue life if crack nucleates superficially

Y = (@yisurf + X. byisur) Eq. 29
i

Oylsurf

= Q[

In Eq. 28 and Eq. 29, ayin¢, byiint, Qyisurf, byisurs are four constant coefficients related to the
Basquin’s law whereas 0yjins, Oyisurs are the standard deviations of Ylint and Ylsurf,
respectively.

After considering the Eq. 26 - Eq. 29, Fy finally becomes:

Fy —® [y_(aYlsurf+X.bYI5uf)] o [X—llxt] +® [y_(aYlint+x.bY|int)] ® [x_ule(l_ CD[J&]) Eq. 30

oYlsurf oxt oYlint oX] oxt

Considering both mean stress and stress amplitude effects on the VHCF performance, Du et
al.[119] establish the P-S-N model using equivalent stress amplitude. “Smith-Watson-Topper”

(SWT) model was used to compute equivalent stress, da,eq for different stress ratios as follows:

1—-R
Og,eq = Omax 2 Eq. 31

Here, 0max 1s the maximum stress.
Du et al.[119] established the P-S-N model taking into account the defect size distribution, and

proposed the following equation:
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X = X— W
]+ Fyyner(Y; X) [[1 — Fy,( 9] Eq.32

O-Xt x|

Fr(y; %) = Fyucr(V; X)F,, [

Here,

co - \/aread_“\/aTea - . .
Fyncr (v %) = [, ol byrer (o Vareaq) Srev ( Yd+/areay is the cdf of the finite
OY,HCF Oareay
fatigue life y in the HCF region.
=] - v \/aread_u\/area . .
Fyucr(;x) = [ @ bncrovaredd) o (L% Naeddy g fareqy is the cdf of the finite
OY,HCF 9 Jareay

fatigue life y in the VHCF region.
The fatigue life y is the logarithm of the number of cycles to failure (y = logioN¢), and x is the
Logarithm of the equivalent stress amplitude Ga, eq.

Xt 1s the transition stress of each specimen, which follows the normal distribution with mean value

Hx, and standard deviation oy, .

® (y —Wy Her(xareag)

OY ,HCF

)=The cdf of the normally distributed conditional finite fatigue life y.

Where, Vareay = Initial defect size;
Hy(x,Vareag) = cy + nyx + mylogio Varea, and oy is the standard deviation.

The probability density function (pdf) of the initial crack size v areay,which follows the largest

extreme value (LEV) distribution with parameters |z~ and aJar za, 1s presented as follows:
_ Vareag—p
v q M 1 —\/“-m“d - T —
Fuav( Tetdy = e Ovareag  pme VAW Eq. 33

G\/aead 0y areag
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To determine the coefficient of the mean fatigue life py and the standard deviation of the mean

fatigue life under oy in HCF and VHCEF regimes, multiple linear regression was used. A maximum

oV

Vareag’’ areayq

likelihood approach was applied to estimate the coefficients (p ) of the LEV

distribution by taking into account the sizes of the defects. For both the HCF and VHCF regimes,
the authors used two LEV distributions for defect size vVareay for the case of R = -1, while for
the case of R = 0.5, only one LEV distribution was considered. By applying the maximum
likelihood principle, the authors could determine the mean value p,and the standard deviation
oy, of the stress by considering equation (30) and all the results of tested samples, including runout

ones.

2.8 Conclusion

A comprehensive overview of the state of art on the fatigue behavior of Ti-6Al-4V alloy
manufactured by SLM has been presented and discussed. The key conclusions drawn from the
studies in the literature can be summarized as follows:

1. Microstructures play an important role in HCF and/or VHCF performances. Fine needle-
shaped o’ martensite, with a typical lath width of about 0.2-1um, contains a high density
of dislocations leading to higher fatigue strength with lower ductility of SLM-Ti-6Al-4V
parts. As for the o+ microstructure, fatigue performance will be improved with a decrease
in a phases. The crack begins in the alpha phase of the HCF regime and propagates through
the alpha phase as a cleavage fracture of T-textured alpha grains. Alpha phase
embrittlement can occur when oxygen content increases on the surface.

2. Porosity has a significant impact on the HCF and VHCF performance of the SLM-Ti-6Al-

4V specimens. Porosity can be regarded as one of the most detrimental defects of fatigue
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behavior. If the porosity level increases, the fatigue strength will decrease sharply. The
porosity level also changes the trend/slope of the S-N curve.

. In general, fatigue failure is primarily a consequence of surface defects and internal defects
(i.e., porosity or oxide) occurring fatigue life regime from HCF to VHCF.

As a result of the detrimental orientation of the absence of fusion defects, vertical samples
tend to have a lower fatigue strength than horizontal samples. However, the opposite
statement is available. The load ratio influences the effect of building orientation on the
fatigue performance of SLM-Ti-6Al1-4V parts.

. RS plays a significant role in the HCF and/or VHCF performances. It is suggested that
reduced RS appeared to be one of the reasons for showing improved fatigue life, and thus
different post-processing treatments should be performed to reduce the RS.

. Optimized fabrication parameters also significantly influence the HCF and VHCF behavior
of SLM-Ti-6Al-4V parts by reducing the porosity/defects level.

. Post-processing treatment can improve the fatigue life of Ti-6Al1-4V parts, but there is also
conflicting conclusion regarding the detrimental effect of the post-processing treatment on
fatigue life.

. Optimized fabrication parameters, i.e., scanning strategy, scanning speed, energy density,
layer thickness, hatch spacing, etc, can help get the optimal relative density of SLMed Ti-
6Al-4V parts.

. The effect of surface roughness on the fatigue performance of SLM-Ti-6Al-4V parts is
inconsistent. Thus, despite the wide range of fatigue properties associated with surface
post-processed materials, surface roughness alone cannot provide a sufficient indicator of

fatigue properties due to the fact that prior surface defects can be hidden under a smooth
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10.

11.

12.

13.

14.

15.

surface. The reason is that removing surface roughness does not eliminate internal defects,
and eliminating porosity with retaining AB surface roughness does not produce the
expected fatigue performance. In order to achieve optimal fatigue performance, it is
recommended to eliminate both the high surface roughness and inner defects. In
conclusion, it is pertinent to remember that fatigue strength after post-processing is
determined by a combination of surface roughness, surface RS, microstructure, and the
remaining defects left on the surface.

Specimen geometry, especially the gage diameter, plays a significant role in HCF behavior.
The decreased gage diameter results in a reduction in the fatigue life of those parts due to
multiple cracks that are induced within close proximity to one another.

Ductility and yield strength are also considered to have some influence on the fatigue
behavior of SLM-Ti-6Al-4V parts if RS is taken into consideration.

Load ratio and loading type also affect the fatigue behavior of SLM-Ti-6Al-4V parts.
Fatigue lives of SLM-Ti-6Al1-4V parts decrease with increasing load ratios or the mean
stresses. However, there is no significant impact of test frequency on fatigue life.
Corrosion properties have a significant impact on the fatigue properties of SLM-Ti-6Al-
4V parts. There is a drastic decrease in fatigue strength due to locally intensified corrosion.
In the HCF region, surface crack initiation is found, whereas internal crack initiation
dominates in the VHCF regime. However, opposite conclusions can easily be found that
internal crack initiation dominates both in HCF and VHCF regimes.

RA encompassing the internal defect and Fie pattern can be found in the VHCF region,

which is the characteristic region in which cracks usually begin to appear in VHCF.
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16. Some traditional approaches, based on the Murakami model considering Varea;,

parameter, can be used to predict fatigue performance.

2.9 Future prospects

SLM Ti-6Al-4V parts face several challenges that need to be addressed in order to utilize their full
potential for wider engineering applications. Ishikawa diagram (Fig. 89) illustrates some critical
scientific and technological challenges. The solidification science and the process metallurgy

fields need to be brought together to provide integrated solutions for those challenges.

Material Measurement

Measurement condition -,
temperature, oxygen level,

Alloy chemistry
Human

Powder properties humidity
(sme:ha;e and dlfstnlbultlon) ; Measurabilty &
owder manufacturing cos measurement equipment & Y
Operational skill =
Pawder -physical properties, bulk density, measurement accuracy "

thermal conductivity, flowability, ="
melting temperature, impurities (inclusion, oxide)

Build properties

- surface roughness,
density, microstructure,
residual stress,
mechanical and
chemical properties,

Data preparalion
STL file

Processing conditions
Structure complexity =3
Build height

Melt — physical properties and viscosity

Solid — physical properties, density,

surface roughness, shrinkage geometrical - DEFECT FREE
> 3D PRINTED
Processing parameters — COMPONENT

Process chamber environment &

Malting source =»,
Inert gas (Ar, He, N)
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2 = Recoater
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Support structure Process time

Build plate pre-heating and cooling
Residual stress management sirategy Machine
Part build orientation and location of part

Post-processing strategy -
powder removal and re-use, blasting, machining, heat treatment, and surface
treatment

Method

Fig. 89. Metal AM challenges identified by an Ishikawa diagram. Adapted from Kotadia et

al.[125] with permission from Elsevier.
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As aresult, future research should be focused on several areas that can further advance the process

and SLM-Ti-6Al-4V alloy. To fully establish the relationship between the process and

microstructure of SLM Ti-6Al-4V alloys, as well as to fully explore their great potential, future

studies are required to examine the following aspects:

1.

To overcome some of the challenges in SLM Ti-6Al-4V alloy, mathematical simulations,
digital twins, and machine learning can be combined with closed-loop monitoring and

control systems.

It is evident from the previous studies that different researchers have used different
compositions of other materials powders in Ti powder to fabricate Ti-6Al-4V parts using
the SLM process. However, there is no comprehensive research on the effect of other
materials alongside Al and V. It is, therefore, imperative to investigate in depth the role of
Al and V, as well as other chemical powders, when it comes to achieving optimal powder
behavior during the SLM process.

A strategy needs to be developed for how different grades of powders can be reused,
recycled, and handled without affecting the build processing and performance.

The effects of scanning strategy, physically induced force and chemical compositions
should be properly researched, which may provide desirable microstructures along with
expected mechanical and fatigue properties for commercial requirements.

Some researchers have reported that post-treatment (i.e., heat treatment, HIP treatment,
etcetera) increases the fatigue life of SLMed Ti-6Al1-4V parts, whereas opposite statements
can easily be found. But the interesting thing is that while discussing the effect of post-
process heat treatment and HIP treatment, the effect of load ratio and geometrical

configurations of the specimen has not been considered. Thus, further research is needed
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regarding the role of post-process heat treatments and HIP treatments, considering the
geometrical configurations and load ratio.

In order to further improve the fatigue properties of the material by using various post-
treatments over the AB condition, it would be of interest to investigate the underlying
mechanisms involved in each post-treatment.

Cryogenic treatment has been successfully applied to several alloys, including titanium
alloys, to improve the engineering performance of these alloys. The effect of cryogenic
treatment on the fatigue behavior of the SLMed Ti-6Al1-4V parts would also be a worthy
area of investigation in the future.

There have been several studies that have shown that HIptreatment can reduce the porosity

level in SLM-Ti-6Al-4V parts as a means to increase the fatigue life of the parts. It is
necessary to conduct further research with regard to the choice of temperature and pressure
for HIP treatment. Hence, the study will help determine the effect of temperature and
pressure in the HIP process on the metallurgical behavior and pore-collapsing phenomena.
. A limited number of studies have been conducted on identifying hot tears and fish scales
in SLMed Ti-6Al-4 V parts. Further research is needed to understand why hot tears and
fish scales are formed. This will enable researchers to minimize detrimental impacts

associated with hot tears and fish scales.

In terms of the issues outlined above, it is important to note that they are related not only to SLM/L-

PBF Ti-6Al1-4V alloy but also to other additively manufactured metals given the inherent trans-

scale, hierarchical and heterogeneous characteristics of AM-induced microstructures. Hence, it can

be expected that the knowledge gained from the paper can be potentially applied to the

development of emerging SLM/AM alloys, particularly Ti alloys.
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Chapter 3

Very high cycle fatigue characterization of additive
manufactured Ti-6Al-4V alloy: Effect of Stress relieved
(SR) heat treatment, microstructure, and defect
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3.1 Abstract

Laser Powder Bed Fusion (L-PBF) technique produces intricate structures in various industries.
The durability of L-PBF components should be evaluated when subjected to different types of
stresses in order to extend their applicability to other fields. There is no doubt that cyclic loading
plays an important role in many applications, although most previous studies have focused on
static loads. This investigation explored how stress-relieved (SR) heat treatment affects the very
high cycle fatigue (VHCF) performance of L-PBF-Ti-6Al-4V alloy. The SR heat treatment

increased the VHCF response of the alloy by lowering defect levels and their size along with
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changing the microstructure, thus demonstrating their increased versatility for wider industrial

applications.

Keywords: additive manufacturing; laser powder bed fusion; Ti-6Al-4V alloy; stress relieve; very

high cycle fatigue

3.2 Introduction

A large number of alloys, especially Ti-6Al1-4V, have been processed using L-PBF technology in
recent years due to its strength, low density, and corrosion resistance [4]. Thus, Ti-6Al-4V plays a
significant role in designing and developing many structural components with complex geometries
in aerospace, automotive, defense, transportation, and biomechanical industries [2-4,11,13-16] .
However, the low thermal conductivity and chemical reactivity of titanium alloys make traditional
manufacturing difficult and expensive, which significantly reduces their service life.[98]. Recently,
Additive manufacturing (AM) technology allows the realization of lightweight structures with
geometric flexibility, which has not been, otherwise, possible by the conventional manufacturing
process [2-4]. There are currently a large number of companies manufacturing Titanium alloy
components using additive manufacturing techniques to minimize expensive and time-consuming
manual processes. However, there are still concerns about the structural integrity of the
components manufactured using these techniques. In order to understand the failure mechanisms
of AM titanium alloys and ensure the safety of the design, it is necessary to carry out experimental
assessments of their mechanical properties. Many studies have been conducted on the quasi-static
mechanical properties of titanium alloys [138,231,232] and the response of AM titanium alloys to
high-cycle fatigue (HCF) over time [41,136,202,210,211], especially when it comes to the Ti-6Al-
4V alloy, which is one of the most commonly used alloys in the industry today. However, a few

studies have also been conducted on the behavior of very high-cycle fatigue (VHCF)
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[4,40,72,119,128,144,146,165]. The effects of a stress relief heat treatment and a hot-isostatic
pressing process (HIP) have been investigated in [40,165]; in [119] crack initiation mechanisms
under different stress ratio was investigated; On the other hand, in [146], fatigue tests were
performed up to 10° cycles on specimens with large loaded volumes in order to explore the effects
of size on fatigue performance. So, still there is very limited research on the effect of stress relieved
heat treatment on VHCF performance of L-PBF-Ti-6Al-4V alloy. Therefore, the aim of this study
is to explore how combining controlled platform temperatures with stress relieved heat treatment
can affect the very high cycle fatigue (VHCF) response of L-PBF-Ti-6Al-4V alloy. To achieve
this, specimens of Ti-6Al-4V alloy made on a substrate with a temperature of 80°C were tested
using an Ultrasonic fatigue testing machine with a stress ratio of -1. This study aimed to determine
how stress-relieved heat treatment affects VHCF response and identify critical factors that affect
VHCEF response. In order to analyze the fracture surfaces of the samples, scanning electron
microscopy (SEM) was used, and features such as nature, size, and position of crack-initiating

features were analyzed using p-CT investigation.

3.3 Materials and Methods

The pre-alloyed gas atomized Ti-6Al-4V powder managed by FusiA impression 3D Métal Inc. was
used to manufacture test samples. Table 7 gives the chemical composition of the powder analyzed
by Luvak Inc. in accordance with ASTM F2924 [114] and provided by the manufacturer (FusiA

impression 3D Métal Inc.).
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Table 7. chemical composition of Ti-6Al-4V powder used for manufacturing the cylindrical

samples (weight %).

Material Al \Y Fe O C N H Y Others Others Ti
(each)  (total)
Measured 6.38 4.09 021 0.18 0.02 0.01 0.002 <0.001 <0.10 <040 Bal.
Required @ 5.50- 3.50- <0.30 <0.20 <0.08 <0.05 <0.015 <0.005 <0.10 <0.40 Bal.
6.75 4.50

The particle size distribution of Ti-6Al-4V powder was determined using a laser diffraction
analyzer (Coulter® LS Particle Size Analyzer) in accordance with ASTM B822[233]. This method
allowed for a quick and easy determination of the particle sizes. The Ti-6Al-4V powder exhibited
a range particle sizes with a D10 of 21.0 um, D50 of 35.0 um, and D90 of 47.0 um. It was also
found that only 3% (by volume) of metallic powders were less than 15.0 um. According to ASTM
B214[234] 95.3 % (by mass) of powder possesses a size less than or equal to 45.0 um and the rest
of the powder possesses a size greater than 45.0 um. However, there was no metallic powder
possessing a size greater than 63.0 pum. The metallic powder exhibited an apparent density of 2.55
2.55 g/cm® based on ASTM B212[235] and the flow rate of the powder was 31 sec/50g based on
ASTM B213[236]. L-PBF parts were manufactured using an EOS M290. The substrate was heated
to 80°C. The last step of the fabrication process involved fabricating 11 mm cylindrical samples
perpendicular to the print bed in the vertical direction as shown in Fig. 90 by closely controlling

the L-PBF process parameters as specified in Table 8.
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Machining "

Fabrication direction

Fabrication direction
Loading direction

Fig. 90. Schematic representation of fabrications and loading directions of the fatigue samples.

Therefore, the building direction corresponded to the direction of fully reversed tension-
compression stresses. A total of 40 samples were fabricated to conduct this study. The
manufacturing process was carried out using argon gas throughout the entire manufacturing
process in order to reduce the chance of imperfections caused by foreign materials. Half of the
samples were heat-treated following a conventional stress relieved heat treatment procedure. Post-
processing heat treatment on L-PBF samples consisted of exposure to 593° C for 2 h min in an

attempt to reduce residual stress, porosity and yield a more consistent microstructure.
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Fig. 91. Design of the fatigue sample (a) deformation results from Finite element (FE) harmonic

analysis of Ti-6A1-4V samples, (b) stress results from Finite element (FE) harmonic analysis of Ti-

6Al-4V samples; (c) dimensions of dog bone shaped Ti-6AI1-4V fatigue samples
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Table 8. Parameter sets employed for the manufacture of L-PBF-Ti-6Al1-4V cylindrical samples.

Laser Power 340W
Laser focus diameter 0.100 mm
Scan speed 1250 mm/s
Layer thickness 60 um
Substrate temperature 80°C

Inert gas flow rate 3L/min

In order to analyze fatigue performance in the Ultrasonic Fatigue Testing Machine (UFTM) [237],

a dog bone-shaped fatigue sample with a risk volume of 207.3456 mm’

was designed and
fabricated for use with a resonance frequency of 20 kHz + 400 Hz. In order to map out natural
frequencies, deformations, and stresses of test samples under resonance conditions, the use of finite
element (FE) modal and harmonic analyses was performed on the specimens. Fig. 91 displays the
dimensions of the fatigue specimens along with the FE results. This document uses the term "AB"
samples to refer to the samples that were machined from as-built cylindrical samples, while "SR"

samples refer to the samples that were machined from cylindrical samples that underwent stress

relief heat treatment.

To identify the porosity that results from manufacturing processing, printed samples were
inspected using an XT H225 X-ray pu-CT system (Nikon, MI, USA) to perform computed
tomography (CT) observations on the gage sections of the samples. The CT scans provided a
detailed 3D analysis of the porosity, allowing for a comprehensive evaluation of its effects on the
fatigue performance of the samples. A transmission scan source was used for the scanning of the
samples, which used a beryllium target configured with a scan voltage of 130 kV and a beam

current of 90 pA for scanning. A voxel size of about 1.00145 pm?> was obtained from scan data by
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adjusting the specimen position in the machine. This setup allowed for the acquisition of detailed
data from the sample, as the voxel size was small enough to allow for the acquisition of small
features, and the beam current and voltage were high enough to ensure the desired accuracy and
resolution of the scan. It was necessary to reconstruct the obtained images using CT PRO 3D
software from Nikon Metrology. Then, the images were processed using Dragonfly image
processing software (Object Research Systems, QC, Canada) to detect process-induced defects
and to determine their geometric properties, such as volume, area, aspect ratio, and position. In
order to eliminate image noise from the scanned specimens, a detection threshold of 9 contiguous

voxels was considered.

The presence of imperfections on the surface of L-PBF-Ti-6Al-4V samples can be reduced
by machining. In spite of this, it still has the undesirable side effect of exposing the subsurface
pores that are present in the material when it is produced by the L-PBF process. In a similar manner
to inner pores, surface roughness is considered a potential cause of fatigue life degradation. In
addition to having an impact on the HCF testing results, the specimen surface roughness has an
effect on the VHCF testing results as well [238]. As a result, for the design of L-PBF-Ti-6Al-4V
parts, it is imperative to consider the effects of the surface finish on the fatigue behavior of the
built part. If the roughness is too large, the fatigue strength will be dominated by surface
roughness[238]. It is considered a smooth surface if the surface finish of the sample is lower than
the critical value[238]. Therefore, in order to determine the surface finish of samples, the Mitutoyo
SJ-410 surface roughness measuring apparatus was used to ensure the surface finish did not exceed

the threshold value.

An Ultrasonic Fatigue Testing machine (UFTM) developed at Concordia University [237]

was used to characterize fatigue performance of additively manufactured Ti-6Al-4V alloy in very
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high cycle fatigue (VHCF) regime. It was determined that all of the specimens were run to failure
in each test conducted, and there was no run out condition established for any of the tests
performed. A total of 16 AB and 14 SR heat-treated samples were tested to obtain the S-N curve.
Testing was carried out with a stress ratio of R = -1(fully reversed constant amplitude load Cycles)
applied in a sinusoidal waveform with a frequency of 20 kHz + 400 Hz. Cool air was used to
maintain the temperature of the fatigue samples at room temperature during the tests of the
specimens at a frequency of 20 kHz + 400 Hz. To carry out the fatigue test, the loading direction
was parallel to the building direction of the samples. UFT tests were initially performed on AB
samples. Unusual UFT failures occurred both in AB and SR heat-treated samples. This appears to
be due to the fact that UFT technology uses resonance to test specimens, which results in the testing
sample not totally failing when the samples are tested. When the fatigue crack grows in size, there
is a decrease in the stiffness of the sample and the resonance frequency as well. As soon as the
crack in the sample reaches a certain size, the resonance frequency of the sample decreases. The
frequency of the ultrasonic set is reduced to a level that is outside the operating range of the
transducer, which causes the testing to stop. Afterward, the sample was completely fractured. The
test set up and a sample test result is shown in Fig. 92.The reduction in the frequency of the sample
might not have had a significant impact on the reduction of the ultrasonic sample-horn-booster set,
as these specimens are lighter than other materials that are commonly tested. As a first step, a high-
stress amplitude was applied, and then the stress amplitude was adjusted as a function of the
previous stress-life results obtained from the sample in order to reach failure within the VHCF
regime. There is no correlation between the number of samples in the graph and the order in which

they were tested.
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(b)

Fatigue fracture

Fig. 92. (a) Test set up (b)Fatigue fracture sample with dimension of the sample.

A Scanning Electron Microscope (SEM) was used to observe and analyze the morphology

of fatigue fractures after the VHCF test. Fractographic analyses were carried out on two samples
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for each condition. In the case of the AB condition, two samples tested under stresses of 76.05
MPa and 97.50 MPa to give 1.44E+09 and 7.2433E+07 cycles were used in the fractography
process. In the case of the SR heat-treated condition, two samples tested under stresses of 88.01
MPa and 109.06 MPa to give 1.1964E+09 and 6.10E+07 cycles were used in the fractography
process. A Hitachi Regulus 8230 SEM in secondary electron mode at 15 kV was used to examine
the fracture surfaces and identify the fatigue crack initiation sites. Additionally, Energy-dispersive
X-ray spectroscopy (EDS) was done to detect the chemical composition of the material on the

fracture surface.

3.4 Results and discussion

3.4.1 S-N curve of the tested specimens

The S-N curve of the fatigue samples in Fig. 93 shows the averaged results for the applied fully
reversed fatigue strength and the number of cycles to failure from ultrasonic fatigue testing. It has
been found that from the data of the S-N curves, there will be an increase in fatigue life with
decreasing stress amplitude, without an increase in traditional fatigue life. From Fig. 93, it is
clearly seen that heat treated samples exhibited improved VHCF performance compared to the AB
samples. At the stress of 75.08 MPa, SR heat treated sample survived for an average of 8.81 x 10°

cycles at 76.1 MPa whereas AB sample showed 3.13 x 10° cycles at 76.1 MPa.
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Fig. 93. S-N curves superimposed for all the investigated conditions, namely (a) AB and (b) SR

heat treated.

As can be seen in the Fig. 94, the fatigue data was further fit with a Basquin fit in order to get a
quantitative understanding of the observed results. When the fatigue data, applied fully reversed
fatigue strength (Snf) and number of cycles to failure (Ny), is fitted with a Basquin fit [239], it can
then be presented in the form of Snr= a(Nr)®. It is possible to determine ‘a’ by plotting the observed
data on a log-log scale that is then fitted with linear regression, where ‘a’ will be the intercept of
the linear fit, and ‘b’ will be its gradient. These parameters were extracted from the plots shown

in Fig. 94 and presented in Table 9.

147



125

120 F ® Heat-Treated
F Basquin Fit

15k < Asbuilt

110 F Basquin Fit

(MPa)

105;

max

85

Maximum Stress, S

80 [

75
L i - i
107 108 10° 1070
Number of Cycles (Nf)

Fig. 94. Basquin S-N curves superimposed for all the investigated conditions, namely (a) AB and

(b) SR heat treated.

Table 9 Basquin fit parameters for the fatigue data of samples with different conditions.

Condition Fatigue strength co-efficient, a | Fatigue strength exponent, b
AB 360.2961 -0.0738
Heat treated 447.3619 -0.0783

The curves in Fig. 94 show that the SR heat treatment has significantly increased the fatigue
performance of the samples at all tested stress levels. The fatigue strength exponent of the Basquin
fit was increased from (360.30) to (447.36) after SR heat treatment, indicating a significantly

increased performance alongside the overall shift to a higher cycles range at the lower stress levels.
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The results from Fig. 94 and Table 9 confirm a positive effect of SR heat treatments on the fatigue

resistance of L-PBF-Ti-6Al-4V samples.

3.4.2 Effect of Surface roughness on fatigue performances

There is a strong correlation between the roughness of the surface and the fatigue life of the

samples [39]. The surface roughness of Ti-6Al-4V specimens in both the AB and SR heat-treated

conditions is illustrated in Fig. 95.
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Fig. 95. (a) Surface roughness profile of AB samples; (b) surface roughness profile of SR heat-

treated samples.

Surface roughness measurements were conducted with a cut length of 0.25 mm and an evaluation

length of 16.50 mm. A fatigue fracture is most likely to occur at the gage length, the smallest
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portion of the dog bone-shaped specimen. Therefore, the surface roughness of the gage length

16.50 mm area of the test specimen represents the whole sample. The measurement software

automatically recorded Twenty-four surface roughness indexes, including Ra, Rp, Rv, Rz, etc. The

surface roughness parameters ( Ra- Arithmetic mean roughness, Rp-Maximum height of the

profile, Rz-Point height of irregularities, Rv- Maximum depth of the valley, RSm-Mean width of

the profile elements, Rmr-Average support ratio of a unit) of specimens with two kinds of surface

conditions are listed in Table 70 measured by the Mitutoyo SJ-410 surface roughness measuring

apparatus.

Table 10 Surface roughness measurement of the tested samples

Type of specimen Ra (um) | Rz(um) | Rp (um) | Rv (um) | Rsm (um) | Rmr (%)
AB 0.125 0.855 0.375 0.479 29 0.230
Heat-treated 0.168 1.052 0.485 0.567 46.6 0.240

As a way of evaluating the surface profile of the material, this paper employs three of the most

famous models of the stress concentration factor. These models are the Peterson model [240], the

Neuber model [240], and the Arola-Ramulu model [241,242].

t
K1=1+ 2\/17 ; (Peterson Model)

R, R
K2=1+ 2(—”)(7“) ; (Neuber model)
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K.3=1+2x %\/% ; (Arola — Ramulu Model) Eq. 36
Where,
Ktl=single-notch elastic stress concentration factor,
Kr2=continuous notch stress concentration factor, and
Kt3=stress concentration factor proposed by Arola-Ramulu.
t=notch depth.
r=radius of the notch valley,
b= average distance between surface gaps

The surface gaps b is equal to the average unit width Rsm [243] and the notch depth t is

approximately equal to the maximum valley depth Rv [243].

Fig. 96. The calculation principle of equivalent notch root radius, depth of notch and average

distance between surface gaps
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From equation Eq. 34 - Eq. 36, it is clearly seen that to calculate stress concentration factor from
the surface roughness value, notch root radius r should be evaluated. Fang et al.[243] proposed a
method to calculate notch root radius, r analytically. The authors proposed two equations: one for

deep notch and another one for shallow notch.

For shallow notch (t < K),
2

t
==+ — Eq. 37
T 2+ q

For deep notch (t > %),

w
r= > Eq. 38
Where, t is the notch depth and w is the notch width which is equal to Rsm(1-Rmr) [243]. After

calculating the value of r, from equation Eq. 37- Eq. 38 stress intensity factor Kt was calculated

which are listed in Table 11.

Table 11 The stress concentration factors obtained by different methods.

Sample | Notch root radius, r K¢l K2 K3

(um) (Peterson model) | (Arola-Ramulu model) | (Neuber model)
AB 130.3619 1.1212 1.0008 1.0065
SR 276.8031 1.0905 1.0006 1.0044

From Table 11, it is clearly seen that the stress concentration factor K: on the gage surface of the
sample in SR heat-treated condition is little bit lower than the samples in AB condition. This is

true for all the models. The reason is the notch root radius r which is higher in SR heat-treated
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samples. It is also seen that the value of stress concentration factor can be considered as equal to
1 for all the samples both in AB and SR heat-treated condition that means the surface finish of the
samples were very smooth. So, it can be said that there was no impact or negligible impact of

surface roughness on the VHCF performances of Ti-6Al-4V alloy.

3.4.3 Impact of defects on fatigue performances

It is shown in Fig. 97 that X-ray u-CT (computed tomography) results have been obtained as an
indication of defect distribution in the tested samples of this alloy. The alloy was discovered to
contain defects of different shapes and sizes. However, these defects made up only 0.0001% of the
gage volume of the sample in AB condition whereas SR heat treatment drastically decreases the
defect number which is 0.00001% of the gage volume indicating that in heat treated samples there
were 10 times lower defects compared to the AB samples. The defects size was compared using
\Jarea parameter which is considered as a parameter for the size of the defects. For push-pull loads,
it is mentioned that the critical defect size is in the range 30 pm- 46 pm [31]. It is seen that the
range of Varea parameter (effective defect size) for the samples in AB condition is between
20.01um to 83.71um (median defect-50.23 pm) whereas this range is between 14.15 pm to 34.66
pum (Median defect-35.24 pm) for the SR heat-treated samples which is almost 30% (in terms of

median defect) lower than the AB samples.
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Further, to detect the defect position, a new location parameter L is proposed.

L

=z

0<L<1
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Where,
r = Radial position of the defect in polar coordinate system from the center; and

R =radius of the fatigue fracture surface

il

Defect

Fracture surface

Fig. 98. Schematic diagram of the fracture surface with defect feature.

Larger values of the parameter L indicate a higher probability of cracks initiating at surface defects.
A defect that has an L value ranging between 0.9 and 1 is classified as a surface defect; a defect
that has an L value between 0.8 and 0.9 is classified as a subsurface defect; and a defect that has
an L value between 0 and 0.8 is classified as an internal defect. A MATLAB script was written to

detect the position of the defects using location parameter displayed in

Fig. 99 and Fig. 100. In AB samples there are 97 surface defects (80.83% of total pores), 10 sub-
surface defects (8.33% of total pores), 13 internal defects (10.83% of total pores) whereas in heat
treated samples there are 16 surface defects (66.67% of total pores), 6 sub-surface defects (25% of
total pores), 2 internal defects (8.33% of total pores). In addition, there are 5 defects (4.17% of

total defects) that have a stress intensity factor exceeding 1.5 MPa.m"?in AB samples whereas in
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SR heat-treated samples there was no defect that has a stress intensity factor exceeding 1.5 MPa.m"
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Fig. 99. Defect location in AB samples derived from u-CT (a) surface defects (b) subsurface

defects (c) Internal defects.
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Fig. 101 displays the number of defect statistics for each condition. It is clearly seen that
SR heat-treatment decreases the defects level irrespective of the position of the defects.
Additionally, it is clearly visible that after SR heat-treatment both internal and sub surface defects

critical for very high cycle fatigue [128] decreases.

Internal defects

Sub-surface defects

Surface defects

Total frequency of defects

0 20 40 60 80 100 120

B Heat treated HAB

Fig. 101. Defects statistics for the tested samples in each condition.

It is almost established that the higher the defects level, the lower the fatigue performance [31].
So, higher defects level in AB samples might be one of the reasons of degrading fatigue life

compared to SR heat-treated samples.

Analyzing the p-CT scan results also enable us to determine the equivalent diameter and Feret
diameter of the defects for further investigation. A volume-equivalent sphere has a diameter equal
to the same volume as an equivalent spherical diameter, and its diameter has been calculated using

the following equation [244].
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6 1
D, = (; Va)3 Eq. 40
where Dy is the diameter of the volume-equivalent sphere and Va is the volume of the defect.

Feret diameter is a measurement of the size of an object or particle in two dimensions. It is defined
as the distance between two parallel lines that are tangential to the object on opposite sides and

perpendicular to a specified direction, typically the longest axis of the object.
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Fig. 102. (a) equivalent diameter of AB samples (b) equivalent diameter of SR heat-treated
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In other words, the Feret diameter is the maximum distance between any two points along a straight
line that can be drawn across an object, while staying within the object's boundaries. It is
commonly used in image analysis to quantify the size and shape of particles. Fig. 102 (a) displays
the spread of equivalent diameters of the defects in AB condition. Most of the defects have
equivalent diameters between 22.56 to 63.68 um, with the highest number of defects falling in the
range of 22.56 to 24 pm, accounting for 32.5% of the total. Fig. 102 (b) displays the spread of
equivalent diameters of the defects in SR heat-treated condition. Most of the defects have
equivalent diameters between 17.9026 to 31.2787 um, with the highest number of defects falling
in the range of 17.9026 to 19.26 um, accounting for 45.8% of the total. From Fig. 102 (c), it is
seen that cumulative frequency of defects with equivalent diameters for AB samples between
17.9026 and 27.94 pm is around 96% whereas cumulative frequency of defects with equivalent
diameters for SR heat-treated samples between 22.56 and 46.54 um is around 97%. So, it is seen
that the maximum equivalent spherical diameter of the defects of SR heat-treated samples is lower
(~51 %) than the AB samples. According to the basics of mechanics, higher spherical diameter
will give higher stress ultimately early crack initiation. When defects appear freely inside the
specimen, their size in terms of Feret diameter needs to be taken into account. Fig. 102 (d)
demonstrates that the mean Feret diameter of AB samples is primarily distributed between 26.69
to 79.77 um, with a peak frequency of 20.8% of the total from 28.67 to 35.24 um. In addition, it
was observed that there are defects of a size of 60 to 79.77 um in the sample, yet their frequency
is very low. In SR heat-treated condition, Fig. 102 (¢) demonstrates that the mean Feret diameter
is primarily distributed between 20.91 to 51.312 um, with a peak frequency of 20.91 to 31.49 pm,
making up 33.3% of the total. From Fig. 102 (f), it is seen that cumulative frequency of defects

with mean Feret diameters for AB samples between 26.69 and 62.01 pum is around 95% whereas
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cumulative frequency of defects with equivalent diameters for SR heat-treated samples between
20.91 and 51.1312 pm is 100 %. So, it is seen that the maximum Feret diameter of the defects of
heat-treated samples is lower (~36 %) than the AB samples which might be another reason of
getting improved fatigue performance for SR heat-treated samples. Fig. 103 (a) displays the spread
of volume of the defects in AB samples. Most of the defects have volume between 6.0086E+03 to
1.3519E+05 pum?®, with the highest number of defects falling in the range of 6.0086E+03 to
1.040E+04 um?, accounting for 54.2% of the total. Fig. 103 (b) displays the spread of volume of
the defects in SR heat-treated samples. Most of the defects have volume between 3.0043E+03 to
1.6023E+04 pum?®, with the highest number of defects falling in the range of 3.0043E+03 to
4.078E+03 pm?, accounting for 58.3% of the total. Fig. 103 (c) displays that the cumulative
frequency of defects in AB condition with volume between 6.0086E+04 and 9.21325E+04 um? is
around 98.33% whereas the cumulative frequency of defects for SR heat-treated samples with
volume between 3.0043E+03 and 1.08E+04 pum? is around 96%. So, it is seen that the maximum
volume of the defects of SR heat-treated samples is lower (~ 99 %) than the AB samples. Fig. 103
(d) displays the spread of actual surface area of the defects in AB samples. Most of the defects
have surface area between 1.6027E+03 to 1.3687E+04 um?, with the highest number of defects
falling in the range of 1.6027E+03 to 2.059E+03 pm?, accounting for 35.8% of the total. Fig. 103
(e) displays the spread of actual surface area of the defects in SR heat-treated samples. Most of the
defects have surface area between 1.0154E+03 to 3.2353E+03 um?, with the highest number of
defects falling in the range of 1.0154E+03 to 1.194E+03 um?, accounting for 50% of the total. The
cumulative frequency of defects with actual surface area between 1.6027E+03 and 1.07E+04 um?
is around 98% in AB condition whereas he cumulative frequency of defects with actual surface

area between 1.0154E+03 and 2.791E+03 pm? is around 96% in SR heat-treated samples as shown
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in Fig. 103 (f). So, it is seen that the surface area of the defects of SR heat-treated samples is lower

(~ 77 %) than the AB samples.
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Fig. 103. (a) defects volume of AB samples (b) defects volume of SR heat-treated samples (c)
Cumulative probability of the defects volume for each condition (d) surface area of defects of AB
samples (b) surface area of defects of SR heat-treated samples (c) Cumulative probability of the

surface area of defects for each condition.

The shape of the defects can also impact VHCF performances. To analyze shape of the defects,
three parameters: shape factor, aspect ratio and sphericity are calculated from the data of u-CT. In
order to determine the shape factor S for a defect, the area of a sphere with the same volume as the
defect must be compared to its actual area [128], that is,
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= Eq. 41
36 X T X V,* 4

where the Va means the volume of the defect and Aqg defines the actual area of the defect.
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Fig. 104. (a) shape factor of the defects in AB condition (b) shape factor of the defects in SR heat-
treated condition (c) sphericity of the defects in AB condition (d) sphericity of the defects in SR

heat-treated condition (e) Cumulative probability of the sphericity of defects for each condition.

On the other hand, the sphericity of a defect refers to how much it deviates from a perfectly
spherical shape, indicating its size and shape's similarity to a sphere [245]. The sphericity of the

defects can be calculated using the given equation [244,245],
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Surface area of sphere of same volume

Sphericity = ( Eq. 42

Actual surface area of defect

Fig. 104 (a) demonstrates that the shape factors (S) of the defects in AB condition are mainly
distributed between 0.9605 and 3.1606. It can be seen that at least 19 defects have shape factors of
more than 2. Fig. 104 (b) demonstrates that the shape factors (S) of the defects in SR heat-treated
condition are mainly distributed between 1.0140 and 2.0423. It is clearly seen that only 1 defect
has shape factor more than 2 and most of the shape factors are below 1.2. The higher the shape
factor the higher the stress intensity factor ultimately the higher risk of crack initiation from those
defects [128]. So, the possibilities of premature failure that will give lower fatigue performance
from the defects are higher in AB samples than SR heat-treated samples. Fig. 104 (c) displays the
spread of sphericity of the defects. Most of the defects have sphericity between 0.4726 to 0.7373,
with the highest number of defects falling in the range of 0.60 to 0.614, accounting for 24.2% of
the total. Fig. 104 (d) displays the spread of sphericity of the defects. Most of the defects have
sphericity between 0.5612 to 0.7616, with the highest number of defects falling in the range of
0.71 to 0.74, accounting for 54.2% of the total. Fig. 104 (¢) shows that the cumulative frequency
of defects with sphericity between 0.4375 and 0.772 is around 99% in AB condition whereas the
cumulative frequency of defects with sphericity between 0.5612 and 0.715 is around 96% in SR
heat-treated condition. Generally, defects with higher sphericity are more stable and less likely to

cause issues than those with lower sphericity [246].

Fig. 105 compares the pdf, fStress 3.12<10°, of the VHCF strength at Ny = 3.12 x 10° cycles for the
median defect size, for each tested condition (median defect size =50.29 um for AB, and 35.24 um

for SR). Fig. 105 validates that the SR heat -treatment has a positive impact on the VHCF response
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of L-PBF-Ti-6Al-4V alloy. The reduction in VHCF response is approximately 6.37 % for 3.12 x
10° cycles when considering the median value. As a result, it is confirmed that the investigated SR

heat treatment can be utilized for VHCF applications of LPBF-Ti-6Al-4V components.

N=3.12 x 10°

f Stress, ., 4,9

40 50 60 70 80 90 100 110 120 130 140

Stress,, ., ,,9 (MPa)

Fig. 105. Probability density function of tested stresses at 3.12 x 10° cycles.

3.4.4 Impact of microstructure on fatigue performances

There is a strong correlation between microstructure and fatigue behavior of L-PBF-Ti-6Al-4V
samples [31]. The appropriate conditioning, reduction, or removal of pores may not improve
fatigue performance if the microstructure necessary to satisfy the optimal combination of strength
and ductility is sacrificed simultaneously [31].The microstructure of Ti—6Al-4V in its as-built
configuration exhibits an acicular martensitic structure. There are fine needles of o’ martensite
(supersaturated o slid solution [247]) visible in the figure Fig. 106 (a). These o’ martensitic

microstructure is brittle in nature [248]. It was also observed that Prior columnar 3 grains occurred
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in the direction of the building. A typical Martensitic microstructure in AB condition results from

the rapid cooling rates during L-PBF processes [34].
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Fig. 106. SEM micrographs of the microstructures of (a) AB (b) SR

Fig. 106 (b), shows that a mixture of a+p/ o’ microstructure with increased a lathe thickness is
achieved in the Ti-6Al-4V alloy after the SR heat treatment due to the incomplete decomposition
of o’ martensite. This new microstructure is beneficial to the improved fatigue performance of Ti-
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6Al1-4V alloy [77]. The decomposition of the o’ martensite to o+ 3 is the reason for this lamellar
microstructure. So, it can be said that stress relieved heat treatment increases the lamellar o phase
which supports the outcome of Yu et al.[157]. Moreover, another aspect contributing to the
improvement can be pointed out as the refinement of the o martensitic microstructure into a more
finely lamellar o + B microstructure. It has also been demonstrated that the transformation from a
o, martensitic microstructure to a o + [ lamellar microstructure increased the ductility of the
material, which is advantageous in preventing crack propagation [77]. Therefore, it can be
concluded that a lamellar a + B/ o’ microstructure with increased o lath thickness, freed from
residual stresses by SR heat-treatment, can result in superior fatigue performance. Therefore, an
optimum balance between strength and ductility can be found after SR heat treatment due to the
lamellar structure (Fig. 106 (b)). In addition to this rationale, the chosen SR heat-treatment appears
to be beneficial for fatigue performance because it reduces lamellar crack initiation and

propagation.

3.5 Fractographic morphologies

Fig. 107 shows the fracture surface morphologies of AB fatigue samples. There are three main
zones on the fatigue fracture surface: (I) the cracked region, where cracks initiate and grow slowly,
(IT) the steady propagation region, where cracks propagate continuously, and (III) the final
overload/fracture region, where fast crack propagation will be found giving ultimate fracture. Zone
(D) is where a crack is first nucleated, and it occupies a larger area fraction of the fracture surface
compared to the further stages of failure irrespective of the stress applied. At a stress amplitude of
97.50 MPa, the radius of zone (I) was 2.5 £ 0.2 mm, whereas this radius decreased to 2.40 £ 0.05
mm at nominal stress amplitude of 76.50 MPa which is virtually the same. Fig. 107 also shows

that after-crack initiation, crack propagated across the sample along a horizontal plane until zone
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(IIT) when the fracture surface shifted to a plane that is inclined to the flat surface. The samples
that were tested failed due to subsurface and internal defects, which were found to be almost
similar. Fig. 107 (a) shows the fracture surface of the sample failed after 7.24 x 107 cycles, where
it can be observed that the crack started from a sub-surface defect and spread to the rest of the

sample.

(al) (a2) (a3)

(b1) (b2) (b3)

Fig. 107. Micrographs of fatigue fracture of the L-PBF-Ti-6A1-4V samples in AB condition: (a)
sub surface defect from lack of fusion (. = 97.50 MPa, Nr= 7.24 x 1(’); (b) internal defect from

lack of fusion (ca = 76.50 MPa, Ny = 1.44 x 10°).

In addition, the sample tested had a fisheye (FiE) structure around the crack initiation defect (lack

of fusion) with fine granular area (FGA) in the center of the FiE which consumes most of fatigue
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lives. The samples subjected to cyclic loading suffer from stress concentration around defects
(such as inclusions or voids). It is usually from these stress concentration areas that fatigue cracks
begin to form. It may grow slowly, and the formation of an FGA may occur as a result of cyclic
pressing (NCP), which then leads to a FiE pattern [249,250]. Therefore, an essential factor in
determining the fatigue performance of Ti-6Al-4V is the size of the defects generated during the
process of SLM. Fig. 107 (b) depicts the fracture of the samples that failed at 1.44 x 10° cycles,
where the crack originated from an internal defect and propagated along the sample surface.
Similarly, to the previous sample, this one also had a FiE structure around the crack initiation
defect, with a radial decorative pattern of transgranular fracture around the FiE zone. Here, also
lack of fusion is visible in the fracture surface. It can be said that FiE structure with FGA at the
center is the characteristics region for AB L-PBF-Ti-6Al1-4V samples in VHCF regime. Regardless
of whether a microcrack propagates internally or subsurfacely, due to the vacuum environment,
microcrack propagation was slowed down, and fatigue life was prolonged, while surface defects
experienced faster growth of microcracks because of exposure to the air [218]. Additionally, some
foreign particles with spherical shape were observed on the fracture surfaces, as shown in Fig.
108. At point 1 (spectrum 1) in Fig. 108 , the relative chemical composition calculated from EDS
analysis was 7.61wt%Al, 4.63wt% V, and 87.86wt% Ti, whereas at point 2 (spectrum 2), the
relative chemical composition was 6.09wt% Al, 3.92wt% V, and 92.37wt% Ti. It is possible that
this particle is laser spatter based on its composition and spherical morphology. Fig. 109 shows
the fracture surface morphologies of the SR heat-treated fatigue samples. Here again, three main
zones like AB samples (the cracked region, the steady propagation region, and the final
overload/fracture region) were visible. The samples that were tested failed due to surface and

internal defects, which were found. Fig. 109 (a) shows the fracture surface of the sample failed
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after 6.10 x 107 cycles, where it can be observed that the crack started from a sub-surface defect
like AB samples and spread to the rest of the sample. All these crack initiation sites are associated
with lack of fusion defects with the main crack initiation site leading to the final fracture. Similar
to AB samples the SR heat-treated samples tested had a FiE structure around the crack initiation

defect (lack of fusion) with fine granular area (FGA) in the center of the FiE.

ey B
Spectrum 2

S Spectrum 1

! 100pm 2 Electron Image 1

Fig. 108. Embedded hard particle on the fracture surface of AB sample showing the particle rich

inAlV

Fig. 109 (b) depicts the fracture of the specimens that failed at 1.20 x 10° cycles, where the crack
originated from a sub-surface defect (lack of fusion) like the previous one and propagated along
the specimen surface. In the crack initiation sites, multiple crack initiation sites were found along

with secondary crack.
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Fig. 109. Micrographs of fatigue fracture of the L-PBF-Ti-6A1-4V specimens in SR heat-treated
condition: (a) sub surface defect from lack of fusion (6a = 109.06 MPa, Ny= 7.24 x 10’); (b) sub

surface defect from lack of fusion (ca = 88.01 MPa, Ny = 1.44 x 10°).
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Additionally, unmelted powder was also found on the fracture surface which is also critical for
crack initiation. Like previous SR heat-treated samples here also FiE structure with FGA around
the crack initiation defect was clearly visible. Furthermore, some foreign particles with irregular
shape were observed on the fracture surfaces, as shown in Fig. 110. At point 1 (spectrum 1) in Fig.
110 (a), the relative chemical composition calculated from EDS analysis was 0.42wt%Al,
10.38wt% V, and 89.20wt% Ti, whereas at point 2 (spectrum 2), the relative chemical composition
was 5.41wt% Al, 2.85wt% V, and 87.01wt% Ti. Similarly, at point 2 (spectrum 2) in Fig. 110 (b),
the relative chemical composition calculated from EDS analysis was 0.46wt%Al, 8.88wt% V, and
90.67wt% Ti, whereas at point 3 (spectrum 3), the relative chemical composition was 3.09wt% Al,

4.14wt% V, and 82.19wt% Ti.

(2) (b)

2 -
Spectrum 3

f 100pm ' Electron Image 1 K 200pm ' Electron Image 1

Fig. 110. Embedded hard particle on the fracture surface of SR heat-treated samples showing the

particle rich in V but low in Al

It is possible that this particle is laser spatter based on its composition. However, in SR heat-treated
condition, laser spatter is in irregular shape whereas in AB condition it was in spherical shape.

172



Additionally, it is clearly seen that the laser spatter in SR heat-treated condition is rich in V but
low in Al whereas in AB condition this particle is rich in both Al and V. So, it can be said that
FiE structure with FGA at the center is the characteristics region for L-PBF-Ti-6Al-4V samples at
VHCEF regime irrespective of the post heat treatment. Lack of fusion defects are one of the critical
reasons for initiating fatigue fracture. It is mentioned that lack of fusion defects has the most
detrimental effect on fatigue performance as fatigue cracks initiate from LOF defects irrespective
of the build direction [31]. It should be pointed out that some foreign particles most probably, laser
spatter containing high amounts of Al and V in AB samples and high amounts of V with low Al

in SR heat-treated samples are found on the effective area of the fracture surfaces as well.

3.6 Conclusion

The ultrasonic fatigue tests of the AB and SR heat-treated selective laser melted Ti-6Al1-4V alloy
were conducted. In order to obtain information regarding defects in the model sample, p-computed
tomography was used to characterize them in 3D. The experimental results have led to the

following conclusion based on the results of the experiment:

1. The SR heat-treatment in this study showed improved fatigue performance under cyclic
loading compared to AB samples. The fatigue strength decreases with the increase of the
number of cycles, and the fatigue limit of AB specimens is about 72 MPa, which is much
lower than the fatigue limit of the heat-treated Ti-6Al-4V specimens (88MPa) at 10° cycles.

However, after that the difference becomes small.

2. The fatigue properties of the L-PBF-Ti-6Al-4V are greatly affected by defects inside the
specimen. SR heat-treatment drastically decreases the defect number 10 times lower

defects compared to the SR heat-treated samples. In AB samples there were surface defects

173



of about 80.83% of total pores, sub-surface defects of about 8.33% of total pores, internal
defects of about 10.83% of total pores whereas in SR heat-treated samples there were
surface defects of about 66.67% of total pores, sub-surface defects of about 25% of total
pores, internal defects of about 8.33% of total pores. The equivalent diameter of defects is
mainly distributed in 22.56 to 63.68 um in AB samples whereas in SR heat-treated samples
equivalent diameters was between 17.9026 to 31.2787 um. For Feret diameter, the size is
mainly distributed in 26.69 to 79.77 um in AB samples whereas in SR heat-treated samples
most of the defects have Feret diameters between 20.91 to 51.312 um. These statistics
support the tested results of decreased fatigue performance for AB samples as higher
number of defects with larger diameter is detrimental to fatigue performance. Moreover,

the shape factor of defect is dominated to a certain extent by the diameter of the defect.

SR heat-treatment has a great impact on the sphericity of L-PBF-Ti-6Al-4V alloy. SR heat-
treatment has increased the sphericity of L-PBF-Ti-6Al1-4V alloy. The higher sphericity
might be one of other reasons of getting improved VHCF performance for SR heat-treated

samples.

SR heat-treatment helps to decompose brittle o’ martensite to a finer a+ B/ o' lamellar
mixture microstructure with increased a lathe thickness which is beneficial to the improved
fatigue performance for Ti-6Al-4V alloy. An optimum balance between strength and
ductility can be found after SR heat-treatment due to the lamellar structure which helps to

improve very high cycle fatigue performance.

. The relief of residual stresses generated during the production process after SR heat-
treatment can be considered to be one of another significant factors contributing to fatigue

performance enhancement.
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6. The fatigue cracks mainly originate from internal and subsurface defects both in the AB
and SR heat-treated samples. Lack of fusion defects are one of the critical reasons for
initiating fatigue fracture. Some foreign particles, most probably, laser spatter containing
high amounts of Al and V in AB samples and high amount of V with low Al in SR heat-
treated samples are found on the effective area of the fracture surfaces as well. Moreover,
fisheye characteristic region with FGA will be found in VHCF regime irrespective of the

post treatment.
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Chapter 4

Conclusions and Future Recommendations

4.1 Concluding Remark

A comprehensive overview of the state of the art on the fatigue behavior of Ti-6Al1-4V
alloy manufactured by L-PBF has been presented in Chapter 2. HCF and VHCF performance of
L-PBF-Ti-6Al-4V alloy is positively impacted by increased a lathe thickness, reduced defects
level, reduced residual stress, post-heat treatment, and specimens with increased gauge diameter,
as described in Chapter 2. Additionally, building orientation, surface roughness, load ratio,
process parameters, and mechanical strength also impact HCF and VHCF performance of L-PBF-
Ti-6Al1-4V alloy. It is also described that some traditional approaches like Murakami approach can

be used to predict fatigue performance.

In Chapter 3, An ultrasonic fatigue test was conducted on the AB and the SR heat-treated
L-PBF-Ti-6Al-4V alloy to determine their fatigue properties. As part of the process of
characterizing the defects in the model sample in a 3D manner, computed tomography was used
to obtain information regarding defects in the sample. In this study, SR heat treatment showed
improved fatigue performance under cyclic loading compared to AB samples. The main reason for
getting improved fatigue performance for the SR heat treated samples are decreased defects level

along with their size and the transformation of the microstructure with increased a lathe thickness.

The degree of sphericity of L-PBF-Ti-6Al1-4V alloy has been found to be greatly increased

by SR heat treatment resulting in better VHCF performance. Another important factor contributing
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to the enhancement of fatigue performance can be considered to be the relief of residual stresses

after SR heat treatment generated during the production process.

According to the analysis of SEM images that were taken on both the AB and SR heat-
treated samples, it can be observed that fatigue cracks are primarily brought about by internal and
subsurface imperfections, among which lack of fusion defects and laser spatter can be considered
to be the most critical causes of fatigue cracks initiations. Additionally, fisheye with FGA at the
center can be considered as the characteristics region for VHCF regardless of the post heat

treatment.

4.2 Limitations

a. In this study, the impact of SR heat treatment on the VHCF performance was studied.
It is established that SR heat treatment reduces the residual stresses. However, in this
study it is not analyzed how much residual stress is reduced by SR heat treatment. As
a result, it was not possible to detect whether residual stresses are critical for VHCF

performances or not.

4.3 Future Recommendations

It may be worthwhile to conduct future research in several areas that can contribute to further
advancements of the VHCF performance of L-PBF-Ti-6Al-4V alloy. In order to advance the
understanding of how the process and microstructure of AM -Ti-6Al-4V alloy relate to each other,
and in order to explore the great potential of L-PBF-Ti-6Al-4V alloy to their full success, future

studies will need to examine the following aspects:

a. Residual stresses should be measured after the SR heat treatment and then further
analysis should be done to check whether the residual stresses are a critical factor or
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not. It should also be checked how much detrimental the residual stresses combining

with defects statistics and microstructure transformation.
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