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Abstract

Wire Arc Additive Manufacturing (WAAM) stands out for its high deposition
rate and ability to produce large metal parts efficiently. Aluminum and its
alloys, especially A15356, are widely used in sectors like aerospace, automotive,
construction, due to their light weight, excellent corrosion resistance, etc.
However, aluminum components fabricated by WAAM often face challenges
such as coarse grain structures, porosity, high residual stress, and anisotropy.
These drawbacks mainly arise from the repeated thermal cycling and directional
solidification during layer-by-layer deposition, which negatively impact the
mechanical performance and reliability of the final product. Porosity acts as a
stress concentrator that can lead to premature failure under mechanical loading,

limiting the use of WAAM-fabricated parts in critical applications.

To address these limitations, this study explores the use of High-Pressure
Torsion (HPT) technique as a post-processing method to enhance the structural
and mechanical properties of WAAM-fabricated Al5356. HPT involves
applying high pressure and torsional shear to the material, which results in
ultrafine grain refinement and improved mechanical strength. The research
primarily focuses on comparing the as-built WAAM samples with those treated
using HPT. The microstructural features of both sets of samples will be
examined using optical microscopy to observe grain structure, porosity, and
interlayer bonding. The Archimedes method will be used to determine the
density and surface porosity of the samples, helping assess the defects and the
effectiveness of HPT in reducing them. In addition, Vickers microhardness
testing will be performed to evaluate improvements in hardness due to grain
refinement and strain hardening after HPT. Together, these analyses aim to
provide a detailed understanding of the limitations of WAAM-fabricated
Al5356 and the extent to which HPT can overcome them.

The findings of this study are expected to support the development of reliable
post-processing strategies for aluminum components produced via WAAM. By
demonstrating the benefits of HPT, the research contributes to the broader goal
of making metal additive manufacturing more suitable for high-performance

industrial applications.










































Chapter 1

Introduction

The Additive Manufacturing (AM) is a material addition technique that reduces
waste up to negligible levels compared to the conventional machining methods

in the manufacturing industry.

After steel, aluminum is the second most used metal. The transportation,
construction, food processing, and electrical industries all make extensive use
of aluminum and its alloys. Its extraordinary qualities like its light weight,

corrosion resistance, etc [23].

Metal additive manufacturing methods have generated attention because of their
superiority over traditional manufacturing methods in creating intricate and
nearly perfectly shaped components with minimal material waste. The direct
energy deposition method is regarded as one of the principal techniques in metal
additive manufacturing, which can be classified into powder-based and direct

energy deposition [24].

The Wire Arc Additive Manufacturing (WAAM) technique might be an
specialized tool for creating new materials with a particular internal structure
that improves their mechanical and physical properties. The main flaw in
additively produced aluminum alloys that later degrades the material's
mechanical properties is porosity. The origin of cracks during fracture appears
because of pores, which reduce the loading area and the material's load-carrying
capacity [25]. In this regard, additional research is required to examine porosity
and how it impacts the mechanical characteristics of aluminum alloys made via

additive manufacturing.

One of the more extreme approaches to enhance the mechanical characteristics
of WAAM materials is to apply Severe Plastic Deformation (SPD) techniques,
which are known to create a distinctive microstructure and offer remarkable
mechanical attributes in bulk metallic materials [26]. It has been demonstrated
that ultrafine-grained structures with remarkable mechanical strength can be

produced by High-Pressure Torsion (HPT) processing.



1.1 Summary and Dissertation Outline

This dissertation explores the combined use of Wire Arc Additive
Manufacturing (WAAM) and High-Pressure Torsion (HPT) to enhance the
microstructure and mechanical behaviour of A15356 aluminum alloy. WAAM
enables efficient layer-by-layer fabrication of large aluminum components but
is often limited by internal porosity and microstructural non-uniformity. HPT,
as a post-processing technique, introduces intense plastic deformation that
refines the grain structure, enhances hardness, and significantly reduces

porosity.

The structure of this dissertation is organized as follows. Chapter 1 introduces
the fundamentals of additive manufacturing with a focus on Wire Arc Additive
Manufacturing (WAAM), highlights its challenges, and presents High-Pressure
Torsion (HPT) as a post-processing technique. It also describes the research
motivation and objectives. Chapter 2 provides a review of the relevant literature
on aluminum alloys, particularly the 5xxx series, covering both conventional
and additive manufacturing methods, WAAM technology, Severe Plastic
Deformation (SPD) methods, HPT processing, and porosity mitigation
strategies. Chapter 3 defines the scope of the research, including the specific
aims and objectives centered on evaluating the effects of HPT on WAAM-
processed Al5356. Chapter 4 outlines the experimental methodology, detailing
the material selection, WAAM processing, HPT post-processing, and
characterization techniques such as Optical Microscopy, X-Ray Diffraction
(XRD), Vickers Hardness testing, and Archimedes Density measurement.
Chapter 5 presents and analyzes the experimental results, focusing on density,
porosity, microhardness, XRD data, and optical microstructural evaluation.
Finally, Chapter 6 summarizes the findings, discusses their implications for
improving WAAM-fabricated components, and proposes directions for future
research, including advanced material characterization and comparative studies

using different SPD techniques.



Chapter 2

Literature Review

2.1 Potential of Al Alloys

Aluminum is the second most used metal worldwide after steel, mainly because
of its beneficial characteristics such as low density, high corrosion resistance,
and good thermal and electrical conductivity [1,2]. When combined with other
elements to form alloys, aluminium’s properties can be significantly enhanced,
allowing for a wide range of mechanical performance suited for various
applications. These alloys play an essential role in multiple industries including
construction, transportation, marine, and aerospace. In the construction sector,
they are utilized for building structures, doors, and window panels. In the
automotive and aerospace fields, their lightweight nature contributes to
improved fuel efficiency and reduced emissions while maintaining strength and
durability. Additionally, the ability to recycle aluminum without significant loss

in quality makes it an environmentally friendly option in modern engineering.
2.2 Family of Aluminum Alloy

The aluminum family is broadly classified into seven series based on their
principal alloying elements and mechanical behaviour. The 1xxx series
represents commercially pure aluminum with excellent corrosion resistance but
relatively low strength. The 2xxx series are aluminum-copper alloys known for
their high strength but reduced corrosion resistance. The 3xxx series contain
manganese and offer moderate strength with good corrosion resistance. The
4xxx series, based on silicon, provide good wear resistance and moderate
strength. The 5xxx series are aluminum-magnesium alloys notable for their
excellent corrosion resistance and moderate to high strength. The 6xxx series,
which includes aluminum-magnesium-silicon alloys, combines good strength
and corrosion resistance, widely used in structural applications. Finally, the
7xxx series consists of aluminum-zinc alloys with very high strength but

comparatively lower corrosion resistance [3].






2.4 Conventional Manufacturing Methods: Casting and Rolling

Casting and rolling are traditional manufacturing methods widely used to shape
aluminum alloys, including A15356. Casting involves pouring molten aluminum
into a mold in which the material solidifies to take on the required shape..
Despite its versatility and ability to produce complex geometries, casting often
results in inherent defects that adversely impact the alloy's mechanical
characteristics. One of the most frequent faults in cast aluminum alloys is
porosity, which is mostly caused by hydrogen gas being trapped during
solidification. These pores, which can be irregular or oval, function as points of
stress and lower the material's overall toughness and fatigue life. [5,6].
Additionally, shrinkage cavities may form due to volumetric contraction during
solidification, leading to voids in the final cast. Segregation, caused by the
uneven distribution of alloying elements, produces microstructural
inhomogeneity that can compromise strength and corrosion resistance. Cold
shuts and misruns may also occur if the molten metal prematurely solidifies or

fails to completely fill the mold cavity [5].

In Figure 2.1(a), the macroscopic cross-sectional view of the sand-cast Al-Li
alloy reveals the general distribution of porosity defects across the casting. A
magnified portion of this section highlights the presence of invasive pores,
which exhibit irregular shapes and significant penetration into the surrounding
matrix, indicating disruptions likely caused during mold filling or solidification.
Image 2.1(b), corresponding to the enlarged view of area A, shows reactive
pores that are presumed to form as a result of chemical interactions during
solidification, such as gas generation or reactions between the molten alloy and
the mold material. In contrast, Image 2.1(c), which magnifies area B, illustrates
precipitation pores, typically associated with gas evolution or the formation of
secondary phases during the cooling phase. These classifications and visual
analyses of porosity defects are essential for understanding their underlying
formation mechanisms. They provide critical insights into evaluating the
integrity of the cast structure and formulating strategies for improving casting

processes and minimizing defect formation in Al-Li alloys. [29]









2.5 Additive Manufacturing Techniques: Powder-Based and Direct Energy

Deposition

Additive manufacturing (AM) encompasses several technologies that build
parts layer-by-layer, primarily divided into powder-based and Direct Energy
Deposition (DED) methods. Techniques like Electron Beam Melting (EBM)
and Selective Laser Melting (SLM) are examples of powder-based AM. By
selectively melting thin layers of aluminum powder with a laser, SLM creates
dense objects with excellent mechanical qualities and exquisite microstructures
[10]. EBM uses an electron beam under vacuum conditions to melt powder
layers and is commonly applied in titanium but is less frequent for aluminum
alloys [10]. Binder jetting is alternative powder-based method that is not as
common for load-bearing aluminum parts. It entails depositing a fluid binder

onto a powder bed and then sintering it.

Metal wire or powder flows directly into a melt pool produced by a concentrated
energy source, like an electric arc or laser, using DED techniques. Powder-fed
DED uses a nozzle to blow powder into the melt pool, allowing for detailed
features but generally lower deposition rates [11]. Wire-fed DED, exemplified
by Wire Arc Additive Manufacturing (WAAM), builds components layer by
layer by melting aluminum wire using an electric arc. WAAM offers higher
deposition rates and is well-suited for producing large components. Due to its
high material efficiency, reduced powder hazards, and cost effectiveness, wire-
fed DED is increasingly favored for manufacturing aluminum alloys like
Al5356 [12]. To reduce frequent flaws like porosity and lack of fusion that occur
in DED processes, however, exact control over processing parameters is

necessary [11].
2.6 Wire Arc Additive Manufacturing (WAAM) of AI5356

In the wire-fed DED process known as WAAM, a consumable wire feedstock
is melted by an electric arc, resulting in the layer-by-layer deposition of material
to produce components with a near-net form. The method is cost-effective
because the wire feedstock is cheaper and easier to handle compared to metal

powders. WAAM’s high deposition rate makes it suitable for fabricating large






2.7 Severe Plastic Deformation (SPD) Techniques and Their Qualities

In order to produce ultrafine grain structures and improved mechanical
characteristics, severe plastic deformation (SPD) procedures apply incredibly
high plastic stresses to metals without causing a noticeable change in size.
Accumulative Roll Bonding (ARB), Multi-Axial Forging (MAF), High
Pressure Torsion (HPT), and Equal Channel Angular Pressing (ECAP) are the
SPD techniques that are most frequently used.

In ECAP, a metal billet is pressed through a die with an angled channel.
imposing shear deformation without altering the billet’s cross-section. It is
scalable for industrial production and improves strength and ductility by grain
refinement [14]. Accumulative Roll Bonding consists of stacking sheets, rolling
them to bond the layers, and repeating the process multiple times, achieving
significant grain refinement and enhanced mechanical behaviour [14]. Multi-
Axial Forging applies repeated forging along multiple directions to accumulate

strain and refine grains [14].

High Pressure Torsion (HPT), however, is distinct in its ability to impose very
high shear strains under gigapascal-level compressive pressure on disk-shaped
samples. It is the most effective technique for producing ultrafine or
nanocrystalline grain structures, resulting in exceptional hardness and strength
[15]. Among SPD methods, HPT is considered ideal for research applications
on AlI5356 due to its capacity for extreme grain refinement and significant

reduction of internal defects.
2.8 High Pressure Torsion (HPT) post processing Effects on A15356

HPT applies simultaneous high compressive pressure and torsional strain to
small disk-shaped specimens, resulting in substantial microstructural
transformation which shown in figure 2.5. During HPT processing, dynamic
recrystallization occurs, fragmenting coarse grains into ultrafine or even
nanometre-sized grains. This ultrafine grain structure significantly enhances the
strength of Al5356 through the Hall-Petch mechanism, where dislocation

motion is hindered by grain boundaries [15].
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This substantial decline in porosity can be attributed to the intense shear forces
and compressive pressure applied during HPT, which facilitate the closure of
internal voids and densification of the microstructure. The ability of HPT to
eliminate pores and defects is crucial for enhancing the material’s mechanical

integrity.

Comparing the porosity levels before and after HPT clearly highlights the
advantage of HPT as an effective post-processing technique to improve the
quality of WAAM-fabricated Al5356 by reducing void content and thereby

enhancing its mechanical properties.
5.3 XRD

The X-ray Diffraction (XRD) analysis performed at the edge on Wire Arc
Additive Manufacturing (WAAM) Al5356 samples subjected to High-Pressure
Torsion (HPT) in both side longitudinal (SL) and front transverse (FT)
orientations consistently revealed significant microstructural changes as a
function of the number of HPT turns (N). The XRD patterns for the side
longitudinal (SL) samples in Figure 5.4 and front transverse (FT) samples in
Figure 5.3 both displayed prominent diffraction peaks corresponding to the
(111), (200), (220), (311), and (222) planes of the face-centered cubic (FCC)
aluminum lattice. In the as-received (N=0) condition, both sets of samples
exhibited sharp and intense diffraction peaks, indicative of a relatively coarse-

grained microstructure.

However, as the number of HPT turns increased, a consistent trend of peak
broadening and reduction in intensity was observed in both SL and FT samples.
For the SL samples, even at N=0.5, a slight broadening and intensity reduction
suggested initial grain refinement, which became more pronounced at N=1, and
then significantly broader and less intense at N=5 and N=10, pointing towards
substantial grain refinement to a nanocrystalline or ultrafine-grained regime and
potential saturation of grain size. Similarly, the FT samples at N=0.5 and N=1
also showed noticeable peak broadening and intensity reduction, indicating
effective grain refinement comparable to the initial stages observed in the SL
samples. This consistent peak broadening and intensity reduction across all

HPT-processed samples, regardless of orientation, is a strong indicator of grain
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increase compared to "SL Turn 1", suggesting a more efficient deformation.
Furthermore, the trend for "SL Turn" samples clearly shows that hardness
increases with more accumulated strain, but a notable phenomenon of strain
saturation begins to appear at higher numbers of turns (especially between 5 and
10 turns), where the rate of hardness increase slows down. This indicates that
the material's internal structure is approaching a stable state where further
increases in deformation produce only minor additional gains in hardness,
implying that the primary strengthening mechanisms are reaching their
maximum potential. The observed increase in microhardness directly indicates
an improvement in the overall strength of the A15356 alloy, as SPD-processed
materials typically show significantly better tensile and yield strength; however,
the non-uniform hardness profile means that mechanical properties will also
vary across the disk, with edges being stronger but potentially less flexible than
the center, a crucial consideration for applications requiring consistent material

properties.

In High-Pressure Torsion (HPT), the relationship between hardness and strain
reveals a fascinating interplay of material behaviour under extreme
deformation. Initially, as strain increases, the material's hardness typically rises
significantly due to intense strain hardening. This is primarily driven by
profound grain refinement, leading to ultrafine or nanocrystalline structures,
and a dramatic increase in dislocation density, both of which impede further
plastic flow. However, this hardening effect isn't limitless; beyond a certain
point, the hardness tends to saturate. At these very high strains, dynamic
recovery and dynamic recrystallization mechanisms begin to compete with the
hardening processes, effectively balancing the rate of dislocation accumulation
and grain refinement, thus preventing further substantial increases in hardness.
Furthermore, due to the inherent design of HPT, the strain is non-uniform,
leading to a radial gradient in hardness across the sample, though prolonged

processing can often achieve a more homogeneous hardened state.
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Figure 5.15: Microstructure of WAAM AI5356 (As-Built)

The microstructure of the Wire Arc Additive Manufacturing (WAAM) Al5356
sample, as depicted in Figure 5.15, clearly reveals characteristic features crucial
to understanding the fabrication process and potential defects. A prominent
observation is the distinct inter-layer formation, highlighted by the clear
demarcation between "Layer N" and "Layer N+1". This stratified structure is
inherent to the WAAM process, where successive layers of material are
deposited, solidifying atop the previous one to build the desired geometry.
However, intimately associated with this layer-by-layer deposition is the
presence of pores, appearing as dark, somewhat spherical voids within the
material. These pores are primarily generated by the trapping of inert gases,
predominantly hydrogen, during the rapid solidification of the molten metal.
Even with the use of argon as a shielding gas in MIG WAAM, hydrogen readily
dissolves in the liquid aluminum. This hydrogen often originates from moisture
on the wire surface or from ambient humidity in the welding environment that
is drawn into the melt pool. As the material cools and solidifies, the dramatically
reduced solubility of hydrogen in solid aluminum causes it to be rejected from
the solidifying front, forming bubbles that become entrapped between the
rapidly advancing solidification fronts, particularly at the interfaces of the
deposited layers. Such pores constitute significant defects, acting as stress
concentrators that can detrimentally impact the mechanical properties,
especially the tensile strength, ductility, and fatigue life, of the WAAM-

fabricated component.
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The microstructural evolution of Al5356 subjected to Wire Arc Additive
Manufacturing (WAAM) followed by High-Pressure Torsion (HPT) is critically
examined through optical microscopy, with representative images presented in
Figures 5.11 to 5.17. The as-built WAAM sample (Figure 5.15) clearly exhibits
the characteristic layered deposition, evident from the distinct inter-layer
boundaries between successive beads. Within these layers, a coarse, as-
solidified dendritic or columnar grain structure is observed, typical of fusion-
based additive manufacturing processes. A notable defect in the as-built state is
the presence of spherical pores, particularly concentrated near these inter-layer
regions. These pores are attributed to the entrapment of hydrogen gas during
solidification, primarily sourced from moisture on the welding wire surface or
from ambient humidity entering the weld pool, despite the use of inert argon

shielding.

In stark contrast, the microstructures of the HPT-processed samples reveal a
dramatic refinement of the grain structure. The front transverse (FT) sections,
including Figure 5.16, Figure 5.17, and Figure 5.18, demonstrate that the
original coarse features and distinct inter-layer boundaries from the WAAM
process are significantly altered, indicating successful severe plastic
deformation. While Figure 5.16 prominently displays indentations from
hardness testing rather than intrinsic pores, the effect of HPT on defect

consolidation is further elucidated by the side longitudinal (SL) sections.

The SL sections, at a higher magnification (20X), provide insights into the
internal structure along the build direction and the impact on porosity. Figure
5.19, from the center of the HPT disk, shows a refined microstructure but
notably contains numerous small, irregularly shaped voids, indicating that pore
consolidation is less complete in regions of lower applied strain. Moving
outwards, Figure 5.20, representing the mid-region, exhibits a more
homogeneous and denser microstructure with a substantial reduction in the
visible porosity. Finally, Figure 5.21, from the edge, presents the most refined
microstructure, appearing largely dense with minimal visible porosity and clear
deformation flow lines, directly confirming the extreme plastic deformation and
anticipated achievement of an ultra-fine grained state. This pronounced strain

gradient across the HPT-processed disk underscores its direct influence on both
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microstructural refinement and the effectiveness of pore consolidation. These
microstructural transformations collectively suggest a significant enhancement
in the mechanical properties of the WAAM Al15356 after HPT, particularly in
terms of strength, hardness, and overall material integrity, which can be

correlated with the observed grain refinement and successful densification.

Figure 5.22: Microstructure of Side Longitudinal HPT (2 Turn) — Center

The efficacy of High-Pressure Torsion (HPT) in refining the microstructure and
consolidating defects in WAAM Al15356 is further underscored by comparing
samples processed with varying numbers of turns. While Figure 5.19
representing the side longitudinal section at the center after 1 HPT turn, shows
significant grain refinement compared to the as-built state, it still retains
numerous small, irregularly shaped voids. This indicates that at lower applied
strains (characteristic of the center during 1 turn), complete pore closure is not
achieved. In stark contrast, Figure 5.22, depicting the side longitudinal section
from the center after 5 HPT turns, reveals a remarkably homogeneous and ultra-
fine grained microstructure. The individual grains are largely unresolvable at
this magnification, and the distinct irregular voids observed in the 1-turn sample
are almost entirely absent, demonstrating a dramatic increase in material
densification. The presence of pronounced swirling patterns in the 5-turn sample
further highlights the immense plastic deformation imposed, which not only
refines the grain structure to a much greater extent but also effectively
consolidates porosity, even in the region of lowest shear strain within the HPT
disk. This direct comparison clearly illustrates that increasing the number of
HPT turns significantly enhances both microstructural homogeneity and defect

elimination, leading to a more robust and improved material.
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5.6 Power Law Model

The experimental investigation into the effect of increasing High-Pressure
Torsion (HPT) turns on material properties, as characterized by the power law
model, unequivocally demonstrated a significant enhancement in strength
accompanied by a pronounced reduction in strain hardening capacity.
Specifically, a substantial increase in the strength coefficient (K) was observed
with higher numbers of turns, directly correlating with the severe grain
refinement and increased dislocation density induced by the HPT process. This

is shown in table 5.4 which is created by the analysis of figure 5.23 to 5.25.

Table 5.4: Relationship between Strength coefficient (K) and Strain hardening exponent (n)

Sample K (MPa) n n at center | n at mid n at edge
SL1 34.050 0.209 0.141 0.148 0.270
SL2 40.860 0.149 0.245 0 0.184
SL3 61.378 0.059 0.017 0 0.044

Concurrently, the strain hardening exponent (n) consistently decreased,
indicating a progressive exhaustion of the material's ability to further strengthen
through plastic deformation and, consequently, a diminished ductility. This is
because, while HPT initially strengthens materials through microstructural
refinement and increased defects, excessive deformation can lead to dislocation

saturation where fewer new dislocations can be effectively generated and stored.

This saturation limits the material's capacity for uniform plastic strain, making
it more prone to localized deformation and fracture at lower overall strains,
effectively decreasing ductility. Furthermore, because of the significant
microstructural changes and hardening mechanism saturation, the material's
hardening behaviour may differ from this idealized relationship, making the
basic power law model itself less valid at higher HPT turn counts. These results,
which are further supported by the radial variations in the strain hardening
exponent that have been observed, collectively demonstrate the trade-off that

occurs in SPD, where superior strength is attained at the price of uniform
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