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ABSTRACT

High-temperature mechanical behaviors of metal alloys and underlying
microstructural variations responsible for such behaviors are essential areas of interest for
many industries, particularly for applications such as jet engines. Anisotropic grain
structures, change of preferred grain orientation, and other transformations of grains occur
both during metal powder bed fusion additive manufacturing processes, due to variation of
thermal gradient and cooling rates, and afterward during different thermomechanical loads,
which parts experience in their specific applications, could also impact its mechanical
properties both at room and high temperatures. In this study, an in-depth analysis of how
different microstructural features, such as crystallographic texture, grain size, grain
boundary misorientation angles, and inherent defects, as byproducts of electron beam
powder bed fusion (EB-PBF) AM process, impact its anisotropic mechanical behaviors
and softening behaviors due to interacting mechanisms.

Mechanical testing is conducted for EB-PBF Ti6Al4V parts made at different build
orientations up to 600°C temperature. Microstructural analysis using electron
backscattered diffraction (EBSD) is conducted on samples before and after mechanical
testing to understand the interacting impact that temperature and mechanical load have on
the activation of certain mechanisms. The vertical samples showed larger grain sizes, with
an average of 6.6 um, a lower average misorientation angle, and subsequently lower
strength values than the other two horizontal samples. Among the three strong preferred
grain orientations of the o phases, <1 1 2 1>and <1 1 2 0> were dominant in horizontally
built samples, whereas the <0 0 0 1> was dominant in vertically built samples. Thus, strong

microstructural variation, as observed among different EB-PBF Ti6Al4V samples, mainly
i



resulted in anisotropic behaviors. Furthermore, alpha grain showed a significant increase
in average grain size for all samples with the increasing test temperature, especially from
400°C to 600°C, indicating grain growth and coarsening as potential softening mechanisms
along with temperature-induced possible dislocation motion. The severity of internal and
external defects on fatigue strength has been evaluated non-destructively using quantitative
methods, i.e., Murakami’s square root of area parameter model and Basquin’s model, and
the external surface defects were rendered to be more critical as potential crack initiation

sites.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Additive Manufacturing

Additive manufacturing (AM) is the current state-of-the-art in manufacturing and has
revolutionized many industries. Key advantages of AM include significant economic
benefits due to the reduction in the waste material produced during manufacturing, lower
production time and elimination of complex tools, the expedition of the design to the
production process, lowering energy cost, and feasibility of complicated and advanced
designs that are not feasible with traditional manufacturing [1][2]. Additive processes, as
opposed to subtractive processes, involve the building of parts layer by layer. Many
different techniques of additive manufacturing have been developed in recent years.
However, most of these techniques can be classified as the following: powder bed
processes, liquid bed processes, and material deposition processes. Powder bed processes
include selective laser melting (SLM), selective laser sintering (SLS), direct metal laser
sintering (DMLS), and electron beam processes (EBM). Liquid bed processes are
stereolithography (SLA) and digital light processing (DLP). Whereas materials deposition
processes include techniques such as material jetting, binder jetting, fused deposition
modeling (FDM), and directed energy deposition (DED) [3-5]. Some of the commonly
used DED technologies are laser engineering net-shaping (LENS), laser metal deposition
(LMD), electron beam welding (EBW), electron beam free-form fabrication (EBF), and

wire arc AM (WAAM) [6].



In powder bed fusion (PBF) processes, a thin layer of metal powders is spread on a platform
and eventually fused using a power source, as presented in Figure 1. Subsequent layers are
deposited and melted by lowering the platform step by step until the final desired shape is
obtained. Thus, in PBF processes, the desired CAD model is sliced into a large number of
individual layers and eventually built in a layer-by-layer fashion, which makes it possible
to make easily any complicated component design in a single step in a short lead time. As
opposed to traditional processes, which require costly tooling and machining for hard
materials, powder bed fusion (PBF) AM processes only require the melting of powder
feedstock with a heat source like a laser or electron beam [7]. The use of various processing
parameters such as scanning speed, source power, powder layers, sample position, and
direction dictates the cooling rates and thermal gradient towards the build table and,
eventually, the microstructure of the melt pool and the overall component. Therefore, the
mechanical properties and performance of the parts vary from process to process and build
to build. However, nowadays, various powder bed fusion (PBF) metal additive
manufacturing techniques have gained popularity because of their added advantages over
the traditional subtractive manufacturing processes, like milling, drilling, and turning, for
fabricating various metal components like Ti6Al4V parts [8-11]. However, significant
variability in properties and microstructure in different build processes and also among a
single particular process are still a concern for its potential users making the PBF process
less popular as compared to the traditional processes. Further, issues involved with this

PBF process are discussed in the following problem statement.
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Figure 1 Schematic of the powder bed fusion (PBF) metal additive manufacturing

processes, (a) laser-beam (SLM) and (b) electron-beam (EBM) [12,13].

1.2 Importance and Applications of Ti6AI4V Alloy

Titanium alloy Ti6Al4V is a two-phase o+ alloy. The crystal structures of a-phase is
hexagonal-close-packed (hcp), and B-phase is body-centered-cubic (bcc). The HCP
structures are made of repeated hexagonal unit cells with hexagonal bases and sides of
equal length which is called a basal parameter. In contrast, the BCC structures are made of
cubes with sides having the same length. The unit cell of the BCC has atoms on each corner
and also in the center of it [14,15]. Ti6AI4V falls in the category of a+p alloy since it has
a combination of both a (Al) and B (V) stabilizers. A vertical section of the phase diagram
of this Titanium alloy is presented in Figure 2, in which the p-transus temperature and

weight percent (wt%) change in the alpha phase with temperatures in the two-phase field.
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The chemical composition of various Ti6Al4V alloys is presented in the Table 1, as

comparison among different manufacturing processes.
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Figure 2 The vertical section of the phase diagram of Ti-6Al-xV, exhibiting B-transus
temperature and weight percent (wt%) of Alpha at different temperatures within a two-

phase region [14].

Table 1 Chemical composition of Ti6AI4V [16].

Constituents Cast Material \l\x/ﬁ(;;gigt 1)1;}(])1\)7 iiilaezl difg\i/rg:r
Aluminum, Al 5.5-6.75% 5.5-6.75% 6%
Vanadium, V 3.5-4.5% 3.5-4.5% 4%
Carbon, C <0.1% <0.08% 0.03%
Iron, Fe <0.3% <0.3% 0.10%




Oxygen, O <0.2% <0.2% 0.15%

Nitrogen, N <0.05% <0.05% 0.01%
Hydrogen, H <0.015% <0.015% 0.003%
Titanium, Ti Balance Balance Balance

*Arcam EBM system is an additive manufacturing (AM) company.
Ti6AIl4V alloy has various applications in different critical environments because of its
structural efficiency and some of its exceptional mechanical properties like lightweight,
high strength, excellent corrosion resistance, and high melting temperature[15,17]. Some
of such applications are airframes, jet engines, medical implants, heat exchangers, sports
goods, and so on [14][18]. Though Ti6Al4V is mainly used in various weight reduction
applications in aerospace, automotive, and marine equipment, it is also used in the
biomedical industry as a hard tissue replacement due to its good biocompatibility [19].
However, lately, various PBF processes are being employed extensively for shaping this

hard Ti6AIl4V alloy, particularly in aerospace and biomedical industries [20].

1.3 Statement of the Problem

Though PBF-produced parts have various added advantages over traditionally produced
parts, they also suffer from some crucial issues, like higher surface roughness, internal
defects, and mechanical anisotropy, which are preventing them from being widely accepted
in various industries [21]. The PBF processed Ti6Al4V parts are also a good candidate for
elevated temperature applications because of having high specific strength and high

melting temperature. But, in many structural applications of Ti6Al4V parts, where this



alloy gets exposed to high-temperature environments, they can undergo variation or

degradation in terms of some of their mechanical properties [22—24].

Moreover, PBF-processed Ti6Al4V alloy can be used in different critical environments
under different loading conditions, as it has high strength and high corrosion resistance
[25][26]. In some of these applications, such as turbine blades, where the material is subject
to cyclic mechanical and thermo-mechanical load, fatigue failure and degradation of
mechanical strength become critically important [27]. EBM has been utilized extensively
for producing Ti-6Al-4V parts because of its higher power and higher speed as compared
to other AM methods [28]. This technology has shown possibility in producing similar or

better mechanical properties as compared to the traditional manufacturing processes [8].

However, powder bed fusion (PBF) AM processed Ti6AI4V parts are known to possess
distinctive microstructure, significant anisotropy, and various inherent defects such as lack
of fusion (LOF) porosity, keyhole porosity, and high surface roughness [17,29,30]. Some
of these inherent issues of PBF techniques are inhibiting them from being widely adopted
in different manufacturing industries [21]. These intrinsic microstructural aspects of PBF
processes are very crucial for the resultant mechanical behavior of AM parts, especially
under various high-temperature applications. Therefore, analysis of inherent defects and

anisotropic microstructural behavior is very important.

Besides, the surface roughness of parts made using the EBM process is typically higher
than other PBF processes, which could cause the fatigue performance of EBM-built
Ti6Al4V parts to be less optimal [31]. Therefore, analyzing the fatigue performance of

AM-built metal parts is very crucial for their successful implementation in these
6



applications. To address some of these issues, an extensive investigation has been
conducted in this study in an effort to analyze various inherent manufacturing defects and
their impacts on the mechanical and fatigue performance of EBM-built Ti6AI4V parts.
Furthermore, potential root causes of the observed anomaly of this alloy and manufacturing
process combination have been discussed, and possible insight, resolutions, and future
research scopes have been recommended to further improve the metal AM processes

towards industrialization.



CHAPTER 2

BACKGROUND LITERATURE

2.1 Powder Bed Fusion Metal AM Processes

Different powder bed fusion (PBF) additive manufacturing (AM) processes have proven
to be excellent prospects lately for manufacturing near-net shape Ti6Al4V parts due to
their poor machinability in conventional removal techniques [32]. Consequently, many of
the issues of the different PBF processed parts, such as SLM and EBM parts, including
mechanical behaviors, have been investigated at room temperature by numerous
researchers [17,29,33-39]. Electron beam melting (EBM) and selective laser melting
(SLM) are the two most popular PBF processes which are being analyzed extensively as
alternative manufacturing techniques for the production of complex bulk components.
Ti6AI4V parts produced by these two processes exhibit slightly different microstructural
and mechanical properties. The SLM processed Ti6Al4V parts generally have a distinctive
o’ martensitic phase, whereas the EBM processed counterparts have mainly o phase along
with a small amount of prior § phase on the grain boundaries [17,40]. These phase variation
in microstructures is primarily because of the difference in processing conditions and the
difference in cooling rates between these two methods. The cooling rate during the
formation of the hcp a-phase from the allotropic transformation of the bee 3-phase dictates
the final microstructure of the various PBF parts [41-43]. In the SLM process, the thermal
gradient is much higher, resulting in a higher cooling rate, as compared to the EBM process,
where the build chamber is kept at an elevated temperature causing a lower thermal

gradient [17].



2.2 Microstructure Formation in EBM Process

During the initial solidification of the EBM process, the Ti6Al4V melt pool speedily
solidifies into primary B grains when the temperature is still higher than the B-transus
temperature (around 980 °C), as shown in Figure 3. These prior B (B) grains then transform
into the martensitic o phase following a rapid cooling rate. The martensitic o' phase
subsequently decomposes into a colony, o basketweave, and B phases during the solid
phase transformation because of a near-isothermal annealing process at the building
temperature of around 650 °C [44]. Consequently, the tensile and fatigue properties of
Ti6Al4V parts built by this EBM process also differ because of this microstructural
variation and changes in orientation and texture of the a and B phases, which depend on

the cooling rates[17,40].



Molten powder (at melting temperature of 1604-1660°C)

Initial very fast cooling rates

Solidifies into primary B (') grains (above B- transus temperature 980 °C)

At a fast-cooling rate of >410 %!

Primary B(p’) transform into martensitic o' phase (martensite start temperature 800 °C)

When subject to an isothermal annealing and a slowed cooling

Solidification following cooling process

Martensitic o' decompose into o phase (o colony, a basketweave) & b phase (build temperature of 600-650 °C)

Figure 3 Illustration of the microstructure formation in Ti6Al4V component following

electron-beam PBF process.

2.3 Anisotropy in Room Temperature Mechanical Behaviors of PBF AM-Built Parts

However, the PBF AM-built Ti6AI4V parts show significant anisotropic behavior under
tensile loading. This anisotropic mechanical behavior might be due to numerous reasons.
Various internal defect distributions and variations of microstructure and slip plane
directions are rendered as the key components for the anisotropy of PBF parts. Especially
the difference in columnar grain growth and slip system activation directions mainly dictate
the observed anisotropy behavior of any metal parts. Usually, the columnar grain boundary
grows along the build direction, and the slip systems become active parallel to the a

platelets [17,45,46]. The change of the orientation and maximum intensity of the a phase
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from their preferred strong <2 1 1 4> type texture to the other types would contribute to

the anisotropic behaviors of EBM parts[40].

In their study, Ladani et al. [45] have studied the room temperature mechanical behaviors
of as-built EBM Ti6AIl4V parts through various testing and microstructural analysis. They
have found significant anisotropic elastic and plastic behaviors and strain rate dependency
for the samples built in different orientations. The variation of columnar grain growth and
slip system activation directions were found to be the main reasons for this anisotropy,
where columnar grain boundary was seen to grow along build direction and slip systems
were found to be active parallel to the a platelets. Interestingly, they have also observed
that the hardness and microstructure change locally from the base plate to a further location
along the build direction. They have anticipated that these variations are due to the change
in cooling rates. During the melting and solidification process, most of the heat is
conducted towards the build table since the conductivity of the surrounding powder is very
poor. As a result, the bottom section of the sample has finer a-plates due to a faster
solidification rate as compared to the top section, where the solidification rate is low. In
another study, H.K. Rafi et al. [17] demonstrated the comparison between the two most
common PBF processes, which are SLM and EBM, depending on the room temperature
microstructural and mechanical properties of Ti6Al4V parts produced by these two
processes. The most crucial difference is the resulting microstructural variation. The SLM
processed parts have an a’martensitic phase while the EBM processed parts have an o
phase along with a small amount of B phase. And the variation of these microstructures is

due to the different processing conditions and cooling rates. They have also observed that
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the tensile and fatigue properties of these two processes also vary because of these different

microstructures.

The microstructural variation of the as-built and heat-treated EBM-built Ti6Al4V alloys
and their effect on the resultant mechanical properties was investigated by Formanoir et al.
[42]. With the help of numerical reconstruction of the primary B phase, they have shown
that the prior B grain grows along the build direction following a columnar morphology
during the solidification phase of the melt pool. They have also observed that the vertically
built samples have lower yield strength than the horizontally built sample. The subtransus
temperature heat treatment produced a modest microstructural variation with a very low
mechanical property shift from the as-built sample. Whereas the supertransus heat
treatment resulted in a very different microstructure with a rapid B grain growth and
transformation of columnar morphology into an equiaxed one as noticed in the isotropic

material.

The microstructure and property variations resulting from the processing build chamber
temperature of the EBM Ti6AIl4V parts have been analyzed by Al-bermani et al. [43]. This
study again confirms that the initial columnar 3 grain transforms to the diffusional alternate
o/p microstructure from the transitional martensitic structure after completion of the build
process of the EBM Ti6AI4V component. From the prior § reconstruction following EBSD
analysis, they have observed the substructure formation as low-angle grain boundaries in-
between the columnar dendrites resulting in a complex deformation mechanism. The build
temperature variation was found to have a significant effect on the resulting microstructure

and mechanical properties. They have observed that increasing the build temperature above
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678°C resulted in a significant decrease in mechanical properties because of the coarsening
of the microstructure in the as-printed condition. The effect of build thickness on the
consequent microstructure was analyzed by Tan et al. [44]. They have observed the
presence of a'martensite along with alternate o/p microstructure in the sample, which is
very thin with a thickness of 1 mm. Whereas, inside the thick samples with a thickness of
5- 20 mm, all the martensitic a’decomposes into alternate a/p with both the basket-weave

and colony morphologies, due to the slow cooling rates as compared to the thin sample.

2.4 High-Temperature Mechanical Behaviors of Titanium Alloy

Moreover, various high-temperature properties of Titanium alloy, produced by traditional
manufacturing processes, have been analyzed by many researchers. For example, J. Kim
et al. [23] have studied the high-temperature tensile properties of conventional Ti6Al4V
samples using instrumented indentation testing (1IT) and a modified representation
method. They have also conducted high-temperature tensile testing along with IIT. They
have found that with increasing temperature, the yield strength and tensile strength of
Ti6Al4V parts get reduced, and the ductility gets increased due to the activation of atoms
and movements of dislocations. In another study, W. S. Lee et al. [22], have examined the
mechanical behaviors of hot-rolled Ti6Al4V alloy at various strain rates and temperatures
using the compressive split-Hopkinson bar technique. They have found significant
sensitivity of the flow stress behavior of Ti6Al4V parts to both the strain rate and
temperature. They have also observed that work hardening rates also decrease with the

increasing temperature and strain rate.
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Y. Y. Zong et al.[47], have investigated the hydrogenated conventional Ti6Al4V alloy,
with equiaxed o phase and transformed f phase, at high temperature using isothermal hot
compression test. They observed that the flow stress decreased by 11.2% with the addition
of 0.3 wt% hydrogen in the titanium alloy when the plasticity increased by 20% due to low
dislocation density, decreased stacking fault energy, twinning, dislocation mobility, and
dynamic recrystallization, which were induced by hydrogen. Besides, with the increasing
temperature, the flow stress decreases because of the increase in dynamic recrystallization.
And J. H. Zhu et al. [48] have analyzed the high-temperature mechanical properties of
Ti6Al4V matrix alloy and TiCp/Ti6Al4V composite material produced using cold and hot
isostatic pressing (CHIP) up to 538°C. They have found that the yield strength, tensile
strength, and creep resistance of the composite material TiCp/Ti6AI4V are greater than the
matrix alloy Ti6Al4V when the ductility is lower than the former one. They have also
noticed that the ductility is very sensitive to strain rate due to the stress relaxation
mechanism. The mechanical properties of hot rolled Cu-1.5 wt.% Ti alloy in the solution
treated and peak aged conditions at high temperatures up to 550°C have been analyzed by
S. Nagarjuna and M. Srinivas [49]. They have found that the yield strength and tensile
strength of solution-treated alloy increase with increasing temperature up to 450°C because
of the metastable and ordered Cu4Ti (B!) phase precipitation, created during the elevated
temperature age hardening, and then decreases with further increase of temperature due to
the coarsening of B! precipitation. On the contrary, in the peak-aged condition, the yield
strength and tensile strength remain almost constant with an increase of temperature up to

350°C and decrease beyond this temperature. This decrease at high temperature again can
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be attributed to coarsening of precipitates and easier dislocation movements due to

thermally activated slip glide.

The high-temperature tensile properties of as-rolled Ti-40AI-15Nb alloy were studied by
C. T. Yang et al. [50] up to 1150°C at a strain rate of 10 s’%. They have found that the
ultimate tensile strength of this alloy shows a positive temperature dependence up to
800°C, then decreases with temperature. The increment of the UTS was described as the
result of the introduction of dislocation dipoles and numerous jogs and debris defects due
to the increase of interactions of 1/2<110> screw dislocations with strain. Above 800°C,
the decrease in tensile strength with temperature might be due to thermal activation and
weak 1/2<110> screw dislocations. The laser melting deposited (LMD) TiC/TAI1S
composite was examined by D. Liu et al. [51] at various high temperatures with the
crosshead moving rate of 0.2 mm/min. They have observed that the ultimate tensile
strength decreases from 625 MPa to 342 MPa, while the percent elongation increase from
7% to 18% with the increase of temperature from 600°C to 700°C. The tensile properties
of cold-rolled Ti-6AlI-4V at a strain rate of 6.6x10* s™* were studied by S.H. Wang et al.
[52] up to 450°C. They have observed that the tensile strength increases and the ductility
decrease with increasing temperature. Interestingly, they have noticed that at around 300°C
temperature, there is a rapid drop of ductility, which might be because of the oxide film

and temperature dependence of the activation of slip systems.

The evolution of microstructure and underlying mechanisms of conventional Ti6AlI4V
alloy undergoing different thermomechanical processing has been reported by various

researchers [53-59]. Various mechanisms have been found to be activated during high-
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temperature deformation resulting in softening behaviors. In the temperature range of
500°C-850°C, which falls in the a phase field, the potential softening mechanisms are grain
coarsening, elongation, rotation, platelet local shear deformation, and dislocation glide and
climb [59,60]. On the contrary, during hot pressing at high temperature, adiabatic heating
and o—f phase transformation (between temperatures 850°C to 950°C) and dynamic
recovery and dynamic recrystallization (DRX) (between temperatures 1000°C to 1050°C)
have been identified as possible flow softening mechanisms by Ding et al. [53]. The
observed microstructural evolution was found to be manipulated by the initial
microstructure, hot working temperature, strain rate, and successive cooling rate. The
different cooling rates also determine the morphology of the resultant a phase as
Widmanstétten or acicular, equiaxed, plate-like, and basket weave. The adiabatic heating
might raise the actual temperature of the sample and thus increase the softer § phase, which
is responsible for softening behavior of the sample. He et al. [54] also reported the dynamic
recrystallization and globularization of a layers to be activated during hot deformation at a
temperature higher than B-transus, resulting in microstructural evolution and softening of
Ti6Al4V alloy. Dynamic a-grain coarsening was also observed to be activated during slow

hot deformation and subsequent quenching at 500°C and 600 °C.

The dominant softening mechanisms of Ti6Al4V alloy in steady-state hot forming
deformation have been discussed and modeled by Bai et al. [56]. They have molded the
globalization of lamellar alpha phase, dislocation density, temperature rise due to plastic
deformation, texture change, and phase transformation as potentials flow softening

mechanisms. During the phase transformation starting at around 600°C, the volume

16



fraction of the hcp a phase decrease with the increase of temperature. The complete
transformation of the alpha phase to the bcc B phase can be obtained by reaching the beta
transus temperature. Thus, the proposition of a softer beta phase has a significant effect on
material flow properties. The alpha phase is harder than the beta phase, and the former
deforms less than the latter phase causing strain concentrations in the softer beta phase.
Furthermore, the globalization of the colony alpha occurs due to the localization of the

strain into shear bands within the alpha lamellae during hot deformation [61,62].

The deformation temperature during thermomechanical processing plays a significant role
in controlling the evolution of the o and B phases. The initial sample has a mixture of
equiaxed o and B grains. The o phase becomes coarser with the increasing processing
temperature. Furthermore, the Ti6Al4V alloy having high stacking fault energy stimulates
sub-structure formation during deformation. On the contrary, deformation at high
temperature reduces the dislocation density due to the thermally activated dislocation

motion resulting in softening behavior in the alloy [58].

The flow softening of Ti6AI4V alloy during high-temperature deformation has been
described by Park et al. [57] as well. The evolution of the lamellar alpha to globular alpha,
the colony rotation, and alpha particle coarsening were proposed and investigated as
potential softening mechanisms. They have observed that alpha coarsening is the dominant
mechanism over dynamic spheroidization at the thermomechanical processing temperature
range of 815-950°C and strain rates of 0.1 and 1.0 s. Souza et al. [58] have investigated
the evolution of the beta phase during the hot deformation of Ti6Al4V alloy. During the

hot working process, vanadium diffusion was observed to take place, increasing the volume
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fraction of the beta phase. Therefore, strain-induced phase transformation was noticed due
to the adiabatic heating in o+f working. The deformation temperature during
thermomechanical processing plays a significant role in controlling the evolution of the o
and P phases. The sample deformed at 720 °C has a mixture of equiaxed o and B grains.
The volume fraction of the o phase decreases, and they become coarser with the increasing
processing temperature. Furthermore, the Ti6Al4V alloy having high stacking fault energy
stimulates sub-structure formation during deformation. On the contrary, deformation at
higher temperatures reduces the dislocation density due to the thermally activated

dislocation motion resulting in softening behavior in the alloy.

2.5 Inherent Manufacturing Defects in Metal AM-built Parts

Furthermore, various PBF AM process-built Ti6AI4V parts are known to have various
internal defects, such as lack of fusion (LOF) porosity, keyhole porosity, and entrapped gas
porosity [30,63-66]. LOF porosity occurs due to insufficient energy density, whereas
keyhole porosity builds up along the scanning path because of excessive energy density.
Non-uniform supply of the powder layer, deviation of the process parameters from the
desired ones caused by the change of the power source and scanning system, etc., are some
of the reasons responsible for both of these porosities [67]. Whereas the gas porosity could
originate from the trapped argon in powder feedstock during the atomization process and
from the water vapor on the powder surface as hydrogen pores [64]. All these porosities
are detrimental to the mechanical performance of the PBF parts. X-ray tomography has
been an excellent tool in non-destructively analyzing these inherent defects of various

metals AM parts.
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2.6 Fatigue Performance of Metal AM-built Titanium Parts

On the other hand, past research has shown a correlation between fatigue failure and
inherent material defects, microstructure, surface roughness, and residual stress [68—74].
Surface and sub-surface defects are found to be the most likely locations for fatigue crack
initiations sites as compared to the other types of defects. Different post-processing
treatments have shown the potential to enhance the fatigue resistance of these AM parts.
For example, machining, shot peening, electropolishing, etc., can be used to reduce surface
roughness, whereas various internal defects like pores and unmelted zones can be
minimized by hot isostatic pressing (HIP). Likewise, heat treatment can be used to lessen
various microstructural defects and residual stresses. But, these post-processing techniques
are very costly, time-consuming, and sometimes very difficult for complex geometries
[75]. Besides, the most significant benefits of adopting additive manufacturing over
traditional subtractive methods are being able to produce near-net-shape parts, cost and

waste minimization, and producing complex geometries [76].

Therefore, the as-built specimens produced by one of the PBF additive manufacturing
processes, which is electron beam melting (EBM), have been analyzed here. However, one
of the major objectives of the authors is being able to minimize various inherent defects,
which are very common to the PBF parts, through various process parameters optimization
instead of expensive post-processing, it is equally important to understand the effects of
various defects on the performance of parts. Hence, various surface and internal defects of
EBM-built parts have been investigated here to determine their potential effects on their

fatigue performance of them.
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Numerous researchers have studied the inherent defects, and fatigue performance of PBF
processed parts. For example, Chastand et al. [77] have studied the fatigue properties of
Ti-6Al-4V parts produced by EBM and SLM using high cycle fatigue tests at a stress ratio
(R = Opmin/ Omax) Of -1 and with a constant stress amplitude. They have found that a HIP
treatment, in addition to the machining and polishing of the as-built specimens, has
significantly improved the fatigue strength for both EBM and SLM processes. They have
also observed that fatigue properties vary with the build directions of the specimens in
these two processes. Further analysis showed that post-processing treatment could improve
fatigue properties to the level of classical casting and wrought processes. In another study,
it has been demonstrated that the high cycle fatigue properties of EBM and direct metal
laser sintering (DMLS) produced Ti6Al4V parts are controlled by the inherent surface
roughness [78]. Moreover, it has been tried to estimate the fatigue performance based on a
simple estimation model approach of linear fracture mechanics, where an equivalent initial
flaw size (EIFS) was back extrapolated from the experimental stress-life data and
correlated to the surface roughness parameter Ry which is the total height of the roughness
profile. From the fatigue crack growth experiments, it was found that the crack growth rate

of EBM is lower than DMLS near the threshold stress intensity (AKry) region.

The effects of the surface roughness and microstructure on the high cycle fatigue (HCF)
life of Ti-6Al-4V parts produced by SLM and EBM have been evaluated through load
control fatigue testing at stress ratio R= - 1 and with frequency f = 120 Hz by Vayssette et
al. [79]. They have found that for both SLM and EBMAM processes, the as-built sample

has lower fatigue strength than the machined HIPed sample. In their study, Cao et al. [80]
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have also investigated the fatigue performances of Ti-6Al-4V produced with different
additive manufacturing processes. They have found that the fatigue properties of AM-built
Ti-6Al-4V parts are controlled preferentially by the surface roughness, porosity, and
microstructure. They have also noticed that wire-feed and SLM processed Ti-6Al-4V have
better fatigue performance than EBM Ti-6Al-4V because of reduced as-built surface
roughness and less porosity in the former cases. The higher surface roughness in EBM-
built Ti-6Al-4V could be due to some of the processing parameters, such as coarser
powder, thicker deposition layer, faster scan speed, and larger beam size, that are used in
available Arcam machines as compared to some other AM processes. Finally, they have
concluded that since all as-fabricated AM Ti-6Al-4V has a lower crack growth threshold
(VKyy) due to finer grain than the wrought materials, they are not appropriate for fatigue-
critical applications without substantial post-processing treatment like HIP, surface

machining, and polishing.

The residual stress in the EBM-produced Ti-6Al-4V parts is very low since the build
chamber is maintained at a high temperature of around 700°C throughout the build process
[17]. However, it was found that the fatigue life of the as-built EBM Ti-6Al-4V sample
with a rough surface didn’t improve much with hot isostatic pressure (HIP) operation
[78],[81]. As a result, it can be noted that the porosity doesn’t have as severe an effect as

the surface finish has on the fatigue properties of EBM samples [82].
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2.7 Gaps in the Literature

Finally, though the anisotropic mechanical behavior and underlying microstructural
variation inherent to PBF-AM-built Ti6Al4V parts have been analyzed by various
researchers, most of these studies are either inconclusive or have conflicting observations.
Moreover, a comprehensive analysis, including various microstructural features such as
intrinsic defects, grain sizes, crystallographic texture, preferred grain orientation, and their
effects on the mechanical anisotropic behaviors, was felt highly necessary by the authors
to provide further insight and precaution for the users of EBM Ti6AIl4V in various critical

applications.

Furthermore, the microstructural evolution and related mechanical behaviors of
traditionally produced Ti6AI4V alloy during various thermomechanical processing and hot
deformation have been examined by various researchers identifying various mechanisms
responsible for these behaviors. But, most of these studies are again either inconclusive or
have conflicting findings. Moreover, there are very limited works reported in the literature,
according to the author's knowledge, focusing on and analyzing high-temperature
mechanical behavior and corresponding microstructural evolution of AM-built Ti6AI4V

alloy.

On the contrary, according to the author’s knowledge, very few works have been conducted
focusing on the elevated temperature elastic and plastic behaviors of PBF metal parts.
Limited available high-temperature data of conventional Ti6Al4V alloy are presented in
Table 2 to indicate how they vary with testing temperature and with strain rates. Aliprandi

et al. [83] have investigated the tensile and creep behavior of EB-PBF-produced Ti6Al4V
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alloy after hot isostatic pressing and surface machining. They have found that the applied
post-processing has improved the tensile and creep behavior considerably by relieving
stresses and reducing detrimental defects like porosity and surface roughness. Besides, they
have analyzed the high-temperature mechanical properties up to 800°C and found that the
ultimate tensile strength and yield strength decrease, while the ductility increases with the
increasing temperature. They have examined the sample printed only in the XZY direction.
But available literature indicates that printing orientation could have significant effects on
high-temperature mechanical properties. The microstructural evolution and related
mechanical behaviors of traditionally produced Ti6AI4V alloy during various
thermomechanical processing and hot deformation have been examined in depth,
identifying various mechanisms responsible for these behaviors. But there has been hardly
any work reported in the literature, according to the author's knowledge, analyzing high-
temperature mechanical behavior and corresponding microstructural evolution of AM-built

Ti6AI4V alloy.

Table 2 Mechanical Behaviors of Conventional Ti6Al4V Parts Available at Literature.

(RT means room temperature).
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Ti6Al4V

930- 8% | [25,84.8
(Wrought RT 105-107 | 860-962 >10 A
1008 10 5]
material)
Ti6Al4V 500 436 467 31.2
8.3x | J.Kim,
(Conventiona NA
RT 968 1015 12 107 2016
)
6.7
356 430 134 J.H.
Ti6Al4V X10'5
538 NA ZHU,
(CHIP) 6.7
382 463 155 1999
x10*
700 580 W.S.
Ti6Al4V 8 x
NA NA NA Lee,
(Hot-rolled) RT 998 102
1998
450 505 592 28 S.H.
Ti6AlI4V 6.6 x
RT NA 903 982 19 Wang,
(cold rolled) 10
2002

Moreover, the fatigue strength of the as-built EBM parts could be 65-75% lower than the

classically produced wrought parts [17]. So, it is apparent that the most critical issue with

respect to the fatigue critical applications of EBM Ti6AI4V parts is the surface roughness.

These surface irregularities could be formed due to various reasons such as balling, stair-

steeping, and partially melted powder particles attached to the surface [86,87]. Again, the
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surface roughness of the EBM sample also varies with built orientations with respect to the
built table [8],[77],[81]. For this reason, the fatigue strength of EBM Ti-4Al-4V parts might

also vary with their built orientation of them.

From the above literature analysis, it is obvious that various defects, especially the surface
or sub-surface ones, inherent to the EBM processed parts are very crucial to their fatigue-
critical applications. Nevertheless, the quantitative correlation between the fatigue strength
and the inherent defects has not been analyzed well enough, according to the author's
knowledge, though it is very crucial for various fatigue-critical applications. Furthermore,
there is a lack of understanding of how these defects contribute to crack initiation and

propagation in a part that has inherently anisotropic behavior.
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CHAPTER 3
OBJECTIVE AND RESEARCH PLAN
From the above discussion, it can be seen that the mechanical behavior of various Titanium
alloys produced by various conventional processes could be highly temperature-sensitive.
Furthermore, it can be intuitively hypothesized that Ti6Al4V parts, produced by various
PBF processes, would be pretty temperature sensitive as well. However, investigating the
high-temperature characteristics of the PBF processed part is very crucial because of its
numerous high-temperature application needs. Hence, this study investigated the
mechanical behaviors of EBM-built Ti6Al4V parts at various high temperatures up to
600°C temperatures. In addition to that, the anisotropy of the mechanical behavior was also
examined using EB-PBF Ti6AIl4V samples built in three different orientations at those
specified temperatures. The fracture surfaces of all the tested samples were investigated
using an optical microscope and a field emission secondary electron microscope (FESEM)

for a deeper understanding of the possible failure mechanism.

Electron backscattered diffraction (EBSD) techniques have been used for the
microstructural analysis of samples both before tensile testing and after tensile testing. The
effect of the as-built microstructural aspect and inherent defects on the intrinsic anisotropic
behavior of EB-PBF AM-built Ti6Al4V alloy have been investigated as well. Again,
because of having various crucial high-temperature applications in aerospace and other
industries [88,89], this study also focuses on the high-temperature mechanical behaviors
of Ti6AIl4V parts built by EB-PBF at different temperatures up to 600°C. The

microstructural evolution and subsequent changes of texture, phase, preferred grain
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orientation, and sizes of the grains after tensile testing of the samples at different
temperatures have been analyzed further to understand potential softening mechanisms and
their effect on the resultant mechanical properties. EBSD techniques have been used for
the microstructural analysis of the sample after careful preparation of them using standard
polishing processes and to observe their respective microstructural evolution due to the

applied thermomechanical loading.

Besides, the surface profiles from different faces parallel to the loading direction of EBM-
produced Ti-6Al-4V parts built in different orientations have been measured using a stylus
profiler. Various surface roughness parameters have been obtained from the surface profile
measurements to analyze the anisotropy in surface roughness. Finally, from these measured
surface profile, the projected areas of surface roughness defects on a plane perpendicular
to the maximum principal stress has been calculated. Although the as-built surface defects
are more crucial to fatigue performance, the internal defects with considerable size could
be detrimental too. Therefore, X-ray computed tomography (CT) analysis was conducted
to determine the inherent internal porosity defects of the as-built EBM Ti6Al4V parts. The
obtained defect areas are then used along with the hardness of the parts to predict the fatigue
strength of these parts mathematically, utilizing Murakami’s square root area model [90].
The fatigue strength at 1000 cycles is estimated using Basquin’s model. Eventually, the
stress vs. number of the cycle (S-N) curves obtained through these two models were
compared with the experimental data available in the literature. The fatigue life prediction
model shows pretty good agreement with the experimental data. Further analysis of the

effects of various defects on fatigue crack initiation and propagation can be conducted
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using finite element analysis in conjunction with continuum damage mechanics models in

the future study.
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CHAPTER 4
WORK ACCOMPLISHED

4.1 Materials and Methods

The standard sub-sized and dog-bone-shaped specimens for tensile testing were CAD
modeled and manufactured, according to the ASTM E8/E8M [91] standard, using the
Arcam® A2 EBM system [92]. All the specimens were printed in a layer-by-layer fashion
at three different orientations, as shown in Figure 4. The used EBM system produces high-
energy electrons with the help of an electron gun containing tungsten filament when 60 kV
is applied to the filament. The generated electron beams, having a power density of up to
100 kw/cm?, were focused using electromagnetic focusing lenses, whereas the lateral
motion of the focused beam and scanning were controlled using the deflection coils. The
cross-raster scanning strategy was utilized for melting the powder layers. The hatching
distance was around 200 um. The average powder particle size used for fabricating the
specimens was 70 um. The powder layer thickness was 70 um which was reduced to 69
pm after the melting process. The incident beam size was 500 um. The scanning speed
varied between 0.5 m/s to 15 m/s for different steps. The pre-heating of the powder bead
was done at a higher speed (15 m/s), while the melting step was done at a lower scanning
speed (0.5 m/s). The beam power was varied between 100 W - 400 W. To ensure the
quality of the electron beam, the upper chamber was maintained at 7.5 x 107 Torr (1 Torr
= 0.00131578947 atm). The build chamber was kept at 7.5 x 10° Torr to prevent the
oxidation of titanium. The powder bed was preheated and maintained at around 700°C

temperature throughout the whole building process to minimize the thermal stress build-
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up on the specimens due to the temperature gradient [93],[94]. After the completion of the
printing process, the side-built samples had overhang support structures which were
removed through machining to make the samples ready for tensile testing. Further details

of the EBM process parameters can be found elsewhere [95].

ZYX (top-built)

32 mm

Build direction

6 mm

XZY (side-built)

Build table

XYZ (flat-built)

Figure 4 CAD design with dimensions (inserted image) of the sub-sized Ti6AI4V
tensile specimens for the EBM process with samples organized in three orientations

with respect to the build table.

Samples printed in three different orientations are named flat-built, side-built, and top-built
samples (Figure 1), where deposition layers are stacked along with the thickness, width,

and longitudinal directions, respectively. The Z-axis implies the build direction and is
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always normal to the deposited layers. Tensile tests were conducted on the three types of
samples to determine their respective mechanical properties. Test coupons for
microstructural structural analysis were collected from all three samples along the XZ
plane, parallel to the build direction, to make a direct comparison among them.
Furthermore, another batch of test coupon was collected from the XY plane, perpendicular
to the build direction, of the flat-built sample to observe the microstructural variations on

two different planes of the same sample.

4.2 Elevated Temperature Anisotropic Mechanical Behavior of EB-PBF AM Produced
Ti6AI4V Parts

4.2.1 Experimental Procedures

4.2.1.1 High-Temperature Tensile Testing

High-temperature tensile testing was conducted on all the specimens using an MTS
Criterion® Electromechanical Universal Test System modeled as MTS C45 in conjunction
with a Thermcraft® Inc. environmental chamber. The experimental setup is shown in
Figure 5. The load cell used MTS LPS.504, which had a force capacity of 50 kN (11 Kip).
The temperature inside the chamber was controlled using a Eurotherm® 2404 temperature
controller which had a temperature limit of up to 620°C. Since the strain data computed
from the extensometer reading provided more accurate values than the measurements using
the crosshead reading, all the testing was carried out at strain control mode until the fracture
occurred with the strain rate of 0.05 mm/mm/min. The extension data during the test was

collected using an Epsilon® axial extensometer modeled as 7642-010M-075M with a
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gauge length of 10 mm. The mechanical properties that were analyzed in this study at
various high temperatures are elastic modulus (E), 0.2% yield strength (), the ultimate
tensile strength (UTS), percent elongation, strength coefficient (K), and strain hardening
exponent (n). Three specimens from each orientation were tested at three different
temperatures, which are 600 °C, 400 °C, and 200 °C. Then, the average values of these
properties at each orientation and each temperature were calculated. To avoid compressive
forces created during the temperature ramp-ups, the crosshead location was continuously
adjusted. Moreover, before starting any experiment, all the specimens were kept at the
desired high temperature for around 30 minutes to make the thermal load stable enough.
The elastic modulus and 0.2% yield strength were computed from the regression analysis

of the stress-strain data on the elastic region.
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High temperature
extensometer

Environmental
chamber

Temperature
controller
Grips & fixtures

Extensometer
signal

diti
Heating Unit conditioner

Extension rod

Thermocouple

Insulating materials

() (c)

Figure 5 The experimental setup of the MTS high temperature electromechanical
universal test system, (a) specimen setup inside the insulated high-temperature chamber
with fixtures and grips, (b) high-temperature axial extensometer attached with the
specimen, and (c) temperature controller (maximum limit of 620°C) with extensometer

signal controller.

4.2.1.2 Design of High-Temperature Grips and Fixtures
The grips and fixtures of the tensile tester were designed in SolidWorks considering various
design criteria of the high-temperature applications. One of the design considerations is
overloading of the grips, which can damage the load cell, and the machine frame should be
avoided. Specimen slippage due to low clamping forces was taken care of by using serrated

jaws. Breaking of specimens at the faces of grips should be avoided. The SolidWorks
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design and mechanical drawings of the U-shape vise grips and fixtures assembly are
presented in Figure 6 and Figure 7, respectively. H13 tool steel was selected as the
material for the grips and fixtures, as it has excellent thermo-mechanical properties in high-
temperature environments. H13 tool steel is a handy chromium-molybdenum hot work
steel used in many hot work and cold work tooling applications because of its superior
resistance to thermal fatigue cracking [96]. The chromium content of H-13 resists softening
when at a high temperature [97]. It also has high toughness, good stability in heat treatment,
better hardenability, and better wear resistance. It has a thermal expansion coefficient of
13.5 x10E-6 (mm/mm/°C) at (21-538)°C and a modulus of elasticity of 158.6 GPa at 538°C
temperature [98]. The designed grips and fixtures were cut and shaped using the Wire
electrical discharge machining (EDM) process. Then it was polished for surface
smoothness. Finally, the heat treatment steps that were conducted for hardening of the
machined parts in the following order: Preheating — Austenitizing — Quenching —

Tempering — Annealing.
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Figure 6 SolidWorks design of a U-shape vise grips and fixtures assembly with

various components.
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Figure 7 Mechanical drawings of different components of the grips and fixtures

assembly.
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4.2.1.3 Fracture Surface Microscopy

The fractured surfaces of the tensile-tested samples were analyzed using two different
microscopes to determine the fracture pattern and the possible root causes and activation
mechanisms of failure under different applied temperatures and loads. A digital stereo
zoom microscope modeled as AmScope SM-3TZ-54S-5M was used to analyze the mode
and type of the fractures. This microscope has an objective zoom power of 0.7x-4.5x and
uses a 44-bulb LED ring light as a light source. Similar default camera specifications, with
an objective zoom power of 4x, were used for fracture surface observation of all three
samples. Since the broken samples were observed immediately after the test, no further
sample preparation step was necessary for this case. Again, for inherent sample defects and
failure activation mechanism analysis, a scanning electron microscope named Hitachi S-
4700 FESEM was used. This instrument has a magnification capability of up to 500kX
with a resolution down to 2nm and a beam accelerating voltage range of 0.5-30kV. In this
analysis, 15kV acceleration voltage was used. The sample was prepared by cutting them
into 5 mm lengths from the fractured sample using a Leco metallurgy abrasive saw in
conjunction with a cooling liquid. The small pieces of specimens were then rinsed into
isopropyl alcohol (IPA) liquid to remove all the foreign particles that could stick to them

during the cutting process. The results of this analysis have been described in section 4.2.3.
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4.2.2 Results and Discussion

4.2.2.1 Anisotropic Behavior

The EBM Ti-6Al-4V parts show substantial mechanical anisotropic behavior at room
temperature, as examined by L. Ladani et al. [29]. In their analysis, they have found that
flat-built samples have greater yield strength, tensile strength, and elastic modulus
properties than the top-built and side-built samples, while top-built samples have the lowest
values of these properties. On the contrary, the elasticity is superior on the top-built
samples than the samples of the other two build orientations. At room temperature, these

samples also showed strain rate sensitivity.

In the current study, the EBM Ti6AIl4V parts from three different build orientations have
been tested at three different temperatures of 600°C, 400°C, and 200°C to determine the
anisotropy at these temperatures. The Ti6AI4V alloy is extremely sensitive to strain rate at
high temperatures [99]. So, a constant strain rate of 0.05 mm/mm/min at strain control
mode was used throughout the experimentations. A few dummy test specimens were
examined at 600°C and at a strain rate of 0.005 mm/mm/min to verify the strain rate
sensitivity. It showed significant creep behavior at that low strain rate, and the sample
didn’t break even at more than 50% elongation. As a result, the above-mentioned higher

strain rate was used to avoid creep at high temperatures.

All the representative stress-strain curves obtained from the tensile testing of EBM
Ti6AIl4V parts with three build orientations and tested at three different high temperatures
are presented in Figure 8. Here Figure 8a, Figure 8b, and Figure 8c show the curves

acquired from the experiments at 600°C, 400°C, and 200°C temperatures, respectively.
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From all the stress-strain curves at these three temperatures, it can be noticed that the flat-
built sample has superior flow stress to the other two build orientations, while the top build
sample has greater ductility. From the stress-strain curves at 200°C and 400°C, it can be
noticed that a significant amount of strain hardening occurred in the plastic region. The
common mechanism of strain/work hardening is that during the plastic deformation,
dislocations move, and new dislocations are created. Besides the movement of the
dislocations at different slip planes along with different slip directions, they also interact
with each other and with the barriers, thus becoming entangled [100]. This process of strain
hardening makes the material harder and stronger. However, at 600°C (Figure 8c),
interestingly, the work hardening occurs for a very smaller plastic region after the yield
strength has been achieved. After that, a substantial amount of softening or hot working
behavior could be noticed until the fracture happens. This rapid softening after reaching
the peak stress at 600°C can occur due to the recrystallization, grain growth of the
materials, and dislocation glides. Because at high temperatures, the atoms and dislocations
rearrange and move freely to the low energy region [47],[100]. As the dislocation density
decreases and the recrystallization happens, the materials become softer, and the ductility

increases as can be seen from the stress vs. strain curves at 600°C.
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Figure 8 Engineering stress-strain curves of EBM Ti6Al4V parts with three different

orientations tested at (a) 600°C, (b) 400°C, and (c) 200°C temperature

The anisotropic behavior of the EB-PBF Ti6AI4V samples with different orientations can

also be observed from the main effect plots of various elastic and plastic properties, as

depicted in Figure 9 & Figure 10. At 600 °C, the flat-built sample has a tensile strength

of 392 MPa, which is 26.24% higher than the tensile strength of top built sample at the

same temperature. Furthermore, the former has a 16.66% higher yield strength and a 14.2

% larger modulus of elasticity than the latter one at this temperature. Whereas the top-built

sample has a 47.87% larger percent elongation than the flat-built sample. Similar kinds of

anisotropic behaviors can also be observed from the tensile data obtained from the
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experiments conducted at 400°C and 200°C, as can be seen in Figure 9 & Figure 10. This
indicates that there is a significant amount of anisotropy involved in EB-PBF Ti6Al4V

samples at high temperatures as well.
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Figure 9 Main effect plots of variation of (a) modulus of elasticity, and (b) yield
strength with build orientations of three different EBM Ti6AI4V samples at different

high temperatures.
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Figure 10 Main effect plots of variation of (a) UTS, and (b) percent elongation with
build orientations of three different EBM Ti6Al4V samples at different high

temperatures.

This anisotropic behavior could be due to several reasons. The intensity of various defect
distribution inside the sample, and variation of microstructure and slip plane directions

might be the key factors for anisotropy. Normally, in EB-PBF Ti6Al4V samples prior
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columnar B grains grow along the build direction [17],[46]. It is hypothesized that these
long and thin prior-B grains could be responsible for anisotropic elongation properties. In
the top-built sample, the loading direction is parallel to these long grains. As a result, the
ductility is high. Whereas in the flat-built sample, the loading direction is perpendicular to
it, and thus ductility is low. Conversely, in the top-built sample, there is a larger number of
interfaces among the layers, which means that the probability of un-melted powder porosity
is also higher. This might be responsible for lower strength in the top-built sample than in
the flat-built sample, where the number of layers is low. The various internal and sub-
surface defects which are present in EB-PBF Ti6Al4V parts and their variation with build

orientation has been analyzed further in section 4.2.3.

Furthermore, the strength coefficient and strain hardening exponent data were extracted
from the elastoplastic region of the curves by using Hollomon’s power law equation [101]

as presented below,

o=Ke" @
Where K = strength coefficient in MPa, n = strain-hardening exponent, o is stress, and &
is flow strain. These strain hardening parameters are intrinsic properties and indicative of
the flow stress behavior of the materials. As the stress-strain curve varies from flat-built
sample to top-built sample, so do the strain hardening parameters, as can be seen on the
main effect plots in Figure 11. Here the low value of n means that the rate of work
hardening is initially high but decreases with the increased strain, as can be noted from
the curves at 200°C. The value of n increases with the increase of temperatures where the

work hardening is for a longer period, which also means that the material shows higher
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ductility at higher temperatures. All the elastic and plastic mechanical properties of EB-

PBF-built Ti6AI4V parts tested at 600°C, 400°C, and 200°C are presented in

Table 3, Table 4, and Table 5, respectively.
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Figure 11 Main effect plot of the variation of (a) strength coefficient (K) and (b) strain
hardening exponent (n) with build orientations of three different EBM Ti6Al4V

samples at different high temperatures.
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Table 3 Mechanical properties of the three different EB-PBF Ti6Al4V samples, tested at

600°C temperature.
0.2 % Strain
Speci Yield Strength | hardenin
E UTS Elongatio
Orientation men strengt coefficien | g
(GPa) (MPa) | n (%)
no. h t, K | exponent
(MPa) (MPa) , N
1 72 398 499 25 1083 0.19
2 71 403 504 25 957 0.16
3 75 375 483 16 1171 0.21
Flat-built Avera
73 392 495 22 1070 0.19
ge
Std.
2 15 11 5 107 0.03
dev
1 68 358 419 17 702 0.13
2 65 364 439 22 887 0.17
Side-built 3 58 341 412 35 865 0.18
Avera | 64 355 424 25 818 0.16
ge
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Std. |5 12 14 9 101 0.03

dev

1 68 35 410 32 583 0.09

2 62 325 383 17 634 0.13

3 62 334 384 49 608 0.11
Top-built Avera | 64 339 392 33 609 0.11

ge

Std. |4 17 15 16 26 0.02

dev

Table 4 Mechanical properties of the three different EB-PBF Ti6Al4V samples, tested at 400°C

temperature.

Sample Testno. |E YS UTS Elongation | K n

Flat-built 1 86 612 687 3 978 |0.10
2 87 628 712 5 885 | 0.07
3 90 628 707 4 957 |0.09
Average | 88 623 702 4 940 | 0.08
Std. dev | 2 9 13 1 49 0.02

Side-built 1 77 503 604 7 759 | 0.07
2 75 526 614 8 768 | 0.07
3 74 514 609 8 760 | 0.07
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Average | 76 514 609 8 762 | 0.07
Std. dev | 2 11 5 0.5 5 0.002
Top-built 1 74 409 508 15 642 | 0.09
2 69 411 515 8 660 | 0.09
3 72 417 520 7 672 |0.09
Average | 72 412 514 10 658 | 0.09
Std. dev |3 4 6 4 15 0.003

Table 5 Mechanical properties of the three different EB-PBF Ti6Al4V samples, tested at 200°C

temperature.

Sample Test no. E YS UTS Elongation | K n

Flat-built |1 103 863 874 2 1075 | 0.05
2 102 871 862 3 1086 | 0.05
3 104 860 876 2 987 | 0.04
Average 103 865 871 3 1049 | 0.05
Std. dev 1 6 8 0.75 54 0.007

Side-built |1 82 686 724 15 767 | 0.02
2 82 676 719 13 765 | 0.02
3 82 635 697 8 757 | 0.03
Average |82 666 713 12 763 | 0.02
Std. dev | 0.39 27 14 3 5 0.006
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Top-built | 1 86 633 683 16 735 | 0.03
2 82 621 678 22 735 | 0.03
3 89 615 669 17 721 | 0.03
Average 86 623 677 18 730 |0.03
Std.dev |3 9 7 3 8 0.002

4.2.2.2 Temperature Dependency

The change in all the mechanical properties of EBM Ti6Al4V parts with the temperature
for all three orientations is presented in Figure 12 and Figure 13. The ultimate tensile
strength (UTS) decreases almost linearly with the increasing temperature for all three
orientations (Figure 12). On the contrary, the percent elongation changes at a slow rate
from 200°C to 400°C temperature. Though for flat-built samples, it increases, for top and
side-built samples, it surprisingly decreases slightly at this temperature range. But again,
percent elongation increases at a much faster rate for all three orientations, as the
temperature is increased from 400°C to 600°C. The room temperature ductility of the EB-
PBF built sample was found to be very low as compared to the cast and wrought sample.
It could vary significantly between (2.3 to 25)% due to the presence of various inbuilt
defects, the change of composition, and porosity distribution disparity [102]. The ductility
values at 200 °C should be close to the room temperature values and should be lower than
the ductility values of 400°C temperature. But surprisingly, a non-monotonous trend was

observed at 200°C temperature. These behaviors can result from various reasons like the
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variability of samples with respect to the inherent pore size, location in the base plate and
microstructure, an error that occurred from the operator or instrument calibration, and so

forth.

However, the deformation between 200°C and 400°C temperature is dominated by work
hardening; hence elongation rate is slow. At 600°C, the work hardening becomes weaker,
and instead, various softening mechanisms like dislocation glide, grain boundary slip, and
dynamic recrystallization get activated [103]. Therefore, the improved plastic deformation
and reduced flow stress curves can be observed at 600°C for all the Ti6AlI4V samples.
Moreover, the variance of the percent elongation values among the samples of orientation
also increases significantly with increasing temperatures, as can be noticed from the error
bars in Figure 12. At 600°C temperature, the standard deviation is very high as compared
to the other two temperatures. The variation of type and distribution of defects could
possibly dictate the rates of softening mechanisms, thus eventually causing a large
divergence of plastic deformations among different samples of orientation at high
temperatures. Again, both the 0.2% yield strength and modulus of elasticity decrease with
the increasing temperature in all three geometrical orientations, as shown in Figure 13, due

to the same reason as stated above.
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Figure 12 Variation of the ultimate tensile strength (UTS) (left) and percent elongation

(%) (right) of EBM Ti6AIl4V parts with temperatures for all three build orientations.
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Furthermore, from regression analysis on the curves of Figure 12, the material model of
EB-PBF Ti6AI4V parts at 8.33x10*s strain rate can be developed correlating the ultimate
tensile strength, cuts (MPa), testing temperature (°C) for the samples with three different
orientations. The extracted material models of the variation of tensile strength with
temperature for flat-built, side-built, and top-built samples have been provided in

Equations 2, 3, and 4, respectively.

Ours /ey = —0.004T2 — 0.5975T + 1011 2
Oyrs/xz = —0.001T% + 0.0875T + 736 3
Oyrs/zy = 0.0005T% — 1.1225T + 881 4

Therefore, from the above analysis, it can be observed that the mechanical properties of
EB-PBF Ti6Al4V samples are highly temperature-dependent. With increasing
temperature, the ductility of the EBM Ti6Al4V part gets enhanced substantially at the
expense of its strength of it. Hence appropriate consideration and measures should be taken

before employing EBM parts in any high-temperature applications.

The high-temperature mechanical properties of both the EB-PBF built and conventionally

built Ti6AI4V samples have been provided in

Table 6 for comparison purposes. The mechanical properties of conventional Ti6AI4V
parts have been analyzed by J. H. Zhu et al. [27], J. Kim et al. [23] and S.H Wang et al.
[52] at various temperatures and strain rates. Since the properties of Ti6Al4V parts are

considerably sensitive to the test temperature and strain rate, these two variables need to
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be as close as possible for comparing the behaviors of EB-PBF materials with the
conventional ones. The temperature and strain rate used by J. H. Zhu et al. during testing
the Ti6AIl4V parts produced by CHIP (the combination of cold and hot isostatic pressing)
were very similar to the test conditions used in this current study. It can be observed that
the EB-PBF flat-built sample has yield strength, UTS, and percent elongation higher than
the CHIP sample by 2.6%, 6.9%, and 41% respectively. Whereas, though both the side-
built and top-built samples have lower yield strength and UTS values, they have higher

percent elongation than the CIP sample.

Table 6 The comparison of high-temperature mechanical properties of Ti6AI4V parts

produced by EB-PBF additive manufacturing and conventional manufacturing processes.

0.2% Yield
Manufacturing | Tempera | Strain UTS | Elongati
Strength Reference
Process ture (°C) | Rate (s) (MPa) | on (%)
(MPa)
Flat-built 392 495 22
EB- Current
Side-built | 600 | 8.3 x 10* 354 423 24
PBF Study
Top-built 338 392 32
CHIP 538 6.7 x 10* 382 463 15.6 [48]
Conventional 500 8.3x10°% 436 467 31.2 [23]
Cold rolled 450 6.6 x 10* 505 592 28 [52]
EB-PBF
600 1.5x 103 340 390 13 [83]
(Ti6Al4V ELI)
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Figure 14 The comparison of 0.2% Yield Strength of different titanium alloys with

current measurements at around 600°C temperature.
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Figure 15 The comparison of the ultimate tensile strength (UTS) of different titanium

alloys with current measurements at around 600°C temperature.

Similarly, although J. Kim et al. and S.H Wang et al. have found higher strength values
than all three EB-PBF built orientations and a little bit lower ductility than the top-built
sample using a different set of test conditions, it can be hypothesized that those values will
be very close to each other at similar test conditions. Thus, from the above discussion, it
can be realized that EB-PBF Ti6AIl4V parts resulted in pretty similar high-temperature
mechanical properties as compared to traditionally produced parts, as also can be observed
in the Figure 14 and Figure 15. In some cases, the EB-PBF parts even displayed better
ductility than conventional parts. Besides, the mechanical properties of as-built EB-PBF

Ti6Al4V ELI alloy, built-in XZY orientation, obtained by Aliprandi et al. [83] using a test
53



temperature of 600°C and strain rate of 1.5x10° s, have been added in the table. This
comparison shows that the side-built Ti6AI4V ELI alloy has similar strength but lower

ductility than the top-built Ti6AI4V sample, both produced by the EB-PBF process.

4.2.3 Fractography Analysis

The fracture pattern of the EB-PBF Ti6Al4V specimens under tensile loading at different
temperatures is presented in Figure 16. At 600°C, the flat-built and side-built samples
display ductile cup-and-cone fracture, whereas the top-built sample shows ductile shear
fractures at an angle of 45° from the loading direction, as shown in Figure 16a. Also, a
similar kind of ductile shear fracture pattern is observed for top-built samples tested at two
other temperatures (400°C and 200°C) as well as can be seen in Figure 16b. Further
analysis of the fracture surfaces of the various samples reveals crucial information
regarding the fracture pattern. Figure 17 shows the optical microscopy images of the
fracture surfaces of different EBM Ti6AIl4V samples tested at 600 °C. The flat-built and
side-built samples exhibit a cleavage mode of fracture where the tensile stress acts normal
to the crystallographic cleavage plane. Here the fracture surface also appears as a bright
and granular fracture, as can be seen in Figure 17a and Figure 17b. In the fracture surfaces
of all the samples, the presence of various defects like unmelted powders, pores, and
keyholes was noticed when seen under a microscope. These defects could be the possible
crack initiation and propagation sites under applied stress since the propagating cracks
nucleate from the pile-up of glide dislocations at various defects [101]. The long columnar
grains perpendicular to the loading direction and parallel to the build direction could also

be observed from the fracture surfaces of both the flat-built and side-built samples. These
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two samples might also undergo intergranular fracture, where the crack propagates along
the grain boundaries. The side-built sample shows the river pattern on the fracture surface
as can be seen in Figure 17b. From this figure, an un-melted sub-surface powder particle
zone could be noticed. Under the applied loading, the crack possibly initiated from this

partially melted zone and propagated, creating a river pattern as indicated by the arrows.

600°C TOp—blli]f

Side-built Top-built 400 °C

= ™

Flat-built
\

200 °C

(@) (b)
Figure 16 Fracture pattern of EBM Ti6AIl4V parts under tensile loading, (a) at 600°C
for samples with three different orientations, (b) for a top-built sample at two other

temperatures.

However, the top-built samples tested at all three temperatures show a shear fracture which
might be due to the extensive slip on the active slip plane caused by shear stresses. Here,

the fracture surface appears highly fibrous and reddish in the middle and purple on the
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sides in color, as can be seen in Figure 17c. The fracture surface indicates a significant
amount of plastic deformation before fracture. The fracture surface also appears as
equiaxed since the applied tensile load was parallel to the long columnar grain. Hence, the
fracture here could be trans-granular, where the crack propagates across the grain. The
possible crack initiation sites could be the un-melted powders and/or pores situated

between the successive layers.
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Figure 17 Optical microscopy images taken from fracture surfaces of EBM Ti6Al4V parts

tested at 600 °C temperature, (a) Flat-built, (b) Side-built, and (c) Top-built sample.

Interestingly, the smoothness and color of the fracture surface change with the testing
temperature, as can be seen for the fracture surface of the top-built sample presented in
Figure 18. The fracture surface obtained from the experiment conducted at 200°C (Figure
18a) is smoother than the surface at 600°C (Figure 18b). This indicates that the tensile
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fracture at high temperature undergoes significant plastic deformation as opposed to the
tensile fracture at low temperature. The fracture surface taken from the low-temperature
test is colorless, while at high temperature, the color of the fracture surface becomes a mix
of gold, blue and purple. This color change could be due to the formation of oxide layers
at this high temperature [52]. However, at 600°C temperature, the thickness of the Titanium
oxide layer is not significant enough to influence the tensile properties of Ti6Al4V alloy
[24]. As a result, the ductility has not been compromised by oxidation in this analysis.
Though excessive oxidation could occur at a temperature higher than 600°C and which

could lead to brittle fracture.

Figure 18 Optical microscopy images taken from fracture surfaces of the top-built

sample tested at (a) 200°C and (b) 600°C.

When examined under filed emission scanning electron microscope (FESEM), the fracture
surfaces exhibit additional details about fracture patterns, and various defects present inside

the as-built EBM Ti6AIl4V parts, as shown in Figure 19 and Figure 20. Most of the
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propagating cracks initiate from the surface or sub-surface defects of partially melted or
un-melted powder zones (Figure 19g) and then propagate along the build direction. The
white arrows in Figure 19a & Figure 19b show the crack propagating directions for flat-
built and side-built samples. Various internal defects like pores, keyholes, and un-melted
powder particles, as can be seen in Figure 19e, Figure 19f, Figure 19h, Figure 19i, and
Figure 20, accelerate the crack propagation and thus degrade the mechanical properties.
At all three temperatures, the flat-built samples display a smoother fracture surface than
the other two orientations, while the top-built samples have the roughest fracture surface
because of longer plastic deformation. With the increasing temperature, fracture surfaces

become rougher for any orientation as well.
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Figure 19 Secondary Electron Microscopy (SEM) images with coordinate systems of the
fracture surfaces (taken at mid-cross section) of as-built EBM Ti6Al4V flat-built, side-
built, and top-built samples tested at three different (600°C, 400°C, and 200°C)

temperatures.
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For example, the fracture surface of the top-built sample tested at 200°C (Figure 19i) has
a B phase along the grain boundaries. In EBM build parts, the columnar 3 grain grows along
the build direction surrounding the o phase. And the slip system was found to be active
parallel to the a platelets [17,45]. Hence this f phase inhibits the dislocation motions. These
dislocations pile up around the B phase, causing work hardening at this temperature
resulting in low plastic deformation. For the fracture surface tested at 400°C (Figure 19f),
the dimples get inflated because of the increase of atom movements with increasing
temperature. The top-built sample tested at 600°C undergoes a decrease in dislocation
density and grain boundary slip, which causes the plasticity of this sample to increase
further with metal softening [104]. These dislocation mobility processes, during high-
temperature plastic deformation, have a propensity to neutralize the work hardening effect.
As a result, significant softening behavior was observed at the high-temperature
deformation curve presented beforehand. The fracture surface of the top-built sample tested
at 600°C (Figure 19c) possibly indicates dislocation motion when compared with the
fracture surface tested at 400°C (Figure 19f). The 600°C surface has a deeper and larger

number of inflated dimples than the low-temperature counterpart.

Moreover, high-temperature deformation of Ti6Al4V alloy mainly undergoes softening
behaviors due to the decrease of dislocation density, grain boundary slip, and dislocation
glide and climb [105]. These softening mechanisms depend on various factors, such as
temperature, strain rate, and degree of strain. The DRV type softening mechanism has a
propensity to neutralize the work hardening effect. On the other hand, under the DRX type

softening mechanism, the flow stress reaches a peak value very rapidly due to strain
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hardening, then drops slowly until the failure. During the hot deformation of Ti6Al4V alloy
in the temperature range larger than the B-transus (995 °C) temperature, where the phase
transformation from o+f phase to B phase occurs, the DRV type softening mechanism is
observed to be the dominant process [105],[56]. During DRV, the concentration dislocation
density at the grain boundaries decreases substantially, enabling a higher degree of cross
slip, climb, and dislocation unpinning. While in the temperature range of the a+fp phase
field, which is between 850-950 °C, both the DRV and DRX softening mechanisms are
found to be activated, leading to grain refinements [53],[106]. In the o phase-field
temperature (below 800 °C) DRV mechanism become very slow and rarely observed. The
hot deformation in this temperature region is dominated by work hardening (WH) and
DRX. The onset temperature for dynamic crystallization was found to be 500 °C, where
flow softening starts to begin due to the accumulation of energy after a certain critical strain
is achieved [60]. Although no phase transformation occurs during hot deformation at 600
°C temperature, both the a and  phases might undergo refinement, elongation, and rotation
resulting in microstructural evolution. Besides, a significant amount of grain refinement
due to recrystallization leads to a sharp increase in grain size. Moreover, the columnar 3
grains get elongation along the loading direction, while some of the harder o phases might
get partially dissolute into the softer  phase, increasing the ductility of the sample [107].
Various other softening or microstructure evolution mechanisms that could be present at
600 °C temperature are platelet local shear deformation, partial dissolution, and

macroscopic shearing/bending along dynamic recrystallization [59].
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4.2.4 Effect of Various Defects on Anisotropic Behaviors

The shape, orientation, and location of defects change with the build orientation as can be
seen in Figure 20. For instance, Figure 20a & Figure 20b show various defects between
the successive layers of the flat-built and side-built samples respectively. The observed
voids are perpendicular to the build direction (z-axis) and elongated along the y-axis
(parallel to the powder layers) as expected. While Figure 20c exposes a significant amount
of unmelted powder zone defects just beneath the surface and near the build table for the
side-built sample. Furthermore, partially melted sub-surface and surface defects of the top-
built sample can be observed in Figure 20d. The observed variation of the internal defects
and the consequent change in porosity values in different orientations are some of the
significant reasons for the anisotropic behavior of LPBF and EB-PBF Ti6AIl4V parts. The
pores inside the samples could be created due to various reasons like unequal distribution
of energy input at a different location inside the build chamber, entrapped gas porosity, and
porosity of the powder particle itself [39][108]. The intensity of the cathode current could
vary depending on the distance between the scanning location and electron beam source
and the location of the sample on the build table. Due to the variation in the arrangement
of the three different samples on the build table, they would likely face distinct energy
input during the melting process at different locations. These could eventually bring about
the phenomena of over-melting (keyhole defects) or under-melting (un-melted powder) of
the samples with different orientations. Moreover, the amount of entrapped gas porosity
could also change among the three samples with different orientations depending on the

relative flow direction of the inert gas inside the chamber.
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Figure 20 Various defects were observed on SEM images of the fracture surfaces of
different as-built EBM Ti6Al4V samples, (a) flat-built (400°C) at mid-cross section,
(b) side-built (600°C) at mid-cross section, (c) side-built (400°C) near sub-surface, and

(d) top-built (400°C) near-surface, tested at different temperatures.

The flat-built sample showed a porosity of 0.17 %. Whereas both the side-built and top-
built samples have shown a pretty similar porosity value of around 0.05%. The high
porosity value of the flat-built sample, as compared to the other two orientations, is mostly
because of the insufficient melting of powder particles along a long region of this sample.
However, in the flat-built sample, the majority of the defects were entrapped gas porosity

and a very tiny amount of unmelted powder particles. But both the side-built and top-built
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samples had a similar kind of defect distribution inside them. In these two samples, porosity
and another kind of internal defects were distributed very homogeneously. There were no
significant un-melted or partially melted powder particle regions in these two samples as
opposed to the flat-built sample. Though the flat-built sample has a poor porosity value, at
the same time, it displayed superior mechanical properties compared to the other two
orientational samples. Further details of the inherent porosity and defect analysis of EBM-

built Ti6AI4V samples will be discussed in section 4.6.

Besides, the surface roughness of all three as-built Ti6AI4V samples has also been
measured using a stylus profilometer named Ambios XP-200 before tensile testing. It was
found that this external defect hardly varies with the build orientations. The average surface
roughness (Ra) values of the flat-built, side-built, and top-built samples were measured and
found to be 20 um, 21 pum, and 25 pum, respectively. Further details of the surface profile
measurements will be discussed in section 4.3. Hence, it indicates that the porosity and
surface roughness do not have any significant effect on the anisotropic behavior of EB-
PBF Ti6Al4V parts. Therefore, the microstructural variation, due to the change of cooling
rates and thermal gradient in different build orientations, might be the substantial reason

for the anisotropic behavior of EBM Ti6AIl4V samples.
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4.3 Microstructural Evolution Before and After High-Temperature Tensile Testing of EB-
PBF AM Ti6AL4V parts

4.3.1 Crystallographic Sample Preparation

The details of the EBM processing parameters can be found elsewhere [95] and also in
section 4.1. Samples printed in three different orientations are named flat-built, side-built,
and top-built samples, as shown in Figure 21. The flat-built and side-built samples have
experienced tensile loading parallel to the printed layers, whereas the top-built sample was
loaded perpendicular to the stacked layers. Test coupons for structural analysis were
collected from the XZ planes from all three samples to make a direct comparison between
them and their effects on the resulted mechanical properties (Figure 21). Furthermore,
another batch of test coupons was collected from the XY plane of the flat-built sample to
observe the microstructural variations on two different planes of the same sample (Figure

21).
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Figure 21 Crystallographic test coupons extracted and prepared from the three types of
samples (i.e., flat-built, side-built, and top-built) for microstructural evaluation are

marked with white boxes.

The crystallographic samples were prepared using a standard polishing process. The test
coupons were polished gradually to the finer silicon carbide (SiC) grit sizes. The second
stage of polishing was performed on low-napped synthetic rayon polishing cloth using 1
pm, 0.25 pum, and 0.1 pm diamond suspensions sequentially. Eventually, vibratory
polishing was performed using 0.05 um colloidal silica to get rid of the residual stresses
and to obtain a mirror surface finish. The samples were cleaned properly using soap
solution and acetone between the steps to prevent the carriage of coarser particles to the
next level. During the finer polishing steps, it is very difficult to remove the scratches from

the previous steps. Therefore, before moving to the next step, all samples were cleaned
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using ultrasound sonication in acetone solution. Finally, after the vibratory polishing, all
samples were further cleaned in an ultrasound sonicator using acetone, methanol, and
isopropyl alcohol (IPA), respectively, before conducting an EBSD analysis on them. At
each orientation, a total of 15 samples were printed for various mechanical and
microstructural analyses. The surface roughness, internal porosity, hardness, and tensile
properties were measured on the three different samples to examine how they vary with
the orientations. Tensile tests were also performed at different high temperatures as well to
observe how the mechanical properties change with the temperature. The various
measurements and their outcomes are discussed in previous sections and later sections.
Eventually, microstructural analysis was performed on the samples before and after the
tensile test at high temperatures to understand various deformation mechanisms activated

during elevated-temperature tensile loading.

4.3.2 Mechanical Properties of EBM Built Sample

At each orientation, a total of 15 samples were printed for various mechanical, surface
roughness, porosity, and microstructural analyses. The mechanical properties of the as-
built EBM Ti6AIl4V sample built in three different orientations were measured to examine
their anisotropic behavior. The tensile test was conducted using an MTS Criterion®
Electromechanical Universal Test System modeled as MTS C45 (MTS Systems Corp,
Eden Prairie, MNcity, USA), on strain control mode and with a strain rate of 6.67 x 10—4
s—1. The load cell used was called MTS LPS.504, having a force capacity of 50 kN. The

extension data was collected using an Epsilon® axial extensometer (Epsilon Technology
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Corp., Jackson, WY, USA) with a gauge length of 10 mm and modeled as 7642-010M-
075M. Tensile tests were also performed at different high temperatures up to 600 °C to
observe how the mechanical properties change with the temperature. The temperature
inside the environmental chamber was controlled using Eurotherm® 2404 temperature
controller (Eurotherm by Schneider Electricmanufacturer, Worthing, United Kingdom).
All the obtained mechanical properties at different temperatures are presented in the
following Table 7. Some more details of the measurement techniques could be found

elsewhere [95,109].

Table 7 Mechanical properties of the as-built EBM Ti6Al4V specimens built in three

orientations with the build table

Modulus
0.2% Yield Ultimate Percent
Sample Temperature of
Strength Tensile Elongation
Orientations (°C) Elasticity,
(MPa) Strength (MPa) (%)
E (GPa)
RT 116 965 1065 4.02
200 103 865 871 2.62
Flat-built
400 88 623 702 4.07
600 73 392 495 22.30
RT 94 803 881 10.05
Side-built 200 82 666 713 12.23
400 76 514 609 7.73
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600 64 355 424 24.60

RT 92 724 807 12.06

200 86 623 677 18.31
Top-built

400 72 412 514 10.18

600 64 339 392 24.60

The flat-built sample displayed superior mechanical behavior to the other two build
orientations in the case for all tensile properties except percent elongation. The former has
an excellent modulus of elasticity, strength, and hardness values which are comparable to
the conventional wrought Ti6Al4V alloys [84,85]. On the contrary, it has a very poor
percent elongation. This low value of the percent elongation might be due to its high
porosity and detrimental internal defects because of the insufficient melting of the powder
particles. Though both the side-built and top-built samples have outstanding percent
elongation values, their other properties are either similar or considerably lower than their
traditional wrought counterpart. The anisotropic mechanical behavior of the as-built EBM
Ti6Al4V parts could be apparent from the above table. The flat-built sample has 23.4%
and 26% higher modulus of elasticity than the side-built and top-built samples,
respectively. The latter two have a very similar modulus of elasticity. The former has
excellent 0.2% yield strength, which is 20% and 33% greater than the latter two samples,
respectively. Again, the flat-built sample has exceedingly well ultimate tensile strength,

which is almost 21% and 32% larger than the other two later orientations, respectively.
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In this analysis, the EBM Ti6Al4V parts from three different build orientations have been
tested at three different high temperatures, which are 600°C, 400°C, and 200°C, and
compared with the room temperature (RT) properties. The high-temperature deformation
mechanisms are studied further through microstructural analysis of the samples after the
tensile testing. All the samples showed considerable temperature dependency of the
various mechanical properties. With the increasing temperature, a significant increment of
the ductility could be observed at the expense of the elastic modulus and strength properties
in all three different orientations. At 600 °C temperature, a significant decrease in flow
stress and consequent softening behavior was observed at all three different orientations. It
is hypothesized that this apparent softening behavior was due to various mechanisms
activated at high enough temperatures, such as the increased mobility of the inherent
dislocations, which caused the dislocation density to be decreased, grain growth and
coarsening, and grain boundary slip [95]. The potential underlying mechanisms will be
examined thoroughly with the help of EBSD analysis in this current study. Moreover, some
samples from all orientations have excessively high porosity values because of the
elongated lack of fusion defects. Those defects contributed to premature failure under
tensile loading. Consequently, some samples displayed relatively poor strength properties
and percent elongation as compared to the specimens with minimum internal defects. As a
result, the percent elongation properties are found to be inconsistent and highly nonlinear

in nature in some cases, as displayed in Table 7.
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4.3.3 Working Principle of EBSD

Electron backscatter diffraction (EBSD) is a scanning electron microscopy (SEM) based
diffraction technique where the diffraction patterns (Kikuchi bands) are collected from the
bulk sample captured on SEM [110]. When the source electron beam interacts with the
specimen, backscattered electrons are generated beneath the surface of the specimen. Those
backscattered electrons, spreading in different directions, further interact with various
crystal planes of the materials. The backscatter electrons diffracted from different crystal
planes of the specimens follow Bragg law (nA = 2dsinf) and thus provides crucial
information about the microstructural features of the materials. Here, n is an integer, A is
the wavelength of the electrons, d is the spacing of the diffracting crystal plane, and 6 is

the incidence angle of the electrons on the diffracting plane [111].
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Figure 22 Schematic diagram and working principle of EBSD
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The working principle of the EBSD technique is very straightforward (Figure 22). The
focused electron beam from the SEM source is applied to the crystalline sample which is
tilted 70 degrees. The generated backscattered electrons are then directed to a fluorescent
phosphor screen which is seen using a charge-coupled device (CCD) video camera. The
main feature of the EBSD pattern is the Kikuchi bands which are the projection of crystal
planes to the phosphor screen. Kikuchi bands can be indexed with the help of Miller indices
of the corresponding diffracting crystal planes. The diffracting crystal orientations can be
obtained from the position of the Kikuchi bands. The width of the Kikuchi bands is also a
very important parameter and provides information regarding the d-spacing of the

diffraction plane. The width is inversely proportional to the d spacing[112].

The EBSD is a very powerful technique that provides various quantitative metallographic
information about the sample, including the crystal orientation, grain and sub-grain size
and shapes, texture, misorientation angles, and phase distribution. It also provides different
visual maps of the grain orientation and phase distribution. To obtain a good quality EBSD
pattern, several parameters are very important and need to be considered carefully. Most
importantly, the surface quality of the materials needs to be excellent and mirror-polished.
Therefore, mechanical grinding and polishing of the specimens need to be done with great
importance and care. Titanium is a hard and difficult material to polish, and extra caution
is needed while handling this material. Speed of the data acquisition, background removal,
high probe current, high accelerating voltage, optimum working distance, and special
resolution are some of the other important parameters which dictate the quality of the

diffracting patterns [110,111,113].
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4.3.4 EBSD Instrument Used for This Analysis

The electron backscatter diffraction (EBSD) analysis was conducted on the as-built
samples to observe their crystallographic textures, grain orientations, grain sizes, and grain
boundary misorientation angles. The EBSD scans were accomplished using a ZEISS FIB-
SEM (Carl Zeiss AG, Oberkochen, Germany) instrument equipped with an
EDAX®|AMETEK® EBSD detector (EDAX-AMETEK Inc. Mahwah, NJ, USA). The
source electron was emitted at the sample at 20 kV at high current mode using an aperture
size of 120 pum. The focused electron beam from the SEM source was applied to the
crystalline sample, which was tilted 70 degrees. The generated backscattered electrons
were then directed towards the detector for capturing the EBSD Kikuchi bands. Both the
500x and 3000x magnifications were used for capturing EBSD images at two different
scales. The scan area for 500x magnification was 175 pm x 175 pm with a step size of 0.1
pMm. The scan area for 3000x magnification was 30 um x 30 um with a step size of 0.06
pm. The total dwell time for each of the scans lasted for around 3—4 h. Furthermore, the
OIM Analysis v8 software (EDAX-AMETEK Inc., Mahwah, NJ, USA) was used for

analyzing the scanned images and obtaining various grain maps and information.
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4.3.5 Effect of Microstructure on Anisotropic Behavior via EBSD Analysis

4.3.5.1 Anisotropic Mechanical Behavior

The representative engineering stress-strain curves of the three types of EBM Ti6AlI4V
samples are presented in Figure 23. The flat-built sample displays superior mechanical
behavior for all tensile properties except percent elongation. The flat-built sample also has
an excellent modulus of elasticity, strength, and hardness values which are comparable to
the conventionally wrought Ti6AIl4V alloys [84,85]. On the contrary, it has a very poor
percent elongation. Although both the side-built and top-built samples have outstanding
percent elongation values, their other properties are considerably lower than their
traditionally wrought counterpart. Therefore, the anisotropic mechanical behavior of the
as-built EBM Ti6AIl4V parts is clearly apparent from the presented stress-strain curves.
The flat-built sample has a 3.3% and 23.3% higher modulus of elasticity than the side-built
and top-built samples, respectively. Both the flat-built and side-built samples have very
similar moduli of elasticity. The flat-built samples have an excellent 0.2% yield strength,
which is 4.2% and 35.2% greater than the side-built and top-built samples, respectively.
Again, the flat-built sample has a high ultimate tensile strength, which is 9.4% and 31.1%
larger than the latter two orientations, respectively. The Vickers hardness values display a
similar trend as the strength properties. The Vickers hardness values of the flat-built, side-
built, and top-built samples are 345 + 7, 318 £ 6, and 294 + 8 HV (kgf/mmz2), respectively.
The flat-built sample has a 17.34% larger Vickers hardness value than the top-built one.
The flat-built sample, being very close to and sharing a higher cross-sectional area with the

build table, has a lower thermal gradient than the other two orientational samples.
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Therefore, the flat-built sample receives more time to convert a higher amount of the
primary soft beta phases to the harder alpha phases. This low percentage of softer beta
phases in flat-built samples makes them harder and less ductile than the side-built and top-
built samples, respectively, as can be observed from both the tensile test and micro-

hardness test results.
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Figure 23 Engineering stress-strain curves of EBM Ti6Al4V parts from three different
orientations (flat-built, side-built, and top-built) showing anisotropic flow stress

properties
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4.3.5.2 Microstructural EBSD Analysis Before Tensile Testing

A microstructural analysis on EBM Ti6Al4V samples built in three different orientations
was conducted using EBSD, as discussed below. Initially, the two surfaces, located on the
planes which are parallel and perpendicular to the build direction of the flat-built sample,
were analyzed to observe their microstructural changes, as presented in Figure 24. The
inverse pole figure (IPF) of the parallel XZ plane (Figure 24a) shows grains distributed in
the preferred orientation with a platelets and o colonies. On the contrary, the IPF of the
XY plane, which is perpendicular to the build direction (Figure 24b), displays equiaxed
and randomly orientated grains. The alpha pole figure of harmonic texture (Figure 24c &
Figure 24d) shows more o variants, with various grain colors on the XY plane and with a
maximum texture intensity of 7.386, as compared to the XZ plane, which has a maximum
texture intensity of the 8.989. On both planes, the grain orientations of the a phases are in
three preferred orientations of <0 0 0 1>, <1 12 0>, and <1 12 1>, whereas the beta pole
figure of harmonic texture (Figure 24e & Figure 24f) indicates more beta variants on the
XY plane with a maximum texture intensity of 2.598, as opposed to the XZ plane where

the maximum texture intensity is 2.348.

Furthermore, the XY plane also contains a greater fraction of the beta phases than the XZ
plane (Figure 24g & Figure 24h). The former plane has 21% beta phases while the latter
plane has only 5%. The higher fraction of the beta phases on the XY plane compared to the
XZ plane could be due to several reasons. For instance, during the building process, the
layers further away from the build table have higher temperature gradients and higher

cooling rates than the layers closer to the build table. The bottom layers face a greater
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number of subsequent melting and solidification steps than the top layers that are further
away from the build table. Therefore, the location of the XY plane, being distant from the
build table, causes phases on them to get less time to transform from prior beta phases to
alpha phases, and thus the XY plane possesses a higher percentage of beta phases than the
XZ plane. Again, the columnar grain growth along the building direction of the XZ plane,
which is parallel to the building direction, has elongated a platelets, which form several a
colonies with similar preferred grain orientations possessing similar grain colors. The
columnar grain growth stratifications can be observed in Figure 24a, as opposed to the
randomly distributed grains with different grain colors on the plane perpendicular to the

build direction (Figure 24b).
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Total
\Phase Fraction

I Titanium (Alpha) (.95

ITitanium (Beta) 0.05

ITitanium (Alpha) 0.79

I Titanium (Beta) 0.21

70 um

(g) Phase map of XZ plane (h) Phase map of XY plane

Figure 24 Inverse pole figure (IPF) of the flat-built sample: (a) XZ plane showing
grains distributed with preferred orientations; (b) XY plane showing randomly oriented
equiaxed grains, along with alpha pole figure of the harmonic texture of (c) XZ plane
and (d) XY plane; beta pole figure of the harmonic texture of () XZ plane and (f) XY

plane, and phase maps (g,h) of the two planes.

The inverse pole figures of the XZ plane of flat-built, side-built, and top-built samples
(Figure 25) again confirm the columnar grain growth along the build direction. This
columnar grain can typically be several millimeters long, and its orientation and growth
direction are dictated by the largest temperature gradient towards the build plate during the
rapid cooling process [40,42,43]. The IPF maps further show that the grains in the
microstructure consist mainly of a colony, a basketweave, and prior B phases, which are
distributed among the alpha phases and can be seen in Figure 25a—c. The a colonies are
made of the a platelets which have parallel grain orientation and belong to the same grain
category of the Burger relationship. In the basket weave, the alpha grain classification has

a platelets with different a categories and with different preferred grain orientations, as
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distinguished by various grain colors. From the fractography analysis in section 4.2.3, it
was observed that the top-built sample undergoes ductile shear fractures at an angle of 45°
from the loading direction, and the flat-built and side-built samples undergo ductile cup-
and-cone fractures. The reason behind these types of fractures can be observed from the
IPF maps of the three samples, as shown in Figure 25. The fracture propagates along the
shear plane of the sample. In the top-built sample, the shear plane is at an angle of 45° with
the loading direction, whereas the shear planes in both the flat-built and side-built samples,
are almost perpendicular to the loading direction, resulting in the displayed cup-and-cone

fractures.

N Build direction
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Total Total Total
Phase Fraction Phase Fraction Phase Fraction
[ Titanium (Alpha) 0.967 [ Titanium (Alpha) 0.948 B Titanium (Alpha) 0.910
) Titanium (Beta)  0.033 C Titanium (Beta )  0.051 B Titanium (Beta)  0.090

Figure 25 Various EBSD maps of the three Ti6Al4V samples. The top three inverse
pole figure (IPF) maps show different preferred grain orientations on the three samples.
IPF maps at higher magnification display (a) elongated grain boundary, (b) alpha
colonies, and (c) alpha basket weave platelets, while phase maps (d—f) show prior beta
phases in between the alpha grain boundaries of flat-built, side-built, and top-built

samples, respectively.

Furthermore, the variation in the microstructure formation and preferred grain orientations
in the three samples with three build orientations can also be observed in Figure 25. The
flat-built, side-built, and top-built samples display significant distinctive grains in different
preferred orientations, as is also highlighted by phase color maps along with IPF maps. The
organization of grains in different preferred orientations is dictated by the higher thermal
gradient direction during the solidification and cooling of the molten powder layers
[41][42]. Both the flat-built and side-built samples have alpha grains preferably orientated
inthe <112 1>and <1 12 0> directions, while the preferred orientation in the top-built

samples is more inclined towards the <0 0 0 1> direction, along with a significant number
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of grains orientated in the <1 0 1 0> direction. The top-built sample has slightly thicker
and larger o platelets than both the flat-built and side-built samples. These variations in
preferred orientation and grain sizes could be mainly due to the variation of the geometry
of the three samples and subsequent changes in the thermal gradient and cooling rates [41].
Since the side-built sample shares a smaller cross-sectional area with the build plate than
the flat-built sample, the former has a lower cooling rate in the building direction than the
latter one. Besides, the side-built sample might transport some more heat to the sounding
powders because of its narrower shape than the flat-built one. This phenomenon could
contribute to the larger a platelets in the side-built sample as compared to the flat-built one.
Thus, the side-built sample has a wider grain diameter size distribution than the flat-built

sample.

In contrast, the top-built sample, being orientated vertically along the build direction,
shares a very small cross-section with the build table. It is located further away from the
build table. Consequently, it has very high cooling rates in the surrounding powder
environment along with the build direction, as opposed to the flat-built and side-built
samples. Therefore, the top-built sample displays slightly thicker a platelets as elongated
to-wards the X direction. The IPF maps taken at high magnification, as shown in Figure
20a-c, also indicate that the top-built sample has slightly larger grains, with a considerably
different preferred grain orientation than the other two samples. They also reveal the
elongated grain boundary, alpha colonies, and alpha basket weave platelets in various
EBM-built Ti6AI4V samples. The phase maps in Figure 25d—f also indicate that all three

samples consist mainly of a phases, with a very small fraction of 3 phases in between the
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grain boundaries. The size of the B grains is also very small compared to the o laths. The
laths are normally in the range of 50-60 nm and are typically very difficult to detect. The
flat-built samples are found to have around 3.3% [ phases and 96.7% o phases on the
scanned area. The P phase percentages have increased to 5.1% and 9.0% for the side-built
sample and top-built samples, respectively. The higher percentage of the B phase, which is
comparatively softer than the a phase [53,56,114], made the top-built sample more ductile

as compared with the other two samples.

Most of the grains are concentrated toward the 2 microns size in the XY plane of flat-built
samples, with an average grain size of 2.8 microns (Figure 26). On the contrary, the XZ
plane of the flat-built samples has grains well distributed around an average size of 4.1
microns. The grain boundary misorientation angles are also higher in the XY plane than in
the XZ plane. The former has an average angle of 30.7 degrees, whereas the latter plane
has 25.7 degrees (Figure 27). For the side-built samples, the grains are coarser than flat-
built samples and distributed between 1-13 microns, with an average size of 5.3 um. In
contrast, the flat-built sample has a comparatively finer grain size distribution between 1—
10 microns, with an average size of 4.1 um. The top-built sample being orientated in the Z
direction and possessing a very small cross-section in the XY plane (plane perpendicular
to the build direction) thus displays a higher number of elongated grains in the X-direction.
The distance from the build plate also plays a significant role in this regard. The top-built
sample is taken from the middle of the sample, which has a significantly larger distance
from the build plate. This sample has a lower thermal gradient in the build (Z) direction as

opposed to the other two orientations. The overall slow cooling rate in the longitudinal
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direction for this sample produces very coarse grains with very different preferred grain
orientations from the other two samples. The grain sizes for the top-built sample could be

as large as 20 microns with an average of 6.6 um, as can be seen in Figure 9.
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Figure 26 Grain size (diameter) distribution curves including average grain sizes of the

flat-built, side-built, and top-built samples.
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Figure 27 Misorientation angle distributions of (a) flat-built (XZ plane), (b) flat-built

(XY plane), (c) side-built (XZ plane), and (d) top-built (XZ plane).

The variation in grain size and preferred orientation of the grains contributed mainly to the
anisotropic mechanical behavior of the EBM-built samples. The flat-built sample displays
the highest strength, modulus of elasticity, and hardness among the three orientations as a
result of having the finest grain size. Conversely, the top-built samples have the lowest
values of the above-mentioned properties because of their coarser grains due to slower

cooling compared to the other two samples. On the contrary, the top-built sample has
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superior ductility to the other two samples, partly because it has a higher percentage of
prior B phases (Figure 25) and also due to its larger grain sizes. The flat-built (XZ plane)
sample has an average misorientation angle of 25.7 degrees, while the side-built (XZ plane)
and top-built (XZ plane) samples have average misorientation angles of 23.2 degrees and
22.9 degrees, respectively (Figure 27). The higher average misorientation angle
contributes to the higher dislocation defects and, eventually, higher strength and lower
ductility [111]. Therefore, in the flat-built samples, the grain boundary strengthening
mechanism, where the high volumetric density of the grain boundaries inhibits the
dislocation movements and thus strengthens the materials [115], is stronger than the other
two samples. As the average misorientation angles decrease, so do the dislocation defects,
which eventually increase the ductility while losing some strength. For that reason, the top-
built sample potentially exhibits the lowest strength and highest percent elongation as

compared to the other two samples.

The presence of a higher fraction of B phases with a strong <001> texture direction can
also be seen from the beta pole figure in Figure 28, and can potentially contribute to the
greater ductility of the top-built sample [41,116,117]. However, the flat-built sample has
the lowest maximum intensity of the beta phases, resulting in very poor ductility as opposed
to the side-built and top-built samples. Similarly, the harmonic texture of the a pole figure
(Figure 28) shows the texture intensities of the various types of o phases with different
preferred grain orientations, as generated from the parent 3 phases [42,43]. The maximum
texture intensity of the a phases is the lowest (8.99) in the flat-built sample, indicating that

it has more distinct types of a phases, possessing different preferred grain orientations
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resulting from the primary B phases during the —a transformation, follow-ing the Burgers

relationship. The higher number of different o variants gives it more strength and hardness

than the other two samples. In contrast, the maximum texture intensity of the a phases is

11.65 and 14.94 for side-built and top-built samples, respectively. The highest maximum

texture intensity in top-built samples indicates a smaller number of distinct a phases, as

opposed to the other two orientational samples. Consequently, the top-built sample is the

weakest in terms of strength and hardness among the three samples. Therefore, the

dissimilarity in microstructural grain sizes, preferred grain orientation, grain boundary

misorientation angles, and harmonic texture in different EBM-built Ti6Al4V samples

heavily contributed to the anisotropic mechanical behavior among the samples built in

different orientations with respect to the build table.
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4.3.6 Evolution of Microstructure After High-Temperature Tensile Testing

4.3.6.1 High-Temperature Mechanical Softening Behaviors

The flat-built sample displayed superior mechanical behavior at both room temperature
and different high temperatures than the other two build orientations in the case for all
tensile properties except percent elongation. The flat-built sample showed excellent
modulus of elasticity, strength, and hardness values which are comparable to the
conventional wrought Ti6Al4V alloys [84,85]. On the contrary, it has a very poor percent
elongation. Though both the side-built and top-built samples have outstanding percent
elongation values, their other properties are either similar or considerably lower than their
traditional wrought counterpart. The representative engineering stress vs. strain curves
from the tensile testing of the samples from all three build orientations and different
temperatures are shown in Figure 29. The observed anisotropic behaviors among different
samples built in different orientations were found to be caused by grain growth variation
[95,118]. Columnar grain growth in top build samples resulted in a much higher ductility.
Higher strength in flat build samples could potentially be attributed to less number of

layers, which reduces the potential for defects [95,109].
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Figure 29 Engineering stress-strain curves of EBM Ti6AIl4V (a) flat-built, (b) side-
built, and (c) top-built samples, tested at room temperature(RT), 200°C, 400°C, and

600°C temperatures and exhibiting softening behaviors at 600°C temperature.

The variation of mechanical behaviors of EB-PBF built Ti6Al4V parts at various high
temperatures has been analyzed further to understand different mechanisms which get
activated at the microstructural level and affect the microstructural properties under various
applied thermomechanical loading conditions. The mechanical properties of EB-PBF built
Ti6Al4V parts change significantly with the increasing testing temperatures, for example,
as shown in Figure 29 for the case of all three types of samples. All the samples showed
considerable temperature dependency, as can be observed from the representative
engineering stress-strain curves of the top-built samples. With the increasing temperature,

a significant increment of the ductility could be observed at the expense of the elastic
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modulus and strength properties. At 600 °C temperature, a significant decrease of flow
stress and consequent softening behavior was observed at all three different orientations. It
is hypothesized that this apparent softening behavior was due to various mechanisms such
as the increased mobility of the inherent dislocations, which caused the dislocation density

to be decreased, grain growth and coarsening, and grain boundary slip [95].

However, there was significant strain/work hardening of the EBM-built Ti6AI4V parts
observed from the plastic region of the stress and strain curves obtained at room
temperature, 200°C, and 400°C temperatures. The mobility of the inherent dislocations and
the creation of new dislocations are normally the main reasons for the various strain
hardening mechanisms that are activated during plastic deformation. Dislocation
entanglements and their interaction with the barriers are the most dominant strain
hardening mechanisms in the majority of the metals[100]. On the contrary, the EBM-built
Ti6Al4V samples have started displaying significant softening or hot working behaviors at
600°C. Various mechanisms such as grain growth [54], change of phases, grain boundary
slip, dislocation glides [105], dynamic recrystallization (DRX) [53,54], and globularization
[56,61,62], coarsening, elongation, and rotation of alpha phase [60,108] are generally
found to be responsible for softening of titanium alloy depending on the temperature and
manufacturing processes. The phase transformation and DRX mechanisms are more
prominent at a+f phase-field temperature (between 850-950 °C). Whereas both dynamic
recovery (DRV) and DRX could be observed at temperatures larger than the B-transus (995

°C). In the a phase-field temperature (below 800 °C), the most pronounced softening
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mechanisms could be grain coarsening, elongation, and rotation, along with dislocation

glide and climb.

4.3.6.2 Evolution of Microstructure with Temperature

In this analysis, various temperature-induced deformation mechanisms of EBM Ti6AlI4V
parts built in three different build orientations are investigated further through
microstructural analysis of the samples after the tensile testing at 600°C, 400°C, and 200°C.
The potential underlying mechanisms were examined thoroughly with the help of EBSD
analysis. The change of microstructure and evolution of preferred grain orientation, texture,
and sizes are analyzed using EBSD imaging to understand potential softening mechanisms
activated during the high temperature (up to 600°C) deformation of EBM-built Ti6AI4V
parts. The EBSD inverse pole figure (IPF) maps of the top-built samples after tensile
testing at 200°C, 400°C, and 600°C temperatures are presented in Figure 30. For the top-
built sample tested at 200°C, there have been significant changes in mechanical strength
properties when compared with the mechanical properties of the samples tested at room
temperatures. The increased dislocation mobility due to increased temperatures could be
the potential reason for lower mechanical properties obtained at 200°C as compared to the

room temperature properties.

The mechanical strength properties further decreased when tested at an elevated 400°C
temperature. At 400 °C, there is no apparent change in the preferred grain orientations
(Figure 30b) when compared with the IPF map of the sample tested at 200°C. For both the

samples, the preferred grain orientations are <0 0 0 1>and <1 1 2 0> with some grains
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orientated at < 1 1 2 1> also. However, some amount of grain growth could be observed in
the sample tested at 600°C temperature, as presented in Figure 30a. The average grain size
increment with the increasing temperatures has been discussed further in the later
discussion. Again at 600°C, most of the a grains have preferred orientations as <0 0 0 1>,
<1120> and <11 2 1> However, the grains looked stretched out and elongated after
going through the tensile testing at 600°C because of the applied thermomechanical
loading. This could potentially indicate the dislocation glides and grain boundary slip.
Thus, the grain growth, accelerated dislocation motion, and grain boundary slip because of
the combined thermomechanical loading could be the potential softening mechanisms
activated at this high temperature and thus making the material softer with lower strength
and higher ductility. The unique grain color maps (Figure 31) of the three top-built samples
tested at three different temperatures also validate the similar phenomenon described
above. Substantial grain coarsening and possible grain boundary slip could be noticed from

the grain color map of the top-built sample tested at 600°C temperature (Figure 31a).
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Figure 30 EBSD IPF maps of top-built samples after tensile testing at (a) 600°C, (b)
400°C, and (c) 200°C temperatures, exhibiting possible grain growth, distortion, and

grain boundary slip as potential softening mechanisms.

Figure 31 Unique grain color maps of top-built samples after tensile testing at (a)

600°C, (b) 400°C, and (c) 200°C temperature, further showing the change of grains

with different testing temperatures as potential softening mechanisms.
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The variation of grain sizes with the increasing temperatures can be further observed from
the grain size distribution curves of the three top-built samples tested at three temperatures,
as presented in Figure 32. The top-built sample tested at 200°C has an almost similar grain
size distribution curve as the sample before undergoing any deformation loading. The
average grain size of this sample is around 6.6 pm. A slight increase in the maximum grain
size from 20 um to 22 um can be found mainly due to the elongation of the sample during
tensile loading. The sample tested at 400°C displayed a further increase in the grain size
distribution with a maximum grain of 23 pm and an average grain size of 7.1 um. Whereas,
the top-built sample tested at 600°C showed a significant shift of the grain distribution
curve to the right, reaching a maximum grain size of 32 um and an average grain size of
8.8 um. These further indicate the grain growth and coarsening as viable softening

mechanisms activated at this elevated temperature.
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Figure 32 Grain size distributions of top-built samples at XZ plane after tensile testing
at 200°C, 400°C, and 600°C temperature, respectively, showing the evolution of grain

sizes and grain growth with an increment of testing temperatures.

The misorientation angle distributions of the top-built samples after tensile loading at
200°C, 400°C, and 600°C are compared and presented in Figure 33. The average of
misorientation angles decreases from 22 degrees to 20.5 degrees and 19 degrees with
increasing temperatures from 200°C to 400°C and 600°C, respectively. The number
fractions of both low angle grain boundaries (LAGBs, <15°) and high angle grain
boundaries (HAGBS, >15°) decreases with increasing temperatures, except at angles higher
than 55°. This variation of misorientation angle also indicates the potential grain boundary
slip and increased dislocation motion, affecting the mechanical properties of the Ti6AI4V

parts with increasing temperature [119,120].
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Figure 33 Misorientation angle distributions of top-built samples at XZ plane after
tensile testing at 200°C, 400°C, and 600°C temperatures, respectively, showing a
decrease of the fraction of LAGBS and fraction of HAGBs with increasing

temperature.

The evolution of the texture of the grains of the top-built Ti6AI4V samples after tensile
testing at 200°C, 400°C, and 600°C are presented via both alpha and beta pole figures as
presented in Figure 34. The maximum intensity of harmonic texture of the beta pole figures
decreases from 6.27 to 2.79 with increasing temperatures from 200°C to 600°C. Whereas
the maximum intensity of the harmonic texture of the alpha pole figures increases from

7.04 to 12.32 with increasing temperature from 200°C to 600°C. This also possibly

97



indicates the change of grain sizes and grain boundary distortion with the applied
thermomechanical loading [119]. The intensities of the different preferred grain
orientations which are <0001>,<112 0> and <1 1 2 1> changed considerably following
the tensile testing at different temperatures, as visible from the a pole figure harmonic
texture maps in Figure 34a. Therefore, the grain boundary distortion could be another

softening mechanism activated during high-temperature deformation.
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Figure 34 Harmonic texture of (a) beta pole figure and (b) alpha pole figure of the top-
built samples on XZ plane, after tensile testing at 600°C, 400°C, and 200°C
temperature, respectively. The maximum texture intensity of beta is decreasing, and

alpha increases with increasing temperature.
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Similarly, the side-built EBM Ti6AIl4V samples also exhibit the evolution of the grain size,
texture, and phases with the increment of tensile testing temperature. The EBSD IPF maps
of the three side-built samples after tensile testing at 200°C, 400°C, and 600°C temperature,
as presented in Figure 35, clearly show the change of microstructural features with
increasing temperature. The grain growth and distortion of the alpha grain boundary could
be observed as the temperature increases from 200°C to 600°C. On the contrary, the change
of size and orientation of beta grains are very difficult to be noticed since they are extremely
small in size as compared to the alpha grains and located at the grain boundaries of the
alpha phases [40]. Therefore, elongated and larger alpha grains could be noticed for the
side-built Ti6AI4V sample after deformation at 600°C (Figure 35a), indicating potential
softening mechanisms. Again, the orientation of the alpha grains does not exhibit much
change from the preferred ones of <000 1>,<112 0> and <1 1 2 1> orientations after
going through the thermomechanical loading at 200°C, 400°C, and 600°C temperatures,
respectively. Again, the distribution of grain sizes of the side-built samples tested at the
three temperatures is presented in Figure 35d. The grain size distribution curves of the
samples tested at 200°C and 400°C have a slight difference. The former has a maximum
grain size of 14 um and an average grain size of 5.3 um. At 400°C, the side-built Ti6AI4V
sample has a maximum grain size of 16 um and an average grain size of 6.2 um. While the
side-built sample tested at 600°C has a noticeable difference in grain distribution curve
when compared with the curves of the former two samples. The sample, after going through
deformation at 600°C, acquire elongated and coarser grains as large as 21 um in diameter

and with an average size of around 7.8 um. The fraction of alpha and beta phases of any of
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these samples didn’t change much after tensile testing at these three different temperatures.

The microstructures of the EBM-built Ti6Al4V samples are observed to consist of more

than 90% of alpha phase and less than 10% of beta phase at the alpha grain boundaries.

There was no significant o—f3 phase transformation found to have occurred since the

highest deformation temperature of 600°C was well below the a+f phase-field temperature

of 850-950 °C.
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Figure 35 EBSD IPF maps of the side-built samples after tensile testing at (a) 600°C,

(b) 400°C, and (c) 200°C temperatures, exhibiting a change of grains, grain growth,

distortion, and grain boundary slip as potential softening mechanisms. (d) grain size

distribution graphs show the evolution of grain sizes and grain growth with an

increment of testing temperatures.
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Figure 36 Harmonic texture of (a) beta pole figure and (b) alpha pole figure of the

side-built samples on XZ plane, after tensile testing at 600°C, 400°C, and 200°C

temperature, respectively. The maximum texture intensity of beta decreased from

400°C to 600°C, and the maximum intensity of alpha increased with increasing

temperature.
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However, the intensity of the grain texture changes with the testing condition, as can be
seen from the alpha and beta pole figures in Figure 36. The maximum intensity of the
alpha pole figure increases with increasing temperature, and in the case of the beta pole
figure, it increases from 200°C to 400°C and again decreases at 600°C temperature.
Besides, the overall aspect ratio of the a lath also changes with the testing temperature.
Similarly, the flat-built sample should undergo similar softening mechanisms as observed
in the side-built and top-built samples at elevated temperatures. To avoid overemphasis,
the flat-built samples were not analyzed further. Therefore, grain coarsening, elongation,
grain boundary slip, and temperature-induced accelerated dislocation motions are the
possible softening mechanisms activated at 600°C, making the flow stress properties, and
mechanical strength properties of the EBM-built samples lower as compared to their room

temperature relevant mechanical properties.

4.4 Surface Profile Measurement of As-Built Ti6Al4V Components, Produced Using EB-
PBF AM Technology

4.4.1 Experimental Procedures

The surface topography of the as-built Ti-6Al-4V parts fabricated using EBM technology
with three different build orientations has been analyzed for potential anisotropy in surface
roughness. With advances made in different areas of surface topography, a variety of
surface characterization technologies such as contact stylus, coherence scanning
interferometry, atomic force microscopy (AFM), optical microscopy, scanning electron

microscopy (SEM), and x-ray computed tomography are available for measuring surface
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texture of additively manufactured metal parts [121]. Among these, the stylus profilometer
and coherence scanning interferometry or 3D optical profilometer are widely used for
measuring various surface defects [122-125]. In this analysis, the surface texture and
roughness of different surfaces, which are parallel to the loading direction, were measured
using a stylus profiler from each of the samples built in different orientations. Significant
variations in surface finishes and roughness parameters were found on these samples with
different build orientations. Surfaces perpendicular and parallel to the build direction have
also been examined using a digital optical microscope to see how they differ from each
other. Furthermore, fracture surfaces obtained from the tensile test were analyzed using
field emission secondary electron microscopy (FESEM) to observe the crack initiation and

propagation sites.

4.4.1.1 Surface Profile Measurements

All the surface measurements were taken parallel to the loading direction to get all the
surface roughness defects perpendicular to the loading direction. Because surface
roughness defects parallel to the loading direction might not have any significant effect as
compared to defects perpendicular to the loading direction as potential fatigue crack
initiation and propagation site. Surface profile measurements were taken from multiple
locations of the surface areas to calculate the average values of various surface parameters.
For all the samples, surfaces, both parallel and perpendicular to the build direction, have
been analyzed to determine the roughest surface among them for each orientation.

Furthermore, the three most rough surfaces from the three samples have been analyzed
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further to determine the roughness anisotropy with print orientation and to predict the

fatigue strength.

The surface profiles of the EBM Ti6Al4V samples were measured using a profilometer
named Ambios XP-200 stylus profiler, as shown in Figure 37. This stylus profilometer
had a stylus tip radius of 2.5 pum, scan length range of 50 mm, and vertical measurement
range of 800 um [126]. The scan length of 5 mm and a scan speed of 0.03 mm/sec were
used to get the surface profile of the sample using this profiler. Measurements were taken
parallel to the loading direction to capture the surface defects perpendicular to it since these
defects are most likely to open under cyclic loading and contribute to the fatigue crack

initiation and propagation. Further details can be found elsewhere [109].
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Figure 37 Surface profile measurement tool named Ambios XP-200 stylus profiler.
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Furthermore, various surface parameters were calculated from the surface profile extracted
using this instrument. Some of these parameters are average roughness (Ra), root mean
square roughness (Rq), peak height (Rp), valley height (Ry), and total height (Rt= Ry + Ry)
of the profile, as shown in Figure 38. The average roughness, Ra can be calculated by using

the equation as shown below [127],

L
1
R, = Zflr(x)ldx 5
0

Here, L is the evaluation length, and r(x) is the profile height from the mean line. Again,

the root mean square roughness (Ry) is defined as follows,

L
- [eoyeax
0

A Mean Line

Figure 38 Definition of various surface roughness parameters.
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4.4.1.2 Variation of Surface Profile and Roughness

From the surface measurements of EBM Ti6AIl4V parts, it was observed that for the top-
built sample, all four surfaces parallel to the loading direction are equally rough because in
these surfaces, the layers are stacked in the same manner. On the contrary, for flat-built
and side-built samples, all four surfaces are not equally rough. Two of the four parallel
surfaces are comparatively smoother than the other two. The surfaces parallel to the build
direction are rougher as compared to the surfaces perpendicular to the build direction. The
comparison of the surface profiles, along with surface roughness parameters measured
from them, of the two surfaces of the flat-built sample is presented in Figure 39. Here, the
surface parallel to the building direction has superior values for all the examined
parameters than the surface perpendicular to the building direction. For example, the
average roughness, Ra value for the parallel surface, is 2.6 times larger than the
perpendicular surface. The standard deviations of all the parameters are also greater on the
former surface. The reason behind these higher irregularities of parallel surface is the
presence of multiple layers on it, as opposed to a single layer on the perpendicular surface.
Consequently, one of the parallel surfaces from each orientation was selected for further
analysis because fatigue cracks are most likely to initiate from these rougher surfaces under

dynamic loading.
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Figure 39 Comparison of (a) surface profiles and (b) various surface roughness
parameters obtained from these profiles of the two surfaces (perpendicular and parallel

to the build direction) of the flat-built sample measured along the loading direction.

The variation in surface measurement data of EBM Ti6Al4V parts, taken using the stylus
profiler from the roughest surface of the three samples, with build orientation, is presented
in Figure 40. While the side-built sample has slightly higher average roughness (Ra) and
root mean square roughness (Rq) values than the flat-built sample, these values are
significantly higher in the top-built sample as compared to both of them (Figure 40a). For
instance, the Ra and Rq values are around 25 % and 27 % larger, respectively, in the top-
built sample than in the flat-built sample. All the other roughness parameters, which are
peak height (Rp), valley height (Ry), and total height (R¢), also display a similar trend with
build orientation. Though the flat-built and side-build samples have similar values for all

these three parameters, the top-built sample has considerably greater values than the other
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two (Figure 40b). It can also be noticed that among Rp and Ry, the latter has a stepper
gradient between side-built and top-built samples. Consequently, the gradient of Rt is also
steep between them since it is simply the summation of the peak and valley heights. The

larger valley height could potentially lead to lower fatigue life for the top-built sample.
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Figure 40 The variation of surface roughness parameter (a) Ra & Rq, and (b) Rp, Rv,
& Rt values with the build orientation obtained from the roughest surfaces of as-built

EBM Ti6AIl4V samples.

However, a significant amount of variation in the surface roughness parameters, measured
on different surfaces of the samples of different build orientations, could be noticed for the
EBM process due to the changes in layer deposition directions and layer numbers in
different build orientations. The top-built sample has quite a large number of layers stacked

together along the longitudinal directions, and measurements are taken across the layers,

108



while for flat-built and side-built samples, the measurements are along with the layers.
Hence, the flat-built and side-built samples show almost similar surface irregularities,
which are better than the top-built sample. On the contrary, the top-built sample displays
the roughest surface among the three orientations. Besides, roughness parameters also vary
among different surfaces of a particular orientation. Furthermore, since there is a close
correlation between the fatigue properties and the surface defects [128,129], the fatigue
performance of flat-built and side-built samples could be better than the top-built sample.
Later in this study, the surface profiles, obtained using the stylus profiler, were used to
predict the fatigue strengths of EBM Ti6AIl4V parts built in three different orientations,

using two predictive models as discussed in the following sections.

4.5 Optical and Secondary Electron Microscopy Analysis

A digital microscope named Hirox KH-7700 was used to observe the surfaces
perpendicular and parallel to the build direction. The flat-built sample with the top surface
perpendicular to the build direction is shown in Figure 41a. The red box indicates the place
from where the image was taken at x350 magnification of the lens. The captured image
from this surface shows grooves along the width direction, as indicated in Figure 41b and
Figure 41c. These grooves indicate that during this E-beam melting process, the scanning
pattern at the top layer could be along the width direction. Conversely, the side-built sample
with a top surface parallel to the build direction is presented in Figure 42a. An optical
microscopy image was taken at x700 magnification, as presented in Figure 42D, revealing
round shape melt pools which are responsible for the higher roughness on this surface. 3D

image in the wireframe form also verifies that the surface irregularities in this surface are
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in random round melt pool shape, as shown in Figure 42c, as opposed to the groove shape
in a surface perpendicular to the build direction. From these optical images, it is also
noticeable that the surface perpendicular to the build direction is smoother than the parallel

surface.

Figure 41 The top surface (perpendicular to the build direction) of the flat-built sample

(@), with 2D (b) and 3D (c) optical microscope images.
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Figure 42 The top surface (parallel to the build direction) of the side-built sample (a),

with 2D (b) and 3D (c) optical microscope images.

Furthermore, the fracture surfaces obtained from tensile testing of the as-built Ti-6Al-4V
samples from the three build orientations confirm that there are unmelted or partially
melted powder particles near the surface or sub-surface areas, as can be seen in Figure 43.
Generally, these kinds of defects are primarily responsible for fatigue crack initiation and
propagation under cyclic loading as well. Since the top-built sample has a large number of
layers and most of the heat produced during the melting process transfers along the
longitudinal direction, there are a significant amount of unmelted or partially sintered
powder particles attached to the four parallel surfaces. As a consequence, it has very rough
surfaces, as can be observed in Figure 43c. On the contrary, in the flat-built and side-built
samples, there is a lower number of layers than in the top-built sample, and the heat
transfers across the thickness and width directions, respectively. Therefore, the amount of

partially sintered particles should be less in these two orientations than in the former one.
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The flat-built sample (Figure 43a) has a better surface finish than the top-built sample
(Figure 43b), whereas the side-built sample has a large amount of unmelted powder
particle zone (Figure 43c) near the surface. Since the top-built sample has higher surface
roughness, as calculated in the previous section, than the other two orientations, its fatigue

performance might be lower than the other two.
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Figure 43 Secondary electron microscopy (SEM) images of the fracture surfaces of (a)

flat-built, (b) side-built, and (c) top-built EBM Ti-6Al-4V samples.

4.6 Mechanical Hardness Measurements

The hardness of the specimens was measured using an ACCO WILSON Rockwell
hardness tester (Acco-Wilson, Inc., Santa Cruz, CA, USA). A sphero-conical diamond
indenter was used for the indentation. The preliminary force that was applied initially was

10 kgf. Finally, a total force of 150 kgf was applied for the hardness measurement. In total,
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six measurements were taken from the mid-gauge section of each sample. Then, the mean
value of all the hardness measurements was calculated to minimize the error pertaining to
them. The standard hardness conversion chart, provided by the instrument manufacturer,
was used for calculating the Vickers hardness (HV) of all the samples. Furthermore, an
MTS Criterion® Electromechanical Universal Test System was used to measure the
ultimate tensile strength (UTS) of all the samples. The average value of UTS was calculated
from the three measurements at each orientation of the samples. All the measured
mechanical properties of all three EBM Ti6Al4V samples are presented in Table 8. The
flat-built sample showed superior strength and hardness to the other two orientations.

Whereas the top-built sample has the lowest strength and hardness values.

These anisotropic behaviors are believed to be due to the microstructural variation resulting
from the different thermal histories of the three samples. Since in the top-built sample, the
scan length is very short compared to the other two orientations, the cross-section area is
also significantly small for this orientation. Therefore, the heat buildup in the top-built
sample is quite high, which results in the melting of adjacent points in quick succession,
unlike the flat-built and side-built samples. Besides, the cross-section area in contact with
the build plate is largest in flat-built, accelerating the escape of heat, followed by side-built,
while the top built has the least contact area. The above-mentioned phenomena, in
combination, result in microstructural and defect formation variations and the subsequent
differences in measured hardness and strength. Further analysis on these anisotropic
behaviors of EBM Ti6AIl4V samples and their possible reasons could be found elsewhere

[130],[45]. The obtained Vickers hardness (HV) values along with surface profile
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measurement data, were used for the fatigue strength prediction of as-built EBM Ti6Al4V

samples, as discussed in the following section.

Table 8 Mechanical properties of EBM built Ti6AI4V specimens built in three

orientations.

Vickers Ultimate tensile
Specimens hardness, HV | strength, UTS
(kgf/mm?) (MPa)
Flat-built 345 1065
Side-built 318 881
Top-built 294 807

4.7 Analysis of Porosity and Internal Defects Using 3D X-ray Computed Tomography
4.7.1 3D X-ray Computed Tomography (CT) Principles

X-ray computed tomography (CT) has become a popular tool for nondestructive analysis
of the internal structure and defects in three dimensions of different metal components in
various industries, including aerospace, automobile, and medical field. It can provide
information up to tens of nanometer scales. It uses powerful X-rays which penetrate
through an object and create two-dimensional images from different directions. These 2D
images are then stacked together using a computed reconstruction algorithm to create a

digital 3D greyscale representation of the internal structure and defects of any object. [131].
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The reconstructed 3D volume can be visualized in various ways, such as slice by slice,
which is also called virtual cross-sectioning, or by rendering the 3D view of the internal
features of the object. The datasets collected through this technique can be visualized and
analyzed using various software such as VGStudio, Avizo, Max, and other software

packages [132].

The intensity and phase of the electromagnetic X-ray wave change when it passes through
an object depending on the refractive index of that object. The refractive index, n can be

expressed by the following equation,

n=1-6+ip 7
Where £ provides the attenuation or absorption contrast, and ¢ provides the phase shift
information as the X-rays pass through the object. The attenuation of the X-rays can be
found from the linear attenuation coefficient, u, as given by 4mf /A, where 1 is the

wavelength of the X-ray. [133].

The 3D images are made of numerous cubic volumes, which are called voxels, similarly as
the 2D images are made of 2D pixels. The spatial resolution is normally larger than the
voxel size, depending on other scanning parameters. Therefore, the voxel size must be
sufficiently smaller than the size of the anticipated defects or features to capture them
appropriately [134]. Conventional medical or industrial CT possesses sub-millimeter
resolutions (voxel sizes >100 um), whereas micro-tomography (micro-CT) has micrometer
resolutions (voxel sizes > 0.1 um) and nano-tomography (nano CT) has nanometer
resolutions (voxel sizes > 10 nm). Though a smaller feature size can be recorded by

selecting a smaller voxel size, the field of view (FoV) on the detector will be smaller as
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well, along with the requirement of larger computation reconstruction time and space.
Higher effective resolution can be obtained by moving the object away from the detector,
thus geometrically magnifying the X-ray image on the detector (Figure 44). Thus, the
geometric magnification, M, is the ratio between the X-ray source to detector distance and

the X-ray source to object distance [134].
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Figure 44 Geometric magnification of X-ray computed tomography (CT) scanning

4.7.2 Experimental Procedures

The porosity and internal defects of the as-built EBM Ti6AI4V samples from the three
build orientations have been analyzed using an X-ray computed tomography(CT) modeled
as Phoenix S240. The software used for data acquisition and analysis of the samples is

Datos ACQ 2.8.2 and Datos REC 2.8.2, respectively. For getting higher resolution, a nano-
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focus tube was utilized with a tube voltage and current of 160 kV and 250 pA, respectively.
Hence, the target power was 40 W. No. of images/ total scan time was 1000/33 min. A
voxel size of 10 um was used for capturing small-scale defects with a diameter of 10
microns or larger. The effect of the internal and external defects on the fatigue performance

of the EBM Ti6AIl4V parts has been analyzed and can be found elsewhere [109].

4.7.3 Results and Discussion

For the porosity measurements, a scanning volume of 332 mm3 to 393.54 mm3 was
selected from the gauge section of the three types of samples. The flat-built sample revealed
a very high porosity of 0.17%, whereas both the side-built and top-built samples
demonstrated a similar porosity value of around 0.05%. The high porosity and lack-of-
fusion (LOF) defects normally result from the insufficient melting of powder particles in
between the subsequent layers due to the deviation of the processing parameters from the
desired ones caused by changes in either the power source or scanning system operation
[67]. The scanning cross-section area being larger in the flat-built sample results in higher
chances of accumulating LOF defects than in the other two samples. The various porosity
and internal defects data acquired from the 3D X-ray CT analysis of the three EBM Ti64

samples are presented in Table 9.
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Table 9 Statistics of defect distribution, obtained using X-ray computed tomography

(CT) analysis, of as-built EBM Ti6AIl4V samples with different orientations.

Diameter Mean Volume of
Defect Defect
Sample Range  of | Diameter of | Analyzed
Volume Volume
Orientation 95% Defects | Defects Material
(mm?d) Ratio (%)
(mm) (mm) (mm?d)
Flat-built 0.02-0.20 0.07 394.54 0.69 0.17
Side-built 0.02-0.11 0.06 332.00 0.16 0.05
Top-built 0.02-0.11 0.06 332.96 0.16 0.05

In the flat-built sample, the un-melted powder particle regions are found to be distributed
along the scanning length in the longitudinal direction, and also extending to the depth of
the sample, as can be observed from Figure 45a. The growth of this un-melted region was
parallel to the build direction. This lack of melting defects is mainly caused by inadequate
energy density delivery, as a result of a deviation of the scanning parameters from the
desired ones, mainly due to variation either in the power source, scanning system
maneuver, or from an intervention coming from other factors such as electromagnetic
interference [67,135]. The electron beam scanning direction is along the longitudinal and
tensile loading direction, the defects which are distributed along the scanning path and
produced by this inadequate energy delivery have hardly any effect on the tensile strength
properties, as could be noticed from the earlier mechanical property measurements

discussion. Figure 45b shows the frequencies of the distributed defects inside the flat-built
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sample. In this sample, 95% of the defects were observed to be in the diameter range of 20
pm to 150 pum, with a mean defect diameter of around 70 um. Furthermore, the bulk of the
defects, with a significant number of counts, is situated below 120 pum. Most of the defects
are en-trapped gas porosity, which is uniform in shape. There are several larger, non-
uniform, un-melted, or partially melted region defects, which could be very critical to the
performance of the final parts and need to be taken care of through process parameter

optimization or other techniques.
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Figure 45 Defect distribution on the flat-built sample, obtained from X-ray CT analysis,

(a) 3D defect distribution inside the sample, and (b) frequencies of the distributed defects.

However, Figure 46 and Figure 47 show that both the side-built and top-built samples
have a similar kind of defect distribution inside them. In these two samples, the severity
and intensity of the defects’ formation and distribution are much lower compared to the
case of the flat-built samples (Figure 45). In the side-built and top-built samples, the
porosity and other internal defects are distributed very homogeneously, where a majority
(95%) of the defects are found to be in the diameter range of 20 pm to 110 um, with a
mean defect diameter of around 60 pm. In the side-built samples, the majority of the defects
with a significant number of counts are below the diameter of 80 um, and this figure is
below 70 um in the top-built sample. Although there are hardly any long un-melted or

partially melted powder particle regions in these two samples as opposed to the flat-built
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sample, there are still some smaller un-melted or partially melted regions that could be

detrimental to their fatigue performances.
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Figure 46 Defect distribution on the side-built sample, obtained from X-ray CT
analysis, (a) 3D defect distribution inside the sample, and (b) frequencies of the
distributed defects.
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Figure 47 Defect distribution on the top-built sample, obtained from X-ray CT
analysis, (a) 3D defect distribution inside the sample, and (b) frequencies of the

distributed defects.
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Furthermore, the morphology of the defect distribution has been analyzed to observe how
it changes with the defect diameter. The morphology of various available defects can be
realized by the sphericity parameter (S), which is defined as Equation 8 [30]. Here, the V
and A are the volume and surface area of the defect, respectively. The sphericity (S) ranges
between the values of 0 and 1. A smaller S means an irregular or flatter shape defect. The
defect has a more spherical or regular shape as the sphericity value grows larger and closer
to 1.

1 2
S = —T[ /3(ZV) & 8

The sphericity of defects inside the flat-built sample spreads between 0.35 and 0.75 and
decreases with an increasing defect diameter, which could be as high as 210 pum, as
presented in Figure 48a. This further confirms that the flat-built sample has a large number
of irregular-shaped defects with low defect sphericity and high diameter. The porosity,
which generates from the lack-of-fusion (LOF) defect, normally has a very irregular shape
and large diameter, as observed in this case [64]. The scattering length of the sphericity
becomes narrower with an increasing defect diameter in flat-built samples. However, the
sphericity of defects for side-built and top-built samples scatter between 0.42 and 0.73
(Figure 48Db,c), while most of the defects have sphericity greater than 0.45. The defect
diameters are also constrained below 120 um in these two cases. Therefore, the regularity

of the defects in these two samples is much better than in the flat-built sample.
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The width of the scatter in sphericity grows larger with an increasing defect diameter in
both the side-built and top-built samples, as opposed to the case of a flat-built sample. This
further indicates that the severity of the defects in side-built and top-built samples is lower
than in the flat-built ones. Furthermore, the comparison of the trendlines of the sphericity
distribution with defect diameter among the three samples is presented in Figure 48d. All
three lines meet at a defect diameter of around 43 um. The flat-built sample has higher
sphericity below this intersection point and lower sphericity beyond that, as compared to
the other two samples. Again, the flat-built sample has significantly low sphericity of the
defects with a very large diameter, which could make it highly susceptible to faster failure
under fatigue critical applications. Although both the side-built and top-built samples have
similar trendlines, the latter has slightly lower sphericity in the larger defect region. All of
the internal defects have highly irregular morphology, lower sphericity, and larger defect
diameters might be very crucial as potential crack initiation and propagation sites under
fatigue loading. Therefore, although surface defects are more crucial to the fatigue
performance, the internal porosity defects with sharp morphology, as created due to lack
of melting, might also adversely affect the performance of the as-built metal AM parts

under different quasi-static and cyclic loading, leading to premature failure.
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Figure 48 The scatter distribution of sphericity with increasing defect diameters of (a)
flat-built, (b) side-built, and (c) top-built samples, along with (d) the comparison of the

trendlines of the sphericity distribution among the three samples.
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Finally, although the flat-built sample has a very poor porosity value with lower sphericity
of defects as opposed to the side-built and top-built samples, it also possesses overall better
mechanical properties under tensile loading. Again, the external surface roughness defects
demonstrate the opposite trend as internal defects, where the flat-built sample has a better
surface finish than the other two samples. Still, the variation of average surface roughness,
as calculated from different sides of the samples, is not that significant among the different
orientations. Therefore, the effect of porosity and surface roughness on the anisotropic
mechanical strength behavior of EB-PBF Ti6Al4V parts might not be that significant. This
may also indicate that another underlying reason could be the cause of the significant
anisotropy that is observed in the mechanical properties of the different build orientations.
Previous studies have shown that the variation in columnar grain growth observed in
different build orientations, along with microstructural variation, could be responsible for
the anisotropic behaviors [45]. This variation in microstructure occurs due to several
different factors, including variation in cooling rates and thermal gradients, and impacts

the grain formation and growth during the process.

Some samples from all orientations have excessively high porosity values because of the
elongated lack of fusion defects. Those defects contributed to premature failure under
tensile loading. Consequently, they displayed very poor strength properties and percent
elongation as compared to the specimens with minimum internal defects. Therefore, those
measurements were discarded from the analysis. Such a sample (flat-built) with severe
porosity defects has been presented in Figure 49. Two areas of large un-melted regions

along the X direction could be observed, as shown in the top plane. These defects also
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accumulated across several layers in the build direction, as can be noticed from the front
plane of this flat-built sample. In this particular sample, the defect volume ratio was 0.35%,
which is two times larger than the average porosity value of a similar sample. Therefore,
this type of sample failed pretty faster and showed very low percent elongation than the

sample with lesser defects.
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Figure 49 Flat-built sample with severe porosity defects identified on the cross-section

of the three planes
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4.8 Fatigue Strength Prediction of As-built Ti6AI4V Parts from the Inherent Defects
4.8.1 Fatigue Limit Prediction Model

The fatigue strength of the as-built EBM Ti-6Al-4V sample without any post-processing
treatment has been found to be in the range of 150-350 MPa at around 107cycles [81],[136—
138]. After doing different post-processing treatments such as machining, hot isostatic
pressing (HIP), and heat treatment, the fatigue strength could be increased up to 550-600
MPa or more [138]. This increase in fatigue strength is mainly due to the changes in
microstructure, surface roughness, porosity, and voids because of those post-treatments.
Although high surface roughness is one of the key reasons for low fatigue properties of as-
built EBM Ti-6Al-4V parts, the correlation between the fatigue life and surface profile has
not been analyzed well enough in the available literature to the author's knowledge.
Moreover, though surface defects are more crucial to fatigue performance, the internal
defects with acute morphology, mainly lack-of-fusion defects, might also contribute
adversely to the fatigue properties of the as-built metal AM parts. As a result, consideration
of both the internal and external surface defects would possibly provide a more accurate
perdition of fatigue performance of the as-built metal AM parts. In this study, different
surface roughness and internal defect parameters were utilized to predict fatigue
strength, oy, quantitively using Murakami’s modified Varea parameter model [90] as
follows,

C, * (HV +120) [1—R1“
E3
(Varea)1/6 2
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Where Varea is defined as the square root of the projected ‘defect area’ of a defect on a
plane perpendicular to the maximum principal stress. HV is Vickers hardness, and Cy is
location parameter (C1 = 1.43 for surface defects, C1 = 1.41 for subsurface defects, and C
= 1.56 for internal defects). R is the stress ratio, ,,in/0max> and the a is dependent upon
HV by the equation as, @ = 0.226 + HV x 10~*. While HV is in kgf/mm? and can be
calculated from the hardness measurement of the samples. Thus, the fatigue strength can
be approximated from the square root of the defect area, which could also be represented
as \/areay and y/area,,, for surface roughness and internal defect, respectively, and the

Vickers hardness without any further destructive fatigue testing.
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Figure 50 Surface profile of the flat-built sample, taken along the loading direction
using a stylus profiler, showing the critical profile valleys along with the pitch (2b)

and depth (a) of them.
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Figure 52 Surface profile of the top-built sample, taken along the loading direction
using a stylus profiler, showing the critical profile valleys along with the pitch (2b) and

depth (a) of them.

Surface roughness can be considered as micro notches which could be responsible for the
fatigue crack initiation and propagation [81],[139]. Moreover, from the valley of the
measured surface profile, two important profile parameters, the pitch (2b) and the depth
(a) of the surface profile, can be extracted as presented in Figure 50, Figure 51, and Figure
52. These three figures exhibit six critical valleys for each of the surface profiles, which
are potential crack initiation and propagation sites, hence are selected for fatigue limit
calculation. Furthermore, the equivalent size of these crucial surface defects, \/areay can
be found by using an empirical equation derived by Murakami [90] from the relation

between /areag/2b and a/2b as follows,

Vareag _ a a2 a3 a
= 2.97 (%) ~ 351 (%) —9.74 (E) ; forr < 0.195
Vvareag _ a 10
T 0.38; fOTﬁ > 0.195

Thus, by determining the ratios of depth and pitch (a/2b) from the different surface profile
measurements, as shown in Figure 50, Figure 51, and Figure 52, the square root of the

equivalent surface roughness defect area, \/areay can be obtained using Equation 10.
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Figure 54 The size distribution along the loading direction of internal defects with

various diameters for the side-built sample.
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Figure 55 The size distribution along the loading direction of internal defects with

various diameters for the top-built sample.

Similarly, the diameter (d) and size (h) of the critical internal defects, as circled in Figure
53, Figure 54, and Figure 55 and obtained from X-ray computer tomography (CT), are
extracted for all three kinds of samples, which are flat-built, side-built, and top-built. The
square root of the projected internal defect area, v/area;, can be calculated using the

Murakami and Endo’s model [90] as shown below,

Jarea;; = [dh —d?/4V3 11
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Furthermore, these calculated values of y/areag and y/area;, can be used for predicting
the fatigue limit, a,, , which is the maximum stress a part can take before crack propagation

under the constant amplitude fatigue loading at around 107 cycles, using Equation 9.

4.8.2 Results and Discussions

The current study has applied the fatigue strength prediction model described above for
calculating the approximate fatigue strength of as-built EBM Ti-6Al-4V parts, built in three
different orientations, using surface roughness measurement data, internal defect, and
Vickers hardness values of these samples. Based on the described formulas, an algorithm
was developed to compute the fatigue strength values for different a/2b ratios extracted
from the surface profiles of the three different samples with three build orientations, as

shown in Table 10.

Table 10 Fatigue limit, a,, (MPa) calculation using the extracted surface profile data

Fatigue | Fatigue
Build Profile Profile
Observatio al2b | /areag | limit, g, | limit, g,
orientat depth, a | pitch,
n No. ratio | (um) (MPa) (MPa)
ion (um) 2b (um)
(R=-1) | (R=0.1)
F1 66 299 0.22 | 113.62 |302 245
F2 81 240 034 |91.2 313 255
Flat-
F3 73 282 0.26 | 107.16 | 305 248
built
F4 112 297 0.38 | 112.86 | 303 246
F5 108 304 0.35 | 11552 |301 245
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F6 62 203 031 |77.14 322 262
Mean 84 270.83 | 0.31 |102.92 | 308 250
77 289.5 0.33 110 | 304 247 77
Std. dev 21.43 40.63 0.06 | 15.44 8.24 6.91
S1 110 331 0.33 | 125.78 | 280 228
S2 74 313 0.24 |118.94 | 282 230
S3 58 281 0.21 |106.78 | 288 234
S4 113 351 0.32 |133.38 | 277 225
Side-
S5 66 305 0.22 |115.9 284 231
built
S6 101 266 0.38 |101.08 | 290 236
Mean 87 307.83 | 0.28 |116.98 | 283 231
Median 87 309 0.28 |117.42 | 283 230.5
Std. dev 24 31.32 0.07 |11.90 4.89 3.98
T1 108 325 0.33 | 1235 265 216
T2 135 456 0.30 |173.3 251 204
T3 101 535 0.19 |197.98 | 245 200
T4 70 310 0.23 |117.8 267 218
Top-
T5 131 415 0.32 | 157.7 255 208
built
T6 61 315 0.19 |117.43 | 267 218
Mean 101 392.67 |0.26 |147.95 | 258 211
Median 105 370 0.26 | 140.6 260 212
Std. dev. 30.55 01.88 0.06 | 33.70 9.35 7.76
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Similarly, the fatigue limits of the three samples have been calculated from the projected
square root areas of internal defects as provided in the following tables, which are Table

11, Table 12, and Table 13.

Table 11 Fatigue limit, o, (MPa) calculation using the internal defect data for flat-built

sample
Fatigue
Defect Defect Fatigue
Build Observat Jarea;, limit, g,
Diameter, d | Size, h limit, g,,(M
Orientation | ion No. (um) (MPa)
(Hm) (Hm) Pa) (R =-1)
(R=0.1)
1 30 40 32.71 406 329
2 40 40 37.00 397 323
3 50 60 51.37 376 306
4 60 60 55.50 371 302
Flat-built |5 70 80 69.95 357 290
6 80 80 74.00 354 287
7 90 100 88.49 344 279
8 100 100 92.50 341 277
9 110 120 107.02 | 333 270
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10 120 120 111.00 |331 269
11 130 140 12554 | 324 263
12 140 140 129.50 | 323 262
13 150 160 144.06 | 317 257
14 160 160 148.00 | 315 256
15 170 180 162.57 | 310 252
16 180 180 166.50 | 309 251
17 190 200 181.08 | 305 248
18 200 200 185.00 | 304 247
Mean 115 120 108.99 | 340 276
Median | 115 120 109.01 | 332 269.5
Std. dev. | 53.38 53.14 | 49.25 31.22 25.39

Table 12 Fatigue limit, a,, (MPa) calculation using the internal defect data for the side-

built sample
Fatigue
Build Defect Defect Fatigue limit, o,
Observa Jarea;p
Orientati Diameter, | Size, h limit, o,,(MPa) | (MPa)
tion No. (um)
on d (um) (Hm) (R=-1) (R=
0.1)
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Side-

built

1 30 30 27.75 393 320

2 40 30 31.13 385 314

3 40 40 37.00 374 305

4 50 40 40.49 369 300

5 50 50 46.25 360 293

5 60 50 49.80 356 290

7 60 60 55.50 350 285

8 70 60 59.10 346 282

9 70 70 64.75 341 277

10 80 70 68.38 338 275
11 80 80 74.00 333 271
12 90 80 77.66 331 269
13 90 90 83.25 327 266
14 100 90 86.93 325 264
15 100 100 92.50 321 261
16 110 100 96.19 319 260
17 110 110 101.75 316 257
Mean 72 68 64.26 346 282
Median 70 70 64.75 341 277

Std. dev. 25.38 25.38 23.40 23.58 19.38
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Table 13 Fatigue limit, a,, (MPa) calculation using the internal defect data for top-built

sample
Fatigue
Build Defect Defect Fatigue
Observa Jarea;p limit, g,,, (
Orientatio Diameter, | Size, h limit, g, (M
tion No. (um) MPa)
n d(um) | (um) Pa) (R =-1)
(R=0.1)

1 30 30 27.75 371 303

2 40 30 31.13 364 297

3 40 40 37.00 354 288

4 50 40 40.49 348 284

5 50 50 46.25 341 278

5 60 50 49.80 337 274

7 60 60 55.50 331 270

Top-built 8 70 60 59.10 327 267
9 70 70 64.75 322 263

10 80 70 68.38 319 260

11 80 80 74.00 315 257

12 90 80 77.66 313 255

13 90 90 83.25 309 252

14 100 90 86.93 307 250

15 100 100 92.50 304 248
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16 110 100 96.19 302 246
17 110 110 101.75 299 244
Mean 72 68 64.26 327 267
Median 70 70 64.75 322 263
Std. dev 25.38 25.38 23.40 22.19 18.13

The obtained fatigue limits from both surface and internal defects have been compared to
see which one has a more severe effect on the fatigue strength, as shown in Figure 56. The
surface defects are more crucial for determining the fatigue limit since they provide a much
lower fatigue limit as compared to the internal defect case. Therefore, the fatigue strength
calculated from these surface defects will be used for further analysis onward. Besides, the
effect of build orientation on the fatigue strength is examined and exhibited in Figure 56,
for two stress ratios which are R = -1 and R = 0.1. At zero mean stress (R = -1), the flat-
built sample has better fatigue strength than the other two samples, in the range of 301 —
322 MPa, which is way better than the top-built sample. This complies well with the fact
that the flat-built sample has a smoother surface and superior tensile strength than both the
side-built and top-built samples. Conversely, the top-built sample has lower fatigue
strength in the range of 245 — 267 MPa, because of having the highest surface roughness
and lowest tensile strength among all three orientations. A similar trend has been observed
in the case of positive mean stress as well, while the value of R is taken as 0.1. Again, the
mean stress has a significant effect on the fatigue limit, which can be noticed from Figure

56 as well. Here, the fatigue strength decreases considerably with the increase of mean
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stress from zero to positive values for all the orientations. The average fatigue limit values
computed from this predictive model for as-built EBM Ti-6Al-4V parts built in different
orientations range between 200 - 322 MPa (considering both stress ratios), which also

comply well with different experimental data available in the literature.
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Figure 56 The fatigue strength prediction data of the three as-built EBM Ti-6Al-4V
samples with three different build orientations, (a) at R = -1 (mean stress is zero), and

(b) at R = 0.1 (mean stress is greater than zero).

Furthermore, it can be noted from Table 10 that surface profile depth is very crucial for
fatigue strength. The flat-built sample has a minimum average profile depth (83 um), and
consequently, it has superior fatigue strength as compared to the other two orientations. On
the contrary, the top-built sample has a larger average profile depth of 101 um, hence lower
fatigue strength than the other two samples. However, as the profile depth dictates the
surface roughness of the sample, they have a similar impact on fatigue strength. The effect
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of surface roughness on the fatigue limit of EBM Ti-6Al-4V parts has been analyzed by
comparing the predicted values from the current model, and the experimental values
gathered from the literature as shown in Figure 57. It further shows the agreement between
the predictive model and the experimental values. It also depicts that the fatigue strength
decreases with the increasing surface roughness. The Wrought Ti-6Al-4V part exhibits a
very high fatigue strength of around 800 MPa, mainly because of having a surface
roughness below 5 pm. Various other post-processing treatments also contribute to the
improved fatigue strength of wrought Ti64, in addition to the low surface roughness.
Furthermore, an exponential physical model can be derived from the exhibited trend among
the average surface roughness (Ra) and fatigue limit (ow), as o,, = 1457Ra~%%1¢ which

can be seen from Figure 57 as well.
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Figure 57 The effect of surface roughness on fatigue limit (R=0.1) with a power

trendline for EBM Ti6Al4V parts, as compared to the wrought machined parts
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4.8.3 Fatigue Strength Prediction at 1000 Cycles

Fatigue testing is generally a very tedious and time-consuming process. So a non-
destructive and quick method of fatigue life prediction is very crucial [140]. The fatigue
limit of as-built EBM Ti-6Al-4V parts at 10’ cycles has already been determined using
Murakami’s Varea parameter model considering the equivalent surface roughness defects.
Similarly, fatigue strength at 1000 cycles can be approximated from the Basquin’s model

[141] as provided below,

(o), = o (2Nf)® 12

At 1000 cycles which becomes,

(0F)103 = 0p(2 X 10%)? 13
Where, N is the number of cycles, and o is the fatigue strength at any specific cycle. o
is the fatigue strength coefficient and can be approximated for powder bed AM Ti-6Al-4V
as or = 1163 MPa [142]. And b is the fatigue strength exponent, which can be found by
inserting the fatigue limit, oy, and the corresponding cycle, 107 in the Basquin’s equation

as follows,

log(or /o)

= —— 14
log(2 x 107)

Utilizing the two predictive methods discussed above, the approximation of the stress
amplitude vs. number of cycles to failure (S-N) diagram from 1000 cycles to 107 cycles

was obtained for the as-built EBM Ti6AIl4V parts as shown in
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Figure 58. S-N curves for three samples, built in the three different orientations, have been
predicted at two stress ratios of R = 1 and R = 0.1 from the measurement of surface
roughness and Vickers hardness. The top-built sample, in which the loading direction is
parallel to the build direction, exhibits the lowest fatigue properties because of having a
comparatively poor surface finish and lower hardness as opposed to the other two samples,
as shown in Figure 58. However, the flat-built sample shows better fatigue strength curves
than the side-built sample since the former has relatively less critical surface irregularities
as well as higher hardness than the latter one. The predicted model also shows that the
fatigue performance of Ti-6Al-4V alloy built by EBM could be very poor because this
process produces a very rough surface. When compared with the experimental stress vs
number of cycles data of as-built EBM Ti6Al4V alloy available in the literature, the
predicted model complies reasonably well with the scatter for both the high cycle fatigue
(HCF) region and the low cycle fatigue (LCF) region. The experimental scatter obtained
from [Gunther, 2017] and [Hrabe, 2017] are in pretty good agreement with the predicted
model at the stress ratios of R=-1 and R=0.1, respectively. Furthermore, a similar approach
where the combination of the material property like hardness and manufacturing defects
such as surface roughness and internal porosity is used for fatigue strength prediction of

as-built metal parts could be applied into other PBF processes as well.
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Figure 58 Linear model of maximum stress vs. number of cycles to failure (S-N)
curves predicted from surface anomalies and Vickers hardness of as-built EBM
Ti6AIl4V parts produced in three build orientations and compared with literature

values.
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CHAPTER 5

CONCLUSIONS
The EB-PBF AM built Ti6Al4V samples showed significant anisotropic behavior mainly
because of the variation of cooling rates and subsequent microstructural changes in
different built orientations. The flat-built sample displayed greater mechanical properties
at all testing temperatures than both the side-built and top-built samples in the case for all
tensile properties except percent elongation. The flat-built sample has an excellent ultimate
tensile strength which is almost 21% and 32% larger than the other two later orientations,
respectively. The variation of the intensity of grain texture, grain orientation, size
distribution, and microstructural formation is mainly responsible for anisotropic behaviors.
The direction of homoepitaxial growth of the columnar grains, being different with respect

to the loading directions of three samples, also contributes to the anisotropic behaviors.

The sample which has a minimum number of layers that are parallel to the loading
directions has the highest flow stress properties at all temperatures as compared to the
sample that has a maximum number of layers that are perpendicular to the loading
direction. But the former loses the ductility with the increase in strength, whereas the latter
has the highest ductility. These anisotropic behaviors could be due to mainly the change in
microstructure during the building process of the samples due to the variation in cooling
rates and temperature gradient in different orientations. Besides, the changes in
distribution, location, and shapes of the various formed defects, such as porosity, un-melted
powder particles, and surface roughness, with build orientations could also contribute

partially to the anisotropic behaviors of EBM Ti6AIl4V parts.
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The microstructural analysis of Ti6Al4V samples built using electron beam melting PBF
AM process showed the presence of both a phase and B phase. More than 90% of the grains
consist of the a phase, whereas there is a very small amount of § phases distributed at the
grain boundaries of the a matrix. The EBSD analysis revealed that the microstructures of
the EBM-built Ti6Al4V parts consist mainly of a colony, a basket-weave platelets along
with a small amount of B phases distributed along the grain boundaries of the alpha phases.
However, the variation in preferred grain orientation, grain size, the intensity of harmonic
grain texture, grain boundary misorientation angles, microstructural formation, and the
number of potential a variants as possibly dictated by the variation of the thermal gradient
in the build direction, subsequent cooling rates, and thermal annealing phenomena due to
an elevated build chamber temperature, are mainly responsible for these anisotropic
mechanical behaviors. For the horizontally built sample, positioned perpendicular to the
build direction, being closer and sharing a larger cross-section to the build table should
result in higher heat flow towards the build direction than the surrounding powders, as
opposed to the vertical sample positioned parallel to the build direction during the
solidification process. These phenomena of variations of heat flow direction and
subsequent cooling rates potentially lead to the observed variation in the preferred grain
orientation, microstructure formation, and grain distribution among the three different

samples.

The vertical sample, being further away from the build plate, has larger grain sizes with a
considerably different preferred grain orientation compared to the other two horizontal

samples due to the assumedly considerable change in the thermal gradients, cooling rates,
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and thermal annealing phenomena. The horizontal sample, which shares a larger area with
the build table, also showed a higher average grain boundary misorientation angle than the
other two orientations. The maximum intensities of the alpha and beta pole-figure harmonic
textures also change with the build orientations of the samples. The higher percentage of
the softer B phases in the vertically built sample contributed to its higher ductility versus
the other two orientations. Thus, the strong microstructural variation, as observed among
EBM Ti6Al4V samples built in different orientations, mainly dictates the component
performance and results in the anisotropic mechanical behaviors among different metal

AM-built samples.

At high temperatures, Ti6Al4V parts are very sensitive to the strain rate. At a low strain
rate of 0.005 mm/mm/min, this titanium sample shows substantial creep behavior, and the
elongation becomes more than 50%. As a result, an optimized strain rate should be used to
test this material in strain control mode at high temperatures to avoid this creeping
behavior. During the ramping up of the temperature, considerable thermal expansion of the
test fixtures and grips might happen to cause compressive stress on the specimens. This
could be taken care of by continuously applying tensile force on the extension rods until

thermal stability is obtained to prevent the test specimen from bending.

Furthermore, substantial temperature dependencies of the mechanical properties were
observed for all EBM Ti6AIl4V samples with three build orientations. The flow stress
property decreases considerably with the increasing temperatures for all orientations. In
higher temperatures, the strength of the alloy decreases while its ductility increases

significantly. At 600°C temperature, significant softening behavior was observed,
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following a very short period of hardening behavior, until the fracture. These decreases in
flow stress with the increasing temperature and softening behavior at high temperatures
could be due to the increased dislocation mobility, which causes the dislocation density to
be decreased, and dynamic recrystallization with grain boundary slip at the higher

temperature.

The possible key softening mechanisms activated during tensile testing at 600°C
temperature were the grain growth, dislocation motion caused by increased temperature,
grain boundary slip, and coarsening of the alpha phase. There was no significant change in
preferred grain orientation observed as the potential softening mechanism. However, the
grain size increased significantly in all types of samples because of the combined
interaction of the thermomechanical loading when tensile tested at different high
temperatures. For example, in the case of the vertically built sample, the maximum initial
grain size increased from 19 um to 32 um after tensile testing at 600°C temperature. When
comparing the misorientation angles of different samples, both the number fraction of
LAGBs (<15°) and HAGBs (>15°) decreases with increasing temperature except at angles
greater than 55°. Thus, the average of misorientation angles decreases with increasing
temperature accelerating the dislocation motion to the low energy region, thus making
dislocation density decrease and making the materials softer. The maximum intensity of
harmonic texture decreases from 6.27 to 2.79 for beta pole figures and increases from 7.04
to 12.32 for alpha pole figures with increasing temperature from 200°C to 600°C in the

vertically built samples.
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However, the preferred orientation of alpha grain doesn’t change considerably from the
orientation of <0 0 0 1>, <112 0> and <1 1 2 1> orientations as the tensile testing
temperature increases to 600°C from lower temperatures. Therefore, the change of the
preferred grain orientations could be omitted here as a potential softening mechanism at
this tested temperature range. But, this mechanism might get active when the deformation
temperature is much higher and at the range of recrystallization temperature of either a-f
or B phase field. Thus, the growth and coarsening of the alpha grains, change of average
misorientation angle, and the maximum texture intensity of the alpha and beta phases,
along with dislocation motion as triggered by the high temperature and grain boundary slip
are some of the significant potential softening mechanisms which might get activated
during high-temperature deformation of EBM-built Ti6Al4V samples. Similar, kind of
softening mechanisms could get activated for other types of PBF-built metal parts as well.
Therefore, necessary precautions and measures should be taken while using analogous

kinds of metal parts in various high-temperature environments.

The fracture surfaces reveal that the samples with a loading direction parallel to the layers
undergo cup-and-cone ductile fracture when the sample with the loading direction
perpendicular to the layers experiences a ductile shear fracture. Most of the propagating
cracks possibly initiate from the partially melted or unmelted powder particles near the
sub-surface areas. Whereas various internal defects such as pores, keyholes, and un-melted
powder zones could potentially accelerate the crack propagation. The flat-built and the
side-built samples exhibit the cleavage mode of fracture where the tensile stress acts normal

to the crystallographic cleavage plane. They both undergo intergranular fracture, where the
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crack propagates along the columnar grain boundaries. The top-built sample fracture
surface appears highly fibrous due to a significant amount of plastic deformation before
fracture. The fracture pattern, in this case, could be trans granular where the cracks
propagate across the columnar grain. The fracture surface of the top-built sample tested at
600°C shows marks of grain boundary slip and dislocation slip, which might be responsible

for the significant decrease in flow stress and increase of ductility for this sample.

The flat-built sample has a very poor porosity value (0.17%) with lower sphericity of
defects which is sometimes very detrimental to their elongation properties, as opposed to
the side-built and top-built samples, both having a porosity of 0.05%. Besides, Surface
characterization of the as-built Ti-6Al-4V parts produced using the EBM additive
manufacturing process is very crucial because this process is known to create parts with a
rougher surface than the other AM processes. The main reason behind this higher surface
roughness could be the greater average size of the powder ( around 60 pum) used in this
process. Surface roughness has also been found to vary depending on the build orientations.
Surfaces parallel to the build direction have higher surface roughness than the surfaces
perpendicular to the build direction. The perpendicular surfaces analyzed with the optical
microscope show grooves along the width direction, which could be the scanning direction
of the electron beam. Whereas there are round shape partially sintered powder particles on
the parallel surfaces because of the deposition of a large number of powder layers on these
surfaces, and since the heat conductivity is favorably larger towards the build table rather

than the surrounding powder. However, the effect of the various inherent defects on the
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mechanical behavior is not that significant compared to their detrimental effect on various

fatigue-critical applications.

The surface profile was measured using a stylus profiler on the surfaces parallel to the
loading direction to capture defects perpendicular to this direction. The acquired profiles
were then utilized to find the equivalent areas of the surface defects projected on a plane
perpendicular to the maximum principal stress. Similarly, projected areas of internal
defects were calculated from X-ray Computed tomography (CT) analysis results. These
defect areas and Vickers hardness were then inputted into Murakami’s Varea parameter
model to find the fatigue strength at 107 cycles for various stress ratios. The fatigue limit
measured from surface defects is found to be more crucial than those measured from
internal defects, therefore, surface defects are rendered as determining factors for fatigue
strength. Moreover, the fatigue strengths calculated using such predictive models agree
reasonably well with the experimental values recorded in the literature, which are in the
range of 150-350 MPa for as-built EBM Ti-6Al-4V samples without any post-treatment. It
is also observed that the fatigue strength decreases with the increasing surface roughness.
The mean stress also has a significant influence on fatigue properties. The fatigue strength

decreases when the mean stress increases from zero to positive values.

Finally, the fatigue strength at 1000 cycles was approximated from fatigue limit calculation
using Basquin’s model. The maximum stress vs number of cycles to failure (S-N) curve,
when plotted from 1000 to 107cycles, gives the linear regression model of the scatter of
fatigue strength. When compared with the experimental S-N curves of EBM Ti-6Al-4V

parts, the obtained estimated curve fitting shows quite good agreement. Therefore, this
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study predicted the maximum stress vs. fatigue life curve quantitatively by using the
internal and external defect values and material hardness data when bypassing the tedious
and destructive fatigue testing. The external defects are found to be more dominant than

internal defects in determining the critical fatigue limit for as-built EBM AM parts.
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CHAPTER 6

FUTURE WORK AND RECOMMENDATION

6.1 Modeling of Fatigue Crack Initiation and Propagation from Various Defects

Ti6Al4V being a sophisticated alloy, has various valuable applications in the aerospace,
biomedical, and industrial sectors. Different powder bed fusion (PBF) additive
manufacturing processes have proven to be excellent prospects lately for manufacturing
near-net shape Ti6AI4V parts due to their poor machinability in conventional removal
techniques [32]. However, various powder bed fusion (PBF) process-built Ti6Al4V parts
are known to have various internal defects, like lack of fusion (LOF) porosity, keyhole
porosity, and entrapped gas porosity [30,63-66]. LOF porosity occurs due to insufficient
energy density, whereas keyhole porosity builds up along the scanning path because of
excessive energy density. The gas porosity originates from the trapped argon in powder
feedstock during the atomization process and from the water vapor on the powder surface
as hydrogen pores. All these porosities are detrimental to the fatigue performance of the
PBF parts. The surface defects were found to be more critical to the fatigue performance
as compared to the internal defects, via numerical and analytical study in the earlier
sections. A further computational analysis using finite element analysis (FEA) can be

conducted to explore the issue in more detail.

In the future study, an FEA modeling of fatigue crack initiation and propagation from
inherent defects of as-built EBM Ti6AIl4V parts will be attempted. The microstructural
finite element (FE) simulation of fatigue failure could be approached by a global-local

model scheme to lessen the computational time and facilitate the microstructural defect
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features [73]. The global FE model for simulating cyclic fatigue loading will be developed
using the material's elastic and plastic properties. Furthermore, a local model representing
a portion of the global model will be built with distributed defects throughout the element,
as shown in Figure 59. Eventually, a continuum damage modeling approach, for example,
successive initiation, will be used for predicting crack initiation sites and propagation
directions. In the successive initiation model approach, the damages accumulate
continually in elements under cyclic loading. A failure criterion is applied to the elements.
When an element reaches the failure criterion, it is eliminated from the structure by
reducing its stiffness closer to the stiffness of air. Finally, when the damage accumulation
reaches a threshold value, then the fatigue crack initiates and propagates from those
critically damaged elements. In successive initiation under cyclic loading, the number of
cycles to failures can be predicted using the Coffin-Mansion damage model as a function
of plastic strain amplitude [143]. All the elements that have fatigue life less than a threshold

value will work a crack initiation sites.
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Figure 59 Global-local modeling of fatigue failure for as-built EBM Ti6AIl4V parts

Therefore, the fatigue crack initiation sites from the inherent defects and the number of

cycles for crack initiation (N;) can be identified using continuum damage mechanics

(CDM) models. After that, the number of cycles for crack propagation (Np) can be

identified using linear elastic fracture mechanics (LEFM) based on crack growth concepts,

for example, Paris — Erdogan law [144]. Finally, the total fatigue life (NT) of the as-built

Ti6AI4V parts can be determined from the summation of the crack initiation and

propagation periods.

157




6.2 Determining High-Temperature (Greater Than 600°C) Mechanical Properties of PBF
AM Built Metal Parts

In the current study, the high-temperature mechanical properties of EB-PBF built Ti6AI4V
parts have been analyzed up to 600°C temperature. But, many of these metal parts can be
used even at a higher temperature than at 1100°C temperature, such as in heat exchangers,
gas turbine rotors and stator blades, and nuclear reactors. Therefore, analyzing the
mechanical properties at higher temperatures is also very important. Further experiments
should be designed to obtain properties at those higher temperatures. However, at
temperatures more than 600°C various issues such as accelerated oxidation of the metals,
creeping due to higher might need to be considered as well along with other failure
mechanisms such as thermal softening due to DRX and DRV. Further, microstructural and
fractography analysis would be needed to confirm these mechanisms and identify further

inherent failure mechanisms that get activated at those higher temperatures.

In this study, only EBM AM-produced Ti6Al4V alloy has been analyzed only. Other
commonly used metal alloys such as Inconel 718, stainless steel alloy (SS 316L, SS 304L),
CoCrMo, and AISil0Mg [145,146] can be investigated similarly to understand the
generalized high temperature of tensile and fatigue failures mechanics and related
underlying physics. The fatigue performances of the EBM Ti6Al4V alloy have been
analyzed considering only the mechanical cyclic loading. Similarly, cyclic thermal loading

can also be considered along with mechanical loading in future studies.

Creating a realistic high-temperature environment for tensile testing might be very difficult

in many cases. The modeling and simulation, utilizing the available computational power,
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could be efficient alternatives for those difficult experimental setups, in obtaining the best
possible insight, given that similar kind of application of these metals under various critical

conditions.

Though cyclic fatigue testing could be very monotonous and time-consuming, obtaining
experimental fatigue data for use in subsequent analytical and computation studies would
provide a better understanding and more accurate scenarios of the various physical

phenomena responsible for the real-time performances of various structural components.

6.3 Analyzing the Aging Effect

The samples analyzed in this study were produced almost seven years ago from the time
when they were tested. This time gap can lead to some aging in the sample, making some
inherent unwanted changes in them. For example, this could potentially change some
behaviors, including the possibility of the formation of oxides or other intermetallics in the
material. Therefore, the effect of aging on the mechanical properties of the sample could
be another research gap that needs to be addressed properly to gain a detail understating of
the performances of different metals produced by the different PBF additive manufacturing

processes.

6.4 Process Parameter Optimization of Different PBF AM Process

Though, a large number of studies have been conducted and currently going on to make
the PBF AM processes acceptable and highly adopted across the industries. There are some
issues that still need to be solved to make additive manufacturing a suitable choice for bulk
manufacturing of functional equipment components. The various manufactured-induced

defects are one of those major issues. These defects could be further minimized through
159



the incorporation of artificial intelligence (Al) and machine learning for analyzing the
myriad of data produced as a by-product during the manufacturing and post-processing of
the various parts. Furthermore, in-situ monitoring and proving control loop feedback (via
high-speed camera, ultrasound techniques, etc.) could be another convenient way for
process parameter optimization and subsequently minimizing the carious inherent defects.
The infographics of the proposed plan for the process parameter optimization of different

metal AM process is shown in Figure 60 as follows.

Process optimization
for tailoring of defects
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PBFAM Printed
Metal Specimens

Surface roughness Processing and \ Porosity distribution
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Figure 60 Infographics of the proposed plan for the process parameter optimization of
different PBF AM process
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APPENDIX A

MATLAB CODES
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MATLAB code used for plotting the variation of mechanical properties with temperature:
%Plotting the variation of mechanical properties with temperatures

%Define variable
clear all
T=[200 400 600] % Temperature

%Modulus of elasticity

F_E=[ 103.22 87.88 72.74]
err1=[1.02 2.08 1.83]
S_E=[82.08 75.64 63.86]
err2=[0.39 1.70 4.89]
T_E=[85.59 71.63 63.74]
err3=[3.29 2.83 3.57]

%Yield strength

F_YS=[864.81 622.68 392.06]
err4=[5.96 8.79 15.20]
S_YS=[665.70 514.28 354.60]
err5=[26.86 11.27 11.77]
T_YS=[623.30 412.43 338.78]
err6=[9.38 3.76 18.8]
%Ultimate tensile strength
F_UTS=[870.65 701.87 495.23]
err7=[7.97 13.44 11.09]
S_UTS=[713.34 608.99 423.74]
err8=[ 14.38 5.09 13.85]
T_UTS=[677.14 514.34 392.28]
err9=[7.08 5.76 15.16]
%Percent elongation
F_PE=[2.62 4.07 22.29]

err10=[0.75 1.10 5.07]
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S_PE=[12.23 7.73 24.60]

err11=[3.39 0.52 9.06]

T_PE=[18.31 10.18 32.96]

err12=[2.95 4.38 15.92]
%Plotting of graphs for UTS and percent elongation
hold on

box on

yyaxis left
% plot(T,F_UTS,ro--", 'lineWidth',1)
errorbar(T,F_UTS,err7,'ro--", 'lineWidth',1)
% plot(T,S_UTS,'bs--', 'lineWidth',1)
errorbar(T,S_UTS,err8,'bs--', 'lineWidth',1)
% plot(T, T_UTS, 'kd--', 'lineWidth',1)
errorbar(T,T_UTS,err9,'kd--', 'lineWidth',1)
xlim([150 650])

ylim([250 1050])

yyaxis right

% plot(T,F_PE,'mh-", 'lineWidth',1)
errorbar(T,F_PE,err10,'mh-', 'lineWidth',1)
% plot(T,S_PE,'g+-, 'lineWidth',1)
errorbar(T,S_PE,errll,'g+-', 'lineWidth',1)
% plot(T, T_PE, 'c*-', 'lineWidth',1)
errorbar(T,T_PE,err12,'c*-', 'lineWidth',1)
ylim(‘auto’)

yyaxis left

xlabel("Temperature (°C)")

ylabel('Ultimate Tensile Strength (MPa)")
legend(‘Flat-built (UTS)", 'Side-built (UTS)',....
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‘Top-built (UTS)','Flat-built (PE)", 'Side-built (PE)', ....
Top-built (PE)', 'Location’, 'North")
yyaxis right
ylabel('Percent Elongation (%)")
%Plotting graphs for Yield strength and modulus of elasticity
hold on
box on
yyaxis left
errorbar(T,F_YS,err4,'ro--", 'lineWidth',1)
errorbar(T,S_YS,err5,'bs--, 'lineWidth',1)
errorbar(T, T_YS,err6, 'kd--', 'lineWidth',1)
xlim([150 650])
ylim(‘auto')
yyaxis right
errorbar(T,F_E,errl,'mh-', 'lineWidth',1)
errorbar(T,S_E,err2,'g+-'",'lineWidth',1)
errorbar(T, T_E,err3,'c*-, 'lineWidth',1)
ylim(‘auto')
yyaxis left
xlabel('Temperature (°C)")
ylabel('0.2% Yield Strength (MPa)")
legend('Flat-built (YS)', 'Side-built (YS)',.....
"Top-built (YS)','Flat-built (E)', 'Side-built (E)',.....
‘Top-built (E)', 'Location’, 'NorthEast')
yyaxis right
ylabel('Modulus of Elasticity (GPa))
%End of Code%
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MATLAB code used for fatigue limit calculation:
% Fatigue limit prediction from surface profile data

% Define variable
depth=a; % peak to valley height, a (extracted from the surface profile).
pitch=2b; % peak to peak length, 2b (extracted from the surface profile);
%Calculations
r=depth/pitch % r=a/2b;
HV =X; % hardness value, top build: X=248, side build: %X=310, flat build: X=382;
alpha=0.226+HV*10"-4;
R=-1 (or 0.1); % R=Sigma_min/Sigma_max;
ifr>0.194

sgrt_area=0.38*pitch; %r> 0.194;
else

sgrt_area=(2.97*r-3.51*r"2-9.74*r"3)*pitch; %r<0.194
end
SigmaW=(1.43*(HV+120)/(sqrt_area)™(1/6))*((1-R)/2)"alpha
sqrt=sqrt_area
Sigma=Sigmaw

%End of code%
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