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Abstract
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characteristics.

The present study investigated the influence of interface shear strength (ISS) on the support
removal effort without deviating the dimensional accuracy of a laser powder bed fusion
(LPBF) manufactured gear-type parts. The FEM simulations were carried out to evaluate
the effect of different process parameters of support structures (SSs) on the distortion.
Additionally, the dimensional accuracy of manufactured parts was assessed using a non-
contact 3D white light scanning (WLS) technique. A simple in-house technique is adopted
to evaluate the ISS of support removal using a mechanical torque wrench. The results
showed that all the LPBF parts had insignificant dimensional deviation compared to the
CAD (computer-aided design) model despite changing the process parameters (laser power
and scanning speed). However, the results indicated that ~60% ISS could be reduced with

optimized process parameters which are favourable for easy part removal after printing.

Moreover, the skin-core scanning strategy in the present study was employed to induce
strength-ductility trade-off in the LPBF-manufactured Ti6Al4V. The microstructural
investigation indicated that the skin region had a 34 % smaller grain size than the core region
along with the presence of o' martensite needles. The microhardness values were marginally

higher on the skin than in the core region due to finer grains owing to Hall-Petch relationship.

Further, the present work investigates the influence of different post-heat treatments (PHTs)
(850 °C, 950 °C, and 1050 °C) on the strength-ductility trade-off aspects of the laser powder
bed fusion (LPBF) manufactured Ti6Al4V alloy. The microstructural features, chemical
composition and micro-hardness of as-printed and PHT Ti6Al4V samples in longitudinal
and transverse directions were characterized using optical microscopy, SEM, EDS, X-ray
diffraction (XRD) and Vicker's micro-hardness tester. Detailed XRD analysis was
performed to quantify the phase volume fractions in the PHT executed samples. The
microstructure of the Ti6Al4V samples subjected to PHT differed from the as-printed
samples in grain structure and morphology. The width of a lath increased nearly twice with

PHT temperature (from 850 °C to 1050 °C) in LPBF-manufactured samples. During PHT



under furnace cooling, the growth of o lath width marginally increases due to a slower
cooling rate than air cooling. XRD investigation revealed that the presence of B phase
content in the PHTs at 950 °C and 1050 °C was consistent. Further, PHT at a higher
temperature (i.e. 1050 °C) favours a higher amount of B phase content than the other PHT
temperatures. The presence of (002)-closed pack planes were significantly lower for LPBF-
manufactured Ti6Al4V samples, PHT under 1050 °C. The Ti6Al4V samples subjected to
PHT at 1050 °C exhibited a higher hardness than the other PHT samples, due to the higher
B content among all the samples. The optimised PHT scheme was beneficial in generating

the homogeneous and desirable microstructures.

In addition, the densification behaviour of LPBF-manufactured Ti6Al4V after employing
the PHT was evaluated for horizontal and vertical build samples. Further, the porosities are
classified as inter-micropores (size < 10 um) and super-micropores (size > 10 um). The PHT
at elevated temperature (1050°C) helps to reduce overall porosity by two times that of as-
printed samples due to the sintering self-healing phenomenon. Interestingly, the super-
micropores observed in as-printed samples are reduced via PHT. Moreover, refining

microstructures into different phases via PHT has improved the densification behaviour.

Further, the tensile test was performed to investigate the effect of PHT and build orientation
on the tensile behaviour. The FD analysis was performed on the fractured surfaces using
ImageJ software integrated with an open-source MultiFrac plug-in. The PHT at a higher
temperature (i.e., 1050 °C) induces a higher amount of  phase than the other PHTs. The
PHT induces an isotropic tensile strength in all the orientations. However, the ductility of
specimens subjected to PHT at 1050°C showed ~ 67%, 40% and 177% improvement under
horizontal, inclined and vertical orientations than as-printed samples. Further FD values

corroborates well with the ductility values of samples subjected to PHT.

The effect of PHT and build orientation on the high cycle fatigue resistance of LPBF-
manufactured Ti6Al4V was investigated. Interestingly, the fatigue lives of samples at higher
stress levels subjected to PHT at 1050°C were higher and nearly isotropic in all three build
orientations compared to as-printed samples due to enhanced ductility and lesser critical
pores. Due to PHT at 1050°C, the pore size modification enhanced densification in the as-
printed Ti6Al4V samples. Moreover, there was a marginal improvement in fatigue limit due

to PHT at 1050°C. PHT samples' ductility was ~ 67%, 40% and 177% higher than the as-



printed samples under horizontal, inclined and vertical orientations owing to the high 3
content and reduced porosity resulting in superior fatigue crack propagation lives. Further a

strong correlation between fatigue lives and ductility of the samples was established.

The impact hammer test was performed on thin flat samples and rotor blades to characterize
damping behaviour. The frequency response function (FRF) plots revealed broader peaks
for thin flat samples and the rotor blade than others. The results showed that PHT performed
at 1050°C enhances the overall damping of ~ 348% and 140% of rotor blade and thin flat
samples, respectively. The amplitude decay for the rotor blade subjected to PHT at 1050°C
was ~ 66% shorter than the as-printed one due to high § phase content relieving the energy

resulting in a high damping ratio.

Overall, the studied optimised PHT (1050°C) scheme in the present work was beneficial in
introducing the homogeneous microstructures, isotropic tensile properties, enhanced fatigue
resistance and damping performances (rotor blades) of the LPBF manufactured Ti6Al4V

parts, benefitting practical industrial applications.
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Chapter - 1

INTRODUCTION

1.1 Background

Due to the advent of jet engines, the need for complex shape parts made with advanced
materials that can endure the extreme temperatures and stresses associated with them has grown
[1]. The gas flow path of a typical gas-turbine engine is divided into two sections. The first is
the cold section between the intake and the injection, and the second is the hot section between

the combustion chamber and the exhaust nozzle [2, 3], as shown in Figure 1.1.

Low-pressure compreassor

a Ti or Ni alloy
Fan blades Ti

alloy/composite

Combustion chamber
Ni alloy

b)
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Turbine blades
Ni alioy

High-pressure compressor

Ti or Ni alloy 4% Composite

Fan case

> Cross-section of the GEnx engine 47% Nickel-based alloy
composite

for the 787 General Electric

Figure 1. 1: a) Cut-section of a gas-turbine jet engine [2]; b) Engineering material distribution in aero-engine

(3]
High-temperature materials are required in the hot section to fulfil the necessary working
conditions [4]. However, the gas stream mainly comes into contact with the rotary and static
parts made up of lightweight materials of the cold section in an aero-engine. Aero-engine rotary
components are frequently replaced due to failure owing to high cycle fatigue (HCF),
undesirable vibrations, and foreign object damage. Therefore, manufacturing such components'

is critical to enhancing their life span.

Presently, conventional manufacturing route like bar stock machining is being used to
manufacture the rotor blades of an aero-engine. However, certain limitations with traditional
manufacturing routes restrict their usage. The complex shape components of an aero-engine

are challenging to process through conventional manufacturing. Moreover, material wastage



and manufacturing lead time are high in traditional manufacturing. To overcome these
limitations, the latest manufacturing technology, called additive manufacturing (AM), has

recently gained acceptance in industries.

1.2 Role of additive manufacturing (AM)

AM's rapid emergence and evolution have raised the bar for industrial technology. It can
potentially reduce waste and improve the efficiency of various processes. This process involves
depositing the finished product in a layer-by-layer manner[5]. This eliminates the need for
costly equipment such as moulds, dies, and punches. It allows customizing complex
components without requiring traditional steps. AM is a type of manufacturing process that is
commonly used to produce near-net-shaped structures[6]. It offers various advantages, such as
lower material costs, faster time to market, and better efficiency. Due to its ability to make
complex shapes, AM is often recognized for its role in producing aerospace components[7].
This process allows designers to create functional and intricate parts that are difficult to
manufacture with conventional methods. The classification of AM processes is given in Figure.

1.2.
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Additive
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Figure 1. 2: AM classification as per ASTM ISO/ASTM52921-13 [8]



1.3 Laser powder bed fusion process

Among AM technology, laser powder bed fusion (LPBF) is popular due to its capability to
fabricate the complex shape of metallic parts to produce intricate shapes with high-precision
components[8]. Moreover, compared to other metallic AM processes like directed energy
deposition (DED) and wire arc additive manufacturing (WAAM), LPBF has parts with high
dimensional accuracy and a better surface finish[9]. In LPBF (see Figure. 1.3), a laser beam
interacts with the metallic powder, and the material gets melted and subsequently solidified,
and the process will continue layer by layer until its completion. The LPBF's ability to produce
complex shapes is now accepted in various critical applications, such as medical implants and
aerospace[10]. Although common metallurgical differences exist between AM and
conventional components, such as mechanical anisotropy, defects, and residual stress, specific
parts that require dynamic loading exposure, such as those exposed to high cycle fatigue (HCF)

and undesirable vibrations, are required need to be addressed to avoid these issues.

_——Scanner system

Laser

Roller
Powder bed
Powder delivery system Fabricated system

[

o

Figure 1. 3: Laser powder bed fusion (LPBF) process

1.4 Ti6Al4V Alloy

Ti6Al4V is an allotropic alpha(a) + beta(p) alloy composed of aluminium (Al) and vanadium
(V) in which Al is an a stabilizer, and V is a B stabilizer[11]. The Ti6Al4V possesses the BCC
(body centre cubic) crystal structure at room temperature. However, it transforms an HCP
(hexagonal close pack) crystal structure above [ tarsus temperature around 995°C[12].

Ti6Al4V is a high strength, and low density, compared to other materials, as shown in Figure.



1.4. This high-strength and lightweight alloy is ideal for various aircraft components, such as
jet engines and gas turbines. Despite the dominance of the aerospace industry, other industries
have also started to realize the benefits of Ti6Al4V. These include marine, automobile, energy,

and biomedical sectors.
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Figure 1. 4: Material selection chart of various engineering materials [13]

The machining of Ti6Al4V through a conventional manufacturing process like machining is
very challenging due to its low thermal conductivity, the chemical reaction between the tool
and machine workpiece, and the high heat generated at the cutting zone[14, 15]. LPBF process
can overcome these challenges to process the Ti6Al4V in its net shape for its end-use
applications. However, there are a few challenges, such as residual stresses, porosities and
anisotropic microstructure with processing Ti6Al4V through the LPBF process, for which post-

heat treatment (PHT) is inevitable.

1.5 Need for post-heat treatments (PHTs) for LPBF-
manufactured Ti6Al4V

Despite having significant advantages in LPBF process compared to traditional manufacturing,
some challenges still persist in it. In the LPBF process, the laser traverses very fast on the
powder bed, and after melting the powder, the material gets solidified at a very high
solidification rate (around 410°C/s)[16]. The high solidification rate in the LPBF process



produces non-equilibrium phases, which enhances the material's strength drastically, which is
not desirable for its end-use application. Moreover, large thermal gradients developed during
the LPBF process due to the low thermal conductivity (7.2W/mK) of Ti6Al4V makes an
anisotropic microstructure with high thermal residual stresses[17]. The residual stresses can
distort the part during the printing (see Figure. 1,5 a), and the microstructure's anisotropy

features (Figure 1.5(c)) can restrict its usage in practical applications.

Furthermore, the porosities (Figure 1.5 (b)) are inevitable in the LPBF process due to the
dynamic nature of processing the material. These porosities can act as stress raisers, leading to
a component's HCF failure[18]. To overcome the abovementioned challenges, a PHT process

is necessary to make the LPBF-manufactured part usable in its practical applications.

thiaXed grains

Figure 1. 5: a) Distortion of a part due to residual stresses [19]; b) porosities of LPBF-manufactured material
[18]; (c) and (d) anisotropic microstructure of LPBF-manufactured Ti6A14V[20]

In addition, to overcome the LPBF challenges using PHT, the PHT cycle should be optimized
to enhance the material's mechanical performance by altering different phases and

microstructural morphology.

Moreover, the rotary components in aero-engine, like compressor rotor blades, rotate at high
speeds and are prone to catastrophic failure due to HCF and undesirable vibrations, as shown
in Figure. 1.6. There is need for focusing on LPBF-manufactured rotary parts to resist HCF
and vibration blade using PHTs.



Figure 1. 6: Damaged rotor blade of an aero-engine due to HCF and vibrations [21]

The fundamental framework adopted for the present work is shown in Figure 1.7. An AM
process is employed to manufacture Ti6Al4V samples and rotor blade of an aero-engine. In
addition to it, a post heat PHT process was carried out to design the material’s microstructure

to improve the properties which will further enhance the functional performance.

Property

Performance

Material design

Process

Figure 1. 7: Process-structure-property-performance relationship framework

1.6 Organization of the Thesis

Chapter 1 deals with the introduction of the general background of the area of work. Chapter 2
deals with a detailed literature survey on PHTs, the effect of PHT on porosity level, and PHT
on tensile, fatigue, and damping behaviour of LPBF-processed Ti6Al4V. Chapter 3 gives the
objectives and scope of the present study. Chapter 4 gives the experimental details of LPBF,
PHT, tensile tests, fatigue tests, damping tests, and characterization tools used. Chapter 5
presents the results of different tests, followed by a discussion. Chapter 6 and Chapter 7 deal
with the conclusions and scope for future work, respectively. Publication based on this work

and references is given in the end.



Chapter - 2

LITERATURE REVIEW

2.1 Aspects of support structure in LPBF process
2.1.1 Importance of support structure in the LPBF process

A successful part-fabrication process involves the use of support structures. These are crucial
components as they help hold a solidified layer and resist thermal stresses development. The
presence of thermal stress can lead to various deformations and eventually lead to failure, as
shown in Figure. 2.1 and Figure 2.2. The thermal stress can cause cracks in a part before it is
complete, as shown in Figure 2.3. Supports are typically one of the constraint mechanism in
the LPBF process when it comes to creating complex structures. Therefore, it severely limits

the capabilities of the process and adds a significant amount of time and cost to production.

Figure 2. 2: Curling in LPBF build part [21]



Figure 2. 3: Curling during the LPBF process [22]

2.1.2 Types of support structures

The support generation module of Materialise Magics pre-processing software is a widely used
tool for creating and designing support structures for the LPBF platform. It can automatically
generate a support structure based on a 3D model and allow users to modify it. It also allows
users to select the model's orientation when attaching it to the support structure. The support
generation module of Magics provides a wide range of support structures. These include the
block, point, web, gusset, cone, and volume support structures [23] as shown in Figure. 2.4. In
Magics, various support structures such as the cone, volume, and gusset are not commonly
used. The large amount of these supports can be hard to remove, especially regarding delicate

parts, and they can cause fragile members of the component to break-off.

(a) Block support 7 (b)7p6};1t ;pport (c) web support

(d) contour support (e) line support

Figure 2. 4: Different types of support structures generated by Magic's tool [23]
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2.1.3 Support structures type and LPBF process parameters optimization

Subedi et al.[24] optimized the support type for better part printability. Their strategy aimed to
create a structurally sound support truss structure with excellent thermal performance.
Compared to the standard block-type supports, their proposed supports performed well. They
also had various advantages, such as reduced powder wastage and ease of removal. T. Miki
and S. Nishiwaki[25] developed a numerical model to optimize a support structure's topology
for easy heat dissipation during the LPBF process to avoid distortion. Dimopoulas et al.[26]
have used the tooth type of support and showed that top tooth length significantly affects easy
support removal. The minimum support removal effort was found at lower levels of tooth top
length (0.05 mm), while the other parameters do not significantly affect the support removal.
The optimized scheme of SSs showed an easy removal of support. However, the material
consumption in the optimized scheme was high. In another study, JJ et al.[27] compared the
web and tube types of support and found that the web type of support is easy to remove.

However, studying certain types of supports is suitable for certain intricate parts.

Moreover, a study by Hussein et al.[28] used the lattice type of SSs, showing good
manufacturability characteristics and easy support removal after LPBF printing. However,
some thin-section lattices broke because those thin sections were fragile. Lindecke et al.[29]
used block type of support by varying essential dimensions of the supports, and the SS strength
was achieved ~269 MPa. The proposed methodology reduces the support strength in the order
of its easy removal. However, heat conductivity decreased, which deteriorated the part quality.
C. Yan et al.[30] used the "Y' type lattice SS and found that these supports do not require an
extra effort to remove. However, the large shrinkages could distort the component during LPBF
printing. Bobbio et al.[31] fabricated the solid material at the bottom, followed by lattice
support at the middle, and solid material at the top to evaluate the tensile strength of support.
The SS was built using lower heat input than the solid part to produce stress concentration sites
for easy removal. Nevertheless, the adopted process to evaluate the tensile strength of the SS

increases the post-fabrication cost and time.

Further, P. Didier et al.[32] used a custom-made support structure to operate complex thin-
shaped Ti6Al4V components as a machining fixture. The customized supports facilitate the
printed part's machining to enhance its functional properties by reducing surface roughness.

However, the chatters were still there during the milling operation, which could reduce a part's



surface and dimensional accuracy. Moreover, a study by G. Manogharan et al.[33] used base
plate sacrificial supports for clamping and positioning parts during hybrid manufacturing;
however, the process is not well known for complex shape parts. Another study used supports
with base plates to machine the LPBF-printed Inconel 718 parts [34], where support act as a
fixture to facilitate the machining of a part reducing the vibrations and chattering to enhance
the functional property of a part. Calignano [35] performed physical studies while varying
several geometric characteristics of block-type supports. The support structure was tuned for
easy removal and warpage reduction after discovering critical parameters. Zhu et al. [36]
proposed tree type supports, and several candidate topologies were identified and optimized to
reduce the number of limited material parameters that ensured the self-support of structures.
Wang and Qian [37] used steady heat flux on the overhang surfaces to generate the optimized
support structures through topology optimization. Moreover, Paggi et al.[38] used topology

optimization to save the material, however, the experimental results were not presented.

Q. Han et al.[39] designed the support structures for AISi10Mg full and half circle overhang
features. The increase in the surface area between the built components and the support
structures reduced the distortion caused by the LPBF-made AlSi10Mg overhang structures.
Zhang et al.[40] developed a topology optimization and inherent strain method framework for
support structures to reduce deflections in LPBF-developed parts. A parallel computing
framework comprises an optimization algorithm and an inherent strain method. It aims to
develop stiffer support structures for easy removal. Further, the optimized results were then
analyzed and compared to validate the model's effectiveness. The results show that the
optimized supports can achieve a 60% reduction in part deflection and a 50% reduction in
material usage. In another study, Subodi et al.[41] performed FEM simulations for truss-type
support structures in LPBF process simulations. A better thermal management system for
LPBF with truss-type supports is proposed due to their ease of post-process optimization and
analysis. However, experimental results were not presented to validate the simulation results.
C. Wei et al.[42] used SiC-316 L composite material for a support structure to build 316 L parts
through the LPBF process. The study revealed that the interface between the support material
and the building material could be easily broken due to the presence of cracks and pores within

the structure, thus reducing less force to remove the SS.

The strength at the interface of the support and LPBF part is an essential aspect while removing

support without affecting the dimensional and structural integrity of a part. Researchers have
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printed tensile test-type samples to know the strength of the SS, increasing the manufacturing
cost and time[29, 31]. Moreover, shear stress is more dominant at the interface of support and
part while removing[43]. Therefore, evaluating the tensile strength of the SS lacks the
additional insight to be understood from an interface shear strength (ISS) point of view. Hence,
assessment of ISS between SS and part becomes essential. Further, in view of the above

literature review, there is a scope to evolve a facile methodology to measure the ISS.

Further, torque measurements are crucial to regulate the attaching force on the assembly
component and thus gauge mechanical power[44]. Torque is generally measured by
mechanical-type torque wrenches/meters as per ISO 6789[45]. Recently, a mechanical torque
wrench has been used to evaluate the pre-stress of an abutment screw used in dentistry to fit

the tooth implant[46, 47].

2.1.4 Strength and ductility trade-off in LPBF manufactured part

The metallic materials manufactured through the LPBF process generally exhibits anisotropic
microstructure due to the large thermal gradients involved particularly Ti6Al4V due to its low
thermal conductivity value. Moreover, localized heating and cooling occur as the laser traverse
swiftly on the powder, generating higher cooling rates, resulting in the formation of o'
martensite responsible for increased strength. The high strength in LPBF-manufactured
Ti6Al4V comes at the expense of loss in ductility, which is unsuitable for its practical

applications.

Z.Yao et al. [48] applied machine learning models to optimize LPBF process parameters to
achieve a good combination of ductility and strength. The models identified that the hatch
spacing of the Ti6Al4V components under a suitable linear energy density is imperative in
regulating their overall ductility. The significant synergy of strength and ductility was achieved
with a yield strength of ~1044 MPa and ductility of ~10.4%. However, anisotropy was still
present in the microstructure, which impedes its practical application. Further, Jeong et al. [49]
used a shell and core scanning strategy to attain a good combination of strength and ductility.
The shell is considered an outer part of a component, and the core is termed the inner part of
the component. The process parameters were varied for shell and core regions, and gradient
microstructure was achieved, which shows good ductility and strength. D. Dezfoli et al. [50]
varied the LPBF process parameters, and it was found that at higher scanning speeds, the

obtained microstructure contains smaller grains with high tilt angles, whereas the low speed
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will give large grains with low tilt angles. The combination of different grains can be used to
obtain a heterogenous microstructure which can help to produce materials with different local

mechanical properties during laser processing according to their application requirements.

Moreover, the process parameter optimization can be done in the LPBF process to obtain a
good combination of strength and ductility. However, it was found in the literature that
anisotropy is still an issue which is not required for material's end-use applications. Therefore,
the most convenient and effective way to reduce the anisotropy is to employ appropriate post-
heat treatments (PHTs) to achieve a homogeneous microstructure. In addition, the PHTs can
be optimized to obtain a desired amount of different volume fractions and morphology,
enhancing the mechanical performance of LPBF-manufactured Ti6Al4V parts. The desired
heterogeneous material with optimal strength and ductility for its end-use applications is shown

in Figure. 2.5.

Hard
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Heterogeneous
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Tensile stress

Soft domain

Tensile strain

Figure 2. 5: Strength ductility trade-off curve
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2.2 Effect of PHT on microstructure and microhardness of
LPBF-manufactured Ti6Al4V

2.2.1 Need of PHT for LPBF-manufactured Ti6Al4V

LPBF process produces an anisotropic microstructure owing to the complex thermal events
that occur during the process. A typical microstructure of LPBF-manufactured Ti6Al4V is
shown in Figure. 2.6, where equiaxed grains are grown on the top plane of a sample (see Figure
2.6(a)) and columnar grains are grown along the build direction (see Figure 2.6 (b)). The prior
B grains are visible due to the build direction's epitaxial growth owing to the build direction's

temperature gradient and successive layer formations.
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Figure 2. 6: LPBF-manufactured Ti6Al4V a) Transverse orientation; b) Longitudinal orientation [51]

The deposition of the next layer in the LPBF process on the previously formed columnar grains
will re-melt and act as a nucleus for epitaxial grain growth with a strong texture development
[52]. The shorter interaction time of laser with powder and high cooling rates (generally >
410°C/s) [53] leads to o' martensite formation. Due to high undercooling, the diffusion-less
transformation forms o' martensite in prior  grains. It possesses very high strength and low
ductility. In addition to o' martensite, the residual thermal stresses form in the LPBF process
due to steep temperature gradients. The speed and power of a heat source can also affect the
melt pool's thermal gradient (G) and solidification rate (R) [54]. During the LPBF process
melting and re-melting of the material's layer co-occurs. This event generates a rewarm and
cooling behaviour resulting in thermal cycling in both transverse and longitudinal directions in
a non-uniform manner. Therefore, it leads to the development of a complex anisotropic
microstructure. Moreover, the directional microstructures obtained in different directions (i,e

transverse and longitudinal) under the LPBF process creates an anisotropy in a material's
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properties [55]. In addition, the low thermal conductivity of Ti6Al4V (7.2 W/m °C) encourages

heat accumulation and is presumed to promote directional microstructure development.

Moreover, the high heating and cooling rates involved in the LPBF process lead to significant
thermal gradients. It generates anisotropic microstructure, tensile residual stresses, and low
ductility in LPBF-manufactured Ti6Al4V[56]. It is important to note that these characteristics
differ from cast or wrought parts of Ti6Al4V. Therefore, PHT becomes inevitable. It facilitates
the relief of undesirable residual stresses and alters the anisotropic microstructure. The PHT is
the most effective process to improve functioal properties and attain good strength and

ductility.

2.2.2 Effect of a and P volume fractions and morphology on the mechanical
properties of Ti6Al4V

The microstructural features of a and P phases, such as volume fraction and morphology,
significantly impact the mechanical properties of Ti6Al4V alloys. Ti6Al4V consists of
lamellar, bimodal and equiaxed microstructures, as shown in Figure. 2.7. The lamellar
microstructure of Ti6Al4V possesses a high strength in which a and B+a' phases varies around
34% and 66%, respectively. The size of the a-lamellar is decisive for strength. Further the
bigger lamellae cause slower fatigue crack propagation. The bimodal microstructure consists
of around 72% of a and 28% of B+a', which shows moderate ductility and strength[11]. The
size of the lamellae and volume fraction of a-phase affect the strength. The equiaxed
microstructure of Ti6Al4V shows high ductility where a is found around 84% and f is around
16%. A grain size of less than 2 mm is achievable in an equiaxed microstructure to attain

strength.

Figure 2. 7: Microstructures of Ti6Al4V [11]: a) lamellar; b) bimodal; ¢) equiaxed
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2.2.3 Effect of cooling rate in PHT

PHT's cooling rates significantly affect the microstructure's final morphology and phases,
which eventually dictates the material's mechanical performance. A phase transformation of
Ti6Al4V as a function of cooling rate is shown in Figure. 2.8, where different cooling rates

form distinct phases[53].

Solution Treat 1050°C-30 min.

Figure 2. 8: Phase transformation as a function of cooling rate [53]

Wau et al. [57] studied the correlation between microstructural evolution and micro-hardness of
the as-printed Ti6Al4V upon PHT. Ti6Al4V samples exhibited a higher hardness at a lower
temperature (500 °C) due to sub-structural refinement and at a higher temperature (1000 °C)
due to martensitic refinement. The samples were heat-treated from 300 °C to 1000 °C, followed
by water quenching. The increased volume fraction of o martensite due to water cooling leads
to higher hardness. Vrancken et al. [51] showed a comprehensive study of the microstructural
evolution of LPBF-manufactured Ti6Al4V alloy. The LPBF-manufactured Ti6Al4V was heat-
treated above P transus temperature to obtain different properties. The different microstructures
obtained under furnace, air cooling, and water quenching were lamellar o + 3, Widmanstatten,
and o' martensite, respectively. Holding time, cooling rates, and PHT temperatures on the
microstructure were reported. The heating rate and holding time are minorly significant when
LPBF parts are heat-treated below B transus temperature. It is because the o and B phases will
prevent each other from growing, affecting grain growth. Sabban et al. [58] have chosen an

intermittent heat treatment process for LPBF-manufactured Ti6AlV to obtain globularised
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bimodal microstructure to enhance ductility and toughness. According to Zhang et al. [59], the
LPBF-manufactured brittle, porous structure of Ti6Al4V changes to ductile material after a

heat treatment at 800 °C for two hours, followed by furnace cooling.

2.2.4 Effect of PHT on o lath thickness

Researchers conducted many studies to understand the effect of PHTs on microstructure

evolution and the mechanical properties of LPBF-manufactured Ti6Al4V samples.

X.Yan et al. [60] investigated PHT on the tensile properties of as-printed Ti6Al4V samples.
The PHT performed at 1080 °C contributes to the highest hardness owing to the formation of
Widmanstatten microstructure, and PHT attained high ductility at 900 °C. Zhang et al. [61]
studied the effect of sub-P transus temperature heat treatment on the mechanical properties of
additively manufactured Ti6Al4V. The researchers noted that the size of the o lath was affected
by PHT. There is an apparent growth in a lath of around ~ 4 pm while exceeding 900 °C,
enhancing the deformability of Ti6Al4V alloy.

Further, they recommended that PHT temperature plays a more vital role than cooling rate in
improving mechanical properties. It is because, at low temperatures, the o phase content is
reasonably large. Li et al. [62] showed the effect of a lath thickness on mechanical properties
due to PHT from 650 °C to 950 °C. The fine needles of o' martensite were embedded in a + 3
stabilized microstructure. Further, the reduction of residual stresses was noted. However, at
850 °C and 950 °C, o' martensite was converted to o + B microstructure and resulting in a
decrease in the hardness. It was reported that the a lath thickness was increased from 2.27 pm
to 4.46 um during PHT from 650 °C to 950 °C. With the increase in PHT temperature, the

fracture strain of the samples increased due to microstructural coarsening phenomena.

The existing literature lacks quantifying different phases (due to PHTs) of the LPBF-
manufactured Ti6Al4V and their effects on the mechanical properties. A comprehensive
structure—process—property correlation is needed for better insight and understanding. In
addition, it has been found from the open literature that the PHTSs are not exploited effectively
to harness their effects to enhance the isotropic mechanical properties of LPBF parts.
Furthermore, the deficit in the appreciative and detailed correlation efforts on the effect of
microstructural features such as a and B phase volume fractions and lath sizes on LPBF-

manufactured Ti6Al4V alloy's mechanical properties is scary. Moreover, the PHTs
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investigated by various researchers appear to be more generic and suitable for simple LPBF
parts made from Ti6Al4V alloy. However, critical applications such as aerospace and
biomedical involve more complex geometries having thick and thin sections. Therefore, the
cooling conditions employed while performing PHTs can considerably affect the geometrical
dimensional accuracies of the LPBF parts, mainly made out of thick and thin sections. Further,
the material's thermal conductivity will influence the heat transfer behaviour in components

with thick and thin sections during PHT.

2.3 Effects of PHT on the densification behaviour of
LPBF-manufactured Ti6Al4V

2.3.1 Type of porosities in LPBF-manufactured parts

LPBF process is carried out through the rapid melting, solidification of materials,
microstructural evolution, molten pool flow, and material evaporation. The numerous factors
mentioned earlier that affect the LPBF process include the formation of porosities and the lack
of fusion (LOF) holes and cracks. These defects are detrimental to a part's mechanical
properties. Furthermore, other blemishes like residual stresses, inclusions, and metallurgical

imperfections may also affect the mechanical properties of LPBF-manufactured material[59].

The inevitable porosities induced during the LPBF process can affect this material's mechanical
strength and functional performance. Porosity is a small cavity that has a spherical or irregular
shape. It usually occurs in less than 100 pm size[63]. The spherical shape porosities generally
formed due to the inert gas entrapment in the molten pool during the LPBF process, as shown
in Figure. 2.9(a). The packing density of metal powders must be high enough to prevent the
gas between powder particles from dissolving in a molten pool [64]. A large volume of
dissolved gas cannot escape from the molten pool during the solidification process, resulting

in the formation of porosities.

Moreover, during the preparation of powder materials, the gas atomization caused the particles
to get entrapped in them, and during melting, they escaped, which introduced porosity [65].
The lack of energy input causes the LOF defects during the LPBF process, as shown in
Figure.2.9(b). They usually form when the metal powders are not completely melted to
sufficient overlap [66]. If the laser's energy input is low, then the width of the pool is too small,

which causes insufficient overlap between the tracks, as illustrated in Figure.2.9(c). During
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forming a new layer, the melt is difficult to re-melt, which causes the LOF holes to develop in
part[67]. In the LPBF process, metal powders can rapidly melt and be solidified under high
local laser energy input. The high-temperature gradient and the residual stress can cause cracks,
which deteriorate the mechanical properties [5]. These defects act as stress raisers, thus

reducing a material's tensile and fatigue strength.

;. Un-melted metal powders - >

Spherical porosities

%

Figure 2. 9: a) Spherical porosities due to gas entrapment; b) LOF porosity with un-melted metal powder; c)
LOF porosity with poor bonding defect [67]

2.3.2 Drawbacks of the hot isostatic pressing (HIP) process

Hot isostatic pressing (HIP) is a process commonly used in the AM industry to improve the
mechanical properties by reducing porosities. However, HIP can only work on certain kinds of
material. It can also have severe consequences when misused. The defects that extend from the
part's inner side to the part's surface, the external gas medium isostatic pressing, will not

eliminate such defects [68].

Moreover, HIP may also cause severe distortion of a part. In most cases, this process can thin
the part's wall thickness and coarsen its grain size, resulting in poor material properties [69].
The advantages of the LPBF process allow complex shapes to be produced. For example, in
Figure 2.10, the thicker flange is designed with, the thicker section as it bears a higher load
during practical applications than the thinner web section. Interestingly, the HIP process can
also distort contrasting shapes with thick and thin sections of a component. The thinner (web)

ones will cool faster than the thick (flange) ones, resulting in distortion [70].
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Figure 2. 10: Schematic of the "I" section part with varying thicknesses

Furthermore, HIPing can form liquefaction cracks for eutectic materials due to the significant
differences in the melting points of various elements. Due to certain limitations of the HIP
process owing to the material properties and geometry, it cannot always be used to eliminate
the porosities. Even after the HIP treatment, the surface remains prone to plastic deformation.
The surface roughness of a component after HIPing increases due to the depressions and
dimples formed owing to plastic deformation, which affects the fatigue life. Moreover, an
additional surface improvement process is required after HIP treatment since HIP only affects

the internal porosities and does not affect the surface pores [71].

Further, it has been found that the HIP process is effective for the isolated and closed pores
within the material; the connecting irregular shape pores cannot be closed effectively through
this technique [72]. Additionally, a detailed inspection of X-ray computed tomograpgy (X-CT)
data identifies various essential features, such as the emergence of a surface defect caused by
the HIP process, as shown in Figure 2.11. The poor efficiency of the pore closure technique

was demonstrated for LOF and excessive contour porosity [72].
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Figure 2. 11: Near-surface pores opened by HIP, creating a new surface notch defect [72]

2.3.3 Effect of PHTSs on porosity reduction

Few studies reported a reduction in the external porosities of the LPBF-processed Ti6Al4V by
re-melting the deposited layer thrice, thus increasing the material's mechanical properties
[67,68]. However, re-melting a deposited layer may increase the localized temperature, which
could evaporate the aluminium (Al) owing to its low melting temperature. Al as an a stabilizer
will decrease due to vaporization, and the B ratio will increase, affecting the mechanical
properties of LPBF-processed Ti6Al4V[75]. Moreover, due to re-melting, the undesirable
Ti3Al intermetallic brittle phase at high temperatures may form owing to the less solubility of
Al in Ti[76]. Further, due to the less thermal conductivity of Ti6Al4V (7.2 W/m°C), re-heating
may accumulate heat which could enhance the thermal gradients resulting in the formation of

residual stresses[77] affecting part geometrical accuracy.

Various researchers have studied the effect of HT and HIP on the porosity level of LPBF-
processed Ti6Al4V. HT of 800°C/2ht/FC and HIP at 800°C/2hr/1000bar was carried out by
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Giinther et al.[78] where lamellar microstructure with recovered o and a minor amount of 3
was observed after HT. The maximum stress intensity factor is lowered due to the HT at 800°C
due to a reduction in pore size, and HIP treatment improves the fatigue life by reducing the
internal porosities. Zhang et al.[59] performed HTs at 950°C/3hr, 950°C/12hr, 950°C/24hr,
950°C/48hr and HIP at 800°C/2hr/200MPa. The sharp edges were spherodize due to high-

temperature HT.

Moreover, Zhang et al.[63] studied the effect of HT and HIP on pore morphology and size of
pores of additively manufactured Ti6Al4V. The HIP at 820°C /2hr/200MPa and HTs at 950
°C/3hr, 950 °C/6hr, 950 °C/12hr, 950 °C/24hr and 950 °C/48hr were performed. The HIP
reduces the pore size from 50um to 500 nm, and the HT at 950 °C blunts the sharp-formed
LOF pores. Furthermore, Qiu et al.[79] carried HTs on LPBF processed Ti6Al4V 600°C and
700°C/2hr/FC, HT at 920°C/4h, and HIP at 920°C/4hr/103MPa. The HT performed on as-built
samples at 600 °C and 700 °C reduces the residual stresses. Further, Post HT at 920 °C shows
no effect on porosity level. In a study conducted by Tammas-Williams et al.[80], porosity
regrowth after HIP was observed. They carried a HTs at 1035°C/10 min, 1035°C/10 hr,
1200°C/10 min and HIP at 920°C/2hr/100MPa. The LOF pores were reduced through the HIP
process by 100%. However, the few pores regrow after HIP at HT at 1035 °C/10 min with a
volume fraction of 0.007% compared to the as-printed 0.0397% volume fraction. However, the
irregular shape pores can be effectively reduced by HT owing to the spherodization of uneven
pores because of diffusion, and spherical is the stable morphology of pores [81]. Further, a
reduction in porosity was observed for LPBF-manufactured AlSil0Mg after T4 and T6 heat

treatments due to the change in micro structure [82].

Moreover, the PHTs investigated by various researchers are more generic and suitable for
simple LPBF parts made from Ti6Al14V alloy. However, critical applications such as acrospace
and biomedical involve more complex geometries from thick and thin sections. Therefore, the
after-effects of PHTs can considerably affect the geometrical dimensional accuracies of the
LPBEF parts, mainly made out of thick and thin sections (as shown in Figure 2.10). Further, the
material's thermal conductivity will influence the heat transfer behaviour in components with

thick and thin sections during PHT.
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2.4 Influence of PHT on the Tensile behaviour of LPBF-
manufactured Ti6Al4V

2.4.1 As-printed Ti6Al4V parts

The mechanical properties of as-built Ti6Al4V samples show a high degree of strength and
yield strength[83]. Their fully o' martensitic structure contributes to this. The high strength
contributes to the low ductility (typically less than 10%), which is not recommended according
to ASTM F2924-12 standard specifications. In this regard, appropriate PHTs are essential to
improve the ductility of LPBF-manufactured Ti6 Al4V[84]. On the contrary, some researchers
have improved the material's ductility by varying the energy density (ED) and base plate
preheating temperature during the LPBF process. Xu et al. [85] reported that the ductility
increased by up to 11.4 %, and they also noted that the varying ED values resulted in an
ultrafine microstructure. Moreover, the effect of preheating temperature of the base plate
around (570°C) showed the formation of B precipitates (see Figure 2.12), resulting in ductility
of ~ 10% as-printed Ti6Al4V reported by Ali et al. [86]. According to the same authors, the
samples produced using preheated base plate at 670°C and 770°C encountered a premature
failure due to the varying cooling rates during the printing process, which caused the products

to fail.

Figure 2. 12: Microstructure of as-printed Ti6Al4V with different base plate preheating temperatures a) 570°C;
b) 670°C; c) 770°C. Red arrows showing the B precipitation and its growth [86]
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Nevertheless, if ED and base plate temperature influence the mechanical properties of LPBF-
manufactured Ti6Al4V, then build orientation within a build chamber also substantially affects

the mechanical properties of Ti6Al4V.

2.4.2 Effect of build orientation and PHT on tensile properties

Various researchers studied the effect of build orientation on tensile properties, where few have
reported that sample manufactured under horizontal orientation provides superior mechanical
properties [87, 88]. Some researchers have shown better mechanical performance under
vertical orientation [89, 90] and inclined orientation [91]. The LPBF-manufactured material's
properties are sensitive to process parameters and result from porosities distribution. Therefore,
process parameters and porosities resulted in different tensile properties for horizontal,
inclined, and vertical-oriented samples. In addition, the anisotropy in as-printed condition of
LPBF-manufactured Ti6Al4V also shows a significant difference in the tensile properties due

to the anisotropy in the microstructure.

Moreover, the different build orientations also affect the fracture mechanism, as illustrated in
Figure 2.13 (a-c). The horizontally oriented sample subjected to tensile load generally shows
the Mode-1 type of fracture. On the contrary, the vertically oriented sample exhibits an
intergranular fracture much more torturous than the horizontally oriented sample. Besides, the
Inclined oriented sample is characterized by a transgranular crack propagation with tensile load
subdivided into normal and shear stress. In this scenario, the mechanical properties of a

material are usually affected by the build orientations.
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Figure 2. 13: Schematic representation of different build orientations and their load directions a) Horizontal
build (0°); b) Inclined build (45°); and c) Vertical build (90°)

In this regard, the PHTSs are the most convenient way to reduce the anisotropy and enhance the
tensile properties of LPBF-manufactured Ti6Al4V samples. Liitjering [92] has shown an
increase in yield and tensile strength at high cooling rates because of variation in colonies size
of a and B. The following consolidated literature in Table 2.1 shows the effect of different
PHTs on the tensile properties of LPBF-manufactured Ti6Al4V.

Table 2. 1: Tensile properties of LPBF-manufactured Ti6Al4V subjected to PHT

PHT Microstructural | Orientation UTS YS E (%) | Ref.
Conditions (MPa) | (MPa)
characteristics
650°C+3hr+FC a', o and 3 \Y 1101+£5 | 1040+ | 7.8+0.7 | [93]
precipitates 7
700°C+3h+AC a', ot+P \Y 1082434 | 1026+ | 9.1+2.1
35
[51]
700°C+2h+FC a', ot+P H 1046+6 965 + 9.5+1
16
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800°C+2h+AC a' and a+f in - 107349 | 1010 + 17£1 | [94]
columnar 3 11
850°C+2h+FC o' and (a+p) \Y 1004+£6 | 955+6 | 11.8+1
[41]
850°C+5h+FC a' and (a+) A% 965+22 | 944+ 8 -
H 103630 | 1010 + 8.5+1
11
950°C+1h+WQ (a+P) [52]
followed by
+ + D=+
700°C+Iht AC \Y 1040+4 924 7.542
14
950°C+2h+AC | Bilamellar (o+f) - 945+4 893+ 3 14+1 [94]
1020°C+2h+FC (at+P); TizAl \Y 840+£27 | 760+ 19 | 14£2.5 | [41]
1050°C+1h+FC | (o+p); ap along \Y% 869+3 787+4 | 11.5£1 | [95]
the B grains
1050°C+1h+WQ | Basketweave - 962+12 | 838+6 | 12+0.1 | [94]
followed by (atp)
990°C+30 min+
AC
1200°C+1h+AC (at+P) - 988+8 878+ 7 | 11.2£1.2 | [94]
950°C+1h+WQ o', (atp) H 9514£55 | 83664 | 7.9+2 | [52]
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950°C+1h+WQ o', (a+p) v 1019411 | 913+ 7 8.9+1

UTS: Ultimate Tensile Strength; YS: Yield Strength; E: Elongation; H: Horizontal; V: Vertical

The cooling rates affect the mechanical properties of LPBF-manufactured Ti6Al4V parts.
Etesami et al. [96] showed a considerable improvement in the tensile strength of a Ti6Al4V
after PHT at 930°C for 2 hr, followed by water quenching due to the diffusion less
transformation o' martensite of the formed f. It is worth to mention that furnace cooling allows
the grains to grow substantially, thus enhancing the ductility. However, grains grow at high

temperatures under air cooling, though they are limited and have moderate ductility.

2.4.3 Effect of o lath width on tensile properties of LPBF-manufactured
Ti6Al4V

Cooling rates are the deciding factor for the a lath thickness, which eventually affects the
mechanical performance. The slow cooling rates cause enormous growth in the a lath, and fast

cooling limits its growth, as discussed in section 2.2.4.

Considering the as-printed condition, Akram et al. [97] demonstrated the validity of the Hall
Petch equation concerning the lath thickness in horizontal and vertical-oriented LPBF-
manufactured Ti6Al4V. The horizontally oriented samples showed high tensile strength
compared to the vertically oriented samples showing a faster enhancement in the yield strength

with an inverse square root of a width as shown in Figure. 2.14.
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Figure 2. 14: Yield strength vs inverse square root of a lath of horizontal and vertical oriented LPBF-
manufactured as-printed Ti6Al4V samples [97]

In this regard, the bimodal structure has better yield strength than the equiaxed and lamellar
structures due to its greater resistance to dislocation. This is because the crystallographic
distortion of the o phase, B phase, and secondary a phase prevents dislocation [98]. The
dislocation movement and strength decrease exhibited by the B phase following the
o’ martensite decomposition during HT's have been studied by Zheng et al. [99]. The B phase is
located between two o lamellae, which can be regarded as a barrier preventing dislocations
from moving. This causes a pile-up which generates stress concentration. It is affirmed by
Zheng et al. [99] and Kohn et al. [100] that the Hall-Petch mechanism did not consider the
contribution of the B phase due to the a phase's laths and platelets were responsible for its

control.

2.4.4 Effect of o and B volume fraction on tensile properties of PHT
performed LPBF-manufactured Ti6Al4V

The volume fraction of o and B drives the mechanical strength of Ti6Al4V alloy. After
performing the PHTs, the a and B volume fractions vary, which finally dictates the tensile
properties. T. Mishurova et al. [101] performed a PHT at 900°C for 2 hours, followed by
furnace cooling, which resulted in a 7% volume fraction of B phase. The resulting
microstructure after PHT was a- Widmanstétten showed less ductility and strength compared

to as-printed counterpart. The reduction in ductility was owing to the lower [ content after
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PHT. Moreover, Vrancken et al. [51] subjected LPBF-manufactured Ti6Al4V to different
PHTs resulting in different o and B volume fractions. The authors performed PHT with furnace
cooling for 850°C and 950°C for 2 hours, respectively. The sample subjected to 850 °C PHT
showed around 73% a volume content. In contrast, the sample heat-treated at 950°C showed
about 23% of a volume content. It is worth mentioning that as the PHT temperature increases,
the a volume fraction decreases [61]. Furthermore, the same authors performed the tensile tests
for different PHT performed samples, and yield strength decreased with increased PHT
temperature. At high temperatures, B volume fraction increases, which possesses a BCC crystal
structure responsible for increased ductility. Further, Jimenez et al. [102] performed PHT at
the a-f domain for 1.5 hours, causing the formation of about 10% [3 phase content. The PHT
sample showed an equiaxed microstructure with less strength than the as-printed sample. It is
well established from the literature that as the PHT temperature increases, the o fraction
decreases, which acquires an HCP crystal structure resulting in a decrease in tensile strength.
Moreover, the effect of the volume fraction of a on tensile strength and ductility is shown in

Figure. 2.15.

Tensile strength (MPa)
Elongation (%)

a/a’ % volume fraction increases =

Figure 2. 15: o/a’' volume fraction vs tensile strength and ductility

2.4.5 Effect of microstructural morphology on tensile properties of PHT
performed LPBF-manufactured Ti6Al4V

The morphology of a microstructure of Ti6Al4V alloy also plays a crucial role in deciding the
mechanical performance. Different PHTs lead to the formation of distinct microstructural
morphologies. Moreover, a morphology could be decisive in delaying crack propagation, thus

enhancing the mechanical performance. X.Yan et al. [60] performed PHTs at 800°C, 950°C,
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and 1080°C for 2 hours, respectively, followed by furnace cooling. The heat-treated sample at
1080°C showed a coarse lamellar microstructure which offers high ductility than printed and
other PHT-performed samples. Moreover, there was a decrease of around 2% in tensile strength
and an increase of approximately 12% ductility for the 800°C heat-treated sample compared to
the as-printed sample. Further, a decrement of about 35% in tensile strength and an increment
of around 50% ductility was observed for the 950°C heat-treated sample compared to the as-
printed sample. X.Y Zhang et al. [61] showed a basketweave type of microstructure for 950°C
PHT performed for 2 hours, followed by furnace cooling on LPBF-manufactured Ti6Al4V.

Further, the same research group performed 800°C for 2 hours, followed by furnace cooling,
resulting in columnar prior B grains. The basket weave microstructure showed about a ~13%
decrease in tensile strength and around a 60% increase in ductility compared to the as-printed
sample. Further, coarser prior B grains achieved after 850°C PHT showed approximately a
~16% decrease in tensile strength and ~76% increase in ductility. Another study by M.
Simonelli et al. [90] performed a PHT at 730°C for 2 hours, followed by furnace cooling on
LPBF-manufactured Ti6Al4V samples. A coarse columnar prior [ grains type of
microstructure has resulted after performing PHT. Interestingly, no significant change in tensile
strength and ductility was observed after applying PHT because almost similar microstructural
morphology was there as it was in as-printed Ti6Al4V samples. Therefore, it is well recognized
from the literature the morphological changes in microstructure after PHTs resulted
substantially in the mechanical performance. Moreover, the morphology effect on tensile

strength and ductility is given in Figure. 2.16.
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Figure 2. 16: Microstructural morphology vs tensile strength and ductility

2.4.6 Effect of a lath width on fractography

As the PHT temperature decreases, the a lath width increases, which affects a material's final
tensile properties. The fractured surface of a tensile specimen can be seen to understand the
behaviour of a fracture. The fractured surface of o lath width of ~0.42um is shown in Figure.
2.17 (a) where brittle-type fracture can be observed. However, the fracture surface of a lath
width of ~1.643 um shows a ductile behaviour (Figure. 2.17 (b)) of a fracture owing to the
growth in a lath width favouring easy movement of dislocations. Furthermore, the increased o
lath width of ~2.87 um also exhibits the ductile type of fracture (Figure. 2.17 (c)) resulting
from grain growth favouring high ductility. Therefore, it can be assumed that despite of
increase in o lath width at high temperature PHTs, the fracture behaviour of different

microstructures obtained through different PHTs is similar.
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Figure 2. 17: Fracture surfaces of a) lower o lath width (0.42pum); b) intermediate o lath width (1.64pm); c)
high a lath width (2.87 pm) [52]

The as-printed sample exhibits fully o' martensite microstructure which acts as a barrier for the
movement of the dislocations resulting in a brittle type of fracture as shown in Figure 2.18(a).
However, the sample heat treated to 800°C-850°C microstructure shows a ductile fracture
surface, as shown in Fig.2.18(b). A similar feature was also observed in the basketweave-type

microstructure fracture surface (see Figure. 2.17) and lamellar o+ fracture surface.

2.4.7 Effect of volume fraction on fractography

The fractured surface of a tensile sample is characterized to see the effect of the volume fraction
of different phases on the fracture behaviour. Figure. 2.18(a) shows a fractography of as-printed
Ti6Al4V samples where stair-like and layered cracks occur along grain boundaries with a
combination of ductile dimples and brittle intergranular fractures. The o' martensite formed in
as-printed Ti6Al4V samples is responsible for the brittle fracture. However, the LPBF-
manufactured Ti6Al4V sample heat treated at 800°C-850°C exhibits 23% of a/a' volume
fractions have shown ductile fracture as shown in Figure. 2.18(b). Moreover, PHT executed
LPBF-manufactured Ti6Al4V consisting of 73% of a/a' also showed a similar kind of ductile
fracture feature as shown in Figure 2.18 (c). Therefore, it can be said that after performing
PHTs, the volume fraction variation does not show any significant differences in fracture

behaviour.
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Figure 2. 18: Fracture surfaces of a) as-printed sample (o' martensite dominant); b) o/a'- 23% volume fraction;
¢) o/a'- 73% volume fraction [60]

Moreover, the effect of PHT in the literature shows non-uniformity in the tensile properties of
LPBF-manufactured metallic materials [103—106] and, in particular, Ti6Al4V alloy[52]. There
is scope and opportunity to understand the effect of different build orientations on the tensile
behaviour of LPBF-manufactured metallic materials suitable for load-bearing applications.
Consequently, understanding the various effects of build orientation and PHT on tensile

properties is essential for meeting applications under an industrial environment.

2.4.8 Fractal dimension analysis of fractured surfaces subjected to tensile
loading

Further, the plastic deformation during tensile tests leads to fracture events due to micro-
mechanisms. They reveal inherent specific details on the fractured surface. Interpretation of
those details could be helpful to understand the failure and precluding them. In contrast,
experience shows that the fracture surfaces are irregular microstructures, and quantitative
measurements cannot predict the mechanical properties of fracture features because of the
challenges in arriving at a numerical characterization of the fractured surface. Most researchers
have discovered that the fracture profiles do have a fractal character [107-109] and can be
characterized by their linear fractal dimension (FD), which has a non-integer value between 1

and 2 [110].
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Moreover, researchers are recently been exploiting FD analysis on complex surfaces to
correlate and understand well for better designing microstructure to cater towards functional
performance efficiently. Benoit Mandelbrot familiarised the name "Fractal" in 1960 [107]; it
is exploited for surface analysis. The FD is interconnected to self-similarity; fractals are
infinitely intricate patterns that are self-similar across various scales and are used to describe
the surface. The techniques for FD analysis include the box-counting method, differential box-
counting method, covering method, and prism method[108]. Among them, the box-counting

method is popularly employed [109].

2.5 Influence of PHT on the fatigue behaviour of LPBF-
manufactured Ti6Al4V
2.5.1 As-printed fatigue behaviour of Ti6Al4V

As-printed Ti6Al4V manufactured through LPBF process shows superior strength due to o'
martensite, which is not suitable for its practical applications. The high cycle fatigue (HCF)
behaviour of LPBF-manufactured Ti6Al4V must be high enough to enhance the lifespan of a
component. Moreover, the anisotropy in the microstructure of as-printed Ti6Al4V sample also
not makes it suitable for cyclic loading applications. There is a significant difference in the
fatigue life of the as-printed samples due to anisotropic microstructure at the same stress levels

reported by various researchers [111-113].

Researchers have shown that the microstructure of AM materials can affect their fatigue
characteristics. Due to the build direction and the change in the grain boundary, the
microstructure of LPBF-manufactured Ti6Al4V alloy has different morphology. This can
result in lower ductility in the longitudinal direction. This is because the grain boundary of the
phase tends to fracture when subjected to a tensile opening mode. Some researchers have
revealed that the porosity of LPBF Ti6Al4V can affect its fatigue properties. This issue is
usually caused by the complexity of the process [114]. The difference in fatigue behaviour
among horizontal, vertical and inclined directions is due to the difference in microstructures
(in transverse and longitudinal directions), defects and porosities distribution which dictates
the material's structural integrity. The porosities in vertical build orientation are considered
higher owing to the high number of interlayer porosities. Moreover, the anisotropy in the

microstructure in different build orientations leads to the difference in the fatigue lives of a
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material. Therefore, an appropriate PHT is essential because of making an isotropic

microstructure and enhances a material's fatigue behaviour.

2.5.2 Effect of PHT on HCF behaviour of Ti6Al4V

The applied PHT could homogenize the microstructure and enhance the fatigue behaviour. Wu.
Xu et al. [115] performed a PHT at 400°C followed by furnace cooling and found that from a
crack propagation point of view, an ultrafine lamellar microstructure is not as sensitive to
porosity as a martensitic microstructure. Moreover, PHT-performed samples in horizontal and
vertical orientations have shown similar fatigue lives because of isotropic microstructures.
Leuders et al. [116] showed a HCF life of PHT-performed samples compared to as-printed
samples. A combination of increased ductility and reduced residual stresses resulted in higher
fatigue lives in PHT samples. X.Yan et al. [60] performed a PHT at 900°C chased by furnace
cooling and showed higher fatigue strength than as-printed samples. Comparison of fatigue
strength between as-printed and heat-treated samples showed a limited effect on the number of
cycles to the failure. In another study, there was a slight improvement of around 40 MPa of the
PHT executed sample compared to as-printed sample owing to the change in microstructure.
Y.Yang et al. [117] conducted different PHTs and found that all the performed PHTs showed
higher fatigue lives compared to the as-printed sample due to the formed 3 phase improving
the plasticity. Moreover, Table 2.2 summarizes the effect of different PHTs on the HCF
behaviour of LPBF-manufactured Ti6Al4V samples.

Table 2. 2: Effect of different PHTs on fatigue behaviour of LPBF-manufactured Ti6Al4V

Sr. | PHT Conditions | Orientation | Stress | Frequency | Stress | Number | Fatigue | Ref
No. Level (Hz) ratio of cycles limit
(MPa) R (MPa)
1. 400°C+2h+FC H 400 10 0.1 1000000 400 [115]
400°C+2h+FC v 400 10 0.1 1000000 400
2. 800°C+2h+FC v 400 40 -1 93000 - [118]
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1050°C+2h+FC v 400 40 -1 290000 -

3. 900°C+2h+FC A% 340 130 -1 1000000 340 [60]
till 200°C + AC

till RT

4. 920°C+30 min + v 390 50 -1 10000000 390 [119]

FC till 700°C +
ACtill RT

5. 850°C+2h+FC A% 500 110 -1 3588800 - [117]
950°C+2h+FC v 500 110 -1 570500 -
1050°C+2h+FC v 500 110 -1 78700 -

2.5.3 Effect of a lath width on fatigue behaviour of Ti6Al4V

The width of a lath has no substantial effect on the fatigue crack initiation[120]. However, it
has a significant impact on fatigue crack propagation. It is well established that the coarser o
lath width shows high fatigue crack growth resistance [89, 117]. The a lath width increases

with increasing PHT temperature and is discussed in detail in section 2.2.4.

2.5.4 Effect of a and p volume fraction on fatigue behaviour of Ti6Al4V

The volume fractions of a and B at different PHTs are detailed in section 2.4.4. It is well
recognized that as the PHT temperature increases, the B volume content increases and the o
volume content decreases. The increase in § content could be favourable for high ductility
because of the BCC crystal structure. A sample heat-treated at 850°C followed by furnace
cooling has shown high fatigue lives compared to the as-printed samples owing to the optimal
combination of a and  where higher a delayed the crack initiation, and B helps in crack
propagation resistance[117]. In another study, the higher B formed by applying duplex PHT

does not resist the crack initiation; however, the crack propagation delay enhances the fatigue
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strength. Moreover, a PHT at around 900°C showed a higher fatigue life than the as-printed
sample because the high B content resulted in high ductility, which was a dominating factor in

enhancing the fatigue life [50].

2.5.5 Effectof microstructural morphology on fatigue behaviour of Ti6Al4V

Many studies have shown that a sample heat treated at 850°C for 2 hr followed by furnace
cooling resulted in equiaxed o+ microstructure has shown higher fatigue life compared to the
lamellar a+f and fully o' martensite microstructures [60, 61, 121]. However, in a few studies,
lamellar microstructure has shown higher fatigue strength than the as-printed sample [122,
123]. Moreover, the morphology effect on the fatigue lives of LPBF-manufactured Ti6A14V is
shown in Figure. 2.19. It is worth to mention that the fatigue lives are very sensitive to the

porosities and can reduce its fatigue life despite having a distinct microstructure.

Number of cycles (Nf)

Equiaxed a+f  Lamellar a+B Fully o’

Figure 2. 19: Microstructural morphology vs fatigue lives of LPBF-manufactured Ti6Al4V

2.5.6 Effect of a lath width on fatigue tested fractography

A fatigue fracture fractography is the key to evaluating a material's fracture behaviour. The o
lath will increase with an increase in temperature, and higher a lath width will resist the crack
propagation. However, the fractography at temperatures increasing from 850°C, 950°C to
1050°C show similar kinds of ductile fracture features as shown in Figure. 2.20 (a), 2.20 (b)

and 2.20 (c), respectively.
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Figure 2. 20: Fracture surfaces of different lath widths (a-c) lower to higher [117]

2.5.7 Effect of microstructural morphology on fatigue fractured Ti6Al4V
surfaces

The as-printed fractography is shown in Figure. 2.21 exhibiting facets features showing brittle
fracture due to o' martensite. However, the o' martensite transforms into a+f in equiaxed and
lamellar microstructures with different volume fractions of a, and B are showing a similar type

of ductile fracture a scan is seen in Figure 2.20(a) and (c).

Figure 2. 21: Fracture surfaces of as-printed Ti6Al4V (fully o microstructure) [60]
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2.5.8 Effect of a and P volume fraction on fatigue fractured Ti6Al4V
surfaces

Figure 2.20 (a-c) shows the different a and f volume fraction microstructures' fractography.
Interestingly, all the fractography shows an almost similar type of ductile fracture behaviour.
It is important to mention that as the B phase is increasing at higher temperature PHTs, the
fractographs are showing almost similar ductile fracture features. Moreover, the a phase is
decreasing at higher temperature favouring in enhancement of ductility which is evident in

SEM fractography as shown in Figure 2.20 (a-c).

2.5.9 Fractal dimension analysis of fatigue fractured Ti6Al4V samples

Currently, limited research is available on the relationship between FD and fatigue-fractured
surfaces. Hilders and Zambrano discovered a linear correlation between the FD increment and
fracture toughness for duplex stainless steel [124]. W. Macek et al. [125] showed a correlation
between FD and different fatigue loading conditions for S355J2 and 10HNAP steels and the
2017-T4 aluminum alloy. They found that the maximum and minimum fractal values exhibited
the same behavior under various loading conditions regardless of the material. In another study,
W. Macek et al. [126] investigated the topography of a fracture surface in relation to its
susceptibility to multiaxial loading and fatigue behavior of S355J2. The analysis of fracture
surfaces showed that specimens with a survival time of more than 105 seconds had higher
average values of the surface roughness and lower average values of the FD, although the latter
was found to be less sensitive. As a result, the FD approach used to measure the fatigue fracture
topography was deemed appropriate, and it can be considered a reliable and efficient method
for analyzing the fracture surface of the tested component. Additionally, a separate study also
determined that measuring the entire topography of the fatigue fracture is an appropriate
method based on the analysis of the FD of the fracture surface. The fatigue loading type affects
the fracture's surface topography, specifically the various mean stresses expressed in the
loading ratio, which influences the fracture surface morphology[127]. Krivonosova and
Gorchakov [128] developed a relationship between FD and fatigue fracture surfaces and
discovered that FD decreases with an increased crack propagation rate. Yun et al. [129]
reported that the fracture surface profile of the fatigue crack in the initiation zone is smaller
compared to the growth zone due to the compression loading of the fracture's FD. Tanaka and
Kato [130] also reported that FD indicates microstructure characteristics and the damage

caused by fatigue loading for SUS631 steel. Furthermore, Usov et al. [131] reported that an
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increase in the FD of the fracture surface during the transition from a ductile to a quasi-brittle

fracture is related to its fatigue life, and as the fatigue life decreases, FD increases.

The FD approach is an engineering tool that relates a given structure's material properties and
geometrical irregularities. In the field of fracture, research has shown a correlation between
microstructure features and fracture characteristics [108, 110]. During fatigue tests, various
fracture events can occur due to plastic deformation. Analyzing the data can reveal details about
these events. However, fracture surfaces are typically composed of irregular microstructures.
Therefore, the FD technique provides a convenient and fast method to evaluate a material's

fracture behavior in less time, making it beneficial for inexperienced researchers.

2.6 Effect of PHTs on damping behaviour of LPBF-
manufactured Ti6Al4V parts

The rotary components, like rotor blades due to vibrational loads in an aero engine, may have
premature catastrophic failure [132]. Therefore, it is essential to suppress these vibrations to

increase the component's performance and service life.

Damping is imperative to rotatory components of an aero engine in view of dissipating
vibrations[133]. Therefore the selection of a damping mechanism may vary depending on the
nature of vibration, magnitude and complexity of the component's geometry[134]. Among
various damping mechanisms, material damping is established to be simpler and offers a scope
to tweak the material's microstructure as per the requirement without modifying the
component's geometry. The release of strain energy (between slip planes) through the

microstructure's anelastic behaviour of different phases enhances damping behaviour [135].

Hence, it is important to note that the microstructure and its morphology play an essential role
in describing the energy absorption within the material resulting in different damping capacities
[136]. The PHT is considered a practical scheme to impart desired microstructure for damping
requirements at the component scale. Ti6Al4V (a+p) alloy is used in compressor rotor blades
in an aero engine system. The rotor blades experience fluctuating loads owing to the

compression and expansion of the air in an aero-engine under operating conditions [137].

Ti6Al4V has high strength, low density and corrosion resistance properties. Due to the presence

of both a and B phases, properties like strength, ductility, and functional properties, including
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damping, can be tailored as per requirement[83]. It has been shown in the literature that a
simpler and specific heat treatment technique (with varying cooling rates) can achieve various
types of microstructures with varying phases and morphology. It is well established that the
high content of  phase after water quenching in a and o' matrix plays a predominant role in
enhancing the material's damping[138]. For instance, Ti6Al4V with various PHT schemes are
employed by numerous researchers, taking into consideration studying the effect of
microstructure and phases [57, 61, 139, 140]. The specific PHTs can induce bimodal, equiaxed,
and Widmanstatten microstructures [136]. Moreover, it was observed that the high damping
capacity was shown by equiaxed microstructure followed by Widmanstatten and bimodal

microstructures[136].

The cooling rate in PHTs will influence the type of microstructure. For instance, the Ti6Al4V
sample exhibited a higher damping capacity under a PHT at 800°C followed by water
quenching and ageing treatment at 200°C for 100 hours due to the anelastic deformation of the
metastable phase (a’’+f) [138]. Similarly, another study noted that the  phase exhibited a high
damping capacity under PHT subjected to a temperature of 1050°C for 2 hours, followed by
water quenching[141]. It was reported that, the highest damping of Ti6Al4V is in the order of
B>a">a phases. The low damping capacity of Ti6Al4V alloy is typical of their stable a+f phase

mixtures. These are commonly produced through a slow cooling rate during PHT [138].

Moreover, an optimized PHT can enhance a material's damping behaviour. In addition to the
conventional Ti6Al4V damping performances, few studies have been conducted on the
damping properties of AM-manufactured materials. In particular, the damping test was
evaluated for lattice structured Ti6Al4V[142], 316L[143] and AISi10Mg[144] using dynamic
mechanical analysis (DMA), universal tensile testing machine (UTM) and impact hammer test
(IHT), respectively. It was observed that the lattice structure had shown high damping
compared to the bulk solid material. More studies have yet to be conducted to understand the
damping properties of AM-manufactured materials to deploy efficiently in industrial

environments.

Moreover, it is well established that a lattice structure shows higher damping capacity than
solid material owing to better energy dissipation and lightweight. However, specific issues are
involved in fabricating the lattice structure, like challenges to remove support due to

inaccessibility issues, poor surface roughness and dimensional accuracy. Therefore, the use of
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a lattice-structures to enhance the damping is limited and in its early stages to exploit at full

potential.

Furthermore, the PHT's effect on mechanical performance (damping) of LPBF-manufactured
component level is very limited, which opens the scope to carry out this present study. No
component scale evaluation and performance of LPBF-manufactured component are found in

the literature.
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Chapter - 3

OBJECTIVES AND SCOPE

The strength and ductility trade-off are the serious concern in the LPBF process of Ti6Al4V
alloy. The optimum combination of strength and ductility can be achieved through LPBF
process parameters optimization. However, the anisotropy is still the major challenge in LPBF-
manufactured Ti6Al4V which limits its usage in industrial applications. Therefore, PHTs are
inevitable to reduce the anisotropy and achieve the optimum combination of strength and

ductility. In view of detailed literature survey, the following objectives were arrived:

3.1 Objectives of this work

e To study the effect of PHTs and their cooling conditions on the microstructure
morphology, microstructural constituents (lath thickness and volume fraction of
phases) and microhardness of LPBF-manufactured Ti6Al4V parts.

e To study the effectiveness of PHT on the tensile properties and fatigue resistance of
LPBF-manufactured-Ti6Al4V parts under three build orientations (viz. horizontal,
vertical and inclined).

e To perform fractal dimension analysis on the fractographs of Ti6Al4V samples
subjected to tensile and fatigue loadings.

e To investigate the influence of PHTs on the damping behaviour of LPBF-manufactured

Ti6Al4V parts and examine the damping performance of rotor blades subjected to PHT.

3.2 Scope of this study

The challenges pertaining to anisotropic microstructure and porosities in LPBF-processed
Ti6Al4V restrict its practical usage. The appropriate PHT can be applied to overcome these
challenges. In addition, the PHTs can be optimized to enhance mechanical performance. Much
published literature is available on the PHT of LPBF-processed Ti6Al4V; however, the
microstructural studies are inconsistent with applied PHTs. Moreover, there is a lack of o and
B phase volume quantification; hence a comprehensive process-property relation is deficient.

The present work deals with the effect of PHT on densification, tensile, HCF and damping
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behaviour of LPBF-processed Ti6Al4V parts. Further, the component scale damping test is

also investigated in this study. The methodology followed in this work is shown in Figure 3.1.

Influence of-post heat treatment on the microstructural and mechanical
behavior of LPBF manufactured Ti6 Al4V Parts
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Figure 3.1: Methodology of the present work
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Chapter - 4

EXPERIMENTAL PROCEDURE

4.1 Support structure manufacturing optimization studies

FEM simulations were carried out for different process parameters of support structures using
Ansys Additive 2021. The mechanical properties of Ti6Al4V alloy were assigned using a
bilinear isotropic-hardening J2-plasticity model given in Table 4.1. Further, the voxel size was
kept as 0.3 mm to compute the distortion and residual stresses. The parameters used for the
simulation of samples 'A', 'B', 'C', and 'D' are shown in Table 4.2. Moreover, a correlation

between experimental and simulation distortion results has arrived.

The process parameters in the LPBF process were varied (as per Table 4.2) based on FEM
simulations for support structure fabrication to evaluate distortion behaviour and assess the
support strength at the interface of the base plate and part. The block type of support used in
the present work was designed in magics software, as shown in Figure 4.1 (a). The CAD model
of the gear-type part is presented in Figure 4.1 (b). The Ti6Al4V gear-type parts were built
with different support structure process parameters, shown in Figure 4.1 (c¢). The 3D printed
parts were removed using a mechanical torque wrench to evaluate the torque required to
remove the part from the base plate as per [[SO 6789]. Similar type of technique was used for
LPBF processed parts[43]. The overall process followed for the present work is shown in

Figure 4.2.
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Table 4. 1: Material input data of Ti6Al4V[145]

Input Values
Stress mode J2 Plasticity
Hardening factor 0.0198
Yield strength (MPa) 1100
Elastic modulus (GPa) 110
Poisson ratio 0.3
Strain scaling factor (SSF) 1
Anisotropic strain coefficient (||) 1.5
Anisotropic strain coefficient (L) 0.5
Anisotropic strain coefficient (Z) 1
Gas convection coefficient 12.5 W/m?K
Base plate temperature 35°C
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Table 4. 2: LPBF process parameters used for support structure fabrication

Sample Laser Scanning Hatch Layer
Power speed distance thickness
(W) (mm/sec) (nm) (um)
Sample A 140 700 100 30
Sample B 120 600 100 30
Sample C 100 500 100 30
Sample D 80 400 100 30

Figure 4. 1: 2D block type support; b) CAD model of gear-type part; c) LPBF-manufactured parts with
different support structure process parameters
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Figure 4. 2: A process flow adopted in the present work

4.2 Strength and ductility trade-off studies

The skin and core strategy adopted sample was prepared using the LPBF process shown in
Figure 4.3. The process parameters used in fabricating the skin and core sample are given in

Table 4.3.
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Figure 4. 3: Sample prepared for microstructural characterization

Table 4. 3. LPBF-Process parameters for skin and core strategy study

L e——

Feature Laser Scanning speed | Hatch distance | Beam offset | Stripe width
Power (W) (mm/s) (mm) (mm) (mm)
Skin 170 1450 0.1 0.015 5
Core 170 1020 0.1 0 5

The samples were etched through Kroll's reagent. The microstructural characterization was

carried out using an optical microscope. The samples were subjected to Vickers's

microhardness tester with a load of 500 grams and 10 seconds dwell time.

4.3 Ti6Al4V powder feed stock characterization

The Ti6Al4V powder material supplied by EOS Germany was used to fabricate all the

specimens for microstructural characterization, tensile, HCF, and damping tests. Moreover, the

rotor blade fabrication for damping test evaluation was carried out from the same powder. The

powder size ranges from 20 um to 50 um, and no aggregation was observed in the SEM image

of the powder shown in Figure. 4.4. Moreover, the average powder particle size was 20-50 pm

with a mean of 27.43 um and a standard deviation of 9.41 um. The chemical composition of

the Ti6Al4V powder particles is shown in Table 4.4.
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Figure 4. 4: a) SEM image of Ti6Al4V powder; b) Powder particle size distribution

Table 4. 4: Elemental composition of Ti6Al4V powder

Element Ti Al Vv Fe C O N H

wt% Balance | 6.47 4.08 0.24 0.005 | 0.08 0.008 | 0.003

All the specimens and rotor blades used for this study were fabricated using an EOS M280
machine equipped with a Ytterbium fiber laser, as shown in Figure. 4.5. The Argon gas is
supplied during the LPBF process to maintain an inert atmosphere. The process parameters

used to fabricate the samples are given in Table 4.5.
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Figure 4. 5: EOS M280 LPBF machine employed in the present work

Table 4. 5: LPBF process parameters used in the present study

Laser Scanning Hatch Layer Laser Beam | Stripe | Scanning
power | speed distance thickness beam dia | offset | width | strategy
(W) (mm/s) (um) (um) (um) (mm) | (mm)
170-200 | 500-1250 100 30 100 0.015 5 67°
rotated
stripe

The stress-relieving heat treatment at 650°C for 3 hours, followed by furnace cooling, was

performed for all the samples and components. Moreover, different post-heat treatments

(PHTSs) were carried out at different temperatures and cooling rates. The PHTs were performed

using a muffle furnace, as shown in Figure 4.6, equipped with an Argon gas supply to maintain

the inert atmosphere.
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Figure 4. 6: a) Muffle furnace; b) PHT scheme

4.4 Microstructural characterization of LPBF-
manufactured Ti6Al4V parts

After completing the LBPF process, the as-printed samples were cut using a wire EDM process
from the base plate. The cubical samples with 3x3x3 mm? dimension were prepared as shown
in Figure. 4.7 for PHTs. The as-printed LPBF-manufactured Ti6Al4V samples were prepared
for PHTs. The samples were heat-treated in a muffle furnace at 850 °C, 950 °C, and 1050 °C
under air and furnace cooling conditions. The corresponding PHTs at different temperatures
and cooling conditions, termed samples A, B, C, D, and E, are shown in Table 4.6. The process

parameters used to manufacture the samples are given in Table 4.5.

Transverse
direction

Longitudinal
/ direction

X

Figure 4. 7: Schematic illustration of LPBF-manufactured sample
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Table 4. 6: Post-heat treatment conditions employed in the present study

Sr. Nomenclature Temperature (°C) Time Cooling
No. (hour) condition
1 Sample A 850 2 Air
2 Sample B 950 2 Furnace
3 Sample E 950 2 Air
4 Sample D 1050 2 Furnace
5 Sample E 1050 2 Air

The as-printed and PHT samples oriented in horizontal and vertical directions were mounted
and polished through emery papers ranging from 200-2000 pm, followed by diamond polishing
(size 1um) used for porosity evaluation. The polished samples were etched using Kroll's
reagent (50 ml distil water, 25 ml HNO3 and 10 ml HF) for microstructural characterization.
The microstructural observations were performed using an optical microscope (Olympus-
DSX-510) and FESEM (Zeiss GeminiSEM 300). The chemical composition of the samples in
as-printed and heat-treated conditions was evaluated using EDS (attachment to FESEM)
technique. The lath thickness was measured using Image-J software, and the average value of
three measurements was reported. The X-ray diffraction (XRD; make: Panalytics) equipment
with Cu Ka was used to analyze as-printed and heat-treated samples. Vicker's micro-hardness
tester (INNOVA Falcon-400) evaluated the micro-hardness under a load of 500 grams as per
the ASTM-E384 standard. The average value of six measurements was reported in the present

study.

4.5 Densification studies of LPBF-manufactured parts

The Ti6Al4V samples of around 18x5x5 mm?3 in size in horizontal and vertical orientations

were produced using an EOS M280. The orientation of the built samples is shown in Figure
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4.8. The samples were then subjected to a post-heat treatment (PHT) at 1050 °C for two hours,
then air cooling in a muffle furnace. The PHT temperature is higher than the [ transus
temperature, which is a high temperature that helps in the diffusion of pores. The as-printed
and PHT samples oriented in horizontal and vertical directions were polished through emery
papers ranging from 200-2000 um, followed by diamond polishing before microscopic
analysis. The micrographs were captured using the Nikon Eclipse LV100 optical microscope.
The porosity was observed at an interval of 2150 um on the horizontal and vertically built
direction of as-printed samples and PHT samples. The process parameters used to manufacture

the horizontal and vertical oriented samples are given in Table 4.5.

In the current practice of the LPBF process, the researchers quantify the defects, such as
porosities, as metallurgical and irregular shape pores which is a conventional approach to
defining them. However, there is a scope for further classification and quantification of
porosities in order to correlate with the parts subjected to dynamic, impact, or coupled loading
conditions and their interplay on the part's performance. Therefore, a facile approach is
essential for the porosity classification is a need of the hour. Hence, in literature, the
classification of pore size is classified by Mays[146] as shown in Figure 4.9, in which less than
10 um pore size is considered as inter-micropore, whereas more than 10 um is regarded as a
super-micropores. Therefore, May's approach is used in the present study. In addition to it,
similar approach of pore classification is also used in laser additive manufacturing by other

researchers[147].
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Porosity captured at every 2.15 mm distance on
each sample

Figure 4. 8: Schematic of porosity measurement: a) Vertical build sample; b) Horizontal build sample

PORE SIZE CLASS
NANOPORE MICROPORE MILLIPORE
sub- inter- super- sub- inter- super— sub- inter- super-

0.1 nm Inm 10 nm 100 nm 1pum 10 pm 100 um 1 mm 10mm 100 mm
100pm/ 1A 0.1 pm 0.1 mm 10cm/0.1m

Figure 4. 9: Pore size classification [63]

4.6 Tensile tests specimen fabrication

Ti6Al4V cylindrical samples of size $=20 mm and length = 145 mm were printed. The samples
were fabricated in three different orientations viz 0°, 45°, and 90°, as shown in Figure. 4.10.

The process parameters used to manufacture the tensile samples are given in Table 4.5.
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Figure 4. 10: Photographic images of LPBF-manufactured Ti6Al4V cylindrical samples in three orientations:
(a) vertical and inclined; (b) horizontal

All the samples were machined to attain the ASTM ES8 standard, as shown in Figure 4.11. The
samples' dimensions were the total length of a sample = 143 mm, gauge length = 60 mm, grip
dia = 16 mm, and gauge radius of curvature = 10 mm. Tensile tests were performed ata 0.003/s
strain rate using a Universal testing machine (UTM; make: Walter+Bai). The fractography

analysis was performed using an SEM.
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Figure 4. 11: ASTM-ES standard machined specimen for tensile tests

4.7 HCEF test specimens fabrication

Ti6Al4V cylindrical samples of size $=12 mm and length = 100 mm were printed. The samples
were fabricated in three different orientations viz 0°, 45° and 90°, as shown in Figure 4.12. The

process parameters used to manufacture the HCF samples are given in Table 4.5.
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Figure 4. 12: Photographic images of LPBF-manufactured Ti6Al4V cylindrical samples in three orientations:
(a) vertical; (b) horizontal; (c¢) inclined; (d) machined samples for HCF testing

All the samples were machined to ASTM E466 standards, as shown in Figure 4.13. The HCF
test was performed at a load ratio of 0.1 and frequency of 15 Hz using uniaxial dynamic loading
UTM machine (make: Walter + Bai). The dimension of the hour-glass samples was the total
length of a sample = 100mm, gauge length = 25 mm, grip dia = 10 mm, and gauge radius of
curvature = 72 mm. The fractography analysis was performed using an SEM. ImageJ software

measured the crack initiation location length on the fractured surface.
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Figure 4. 13: ASTM E-466 standard machined samples for HCF tests
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Further, FD analysis was performed for the fractured surface of tensile and HCF samples. The
techniques for FD analysis include the box-counting method, differential box-counting method,
covering method, and prism method[108]. Among them, the box-counting method is popularly
employed[109]. The multifrac plug-in used to calculate FD value uses the fracture surface

converting them into a binary image. FD is calculated using the equation 4.1.

1 N®
D = %Lr’f)llog log | (4.1)
where 1is the length size of non-overlapping boxes/cubes and N(1) is the number of boxes/cubes
necessary at each scale 1 to cover the mass area (black or white)[148]. Imagel software was
employed to measure the FDs. The images were converted to 32-bit image types per the plug-
in. Multifrac plug-in for Image-J was used to calculate the FD of all the samples using the 2D

box-counting method. The maximum box size used for the box-counting FD was 16, and the

procedure adopted for FD analysis is shown in Figure 4.14.

Capturing the Conversion of Resizing of the
grayscale Image
grayscale Image to Image as per the
from the ; : :
: 32-bit Image type Multifrac plugin
microscope
Obtaining the Initiating the Conversion of
fractal dimension - minimum and - grayscale 32-bit
values from the maximum box size Image to binary
software to be used Image

Figure 4. 14: Procedure adopted for FD analysis in the present study

4.8 Damping test of LPBF-manufactured Ti6Al4V
specimens and rotor blade

Ti6Al4V samples of size 118 x 28 x 4 mm? in thickness were printed. Moreover, the rotor blade
printing was fabricated using the LPBF process for evaluating the damping behaviour. The

blade-like samples and rotor blade were printed vertically, as shown in Figure 4.15. The process
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parameters used to manufacture the samples and rotor blade for the damping test are given in

Table 4.5.

Figure 4. 15: Photographic images of LPBF-manufactured Ti6Al4V a) thin flat samples and b) rotor blades

The damping behaviour of as-printed PHT samples and rotor blades was evaluated using an
experimental impact hammer modal analyzer (make: PCB) (given in Figure. 4.16). The
accelerometer (PCB-353C22) is attached to the sample and connected to the data acquisition
system (PCB-SN15267). The impact hammer (PCB-086C03) excites the material to obtain the
response through the data acquisition system. Moreover, the modal analysis was carried out

using FEM and compared with the experimental natural frequencies.

The damping ratio for two-mode shapes of as-printed and PHT samples was evaluated using
the half-power bandwidth at peak by first computing the amplification factor Q using equation
(4.2).

_Jn
Y (4.2)

Where fn is natural frequency, Af is f2 - f1 (frequency width between half power points). For

clarity, f1 and {2 are determined from an amplitude of 4 r/nzax of the frequency range of fn. Thus,
the resulting damping ratio is given in equation (4.3).
Damping ratio (§) = % (4.3)
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Figure 4. 16: Experimental setup of modal analysis; a) thin flat sample; b) rotor blade
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Chapter - 5

RESULTS AND DISCUSSION

5.1 LPBF process parameter optimization studies for
support structure

5.1.1 Post-Processing of support structures of LPBF-manufactured
Ti6Al4V part

5.1.1.1 FEM simulation studies

In the present study, FEM simulations were performed to obtain insight into understanding the
effect of process parameters on the distortion behaviour and thus aid in minimizing the use of
experimental samples required, which are usually time involved and expensive. The residual
stress distribution of different parameters for samples'A,' 'B,"'C,' and 'D' was computed for SSs
using Ansys Additive and is shown in Figure 5.1. The response of distortion on the SSs will
influence the part's printed layers, eventually affecting the build dimensional accuracy. It can
be observed that stresses are higher at locations 3 and 4. Moreover, the corresponding distortion
due to stresses is shown in Figure 5.2, comparable with WLS results (see Figure 5.3). The
residual stresses on the inner surfaces of all four samples are not reaching the yield strength
(see Figure 5.1) owing to the heat accumulation and restriction by surrounding material leading
to a distortion-free inner surface, as shown in Figure 5.2. Moreover, the sharp corners of gear-
type part in all four samples are the high heating and stress accumulation zones leading to the
distortions in locations 3 and 4. Similar results were found in another study by Chen et al.[149],
where localized overheating occurs at the sharp corners of a part resulting in higher residual
stresses. Further, the stresses at the outer surfaces of the gear-type part show residual stress that
exceeds the yield strength of a material due to high thermal gradients causing the surface

distortion, as seen in Figure 5.2, which is comparable with WLS results (see Figure 5.3).

Moreover, the percentage reduction of stresses computed through simulation in sample D
compared to samples 'A,' 'B' and 'C is given in Table 5.1. It can be observed that less laser
power in sample 'D' SS generates less heat input, resulting in less temperature gradient leading
to reduced stresses. Subsequently, the lesser stresses in sample 'D' help reduce the overall

distortion compared to samples 'A,' 'B,' and 'C,' as shown in Table 5.1.
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Figure 5. 1: Ansys simulation of SSs residual stress: a) Sample 'A"; b) Sample 'B'; ¢) Sample 'C'; d) Sample 'D.’
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Figure 5. 2: Ansys simulation of SS distortion: a) Sample 'A’"; b) Sample 'B'; ¢) Sample 'C'; d) Sample 'D.'

Table 5. 1: Percentage reduction in residual stress and distortion for sample 'D' compared to samples 'A,' 'B' and

IC.I
Sample Stress with base | %age reduction in | Distortion | %age reduction
plate (MPa) residual stress for | with base | in distortion for
sample D plate (um) sample D
Sample A 1261.7 5% 138 11%
Sample B 1210.1 0.7% 130 6%
Sample C 1207.8 0.4% 128 4%
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Sample D 1202.0 - 123 -

The obtained results in simulations showed lesser distortion in Sample' D' among all the
samples. Although the distortion using FEM was evaluated for SSs; the distortion at SS will
influence the part and subsequently affect the dimensional accuracy of a part. Therefore, the

gear-type parts were fabricated using the same process parameters for SSs.

5.1.1.2 Dimensional inspection studies

After printing, the base plate with LPBF parts was investigated for dimensional inspection with
the WLS technique. 3D WLS is a technique that uses a non-contact scanning method. This
method works by projecting a fringe projection onto the surface of the scan. The WLS
measurement takes place on the surface of an object to collect the coordinates of its various
points. This process is carried out using a combination of digital image processing and optical
technology. The samples (A-D) were scanned through 3D WLS, and obtained scanned data
was compared with the CAD model, as shown in Figure 5.3 (a-d). It is observed that the
dimensional variation was within the acceptable limits, i.e., below 100 um. However, the
dimensional variation of ~200 pm between the CAD model and the part may be due to the
applied developer making a part as a white object, adding a few microns of thickness due to
human error. The overall dimension deviation concerning the different processing parameters
for SS was insignificant. The inspection results obtained from WLS confirm that changing the

SS’s process parameters does not affect a part's dimensional accuracy.
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Figure 5. 3: 3D WLS model compared with CAD model: a) Sample 'A'"; b) Sample 'B'; ¢) Sample 'C'; d) Sample
ID.I

The dimensional deviation between WLS and simulation of different locations for Sample 'A,’
'B,' 'C,' and 'D' are shown in Figure 5.4. Location 1 in all four samples offers a dimensional
accuracy of less than ~10 pm, which is close to the CAD model dimensions. Further, location
2 in simulation results in all samples shows a minor deviation due to fewer stresses developed
there. However, Location 2 in WLS, a top surface, offers an expansion and dimensional
variation of ~200um for all four samples from the CAD model. Such top surface's dimensional
deviation is characterized by surface quality due to the combined effect of surface roughness
and waviness[150]. The surface roughness of the top face is high due to the heat accumulation
around it[151]. The powder bed in LPBF acts as an insulator, and the heat accumulates
surrounding the melt pool. In the LPBF process, inserting a fresh powder layer keeps the
previous layer farther away from the molten pool. As a result, the top surface's maximum
temperature rises along with heat accumulated in the surroundings. Eventually, the temperature
rises to a point where surrounding powder particles begin to stick partially, and the surface
becomes rougher. This impact could become more noticeable as more layers are added.

Researchers report similar dimensional deviations in LPBF[152] and EBM-manufactured[151]
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parts. Moreover, the dimensional deviation in locations 3 and 4 in all four samples between
WLS and experimental was observed between 100um to 150um. It may be attributed to the
large thermal gradient between L3, L4, and the surrounding powder, which pulls the material

at the sharp corner edges of the gear-type part due to thermal stresses.

Further, it should be noted that L3 and L4 have sharp edges facilitating thermal stress
concentration and leading to dimensional distortion. Moreover, Ti6Al4V's lower thermal
conductivity (7.2 W/mK) will increase a thermal gradient. However, interestingly, the location
1 inner surface is smooth and shows an almost closer values with CAD dimensions in all
samples due to a lesser thermal gradient than L3 and L4 due to heat accumulation. Moreover,
a further detailed study is desirable to evaluate the dimensional deviation of such surfaces in

the LPBF-manufactured part.
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Figure 5. 4: Dimensional deviations at different locations of a part experimental vs simulation
5.1.1.3 Interface shear strength (ISS) evaluation studies

The gear-type parts were separated from the base plate using a mechanical torque wrench, as
shown in Figure 5.5, to evaluate the torque required to remove the support from the part and
base plate. The torque wrench was rotated manually to separate the part from the SS, and the
torque required to remove the part was evaluated for each sample as per [ISO 6789]. Table 5.2
comprises the measured torque values to separate the part from the SS. The resulting torque
values were in the range from 145-230 Kgf-cm, signifying that LPBF process parameters have

a greater influence on the part removal. Interestingly, sample 'A' requires a relatively large
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torque value to remove the part from the support. It could be attributed to high laser power

enabling complete melting of the powder and resulting in a stronger SS.

Figure 5. 5: LPBF part separation from a SS and base plate

In contrast, sample D showed the marginally most minor torque value required to separate the
sample from the SS. The least laser power was used in sample D to fabricate the SS, due to the
partial melting of powder resulting in less ISS enabling less effort for part removal. These
results open an insight into effectively using the SSs to remove the part easily by preserving
the dimensional and structural integrity of the LPBF part. The partially melted powders due to
using lesser laser power (80 W), might enable easier removal of a SS. Moreover, it is reported
that as the laser power increases from ~80 W to 140 W, the porosity in LPBF fabricated
Ti6Al14V reduces from ~5% to 0.07% respectively[153]. In view of the above it is presumed
that in the present work, highest laser power (i.e, 140 W) was employed for sample A resulting
a high ISS between SS and part owing to less porosity. It is also reported that laser speed and
layer thickness has insignificant effect on the ISS[43].

Table 5. 2: Torque measurements

Sample Laser Power | Scanning Hatch Layer Torque
(W) speed distance thickness (Kgf-cm)
(mm/sec) (nm) (nm)




Sample A 140 700 100 30 230
Sample B 120 600 100 30 190
Sample C 100 500 100 30 155
Sample D 80 400 100 30 145

In present work, the ISS between SS and part is shown in the form of schematic representation

in Figure 5.6.
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Figure 5. 6: Interface between SS and part
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Moreover, the torque values obtained to remove the base plate's support was converted to the

ISS using equation 5.1[154] and 5.2. The ISS developed during support removal for samples

A, B, C, and D is shown in Figure 5.7. Sample D shows the least ISS required to remove the

SS. Further, sample D showed ~60% less ISS value compared to sample A, ~34% less torque

value compared to sample B, and ~9% less torque value compared to sample C.
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T=— (5.1)

Kp="2 . ¥ g (5:2)

Where t = shear stress, T = torque, and K, = Polar section modulus, D is the outer diameter,

and S is the side length of the inner hexagon of a gear-type part.
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Figure 5. 7: Interface shear strength evaluation

The SSs play an essential role in deciding the final quality of a build component in terms of its
structural and dimensional integrity. In this study, the ease of removal of SS is the outcome
derived from optimal LPBF process parameters. Further, the SSs process parameters were

employed for all the LPBF manufactured samples and parts in the present study.

5.1.2 Skin-core scanning strategy in LPBF-manufactured Ti6Al4V parts

The strength and ductility trade-off are a major road-block in LPBF-manufactured Ti6Al4V

parts, which is not suitable for its end-use applications. Therefore, by varying the process
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parameters, the goal is to obtain optimal strength and ductility in LPBF-manufactured Ti6Al4V
parts.

The equiaxed grains are observed in the transverse direction, where o' martensite appears in
the form of needles, as shown in Figure. 5.8 (a-f). The columnar grains are visible along the
longitudinal direction due to the thermal gradients, as shown in Figure. 5.8 (d-f). The o'
martensite is embedded in these columnar grains, formed due to the high cooling rates involved
in the LPBF process [53]. LPBF process consists of the re-melting and melting of the material's

layer. This event results in cooling and rewarms behaviour and can cause thermal cycling [56].

The o’ martensite formed in LPBF of Ti6Al4V is responsible for exhibiting high strength with
poor ductility. However, the skin-core strategy could be useful to induce architectured

microstructure at the required part’s location to ensure improved functionality.
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Figure 5. 8: Optical microstructures: a) left interface of TD; b) core of TD; c) right interface of TD; d) left
interface of LD; e) core of LD; f) right interface of LD. Transverse Direction (TD); Longitudinal Direction
(LD)
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Despite varying scanning speeds, the columnar and equiaxed microstructure contains o'
martensite in the skin and core regions. However, there was a difference in the grain size in
both columnar and equiaxed skin and core regions, owing to the difference in scanning speed.
The grain boundaries observed in the skin region are smaller than those observed in the core in
transverse and longitudinal directions. These results are well corroborated with the literature,
where it is reported that the microstructure contains smaller grains with high tilt angles at higher
scanning speeds. In contrast, the low speed will give large grains with low tilt angles [50].
However, a detailed study is required to confirm this. The metal's grain structure plays a vital
role in controlling its mechanical properties after laser melting. After solidification, the grains
are characterized by anisotropic properties. This is due to the formation of columnar and

elongated grains.

The heat flow direction can control the growth direction of these grains. The heat from the laser
is extracted from the melt pool and then to a cooler part of the sample. This allows the grains
inside the fusion zone to orient themselves according to the heat flow properties. During a
competitive grain growth period, the grains that prefer a specific orientation during the heat

flow can grow faster and produce more energy than those that prefer a non-specific orientation.

Interestingly, these findings open up an alternative way to change the material's grain size,
enabling it to attain different mechanical behaviour, thus enabling location-specific functional
properties. Moreover, grain size also dictates the material's strength. The larger the grain size,

the less strength it will exhibit, as per the established Hall-Petch relation [155].

In Figure. 5.9(a), it is observed that the microhardness of the skin was relatively higher than
the core due to the smaller grain size. The grain size of the skin and core in transverse direction
was evaluated and shown in Figure. 5.9(b). The average grain size of the skin and core were
~77 um and ~116 pum, respectively. The smaller grain size of the skin was responsible for
higher microhardness owing to the Hall-Petch relation. The drop in hardness at the interface

was due to the porosities present in the interface, as shown in Figure. 5.8(a, c, d and f).

Moreover, a marginally higher hardness in the transverse direction compared to the
longitudinal direction due to the variation in grain sizes. Further, the hardness values of LPBF-
manufactured Ti6Al4V samples obtained using the standard rot scanning strategy [7] were ~10
% lesser than those obtained using the skin-core scanning strategy along the longitudinal

direction. The results of this study revealed the effects of changing parameters in the LPBF
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process on the grain shape, size and porosities. However, the anisotropy in the microstructure
was still retained (Figure.5.8). Therefore, a post-heat treatment is inevitable to reduce the

anisotropic microstructure, thus making it suitable for end-use parts operating under industrial

environments.
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Figure 5. 9: a) Vickers's microhardness of sample; b) grain size of skin and core

5.2 Influence of PHTs on Microstructural and
microhardness of LPBF-manufactured Ti6Al4V parts

5.2.1 Microstructural characterization

Microstructures of the as-printed Ti6Al4V samples in transverse and longitudinal directions
are shown in Figure. 5.10 and 5.11, respectively. The reflected light from the etched Ti6Al4V
surface under an optical microscope shows the dark phase as an a and the bright phase as a 8
phase; based on the contrast, the phases were distinguished in the micrographs. The arrows in

the micrographs indicate different features and phases in the Ti6Al4V microstructure.

Figure. 5.10 shows the optical microstructure of the as-printed LPBF-manufactured Ti6Al4V
in the transverse direction. The cellular prior B grains are visible in Figures. 5.10 (a) and (b),
along with the fine needles of o' martensite phases. The rapid solidification of the melt pool in
the LPBF process leads to the formation of the cellular microstructure. The obtained
microstructure shows fine o' martensite (~ 0.5 pm thick) in slender § grains due to faster cooling

rates and the small melt pool size, as seen in Figure.5.10 (b) and (c).
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Figure 5. 10: Optical micrographs of the as-printed LPBF Ti6Al4V samples in the transverse direction (a);
higher magnification micrographs (b-c)
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Figure. 5.11 shows the microstructure in the longitudinal direction of the as-printed LPBF-
manufactured Ti6Al4V sample. The prior B grains are visible (see Figure. 5.11a) due to the
build direction's epitaxial growth owing to the build direction's temperature gradient and
successive layer formations. The deposition of the next layer in the LPBF process on the
previously formed columnar grains will re-melt and act as a nucleus for epitaxial grain growth
with a strong texture development [52]. The shorter interaction time of laser with powder and
high cooling rates (generally > 410°C/s) [53] leads to o' martensite formation. Ti6Al4V
transforms (a+p) to B to liquid to B to (a+p/a’) during the LPBF process. The formation of o’
(martensite) phase depends upon the specific cooling rates. The cooling rate above 410°C/s
leads to the form o’ structure, whereas there is an incomplete transformation of o’ between
410°C/s and 20°C/s and the cooling rate below 20°C/s will not produce o’ phase. Due to high
undercooling, the diffusion-less transformation forms o' martensite in prior B grains (see
Figures. 5.11 (b) and (c)). It possesses very high strength and low ductility. In addition to o'
martensite, the residual thermal stresses develop in the LPBF process due to steep temperature
gradients. The speed and power of a heat source can also affect the melt pool's thermal gradient
(G) and solidification rate (R) [54]. The columnar grain structure (houses o' martensite) is
formed by the geometry and heat flow of the melt pool, as seen in Figure.5.11 (a). Figures 5.11
(b) and (c) show that the microstructure reveals features of o' martensite needles oriented at a
particular angle. A larger, deeper melt pool should result in more columnar grains [156]. In the
LPBF process, a smaller powder area interacts with the laser; therefore, it has a much higher
laser power per area, directly influencing re-melting and epitaxial growth. The heat dissipation
in LPBF is mainly due to the continuous heat conduction from the melted layer to the solidified

material, which generates a columnar microstructure [56].
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Figure 5. 11: Optical micrographs of the as-printed LPBF-manufactured Ti6Al4V sample in the longitudinal
direction (a); higher magnification micrographs (b-c)
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During the LPBF process melting and re-melting of the material's layer co-occurs. This event
generates a rewarm and cooling behaviour resulting in thermal cycling in both transverse and
longitudinal directions in a non-uniform manner. Therefore, it leads to the development of a
complex anisotropic microstructure. Moreover, the directional microstructures obtained in
different directions (i,e transverse and longitudinal) under the LPBF process create an
anisotropy in a material's properties [55]. In addition, the low thermal conductivity of Ti6Al4V
(7.2 W/m °C) encourages heat accumulation and is presumed to promote directional
microstructure development. Interestingly, the o' martensite phase formed during the LPBF
process differs from the a phase content in mill-annealed or forged Ti6Al4V alloy [157]. This
anisotropic structure feature shows the burger's relationship between a' and the f phases of the

hexagonal lattice [158].

The cross-sections of LPBF-manufactured as-printed samples are characterized by their
longitudinal and transverse cross-sections in Figure 5.12(a). As revealed in Figure 5.12(b), the
uniform distribution of cellular grains is apparent in the middle section of a laser track. In
contrast, elongated B grains are visible perpendicular to the laser moving direction. The various
microstructure characteristics can be comprehended in Figure 5.12(b) shows the Gaussian
energy distribution induced by the laser source. The Gaussian energy dispersal caused by the
laser was responsible for the heat input (Qy) dissemination in the molten pool, as referred to in
equation (5.3) [159].

fp, 2
Qu=rexp (=375) (1-7) (5.3)

Where f is the factor of heat dissemination, Py is the engrossed laser power, d is the laser ray
radius, r is the radial dimension from the centre of the laser source, h is the energy source depth,
and z is the current depth in the thickness direction. The heat input decreases exponentially in

the transverse plane when the r increases.

The temperature at the centre of a laser track will be higher than the boundaries of the melted
regions. It causes the thermal gradients to increase. Therefore, a thermal flux sets at the
boundaries due to heat dissipation. The heat dissipation and, thus, cooling rate cause the liquid
temperature (Tr) in the melt pool to be lesser than the melting temperature (Tw) in the centre

of the melt pool. Therefore, it results in higher undercooling (AT = Twm -Tv), leading to the
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nucleation of new grains [54]. Thus, the liquid metal will undergo simultaneous nucleation and

orient randomly [160].

Further, steady growth rates in all directions of the crystal nucleus make forming a cellular
grain structure possible. The columnar [ grains are grown in a longitudinal direction
perpendicular to the laser movement. It is due to a lesser degree of undercooling defeating the
precipitation of new grains. The formation mechanism of such heterogeneous microstructures
in LPBF-manufactured material is shown schematically in Figure. 5.12 (b) and (c), which is
determined by the thermal gradient (G) and solidification rate (R) ratio. It corroborates with

Figure 5.10(a) and 5.11(a). Similar results were also reported by Acharya etal. [161].
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Figure 5. 12: Microstructural evolution of as-printed samples: (a) The characteristic morphologies in the TD
and LD; (b) the schematic and formation mechanism of cellular structure; (c) the schematic and formation
mechanism of the columnar grains in the microstructure

Figure. 5.13 depicts sample A's micrographs, which underwent PHT at 850 °C for 2 hours and
was subjected to air-cooled conditions. Sample A exhibits a decomposition of fine o' into a+f
phase in which a phase is visible as fine needles, as shown in Figure. 5.13(a). The columnar 3
grain boundaries are visible in the longitudinal direction (along the build direction), as shown
in Figure. 5.13(b). At 850 °C, the volume fraction of the a phase is high; therefore, the impact
of the cooling rate under air cooling is minimal, which corroborates nicely with XRD pattern

results (see Figures 5.27 and 5.28). Moreover, the high-volume fraction of the a phase at 850
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°C hinders its growth during cooling, and the cooling rate does not affect the microstructure

[51]. Therefore, only air cooling is performed for sample A in the present work.
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Figure 5. 13: LPBF-manufactured Ti6Al4V sample ‘A’ a) transverse direction; b) longitudinal direction

Figures. 5.14 and 5.15 reveal microstructures of samples B and C under transverse and
longitudinal directions. Figs. 5.14 (a) and (b) depicts the size of a lath due to PHT performed
at 950 °C under air and furnace-cooled conditions. Under higher temperatures, the volume
fraction of a decreases due to the nucleation of § phase around the B transus temperature [162].
Therefore, PHT performed at 950 °C allows a laths to grow at different cooling rates [61]. A
similar microstructural observation was noted for B and C samples in longitudinal directions
(see Figures. 5.15 (a) and (b)). It is observed in Figures. 5.14 (a) and 5.15 (a) that the samples
heat-treated under air-cooled conditions induce thinner a laths (~3.38 um in transverse and
~2.85 um in the longitudinal directions). Further enhanced growth of o laths (~5.56 pm in
transverse and ~5.10 um in the longitudinal direction) due to slow furnace cooling experienced

by samples are shown in Figures. 5.14 (b) and 5.15 (b).

In addition, the PHT above B transus temperature is the most crucial parameter, as it decides
the size and morphology of the a lath. The PHT performed at 950 °C vanishes the B grain
boundaries, and a grains become shorter and slender. Further, PHT at 950 °C in samples B and

C reduced the volume fraction of a phase compared to sample A.
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Figure 5. 14: LPBF-manufactured Ti6Al4V samples in the transverse direction; PHT at 950 °C for 2 hours: (a)
sample ‘C’; (b) sample ‘B’
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Figure 5. 15: LPBF-manufactured Ti6Al4V samples in the longitudinal direction; PHT at 950 °C for 2 hours:
(a) sample ‘C’; (b) sample ‘B’

Figures. 5.16 and 5.17 illustrate the microstructures of samples D and E under transverse and
longitudinal directions. The samples in the transverse direction that underwent PHT at 1050 °C
(above P transus temperature) are shown in Figure. 5.16. The extent of grain growth and the

tendency for homogeneous microstructural formation is enhanced compared to the other heat-

treated samples such as A, B, and C.
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The lamellar a +  features are seen in Figure. 5.16 (a) and retained 3 phases under air-cooled
conditions, similar to the casted Ti6Al4V [11]. The B will retain because upon slow cooling
from above P transus temperature f will decompose to a+f phase, which is a diffusional
transformation [53]. The cooling rates are significantly crucial in deciding the size of the
lamellar a+f, which dictates the final property. In addition, coarse B plates with a grain
boundaries are observed in Figure. 5.16 (b) under furnace-cooled conditions consistent with
EBM and LPBF-manufactured Ti6Al4V [163]. The extent of homogenous microstructure
development led to isotropic mechanical properties in the LPBF-manufactured Ti6Al4V

samples.

The PHT performed at 1050 °C transforms o' and a into B phases, and different cooling rates
determine the microstructural morphology (as seen in Figure. 5.16 and 5.17). Furthermore, it
should be noted that the o+ lamellar has grown significantly in furnace-cooled conditions, as
shown in Figures. 5.16 (b) and 5.17 (b). However, it is observed that the effect of cooling rate
on microstructure below the  transus temperature is insignificant in LPBF-produced Ti6A14V
(see Figure. 5.13). It is because, below P transus temperature, o and 3 phases hinder each other's
growth so no substantial lath growth occurs. In addition, the holding time in PHT also affects
the morphology and volume fraction in the material's microstructure. The holding time affects
grain growth; therefore, significant growth was reported at a more considerable holding time
[51]. A comprehensive microstructural evolution in different heat-treated LPBF-manufactured

Ti6Al4V samples is shown in Figure. 5.18.
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Figure 5. 16: LPBF-manufactured Ti6Al4V PHT samples in the transverse direction at 1050 °C for 2 hours: (a)
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Figure 5. 17: LPBF-manufactured Ti6 Al4V PHT samples in the longitudinal direction at 1050 °C for 2 hours:
(a) sample ‘E’; (b) sample ‘D’
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The samples in as-printed conditions in both transverse and longitudinal directions were
examined using SEM. It was confirmed through optical microstructures that heat-treated
samples possess similar microstructures in both directions. Therefore, the heat-treated samples
were analyzed in one direction only using SEM, shown in Figure 5.19 (c-g). It is important to
note that similar features are observed in the SEM microstructures as were in the optical
microstructures. The microstructure in Figure 5.19 (a) exhibits the cellular type of p grains
containing o' martensite of fine needles in the transverse direction. A similar observation could
be seen in the LPBF-manufactured Ti6Al4V study [164]. Further, the microstructure in Figure
5.19 (b) shows the columnar prior B grains parallel to the build direction due to the epitaxial
grain growth in the longitudinal direction. Comparable microstructural features for LPBF-

manufactured Ti6Al4V are reported in [165].

The samples subjected to PHT show significant morphological changes in the microstructures
due to the transformation of o' to a, lamellar a+f, and retained B (Figure 5.19 (c-g). These

features agree with the works of literature on EBM and LPBF-manufactured Ti6Al4V [163].
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Figure 5. 19: SEM images of LPBF-manufactured Ti6Al4V as-printed samples: (a) TD; (b) LD; and PHT
samples: (c) sample ‘A’; (d) sample ‘B’; (e) sample ‘C’; (f) sample ‘D’; (g) sample ‘E’
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The LPBF-manufactured Ti6Al4V samples are characterized using the EDS technique to
evaluate the chemical composition at different conditions (Figures. 5.20-5.23). The results of
the experiments indicate that the chemical composition of Ti6Al4V remains the same under
different PHT conditions. Hence, it could be inferred that the corresponding mechanical
properties are preserved, and other researchers reported similar observations for EBM and

LPBF-manufactured Ti6Al4V [166].

Figure 5. 20: SEM-EDS of LPBF-manufactured Ti6Al4V as-printed samples: (a) transverse direction; (b)
longitudinal direction

Figure 5. 21: SEM-EDS of LPBF-manufactured sample ‘A’
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Figure 5. 22: SEM-EDS LPBF-manufactured Ti6Al4V subjected to PHTs: (a) sample ‘B’; (b) sample ‘C’
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Figure 5. 23: SEM-EDS of LPBF-manufactured Ti6Al4V subjected to PHTs: (a) sample ‘D’; (b) sample ‘E’
5.2.2 Influence of PHTs cooling conditions on a and f lath thicknesses

Figures. 5.24 and 5.25 show the PHT influence on the a lath growth behaviour in the transverse
and longitudinal directions. The width of a lath is lesser under air-cooled samples than in
furnace-cooled samples. However, the slow cooling rate in furnace-cooled conditions allows a
lath to grow substantially in transverse and longitudinal directions than in air-cooled conditions
(see Figures. 5.24 and 5.25). Further, upon cooling above [ transus temperature, the cooling
rate was a crucial factor that decides the phase's morphology and size (refer to Figures. 5.16
and 5.17) in both directions. It is well established that the a lath size is a significant factor that
dictates the mechanical properties of lamellar Ti6Al4V a+f alloy. As the a lath size decreases,
the yield stress, percentage of elongation, and crack initiation and propagation resistance are

significantly enhanced [92].

86



Also, with an increase in PHT temperature, almost a linear trend in the growth of a lath width
under air-cooled samples in transverse and longitudinal directions is observed in Figures. 5.24
and 5.25. Interestingly, a strong correlation exists with the increase of o lath width and different

PHT temperatures employed.

It is reported by Zhang et al. [61] that the increase in o lath width with the rise in PHT
temperature is owing to the lesser volume fraction of the o phase at high temperatures (23 %
at 950 °C compared to 73 % at 850 °C) [61]. The higher the volume fraction of a phases, the
more obstruction for a lath growth from each other. Hence a laths grow effortlessly due to a
lesser amount o phase hindrance and thus become coarser. Therefore, it is presumed that a
similar a lath growth behaviour would have operated in the heat-treated LPBF-manufactured
Ti6Al4V under higher PHT temperatures. However, detailed microscopic investigations are
required to confirm this. It is essential to emphasize that no lath growth occurs for sample ‘A’
heat treatment performed at 850°C with different cooling rates. At low temperatures, o and 3
phases obstruct each other, limiting the lath growth [51]. Therefore, the present study's sample
A, heat-treated at 850 °C, was air-cooled. It is interesting to note that the a lath grows (~ two
times) in air-cooled conditions from 2.3 pm at 850 °C to 4.30 um at 1050 °C in the transverse
direction. Further, a lath grows from 2.4 pm at 850 °C to 4.20 um at 1050 °C in the longitudinal

direction.

It signifies no appreciable difference in o lath width in both directions under air-cooled
conditions, suggesting that the microstructure is transforming to its isotropic nature. Further, it
could be corroborated with microstructures of samples A, C, and E in Figures. 5.13, 5.14 (a),

5.15(a), 5.16 (a), and 5.17 (a).

Under the furnace-cooled condition, the a lath width is 5.56 pm at 950 °C and 7.92 pm at 1050
°C in the transverse direction and 5.10 um at 950 °C and 12.59 pum at 1050 °C in the
longitudinal direction, respectively, which can be correlated with microstructures of samples
B and D in Figures. (5.14b), (5.15b), (5.16b) and (5.17b). Interestingly, the a lath width varies
drastically from transverse to longitudinal direction, which could be attributed to the large
colony size of a in columnar grains exhibiting higher length and width [167]. Furthermore, the
fracture toughness and macro-crack propagation resistance increase with a thicker/larger o lath

size because of the crack-closure effect and higher crack roughness [92].
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The PHT, carried out at 1050 °C above P transus temperature, transforms o' martensite into a
fully B phase and subsequently, after air and furnace cooling, a lath grows in the retained 8
phase. The volume fraction and lath width of B phases were found to be higher under PHT
performed at 1050 °C, and the a+f lamellar and retained P phases were present in both

transverse and longitudinal directions under air and furnace cooled conditions.

The sample heat-treated at 1050 °C grows extensively, and further, the slow cooling rate in the
furnace gives time for 3 lamellae to grow. The samples heat-treated at 1050 °C above f transus
temperature do not show any prior  columnar grains. Subsequently, the width of B lamella
above [ transus temperature for sample D is ~ 19.30 pum in the transverse, and ~ 26.95 pum in
the longitudinal direction. Whereas for sample E, it is ~ 9.65 um in the transverse direction and
~ 17.59 um in the longitudinal direction, which signifies that f grows enormously at a high

temperature of 1050 °C.

It is observed that the feature size of the lamellar structure is more sensitive to the heating
temperature and cooling rates. In air cooling, the thin o width is obtained for all the heat-treated
samples subjected to PHT, favouring the higher hardness of LPBF parts. Therefore, the
marginal improvement in micro-hardness was observed in air-cooled samples rather than the
furnace-cooled (see section 5.2.4 micro-hardness). Moreover, samples D and E heat-treated
above B transus also exhibit higher hardness than as-printed samples. Given the above, it could
be understood that the air cooling favours in generating desirable thinner widths of a and

laths achieving the higher hardness and strength of LPBF-manufactured parts.
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It is well established that as the thickness of o lath decreases, the resistance to long plastic slip
bands increases, leading to higher resistance in fatigue crack initiation. Therefore, the lath size
of o also significantly impacts defining the mechanical properties [ 10]. The correlation between

the PHT temperature and the o lath width shows a strong connection, as shown in Figure. 5.26
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[51, 52,94, 118, 168, 169]. It is important to note that the cooling rate also plays a substantial
role in deciding the a lath width and the PHT temperature. The growth of a lath at below 850°C

was moderate but increased significantly at higher temperatures.
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Figure 5. 26: o lath sizes of LPBF-manufactured Ti6Al4V alloy subjected to PHT at different PHT
temperatures

5.2.3 X-ray Diffraction Characterization

5.2.3.1 Phase characterization and analysis

The XRD pattern of the as-printed LPBF-manufactured Ti6Al4V and PHT samples in
transverse and longitudinal directions are shown in Figures. 5.27(a) and 5.28(a). It is evident
that in as-printed LPBF-manufactured Ti6Al4V, due to fast cooling, there is a formation of o'
martensite, which possesses the HCP crystal structure and an absence of the 3 phase as seen in
Figures. 5.10 and 5.11. However, after PHT, the o' transforms to o+f3, and a tiny B phase peak

is reflected due to less content corresponding to the (110) plane in the heat-treated samples at
1050 °C and 950 °C.

Figures. 5.27(b) and 5.28(b) shows the detailed XRD pattern between 20 = 33° to 42°. It is
noted that the HCP a phase peaks are shifting towards the lower angles predominantly in the
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transverse direction samples due to the transformation experienced by o' martensite to (o+f)

equilibrium phases [62, 170].

Moreover, Figure. 5.29 shows the full-width half maximum (FWHM) of as-printed and PHT-
executed sample extracted from XRD plots at around 26~40.2°. It is apparent from Figure 5.29
that as-printed samples show high FWHM values in both transverse and longitudinal directions
owing to the residual stresses present in them. In contrast, PHT-executed samples showed less

FHWM resulting from residual stresses relieved at high temperatures [140].
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Figure 5. 27: XRD pattern of LPBF-manufactured Ti6Al4V in the transverse direction: (a) a wide range of 26;
(b) details between 20 = 33°- 42°
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5.2.3.2 Basal plane characterization

The higher intensity of the peak corresponding to the 260 signifies the strong texture of
crystallographic planes. Figures. 5.30 and 5.31 show the higher intensity of a phase (101)

peaks, indicating the significant texture of a phase in all as-printed and PHT samples.

The (0001) basal plane exhibited a higher atomic packing density and was termed a closed pack
plane (CPP) in the HCP crystal structure. It is well established that the CPPs are more amenable
to plastic deformation under mechanical loads [171]. The intensities corresponding to the (002)
CPPs are shown in transverse and longitudinal directions (Figures. 5.30 and 5.31). It is
observed that samples D and E have CPP peak intensities significantly lesser than samples A,
B, and C in both transverse and longitudinal directions. The effect of intensities of CPPs on the
micro-hardness of the LPBF-manufactured Ti6Al4V samples at different heat-treated

conditions is discussed in detail in section 5.2.4.
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5.2.3.3 Characterization of volume fractions of a and J phases

Figures 5.27 and 5.28 show phases of a and  peaks were used for phase volume fraction

quantification. The weak 3 phase peak was obtained in the XRD pattern due to a lesser amount,
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as shown in Figure 5.27(b) and 5.28(b). However, a tiny peak of the B phase is observed in
samples ‘B’, ‘C’, ‘D’, and ‘E’, used to quantify the volume fraction of o and § phases using
equation (5.4) proposed by Pedersen et al. [172]. The relative integrated intensities of o and 3

peaks are estimated using equation (5.4):

1 ( 1+cos?20

R=F2xpx— x ) x exp~ 2™ (5.4)

sin20 xcosO

where F? is the structure factor that describes the effect of crystal structure, P is a multiplicity
factor that describes the number of family of planes contributing to reflection, v is the volume
of a unit cell, Lorentz polarization factor is used in the term parenthesis and exp™2™ is the

temperature factor [173]. In the present work, the integrated intensity of the P phase is

represented by the ratio (R = % ) at an angle around (26 = 39) is 1.4 times stronger than o phase
B

intensity at an angle around (26 = 40). Therefore, the corrected B phase intensity to estimate

the phase fraction is represented by equation (5.5)

> |

IBc = (55)

Ve and Vg are the corrected phase volume fractions of a and f, respectively, as shown in

equations (5.6) and (5.7)

Iy
Voo = <1a+16c> (5.6)
VBc =1-Vq (57)

The volume fractions of a and B phases are shown in Figures. 5.32 and 5.33 in both transverse
and longitudinal directions. The  phase volume fraction (Vg.) is higher at 1050 °C for samples
D and E compared to 950 °C for samples B and C. It correlates well with the microstructures
observed in Figures 5.16 and 5.17, where retained 3 phase is present along with a+f3 lamellar

microstructure.

The size of the a lath also dictates the fatigue resistance. The fine a laths obtained during the
air-cooled condition (Figures 5.24 and 5.25) exhibit higher resistance to crack initiation due to

long plastic slip band increases in finer microstructure [174]. Moreover, the coarser a lath
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attained during the furnace cooling enhances the crack propagation resistance due to the

disorientation of the cracks [175].
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5.2.4 Micro-hardness Characterisation

The micro-hardness of the as-printed LPBF-manufactured Ti6Al4V and PHT samples are
shown in Table 5.3 for transverse and longitudinal directions. It is evident that the PHT strongly

influences the micro-hardness of LPBF-manufactured Ti6Al4V samples.

The micro-hardness of the as-printed LPBF-manufactured Ti6Al4V samples were 362+9.9
HVos and 378+7.1 HVos in both transverse and longitudinal directions. The difference in
hardness values between transverse and longitudinal are attributed to the anisotropic
microstructure obtained in the LPBF process (see Figures 5.10 and 5.11). The higher hardness
of the as-printed sample is due to the fine o' martensite, which possesses a high density of
dislocations [176]. Moreover, during the LPBF process, the residual stresses occur due to the
high cooling rates, which exhibit a high hardness value [120]. The PHT samples under
temperatures of 850 °C and 950 °C show a reduction in hardness value (for sample A — 10%
reduction, sample B — 14% reduction, sample C — 13% reduction in the transverse direction
and sample A — 14%, sample B — 16% and sample C — 15% reduction in longitudinal direction
compare to as-printed samples) significantly due to coarsening of the grains, which

corroborates well with micrographs in Figures. 5.13, 5.14 and 5.15. As a consequence of PHT
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under elevated temperatures, the grain size increases, due to which the strength of the material
decreases owing to the Hall-Petch relation [155]. The martensitic o' exhibits a higher hardness
due to high dislocation density than the a phase obtained after conversion of o' martensite under

PHT.

Also, the o phase volume fraction is higher in PHT conditions performed under 850 °C and
950 °C, which is evident from the obtained XRD pattern (see Figures.5.27 and 5.28).
Furthermore, it is interesting to note that samples D and E, heat treated at super 3 transus

temperature (1050°C), have shown higher hardness among other PHT-performed samples.

However, the micro-hardness of samples D and E was marginally low (Sample D- 7% and
Sample E- 9%) compared to as-printed samples in the transverse direction. Moreover, the
reduction in microhardness for sample D was about ~14%, and E was about ~9% for sample E

compared to as-printed samples in the longitudinal direction.

During the mechanical load applications on the LPBF-manufactured Ti6Al4V sample, the
dislocations are piled up at the a lamellae and retained 3 phase interface causing the stress field,
which is considered a reason for the higher strength [177]. The large B grains formed during
the PHT under 1050 °C resist the plastic deformation and provide higher hardness for LPBF

parts.

Further, samples D and E had higher hardness among PHT samples due to the development of
the a-Widmanstatten (lamellar) microstructure. The slip length in a layers on B grain
boundaries will be restricted during the application of mechanical loads [60, 178]. The micro-
hardness of sample ‘A’ is relatively higher than sample ‘B’. It could be attributed to the fine
microstructure of sample A with o/a' present in a+f3 phase as seen in Figure. 5.13(a), which
hinders the dislocation movement compared to sample B having the coarser o and B laths. The
slow cooling rates under furnace cooling provide ample time for the different phases to grow,

due to which the coarsening of grains is promoted.

In addition, the increase of microhardness values in samples D and E is due to the lesser
availability of the CPPs in the HCP crystal structure. The XRD patterns in Figures 5.27 and
5.28 showed the CPPs (0002) of a phase intensities at ~ 38 °© for different PHT samples. The
ease of slip and plastic deformation are favourable in CPPs since the CPPs will have a higher

atomic density. Therefore, lesser strain energy is sufficient to initiate the slip mechanism [171].
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Figures 5.30 and 5.31 show the intensities of ~ 38° for the CPP of the a phase (002). Samples
D and E show lower intensity values, indicating that the sample PHT above [ transus
temperature has limited CPPs. Therefore, the micro-hardness values of samples D and E are

higher, which can be attributed to the less resistance to deformation during mechanical load

applications.

Table 5. 3: Microhardness of as-printed and PHT subjected Ti6Al4V samples in transverse and longitudinal

directions

Sample Vicker's microhardness (HV )

Conditions
Transverse direction Longitudinal direction

As-Printed 362.00+£9.9 378.00+7.1

Sample A 328.40+ 6.3 325.00+6.5

Sample B 312.10+£32 318.00+2.4

Sample C 318.00+ 9.4 321.00+8.9

Sample D 332.00+4.2 331.00+3

Sample E 338.00+7.5 348.00+6.6

5.2.4.1 Effect of a lath thickness on micro-hardness

A thin o lath width is responsible for a material's high hardness and strength in the case of
Ti6Al4V. More barriers for moving dislocations will be there as o lath width will decrease, and
high dislocation densities around fine o lath will enhance the micro-hardness of the material.
However, samples D and E behave differently when above B transus temperature. The 3 content

is higher in samples heat-treated at 1050°C, and there is extensive growth of a lath thickness
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at high temperatures. Interestingly, intense slip bands are formed upon mechanical loading in

the a phase [179]. The slip length in a laths on B grain boundaries will be restricted[60].

This instructive result endorses that PHT at above B transus temperature (1050 °C) under air
cooling conditions is well suited for LPBF parts with complex and intricate thick and thin
sections enabling superior and isotropic mechanical properties i,e, without part distortion
during PHTs. Cooling rates under air cooling conditions are expected to offer parts (with
distinct thick + thin sections) to undergo uniform and homogeneous microstructural
development resulting in better functional properties. Therefore, during practical applications,
air cooling conditions may be preferred over furnace cooling for distinctive parts made from
material with low thermal conductivity, such as Ti6Al4V (7.2 W/m °C) employed in the present

work.

5.3 Influence of PHT with super B transus temperature on
the densification behaviour of LPBF manufactured
Ti6Al4V

The representative image of porosity using SEM in an as-printed sample in a horizontal
direction is shown in Figure 5.34. However, optical microscopy is used to obtain detailed
analysis of porosities in as-printed and Sample E conditions in both horizontal and vertical

directions.

The optical micrographs of as-printed LPBF manufactured Ti6Al4V samples in horizontal and
vertical built conditions are shown in Figures. 5.35 and 5.36, respectively. The inter-micropores
can be observed (Figures 5.35-5.38), attributed to the argon gas entrapment during the LPBF
process[64]. Moreover, the irregular shape of super-micropore porosities (Figures 5.35-5.38)
found in the micrographs could be due to the lack of fusion. The optical micrographs of Sample
E Ti6Al4V samples in horizontal and vertical directions are shown in Figures 5.37 and 5.38,
respectively. The microscopic images reveal that the inter-micropores are merged due to PHT
and reduces the porosities. Therefore, inter-micropores were less noticeable in both horizontal

and vertical directions under Sample E than in the as-printed condition.

The energy density for fabricating horizontal and vertically oriented samples was used around
(45-113) J/mm?. In the present work, the average porosity evaluated for as-printed samples

using an optical microscope (OM). The purpose of Figure 5.39 is to validate the present work’s
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OM technique used to measure the average porosity against the as-printed condition with that
of the reported average porosity values using OM technique for as-printed Ti6Al4V samples
processed by LPBF[180] and DED[181]. In the present work, average porosity values were
found to be ~0.06% and ~0.07% in horizontal and vertical orientations, respectively. The as-
printed sample pores of less than 10um were observed to be ~85% in the horizontal and ~83%
in the vertical orientations. In a study conducted by Promoppatum et al.[180], they found
through OM technique that the average porosity was about ~0.04% in as-printed Ti6Al4V
processed by LPBF technology. In addition, the average porosity of DED-Laser processed
Ti6Al4V was about ~0.04% using the OM technique[181]. The evaluated average porosities
values of different AM techniques are of comparable magnitude with the current work’s

average porosity values (see Figure 5.39).

The measured average porosity values for LPBF-processed Ti6Al4V samples for as-printed
and sample E under horizontal and vertical directions are shown in Figure 5.40. It is evident
from the obtained results that the porosity values under samples E were reduced two times than
as-printed samples. The goal of Figure 5.41 is to show the independent quantification of inter
micro pores (<10um) and super micropores (>10um). The desirable target is to achieve the
higher densification of the part and least average porosity (inter micro pores + super
micropores) after PHT executed for sample E as depicted in Figure 5.41. Furthermore, the
porosity values are high for samples built under a vertical direction. Interestingly, inter-
micropores are still present in the samples E, as shown in Figure 5.41 (a and b). The distribution
of the number of pores, inter-micropores, and super-micropores are represented through a box

chart in horizontal and vertical directions, as shown in Figure 5.42 (a and b), respectively.

The reduction in super-micropores may be attributed to the size decline of super-micropores to
transform them into inter-micropores after PHT (see Figures 5.37 and 5.38). The super-
micropores observed in the as-printed samples were significant, whereas some of the super-
micropores transformed into the inter-micropores in samples E. Moreover, the inter-micropores
merged due to the sintering phenomenon at high temperatures and reduced micropores in the

samples E (see Figures 5.37 and 5.38).
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Porosity

Figure 5. 34: SEM image of porosity in as-printed sample under horizontal direction: a) Low magnification; b)
High magnification
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100 p

Figure 5. 35: Optical micrographs of as-printed Ti6Al4V sample under horizontal direction at different
distances: a) 2.15 mm; b) 4.30 mm; ¢) 6.45 mm; d) 8.60 mm; e) 10.75 mm; f) 12.90 mm; g) 15.05 mm; h) 17.20
mm
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Figure 5. 36: Optical micrographs of as-printed Ti6Al4V sample under vertical direction at different distances:
a) 2.15 mm; b) 4.30 mm; ¢) 6.45 mm; d) 8.60 mm; e) 10.75 mm; f) 12.90 mm; g) 15.05 mm; h) 17.20 mm
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Figure 5. 37: Optical micrographs of sample ‘E’ under horizontal direction at different distances: a) 2.15 mm;
b) 4.30 mm; c¢) 6.45 mm; d) 8.60 mm; e) 10.75 mm; f) 12.90 mm; g) 15.05 mm; h) 17.20 mm
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Figure 5. 38: Optical micrographs of sample ‘E’ under vertical direction at different distances: a) 2.15 mm; b)
4.30 mm; c¢) 6.45 mm; d) 8.60 mm; e) 10.75 mm; f) 12.90 mm; g) 15.05 mm; h) 17.20 mm
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The microstructures of as-printed samples and sample ‘E’ conditions are shown in Figures
5.10, 5.11, 5.16(a) and 5.17(a). The microstructures of the as-printed Ti6Al4V sample were

anisotropic due to complex thermal events during the LPBF process, as shown in Figure. 5.10
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and 5.11 [182]. A re-melting process in the LPBF process occurs when a material layer
completely reheats and cools, promoting columnar grain growth towards the build direction.
Moreover, the shorter interaction time between a laser and a powder leads to a faster
transformation to o’ martensite. Due to the high undercooling, the o’ martensite phase was

formed, as shown in Figures 5.10 and 5.11

The PHT transforms the as-printed sample’s anisotropic microstructure into a homogenous
microstructure. Furthermore, the o’ martensite formed in as-printed samples (Figures. 5.10 and
5.11) converts to (o+P) lamellar (Figures 5.16 a and 5.17 a) at elevated temperature through
the PHT process. The uniform microstructure obtained by the PHT technique also reduces the
porosity [183]. The detailed microstructural evolution in context to porosity reduction of as-

printed and PHT conditions is shown in Figure 5.43.

The o and B volume fractions play a significant role in dictating the mechanical properties of
Ti6Al4V. The a phase is considered hard due to the HCP crystal structure, whereas the 3 phases
possess a BCC crystal structure and are regarded as soft phases [184]. After PHT, the formed
a+p phases provide optimum strength and ductility favourable for achieving superior fatigue

strength [83].

The XRD pattern for as-printed and sample ‘E’ is shown in Figure 5.27 and Figure 5.28. After
PHT, the o' transforms to a + B, and a tiny  phase peak is reflected due to less content

corresponding to the (110) plane in sample E.
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Figure 5. 43: Schematic showing microstructural evolution of LPBF-manufactured Ti6Al4V: (a) as-printed
(horizontal direction); (b) as-printed (vertical direction); (c) sample ‘E’

Furthermore, in the present work, the pore size classification is carried out by considering the
size of the inter-micropores and the super-micropores, as shown in Figure 5.41. The pore size
classification helps understand the pore closure phenomenon in PHT and its effects on
mechanical properties [146, 147]. In addition, the box chart for the number of porosities is
shown in Figure 5.42 where it is evident that the super-micropores are reduced to inter-

micropores, and some of the inter-micropores are closed owing to the sintering phenomenon

after PHT.

The selection of optimum parameters in the LPBF process helps reduce the porosities in as-
printed samples. The laser power, scanning speed and laser spot size play a significant role in
dictating the densification of a material. The selection of an optimal laser source for
vaporization reduction is expected to be based on the energy density thresholds indicated
during laser-matter interaction [185]. The energy thresholds were calculated by taking into
account the evolution of the melt-pool penetration and the normalized enthalpy ratio between
input laser energy (AH) and melt enthalpy (hs) [186]. The specific enthalpy (AH) and the energy
required to melt the material during fusion (hs) are given in equations (5.8) and (5.9).

AP
AH =~ (5.8)
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where A is the coefficient of absorption of powder, P is laser power (W), a is thermal diffusivity

of a material (m?/s), V is scanning speed (m/s), and r is laser spot size (m).
hs= 6Cp (Tm-To) (5.9)

where 3 is the density of a material (Kg/m?), Cp is the specific heat capacity of a material (J/Kg
K), Tm is the melting temperature of a material (K), and To is the ambient temperature of a

powder bed (K).

If the ratio of AH/ hs around 10 results in conduction mode melting, greater than 25 leads to
keyhole defects [187]. However, Fabbro et al. [188] obtained an analytical model where
threshold (AH/ hs) = 16 - 20 forms the keyhole mode defects. In the present study, the AH/hs
for as-printed Ti6Al4V is around 13.2, which signifies the conduction mode melting of the
layers during the LPBF process. However, the observed irregular shape pores could be due to
the improper bonding between the layers. Spherical porosities arise due to the gas entrapment

under the optimized conditions, as observed by other researchers [189, 190].

Further, the HIP technique has shown significant improvements in the reduction of porosities
of LPBF-manufactured Ti6Al4V samples [191, 192]. It is interesting to note that in a study by
Kasperovich and Hausmann [81], the OM evaluated porosity of as-printed LPBF-manufactured
Ti6Al4V was decreased from its as-printed porosity of 0.077% to 0.012% using the HIP
process, which is comparable to the reduction in porosity achieved in the current study where
Sample 'E' showed porosities ~0.046% compared to the as-printed sample porosities ~0.079%.
Therefore, these instructive results suggest that PHT can be used as an alternative way to reduce

the porosity in LPBF-manufactured Ti6Al4V parts.

Moreover, there could be components where the HIP technique cannot be used effectively for
which PHT could reduce the porosities. HIP could be ineffective in eliminating irregular
internal and interconnecting pores [193], can distort thin-walled parts and inferior mechanical
properties (due to grain coarsening) [194], can form liquefaction cracks (in eutectic materials),
can induce rougher surface due to gas pressure. Therefore, the positive benefits of HIP are

masked due to the above-mentioned ill effects.

In the LPBF process, inevitable porosities during the part fabrication are addressed via the HIP

technique with carefully optimized parameters for end-use parts with specific geometries.
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However, the HIP process is expensive and time-consuming, and other factors limit its use in
many practical cases. A study by Zhang et al. [59] reported that the effect of PHT on the hot
isostatic pressed LPBF-Ti6Al14V alloy aggravates the regrowth of pores, and sharp-edged, and
slit-shaped pores were formed. Further, they exhibited a detrimental effect on plain fatigue
resistance. Moreover, components due to heat treatment at elevated temperatures reduced the

sharpness and size of a pore due to the diffusion process.

Another study of selective electron beam melted Ti6Al4V conducted by Tammas et al. [80]
revealed that the heat treatment after the HIP process facilitates the regrowth of spherical shape
pores that were less in size than the defects formed during the as-printed condition. However,
there was no change in the size of a lack of fusion pores after heat treatment. Only those gas
pores that are identified as spherical can appear to regrow after annealing. They can be
explained by the origin of the gas particles that make up these pores. Although argon gas
employed during the LPBF process cannot diffuse out of the material during the HIP process,
it remains in the sample within the collapsed pores. This high internal pressure will cause the
regrowth of these pores during the heat treatment process [195]. Furthermore, the surface
roughness after the HIP process increases due to the depressions and dimples formed on the
material's surface undergoing high pressure and heat treatment. The HIP process does not
improve the fatigue strength if surface roughness is not enhanced; since the treatment only
affected the internal porosity, it did not affect the surface finish's fatigue strength [71]. A study
by Uzan et al. [196] revealed that stress-relieving heat treatment provides superior fatigue
strength to the stress-relieving and HIP processes. LPBF-manufactured rotor blades in an aero-

engine have thin profiles for which PHT could be beneficial to reduce the porosity.

In addition, HIP cannot remove surface-connected porosity. It can still expose subsurface pores
because pressurized gas penetrates the porous surface during HIP and pushes against the
subsurface pores [197]. Majeed et al. [194] reported that the solution treatment and artificial
ageing reduced the porosity levels of thin materials to less than 2.5 mm. However, the relative
density was lowered for the specimens with a thickness between 2.5 mm and 5 mm. Indeed,
there is an improvement in the density of thin sections after solution treatment and artificial
ageing; still, there are no significant and proposed explanations for the reported differences in

porosities.
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The inter-micropores' closure at elevated temperatures can also be attributed to the sintering
process. Tascioglu et al. [183] showed similar results as observed in the present work. The
316L stainless steel fabricated through the LPBF process was examined for porosity in as-
printed and PHT conditions. The PHT sample exhibited a significantly lower porosity than the
as-printed samples. The reduction in porosity was attributed to the formation of a homogeneous
microstructure [183]. A group of researchers led a study on the PHT effect on the porosity
measurement of thin-walled AlSi10Mg manufactured using the LPBF and showed that
densification was achieved using HTs. This process alters the grain structure and
microstructures of the part to improve its densification [194]. In another study [198], the heat-
treated AlS110Mg showed less porosity than the as-printed AlSi10Mg due to microstructural
refinement. The current study evaluated the microstructures of as-printed and PHT samples. A
homogeneous microstructure originated for the PHT samples discussed in the section 5.2.1.
The homogenization of the specimen makes it hard to maintain its natural porosity. This is
because the high-temperature homogenization produces a uniform structure within the

specimen.

The positive effects of PHT on the densification behaviour are reported in the thermal spray
coating process, in which powder feedstock is melted (similar to the LPBF process) and
deposited on a part surface with a high velocity. The high nickel thermal spray coating produces
a deleterious porosity to the fatigue life. The pores in thermal spray coatings are due to
insufficient melt source and un-melting of powder, identical to the pores produced in the LPBF
process [199]. These developed pores during the thermal spray coating were reduced through
heat treatment. Through a process known as sintering, the porosity of a thermal spray coating
was decreased by high-temperature treatment. This process involves raising the metal or
ceramic particles to an elevated temperature, reducing the particles' spaces [200]. Another
study on 316L stainless steel thermal spray coating conducted by Mangour et al. [201] showed
the beneficial effect of heat treatment on reducing porosity levels. The decrease in porosity
caused by increasing annealing temperature in N>-sprayed coatings can be attributed to the
usual sintering models. However, it is also possible that the inter-microporosity observed in He

and N»-treated samples is due to incomplete inter-particle inter-sintering.

In the present work, the reduction in porosities in sample ‘E’ is attributed to the sintering
process and closure of the pores at elevated temperatures. However, the porosity level in

vertically built samples is slightly higher than in horizontally built samples, attributed to many
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layers in vertically built samples [90]. The higher the number of layers in the material, the more
likely inevitable pores will develop. The possible mechanism for reducing porosity due to PHT
is shown in Figure. 5.44, where the pore gap gets close to mitigate the void. Due to high
temperature, the study revealed that only inter-micropores are closed after PHT. The increased
surface energy of inter-micropores reduces them as much as possible, but not in the case of
super-micropores [202]. This phenomenon is known as diffusion, which occurs at high
temperatures and is also considered a self-healing of the porosities [203]. Further, the porosity
size reduction in samples E compared to as-printed samples in horizontal and vertical

orientation is shown in Table 5.4.

Table 5. 4: Maximum and minimum porosity sizes in LPBF-manufactured as-printed and samples E

Sample Conditions | Maximum Porosity size (um) | Minimum Porosity size (um)
AP-H 38.16+2.09 7.12+0.13
AP-V 44.76+2.03 4.47+0.75
Sample E-H 33.99+3.15 0.409+0.17
Sample E-V 37.25+0.73 1.32+0.45

Moreover, in inter-micropores, the high surface energy is the driving force for diffusion at high
temperatures, resulting in the closure of pores. Further, elevated temperatures can cause

morphological changes in the pores. For instance, pores may spheroidize the surface to
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minimize the free surface energy. According to Young Laplace, equation (5.10) [59] is a simple

calculation that shows the driving force for the closure of a pore.

Ap = (5.10)

v
R
where Ap is the pressure, v is the surface energy, and R is the radii of the pore. The radius of
an inter-micropore is less than the radius of a super-micropore. It increases the driving force
for the closure of a pore. Therefore, the super-micropores with low surface energy prevent
these pores from getting close effectively [204]. The solid-state sintering effect facilitates the
closure of inter-micropores. The main challenge in solid-state sintering is to reduce surface
energy. It can be achieved through various means, such as transporting materials and reducing
the surface area [5]. There are three stages in solid-state sintering: (1) particles keep growing
as they contact the neck. As they do so, neck growth occurs, and the pore shapes are also
irregular; (2) with sufficient neck growth, the enlarged pore channels become cylindrical in
this stage. The resulting curvature gradient is high enough for faster sintering; (3) in the final
stage, the closure of the pore channel can occur when the porous region is isolated and the
inter-connected portions are no longer necessary [205]. Moreover, it is found in literature that
porosity size less than ~10um does not affect significantly the fatigue resistance of a material
thus reducing super-micropores by converting them to inter-micropores at high-temperature

PHT may enhance fatigue resistance[115].
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Figure 5. 44: Schematic of densification mechanism due to PHT

5.4 Influence of PHT with Super f transus temperature on
the Tensile behaviour of LPBF-manufactured Ti6Al4V
parts

5.4.1 Tensile properties of the LPBF-manufactured Ti6Al4V

The tensile properties of the as-printed and sample E in all three build orientations (0°, 45°,
and 90°) are shown in Figure 5.45. It was observed that the as-printed samples in all three
orientations show high yield strength (YS) and ultimate tensile strength (UTS). The high
strength in the as-printed Ti6Al4V is due to the o’ phase which provides increased strength
owing to the high dislocation density around it [206]. Moreover, the sample under inclined
orientation has shown high strength and ductility among all three oriented samples, which

corroborates well with the results reported by [111].

Further, sample E in all three orientations shows low YS and UTS values; however, ductility
in all three orientations of the sample is considerably high and nearly isotropic because of its
high B phase content. It is important to note that the tensile properties of the as-printed Ti6Al4V
sample in horizontal, inclined, and vertical orientations satisfy the minimum requirement for

AMSA4991 cast Ti6Al4V properties. The comparison of tensile properties in the as-printed
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sample and sample E with wrought Ti6Al4V[207] and cast[208] tensile properties are given

in Figure 5.46.
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Figure 5. 45: Stress-strain curves for as-printed samples and sample E under different orientations
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For predicting the yield strength of Ti-6Al4V, Galindo Fernandez-Fernandez[207] proposed a
physics-based model. The yield strength under various test conditions is evaluated as given in

equation (5.11).

n
6y~ (0aVart op(1- Vo) + 1 *(#”;i)) (5.11)
Where oyis yield strength, Vi is the volume fraction of a phase, o, is friction stress in o phase,
op 1s friction stress in § phase, K#p is the Hall-Petch coefficient of a given material, Dy, is the
grain size of a, T is the temperature, £ is strain rate, Kpis the Boltzmann constant, b is burger
vector, n and K are constants taken from experimental data as given in Table 5.5. The shear
modulus (p) was determined as p = (54-0.003T). All constant parameters used for the equation

(5.11) are given in Table 5.5.

Further, the volume fraction of a was calculated, which is given in Figure. 5.33. The proposed
model Y.S. is calculated using equation (5.11). Further comparison has been made between
experimental YS and proposed model YS in horizontal and vertical oriented samples in as-
printed and PHT executed sample E condition in Table 5.6. The grain size of the a lath was
evaluated using Image] software, and a similar technique was followed by different
researchers[209, 210]. It is worth mentioning that the proposed model and experimental results
agree with each other. Therefore, the proposed model can be used to evaluate the yield strength

of LPBF-processed Ti6Al14V for various lath thicknesses, temperatures, and strain rates.

Table 5. 5: Constant parameters employed in equation 5.11

Sr. No. Constant Value Units Reference
1. Kup 300 MPa [211]
2. Ou 550 MPa [207]
3. op 1350 MPa [207]
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4. b 29x 1010 m [212]

5. Kg 1.38 x 1023 J/K [212]

6. n 0.23 - [213]

7. K 0.4 - [213]

8. € 0.0003 /s Used value

Table 5. 6: Comparison of model-predicted YS and experimental YS for sample E

Conditions YS in MPa (Experimental) YS in MPa (Model)
Sample ‘E’-H 833.73 884.44
Sample ‘E’-V 810.00 884.12

Further, the true stress-strain curve is shown in Figure. 5.47. The strain hardening coefficient
(n) and strength coefficient (k) are derived from the true stress-strain curve, as shown in Table
5.7. The as-printed sample shows a higher strain hardening exponent (n) and strength
coefficient (k) than sample E due to fine microstructure in the form of o’ needles. The o’
martensite obstructs the dislocation motion during mechanical loading, resulting in high strain
hardening and strength coefficient [214]. Moreover, the comparison between different AM
processes with our work is shown in Figure.5.48. It is apparent from Figure. 5.48 that PHT
sample E is showing better tensile properties from wire arc additive manufacturing (WAAM)

PHT [215], directed energy deposition (DED) [216], and electron beam melted AM (EBM)

PHT [217].
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Figure 5. 47: True stress-strain curves for as-printed sample and sample E under different orientations.

Table 5. 7: Strain hardening exponent and strength coefficient of as-printed sample and sample ‘E’

Conditions

Strain hardening exponent

Strength coefficient

(m) (k)
As-printed-H 0.304 3283.68
As-printed -1 0.326 3612.83
As-printed -V 0.357 4819.99
Sample E-H 0.259 1875.99
Sample E-I 0.347 3046.21
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Sample E-V 0.206 1781.54
1200 - g e g
',,f Present worky T s e |
]
— \ 7 . AP-H
] Sso Ap B - i O sampleE-H I
s 100 oy B LA AP l
= A Sample E-l I
£ < ' ® ApPv I
D 1000 A 'O sampleE-V |
a:.» ’/'""- | 4 DED-AP[216] |
= \ I <] DED-PHT[216] |
it
® 4 L B wPresentwork | EBM-AP[217]
o \ ¢+ Sample-E I
B 900 - N s ? i 1/ EBMPHT[217] |
[ <@ I > WAAM-AP[215] |
) | > WAAM-AP[215] I
- 800 - 1 © Wrought[207] |
@ | @ Cast[208] |
700 T T | — T | I B
2 4 6 8 10 12 14 16 18

Elongation (%)

Figure 5. 48: Comparison of tensile strength vs elongation between different AM processes and present work

results

5.4.2 Fractographic analysis of fractured surfaces

The fracture surface morphologies for horizontal, vertical and inclined samples for the as-
printed condition are shown in Figure. 5.49-5.51, respectively. The fractographic image at
different regions of the horizontally oriented as-printed sample is shown in Figure. 5.49. It is

evident from Figure 5.49 that the presence of many micro-voids may convert into cracks after

coalescence under tensile loading.

These defects play a predominant role during fracture in uniaxial tensile testing. Moreover,
some facets and dimple features are also observed in Figure. 5.49(b), which could be attributed
to the fracture's ductile and brittle mixed mode. It is important to note that the cracks in Fig.

5.49(b) are parallel, which can be associated with a parallel deposition of layers in horizontally

oriented samples[111].
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Further, the fractographic images of the as-printed Ti6Al4V sample under inclined orientation
are given in Fig. 5.50 (a, b and c). The pores in Fig. 5.50 are considerably less than the
horizontally oriented sample, possibly due to higher UTS. The small facets can be seen in Fig.
5.50 (b), which could be responsible for high ductility compared to the horizontally as-printed
samples. The fibrous fracture observed in Fig. 5.50 (c) is similar to the cast and wrought

Ti6Al4V fracture resembling the ductile fracture[218].

The fractography at different locations of the vertically as-printed Ti6Al4V sample is shown
in Fig 5.51 (a, b and c). The tiny facets are observed in Fig.5.51 (b), and the fibrous fracture in
Fig 5.51 (c) shows the mixed mode of ductile and brittle fracture as observed in the horizontally
oriented sample. However, the number of pores is higher in vertically oriented samples,
resulting in lower ductility than in the horizontal and vertically oriented samples. The porosities

marked in Fig.5.51 (c) could be the gas porosities that negatively affect a sample's ductility.

In addition to high porosities, the lower ductility of vertical manufactured samples compared
to their counterparts in the horizontal direction can be attributed to the orientation of inter-
layered pores (Figure. 5.51 c). The anisotropy of the pores in the direction of the applied load
could be a cause of mechanical properties anisotropy[164, 219]. During tensile testing of a
vertical built sample, the layers will be perpendicular to its tensile loading axis. This means
that any fabrication defect will be perpendicular to this axis and defects can potentially be
opened to lower stress levels in a situation like this. A horizontal built sample that is subjected
to tensile testing will have its layers parallel to the axis of the test resulting in higher ductility
due to difficulty in opening of such pores during tensile loads. Similar type results are shown
by Vilaro et al.[52] where thin flattened pores found in vertical oriented samples due to the
lack of a fusion between the layers showed lower ductility. Furthermore, the interface between
the successive layers may experience microstructural discontinuity. This occurs due to the
change in the grain orientation after each successive layer which can weaken the interface[220].
The interface between layers that are vertically stacked can become perpendicular to the axis
of the tensile loading. This can cause the and nucleation and coalescence of pores to occur

faster, decreasing the elongation of a material.
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Figure 5. 49: SEM images of the fractured surface of the as-printed sample under horizontal orientation

124



Figure 5. 50: SEM images of the fractured surface of the as-printed sample under an inclined orientation
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Figure 5. 51: SEM images of the fractured surface of as-printed sample under vertical orientation
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The effects of build direction on the tensile performance of AM materials are complex due to
their sensitivity to various process parameters. For instance, the scanning speed, hatch distance
and laser energy are some factors that affect the performance of the as-printed material.
Different LPBF process parameters can affect the pore distribution and microstructure of
LPBF-manufactured materials[87]. These factors can influence the build direction. The
ductility of LPBF-manufactured Ti6Al4V can be affected by the prior  columnar grains and
the a phase grain boundaries. In addition, the presence of pores can negatively affect ductility.
Therefore, the PHT is essential to make the microstructure homogenous in view of enhancing
mechanical performance. There is a high possibility of several pores in the vertically oriented
LPBF-manufactured sample owing to many interlayers compared to the horizontal and inclined
oriented material. Moreover, it is evident from Figure. 5.51(c) that porosities in vertically

oriented samples result in a loss in ductility.

Figure. 5.52(a-c) shows the fractography images for sample E under horizontal orientation. It
is apparent from Figure. 5.52 that dimples are observed, which are attributed to the ductile

fracture. The higher ductility is due to sample E's high 3 content.

Fig. 5.53 (a-c) shows the fractography of sample E in an inclined orientation. Similar features
were also observed in Fig.5.52, resulting from the isotropic microstructure. It is interesting to
note that Fig.5.53(b) reveals a+f lamellar structure, which is responsible for the high ductility.
The fractography results for sample E under vertical orientation are shown in Fig. 5.54(a-c).
The observed dimples and fibrous structure in Fig. 5.54(c) show the ductile fracture. It is
important to note that all three oriented samples E have shown similar features; ductile fracture
with little micro-voids and cracks. The reduction in mechanical strength and high ductility of
sample E in all orientations is due to the f phase content because of super B transus temperature
PHT. It should be noted that enhancing ductility in sample E after PHT could be favourable in

increasing the fracture critical applications in cyclic loading scenarios.
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Figure 5. 52: SEM images of the fractured surface of sample E under the horizontal orientation
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Figure 5. 53: SEM images of the fractured surface of sample E under an inclined orientation
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Figure 5. 54: SEM images of the fractured surface of sample E under the vertical orientation
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Further, it was observed that vertically oriented samples in as-printed condition showed less
ductility compared to horizontal and inclined build samples due to the orientation of pores with
respect to the loading direction. Figure. 5.55 shows the LPBF machines utilized by different
researchers [51, 52, 85, 90, 118, 219, 221, 222], whereas Figure. 5.55 (a and b) show the
differences between the UTS and the elongation of the horizontal and vertical samples,
respectively, compared with the results of the literature analysis for as-printed conditions. The
data in Figure. 5.55 (a) shows the various characteristics of Ti6Al4V parts that were fabricated
using different SLM machines. The UTS and ductility of these components are shown to be
inversely related. This relationship is commonly found in other materials that are fabricated
through other manufacturing methods. However, the differences between the mechanical
strength and the vertical samples' elongation are shown in Figure. 5.55(b). Although the
literature clearly states that ductility and UTS vary depending on the process and machine, it
is not possible to tell from this that these two factors change regardless of the external
conditions. The scattering of these properties might be caused by the orientation of the defects,

which locally increases the applied stress to cause a fast fracture.
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Figure 5. 55: UTS vs Elongation of LPBF-manufactured Ti6Al4V: a) Horizontal orientation; b) Vertical
orientation
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5.4.3 Fractal dimension analysis of fractured surfaces of Ti6Al4V

To characterize fractured surfaces, FD analysis was found to be promising and adopted
invariably in practical situations. It is apparent from Figure. 5.56 that there is a mixed mode
fracture in as-printed samples in all three orientations. However, Fig.5.57 shows the ductile
fracture in all three orientations of sample E owing to the homogeneous microstructures. The
calculated FD and ductility (% elongation) values are shown in Fig. 5.58, which shows that the
FD value exhibiting a similar trend with the ductility value. The sample E FD result aligns with
the result in the literature for 900°C heat treated LPBF-manufactured Ti6Al4V owing to high
ductility [223].
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Figure 5. 56: FD analysis of as-printed fractured tensile samples: a) Horizontal orientation; b) Inclined
orientation; ¢) Vertical orientation

133



Figure 5. 57: FD analysis of sample ‘E’ fractured tensile samples: a) Horizontal orientation; b) Inclined
orientation; ¢) Vertical orientation
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Figure 5. 58: Comparison of fractal dimensions with elongation (ductility) of LPBF-manufactured samples

Further, comparing the FD of LPBF-manufactured as-printed and heat-treated
(900°C+2hr+FC)[60], Ti6Al4V fracture surfaces was compared with the present work (as-
printed and PHT) FD values. It is interesting to observe that the results exhibited a similar and
comparable trend as shown in Figure 5.59. The a lath width of LPBF-manufactured Ti6Al4V
increases with increase in heat treatment temperature as shown in Figure 5.26. The o lath width
of LPBF-manufactured Ti6Al4V 900°C heat-treated sample increased and showed a FD
similar to sample E's FD (~1.7921). Therefore, it can be said that the FD is a quick and
convenient way to analyse the fracture surfaces. Moreover, as the PHT temperature increases,
the P content in Ti6Al4V also increases. It is important to note that at  grain size around
13.25um of LPBF-manufactured Ti6Al4V at 900°C heat-treated showing similar FD of sample

E whose B grains size 9.65 pm in transverse direction and 17.59 pm in longitudinal direction.
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Figure 5. 59: Comparison of LPBF tensile fractured of as-printed and PHT sample [60] with present work

5.5 Influence of PHT with Super B transus temperature on
the Fatigue behaviour of LPBF-manufactured Ti6Al4V
parts

5.5.1 Fatigue behaviour of LPBF-manufactured Ti6Al4V samples

The fatigue lives for an as-printed sample and sample E in all three orientations are shown in
Figure 5.60. It is observed that LPBF-manufactured Ti6Al4V is showing superior fatigue lives
compared to the wrought [16] and mill annealed Ti6Al4V [224]. The as-printed sample under
inclined orientation shows enhanced fatigue life compared to horizontal and vertical orientation
samples due to the high UTS value compared to others. It should be noted that sample E in all

three orientations shows better fatigue resistance at a high-stress level (600 MPa) compared to
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as-printed samples due to pore size modification leading to the reduction in harmful super

micro-pores after PHT at 1050°C.

Further, it is well established that lamellar microstructure showed better fatigue behaviour than
bimodal microstructure[225]. The temperature increase of the PHT for sample E has resulted
in the expulse of vanadium atoms, which nucleates the o phase at the boundaries. This also
triggers the formation of a  phase at these boundaries. It is reported that while mechanical
loading, the slip length formed in a is restricted by the formed B phase, which could enhance
the mechanical loading bearing ability[60]. The super micropores having a pore size greater
than 10 um are detrimental to the fatigue performance[114]. It is observed that the fatigue limit
for all the samples under as-printed and PHT conditions is 400 MPa, correlating with reported
literature values[220, 226]. Moreover, sample E in three orientations have shown a relatively
higher fatigue limit (of 450 MPa) compared to the as-printed samples (400 MPa) due to
beneficial microstructural features and the pore size modification (reduction of super micro-
pores) in sample E. Further, the comparison between different AM processes (like DED[215],
WAAM][215] and EBM[217] with present work data is given in Figure 5.61, where sample E
showed better fatigue behaviour compared to other AM and traditional manufacturing

Processces.
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Hollow arrows: Magnified view of different sample conditions)
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Figure 5. 61: Comparison of fatigue lives between different AM processes and present work results [215, 217]

Moreover, the porosities act as stress concentration sites where the crack initiates and degrades
the fatigue life. However, there is no correlation between a material's fatigue life and defect
size; Muhammad Shamir et al. [227] showed that large defect sizes reduce the fatigue life of
wire arc additive manufactured (WAAM) Ti6Al4V alloy where porosity ranges from 40-220
pm. It was observed that a 20 % decrease in defect size enhances the 100% fatigue life.
Nevertheless, this trend was not true for all the samples tested at different defect sizes.
Furthermore, the location of pores also plays a key role, along with the pore size, in determining
fatigue resistance [227]. Generally, surface defects are more prone to initiate cracks. A study
by Williams et al. [228] showed the effect of pore size on fatigue crack initiation of electron
beam melted Ti6Al4V alloy. The pore size ranging from 20 pm to 170 pum was observed, and
the study revealed that the size of the pores affected the fatigue life. The researchers noted that
the larger the pores, the less fatigue they exhibited. Moreover, Murakami [114] showed that
defects found in pores are comparable to cracks in the same stress intensity. Murakami’s
equation exhibited the maximum stress intensity (Kmax) caused due to the pores is given below

as equation (5.12).

Kpax = 05 X 04 X v/ m/An (5.12)
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Where o is the global applied stress, and A, is the pore area normal to the applied stress.
According to Murakami’s equation, the constant 0.5 increases to 0.65 when the defect is on the
surface, indicating that greater stress intensity arises from the surface defect [228]. It is
important to emphasize that PHT has reduced the present study's super-micropores and inter-
micropores. Therefore, it is presumed that PHT can offer superior fatigue resistance to LPBF
Ti6Al4V. In addition, due to the low surface energy associated with super-micropores, they
can still convert to inter-micropores and improve fatigue life. A comparison of fatigue lives
with tensile properties of LPBF manufactured Ti6Al4V in as-printed and PHT conditions is
presented in Figure 5.62 to elucidate the above statement. This Figure depicts that the fatigue
strength does not essentially increase with tensile strength; however, there is a stronger
correlation with ductility enhancement. Similar results are reported for the LPBF-manufactured

aluminium alloys[229].
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5.5.2 Fractographic analysis of fatigue fractured surfaces of Ti6Al4V

Image] software measures the crack initiation location length from the sample surface for as-
printed samples and samples ‘E’. The fractography of the as-printed in the vertical orientation
is shown in Figure 5.63. The crack initiated from the surface (~ 90 um from the surface) could
be attributed to the presence of a micropore/void. Moreover, the micro voids are observed

samples.

Figure 5.64 depicts the fractography of the as-printed sample in an inclined orientation. It is
noticeable from Figure 5.64 that the crack has initiated ~ 100 um from the sample's surface
and propagates inside as the fatigue cycles progressed. The facets-like features can be observed
in Figure 5.64(b), which may be due to the brittle fracture of the as-printed inclined sample
experienced owing to the o’ phase. Further, the micro voids and partially melted particles are
visible in Figure 5.64(c), acting as a stress concentration site and reducing the fatigue lives of

the samples.
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Figure 5. 63: SEM images of the fractured surface of the as-printed sample under vertical orientation
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Figure 5. 64: SEM images of the fractured surface of as-printed sample under an inclined orientation: a) low
magnification; (b-c) high magnification; d) EDS of un-melted powder particle

The fracture surface of sample E under vertical orientation is shown in Figure 5.65. The crack
initiation site is observed at the sub-surface (~ 200 um from the surface), which correlates to

the microstructural features and reduced porosity in sample E due to PHT. It has been studied
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that the presence of a fully-lamellar microstructure in Ti6Al4V alloy can also contribute to the
formation of cracks in the subsurface[60]. The fatigue cracks can also start at the boundary
between the o and B phases, depending on the factors that affect their formation[92]. Some of
these include the presence of flaws in the matrix, the microstructural inhomogeneity of the

surface, and the presence of secondary particles[218, 230, 231].

The striation marks are observed from the subsurface of the sample, which indicates the
incremental growth of the crack towards the centre of a surface, as shown in Figure 5.65(b).
The fracture surfaces for sample E in inclined orientation are shown in Figure 5.66. The crack
initiation site on the subsurface (~ 250 pm from the surface) is similar to sample E in the
vertical orientation. The PHT has reduced the surface porosities [183], thus increasing the
fatigue resistance compared to the as-printed samples. However, few quasi-cleave facets are

visible in sample E, as shown in Figure 5.66(c).
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Figure 5. 65: SEM images of the fractured surface of sample E under vertical orientation: a) low magnification;
b-c) high magnification
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Figure 5. 66: SEM images of the fatigue fracture surface of sample E under inclined orientation: a) low
magnification; b-c) high magnification
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It could be expected that the residual pores in LPBF-manufactured samples do not alter the
tensile strength considerably, provided the pore size is below a threshold value. In contrast,
fatigue properties are greatly influenced by the presence of pores. Besides, LPBF-manufactured
samples with high ductility may offer a superior fatigue crack propagation resistance rate
through the grains. The microstructure and porosities are the two influencing factors for the
HCF performance of a material. The as-printed Ti6Al4V samples show high strength because
of o’ martensite; however, it offers an inferior fatigue life compared to sample E despite high

strength.

Similar results were observed in another study; compared to the as-printed sample, samples
subjected to PHT exhibited better fatigue properties[118]. They noted that the reduced residual
stresses and an increased B phase improved fatigue resistance. Moreover, the lamellar (a+f3)
microstructure observed in sample E is considered to have better HCF properties than the
equiaxed and bimodal microstructure of Ti6Al4V samples [122]. In another study, due to

defect-free microstructure, the heat-treated Ti6Al4V performed better in HCF properties[115].

The fatigue lives of sample E in all three orientations have improved and resulted in almost a
similar number of cycles to failure (Nr) values, as shown in Figure 5.60. It suggests that sample
E exhibits nearly isotropic fatigue behaviour. The difference in fatigue behaviour among
horizontal, vertical and inclined directions is due to the difference in microstructures (in
transverse and longitudinal directions), defects and porosities distribution which dictates the
material’s structural integrity. The porosities in vertical build orientation are considered higher
owing to the high number of interlayer porosities. However, some studies showed the superior

fatigue performance of LPBF-manufactured samples under vertical orientation[87, 88].

Further, the reduction of pore size (from super micropore to inter micropore) in sample E in all
orientations enhances the fatigue behaviour compared to the as-printed samples. It is important
to note that sample E has shown a quasi-cleavage fracture where the river patterns are parallel
to the stable crack growth region during fracture, which is responsible for the higher fatigue
propagation resistance. This type of fracture morphology reveals that heat-treated Ti6Al4V
enhance fatigue performance by modifying the microstructure, which is well corroborated by

X.Yan et al. [60].

Moreover, the fatigue limit of sample E is enhanced in all three orientations and is marginally

improved by 50 MPa. A similar result was reported that heat-treated Ti6Al4V showed high
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fatigue strength due to the microstructure change [119]. Figure 5.67 depicts the schematic
representation of crack propagation and growth mechanism encountered by as-printed and PHT

samples in the present work.

Widmanstatten microstructure exhibits a higher fracture toughness due to the lamellar grains
performing as crack deflectors [232]. A fully lamellar a+f microstructure formed due to the
subtransus heat treatments is anticipated to deliver superior performance in fracture-critical

end-use applications.

Fast fracture Crack growth delayed by B grain

o’ martensite /

- 7/
i ’ a+p Iamgllar
needles .o ’ colonies <

Elongated

As-Printed Sample-E

Figure 5. 67: Schematic shows the fatigue behaviour mechanism in as-printed sample and sample E
5.5.3 Fractal dimension analysis of fatigue fractured surfaces of Ti6Al4V

The FD analysis on fractured surfaces for as-printed samples and sample E under different
orientations are shown in Figure. 5.68(a-c) and Figure 5.69(a-c), respectively. It is noticeable
from Figure 5.68(a-c) that there is a difference in crack propagation between three oriented
samples owing to the anisotropic behaviour for as-printed samples. However, the crack

propagation behaviour is similar for sample ‘E’ in all three orientations, as indicated in Figure

5.69(a-c).
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Figure 5. 68:FD analysis of as-printed samples: a) Horizontal orientation; b) Inclined orientation; ¢) Vertical
orientation
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b) Inclined orientation; c) Vertical orientation

FD of sample ‘E’: a) Horizontal orientation;

Figure 5. 69
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Figure 5.70 shows the FD values for fractured surfaces under the different orientations of
fatigue-tested conditions, where it can be seen that the as-printed samples show variations in
the FD values. However, sample ‘E’ showed almost similar FD values irrespective of build
orientations. It is important to mention that as the heat treatment temperature increases the a
lath width decreases as shown in Figure. 5.26. However, the FD for LPBF-manufactured
Ti16A14V sample subjected to PHT at 1050°C were almost similar showing the ductile fracture
despite of decreasing the a-lath width at higher temperatures. A similar kind of results were
also found and well corroborated with the literature[233]. Moreover, the increased  size of
mill annealed Ti6Al4V showed a ductile fracture and exhibits the FDs which were similar to

the sample E FD in all three orientations.

227356

vvvvvv

Fractal dimension

N RS

AP-H AP-l APV PHT-H PHT-l PHT-V
Fatigue lives

Figure 5. 70: FD values correlated with fatigue lives at different conditions of LPBF-manufactured Ti6Al4V
samples

Further, it is considered that the FD increases as the distance from the surface of the sample

increase [130]. In sample ‘E’, FD values are high (under horizontal and vertical) than in as-
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printed samples, which shows that the crack propagation distance is longer, which could be
due to delay by the B phase where the plastic zone ahead of a crack tip could create a tortuous
crack length[234]. Moreover, the crack propagation rate in as-printed samples in all three
orientations is considered high owing to the fast fracture due to the brittle behaviour of o’
martensite. The FD values of as-printed samples are less compared to the samples subjected to
PHT conditions, which shows that the crack propagation rate in as-printed conditions was high.

It is well corroborated by the results reported by [128].

Moreover, the FD analysis was carried out for LPBF-manufactured Ti6Al4V in as-printed and
heat-treated conditions [60] where the FD values was closely matching with present work FD
value for fatigue fractures as shown in Figure. 5.71. Further, the FD value of as-printed fatigue
fracture surface from literature were also following the similar trend with the present work [60,
121]. Therefore, the FD approach is convenient and reliable in analysing the fractography of
the fractured surfaces. Moreover, it is interesting to note that the FD technique can capture the

build orientation effect in the as-printed samples and isotropic behaviour in PHT sample ‘E’.

Ti6AlaV

ooooo
ooooo
ooooo

SOOOOOO0
DOOOOO0
BTN
NI NI
atatu

-

-

‘0
-

-
-

ooooo
ooooo

00000

"o "
00
OO0
O
- .

*
0
0.‘0’

O

)
AP

+*
*
+*
* *

*
o
.0

-

oooooo
ooooo

Fractal dimension
— -— - —
g4 N ® @
[=}] (o] (=] N

1 1 1 1

o:o°o
QAN
’b.“‘

1.74 1

-
OO0

*

-

1.72 - \6@5 ’\q::"

Figure 5. 71: Comparison of LPBF tensile fractured surface of the as-printed and PHT samples [60, 121] with
present work data
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5.6 Effect of PHT with Super B transus temperature on the
Damping Behaviour of LPBF-manufactured Ti6Al4V Thin
Rotor Blade

5.6.1 Damping behaviour of LPBF-manufactured Ti6Al4V thin flat samples

In present work sample E was chosen for damping evaluation owing to its high hardness and
high B phase in it favourable for high ductility among other PHT executed samples. However,

sample A, B and C were also evaluated for comparison with the thin flat geometry.

The damping ratio of the samples under as-printed and PHT conditions at mode shapes (1 and
2) was evaluated using the half-power bandwidth method, as shown in Table 5.8 and Figure
5.72. 1t is observed that sample E exhibited a higher damping ratio compared to the other PHT
conditions. Sample E revealed 30% and 140% higher damping ratios than as-printed in mode
shape one and two, respectively. Further, sample C showed 21% and 98% higher damping in
mode shapes one and two compared to the as-printed samples. Interestingly, sample A
displayed a marginally low damping ratio, around 12% in mode shape one compared to the as-
printed sample. Similar results were observed where sample A showed less damping compared
to the as-printed sample owing to the presence of a in (a+f3) lamellar, whereas in the as-printed
condition, o' in B grains favours the high damping [142]. However, mode shape 2 of sample A
at high frequency showed a higher damping ratio of around 98% compared to mode two of the

as-printed sample.

Table 5. 8: Damping ratio of as-printed sample and PHT executed Ti6Al4V thin flat samples

Conditions Mode shape Frequency Damping ratio (&)
As-printed Mode 1 1457 0.100
As-printed Mode 2 3552 0.110
Sample A Mode 1 1462 0.089
Sample A Mode 2 3557 0.216
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Sample C Mode 1 1450 0.121

Sample C Mode 2 3586 0.218

Sample E Mode 1 1434 0.136

Sample E Mode 2 3564 0.264
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Figure 5. 72: Damping ratio vs frequency of thin flat Ti6Al4V samples

Figure 5.73(a-d) shows a frequency response function (FRF) of as-printed and heat-treated
Ti6Al4V thin plate samples. The frequency response function (FRF) is a frequency-based
measurement system used to find the resonant frequencies, damping ratio and different mode

shapes of a vibrating system. Figure 5.73(a-d), shows peaks of natural frequencies of the LPBF-
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manufactured Ti6Al4V. Damping is proportional to the width of the peaks; the wider the peak,
the heavier the damping. It is apparent from Figure 5.73(a-d) that sample E shows the highest
damping among all samples in all two mode shapes (1 and 2). A mode shape is determined by

the phase and amplitude of multiple FRFs acquired to a standard reference.

Moreover, the logarithmic decrement diagrams for as-printed and PHT conditions are shown
in Figure. 5.74(a-d). The amplitude dissipation for sample E occurs in around 0.3 seconds when
the hammer impacts the specimens resulting in higher damping than the other samples. It is
well established that the higher B content in Ti6Al4V is also helping in releasing the strain
energy within the material[138].
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Figure 5. 73: FRF of as-printed and PHT thin flat samples: a) Mode 1; b) Mode 2
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Figure 5. 74: Logarithmic decrement diagram of thin flat samples: a) as-printed; b) sample ‘A’; ¢) sample ‘C’;
d) sample ‘E’

5.6.2 Damping behaviour of LPBF manufactured rotor blade part

Different PHTs were performed on LPBF-manufactured Ti6Al14V thin flat samples, and it was
observed that sample E showed higher damping compared to other PHT conditions. Hence
rotor blades were printed, and super B transus PHT (1050°C) was performed for the damping
behaviour evaluation. The damping ratio of a rotor blade under as-printed and PHT conditions
for two mode shapes are shown in Table 5.9 and Figure 5.75. It is noted that the heat-treated
rotor blade (at 1050°C) showed higher damping of around 348% in mode 1 and 118% in mode
2 compared to the as-printed blade. It is attributed to the high B content (soft nature). Hence
favourable for energy dissipation resulting in higher damping. It is apparent in Figure 5.76 (a
and b) that the heat-treated blade shows broader peaks than the as-printed blade indicating
effective damping. Figure 5.77 (a-b) shows the logarithmic decrement diagram of a rotor blade

under as-printed and heat-treated conditions. It is noteworthy that amplitude decay for heat
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treated rotor blade was shorter than the as-printed blade. This result strongly demonstrated that
the B phase in a heat-treated blade absorbs energy to dampen swiftly.

Table 5. 9: Damping ratio of rotor blades

Condition Mode shape Frequency Damping ratio
©)
As-printed Mode 1 1028.55 0.0037
As-printed Mode 2 1835.26 0.0050
PHT-1050°C Mode 1 1037.00 0.0166
PHT-1050°C Mode 2 1855.00 0.010988
0.018
0.016 - 777 I
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Figure 5. 75: Damping ratio vs frequency of Ti6Al4V rotor blades
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Figure 5. 77: Logarithmic decrement diagram: a) as-printed rotor blade; b) PHT rotor blade

Furthermore, the comparison between sample E, PHT executed rotor blade, and conventionally

(wrought) Ti6Al4V having lamellar microstructure [136] is given in Figure 5.78. The damping

ratio of sample E is of one order higher owing to the large thickness of (4 mm) compared to

the conventional (wrought) Ti6Al4V (2 mm). However, the thickness of the PHT executed

rotor blade and conventional manufactured Ti6Al4V with lamellar microstructure is consistent

owing to their nearly similar thickness.
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5.6.3 FEM modal analysis of LPBF-manufactured Ti6Al4V rotor blades

The FEM modal analysis of the as-printed and heat-treated rotor blade indicated that the
maximum deflection occurs at the blade's leading tip, where the hammer was impacted
experimentally. The vibrational mode shapes simulation results are shown in Figure 5.79. The
natural frequency comparison of experimental and simulation modal analysis is given in Table
5.10. The simulation and experimental results show a slight difference in natural frequencies,
possibly due to the factors like porosity in the printed blades. Moreover, the difference could
be due to the experimental noise, and the fixed boundary condition is difficult to achieve
experimentally[238]. The obtained results in the FEM modal analysis of the rotor blade validate

the experimental results.
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Figure 5. 79: As-printed rotor blade: a) First-order vibration mode; b) second-order vibration mode; PHT rotor
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Table 5. 10: Natural frequencies experimental and simulation of Ti6Al4V rotor blades

Mode As-manufactured blades PHT blades
Experimental Simulation Experimental Simulation
(Hz)
(Hz) (Hz) (Hz)
Mode 1 1028.55 880.24 1037 902.53
Mode 2 1835.26 2005.10 1855 2054.4
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5.6.4 Effect of microstructure on damping behaviour of LPBF-
manufactured Ti6Al4V rotor blade parts

It is apparent from Figures 5.72 and 5.73 that sample E predominantly showed a high damping
ratio in two mode shapes compared to samples ‘A’, ‘C’ and as-printed. Sample ‘E’, composed
of a-Widmanstatten microstructure, consists of elongated 3 and a small amount of a, as shown
in Figures 5.16(a) and 5.17(a). It is well established that the Ti6Al4V heat treated above 3
transus temperature exhibits a higher amount of  and a low amount of a [140]. The high
damping in the Ti6Al4V alloy system can be attributed to the different stiffnesses of different
phases. Sample E consists of the a phase and soft B phase, which could have different stiffness
of o and f resulting in a difference in energy dissipations which is well corroborated with [136].
Moreover, improvement in damping could be owing to the damping of the interface of matrix
and phase. It is important to note that being a soft phase [ can attenuate the vibrations, thus

enhancing the damping behaviour.

Furthermore, sample ‘C’ consists of an a+f basketweave microstructure with different colony
sizes of a+p. It is observed from the literature that sample ‘C’ shows a high amount of a
compared to the sample heat-treated above P transus temperature (sample E). The o phase
consists of an HCP crystal structure which is a hard phase compared to the B phase, resulting
in lesser damping. Sample A consists of a higher amount of a, ~ 72%, with a small amount of
o' and B. Therefore energy dissipation is restricted due to high dislocation density around o and

a', resulting in lower damping than samples C and E [51].

It is noteworthy that as-printed Ti6Al4V consists of o' martensite and o having a reduction in
stiffness between o' and a difference owing to the decrease in damping ratio. Also, high
damping is a process that occurs when the tension-compression oscillation causes the B phase
conditions to change in an anelastic manner. This eliminates the elastic strain energy. The
damping tests on conventionally manufactured Ti6Al4V exhibited different damping ratios at
other PHT conditions. The evolution of LPBF-manufactured Ti6Al4V microstructure at
various PHT conditions is shown in Figure.5.80 (a-d). The elongated  grains were formed

when the sample was heat-treated above B transus temperature (1050 °C).

Moreover, the lamellar o+f grains were also observed, creating a high amount of . The B

phase is responsible for energy dissipation in material damping, which is also observed in the
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present study. Moreover, the damping ratio in sample E may also increase due to damping by

interface and increased area of a and  phases having different stiffnesses.

The as-printed sample E consists of o' martensite formed due to the rapid cooling in the LPBF
process. The developed o' martensite microstructure enhances the microhardness of the
Ti6Al4V samples. The increased microhardness of as-printed Ti6Al4V is owing to the high
dislocation density around ao'. The damping is also achieved by energy dissipation through
dislocation motion. However, high dislocation density in as-printed Ti6Al4V obstructs each
other resulting in lower damping[239]. The o lath width of samples ‘A’, ‘C’ and ‘E’ are
summarized in Figure 5.25. The higher heat treatment temperature enhances the a lath width.
The lesser volume fraction of the a phase at high temperature causes the increase in the a lath
width due to the higher PHT temperature. The higher the volume fraction of a phases, the more
obstruction exists for growth. This is why a laths grow efficiently due to less phase hindrance.
Further, the energy dissipates in the soft f phase owing to the high ductility in the B phase.
Moreover, the a lath width is enhanced in Sample E, as shown in Figure. 5.24 and 5.25 resulting
in a reduction in high dislocation density favouring in enhancing damping behaviour. The

reduction in damping with an decrease in hardness is also reported by Kumar et al. [240].
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Figure 5. 80: Microstructural evolution of LPBF-manufactured Ti6Al4V in different PHT conditions
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Chapter - 6

CONCLUSIONS

Based on the results obtained in the present study, the following conclusions were drawn on

the effect of PHT on densification, tensile, HCF and damping behaviour of LPBF-

manufactured Ti6Al4V parts:

A simple in-house developed technique was applied to evaluate the ISS at the interface
(between SS and part) during part removal. LPBF manufactured gear-type parts were
built with different SS parameters to assess the influence of SS parameters on its ISS.
In addition, a dimensional inspection shows that despite altering the LPBF process
parameters of SSs, no significant dimensional deviation was observed for the LPBF
part. Further optimal parameters for easy part removal were established.

A skin core scan strategy was adopted to investigate the strength-ductility trade-off
aspects in LPBF manufactured part. It was observed that the high scanning speed on
skin forms the smaller grains, and the low scanning speed in the core forms the larger
grains. The smaller grains on the skin enhances a material's microhardness compared
to the core region. These findings are advantageous for tailoring microstructure and
thus offer location-specific functional properties enabling the concept of Design for
improved functionality. However, the anisotropy was still present in the LPBF
manufactured samples.

The optimized PHT scheme transformed the anisotropic microstructure to
homogeneous with (a+f) lamellar microstructure. The lath thickness of a and § phases
were smaller under air-cooled conditions than the furnace-cooled conditions. In
transverse and longitudinal directions, the volume fraction of B increases by 3% and
12% PHT under furnace-cooled conditions, respectively. XRD revealed that the lower
magnitude of closed pack planes and higher content of the § phase in samples subjected
to PHT above super-f transus temperature (1050 °C) caused higher hardness than other
PHT samples.

The optimized PHT scheme at high temperature reduces porosities up to nearly two
times more than the as-printed samples due to the sintering self-healing phenomenon.

The super-micropores were the least affected due to the low surface energy. The
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fraction of super micropores of Ti6Al4V samples under horizontal orientation subjected
to PHT was reduced to 11.74 %, from 14.5% in the as-printed condition. Similarly, the
fraction of super-micropores of Ti6Al4V samples subjected to PHT under vertical
orientation was reduced to 14.3% from 19.3% in the as-printed sample.

The tensile test results showed the isotropic tensile behaviour of the samples subjected
to PHT under all the build orientations. The high B content in the sample subjected to
PHT showed high ductility, which could be favourable in enhancing the fracture
resistance performance. Strain hardening coefficients (n) and strength coefficient (k)
were calculated, showing that as-printed samples in all directions are showing high
strain hardening owing to the o’ present in it.

The LPBF-manufactured Ti6Al4V samples after PHT showed superior fatigue at higher
stress levels despite showing less tensile strength. The improvement in fatigue lives for
Ti16Al4V samples after PHT due to enhanced densification and pores closure at high
temperatures leading to reduction in pores. Moreover, PHT-processed Ti6Al4V has
shown a higher fatigue limit of 50 MPa than as-printed Ti6Al4V parts. The outcome
revealed that the combination of enhanced ductility and pore size reduction due to PHT
is critical for improving the fatigue resistance of LPBF-processed Ti6Al4V parts.

The PHT performed at 1050°C enhanced the damping by ~348% and 140% for LPBF-
manufactured thin plate parts and rotor blades, respectively. The amplitude decrement
is ~ 66% shorter for the 1050°C heat-treated rotor blade than the as-printed rotor blade.
The results obtained through FEM modal analysis validate the experimental results.
Overall optimized PHT scheme employed in the present work has improved the tensile
behaviour and functional performance, such as high cycle fatigue and damping of

LPBF-manufactured Ti6Al4V products.
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Chapter - 7

FUTURE SCOPE

1.

A detailed in-depth study may be carried out to understand microstructural evolution
(grain size and orientation etc.) and the interplay among the microstructural features on
the interface shear strength (between support structure and part).

The influence of post-surface treatment on the surface hardness and compressive
residual stress improvement may be carried out in view of enhancing the HCF
performance of LPBF-manufactured Ti6Al4V parts.

The effect of PHTs on erosion and impact behaviour of LPBF-manufactured Ti6Al4V

parts may be investigated.
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