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Abstract

The demand of advanced materials is growing in a very steeped manner, especially in the
engineering sectors like, aerospace, nuclear, automobile and power generation. The materials
of these components are required to serve in harsh working conditions. The working life of
such industrial components are very important and possibilities of catastrophic failures of these
components cannot be accepted in such sectors. The development of materials for these
applications, is very time consuming and costly process. Hence, functionally gradient materials
(FGM) can be one of the possible solutions. Many additive manufacturing (AM) has applied
to fabricate bulk metal based FGM. However, wire arc additive manufacturing would be one

of the most prominent and economical fabrication methods.

In this work, Ni-based FGMs specific alloys such as Inconel 625, ERNiCrMo-10, Nichrome
80/20, and pure Ni weld spools were selected as a raw material. The development of Ni-Cr-
Mo-based functionally graded materials (FGMs) was carried out by using gas tungsten arc
welding (GTAW) based wire and arc additive manufacturing (WAAM) process. The GTAW
process parameters for FGMs were optimized to get good weld bead geometry. The optimized
process parameters are used for further development of FGMs. The post treatment of developed
FGMs were also carried out by using innovative approach of friction stir processing (FSP).
This post treatment is mainly intended for mitigation of developed stresses during FGMs
development and maintained the material homogeneity in the FGMs structure. The FSP process
parameters has been optimized and based on the observations, rotation speed is the most
influencing parameter to control the intentions. The effect of water cooling is also investigated
on the developed FGMs. The developed FGMs were investigated in detailed by using various
metallurgical and mechanical tools and techniques. The microstructural evolution of FGMs
produced through WAAM, observing a combination of dendritic and columnar grains in the
as-deposited samples. Through, FSP post-processing, these structures transform into fine
recrystallized grains with oriented deformation direction after FSP. It also affects the
distribution of CrNi3 and MoNis precipitates. The microhardness gradually increases from the
bottom to top of the samples in the as-deposited state. The FSP processed samples shown
significant improvement in the microhardness. The investigations reveal variations in tensile
strength along the gradient direction of the FGMs, with increasing Cr and Mo content

correlating with higher tensile strength and microhardness.
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Further, the trimetallic FGMs using stainless steel (ER316L), duplex steel (ER2205), and
Inconel 718 (IN718) via gas metal arc welding (GMAW) based WAAM has been also
investigated. The metallurgical examinations uncover distinct boundaries between different
alloy compositions and the presence of metal carbides and Lave phases. The mechanical
characterization of these FGMs demonstrates a steady increase in hardness along the built
direction, with variations at alloy interfaces. The tensile tests reveal increased tensile strength

along the built direction, accompanied by reduced strain.

Keywords: Additive Manufacturing, Wire Arc Additive Manufacturing, Friction Stir

Processing, Functionally Graded Material, Characterisation.
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Chapter 1

INTRODUCTION AND OVERVIEW

Functionally graded material (FGM) is a heterogeneous material that exhibits a gradual
variation in composition and/or microstructure, resulting in tailored mechanical, thermal,
electrical, and optical properties. Their versatility and adaptability allow precise customization
to meet specific performance requirements, addressing challenges like thermal stress and
interface compatibility. Compared to regular alloys, FGMs allow for smoother load transfer
across interfaces, which lowers stress concentrations and improves reliability. In addition, they
eliminate the problems associated with mismatches in thermal expansion coefficients.
Additionally, FGMs are better than traditional composites because they allow a smooth
transition between different phases. Thus, FGMs emerge as promising alternatives to alloys

and composites in various engineering applications.

1.1 EVOLUTION OF FUNCTIONALLY GRADED MATERIAL

The pure metals are inherently soft and weak, which causes restriction of their use in wider
engineering applications. To improve the suitability of a material for some particular
applications, metals are often alloyed with other metals or nonmetals in their molten state.
However, owing to thermodynamic equilibrium constraints, a material can only dissolve to a
limited extent in solution with another material [1]. To address this issue, researchers have
developed powder metallurgy (PM) techniques that mixes and matches alloying elements in a
various proportion. This approach facilitates the creation of components with desired properties
[2]. However, despite these advantages, powder metallurgy cannot be used to manufacture
intricate shapes/structures. Consequently, a new class of materials has emerged to address this
issue, namely composite materials [3]. A composite material is formed by the amalgamation
of one or more solid-state materials, resulting in unique physical and chemical properties
distinct from those of its components. These composites often demonstrate one of the important
benefits such as an enhanced strength-to-weight ratio [4]. Despite their numerous advantages,
composite materials have sharp interfaces that can lead to fiber delamination from the matrix
under harsh working conditions (high stress and high temperatures) [5]. The researchers have

developed FGMs to address these challenges by replacing sharp interfaces with gradient



interfaces [6, 7]. The FGMs are engineered materials intentionally formed to have a progressive
change in composition or structure in one or more directions that result in a gradual change in
properties which can be tailored for enhanced performance [8]. The visual representation in

Figure 1.1 showcases the historical evolution from pure metal to functionally graded metals.

Pure Surface Powder omposite
ol - B -

Figure 1.1: Development of engineering materials from pure metal to towards FGM [1]

1.2 FUNCTIONALLY GRADED MATERIAL

Functionally graded materials are heterogeneous materials characterized by a gradual variation
in mechanical and physical properties over volume. It can be achieved by incorporating gradual
changes in composition or structure within a single component. This unique feature allows
FGMs to exhibit varying mechanical, thermal, and tribological characteristics in specific
regions, rendering them adaptable for numerous applications [9]. Therefore, it is used for
corrosion-resistant, wear-resistant and thermal barrier coatings, which are applicable in defense

[10, 11], aerospace, nuclear, electromagnetic, and photoelectric engineering fields [12].
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Figure 1.2: Natural example of FGMs contain structures with the graded properties [13]



The concept of structures with graded properties is not novel, finding parallels in nature
provides compelling examples. Natural instances of functionally graded structures are
abundant, with human body parts such as bones, teeth, and skin serving as crucial examples.
These biological components exhibit gradation in properties, encompassing hardness and
ductility. Additionally, bio-tissues of animals and trees further exemplify the inherent concept
of functionally graded structures in nature [14, 15]. The Figure 1.2 illustrate natural examples

and engineering applications that benefit from smooth-graded properties in FGMs.
1.3 CLASSIFICATIONS OF FGM
1.3.1 Classification According to Physical State

FGM processing methods can be broadly categorized into solid-state, liquid-state, and
deposition processes. The Figure 1.3 enumerates various processing methods falling under
these classifications. Extensive research has been conducted across different FGM production
techniques covering all processing states. The deposition methods, characterized by high
precision, are employed for the fabrication of small and intricately detailed products. On the
other hand, liquid-state processes are typically employed for more oversized products, where
precise property control is of relatively lower priority. The solid-state-based FGMs find
application in producing thermo-mechanical components subjected to high-stress conditions

[16].
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Figure 1.3: Classification of FGMs according to state during manufacturing [17]



1.3.2 Classification According to Structural Gradient

FGMs are categorized into two groups based on a structural gradient, continuous and
discontinuous as shown in Figure 1.4. In the continuous structural gradient (Figure 1.4a), the
absence of clear, distinct zones/interfaces within the material hinders the differentiation of
properties in each zone so that continuously graded properties can be achieved. In the second
group, material ingredients undergo a discontinuous stepwise gradation (Figure 1.4b), called
layered or discrete FGM [18]. The continuous and discrete classifications can be further

delineated into three types: composition gradient, orientation gradient, and fraction gradient.
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Figure 1.4: Schematic diagrams illustrating: (a) Continuous graded and (b) discontinuous

(stepwise) graded FGMs [18]
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Figure 1.5: Schematic diagrams illustrating: (a) discontinuous FGMs and (b) continuous

FGMs, (c¢), (d) and (e) schematic diagrams showing discontinuous FGMs that contain



interfaces with gradual change in composition, grain orientation and volume fractions,
respectively, (f), (g) and (h) schematic diagrams showing continuous FGMs in absence of
interfaces and with gradual change in grain size, fibre orientation and volume fraction of

second-phase particles [8]

The Figure 1.5 (a), (¢), (d) and (e) schematic diagrams showing discontinuous FGMs that
contain interfaces with gradual change in composition, grain orientation and volume fractions,
respectively while as Figure 1.5 (b), (f), (g) and (h) showing continuous FGMs in absence of
interfaces and with gradual change in grain size, fibre orientation and volume fraction of

second-phase particles.
1.3.3 Classification According to Area of Application

As outlined in the previous section, FGMs have been identified and utilized in various
applications characterized by severe operating conditions or susceptible requirements. The
broad examples encompass, heat exchangers, heat-resisting elements in spacecraft, fusion
reactors, and biomedical implants [19]. The diverse combinations of typically incompatible
functions can be harnessed to create novel materials applicable in aerospace, chemical plants,
nuclear energy reactors, and other domains [20]. Based on their areas of application, FGMs can
be categorized into biomaterials [21], aerospace materials, automotive components [22],
defence applications [23], cutting tools, nuclear reactor components [24], smart structures [6],
turbine blades, and sports equipment [9]. The Figure 1.6 provides an overview of the

classification according to the major fields of applications.
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Figure 1.6: Functionally graded materials: fields of application and examples [25]
1.4 MANUFACTURING TECHNIQUES OF FGM

Various techniques have been used to fabricate FGM, such as powder metallurgy, chemical

and physical vapor deposition techniques, solid free-form fabrication (SFF) techniques, laser



deposition methods and selective laser sintering [26]. However, it is observed that traditional
manufacturing techniques are challenging to adopt for the development of FGM. To solve the
limitations associated with traditional production techniques, additive manufacturing (AM)

approaches might be used [27].

In recent years, the implementation of AM methods has emerged as a transformative approach
to impact the development of FGMs, moving away from the conventional metal production
model that relies on sophisticated layer-by-layer machinery to a more streamlined process [28].
The versatility of AM methods has become increasingly prevalent across various applications,
including architecture, medical fields, robotics, automotive, space exploration, energy, and
sports applications, where the need for graded properties is essential due to the ability to process
a diverse range of materials [29]. The different manufacturing methods which are used for

manufacturing of FGM as shown in Figure 1.7.
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Figure 1.7: Various manufacturing techniques of FGM [28]
1.4.1 Additive Manufacturing

The additive Manufacturing processes construct three-dimensional (3D) parts by incrementally
adding layers of materials under the guidance of a digital model. This unique characteristic
produces intricate or customized parts directly from the design in a single step, eliminating the
necessity for costly tooling such as punches, dies, or casting moulds. Additionally, AM

facilitates a notable reduction in the part count by eliminating or minimizing the assembly of



multiple components. The AM eliminates unnecessary welds and joints, resulting in smoother
property gradients and greater design flexibility. Moreover, AM offers the advantage of on-
demand production, thereby reducing spare inventory and shortening lead times for critical or

obsolete replacement components.

Thus, AM has gained widespread acceptance as a new paradigm for designing and producing
high-performance components across the aerospace, medical, energy, and automotive
industries. In aerospace applications, it includes intricate fuel injector nozzles that previously
required the assembly of multiple parts and lightweight engineered structures, leading to
significant cost savings [30]. In the medical field, AM-produced implants and dental
prosthetics offer notable enhancements in integration, biocompatibility, and the potential for
patient-specific devices derived from medical imaging [31]. High-temperature materials are
employed in AM to fabricate mixing and swirling burner tips with complex shapes, resulting

in energy savings, extended component lifetimes, and reduced system repair and downtime.
1.4.1.1 Advantages of Additive Manufacturing

Additive Manufacturing represents a revolutionary production method enabling the fabrication
of near-net shape intricate components without the necessity for dies or extensive machining.

This approach significantly reduces lead time, waste generation, and overall costs.

AM has gained increased attention in recent years due to its rapid prototyping capacity and
near-net-shape component fabrication. The following vital factors delineate the potential

benefits of AM within the aerospace manufacturing domain:

= Additive Manufacturing is a process that creates near-net shape components directly

from powder or wire, requiring minimal finishing operations.

= The absence of tooling requirements, such as forging dies, enables the manufacture
of complex shapes in shorter timeframes and at lower costs than traditional methods,

which often involve lengthy tool design and production periods.

= AM offers unparalleled geometric design flexibility, allowing for the production of
intricate shapes that are not feasible with conventional methods. Control over
deposition direction, spot size, powder feed rate, and heat source movement enable

optimization of component geometry, leading to significant weight reductions.



= In sectors like aviation, characterized by low-volume manufacturing needs, AM is
economically advantageous due to reduced costs associated with producing

customized components.

= The ratio of mass of raw material to mass of final product (i.e. buy-to-fly ratio) for
AM-produced components is typically between 1.5 and 5, significantly lower than
the 10 to 20 ratio seen in conventional ingot cast-roll-forging and machining
processes [32]. This reduction in material waste, especially with expensive reactive
materials like Titanium, Cobalt, Nickel, and Chromium-based alloys, translates to

substantial cost savings.

= AM promotes sustainability by allowing excess powder reuse from the printing
process. This reduces raw material consumption by up to 90% compared to

traditional manufacturing methods.
1.4.1.2 Limitations of AM
The following main factors outline the limitations of AM in different manufacturing industry,

= Powder bed additive manufacturing exhibits a relatively slow deposition rate and
limited build volume. In contrast, wire deposition offers faster deposition rates but

may not be suitable for producing intricately designed parts [33].

= The Electron Beam Surface Melting (EBSM) process requires substantial initial

investment and operates under high vacuum conditions.

= Ensuring control over defects like pores and lack of fusion is crucial in additive

manufacturing processes[34].

= Achieving repeatability and reproducibility in part quality ensures consistency and

reliability.

= The absence of reliable test standards poses a challenge in assessing the quality and

performance of additive manufactured parts.



1.5 METAL ADDITIVE MANUFACTURING

The diversified requirements of the engineering components for various industrial applications
are required to serve in harsh working conditions. The metal-based components can be the right
choice to satisfied these requirements. Metal-based AM parts are now widely utilized in various
sectors, including automotive engineering, aerospace assemblies, power tools, and

manufacturing equipment such as jigs, fixtures, and drill guides.
1.5.1 Classification of Metal AM Based on Material Feed System

On the basis of material feed system, AM for metallic materials are divided into three

categories, namely [35]:
1.  powder bed systems,
ii.  powder feed systems, and
iii.  wire feed systems
1.5.1.1 Powder Bed AM

A powder bed AM is a process in which part is fabricated by spreading powder evenly across
the work area as shown in Figure 1.8 (a). The energy source, whether an electron beam or a
laser beam, is precisely controlled to apply energy to the surface of the powder bed, causing it
to melt or sinter into the desired shape[36]. The powder is then spreaded across the work area,
and the process is repeated to build a solid three-dimensional (3D) component. This system
offers several advantages, including creating high-resolution features and internal passages and

maintaining precise dimensional control.
1.5.1.2 Powder Feed AM

Powder feed systems are more adaptable to scale up their build volumes than powder bed units.
In these systems, powders are conveyed through a nozzle onto the build surface, where a laser
is employed to melt one or more layers of the powder into the desired shape as shown in Figure
1.8 (b). This process is repeated to fabricate a solid three-dimensional component. The
advantages of this system include its larger build volume and suitability for refurbishing worn

or damaged components[37].



1.5.1.3 Wire Feed AM

A schematic representation of a wire feed unit is illustrated in Figure 1.8 (c). This unit utilize
wire as the feedstock material, with energy sources including electron beams, laser beams, and
welding arcs. Initially, a single bead of material is deposited, and subsequent passes build upon
it to form a three-dimensional structure. Generally, wire feed systems are well-suited for high
deposition rate processing and offer large build volumes[38]. However, the fabricated product

often requires extensive machining than powder bed or powder feed systems.
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Figure 1.8: Schematic diagrams showing (a) powder bed systems, (b) powder feed systems,

and (c) wire feed systems [35]
1.5.2 Classification of Metal AM Based on Energy Source

Metal AM techniques can be classified into laser AM, electron beam AM, or Wire Arc Additive
Manufacturing (WAAM) based on the heat source.

1.5.2.1 Laser AM Techniques for Metal FGMs

The Laser based AM (Figure 1.9) employs a high-energy laser as the heat source and utilizes
either metal wire or powder as the raw material. This process involves stacking the materials
layer by layer until complete parts are formed directly. The laser AM can be categorized into
two main methods based on how the raw material is supplied: laser-directed energy deposition

(DED) and laser powder bed fusion (LPBF).

In the laser DED technique, a laser is utilized as the heat source to create a molten pool in the
deposition area, moving at high speed. The raw materials, whether wire or powder, are fed
directly into the high-temperature melt area for rapid melting and solidification, ultimately

resulting in the fabrication of complete parts through layer-by-layer deposition. Variations of
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the DED technique includes laser metal deposition (LMD), direct laser metal deposition

(DLMD), laser-engineered net shaping (LENS), and laser cladding (LC).

By employing the DED technique, it becomes possible to prepare FGMs by controlling
parameters such as the feeding rate ratio of different raw materials (powder, wire) or adjusting
the laser scanning strategy. Currently, DED stands as the most suitable Additive Manufacturing

process for fabricating metal FGMs.
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Figure 1.9: Schematic diagram of laser based metal AM process [39]
1.5.2.2 Electron Beam Based Additive Manufacturing for Metal FGMs

The electron beam AM (Figure 1.10) process utilizes a high-energy-density electron beam for
heating, accompanied by wire or powder raw materials. These materials are placed within a
vacuum environment and deposited along a predetermined path to create finished parts. This
technique encompasses variations like electron beam formation (EBF) and electron beam
selective melting (EBSM). By adjusting the ratio of different raw materials, the electron beam
AM method allows for producing FGMs (Figure 1.10 (b)). This approach offers notable
benefits for Additive Manufacturing of refractory metals and active metals under high-

temperature conditions.
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Figure 1.10: (a) Schematic of the of electron beam based metal AM, (b) Schematic diagram of
Mo—Mo + TiC—Mo sandwich FGM sample [40]

Metal additive manufacturing falls into three categories based on energy source: laser-based,
arc welding-based, and electron beam-based as discussed above. Laser-based systems have
been widely adopted for their precision; however, they exhibit poor energy efficiency, typically
ranging from 2% to 5% [41]. Electron beam systems offer slightly higher energy efficiency,
ranging from 15% to 20%, but require a high vacuum working environment, making them more
suitable for aerospace applications [42]. In contrast, arc welding processes such as gas metal
arc welding (GMAW) or gas tungsten arc welding (GTAW) processes boast significantly
higher energy efficiency, reaching up to 90% in certain circumstances [43]. Additionally,
traditional arc welding equipment is relatively cost-effective compared to laser or electron

beam equipment [44].

1.5.2.3 Arc Based Additive Manufacturing of Metal FGMs

A process that uses an electric arc as a heat source and wire as a feedstock is commonly known
as wire arc additive manufacturing. It has been investigated for AM purposes since 1990s [45],
with the first patent filed in 1925 [46]. The WAAM hardware typically utilizes standard
welding equipment readily available in the market, including welding power sources, torches,
and wire feeding systems. The motion control can be achieved through robotic systems (as
shown in Figure 1.11 (a)) or computer numerically controlled gantries. Additionally, Figure
1.11 (b) illustrates a friction stir welding machine retrofitted with a metal inert gas (MIG) power

source.
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Figure 1.11: (a) six-axis welding robot and (b) deposition system retrofitted onto former

friction stir welding machine[45]
1.6 POST PROCESSING TREATMENT

AM of metals frequently displays various defects such as porosity, cracking, delamination, and
residual stresses [47]. These defects can evident due to several factors, such as suboptimal
process parameters, thermal cycle, quality of selected feedstock materials, contamination of
feedstock material, and inadequate working conditions. Most of the issues affecting deposition
quality can be addressed effectively through the cautious application of post-processing
treatments [48]. Numerous post-processing technologies have been identified to enhance part
quality in the AM products, including, interpass cooling [49], machine hammer peening (MHP)
[50], heat treatment [51] and interpass cold rolling [52] as shown in Figure 1.12 (a-e).

© ®
Wire Feeder
Local Shield
Plasma Torch
Ti-6AI4V deposit
FORGEfix XP
Silencer
clamping
Heating i & = Ap (ej
elements . “ / Hydraulic cylinder
. Deposition direction
f osition dire
B \ 4 3 = ’ ) |"Roller fork ;> Load cell
=1 N - < Single axis manipulator: 'S
o = ol - s f | TiGtoch | |
» - e
« | ¢ i Wire feeder i 4
o i | & | |
Ceramic Titanium o & 1—>v
sheet |3 B8] getter Linear bearing
ol | B - L 5 o
: i Bt
AD

13



Figure 1.12: Post processing techniques (a) interpass cold rolling, (b) machine hammer peening

(MHP), (¢) heat treatments (d) different rolling methods, and (e) interpass rolling [49-52]

1.7 THESIS OUTLINE

The current thesis work has been divided into the following chapters:

Chapter 1: This introductory chapter serves as a foundation for understanding FGM and their
manufacturing methodologies. The discussion begins by explaining the fundamental concepts
of FGM, highlighting the significance of their tailored material properties and applications in

engineering.

Chapter 2: This chapter provides a comprehensive summary of recent research findings on
FGM developed through various additive manufacturing techniques. A meticulous literature
review has been conducted to assess the current state of research in this field, focusing on recent
advancements and methodologies employed by researchers. The review critically evaluates and
synthesizes existing knowledge, offering a technical perspective on ongoing developments,

challenges, and innovations in FGM fabrication using additive manufacturing.

Chapter 3: This chapter outlines the basis for selection of materials along with their various
characterization techniques using for materials and developed FGM has been discussed. The
detailed design and fabrication processes utilized in the development of Functionally Graded

Materials (FGM) are also highlighted and discussed in detail.

Chapter 4: This chapter provides a detailed experimental procedure for the development of
FGMs, encompassing the optimization of process parameters for Gas Tungsten Arc Welding
(GTAW) and post Friction Stir Processing (FSP) techniques. It also explores into a thorough
discussion of the strategic approach to FGMs development, emphasizing material selection and
strategic planning for composition variation, aiming to achieve seamless property transitions

and optimized material performance for diverse engineering applications.

Chapter 5: This chapter outlines the metallurgical and mechanical characterization of
developed Ni-based FGMs. The results obtained by using suitable techniques and standards to
analyze the microstructure, distribution of alloying elements, phase formation, microhardness,

and tensile strength are presented and discussed in detail.
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Chapter 6: This chapter outlines the basis of material selection, the GMAW setup and
fabrication strategy for developing ER316L-ER2205-IN718-based trimetallic FGM. The
metallurgical and mechanical characterization of developed trimetallic FGM was carried out.
The results obtained by using suitable techniques and standards to analyze the microstructure,
segregation of intermetallic compounds at interface, phase formation, microhardness, and

tensile strength are presented and discussed in detail.

Chapter 7: The conclusions on the findings from the present research work have been discussed.

The major outcomes of the present work and future scope have been also highlighted.
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Chapter 2

LITERATURE REVIEW AND PROBLEM FORMULATION

This chapter extensively reviews the functionally graded materials establish a dynamic research
domain that has gain significant attention within the materials science and engineering
community. Recent years have witnessed notable advancements in the manufacturing methods
of FGMs, with a spectrum of processing techniques, ranging from conventional to advanced.
In this context, the current chapter provide an overview of recent research findings on

development of FGMs and their mechanical and metallurgical characteristics.
2.1 FGM DEVELOPMENT

The exploration of gradient materials traces back to 1972 when M.B. Bever initiated deliberate
research on graded materials [53]. However, functionally graded materials were first proposed
in 1984 by Japanese material scientists M. Ninno and A. Kumakawa primarily to enhance
thermal barrier coatings[54]. The necessity for advanced thermal barrier coatings (TBC)
emerged in 1987 with the inception of commercial supersonic space shuttle development
programs, driving the first comprehensive investigations into gradient materials [55]. The

subsequent development of FGM is shown in Figure 2.1.

FGMs have gained importance due to their tailored properties and lack of distinct boundaries
or sharp interfaces, which is a major challenge with traditional composite materials. In
conventional composites, higher local interlaminar stresses often result in layer separation,
disrupting the load transfer mechanism between the matrix and reinforcement. This leads to
reduced stiffness and compromised structural integrity, ultimately resulting in functional and
structural failure. FGMs offer a promising opportunity to reduce mechanical and thermal stress

concentrations in various structural materials designed for specific applications [56].

FGMs offer numerous applications, such as biomaterial implants, thermal barriers, energy
conversion materials, metal cutting tools, mechanical components like gears, and

optical/optoelectronic devices.
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Figure 2.1: Historical overview of relevant milestones in the research and development of

FGMs [57]
2.2 TYPES OF FGMs

According to material combination FGM is divided in four broad category such as metal-metal,
metal-ceramic, ceramic—ceramic, and ceramic—polymer, as depicted in Figure 2.2. ceramic-
ceramic FGMs are effective thermal barrier coatings in high-temperature environments due to
their excellent heat insulation properties. Moreover, in biomedical implant applications,
polymer-ceramic FGMs are preferred for their combination of biocompatibility from polymers

and strength from ceramics.

Material combinations for the

production of FGMs
I
l [ I |
Ceramic-Ceramic ‘ Ceramic polymer Metal- Ceramic Metal-Metal
1) SiC - Carbon 1) Glass - Epoxy 1) Ni-ZrO, 1) Al-Cu
2) SiC - SiC 2) Carbon - Epoxy, 2) Al- Al, O, 2) Ti-Ni
3) Carbon - Carbon, etc. etc 3) Al-SiC, etc 3) Ni- SS

Figure 2.2: Possible material combinations used in FGMs [5§]
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Metal-ceramic FGMs are found to be extensively used in aerospace applications due to their
toughness and high-temperature resistance. For instance, Ruys et al. [59] developed a metal-
ceramic FGM (Cu-SiC) specifically for thermoelectric converter applications. On the other
hand, metal-metal FGMs are widely employed in aviation, nuclear power, and automotive
sectors, particularly in scenarios requiring the joining of dissimilar metals. Metal based FGMs
are characterized by a gradual distribution of metal compositions, resulting in distinctive
mechanical and physical property gradients. FGMs with a gradient interface are preferred over
dissimilar joints or conventional composite materials with sharp interfaces. This preference is
due to several advantages, including higher toughness and lower residual stress levels resulting
from the gradual transition in physical, metallurgical, and mechanical properties between
adjacent layers. These characteristics enhance structural performance and prolong component
life. Consequently, FGMs find widespread application in industries requiring varied and
sometimes conflicting properties within specific components, such as the energy sector,
aerospace, automotive, optoelectronics, and medicine. Many metal-based (continuous and

discontinuous) FGMs have been developed, and this section presents some of them.

Hofmann et al. [60] studied the performance of a gradient transition joint from 304L stainless
steel to Inconel 625, comparing it with a friction-welded joint of the same materials for an
automobile valve stem. Their study revealed a significant reduction in stress concentration,
nearly tenfold, when using the gradient transition joint compared to the friction-welded joint at
an operating temperature of 1000 K (Figure 2.3). Lu et al. [27] developed a Ti-Ni based FGM
with a continuous variation from TA1 (100%) to Inconel 625 (100%) in the steps of 10%. It
has significant potential for use in aerospace and nuclear applications under extreme
environmental conditions. Rodriguez et al.[61] investigated the development of a FGM based
on SS316L and a Ni alloy. Various configurations were analyzed, including a hard transition
(discontinuous) and a smooth transition (continuous) with a region comprising 50% SS316L
and 50% Ni80-20. The metallographic analysis of both hard and smooth transition SS316L-
Ni80:20 FGM, smooth transition FGM exhibited superior performance attributed to its
continuous chemical composition change within the structures. Li et al.[62] fabricated a
metallic FGM composed of SS316L and Inconel718. The FGM exhibited 10 layers with
continuous compositional variation, transitioning from 100% SS316L at the bottom layer to

100% Inconel718 at the top layer.
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Figure 2.3: Depicts a finite element model of automobile valve made of 304L stainless steel
stems connected to an Inconel 625 valve with (a) graded composition and (b) sharp interface

joined by friction stir welding (FSW) [60]
2.3 APPLICATIONS OF METAL BASED FGMs

FGMs present an optimal solution to address the rising demand for applications requiring
dissimilar properties within single components. In certain scenarios, dissimilar metal welds
(DMWs) become necessary, leading to potential high-stress concentrations, particularly in
high-temperature environments. Conversely, some components mandate graded mechanical
properties, necessitating high hardness on their outer surfaces while retaining high ductility
internally. Therefore, FGMs with gradient properties find extensive utilization across diverse

industries, spanning aerospace, automotive, coatings, electronics, and cutting tools.

Once, the technological and metallurgical obstacles of functionally graded metals are
conquered, their potential applications become limitless. A particularly promising short-term
use is substituting problematic DMWs with additively manufactured graded transition joints.
In industries such as nuclear and aerospace, issues restricting from failures at joints and
interfaces between dissimilar metals are dominant [63]. Traditional joining methods often
result in abrupt gradients in composition and properties, exacerbating failure mechanisms
during service. The assembling of numerous parts of varying materials to meet spatially diverse
service and cost requirements further limits design flexibility, especially for low-volume, high-
complexity components. Incorporating functional grading with additive manufacturing

emerges as an attractive solution.
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The most common challenges in the nuclear energy sector are ferritic-austenitic joints, which
have been a persistent materials concern for years. Present-day coolant systems in light water
reactors (LWRs) necessitate joining ferritic steel nozzles on the reactor pressure vessel (RPV)
to austenitic stainless-steel piping [64]. However, the thermal expansion mismatch and
compositional disparities between these steel types pose difficulties for existing welding
methods. A conventional DMW design for this application involves an A508 carbon steel RPV
pipe nozzle connected to a 316L SS pipe using a nickel-based filler metal, such as Alloy 52M
[65]. Despite employing strategies like buttering layers, nickel-based weld metal, and post-
weld heat treatments to mitigate residual and thermal stresses, these joints remain prone to
thermal sensitization and stress corrosion cracking in the reactor environment, often leading to
coolant leaks. The gradual change in composition along the part's length would eliminate the

sharp interfaces as illustrated in the schematic in Figure 2.4 (a and b).

Dissimilar Metal —— , Similar weld
LI 1pe€ nozzie L
RPV Pipe nozzle weld joint joint

A AS508 carbon steel
AS508 carbon steel

Weld buttering Weld buttering

Safe-end pipe SS316L

Additively manufactured
graded transition joint

Similar weld
joint

Safe-end pipe
SS316L

stainless steel
cladding layer

stainless steel
cladding layer

©) ®

Figure 2.4: Schematic cross sectional view showing (a) conventionally designed dissimilar

metal welded joining, and (b) functionally graded additively manufactured joint [66]

In aerospace applications, dissimilar joints are critical in optimizing strength, high-temperature
resistance, and weight reduction, particularly in aircraft jet engines. To address these
challenges, FGMs give a better alternative approach. Therefore, most spacecraft and aircraft
components currently employ FGMs with gradient properties. These include critical elements
such as rocket engines, spacecraft gear structures, and heat exchange plates, as well as various
structural components like reflectors, solar panels, camera mounts, turbine wheels, turbine
blade coatings, nose covers, and the leading edges of missiles and space shuttles, as illustrated

in Figure 2.5.
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Figure 2.5: Applications of functionally graded materials in aerospace sector [67]

Various automotive components, including diesel engine pistons, cylinder liners, combustion
chambers, racing car brakes, driveshafts, and flywheels, often require graded thermal, pressure,
or stress resistance properties. FGMs are well-suited for these applications, as depicted in
Figure 2.6. FGMs with graded properties also hold potential for automotive body coatings.
However, due to high costs, the utilization of FGMs in automotive contexts is limited and

generally restricted to critical parts.

In recent years, FGM compositions such as FG WC/Co and TiCN WC/Co have gained
prominence in producing cutting tools like turning tools, grinding and milling cutters, and twist
drills. These materials improve surface wear resistance and hardness, increasing tool lifespan
and feed rate during machining operations and reducing machining time [68]. Heavy machinery
and tooling sector also hold significant potential to use FGMs with a graded structure. FGMs
are extensively utilized in manufacturing various engineering components, including cutting
tools, metal forming moulds, and machine engine blocks. They offer significant enhancements

in strength, thermal, wear, and corrosion resistance for these components [69].
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Figure 2.6: Applications of functionally graded materials in automotive sector [70]

2.4 FABRICATION OF METAL BASED FGMs

The abrupt transition in microstructure and properties of dissimilar metals poses challenges
such as lack of fusion, compromised mechanical properties due to non-uniform melting and
rapid solidification, and micro-segregation of alloy elements [12]. To address these issues,
various studies have proposed AM techniques for the fabrication of FGMs [66, 71-73]. Cesar
et al.[74] explored the fabrication of multi-material structures using Ti-6Al-4V and copper
through the electron beam melting (EBM) based AM. They developed a novel method

involving multiple build sequences to accommodate both materials.

The co-axial deposition capability of laser engineered net shaping (LENS) facilitates the
fabrication of smart and functional components, providing enhanced compositional precision
and improved properties [75]. It is uses a focused laser beam as heat source and it create a
liquid metal pool on a substrate in which the metal feedstock (powder/wire) is supplied [76].
Meng et al. [39] investigated the gradation strategy during the fabrication of a FGM from
Inconel 625 to Ti6Al4V using LMD. Bayode et al. [77] investigated the application of LMD

22



for the development of a FGM based on stainless steel. This study employed two grades of
stainless-steel powder: AISI 316L and 17-4 PH. Both metal powders were fed together through
a coaxial delivery nozzle, converging at a single liquid metal pool. Varying flow rates were
employed to achieve the intended gradient of alloys. Rapid melting and solidification occur
during the LMD process, increasing the possibility of intermetallic compound formation while
fabrication of FGM. This issue requires attention and mitigation strategies. It was observed that
cracks occurred in the transition zone between 80% Inconel 625 and 20% Ti6Al4V, as well as
between 70% Inconel 625 and 30% Ti6Al4V for non-preheated samples due to the formation
of massive Cr- and Mo-enriched phases. In contrast, no cracks were detected in preheated

gradient samples.

Gunasekaran et al.[78] reviewed the application of selective laser melting techniques to
fabricate various metal based FGM such as aluminium alloys, magnesium alloys, titanium
alloys and various grades of steel. Bobbio et al. [79] developed FGM composed of Ti6Al4V,
and Invar using direct energy deposition (DED). Yoo et al.[80] observed that the fabrication of
bimetallic structures using LMD alone is slower and time taking. Consequently, many
researchers have turned to WAAM as an alternative method which has several advantages,
including its relatively low cost, elimination of the need for a vacuum chamber (unlike electron
beam methods), economical applicability to large operating volumes, and higher deposition

rates [81].

2.5 WIRE ARC ADDITIVE MANUFACTURING

The concept of wire arc additive manufacturing originates from additive layer manufacturing
(ALM), wherein the part is built up through the deposition of material layer by layer [82]. The
roots of the WAAM process can be traced back to the 1920s when Baker [46] proposed using
an electric arc as the heat source and filler wires as feedstock materials to deposit metal
ornaments. WAAM offers several advantages over other additive manufacturing processes,
such as the ability to work with materials or produce parts with metals that are challenging to
machine, faster production speeds compared to other metal additive manufacturing methods,

direct production of metallic parts from CAD models, and high productivity.
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2.5.1 Classification of Wire Arc Additive Manufacturing

The WAAM process is classified on the basis of the heat source, which are commonly three
types [83] : gas metal arc welding (GMAW), gas tungsten arc welding (GTAW) and plasma
arc welding (PAW). These power sources have specific features as listed in Table 2.1. The
deposition rate of GMAW- based WAAM is 2 to 3 times higher than that of GTAW-based or
PAW- based methods. However, the GMAW-based WAAM is less stable and generates more
weld fume and spatter due to the electric current acting directly on the feedstock. The choice
of WAAM technique directly influences the processing conditions and production rate for a

target component.

Table 2.1: Comparison of various WAAM techniques [47]

WAAM  Energy Features References
Method  source

GTAW Arc Non-consumable electrode;
Based Separate wire feeder required,

Typical deposition rate: 1-2 kg/hour;

Simultaneous control of Wire feeder and welding torch

needed;
GMAW  Arc Consumable wire spool electrode;
Based Typical deposition rate 3-4 kg/hour;

Poor arc stability, higher weld spatter;
Cold Arc Reciprocating consumable wire electrode;
metal Typical deposition rate: 2-3 kg/hour;
transfer Low heat with zero spatter,
(CMT) High process tolerance;
Twin Arc Two consumable wires electrodes;
wire Typical deposition: 6-8 kg/hour;
GMAW Easy mixing to control composition for intermetallic

materials manufacturing;

PAW Plasma  Non-consumable electrode; Separate wire feed
based process;

Typical deposition rate 2-4 kg/hour;
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Wire and torch rotation are needed;

A schematic diagram illustrating the GMAW, GTAW, and PAW processes is depicted in
Figure 2.7. GMAW involves an electric arc formation between a consumable wire electrode
and the workpiece metal, with the wire typically positioned perpendicular to the substrate as
shown in Figure 2.7 (a). Metal transfer in GMAW occurs through various methods such as
globular, short-circuiting, spray, and pulsed spray, each with distinct characteristics.
Additionally, the cold metal transfer (CMT) technique, a modified GMAW variant utilizing a
controlled dip transfer mode, has been widely adopted in additive manufacturing because of its

high deposition rate and low heat input [84].

In contrast, GTAW and PAW employ a non-consumable tungsten electrode for welding.
Unlike GMAW, the orientation of wire feed in GTAW and PAW is variable, influencing
deposit quality and complicating process planning. The disparities between the plasma arc and
GTAW arc are illustrated in Figure 2.7 (b and c), with the plasma arc exhibiting a narrower
high-temperature zone, resulting in relatively narrower weld beads. Plasma welding also offers
higher arc energy than GTAW welding, resulting in less weld distortion and smaller, faster

welds [85].
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Figure 2.7: Schematic diagram of the (a) GMAW, (b) GTAW, and (c) PAW process [83-85]

2.6 GTAW BASED WAAM

The GTAW utilizes a non-consumable tungsten electrode to generate the welding arc (Figure
2.8). A weld made with this process is stronger, and more reliable than one made with shielded

metal arc welding (SMAW) or GMAW [86]. Despite being more challenging and notably
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slower than other welding techniques, the need for multi-wire feeding in a single arc mandated
GTAW to develop Ni-Cr-Mo-based FGM. In recent years, the GTAW process has been
successfully implemented in AM processes for manufacturing various alloy parts, with various

control methods developed to optimize its application.

In general, the quality of a weld is assessed based on its microstructure and various factors,
including the presence of spatter, overfill, or underfill [87]. Although these characteristics are
not easily quantifiable, they are often linked to factors such as the cooling rate of the molten
pool, metal transfer mode, bead geometry, and surface quality of substrate. Moreover, many of
these attributes are influenced by the mass and heat transfer during the welding process to the
weld pool, and the thermal cycling processes during deposition play a significant role in
determining the chemical composition, microstructure, and mechanical properties of the
fabricated materials [88]. As a result, the integrated control of GTAW for wire-based metal
additive manufacturing can be categorized into three main sections: control of welding
parameters, control of the welding pool, and control of filler material. It has been demonstrated
that different combinations of these processing parameters can achieve a deposited layer with

similar geometry [89].
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Figure 2.8: Integrated GTAW-AM process
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2.6.1 GTAW Process Parameters and Their Effects

In the GTAW process, welding parameters typically include welding current, voltage, travel
speed, and shielding gas flow rate. However, for GTAW-powered additive manufacturing
processes, additional parameters such as preheating temperature and interpass temperature
control become necessary. These parameters directly influence the molten pool's dimensions
(depth and width) and the deposited material's quality during the deposition process [90].
Controlling these parameters ensures an appropriate thermal cycling field throughout the multi-
pass fabrication process. Welding current primarily impacts the penetration depth rather than
the width of the welds [91]. Selecting the appropriate welding current depends on substrate
thickness, material type, travel speed, and joint configuration, aiming to deliver the proper
energy input into the weld pool. The resistance heat generated during deposition can be
calculated using the equation below [92], where Q: represents resistance heat, ‘I’ denote
welding current, ‘R’ signifies the equivalent resistance of the welding arc, and ‘T’ denotes the

welding time at the welding position.

In practical AM operations, linear heat input is a more applicable parameter compared to

resistance heat.

In this equation, Q represents welding heat, V denotes welding voltage, I stands for welding
current, v represents specific welding speed, and n signifies the heat transfer efficiency of the
welding arc to the molten pool. For direct current (DC) GTAW processes, the heat input
efficiency typically ranges between 78% and 85%, while for alternating current (AC)
processes, it ranges between 68% and 85% [93].

In conjunction with the welding current, a higher welding voltage can lead to an increased
width of welds due to the larger cross-section of the torch. In certain operations, welding
voltage is primarily influenced by the arc length between the tungsten electrode and the
workpiece. A longer arc length can result in wider welds while slightly reducing welding
penetration. Maintaining an appropriate arc length is crucial for GTAW processes; excessively

long arc lengths can lead to weld porosity and inadequate gas protection for the workpiece,
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whereas too short arc lengths can make it challenging for welders to observe the molten pool
during deposition. They may cause issues such as short circuits, contamination of the tungsten
electrode by the filler material, and excessive burning loss of the tungsten electrode. By
controlling the arc length, the shape of the welding pool can be managed, leading to improved
welding performance [35]. In butt welding, the optimal arc length is typically approximately
equal to the diameter of the tungsten electrode [27]. In specific GTAW operations, the
relationship between the appropriate welding voltage and welding current can be described by
the empirical formula as given in Eq.3 [94]. Where, V is a voltage across the welding arc and

[ is an arc length.
V =10+ 0.041-----—--- Eq-iii

Kumar et al. demonstrated the influence of GTAW process parameters on bead geometry,
revealing that the bead width increased almost linearly with welding current while other
parameters remained constant. Figure 2.9(a) depicts the variations in weld-bead size
corresponding to changes in welding current. Moreover, an increase in penetration depth was
observed alongside a slight decrease in weld height as the welding current increased. Notably,
the rate of increase in bead width surpassed the rate of change in penetration depth or weld
height. It was noted that weld width decreased with increasing welding speed, while penetration
depth exhibited minimal variation (Figure 2.9(b)). Conversely, weld height decreased as
welding speed increased, providing insights into the complex interplay of process parameters

on weld characteristics.

Dilution increased with rising heat input when achieved through increased welding current at
a constant speed. Conversely, reducing welding speed at a constant current led to a decrease in
dilution with increasing heat input. At lower currents (<150A), dilution remained below 15%,
whereas it exceeded 50% at higher currents (>230A), underscoring uncertainties associated
with TIG welding's dilution behaviour. Remarkably, controlling welding parameters yielded
significant differences in dilution levels for the same heat input, emphasizing the nuanced

effects of welding current versus welding speed adjustments.
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2.6.1.1 Shielding Gas Flow Rate Control

The flow rate of the shielding gas is a critical factor in achieving optimal GTAW bead quality
[88]. Maintaining a suitable flow rate is essential to ensure the protection gas forms a laminar
flow characterized by good rigidity and a wide coverage area. Insufficient flow rates can lead
to low wind resistance during outdoor welding, while excessively high flow rates can cause
turbulence in the welding torch, potentially resulting in weld porosity. In certain scenarios,
trailing shielding gas may be required to ensure complete protection of the welding bead after

solidification.
2.6.1.2 Weld Pool Control

The shape of the welding pool plays a significant role in influencing the welding temperature
field, the quality of the weld bead, and sometimes even the phase composition of the fabricated
material [96]. In GTAW processes, the molten droplet transfer typically occurs in either
globular transfer mode or bridging without interrupting transfer mode. In the globular transfer
mode, molten droplets are bigger than the diameter of the filler wire and drop away from the
welding wire due to gravity when sufficiently large. This mode yields comparatively uniform
weld penetration and helps avoid finger-shaped penetration. However, it can compromise
welding arc stability and result in an unsatisfactory bead shape, making it less suitable for
materials with low weldability. In bridging without interrupting transfer mode, the filler wire
first contacts the molten pool, then rapidly detaches due to overheating before directly
transferring into the molten pool. This mode offers steady and precise control over weld shape,

making it suitable for GTAW-powered wire-feed metal AM processes [97]. However, the
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globular transfer mode may be necessary under certain welding conditions. Achieving the
desired transfer mode requires a surveillance and tracking controller system. Research has
shown that in-situ, digital, and tracking-type controllers are well-suited for welding pool
control systems[98]. Unlike laser or electron beam welding, GTAW processes heavily rely on
manual operation. However, efforts are underway to automate or remotely control the process
due to its complexity and many uncertainties. In the context of AM processes, changes in the
position and size of the weld bead and welding penetration instability can significantly impact
welding quality, further complicating the process. Various sensing methods for GTAW have
been explored to control the welding process automatically, with practical processing
algorithms crucial for desirable sensing results[99]. Vision-based and auditory-based sensing
methods are the two main categories, with high-speed, accurate image processing and weld
pool reconstruction algorithms required for real-time control [100]. Technological
advancements, photoelectronic, image processing, and computer technology have

revolutionized visual inspection techniques [101].

2.7 METAL USED IN WAAM

Today, WAAM has become a promising manufacturing process for various engineering
materials such as titanium-based alloy, aluminium-based alloy, nickel-based alloy and steel.
The WAAM process uses commercially available wires which are produced for the welding
industry and available in spooled form and in a wide range of alloys as feedstock materials.

The Table 2.2 indicates the commonly used alloys and their various applications in WAAM.

Table 2.2: Metals used with WAAM process under different industrial applications [102, 103]

Applications Metals/ alloys used

Aerospace Al alloys, Ti alloys, Ni based super alloys and bimetals of Inconel
and stainless steel

Marine Ti alloy, stainless steel, steel alloys

Automotive Al alloy, steel alloy and bimetals

Food industries Stainless steel

Corrosion resistance Ti alloy, stainless steel, Ni alloy and bimetal

High temperature | Ni based super alloy, Ti alloy, bimetals

application
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Tools and molds Tool steel, die steel

2.8 TYPES OF SUPER ALLOYS USED FOR DEVELOPMENT OF FGM

Superalloys are a class of high-performance materials known for their exceptional strength,
creep resistance, and corrosion resistance at elevated temperatures. These alloys are typically
used in extreme environments, such as aerospace turbine engines, gas turbines, nuclear
reactors, and chemical processing plants, where conventional materials would fail. Superalloys
traditionally fall into three main classes: Ni-Fe based, Cobalt (Co) based and nickel (Ni) based

super alloys.

2.8.1 Ni-Fe-based Superalloys

Superalloys traditionally fall into three main classes. The first class, Ni-Fe-based superalloys,
was among the earliest developed. These alloys feature high percentages of iron, which serves
as a base material alongside nickel [104]. While sharing similarities with Ni-based superalloys
regarding solid-solution strengthening mechanisms, Ni-Fe-based superalloys exhibit a
different precipitation morphology, forming spherical rather than cuboidal y' phase
strengthening precipitates [105]. They are predominantly used as wrought rather than cast

materials [104].

2.8.2 Co-based Superalloys

The second category 1s Co-based superalloys, these alloys primarily consist of cobalt as the
base metal, with additions of other elements such as chromium, tungsten, and nickel to enhance
their properties. Cobalt-based superalloys are widely utilized in aerospace, gas turbine engines,

and industrial gas turbines, where they endure extreme temperatures and mechanical stresses.

2.8.3 Ni-based Superalloys

The third category comprises Ni-base superalloys, the most currently utilized blade alloys.
These alloys can be subdivided based on microstructure and composition, influencing their
strengthening mechanisms. Among all these super alloys, Ni-based superalloys are favored for
high-temperature applications, reaching up to approximately 1370°C. Ni-Fe-based superalloys,
such as the widely used IN718 alloy, are suitable for lower temperatures, up to around 650°C

[106]. Due to their lower cost in alloy additions than Ni-based superalloys, Ni-Fe-based
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superalloys are more economically viable at lower temperatures. They are preferred for certain
applications based on specific strength requirements [107]. The austenitic face-centered cubic
(FCC) matrices characteristic nickel demonstrates exceptional capability for dissolving high

concentrations of alloying elements compared to other metals [104].

2.9 TYPES OF Ni BASED SUPERALLOYS

Nickel-based superalloys are categorized into several types based on their composition,
microstructure, and intended application. Some common types of nickel-based superalloys are

Inconel 625, Inconel718 and Ni-Cr-Mo based alloys.

2.9.1 Inconel 625

Inconel 625 is a nickel-based superalloy renowned for its remarkable strength, primarily
attributed to the solid-solution hardening effect generated by refractory metals, such as niobium
and molybdenum, embedded within a 'nickel-chromium' matrix [108]. This alloy boasts
exceptional resistance to hot corrosion, fatigue, and wear, excellent weldability and impressive
strength retention at elevated temperatures [109]. Consequently, it finds widespread application
in aerospace, chemical, petrochemical, marine, and other industries requiring materials
resistant to high temperatures and corrosion [110]. Despite its utility, the intricate shapes of
many Inconel 625 components render them costly to produce using conventional methods,
primarily due to extensive machining requirements [111]. Inconel 625 displays precipitation
hardening on account of the appearance of the metastable phase y” [Ni3Nb] that occurs when
annealed over an extended period of time between the temperatures of 550— 850 °C [15].
Various forms of carbides like MC, M¢C and M23Cs, may also precipitate depending upon the
temperature and time of aging. The microstructure of Inconel 625 fabricated by conventional

manufacturing process and DED is shown in Figure 2.10 (a) and (b) respectively.

Kumar et.al. observed that in Inconel 625, precipitates formation takes place at a temperature
between 650°C and 875°C, which significantly impacting the alloy's strength. When stress is
applied at elevated temperatures, M23Ce-type carbides grow at grain boundaries. At 700°C, c"
precipitates emerge, comprising Ni3(Nb, Ti, Al) with a tetragonal crystal lattice structure,
adopting a disk-shaped morphology coherent with the matrix. At 725°C, d-phase precipitates

form, consisting of Ni3(Nb, Mo) within an orthorhombic lattice structure. Both ¢" and d-phase
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precipitates dissolve into the matrix completely at 875°C, enhancing the alloy's creep properties

and extending its lifetime.

Figure 2.10: Microstructure of Inconel 625 (a) conventional manufacturing process and (b)

DED process[112]
2.9.2 Inconel 718

Inconel 718 is a precipitation-hardened nickel-iron alloy with a face-centered cubic structure,
modified by the addition of niobium [113]. This alloy is known for its high strength, enhanced
creep resistance, and superior fatigue life, particularly at temperatures up to 973 K, along with
favorable weldability characteristics [114]. Many of the exceptional properties exhibited by
conventional Inconel 718 can be attributed to the precipitation kinetics of the alloy, which are

inherently sluggish in nature [115].

Figure 2.11: Inconel 718 microstructure (a) conventional and (b) DED manufacturing

process[116]

The microstructure of Inconel 718 fabricated by conventional manufacturing process and DED
is shown in Figure 2.11(a) and (b) respectively. The microstructure of Inconel 718 consists of

a face-centered cubic matrix of y with a significant presence of strengthening carbides and
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intermetallic phases, including face centered cubic y’ Niz(Al, Ti and Nb), ordered tetragonal
v’ Ni3Nb, and face centered cubic MX (Nb, Ti) (C, N). Undesirable phases such as hexagonal
laves phase Az: B form (A = Ni, Fe, Cr) and (B = Nb, Mo, Ti) and orthorhombic 6 phases
Niz(Nb, Ti) may also be present. The main strengthening mechanism for Inconel 718 involves
coherent metastable phases, y; and y’’, with specific heat treatment techniques utilized to

maximize their precipitation in the nanoscale [117].

2.9.3 ERNiCr-Mo-10

Due to its unique properties, the ERNiCr-Mo-10 material exhibits promising potential for
developing Ni-based FGMs. This alloy, composed of Nb-free Ni, Cr and Mo, offers excellent
corrosion resistance, high-temperature strength, and good weldability [118]. These attributes
make it suitable for applications with a desired gradient of properties, such as in thermal barrier
coatings, aerospace components, and chemical processing equipment. By leveraging the
compositional versatility of ERNiCr-Mo-10 and controlling processing parameters, engineers
can tailor the microstructure and properties along a gradient to meet specific performance

requirements, enhancing the functionality and performance of advanced engineering systems.

2.10 DEVELOPMENT OF METAL BASED FGMs USING WAAM

Iron, chromium, and nickel exhibit favorable solubility characteristics, making them suitable
alloying element for designing metallic FGMs. A significant interest is being shown in joining
stainless steels with nickel-based superalloys to achieve both the elevated temperature strength
and cost-effectiveness of the latter. In 1997 Griffith et al. [119] prepared precise multi-material
processing techniques for depositing FGM structures ranging from SS316 to Inconel 690. This
marked one of the earliest instances of laser-deposited metallic FGMs featuring a
compositional gradient path transitioning from 100% metal A to 100% metal B. Building on
this foundation, Lin et al. [120] in 2004 successfully fabricated SS316L/Rene88DT FGMs,
varying from 100% SS316L to 100% Rene88DT nickel superalloy. The deposition process
involved epitaxial growth of columnar dendrites, a phenomenon which was further

investigated.

In the past decade, several studies have focused on steel/Inconel FGMs, exploring various
fabrication methods and their effects on material properties. Carroll et al. [121] conducted

research on SS304L/Inconel 625 FGMs fabricated using LMD without predefined
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compositional boundaries. Microstructural analysis revealed a diffused gradient zone without
distinct boundaries, and no significant compositional deviations were observed. However,
cracks were detected in a region containing approximately 79 wt.% SS304L and 21 wt.%

Inconel 625, attributed to the presence of secondary phases.

Shah et al. [72] investigated the manufacturability of SS316L/Inconel 718 FGMs and studied
the influence of powder flow rate and laser power on material properties. Various laser power
levels ranging from 450W to 750W and powder flow rates of 0.632g/s and 0.834g/s were
employed during FGM fabrication. The microstructures of all FGMs exhibited columnar
dendritic growth, with the secondary dendrite arm spacing (SDAS) increasing with power and
decreasing with powder flow rate. The formation of NbC in regions with higher Inconel content

contributed to increased hardness.

Sasikumar et al. [122] conducted a study to manufacture a bimetallic FGM based on SS316L
and Inconel625 using GMAW-WAAM. The WAAM process successfully fabricated the FGM
without any defects, and no solidification cracking was observed at the bi-metallic interface
(IF) region. Microstructural analysis revealed a distinctive transition at the IF, characterized by
a discontinuous dendritic structure. This study highlights the potential of WAAM in fabricating
FGMs with the desired properties, positioning it as a viable alternative to traditional

manufacturing techniques for producing such materials.

In contrast, Zhang et al.[123] explored FGM fabrication method using twin wire GTAW-
WAAM. They employed two deposition strategies: iso-variable transition strategy (ITS) and
optimized transition strategy (OTS) to produce Inconel625-high strength low alloy (HSLA)
steel FGMs. The aim was to utilize FGMs to replace dissimilar joints, reducing challenges with
multi-material interfaces. However, FGMs fabricated via ITS using WAAM often suffer from
weakened performance or detrimental precipitates due to continuous compositional changes.
To overcome this, OTS was employed to refine the fabrication process, successfully

eliminating weak-performance-graded regions in FGMs fabricated by ITS.

In a study by Wu et al. [62], two types of SS316L/Inconel 718 FGMs were fabricated with
horizontal and vertical gradients. Elemental distribution showed a uniform linear pattern.
Microstructural and hardness variations were observed between horizontally and vertically

graded FGMs due to differences in cooling effects during fabrication.
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Nowadays, WAAM process is extensively used by the research community because of its
design flexibility, high deposition rate and low cost. Zhang et al.[123] employed twin wire
GTAW-WAAM process to develop an Inconel625-high-strength low-alloy (HSLA) Steel
functionally graded material (FGM). After fabrication, chemical composition distribution,
microstructure, phase evolution, and mechanical properties of developed FGM were studied.
Initially, the chemical composition exhibited a graded distribution with increasing proportions
of HSLA Steel. In regions with 20% HSLA Steel, the primary dendrite spacing was observed
to be the largest, gradually decreasing after that. The predominant microstructure transitioned
from columnar dendrites to equiaxed dendrites across the FGM. Furthermore, the precipitation
behaviour varied with the HSLA Steel content. Laves phase precipitated along dendrite
boundaries when the HSLA Steel content was below 70%, while Nb-rich carbides precipitated
when the content exceeded 70%. Regarding mechanical properties, both microhardness and
tensile strength exhibited a gradual decrease with increasing HSLA Steel content, except for a
notable improvement observed when the proportion of HSLA Steel increased from 70% to
80%, where there was a drastic enhancement from 159HV to 228HV and 355MPa to 733MPa,

respectively.

Rodrigues et al.[124] introduces different deposition strategies, named as direct and smooth-
type interfaces for the development of metal FGM. Twin-Wire and Arc Additive
Manufacturing (T-WAAM) technique was used to fabricate SS316L/Inconel625 FGM. This
combination of materials is of interest in chemical plants, oil & gas, and nuclear applications,
where high corrosion and wear resistance are essential requirements. Although these properties
are superior in Inconel 625, replacing Inconel with stainless steel in strategic regions of
structural components can reduce the overall costs and parts' weight. Both direct and smooth
transition interfaces were tested and characterized. Microscopic analysis revealed that each
interface and the as-built samples had an austenitic matrix, and every sample was well bonded
and free of defects. Different types of microstructures evolved at the interfaces due to distinct
gradients in composition. X-ray diffraction measurements showed that the smooth-gradient
produced secondary phases, such as d-phase (Ni3Nb) and carbides, that were not present with
the direct interface strategy. Overall, the properties were superior in the FGM with a direct
interface, which experienced higher strengths and elongations upon failure. Table 2.3 represent

current research work carried out in the field of WAAM process.

Table 2.3: Research work carried out in the field of WAAM process
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Author/ Work done Findings from research
Year of

Publication

Martina et In this study, authors attempted to Using interpass rolling has been

al. [125] mitigate residual stresses induced discovered to be an efficient method for
during WAAM with high-pressure mitigating longitudinal residual stress.
interpass rolling on Ti—6Al4V
components.

Martina et Proposed high-pressure interpass Interpass rolling can be reducing the

al. [126] rolling to mitigate or completely longitudinal residual stress, but it has
eliminate distortion and residual geometrical constraint which limits its
stress produced in  WAAM uses.
fricated.
Ti—-6Al-4V components

Prado et The researchers proposed a The current investigation focused on

al.[127] cheaper metal additive determining the optimal process
manufacturing technique than parameters for experimentation,
laser or electron beam including welding speed, current, and
technologies. It was done by voltage.
combining CMT welding and
CNC milling.

Bintao et The authors examined To make WAAM more competitive,

al.[47] microstructure, mechanical process stability, deposition flaw
properties, process flaws, and reduction, and high-quality components
post-process treatment in the latest with superior mechanical performance
WAAM advances. are key research areas.

Paskual et They proposed a detailed study on The components manufactured by

al.[128] WAAM technology, and they WAAM have shown an anisotropy in the

found that it achieves high-quality

mechanical properties, which must be

37



parts with very high deposition
rates of up to 5 kg/h in stainless

steel or 2.5 kg/h in Ti6Al4V alloy.

taken into account during or after
fabrication, either by heat treatment or

mechanical treatment.

Seow

al.[51]

et

This study examined whether heat

treatments improved the

microstructure and tensile

properties of WAAM IN718. The
study also examined the material's
with  its

tensile  anisotropy

microstructure.

This study found that the micro-
segregation of intermetallic compounds
during WAAM deposition causes

anisotropic mechanical properties.

Ahsan
al.[129]

et

They proposed that GMAW based
multi-material WAAM system to
fabricate bimetallic components of
low carbon steel and AISI 316L
stainless steel (SS).

Significant ductility was reduced and the
component needs heat treatment, which
can be minimized by pressure and
friction processing and eliminate the

need of heat treatment

Bintao

al.[130]

et

They fabricate Fe-Ni based
bimetallic components by WAAM
enhanced

of

process and found

mechanical  strength the
component, which has yet to be

reported.

Conventional welding processes can be
used. Dendritic grain growth at an angle
60° from the substrate along the
feedstock delivery direction was found,
which affects the structural integrity of

the component.

Ahsan
al.[131]

et

This study investigated high-
entropy alloy (HEA) developed
using GTAW-based WAAM
process and found near-optimal

process parameters.

The findings from the statistical analysis,

microstructure  characterisation, and
mechanical testing indicate that the
GTA-WAAM technique, when using
pre-alloyed wire, can serve as a viable
alternative method for producing the
Alp.1CoCrFeNi HEA with a predefined

composition.
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Senthil
al.[132]

et

This work used CMT--based
WAAM to make an FGM of
Inconel 825-SS316L wall.

The authors observed continuous cellular
dendritic and discontinuous cellular
dendritic grain development in the
Inconel 825 region. In contrast, the
SS316L region primarily consisted of 6-
ferrite within the primary austenitic (y)

dendrites.

Kim
al[131]

et

This study evaluated the use of
DED to additively manufacture a
functionally  graded  material
(FGM) with a compositional range
of Ni-based alloy (Inconel 718)

and Fe-based alloy (SS 316L).

Intermetallic and carbide compounds in
ceramic oxides created critical holes and
cracks. EBSD and XRD analysis of the

FGM indicate thermal and residual

stresses at grain borders due to

constitutional supercooling and

columnar-to-equiaxial transition

concentrations.

Ghanavati

et al.[133]

This research examined the

solidification = behaviour and

microstructure evolution in laser
additive manufacturing of thin-
steel 316L-

walled stainless

Inconel 718-graded materials.

This study found that the micro-

segregation due to nonequilibrium

solidification is susceptible to secondary

phases of metal carbides and

intermetallic compounds of Laves, which
the mechanical

may affect

characteristics.

Kim
al.[134]

et

The authors described a bimetallic
additively produced structure
(BAMS) made of Inconel 625
(In625) and SS316L. The structure
was created using a GMAW

WAAM.

The author revealed that during the
deposition of dissimilar metals, the
localized strain developed at the
bimetallic interface due to the difference
in thermal expansion coefficients. As a
result of these localized strains, dynamic

strain hardening was achieved, resulting
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in a higher level of hardness at the

interface.

Zhang et This author employed DED to This study examined DED-machining

al.[135] create metallic FGMs by blowing hybrid FGMs. Dry peripheral milling
metallic powder into the molten with a tungsten carbide (WC) milling
pool while gradually altering cutter processed the FGM specimen.
powder feed rates.

Yoo et The investigation involved the The authors found that LMD-WAAM

al.[80] execution of the LMD-WAAM samples exhibit favorable mechanical

method to  manufacture a
bimetallic structure composed of

IN625-SUS304L.

properties and do not exhibit any
observable cracks resulting from thermal

stresses.

2.11 Challenges in WAAM Fabricated Components

Porosity, high residual stress, and cracking are significant concerns, particularly for parts
exposed to extreme environments where these defects can lead to failure, such as high-
temperature fatigue. The residual stress can lead to distortion of the part, loss of geometric
tolerance, delamination of layers during deposition, as well as deterioration of fatigue
performance and fracture resistance of the additively manufactured components. Defects in
WAAM can arise from various factors, including inadequate programming strategies, unstable
weld pool dynamics due to poor parameter setup, thermal deformation resulting from heat
accumulation, environmental influences like gas contamination, and other machine
malfunctions. Certain materials exhibit susceptibility to specific defects, for instance, titanium
alloys are prone to severe oxidization, aluminum alloys may suffer from porosity, steel can
exhibit poor surface roughness, and bimetal components are susceptible to severe deformation

and cracks. Some common defects, there causes are listed in Table 2.4.

Table 2.4: Common defect associated with WA AM fabrication [47, 102, 134, 136, 137]

Defects Remarks
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Residual  stress = Residual stress is inheritance with WAAM and it should be

and deformation minimized.

= Many post processing techniques have developed to mitigate
residual stress such as rolling treatment, interpass cooling and
mechanical hammer peening.

= Ultrasonic assistance can also reduce the residual stress of
additive metal components.

= Cr, Ni and Fe alloy has relatively low residual stress.

Porosity =  WAAM inherently have low porosity but due to raw materials
surface contamination produces pores after solidification.

= Heat supplied influences the porosity formation, lack of heat or
higher heat input both causes porosity of the additive parts

= By excess shielding gas flow rate and by using optimal heat
input, it can be reducing, A novel method called hot-wire arc

AM can also reduce porosity

Crack and = Excessive heat input will increase the cracking tendency.

delamination = heat sensitive material such as magnesium alloy suffer from hot
cracks in fusion welding

= Bimetallic materials are prone to crack and delamination due to

sharp interface.

Therefore, control and minimization of deformation and residual stress in the developed
product the various post processing treatments have been employed which is discussed in

subsequent section.

2.11.1 Post Processing Treatment in WAAM

In the preceding section, we examined the defects commonly associated with parts fabricated
through WAAM. The WAAM processes inherently generate high levels of heat during
fabrication, leading to the accumulation of residual stresses in the finished parts. These residual
stresses often result in geometric distortions and compromise the integrity of the fabricated
components [138]. Therefore, these issues must be addressed. A detailed discussion of these

issues will be presented in this section, along with potential mitigation measures.
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Kim et al. [134] developed a bimetallic additively manufactured structure (BAMS) consisting
of SS316L and Inconel 625 using GMAW-WAAM technique. Subsequently, post-heat
treatments were conducted. A Bulk BAMS underwent heat treatment at 970°C to enhance its
mechanical properties. This heat treatment prompted a microstructural transition from delta-
ferrite to austenite in SS316L, resulting in improved tensile strength compared to the as-built
sample, similarly in crystal structure and lattice constant between Inconel 625 and SS316L
facilitated epitaxial growth at the bimetallic interface, leading to the formation of coherent
columnar grains with identical crystallographic orientation as shown in Figure 2.12. During the
heating and cooling process, the distinct thermal expansion coefficients of both materials
created localized strains at the bimetallic interface, contributing to dynamic strain hardening

and resulting in higher hardness at the interface.
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Figure 2.12: EBSD image of inverse pole map for (a) As-built, (b) H10, and (c) H60, All EBSD

results were analysed based on the 8 um step size [134]

Wu et al. [49] proposed forced interpass cooling with the application of compressed CO> gas
along with WAAM to fabricate a straight wall structure made of Ti6Al4Vas shown in Figure
2.13. This study revealed that increasing the interpass temperature had minimal impact on the
deposited metal's microstructural evolution and mechanical properties. However, it led to the
widening and flattening of the deposited wall and increased surface oxidation, evident through
visible coloration (Figure 2.13 (b)). Conversely, rapid forced cooling using CO2 between
deposited layers resulted in slightly higher hardness values and increased strength (Figure 2.13
(c)). This was attributed to reduced surface oxide and increased density of dislocations due to
the formation of large amounts of fine-grained acicular o within the microstructure.
Additionally, forced interpass cooling improved deposition properties and enhanced
geometrical repeatability and manufacturing efficiency by reducing dwell time between

deposited layers.
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Colegrove et al.[52] introduced a novel hybrid WAAM technique integrated with interpass
rolling (Figure 2.14 (a)). This method incorporates bulk deformation techniques, such as
rolling, during the AM process, offering significant advantages, including the reduction of
residual stresses and distortion, as well as grain refinement. The latter is especially
advantageous for titanium alloys, as it transforms large prior B grains into a fine equiaxed
structure (Figure 2.14 (b and c)), resulting in isotropic mechanical properties that may surpass

those of the wrought material.
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Figure 2.13: (a) Schematic diagram of hybrid forced interpass cooling assisted WAAM, (b)
WAAM fabricated wall at different processing condition and (c) average hardness [49]

Honnige et al. [139] conducted a study to explore the capabilities of novel machine hammer
peening (MHP) in process or post process treatment with WAAM (Figure 2.15 (a)). It is an
alternate approach of rolling as an interpass cold working technique. These tools offer greater

flexibility during operation. The cold working behaviour was evaluated using EBSD (inverse
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pole figure maps). The study successfully achieved grain refinement through this approach as
shown in Figure 2.15 (b and c).

These studies highlight the significance of both in-process and post-process treatment
techniques and their substantial impact on parts fabricated through WAAM. They underline
the necessity of such techniques in WAAM for enhancing mechanical and metallurgical
properties, mainly through grain refinement and dynamic recrystallization. However, it is
acknowledged that every technique has its limitations, indicating the need for further
development. In the current research work, a novel hybrid approach combining friction stir
processing (FSP) with WAAM has been developed to fabricate FGMs. The subsequent section

elaborates on the friction stir processing techniques.

z
Yl—bx
(111)

o1) . (101)
Inz

Figure 2.14: (a) Schematic diagram of hybrid interpass rolling assisted WAAM, inverse pole
figure B orientation maps of Hybrid WAAM fabricated Ti-6Al-4V (b) as build and (c) with
cold rolling applied between every deposited layer [52]
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Figure 2.15: (a) Schematic diagram of hybrid machine hammer peening assisted WAAM,
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inverse pole figure maps of Hybrid WAAM fabricated Ti-6Al-4V (b) as build and (c) with
MHP applied between every deposited layer [139]

2.12 Friction Stir Processing

The Friction stir processing (FSP) is a solid—state hot—shear frictional deformation technique
that involves traversing a rotating tool across a workpiece to alter its microstructural properties
as shown in Figure 2.16 [140]. This frictional deformation may help to improve the properties
of the developed samples. In this processing technique, a rotating pinless tool is moved to the
top surface of the fabricated WAAM samples [141]. The heat produced by friction at the
shoulder surface softens the WAAM deposited material. This causes plastic deformation, and
the flow of plasticized metal as the tool is translated along the processing direction in WAAM
processed object. The FSP can change material properties, owing to grain refinement and

plastic deformation [142].
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Figure 2.16: Friction stirs processing technique

Substrate

2.12.1 Advantages of FSP

1. Produce fine-grained equiaxed microstructures [143]

2. Eliminate the majority of liquid-based defects

3. Can be used for a broad material range of ferrous and nonferrous metals [144]
4. Easy to operate and does not involve any environmental pollution

5. High mixing ability process
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6. FSP is an easy and high-speed process, so it can provide higher efficiency

2.13 RESEARCH GAPS AND PROBLEM FORMULATION
Based on the literature survey, the following problems have been identified:

1. It is observed from the literature review that a feasibility study is required for the

development of FGM using multi wire feed system with GTAW-WAAM processes.

2. The continuous variation of composition and structure is crucial for the performance of
FGMs. However, there is limited research focused on the development of such FGMs

using WAAM.

3. Friction Stir Processing (FSP) as a post-process treatment has not been investigated in

details after WAAM manufactured components.

4. The use and effect of an active cooling environment with FSP during the development

of FGMs has not been investigated in details.

5. The comparison of mechanical and metallurgical properties of developed FGMs with

and without post-process treatment using FSP is less explored.

2.14 RESEARCH OBJECTIVES

On the basis of research gaps identified through the available literature survey, the proposed
research plan was developed and the research objectives have been established, which are given

below:

1. Study on feasibility analysis for development of FGM through WAAM process.
2. Optimization of the processing parameters for FGMs development by GTAW process.

3. Optimization of friction stir processing parameters for developed FGMs at optimum

conditions.

4. Mechanical and metallurgical characterizations of developed and processed FGMs by

using various techniques
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2.15 METHODOLOGY

Developing a methodology for WAAM typically involves a series of steps to ensure the
successful fabrication of a part or product. The detailed methodology followed while
performing research work and experiments according to objectives is discussed and shown in

Figure 2.17.

Objective 1: The first objective is to conduct a feasibility analysis for the development of
functionally graded materials (FGMs) through the Wire Arc Additive Manufacturing (WAAM)
process. Based on the literature review, suitable materials were selected for the fabrication of
FGMs. Additionally, numerous trial experiments were performed for determining the most
influencing bead characteristics welding process parameters. Subsequently, a sufficient
number of trials were conducted for fabrication of multi-layer FGM of the selected material
and identified most influencing welding process parameters.

Objective 2: The second objective is to optimize the processing parameters for the development
of FGMs by using the Gas Tungsten Arc Welding (GTAW) process. Utilizing the findings on
the welding process parameters from trial experiments, the optimal range of welding
parameters were determined. The single layer and multi layers samples were deposited
accordingly.

Objective 3: Under this objective, Initially, the trial experiments were conducted to select the
optimal range of FSP parameters. The FGMs were processed at the optimize Friction Stir
Processing (FSP) parameters.

Objective 4: The fourth objective is mechanical and metallurgical characterizations of
developed and processed FGMs by using various techniques. In GTAW-WAAM and GMAW-
WAAM process, different FGMs (continuous and discontinuous) were fabricated. After
fabrication, the metallurgical and mechanical examination were performed. The microstructure
of deposited FGMs were analyzed through an optical microscope (OM) and scanning electron
microscopy (SEM). For finding the presence of precipitates developed in a deposited sample,
etched samples were examined by using SEM and energy dispersive spectroscopy (EDS). To
observe the grain boundaries, electron backscatter diffraction (EBSD) is used. For mechanical

characterizations of developed FGMs, microhardness and tensile tests were performed.
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Figure 2.17: Proposed research methodology used in the present research work

SUMMARY

This chapter thoroughly overviews the latest research discoveries regarding FGM achieved
through diverse additive manufacturing methods. Through literature review gap and problem
formulation have been done. The based upon gap observed from literature review, objectives

of research work have been decided.
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Chapter 3

MATERIAL SELECTION AND THEIR
CHARACTERIZATIONS

3.1 SELECTION OF MATERIALS

Ni-based superalloys are the most popular material studied by the AM research community,
mainly due to their high strengths at elevated temperatures and high fabrication cost developed
by using traditional methods [145]. The Ni-based superalloys exhibit superior mechanical
properties, oxidation resistance, and microstructural characteristics at high temperatures [146].
Because of their remarkable strength and oxidation resistance at temperatures above 550°C,
nickel-based superalloys are widely used in the aerospace, aeronautical, petrochemical,
chemical, and marine industries [127]. In recent years, various nickel-based superalloys, such
as Inconel 718, Inconel 625 have been studied and utilized in the WAAM process. In the
development of Ni-based FGMs, specific alloys such as Inconel 625, ERNiCrMo-10,
Nichrome 80/20, and pure Ni weld spools were selected for the present work. The criteria for

the selection of these elements are as follows;
3.1.1 Inconel 625

Inconel 625 is a wrought nickel-based superalloy that gains its strength primarily from adding
carbon, chromium, molybdenum, and niobium [147]. It was designed to operate at
temperatures lower than 973 K and combines good manufacturing properties with the high
strength that is characteristic of age-hardening nickel-based alloys. This material is used in
various sectors, including aerospace, aviation, marine, chemical, and petrochemical, have used

it.
3.1.2 ERNiCrMo-10

ERNiCrMo-10 is a solid nickel-based welding wire often used for overlay cladding and
welding dissimilar metals, particularly in applications requiring high strength, corrosion
resistance, and elevated temperature performance [148]. This alloy typically contains nickel

(Ni), chromium (Cr), molybdenum (Mo), and other alloying elements, offering excellent
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corrosion resistance and mechanical properties. It is commonly employed in petrochemical,
aerospace, and marine engineering industries for joining and repair applications where

durability and reliability are critical.

3.1.3 Nichrome 80:20

Nichrome 80/20 is a popular alloy consisting of 80% nickel (N1) and 20% chromium (Cr). It is
renowned for its exceptional resistance to high temperatures and oxidation. It is ideal for
heating elements, electrical resistors, and other applications requiring stable electrical
resistance over a wide temperature range. Nichrome 80/20 is widely used in industries such as
appliance manufacturing, aerospace, and automotive, where precise control of temperature and
resistance is essential. Its excellent mechanical properties, corrosion resistance, and ductility

make it a versatile material for various engineering applications.

3.1.4 Pure Nickel

The nickel (Ni), is a metallic element known for its excellent corrosion resistance, high
ductility, and good thermal and electrical conductivity. It is typically used in various industrial
applications where these properties are beneficial, such as in batteries, electroplating, alloying,
and in the production of batteries. Its corrosion resistance makes it valuable in chemical
processing equipment, while its electrical conductivity makes it useful in electronics and

electrical engineering applications.

These materials are chosen based on their unique properties and suitability for specific
applications. By incorporating them into the FGM with varying compositions throughout the
deposited height, a gradient of properties can be achieved, optimizing performance for different

regions within the material.

3.1.5 Selection of Substrate Material

In this experiment, the FGM was deposited onto a mild steel (MS) substrate measuring 200mm
x 50 mm x 16mm. The mild steel was chosen as the substrate material due to its availability,
low cost, and excellent weldability. Additionally, Ni-based alloys can be readily welded with

mild steel substrates.
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3.2 CHARACTERIZATION TECHNIQUES

The microstructure, elemental composition, phase orientation, grain size, and hardness
significantly influence the response and performance of any material. Therefore, it is crucial to
characterize the materials before processing them. While several techniques are available for

material characterization, only relevant techniques were employed in this study.

The materials were thoroughly characterized for their metallurgical and mechanical
characteristics. This involved utilizing scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDX), X-ray diffraction (XRD), inverted metallurgical microscopy (OM)
equipped with image analysis software, Vicker’s microhardness testing and universal testing
machine (UTM). Detailed specifications and characteristics of the equipment used for

characterization are provided in the Appendix (Figure A1-AS).

3.2.1 Metallurgical Characterization

Various instruments /equipment were used for metallurgical characterization of feed stock
materials and developed Ni-based FGMs. The details of various instruments used in

metallurgical characterization is presented in this section.

3.2.1.1 Optical Microscopy

The specimens for optical microscopy were first finely cut using wire EDM. After cutting,
metallographic samples were ground and polished according to standard procedures, then
etched by a reagent containing 70% vol. of HCI and 30% vol. of HNO3. The microstructure
has been examined by using optical microscope (OM) (maker: Radical Scientific Equipment,
Model: RMM-8T). An illustration of the OM facility is provided in Figure A-1 in Appendix A.
These optical microscopy techniques provide valuable insights into the porosity and
solidification microstructure of the developed FGM, facilitating comprehensive

characterization of the material properties.

3.2.1.2 Scanning Electron Microscopy

The metallographic and fractographic observation of the polished sample and fractured tensile

specimens were carried out using a Sigma - ZEISS Field Emission scanning electron
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microscope (SEM) under second electron inspection (SEI) mode, operated at 20kV. The
chemical composition of the finely polished sample was measured using the Bruker,
QUANTAX 200 energy disperse spectrometer (EDS) detector on the SEM. An illustration of
the SEM facility is provided in Figure A-2 in Appendix A. The composition testing points were

located approximately 50 um laterally from the hardness testing points.
3.2.1.3 Electron Backscatter Diffraction

Electron Backscatter Diffraction (EBSD) (Model No: Bruker, QUANTAX EBSD 400i) is an
advanced microscopy technique used to analyze the crystallographic structure and orientation
of materials at a microstructural level. By directing a focused electron beam onto the sample
surface, the interaction of electrons with the crystal lattice causes backscattered electrons,
whose patterns are then analyzed to determine crystallographic information such as grain size,
grain orientation, and phase identification. EBSD provides valuable insights into material
properties, including texture, deformation, and recrystallization behaviour, making it vital tool

in materials science and metallurgy research.
3.2.1.4 X-Ray Diffraction

X-ray Diffraction (XRD) is a non-destructive and rapid analytical technique primarily
employed for phase identification of crystalline materials. In an XRD setup, a cathode ray tube
generates X-rays, which are filtered to produce monochromatic radiation directed towards the
sample. When incident X-rays interact with the sample, diffracted rays are produced, satisfying
Bragg's Law (nA = 2dsin6). The Bragg's law describes the relationship between the wavelength
of electromagnetic radiation, the diffraction angle, and the lattice spacing within a crystalline
sample. The resulting XRD pattern is generated by detecting, processing, and counting these
diffracted rays. Software such as X-pert High Score is commonly utilized to identify peaks by
comparing the obtained data with reference patterns stored in databases like the latest ICDD
(International Centre for Diffraction Data) database. An illustration of the XRD facility is
provided in Figure A-3 in Appendix A. Phase characterization was performed using an X-Ray
Diffractometer (XRD) (Maker: PANalytical, Almelo, Model: X’Pert PRO) using
monochromatic Cu Ka radiation (A=1.5418 A); scanning angle (20) was set from 10° to 100°
with 5 degree/min scanning speed. In the XRD measurements of the present research, the X-

ray tube voltage and loading current was set at 35 kV and 28.6 mA, respectively.
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3.2.1.5 Residual Stress Measurement by using X-Ray Diffraction

The residual stress was determined using X-ray diffraction techniques, which is represented
the arithmetic average stress within a defined volume of material. This volume is determined
by the irradiated area, and the X-ray beam's penetration depth. The penetration depth is
governed by the linear absorption coefficient of the material used for the radiation, which can
vary significantly. In iron, nickel and aluminum-based alloys, about 50% of the radiation is
diffracted by a layer approximately 0.005 mm deep when using commonly employed radiations
for strain measurements. This shallow penetration depth enables the determination of macro
and microscopic residual stresses as functions of depth [149]. Theoretically, any interplanar
spacing could be utilized to obtain strain within the crystal lattice, the range of available
wavelengths from commercial X-ray tubes constrains the options to a select few planes. The
selection of a diffraction peak for residual stress assessment notably influences the accuracy of
the technique. Precision increases with higher diffraction angles, typically necessitating angles
20 exceeding 120° for practical applications. The Figure 3.1 illustrates the diffraction of a
monochromatic x-ray beam at a high diffraction angle (20) from the surface of a stressed
sample at two orientations relative to the X-ray beam. The angle y defines the orientation of
the sample surface, representing the angle between the normal of the surface and the bisector
of the incident and diffracted beams, which is also the angle between the normal to the

diffracting lattice planes and the sample surface.

Figure 3.1: Schematic diagram showing the position of sample with reference to XRD detector
at (a) v = 0. (b) v = y (sample rotated through some known angle y) (D = x-ray detector, S =

x-ray source and N = normal to the surface) [150]

In Figure 3.1(a), the sample is depicted in the y = 0 orientation. Tensile stress in the sample

induces Poisson's ratio contraction, causing a reduction in the lattice spacing and a slight
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increase in the diffraction angle, 20. Upon rotation of the sample through a known angle v (as
shown in Figure 3.1(b)), the tensile stress at the surface increases the lattice spacing compared

to the stress-free state, resulting in a decrease in 20.

3.2.2 Mechanical Characterization

Generally, the experiments conducted in order to investigate mechanical properties of the FGM
in the present research work were Vicker’s microhardness testing and tensile testing). The basic

parameter setups of the testing devices are shown in this section.

3.2.2.1 Vicker’s Microhardness Test

Hardness is a measure of a material's resistance to localized plastic deformation resulting from
force or abrasion. Typically, materials with higher hardness exhibit greater strength and wear
resistance. However, they may also tend to be more brittle and susceptible to fracture. The
microhardness of the developed FGMs was assessed using a Vicker’s microhardness tester,
depicted in Figure A-4 of Appendix A. All the measurements were performed using a load of
200 g applied for 15 s in the gap of 0.5 mm along the height. To minimize error in hardness
results, three indentations were made laterally across each layer (50 um on either side of the

central indentation mark), and the average microhardness value was recorded.

3.2.2.2 Tensile Test

Similar to hardness testing, the tensile properties of the multi-layer FGM samples were
evaluated at room temperature. For this purpose, a universal testing machine (Make: Enkay
Enterprises, Model: EKE591 with a 10 kN loading capacity), depicted in Figure A-5 of
Appendix A was utilized. Subsequently, SEM images of the fracture surfaces were acquired
for the fracture analysis. The extraction location and direction of the tensile specimens inside
the buildup walls will be specified in the corresponding experimental chapters. The tensile
specimens were fabricated horizontally in accordance with ASTM E8M standards (Figure 3.2).
All tensile sample were then tested at 0.1 mm/min displacement rate. The average tensile value

of the three samples from each direction was determined.
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Figure 3.2: Tensile sample dimensions according to ASTM E8M standard

3.3 CHARACTERIZATION OF THE MATERIALS

3.3.1 Characterization of Raw Material

The Inconel 625, ERNiCrMo-10, Nichrome 80:20 and pure nickel wire spools were

characterized in its as-received condition to determine its purity and mechanical properties.

The spectrometer (Make: WAS, Model: Foundry Master), universal testing machine and

microhardness tester were utilized to evaluate the chemical composition, tensile strength and

Vicker’s microhardness of the substrate material. The results are presented in Table 3.1 and

3.2

Table 3.1: Percentage composition of alloying element of filler wires

Metal wire Inconel 625 ERNiCrMo-10  Nichrome 80/20  Ni

Ni 58.00 % 57.00% 80.00% 100%
Cr 20.00% 21.00% 20.00% -

Mo 9.00% 14.00% 0.00 -
Residues (Fe, Ti, Nb, C, S) 13.00% 08.00% 0.00 -
Wire Diameter (mm) 1.2 1.2 1.2 1.2

Table 3.2: Mechanical properties of wire spools

Metal wire Inconel 625 ERNiCrMo-10 Nichrome 80/20 Ni
Ultimate tensile strength (MPa) 895+15.3 789.65+12.4 652+12 448+10
Yield strength (MPa) 51549.6 462.51+8.5 29545 148+5
Elongation (%) 39+6.1 40.10£3.5% 41£3 % 43£5
Hardness (HV) 210+£5.1 223.47+6.2 205+5 13443
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3.3.2 FGM Characterization

The samples for characterizations of developed FGMs at optimized processing parameters were
extracted by using wire electric discharge machine (EDM). The extracted specimen underwent
initial grinding using emery papers of various grades: 100, 150, 220, 320, 600, and 800.
Subsequently, the specimen surface was polished using fine-grade emery papers, starting from
1000 and progressing in series (1500, 2000, and 2500) up to 3000. Afterwards, the specimen
underwent polishing using a diamond paste with abrasive particle size of 0.25 pm, applied onto
a soft velvet cloth mounted on a disk polisher. The diamond polishing paste was adhered to the
velvet cloth using a diamond-lapping compound sprayed onto the cloth. This process aimed to

achieve a mirror-like surface finish and eliminate any remaining scratches.

SUMMARY

This chapter provides insights into selection of materials for the development of Ni-based
FGM. It also includes different metallurgical and mechanical characterization techniques for
testing the raw materials and developed FGM. Finally, selected materials, their compositions,

and mechanical properties are presented.
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Chapter 4

EXPERIMENTAL PROCEDURE AND FEASIBILITY FOR
FGM DEVELOPMENT

The addition of chromium (Cr) and molybdenum (Mo) into pure nickel (Ni) enhances its
properties such as corrosion resistance, strength, ductility, toughness, and wear resistance. By
varying composition of these elements, the properties of developed material can be modified
which can withstand harsh environments. Thus, in this study, a nickel base functionally graded
material (FGM) has been developed by using WAAM process and the compositional gradient
is designed by altering the proportions of constituent alloying elements. The effect of gradual
variation of alloying elements on metallurgical and mechanical properties of developed FGMs
has been studied. The post deposition FSP of deposited sample has also been carried out to see

the effect of frictional deformation on WAAM fabricated samples.
4.1 EXPERIMENTAL SETUP
4.1.1 WAAM Setup

The GTAW-WAAM setup is shown in Figure 4.1. The Figure 4.1(a) depicts schematic
representation of GTAW-WAAM. The setup consists of commercial GTAW welding machine
(Make: J K MACHINE TOOLS (GUJ) PVT.LTD, Model: JK GTAW-400), welding torch with
non-consumable tungsten electrode and argon gas cylinder. A regulator is fitted in cylinder to
control argon gas flow rate and pressure. Welding current and voltage controller is inbuilt at
the top of welding machine highlighted in yellow doted rectangular box Figure 4.1 (b). The
mild steel plate of size 200 mm x 100 mm x 16 mm was used as a substrate on which the multi

layered FGM was deposited.

0-Q \][ =y
e Regulator =
=\
Regulator TIG torch [
Wire feeder Power
Source
Shielding N
gascover Dey 1 Metal
‘ «— substrate
Shielding gas Work Table |1y R
g Welding torch _3¢'§ k Current, voltage
Inert Gas Cylinder connection hub e =\ controller
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Figure 4.1: (a) schematic representation of GTAW based WAAM set up, and (b) AC/DC
GTAW welding machine

4.1.2 FSP Setup

The developed FGM samples are also gone through the post processing frictional deformation
and this deformation has been done in customized FSP setup. This setup utilizes a traditional
vertical milling machine (Make: HMT Limited, Pinjore India: Model-FN2V), as illustrated in
Figure 4.2. The detailed specifications of this machine are comprehensively outlined in Table
4.1. A non-consumable, pinless tungsten carbide tool was used for FSP. This tool is fitted on
the spindle of milling machine rigidly by using standard collets. The dimensions of the tool

used for FSP is presented in Figure 4.2 (¢).

\ . i :
08
‘

55 mm

/ \

Lever for Vertical Feed (Z) Lever for Cross Feed (Y)

16 mm

Figure 4.2: The details of FSP setup showing; (a) FSP, (b) vertical milling machine and (c) tool

used

Table 4.1: Specifications of the vertical milling machine

Machine Model FN2/FN2E (H, U, V)
Overall dimensions (L x W) mm 1520 x 310
Clamping area (L x W) mm 1350 x 310

Power operated table | longitudinal mm 800

traverses transverse mm 265
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vertical mm 400
Number of spindle speed 18
Speed range rpm 35.5-1800
Main Motor kW/rpm | 5.5/1500
Feed Motor kW/rpm | 1.5/1500

The primary objective of this research, is the fabrication of metal-based Functionally Graded
Material (FGM) by utilizing the direct energy deposition (DED) approach. The initial trial
experiments were conducted for selecting the optimal welding and FSP process parameters.
After optimizing these parameters, the minimum number of layers required for performing FSP
were optimized by hit and trial experimentations. Afterwards, experimentations were
performed, which focused on the development of both continuous and discontinuous FGMs by
using GTAW-WAAM under different cooling conditions. A discontinuous trimetallic FGM
was also fabricated by using GMAW-WAAM process. Subsequently, mechanical and
metallurgical characterizations were conducted on the fabricated samples. The detailed step by

step procedure is shown in Figure 4.3.

Material .
selection p A'.r .
Setup Optimization of cooling ‘| Final WAAM Sample
| development 1 process Water ] Single and Multi characterization
Selection of parameters - cooling | - layer samples
WAAM process

Figure 4.3: illustrates the key steps of this process
4.2 PROCESS PARAMETERS OPTIMIZATION
4.2.1 Gas Tungsten Arc Welding Parametric Investigation

For the development of Functionally Graded Materials (FGM), welding parameters were
optimized by depositing a single layer at different welding currents and voltages, as illustrated
in Figure 4.4. For the optimization of welding parameters, a single layer samples were
deposited at different set of welding currents and voltages, as illustrated in Figure 4.4. After
depositing nine single layers, the deposited layer quality is evaluated on the basis of visual
inspection and weld bead characteristics. The macroscopic observations showed that porosity
defects occurred when the welding voltage ranged from 13 V to 17 V. However, beyond 17 V,

no porosity was observed, indicating a significant increase in heat input. While, defect-free
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layers were achieved with higher voltages, it was also observed that excessive heat input led to
an increase in weld bead size. In additive manufacturing, a larger weld bead is generally not
preferred. Therefore, based on considerations of deposited layer smoothness, absence of
defects, and appropriate weld bead size the process parameters were optimized. The optimized

GTAW welding parameters are presented in Table 4.2.
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Figure 4.4: GTAW deposited single layer samples at different welding parameters and their

cross-sectional view

Table 4.2: Selected Parameters for deposition of material for fabrication of FGM.

Process parameters Values

Welding current 115A

Voltage 19V

Welding speed Manual

Shielding gas Argon (> 99% pure)
Gas flow rate 15 //min
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4.2.2 Friction Stir Process Parametric Investigation

The single-layer samples were deposited on bead on plate configuration with optimized
GTAW-WAAM process parameters as illustrated in Table 4.2 and subsequently, FSP was
conducted. It is observed from the literature [151], that the primary influencing parameters
during FSP is tool rotational speed. Hence, the experiments were carried out at varying
rotational speeds ranging from 350 to 1120 rpm with a traverse speed of 100 mm/min. After
carrying out the experimentation of FSP on bead developed by WAAM process (shown in
Figure 4.5 (a-e)), the cross-section of the FSP components were further analyzed for grain size
and defects developed at the surface of the FSP components were investigated by visual
inspection.

It is well known that the heat generation during FSP fundamentally increases with increase in
tool rotational speed [152]. As speeds increases from 350 to 560 rpm, it results in insufficient
frictional deformation, due to lack of heat generation (Figure 4.5 (a-b)). Conversely, at a speed
of 710 rpm, sufficient of heat generation are during FSP, which is indicated by a blueish
processed surface. Hence, sufficient amount of frictional deformation can take place, which is
required to cause for grain refinement (Figure 4.5 (c¢)). However, at higher speeds of 900 rpm
and 1120 rpm, very high amount of heat produced, along with excessive flash and burnt
surfaces are observed, which are undesirable in processed components (Figure 4.5 (d-e)).
Therefore, 710 rpm is considering to be optimum value for FSP. The finalized FSP parameters
are represented in Table 4.3.

Figure 4.6 illustrate the correlation between average grain size and FSP tool rotational speed.
It is evident from this figure that the WAAM deposited samples shows large grains in as-
deposited condition. The grain size reduces due to dynamic recrystallization after FSP at
various tool rotational speeds as illustrated in Figure 4.6. It is observed that as the tool rotation
increases from 350 to 710 rpm, the grain size decreases due to increases dynamic
recrystallization. Further increase in tool rotation from 710 rpm, enhances the heat input,
triggering grain coarsening in samples S4 and S5. This surplus of heat culminates in the

formation of larger grains, undermining the pursuit of a fine-grain structure through FSP.

61



350 rpm, 100 mm/min

560 rpm, 100 mm/min

) | 710 rpm, 100 mm/min

900 rpm, 100 mm/min

1120 rpm, 100 mm/min

Figure 4.5: FSP processed sample at different rpm; (S1- 350, S2- 560, S3- 710, S4- 900, and
S5-1120) with a constant feed of 100 mm/min
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Figure 4.6: Average grain size (um) of as-deposited and FSP samples (S1-350 rpm, S2-560
rpm, S3-710 rpm, S4-900 rpm and S5-1120 rpm)

Table 4.3: Friction stir processing parameters and their values

FSP parameters Value

Speed 710 rpm
Feed 100 mm/min
Depth of plunge 0.5 mm
Shoulder diameter 16 mm
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Tool tilt angle 1.5 degree
Tool material Tungsten carbide

Tool shape Pin less cylindrical flat shoulder

Once the FSP parameters are finalized, it is necessary to analyze the number of layers over
which the FSP will be employed. This is because, a drastic reduction in height was observed
from visual inspection of the single-layer processed sample. Thus, for multilayer deposition by
WAAM, it becomes important to determine the appropriate number of layers after which FSP
will be performed. This ensures the minimization of the effects of thermal cycling in the

WAAM process and reduces the loss of height as a result of the FSP.

The Figure 4.7 (a-b) depicts the two, three, and four-layer samples, along with their cross-
sections. The variation in height of the sample before and after FSP has been presented in
Figure 4.7 (c). The reduction in sample height for the two, three, and four layer samples after
FSP is observed to be 14.65 + 1.5%, 8.4 = 1.3%, and 6.4 + 0.9%, respectively. The
microhardness and residual stress results are presented in Figure 4.8 (a-b). These results show
a significant increase in microhardness values and a reduction in residual stress after FSP is
performed. In the two, three, and four-layer samples, percentage increases in hardness of 34.36
+5.4%, 49.15 £ 4.5%, and 31.16 + 5.9%, respectively, are observed. Similarly, reductions in
residual stress in the two, three, and four layer samples of 86.07 + 7.4%, 89.27 £ 9.5%, and
42.85 = 6.9%, respectively, are observed. After detailed analysis, it is concluded that
performing FSP after three layers yields a better result.

FSPed zone @ @ @

As deposited
As deposited with FSP

As-deposited zone

e == = As-deposited FSPed
; 5 : sone ed zone S-H

Sample height (mm)

Layer 3 Layer 4
Samples

Figure 4.7: (a) samples with and without FSP, and (b) cross sectional view and (c) Sample

height before and after
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Figure 4.8: Hardness of as deposited with and without FSP and (b) Residual stress of as
deposited with and without FSP

4.3 FGM SAMPLE PREPARATION STRATEGY

Two distinct deposition strategies were employed in the development of Nickel (Ni)-based

Functionally Graded Materials (FGMs).

FGM Type-I: In the first approach, the deposition involved varying the proportions of nickel
and chromium along the height of the specimen. This aimed to examine the influence of
elemental variation on the mechanical and metallurgical properties of the resulting FGM.
Subsequently, post-processing via friction stir processing (FSP) was implemented to further,

investigate its effects on the mechanical and metallurgical behavior.

FGM Type-II: In this method, the deposition process entailed varying the percentages of
nickel, chromium, and molybdenum along the height of the specimen. The objective was to
assess the impact of continuous variation of alloying elements on the mechanical and
metallurgical properties of the designed FGM. Additionally, FSP was applied with different

cooling media to explore their effects on the engineered FGM.

These strategies not only enable a systematic examination of the influence of elemental
variation on FGM properties. This investigation also provides insights into the role of post-
processing techniques like FSP and the effects of different cooling media on the resultant

material.
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4.3.1 FGM Type-I: FGM by varying Ni and Cr Elements along the Deposition

In FGM Type-I, the composition of each layer was determined by using equations (i), (ii), and
(iii). Details regarding the tailored alloy compositions of each layer for the development of the
FGM and the combinations of wires utilized to achieve these compositions are outlined in

Table 4.4.
For determination of percentage of nickel, Eq. (i) is used as given below

Ni(%wt) =

2 2 2
nd; L. . . wd L. . . nd .. .
T‘x% vol. of Niinwirei Xn; +T’x% vol. of Ni inwire j Xn;+ —kxo vol. of Ni inwire k Xny

<71:dl.2 nd? ndi) : Eq. ()

4 4 4

for percentage of chromium, Eq. (ii) is used as given below

Cr owt) =
nd? o nd} o ndZ o
T‘x% vol. of Crinwirei Xn; +T><% vol. of Crinwire j xn; + Tx% vol. of Cr inwire k Xny .
2 2 Eq- (”)
nd? mdi qd?
_l+_] "k
4 4 4
and for percentage of molybdenum, Eq. (iii) is used as given below
Mo (% wt) =
md? , L T i L, TL’di . .
T‘x% vol.of Mo inwire i Xn; +TX% vol. of Mo inwire j xnj+ Tx% vol.ofMo in wire k Xny E ()
q. (1t

nd? ”d? ndi
4+4+ 4

Where,

d; = diameter of wire i, d; = diameter of wire j, and dy = diameter of wire k,
i, j and k represent the designation of wirel, wire 2 and wire 3 respectively

n; = number of wires of i grade wire and

n; = number of wires of j grade wire
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n, = number of wires of k grade wire

The compositions of the different layers are calculated by using the above equation. For
example, the calculation for determining the composition of the elements in the sixth layer is

as follows:

For % of Ni:

2 1.

] T2EX100 X1+ 462><57 x1
Ni (% wt) = G = 72.48%

4 4

Similarly, for % of Cr:

m1.22 71.62
X0 X1+ x21 x1
Cr (% wt) = [ 4 —3 ni.62 ] = 13.44%
()
and for % of Mo:
w122 0 w1 476014 %1
Mo (% wt) = |- (n1.22 n:62> = 8.96%
4 + 4

Similarly, the composition of other layers has been calculated which are shown in Table 4.4

Table 4.4: Combination of wire and calculated compositions of each layer

Layer Combination of wire in each layer Composition
No. Wirel Wire 2 Wire 3 ((% wt))
(no. of wires) (no. of wires) (no. of wires) (Ni: Cr: Mo)
1 Ni (1) - - 100:00:00
2 Ni (1) - - 100:00:00
3 NiCr (1) Ni (3) - 95:05:00
4 NiCr (1) Ni (2) - 93.3:6.7:00
5 NiCr (1) Ni (1) - 90:10:00
6 NiCrMo (1) Ni (1) - 72.48:13.44:8.96
7 NiCrMo (3) Ni (2) - 68.7:15.3:10.2
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8 NiCrMo (2) Ni (1) - 66.44:16.4:10.9
9 Inconel 625 NiCrMo (2) Ni (1) 64.44:17.04:10.8
10 Inconel 625 NiCrMo (2), NiCr (1) 63.35:20.47:10.28

4.3.2 FGM type-1I: FGM by varying Ni, Cr and Mo Elements along the Deposition

Similarly, in FGM Type-II, the composition of each layer was determined by using equations
(1), (i1), and (iii). The details regarding the tailored alloy compositions of each layer for the
development of the FGM and the combinations of wires utilized to achieve these compositions

are outlined in Table 4.5.

Table 4.5: Combination of wire and calculated compositions of each layer

Layer No. Combination of wire in each layer Composition ((% wt))
Wirel Wire 2 (Ni: Cr: Mo)
(no. of wires) (no. of wires)
1 NiCr (1) Ni (2) 93.33:6.67:00.00
2 NiCr (1) Ni (1) 90.00:10.00:00.00
3 NiCr (1) - 80.00:20.00:00.00
4 NiCrMo (1) NiCr (3) 71.44:20.37:5.21
5 NiCrMo (1) NiCr (2) 69.18:20.47:6.59
6 NiCrMo (1) NiCr (1) 65.28:20.64:8.96
7 Inconel 625 (2) NiCrMo(1) 57.53:21:11.88
8 Inconel 625 (1) NiCrMo(1) 57.36:21:12.56
9 Inconel 625 (1) - 58.00:20.00:10.00
10 Inconel 625 (1) - 58.00:20.00:10.00
4.4 DEVELOPMENT OF FGM

4.4.1 Development of FGM by GTAW WAAM Process without FSP and with FSP

The FGM type-1 was fabricated by using optimized GTAW process parameters and conditions
along with FSP parameters as presented in Table 4.2 and 4.3, respectively. The deposition of
tailored FGM was achieved by combining multiple feed wires wrapped around each other and

manually fed to deposit layers. The specific combinations of wires are detailed in Table 4.4.
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Two samples were deposited by using two different processing strategies, each consisting of
ten layers. One sample was developed in as-deposited condition (Figure 4.9 (a), whereas the
second sample was developed with FSP. The initial FSP was carried out after the deposition of
four layers, however the optimized no of layer is three for FSP. This is because, during initial
bead on plate deposition (first layer), the high degree of dilution is occurred. Thus, the first
layer is considering as a reference for further deposition of beads, required for development of
FGM. Subsequently, three more layers were deposited, followed by another FSP, and this
process was repeated one more time (Figure 4.9 (b)). The thickness of each deposited layer
varied from 1.5 to 2.7 mm depending on the number of wires used for the deposition. The
overall FGM sample height of as-deposited condition and as deposited with FSP was 21+0.1

mm and 18.5+0.1mm, respectively.

Figure 4.9: Developed FGM type-I sample in two different processing condition (a) as
deposited condition and (b) as deposited with FSP condition

4.4.2 Development of FGM by GTAW-WAAM Process with FSP and Different Cooling

Environment

The FGM Type-II was developed using an optimized GTAW process and FSP parameters, as
presented in Tables 4.2 and 4.3. The deposition of tailored FGM was accomplished by
combining multiple feed wires wrapped around each other and manually fed to deposit layers.
The specific combinations of wires are detailed in Table 4.5. Three samples were deposited by
using different processing strategies, each comprising of ten layers. One sample was developed
in the as-deposited condition (Figure 4.10 (a)). In the second sample, after the deposition of
four layers, the first FSP was performed in the presence of still air. Subsequently, three more

layers were deposited, followed by another FSP, repeated once more. Similarly, a third sample
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was also developed, but in this case, instead of FSP with air, FSP with flooded water was used.
The FSP with air (FSP) sample exhibited a burnt-like texture (Figure 4.10 (b)) due to excessive
heat input, whereas the FSP with water cooling (FSP-W) sample showed a smooth, shiny
surface (Figure 4.10(c)). The thickness of each deposited layer varied from 1.5 to 2.7 mm
depending on the number of wires used for the deposition. The overall FGM sample height of
as-deposited condition and as deposited with FSP was 22+1.1 mm, 18.75+0.9mm, and

19.25+0.75mm respectively.

Figure 4.10: Developed FGM type-II sample in two different processing condition (a) as
deposited condition, (b) FSP condition and (c¢) FSP-W condition

SUMMARY

This chapter provides detailed information on GTAW-WAAM and friction stir processing
(FSP) setup for manufacturing of FGMs. The different strategies have been followed for FGMs
development and they also discussed in details. In these strategies, two types of FGMs were
developed, which were based on variation in compositions along the height of the samples.
Further, on these developed FGMs, the friction stir processing (FSP) also carried out along

with different cooling environment.
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Chapter 5

METALLURGICAL AND MECHANICAL
CHARACTERIZATION OF DEVELOPED FGMs AT
OPTIMIZED PARAMETERS AND CONDITIONS

The detailed discussion on metallurgical and mechanical characterization of the developed
FGM is presented in this chapter. This particular type of FGM exhibits variations in the
percentages of Ni and Cr, while maintaining Mo at approximately constant levels. Two distinct
samples were prepared for analysis: one in its as-deposited state, and the other subjected to

additional processing through Friction Stir Processing (FSP).
5.1 METALLURGICAL CHARACTERIZATION OF FGM TYPE- 1

After deposition, different specimens were extracted for microstructural and mechanical
properties investigation from as-deposited and processed samples at different locations Figure
5.1 (a and b) respectively to examine mechanical and metallurgical behavior. Firstly, the
extracted specimens are polished according to standard metallographic procedures, and then
electrochemical etching is done by Keller’s reagent containing perchloric acid and methanol
with an 80:20 ratios. The OM and SEM have been used to check the metallurgical behavior of
developed samples. The elemental distributions in the different regions of the specimens have
been determined by EDS analysis. The typical XRD spectra has been used to identify the phase

constitutions at a 10°/min scan rate.

Metallographic sample
OM, SEM, EDS, XRD and Microhardness Tensile sample

S

Direction of deposition

Figure 5.1: (a) Cross-sections of developed FGM showing examination locations, and (b) the

sample extraction locations for metallurgical examination and tensile testing
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5.1.1 Microstructural Investigation (OM/SEM)

Figure 5.2 (a) shows the micrographs of the as-deposited samples and the locations (1, 2, 3 and
4) where the microstructural examination has been conducted. Figure 5.2 (b) shows the
microstructure of location -1 in which different layers and their interfaces are clearly observed
in a curved shape pattern. The small equiaxed grain structure appears at this location as marked
by a red circle of Figure 5.2 (b). This type of grain structure is observed in location -1 due to
fast cooling associated and this region is very close to the substrate and hence, heat transfer is
rapid from this location to the substrate region. As moved away from the substrate, columnar
and dendritic grains started appearing, whose size initially increased along the deposition
height, as clearly visible in locations- 2 & 3 of Figure 5.2 (c) and (d), respectively. The grain
size continuously increases up to the deposited material's middle zone. The accumulation of
heat in this zone and slow heat transfer are the reasons for such kind of grain growth patterns.
Later, from this location, grain size decreased to the top layer due to an increased heat transfer
rate [153], clearly visible at location- 4 in Figure 5.2 (e). The variation in the ratios of dendritic
and columnar grains is observed at different locations of the deposited bead, which
differentiates the effect of the compositional gradient on the developed FGM samples along

the deposition direction.
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Figure 5.2: Microstructure evolution of as-deposited sample showing (a) cross sectional view,

and microstructure at (b) location-1, (c¢) location-2, (d) location-3, and (e) location-4
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Figure 5.3: Microstructure evolution of FSP sample showing (a) cross sectional view, and

microstructure at (b) location-1, (c) location-2, (d) location-3, and (e) location-4
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Figure 5.4: SEM micrograph of (a) as-deposited (b) as-deposited with FSP samples

The cross-sectional view of the sample after FSP is as shown in Figure 5.3 (a). The
microstructures at different locations (1, 2, 3 and 4) similar to the processed samples, have also
been studied in the FSP sample, as shown in Figure 5.3 (b-e). During FSP, due to high frictional

heat input, plastic deformation above recrystallization temperature take place[154]. This
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deformation causes a change in grain structure and their orientation. This results in a mixture
of grains in the FSP sample. The Figure 5.3 (b) shows equiaxed grain in the bottom zone of a
developed sample, while in other regions, i.e. locations- 2 and 3, the mixture of grains has
appeared, as shown in Figure 5.3 (c) and (d), respectively. The deformed grains along the

processing direction observed in the top layer at location- 4 as shown in Figure 5.3 (e).

The field emission scanning electron microscopy (FE-SEM) images of the as deposited sample
at the two adjacent layer shows columnar grains oriented towards the deposition direction as
shown in Figure 5.4 (a). After FSP, the grain orientation and their deformation changes to the

direction of the tool motion (Figure 5.4 (b)).

5.1.2 EDS Analysis

The EDS mapping is conducted to check the concentration gradient of different constituent
elements like Ni, Cr and Mo at different locations of the developed FGM from bottom to top.
The EDS mapping results show that the concentration of the Ni is maximum in the first three
layers (Figure 5.5 (a-f)), then it started decreasing, as clearly shown in Figure 5.6 (a-f). Similar
to this, the EDS results also demonstrates the concentration change of Cr in deposited layers.
The Cr concentration constantly increasing from bottom to top. Additionally, from the middle
section of deposited sample, molybdenum also appears with almost constant concentration, as

can see in Figure 5.7 (a-f).

Location 1
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Figure 5.5: EDS analysis at location-1 showing (a) SEM of the deposited sample (b) EDS
mapping, (c) EDS spectra, (d) distribution of Ni, (e) distribution of Cr and (f) distribution of
Mo

Location 2

Figure 5.6: EDS analysis at location-2 showing (a) SEM of the deposited sample (b) EDS
mapping, (c) EDS spectra, (d) distribution of Ni, (e) distribution of Cr and (f) distribution of
Mo
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Figure 5.7: EDS analysis at location-3 showing (a) SEM of the deposited sample (b) EDS
mapping, (c) EDS spectra, (d) distribution of Ni, (e) distribution of Cr and (f) distribution of
Mo

74



The clear understanding for distribution of elements in both samples (as- deposited and FSP),
elemental analysis has been done in three different locations. The Figure 5.8 a & b shows the
percentage change in composition of alloying elements at different locations in as-deposited
and FSP sample, respectively. The EDS results agree with the designed concentration of the

element at the different layers as shown in Table 4.4.
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Figure 5. 8: % of alloying elements in (a) as-deposited and (b) FSP sample

5.1.3 EBSD Analysis

The EBSD analysis of the as-deposited and post-FSP samples have been carried out. The
specimens are taken from the middle portion of the developed FGM samples. The EBSD
analysis shows large columnar grains in the middle region of the as-deposited sample (Figure
5.9 (a)). The grain size of this zone is varying from 257 to 387 um. This type of grain structure
is evident in WAAM samples due to multiple thermal cycles during layer deposition. This
phenomenon of large grain formation is eliminated during processing as shown in FSP sample,
where the grains are deformed due to severe plastic deformation (Figure 5.9 (b)). As a result,
fine grains are produced during processing that is much smaller than the as-deposited samples.
The grain size in processed samples ranges from 17 to 35 um. Thus, FSP is beneficial in
reducing the grain size for improving the mechanical properties of produced FGM from

WAAM processes.

The inverse pole figure (IPF) of the as-deposited samples, shows that the columnar grains are
oriented in the building direction, and this orientation leads to the anisotropic mechanical

properties. However, equiaxed grains produced during the post-deposition FSP, may leads to
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the uniform properties in all directions. In order to see the aftermath effects of post-processing
more accurately, the grain misorientation of as-deposited and post-processed samples are
measured. The as-deposited samples show lower grain boundary misorientation (Figure 5.9
(c)), whereas the post-processed sample shows higher angle misorientation, as shown in Figure
5.9 (d). From the grain size distribution and misorientation, it is clear that post-processed

samples show equiaxed misoriented small grains as compared to as-deposited samples.
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Figure 5.9: EBSD analysis of (a) as-deposited, (b) FSP, misorientation in (c) as-deposited and
(d) FSP samples

5.1.4 XRD Analysis

The Figure 5.10 (a) shows the typical XRD spectra of the as-deposited samples, in which y-Ni
and CrNi3 peaks with the crystallographic planes (111), (002), and (022) are observed at 44.13°,
51.41°, and 75.67° diffraction angles, respectively. The intensity of the y-Ni peak along (002)
is more as compared to (111) and (022) planes. The XRD spectra of FSP sample is as shown
in Figure 5.10 (b), in which y-Ni, a-Cr, and MoNi4 peaks with the crystallographic planes (111),
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(002), and (022) is observed at 43.88°, 51.12°, and 75.20° diffraction angles respectively. In
FSP sample, y-Ni, o-Cr and MoNis peaks are more intensifying as compared to those in as-
deposited samples. This is because of FSP provides high-temperature deformation during the
processing and promote formation of these precipitates. These intermetallic compounds

(MoNi4 and CrNi3) are also noticeable in EDS results, as shown in Figure 5.7(a).
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Figure 5.10: The XRD spectra of (a) as-deposited and (b) FSP samples

5.2 MECHANICAL CHARACTERIZATION

5.2.1 Vicker’s Microhardness Investigation

The microhardness tests have been performed on as-deposited and FSP samples along the
height and width in interval of 0.5 mm, as shown in (yellow dots) of Figure 5.11 (a and b). The
unique characteristic of FSP like homogeneity is one of the important considerations and it has
been assessed by doing measurement of the microhardness throughout the deposition direction.
The microhardness along the deposition direction of as-developed and FSP is shown in Figure

5.12 (a). It is observed that the microhardness gradually increased from bottom to top in both
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the samples. The microhardness graph indicates a slight increase in hardness near the substrate
for FSP samples, in comparison to that of as-deposited sample. But after fifth layer, a
significant change in microhardness is observed which may be because of the presence of
molybdenum precipitates (MoNis), as clearly observed in the XRD result. It happens due the
percentage of Ni is almost constant, and the variation in percentage of Mo and Cr is
considerably less, up to fifth layer but after fifth layer significant presence of Mo precipitates,
change in hardness was observed. Similarly, the average microhardness of different locations
is shown in Figure 5.12 (b), which shows very slight increase in microhardness of as-deposited
and FSP samples at location-1 and 2 but significant increase is observed at location-3 in both

the samples.

Figure 5.11: Location of microhardness measurement in (a) as deposited and (b) FSP samples
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Figure 5.12: (a) Vicker’s microhardness profile along the deposition direction, and (b) average

microhardness at different locations
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5.2.2 Tensile Strength Assessment

The tensile testing has been performed to obtain the mechanical properties of fabricated
samples at different locations. The dimension of tensile sample and fabricated sample before
and after uniaxial tensile testing are shown in Figure 5.13 a, b & c, respectively. The stress-
strain curves of as-deposited and FSP samples are shown in Figure 5.14. The higher UTS and
% strain has been observed at location-3 as compared to locations-1 and 2. There is no
significant difference in UTS and elongation is observed at location-1 and 2. At both locations-
1 and 2, the percentage of Ni is almost constant, and the variation in percentage of Mo and Cr
is considerably less, so the tensile properties at locations-1 and 2 remain the same. The FSP
samples show uniform UTS at all locations, however, the enhancement in elongation is

observed at location-3 as compared to location-1 and 2 as shown in Figure 5.14 d, e & f.
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Figure 5.13: (a) Dimension of tensile sample and (b) fabricated tensile sample before testing

and (c) fabricated tensile sample after testing

For more understanding about the mechanical behaviour of the developed sample, a
comparison of mechanical properties of fabricated FGM with pure IN625 WAAM deposited
samples has been done and presented in Table 5.1. The tensile strength of fabricated FGM
samples is higher than that of deposited pure IN625 and it is comparable with published data

as shown in Table 5.1.

Table 5.1: Comparison of mechanical properties of fabricated sample with published research

articles data
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Mechanical properties Deposited IN625 [26] Developed FGM
Tensile strength (MPA) 739 715-877
% elongation 37 31-42
Hardness (HV) 197 147-335
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Figure 5.14: Stress-strain curves of as-deposited sample at (a) location-1, (b) location-2 and (c)

location-3 and FSP sample at (d) location-1, (e) location-2, and (c) location-3
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5.3 METALLURGICAL CHARACTERIZATION OF FGM TYPE-II

The FGM Type-II samples were developed in different processing conditions and specimens
were extracted at different locations to examine mechanical and metallurgical examination.
The location of sample extraction is shown in Figure 5.15 (a and b). Firstly, the extracted
samples were polished according to standard metallographic procedures, and then
electrochemical etching was done by Keller’s reagent containing perchloric acid and methanol
with an 80:20 ratio. The tensile specimens have also been extracted from different locations of

developed samples, as shown in Figure 5.15 (a).
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Figure 5.15: (a) The sample extraction locations for microstructural examination and tensile

testing, and (b) cross-sections of developed FGM showing examination locations

5.3.1 Microstructural Investigation (OM and Grain Size)

The WAAM deposited FGM sample has been subjected to macro and microscopic
examination. The Figure 5.16 (a, b and c¢) shows the microstructure of as-deposited, FSP and
FSP-W samples, respectively at three different locations (1, 2 and 3). As-deposited walls
exhibit dendrites and columnar grains as a result of varying solidification patterns within the
layers [155]. In this sample near to substrate, a course columnar grains are first observed, and
then their size gradually decreases at location-2 and as they approach to top layer, the grain
sizes increase again at location-3 and along with this dendritic structure has been observed, as
shown in Figure 5.16 (a-1, 2 and 3). However, in the FSP, little large columnar and equiaxed
grains appeared due to recrystallization caused by high temperature frictional deformation in
air-cooled environment, as shown in Figure 5.16 (b- 1,2 and 3). The small columnar and

equiaxed grains have been observed in FSP-W sample due to recrystallization and quenching
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effect during frictional deformation in the water-cooled environment, as shown in Figure 5.16

(c-1,2 and 3).

Figure 5.16: Macro and microstructure evolution of (a) As-deposited, (b) FSP and (c) FSP-W

The Figure 5.17 (a) shows the average grain size distribution along the deposition height in all
samples. It is observed that the size of grains along the deposition height in the as-deposited
sample initially decreases and then slightly increases while FSP and FSP-W show continuous
increase in grain size. This variation in grain size occurred due to variation of cooling rate
which decreases as the distance from substrate increases. The grain size is also depending on
the post deposition processing and it is observed that in FSP condition, grain size is higher in

location-1 and 2, however it is lower in location-3 than as deposited and FSP-W samples.
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Figure 5.17: (a) Average grain size distribution and (b) nature of grains (%)

It is also observed that the grain structure is different at different spots of deposited material.
This variation in grain structure occurred due to different cooling rate. This cooling rate causes
formation of mixture of grain structure during deposition. So far to obtain a proper
understanding about the nature of grain structure at different spots, percentage of different grain
structures have been measured along the deposition height for all samples. This percentage has
been calculated with the help of multiple micrographs taken from optical microscopy at three
different locations (i.e. Location-1, Location-2 and Location-3) and their average grain size is
presented in Figure 5.17 (b). It is observed that columnar grains are increases from bottom to
top in all samples due to larger heat accumulation and lower cooling rate. However, large
variation in grain size was observed in as-deposited sample. In FSP sample, minimum variation
with large grain size was observed. The FSP-W sample showed smaller grain size at every

location as compared to as-deposited and FSP samples.
5.3.2 SEM Analysis

The microstructural evolution of the deposited FGM with different processing conditions is
shown in Figure 5.18. The Figure 5.18 (a) shows the microstructure of the as-deposited sample.
The SEM image, shows a clear distinct boundary between two patterns of grain structures. The
bottom region shows large columnar grains, formed due to one-direction heat transfer in the
deposited sample. However, the top zone shows similar type of grain structure but lower in
size. This difference in grain structure is occurred during multilayer deposition of material
where next layer deposited on the previously deposited layer. This causes, the bottom zone of

newly deposited layer cools faster and shows smaller columnar grains. A small region of the
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remelted zone is also observed In between these two grains where defused like of grain

structure is observed.
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Figure 5.18: Microstructure of (a) as deposited, (b) FSP, (c¢) FSP-W samples (d) precipitates

distribution in deposited material (e) precipitates at higher magnification and (f) elemental

mapping

In the case of WAAM with FSP, new grains formation occurred with orientation along the
processing direction as shown in Figure 5.18 (b). The change in the orientation of the new
grains was observed due to plastic deformation and recrystallization of the material during
FSP[137]. The grain size of newly formed dendrites is smaller in the case of water-cooling

samples over FSP due to faster cooling associated (Figure 5.18 (¢)).

The Figure 5.18(d) shows the irregular precipitate distributed in the deposited sample. The
higher magnification images of these precipitates are presented in Figure 5.18 (e). The

elemental mapping of these precipitates by EDS analysis (Figure 5.18 (f)) shows A2B type
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Laves phase. This indicates that principal elements such as Cr, Mo, and Ti are abundant in
Laves phase. Laves particles have been identified as Ni + Mo and Ni + Ti, which aligns with
the AmBn (A: Ni, Cr and B: Mo, Ti) such as NisMo form of Laves phase [156].

5.3.3 EDS Analysis

In order to obtain a clear indication of compositional gradient and deformation behaviour in
the fabricated wall, the composition analysis has been carried out in all conditions. The Figure
5.19 (a) shows as-deposited sample along which EDS mapping from the substrate to the top
layer. The Figure 5.19 (b) shows a low magnification SEM image of sample used for EDS
mapping. The Figure 5.19 (c) shows variations in the concentration of different alloying
elements in the deposited sample along the deposition height. It is clear from this image that
the variation of elements is there in different layers. This elemental variation is obvious because
of variation in the concentration of alloying elements during deposition. The EDS analysis also
shows that micro-segregation of alloying elements is not present in the deposited sample.
However, the concentration gradient of different elements is present during different layers of
the deposited sample. The concentration of each element is also mapped with EDS analysis.
The Figure 5.19 (d) shows, that the concentration gradient of Ni which is decreasing along the
height, along with that, Ni-rich bands also appeared in EDS mapping, which may be due to
dilution and macro segregation in between layers due to remelting of the deposited layer. But
other alloying elements like, chromium and molybdenum gradually increase along the height
of the fabricated sample, which is as shown in Figure 5.19 (e) and Figure 5.19 (f), respectively.

The segregation of these elements is not visible much by EDS analysis.

The Figure 5.20 (a) shows, the different bands of deposited layers in FSP sample. In this sample
due to friction and pressure, deformation occurred of the deposited material. The deformation
regions are properly visualized and represented by the red dotted line. The EDS mapping has
been done along the height of the deposited sample (Figure 5.20 (b)) to identify the effect of
high temperature and pressure deformation on the distribution of alloying elements. The Figure
5.20 (c) shows, the EDS mapping of different alloying elements like Ni, Cr and Mo along the
height. The nickel percentage towards deposition direction decreases, but the variation is more
uniform due to reheating, while high-temperature deformation as compared to as-deposited
sample as shown in Figure 5.20 (d). A similar pattern is correspondingly observed in the case

of distribution of Cr and Mo elements as shown in Figure 5.20 (e and f), respectively.
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Figure 5.19: (a) Macrostructure of the deposited sample, (b) SEM of the deposited sample (c)
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Figure 5.20: (a) Macrostructure of FSP sample, (b) SEM of FSP sample, (¢) EDS mapping, (d)
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variation of Ni, (e) variation of Cr and (f) variation of Mo

The Figure 5.21 (a) shows the deposited sample at high temperature and high-pressure
deformation with water cooling conditions. The EDS mapping (Figure 5.21 (b)) reveals the
distribution of the constituent alloying elements (Ni, Cr and Mo) along the deposition height is
as shown in Figure 5.21 (c). The nickel percentage along the deposition height decreases
similarly to other samples. Nevertheless, the variation is more uniform as compared to as-
deposited and FSP samples as shown in Figure 5.21 (d), is also true with other alloying

elements like Cr and Mo, as shown in Figure 5.21 (e and f).
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Figure 5.21: (a) Macrostructure of FSP-W sample, (b) SEM of FSP-W sample, (¢) EDS

mapping, (d) variation of Ni, (e) variation of Cr and (f) variation of Mo

5.3.4 XRD Analysis

The X-ray diffraction (XRD) analysis has been performed for phase analysis in all deposited
samples. The XRD analysis for as-deposited, FSP and FSP-W samples is shown in Figure 5.22
a, b and c respectively. The XRD peaks in the case of as-deposited sample appears due to the
presence of MoNiy, Ni328Ti0.72 and Ni in (111), (022) and (002) crystal plane, but the intensity
of peak along (002) is more as compared to (111) and (022) (Figure 5.22 (a)). In the case of
FSP, peaks appeared due to the presence of Moo.4Ni3zs, CriNiz and Niz2sTip721n (111), (022)
and (002) crystal planes (Figure 5.22 (b)). The maximum intensity peak is present in the (002)
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plane, but this peak is much larger than as-deposited sample, which might be due to high
deformation at elevated temperatures. In the case of the FSP-W sample the peaks appeared due
to existence of Cro.4Nig.6, Nio.oos Ti0.0041n (111), (022) and (002) crystal planes (Figure 5.22 (c)).
In this case, maximum peak intensity appeared at the (111) crystal plane, and it is more
significant than as-deposited and FSP samples, while a relatively lower peak appears at the

(002) and (022) crystal plane.
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Figure 5.22: The XRD spectra of (a) as-deposited, (b) FSP and (c) FSP-W
5.4 MECHANICAL CHARACTERIZATION OF FGM TYPE-II
5.4.1 Vicker’s Microhardness Investigation

The Vicker’s microhardness distribution of the deposited samples along the deposition
direction from the substrate to the top layer of the sample has been measure and presented in
Figure 5.23 (a, b and c). The microhardness profiles of the deposited sample shows, that the
microhardness increases from the substrate to the top in all samples. The increase in hardness

in as-deposited sample (Figure 5.23 (a)), occurred due to decrease in concentration of Ni and
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increased concentration of Cr and Mo. The FSP sample exhibits similar hardness trends (Figure
5.23 (b)), but its hardness slightly higher than as-deposited sample. This is the result of
frictional deformation and recrystallization of deposited material. However, the FSP-W sample
exhibits highest hardness (Figure 5.23 (c)) amongst all samples across the deposition height.
This increase in hardness is because of frictional deformation in presence of water cooling
causes a quenching effect in the deformation zone, which causes higher grain refinement as
observed from microstructural analysis and hence higher hardness has been achieved as

compared to other processing condition.

To observe actual variation in the hardness, average hardness at different locations of sample
was also been measured. The Figure 5.24 shows the average hardness at three different
locations of deposited sample. Figure 5.24 (a) shows, the average hardness al location-1 in all
samples. The hardness of as-deposited and FSP shows almost similar hardness trend. However,
FSP-W samples shows higher hardness. At location-2, the hardness is little higher in FSP
sample as compared to as-deposited sample and highest hardness is observed in FSP-W sample

(Figure 5.24 (b)). A similar hardness trend is also observed at location 3 (Figure 5.24 (¢)).
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Figure 5.23: Microhardness distribution along the deposition direction from the substrate to the

top layer, (a) as deposited, (b) FSP, (c) FSP-W
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5.4.2 Tensile Strength Assessment

The Figure 5.25 (a, b and ¢) shows the stress-strain diagram for as-deposited, FSP and FSP-W
samples, respectively. These images clearly show that the stress—strain behaviour varies at
different locations of the deposited samples. It is due to the compositional variation of the
alloying elements and the post-deposition processing conditions. Figure 5.25 (a) shows that the
UTS and percentage elongation increase along the deposition height (i.e., from location 1 to
location 3) in the case of the as-deposited sample. Similar trend is also observed in the FSP
sample but location 3 exhibits higher percentage elongation than other locations, as shown in
Figure 5.25 (b). Figure 5.25 (c) shows that at location 3, the highest UTS is observed in all
samples compared to other locations. This is because of presence of alloying elements and
frictional deformation along with water cooling promotes grain refinement, which increase the

strength of the deposited material.
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Figure 5.25: Stress-Strain diagram along the deposition direction from substrate to the top layer

(a) as deposited, (b) FSP, and (c) FSP-W

The fracture surfaces of the developed samples were investigated using Scanning Electron
Microscopy (SEM). At low magnifications, the SEM micrographs reveal the entire fracture
surfaces of tensile samples in their as-deposited state (Figure 5.26 (a)), following FSP (Figure
5.26 (b)), and after FSP-W (Figure 5.26 (c)). These samples exhibit a cone-shaped deformation
prior to the final fracture, indicating significant deformation before final failure of tensile
specimen. This observation is further correlated with tensile test results, which demonstrate a
considerable elongation (greater than 30%) before fracture. Figure 5.26 (d-f) present a higher
magnification view of the fracture surfaces for as-deposited, FSP, and FSP-W conditions,
respectively. At these magnifications, the presence of dimples of various sizes on the fracture
surfaces confirms the ductile nature of the failure. These dimples typically form when cracks
are initiated at specific locations within the sample and propagate under tensile stress. It has

been noted that secondary precipitates sometimes serve as nucleation sites for cracks due to
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their brittleness, thereby initiating the failure process in the material. This analysis not only
highlights the critical role of processing conditions in determining the mechanical behavior of
materials but also underscores the importance of microscopic examination in understanding

failure mechanisms.

Figure 5.26: Fracture surface of tensile sample at low magnification in (a) as-deposited, (b)

FSP, (c) FSP-W, and at high magnification (d) as-deposited, (¢) FSP and (f) FSP-W
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SUMMARY

In this chapter, the discussion on developments of two types of Ni based FGMs with different
processing conditions by using the gas tungsten arc welding-wire and arc additive
manufacturing process (GTAW-WAAM) have been highlighted and discussed in details. The
variation in the composition of the proposed FGM has been achieved by feeding different
combinations of wire. The effect of gradual variation of compositional elements on mechanical
and metallurgical properties have been studied and presented. The friction stir processing (FSP)
was applied as a post process treatment. The effect of FSP on fabricated FGM at different active

cooling environment has also been studied.
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Chapter 6

DEVELOPMENT OF TRIMETALLIC FGMS BY USING
GMAW AND THEIR CHARACTERIZATIONS

6.1 INTRODUCTION

The SS316L is a kind of austenitic stainless steel widely recognized for its exceptional
resistance to corrosion, favorable mechanical characteristics, and outstanding ductility[80].
The duplex steel is a mixed phases material that combines the properties of austenitic and
ferritic stainless steel. It results in a synergistic blend of corrosion resistance and superior
mechanical strength[157]. The material has favorable mechanical strength and demonstrates
notable resistance against stress corrosion cracking. The Inconel 718 (IN718) is a nickel-based
superalloy known, for its remarkable strength and resistance to corrosion and oxidation at
elevated temperatures. In cryogenic applications, Inconel alloy and stainless steel are
commonly used in thermal and nuclear plants [61]. Due to their distinct joint properties, duplex
stainless steel and Inconel alloys are frequently utilised in subsea applications [158]. This study
utilized stainless steel (ER316L), duplex steel (ER2205), and IN718 metal wires, as these
alloys are commonly employed under specific operational conditions in various contemporary
industrial sectors [153]. The Wire and Arc Additive Manufacturing (WAAM) process was
employed to develop a trimetallic Functionally Graded Material (FGM).

6.2 EXPERIMENTAL SETUP OF GMAW-WAAM

The customized setup has been developed in-house, for depositing the layer, as depicted in
Figure 6.1. This setup comprises a 2D motion-controlled work table, enabling movement along
the X and Y axis and a welding torch capable of motion along the Z-axis, as illustrated in Figure
6.1 (a). An AC/DC gas metal arc welding (GMAW) welding transformer (Make: REMSWEGS
MARKETING PVT. LTD; Model: ZUPER ARC-300) was utilized for layer deposition. The
welding machine includes a welding torch, wire feed controller, and an argon gas cylinder, as
shown in Figure 6.1(b). A mild steel plate measuring 200 mm x 100 mm x 16 mm served as

the substrate onto which the multi-layered FGM was deposited.
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Figure 6.1: (a) Schematic representation of GMAW-WAAM setup, and (b)) GMAW-WAAM

machine
6.3 FGM SAMPLE PREPARATION STRATEGY

In this study, a trimetallic FGM was developed using ER316L, ER2205 and IN718 wires with
a diameter of 1.2 mm by GMAW-WAAM. The nominal compositions of these wires are
presented in Table 6.1. The sequence of material deposition was meticulously chosen to ensure
a gradual increase in strength from the bottom to the top of the developed trimetallic FGM
Table 6.2. Initially, SS316L was deposited, succeeded by ER2205 and then IN718, with each

material comprising five consecutive layers.

Table 6.1: Chemical compositions of wire spool

Alloys Cr Ni Mo | Mn C Balance

Stainless steel (ER316L) (wt. %) 1943 | 13.17 | 2.43 | 1.37 | 0.076 Fe

Duplex steel (ER2205) (wt. %) 2245 | 578 | 2.64 | 1.76 | 0.56 Fe

Inconel 718 (IN718) (wt. %) 5325 | 19.21 | 3.1 | 5.21 0.3 Fe
Table 6.2: Mechanical properties of wire spool

Mechanical Hardness Tensile strength Yield strength | %Elongation

properties (HV) (MPa) (MPa)

ER316L 206 £ 4.7 575+9 395+9.6 38+2.1

ER2205 230+ 5.1 665 +15.3 408 £ 9.6 26 £2

Inconel 718 217+£5.1 1305+ 11.3 1032 +7.6 25+3.1
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6.4 DEVELOPMENT OF TRIMETALLIC FGMs

The GMAW process parameters for the deposition of materials were selected based on the trial
experiments and presented in Table 6.3. The welding grade argon with 99% purity was used as
a shielding gas with a flow rate of 12 //min during the deposition. Five layers of each material
were sequentially deposited, commencing with the deposition of ER316L onto the substrate,
followed by ER2205, and concluding with IN718, all while maintaining a 6 mm gap between
the torch and substrate. The welding current used was 145 A for the initial layers and gradually
decreased to 140 A up to 15 layers. The welding torch speed was maintained 7 mm/s, and the
wire feed was adjusted between 1.2-1.5 m/min. Each layer thickness of approximately 2+0.5
mm was obtained during deposition. The final built dimension of the deposited FGM was 200

mm x 7 mm x 27 mm (Figure 6.2).

Table 6.3: Welding parameters for fabrication of FGM

Parameters | Current | Voltage | Welding Wire feed | Shielding | Shielding gas
(DC) (A) | (V) torch Travel | speed gas flow rate
speed (mm/s) | (m/min) (//min)
Value 140-145 | 23-27 7 1.2-1.5 Argon 12

Sor-suiine MS Substrate

Figure 6. 2: GMAW-WAAM deposited trimetallic FGM sample
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6.5 METALLURGICAL CHARACTERIZATION

After fabrication, various samples were extracted for metallurgical and mechanical
characterization, as depicted in Figure 6.3 (a and b). The dimensions of tensile sample are
schematically illustrated in Figure 6.3 (c). The extracted samples underwent grinding and
polishing procedures following metallographic standards. Subsequently, the FGM sample
underwent electrochemical etching using a solution comprising perchloric acid and methanol
in an 80:20 ratio to reveal the microstructure. Microstructural analysis of the deposited FGM
sample was conducted using OM and SEM. EDS was employed to measure elemental
distributions within various sections of the specimens. Microhardness testing was performed
using a 200 g load and 15 s dwell time. Furthermore, miniature tensile tests were carried out
along and across the built direction to investigate the tensile behaviour of the developed

trimetallic FGM.
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Figure 6.3: (a) schematic diagram of specimen extraction, (b) tensile test specimen and (c)

dimensions of tensile sample

6.5.1 Microstructural Investigation (OM/SEM)

The developed FGM sample's macrograph illustrates the molten pool's spread toward the edges
during deposition, causing the curvature of the inter-layer boundaries, as depicted in Figure 6.4
(a). The macrograph of the deposited trimetallic FGM sample displays a sharp interface
between ER2205 and IN718, with the light region representing IN718 and the dark regions
corresponding to ER2205 and ER316L. However, the interface between stainless steel and
duplex steel is not discernible in the macrograph. The OM micrographs at various location of

trimetallic FGM are presented in Figure 6.4 (b-g). The microstructure of the trimetallic FGM
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revealed equiaxed grains, cellular structure, columnar and acicular dendrite grain
morphologies[80]. The pores are observed near the substrate, which might be due to rapid
solidification, in complete fusion and entrapment of gas takes place as shown in the
microstructure of SS zone (Figure 6.4 (b-c)) [159]. In the duplex steel region, acicular dendritic
grains are observed, and their size decreases near the interface region, as shown in Figure 6.4
(d-e). In the Inconel region, cellular dendrites, equiaxed dendrites, and columnar grains are
observed (Figure 6.4 (f-g)). For better understanding, SEM micrography was performed. The
fabricated samples along with SEM micrographs at various locations of the trimetallic FGM
sample are presented in Figure 6.5 (a-g). Specifically, Figure 6.5 (a) depicts the fabricated
sample showing location of microstructural evaluation. Figure 6.5 (b) illustrates the
microstructure of the stainless-steel region, where clusters of austenite (y) grains are oriented
along the built direction, and d-ferrite is observed at the grain boundary region. Notably, the
formation of acicular o-ferrite was observed to occur more readily than skeletal o-ferrite at the
melting boundary, attributed to the rapid dissipation of heat from the interface [160]. Figure
6.5 (c) depicts the interface between stainless steel and duplex steel, highlighted by the yellow
dotted line. A sharp boundary is visible at the interface due to the different alloy compositions.
The grain orientation is different, possibly attributed to solidification and temperature gradient
variations. Figure 6.5 (d) displays a micrograph of duplex steel, where the white region
corresponded to the austenite phase (y), while the dark black region corresponded to the ferrite
phase (a). In this region, the needle-shaped grains are visible, indicating the martensite
structure. Figure 6.5 (e) depicts the interface between ER2205 and IN718, displaying a sharp
boundary resulting from the substantial difference in principal alloying elements. In IN718
region, the distinct metal carbide type precipitates [MC type precipitates] of nickel (Ni),
molybdenum (Mo), and niobium (Nb) become evident, and it is highlighted with red dotted
circle in Figure 6.5 (e & f) and its magnified view (Figure 6.5 (g)) shows the presence of laves

phase (light grey phase), as well as inclusions rich in titanium (Ti) and niobium (Nb)[47].
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Figure 6.5: (a) Trimetallic FGM sample showing the location of microstructural evaluation at
(b) ER316L, (c) the interface of ER316L and ER2205, (d) ER2205, (e) the interface of ER2205
and IN718, (f) IN718, and (g) magnified microstructure of IN718
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6.5.2 EBSD Analysis

The electron backscatter diffraction (EBSD) analysis of the trimetallic FGM sample was also
conducted, focusing on samples extracted from the interface between IN718 and ER2205
regions (Figure 6.6 (a)). In the EBSD analysis, distinct grain characteristics were observed in
the different regions. Large columnar grains are observed in IN718 region, whereas, equiaxed
and cellular structured grains in the ER2205 region (Figure 6.6 (b)). The observed grain
structures in ER2205 are consistent with those commonly found in WAAM samples due to the
influence of multiple thermal cycles during layer deposition. The EBSD micrograph of the
trimetallic FGM sample revealed an absence of defects at the interface. Also, a transition in
grain morphology from fine grains to large columnar grains was observed at the interface along
the built direction. In ER2205 zone the inclination of grains with deposition height is more
while as in IN718 zone its inclination is less. The grain boundary map, depicted in Figure 6.6
(c) provided insights the misorientation at different material in the deposited sample. The
misorientation angles of most of the grains are more than 15° as shown in Figure 6.6 (d)

depicting excess amount of high angle boundary.
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Figure 6.6: EBSD micrograph of (a) ER2205-IN718 interface, (b) color contrast, (c) grain

boundary map and (d) misorientation angle v/s number of fraction histogram
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6.5.3 EDS Analysis

EDS analysis was conducted to gain an insight into the mixing behaviour of the compositional
gradient at different locations within the deposited trimetallic FGM, and the results can be seen
in Figure 6.7 and 6.8. Figure 6.7 (a-i) represent the result of spatial arrangement of the primary
alloying elements in the IN718 material. The precipitates of the metal carbides of niobium
(NDb), titanium (Ti), and molybdenum (Mo), are clearly depicted by red circles in Figure 6.7
(a). These results align with findings reported in the existing literature [51]. The presence of
these precipitates may be observed in the elemental distribution depicted in Figure 6.7 (d, h
and 1) inside the nickel matrix. The titanium and niobium-rich carbo-nitride has also been
reported in various experimental studies on IN718 materials [160, 161]. The Laves phase
indicates the elemental segregation resulting from a significant heat input and a gradual cooling

rate [162] during the deposition through WAAM.
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Figure 6.7: EDS mapping of IN718: (a) SEM image showing precipitates and Laves phase (b)
mapping of the element, (c) EDS element peaks and individual mapping of elements (d)

titanium, (e) chromium, (f) iron, (g) nickel, (h) niobium, and (i) molybdenum
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The presence of NbC is anticipated in the microstructure during the initial stages of
solidification in the IN718 alloy before forming the Laves phase [163]. Conversely, distinct
grain boundaries are not readily apparent in the Inconel region. However, it may be inferred
that the presence of precipitate segregation likely gives the presence of some grain boundaries
(Figure 6.8 (a)). Figure 6.8 (¢) illustrate the EDS line mapping of ER2205-IN718 interface. It
is observed in the interface zone that the iron content is diluting with rising concentration of
nickel; and the chromium and molybdenum concentrations, on the other hand, display slight
variations that remain relatively consistent. A concentration gradient of the constituent element

from ER2205 to IN718 at this particular site is shown in Figure 6.8 (b, e, f and h).
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Figure 6.8: EDS mapping at ER2205-IN718 interface zone: (a) SEM image, (b) mapping of

the element, (c) EDS element peaks of (d) chromium, (e) iron and (f) nickel

6.5.4 Temperature Profile

The temperature profile throughout the material deposition process was monitored using a
thermocouple, which is attached to the substrate 10 mm away from the deposition center line
and illustrated in Figure 6.9 (a). The corresponding temperature variations recorded by this
thermocouple are presented in Figure 6.9 (b). The graph provides a comprehensive
representation of the thermal profile, detailing temperature changes over time during the
deposition process. The graph shows a sharp linear increase in temperature leading to a peak

temperature, followed by a pronounced and gradual decrease. The thermal profile serves as a
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critical parameter that provides heating and cooling rates during deposition of various layers.
From the graph, it is observed that peak temperature decreases with each subsequent layer,

attributable to the increasing distance from the thermocouple attachment point.
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Figure 6.9: (a) Schematic representation of location of thermocouple during fabrication of

FGM and (b) temperature profile
6.6 MECHANICAL CHARACTERIZATION
6.6.1 Vicker’s Microhardness Investigation

Figure 6.10 (a) illustrates the locations where hardness measurements were conducted, along
the built direction and across it. The microhardness values measured at different locations along
and across the built direction are presented in Figure 6.10 (b). The hardness was measured
along the width with a I mm gap and was found to be approximately the same value. The
hardness profile along the build direction in the regions of ER316L and ER2205 exhibits an
increment. However, a decrease in hardness (Figure 6.10 (b)) is observed at the interface
between ER2205 and IN718 (Figure 6.10 (d) and Figure 6.11). This phenomenon is likely a
consequence of significant composition variations at the interface, as evident in Figure 6.10 (c)
and Figure 6.10 (e), where there is a transition from ER2205 to IN718, resulting in a reduction
in iron and chromium content. Kim et al. also observed a similar decrease in hardness at the
interface on the IN718 side [131]. Subsequently, within the IN718 zone, there is a resurgence
in hardness, it happens due to the presence of MC-type precipitates within the IN718 zone
Figure 6.7 (a). The average hardness values for ER316L, ER2205, and IN718 were measured
to be 229.17 =2 HV, 250.49 £ 3 HV, and 233.25 + 2.7 HV, respectively.
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Figure 6.10: Microhardness profile along the built direction, (b) location of hardness reading,
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Figure 6.11: Hardness at the interface of ER2205-IN718
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6.6.2 Tensile Strength Assessment

The tensile samples were extracted across the deposition height at three distinct locations and
along the deposition height, as illustrated in Figure 6.1 (c). Three samples for each set were
extracted and tested. The uniaxial tensile test results for ER316L, ER2205, and IN718,
considering both orientations, are presented in Figure 6.12 (a-d). The stress-strain curves
elucidate variations in the tensile strength of the deposited FGM at different locations, a
consequence of the distinct mechanical properties inherent in the constituent materials.
Specifically, ER316L exhibited a higher elongation but lower tensile strength compared to
other materials, as depicted in Figure 6.12 (a). The increase in % elongation may happen due
to presence of cluster of austenite y-phase along with long columnar grains while as variation
in strength may happens due to presence of a-ferrite phase at the grain boundary (Figure 6.5
(b)). ER2205 displayed higher tensile strength and lower elongation than ER316L, as indicated
in Figure 6.12(b). It happens because the orientation of grain is slightly deviated from its
deposition height as clearly visible in EBSD micrograph (Figure 6.6 (b)). The highest tensile
strength was observed in IN718, as presented in Figure 6.12(c) which is obvious because of
inherent mechanical property of IN718 and presence of precipitates. The tensile results of
individual materials are in line with the published literature [153]. The sample along the
deposition height exhibits tensile strength higher than ER316L and lower than IN718, as
illustrated in Figure 6.12 (d) it is because of different grain morphology present throughout the
FGM wall due to change in composition of material and cyclic heat supply during deposition.
For a more apparent viewpoint, the average tensile data is also presented in Figure 6.12 (e),
which shows gradual increase in tensile strength and decrease in % elongation along the height,
which satisfied the objective of fabrication of trimetallic FGM. In along the built direction the
sample fails at ER316L-ER2205 interface (Figure 6.12 (f)). The tensile properties of deposited
material across the built direction are also comparable with the published results of bimetallic
FGM of SS316 and IN625 alloy [124]. A comprehensive comparison of the mechanical
properties of the WAAM fabricated ER316L, ER2205, and IN718-based trimetallic FGM with
the respective feedstock wire is provided in Table 6.4. The tensile characteristics of the
fabricated trimetallic FGM were compared to the respective feedstock wires of ER316L,
ER2205, and IN718. For ER316L, the fabricated FGM exhibited a decrease of 17.06% in
tensile strength (from 580 MPa to 481.05 MPa) and an increase of 18.91% in strain (from 38%
to 45.19%). Similarly, ER2205 showed a 10.27% reduction in tensile strength (from 655 MPa
to 587.70 MPa) but a notable 53.2% increase in strain (from 25% to 38.3%). In the case of
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IN718, there was a substantial 33.22% decrease in tensile strength (from 1314 MPa to 877.40

MPa) and a minor 3.66% decrease in strain (from 27% to 26.01%). The sample tested along
the build height of the fabricated FGM shows tensile strength of 550.66 MPa and 34.12%

strain.
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Figure 6.12: Stress-strain curve of (a) ER316L, (b) ER2205, (c) IN718, (d) along the built

direction, and (e) maximum tensile strength and % strain along the built direction and (f) tensile

samples before and after test

Table 6.4: Comparisons of tensile properties of trimetallic FGM with feedstock wire

Tensile strength (MPa) Strain (%)
, % change %
Material | Feedstock | Fabricated Feedstock | Fabricated
in tensile change in
Wire FGM Wire FGM
strength strain
ER316E 580 481.05 -17.06 38 45.19 +18.91
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ER2205 655 587.70 -10.27 25 38.3 +53.2
IN718 1314 877.40 -33.22 27 26.01 -3.66
Along the
- 550.66 - - 34.12 -
height

6.6.2.1 Fracture Surfaces of Tensile Sample

The fracture surfaces of the tensile samples were examined using scanning electron microscopy
(SEM) and are depicted in Figure 6.13 (a-d). The observed fracture surfaces exhibit a mixed
mode of failure. In the case of the IN718 sample, the fracture surface appears flat and

featureless, indicating low deformation prior to fracture (Figure 6.13 (a)).

oy

ald s - 0

Figure 6.13: Fracture surfaces of tensile samples across the built direction of (a) IN718, (b)

ER2205, (c) ER316L and (d) fracture surfaces of tensile samples along the built direction

However, the ER2205 and ER316L samples display a ductile failure mode on the tensile
samples, characterized by the presence of dimples of various shapes and sizes as illustrated in
Figure 6.13 (b) and Figure 6.13 (c), respectively. The fracture surface of tensile sample tested
along the built direction also shows dimples, resembling the fracture surface of ER316L Figure
6.13 (d). This similarity arises because the tensile sample along the built direction fails from

the ER316L region, leading to the consistent appearance of dimples on the fracture surface.

SUMMARY

This chapter demonstrates the successful fabrication of a trimetallic FGM incorporating

ER316L, ER2205, and IN718 through the GMAW-based WAAM process. The intentional
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manipulation of mechanical properties was achieved by depositing the three materials
sequentially in the order of ER316L-ER2205-IN718. This particular sequence was adopted to
methodically attain a gradual variation in mechanical properties from the bottom to the top of

the fabricated structure.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS OF FUTURE
WORK

The development of functionally graded material with graded composition using a multi-wire
feed system with gas tungsten arc welding-wire arc additive manufacturing (GTAW-WAAM)
has yet to be extensively explored. In this study, an attempt is made to develop Ni-based FGMs.
The different materials like, pure nickel, nichrome 80:20, ERNiCrMo-10, and Inconel 625,
were used to develop FGMs. The FGMs were fabricated under different processing conditions.
To address of the challenge of high heat associated in WAAM processing, a novel post-
processing technique known as friction stir processing (FSP) was successfully applied after
FGM. Additionally, an active cooling strategy with FSP was demonstrated within the context
of WAAM. Subsequently, the developed FGMs underwent comprehensive characterization for
their metallurgical and mechanical properties. The major conclusions from this study and

opportunities for future research in this area are presented in the following sections.
7.1 CONCLUSIONS

This research successfully fabricated two types of Ni-based FGM utilizing GTAW-WAAM
and one trimetallic FGM by using GMAW-WAAM. The findings from all FGM types highlight

significant advancements and insights into their metallurgical and mechanical properties.
7.1.1 The Findings from FGM Type-I

The Ni-Cr-Mo based functionally graded material with varying composition of nickel and
chromium samples have been fabricated successfully by GTAW-WAAM process. After that
metallurgical and mechanical characterization was performed. The following conclusions can
be drawn:
1. Columnar and dendritic grains were observed in the as-deposited sample. In contrast,
to the FSP sample, the grain orientation changed from being along the deposition
direction to across it due to frictional deformation. These changes occurred due to

plastic deformation and recrystallization, leading to the formation of fine grains.
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11.

1il.

1v.

The XRD analysis of the developed FGMs reveals the formation of y-Ni, CrNi3, a-Cr
and MoNi4 phases. In FSP sample, the y-Ni, a-Cr and MoNi4 peaks are more intense
than those in the as-deposited samples. This is because FSP provides high temperature
distortion during processing and promotes the formation of these precipitates.

The EBSD analysis of as-deposited showed the grain size varied from 257 to 387 um.
This type of grain structure is evident in WAAM samples due to multiple thermal cycles
during layer deposition. However, the grain size in FSP samples ranges from 17 to 35
um. It is happened due to high temperature frictional deformation in FSP sample. Thus,
FSP is beneficial in reducing the grain size for improving the mechanical properties of
produced FGM from WAAM processes.

The microhardness varies from 142.43+6.5 HV to 331.08+9.2 HV and 165.83+5. HV
to 385.19+14 HV from bottom to top in as-deposited and FSP samples respectively.
This increasing trend in the microhardness values are due to the increase in
concentration of CrNiz and MoNis precipitates. However, the influence of FSP
processing helps to further rise in microhardness values of the samples.

The tensile strength of as-deposited and FSP samples varies from bottom to top. The

FSP processed samples shows upside trend as compared to the as-deposited.

7.1.2 The Findings from FGM Type-11

The Ni-Cr-Mo based functionally graded material with varying composition of nickel and

chromium and molybdenum samples have been fabricated successfully by GTAW-WAAM

process. The developed samples have been analyzed by results of metallurgical and mechanical

characterizations. The following conclusions can be drawn:

1.

ii.

1il.

A gradual compositional gradient of nickel from 93.33 % (bottom layer) to 58.20% (top
layer) and molybdenum from zero to 12.5 % with almost constant chromium percentage
is achieved along the height of the deposited wall.

The microhardness gradually increases from bottom to top in all cases, due to the
increase in molybdenum content. The microhardness values are ranges from 114 £6.5
—205+92HV, 116 £6.8 —230+ 10.3 HV and 164 + 7.2 — 256 + 12.23 HV for as-
deposited, FSP and FSP-W samples, respectively.

In the as-deposited sample, large columnar and dendritic grains were observed.

However, in the FSP sample, finer and deformed grains were evident. Additionally, in
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1v.

the FSP-W sample, faster grain refinement occurred, resulting in maximum
microhardness.

The XRD analysis of as-deposited FGMs reveals the presence of MoNi4 and Ni3 2sTi0.72
precipitates in the (111) and (022) crystal planes. The FSP sample exhibits Moo.4Nis3 6,
CrNiz, and NizosTio72 precipitates in the (111), (022), and (002) crystal planes.
Conversely, the FSP-W sample demonstrates the existence of Cros4Nios and
Nio.906Ti0.004 precipitates in the (111), (022), and (002) crystal planes.

The average ultimate tensile strength (UTS) at location-1, where molybdenum is almost
negligible, were found 793 MPa, 715 MPa and 875 MPa, respectively for as-deposited,
FSP and FSP-W samples. As moving upward at location-2 where molybdenum
percentage is in the range of 5 to 9%, the UTS decreases by 3.25 % and 3.5 % in the
case of as-deposited and FSP samples while it increases in FSP-W samples by 3.67 %.
At location-3 (with 10-12.5% Mo), the UTS increases by 3 %, 12.56 % and 3.42 % for
as-deposited, FSP and FSP-W samples, respectively.

7.1.3 The Findings from Trimetallic FGM:

ER316L, ER2205 and IN718 based trimetallic FGM was fabricated by using GMAM-WAAM

process. After that metallurgical and mechanical characterization was performed. The

following conclusions can be drawn:

1.

1l

1il.

1v.

ER316L exhibited large austenitic (y) grains with the presence of o-ferrite phase at the
grain boundaries. Similarly, ER2205 displayed a complex microstructure comprising
austenite (y), a-ferrite phases, and martensite phase.

The ER2205 and IN718 showcased a distinct interface, evident in energy-dispersive X-
ray spectroscopy (EDX) data, with higher Fe content and lower Ni content in the
ER2205 region, and vice versa in the IN718 zone.

Within the IN718 zone, nodular-shaped Laves phases were observed, along with the
presence of metal carbides containing Ti, Nb and Mo.

The average microhardness values along the deposition direction increased by
approximately 9.29% for ER2205 and 1.78% for IN718 compared to ER316L.

The tensile strength along the deposition direction was recorded as 481.05 10 MPa in
ER316L, 587.7 = 17 MPa in ER2205, and 877.4 + 23 MPa in IN718, all exhibiting
lower values than their respective feedstock wires. Despite the reduced tensile strength,

% elongation is increased by 18.91% and 53.2 % in ER316L and ER2205 respectively
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while as in IN718 it is decreased by 3.66 % as compare to feed stock material. The
tensile strength and % elongation of trimetallic FGM along the deposition height is
550.66 MPa and 34.12% respectively.

7.2 FUTURE SCOPE

The successful fabrication of FGMs by using multi wire feed system with GTAW-WAAM and
trimetallic FGM by using GMAW-WAAM opens avenues for further research and

development in several areas. The following suggestions are drawn from current work:

1 Exploration of additional alloy combinations and deposition sequences to achieve tailored

material properties for specific applications.

2 Investigation of alternative post-processing techniques, such as surface modification, to

further improve material performance.

3 Assessment of the corrosion resistance and fatigue behaviour of the fabricated FGM to

evaluate their suitability for real-world applications.

4 Integration of advanced characterization techniques, such as transmission electron
microscopy (TEM), to gain deeper insights into microstructural evolution and defect

formation during additive manufacturing processes.

Overall, the findings of this research contribute to the advancement in additive manufacturing
technology and its applications in fabricating complex, functionally graded materials with

tailored mechanical properties.
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APPENDIX

Figure A-1 Optical Microscopy (Make: Radical Scientific Equipment, Model: RMM-8T, Photo
Courtesy: Surface Engineering and Tribology Research Lab, Mechanical Engineering

Department, TIET, Patiala)

-

Figure A-2 Scanning Electron Microscopy (Make: Sigma - ZEISS Field Emission SEM, Photo
Courtesy: Electron Microscopy laboratory, TIET, Patiala)
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Figure A-3 X-Ray Diffractometer (XRD) (Make: SmartLab Rigaku, Japan, Model: SmartLab
SE, Photo Courtesy: School of Physics and Materials Science, Thapar Institute of Engineering
& Technology)
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Figure A-4 Vicker’s Micro-Hardness Tester (Make: Meta-Tech, Model: MVHI1) Photo
Courtesy: A.M. Lab, Thapar Institute of Engineering & Technology)

Figure A-5 Universal testing machine (Make: Enkay Enterprises, Model: EKE591 Series)
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