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ABSTRACT

Abstract

In recent years, fabricating aluminium matrix composites (AMCs) reinforced
with nanoparticles via Selective laser melting (SLM) has drawn attention due to
the potential in improving mechanical properties. However, the formation of
undesirable intermetallic phases and porosity defects are challenging to
overcome. Also, joining of AMCs is also important for industrial applications.
Friction stir welding (FSW) is a solid-state joining technique capable of
producing good mechanical properties. This study paves the way for the
fabrication of new novel AMCs via FSP as well as the joining of SLM fabricated
AMCs.

The main findings are:

i. A new Al-based nano-composite reinforced with uniformly dispersed Al>O3
and carbon nanotubes (CNTs) have been successfully fabricated using FSP.
Grain refinement was observed in friction stir processing with/ without the
addition of nano-sized reinforcement particles. The presence of nano-sized
reinforcement led to more pronounced grain refinement as pinning effect of
the nano-particles have retarded the grain growth rate in the dynamic
recrystallisation process. The micro-hardness and tensile strengths were
increased significantly through the addition of Al>O3z and CNTSs nanoparticles.
In particular, the yield strength of the composites increased 70% compared
with that of FSPed Al when both Al,O3 and CNTs were added in the matrix.
Multiple reinforcements with different shapes can be an effective method to
increase the tensile strengths, especially yield strength of metal matrix
composites.

ii. SLM fabricated AlSi;oMg, and AlSiioMg-nAl2O3 composites were studied.
The addition of nAl>O3 resulted in the increasing formation of porosity in
SLM fabricated AMCs. Hence, higher laser energy input was required to

improve the wettability properties. Columnar grain structure along the thermal
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gradient was observed. Significant grain refinement was achieved with the
addition of nAl,O3 via Zener pinning effect by exerting pinning pressure. The
use of AIlSi;oMg has resulted in the fabrication of AlSiioMg-nAl;O3
composites with superior mechanical properties compared to Al-nAl;Os
composites using pure aluminium.

FSW had successfully joined SLM fabricated AlSii;oMg parts together without
the presence of welding defects with rotational speed = 1200 rpm, travel speed
=1 mm/s, tilt angle = 4.5°. Grain refinement was observed in the FSW region
due to dynamic recrystallisation process together with a significant increase
in the fraction of high-angle grain boundaries during FSW. Significant
decreases in the hardness and tensile strength were observed in the weld region
due to the precipitation of Si. The increase in rotation speed or reduction in
travel speed increased in grain size and slight reduction of hardness. Ductility
was improved after FSW, and tensile strength is comparable to FSW of
AAB061-T6 rolled sheets.

FSW was successfully used to joined SLM fabricated AlSiioMg and its
composites together achieving fine grains in the FSW region. Agglomerated
and sintered nAl>Os was observed to have broken down and dispersed in the
matrix after FSW. It was observed that the use of higher tool rotational speed
resulted in larger grains. The addition of nAl,O3 contributed to finer grains
and higher hardness due to Zener pinning effect. FSW can generate porosity-

free welds while 18% porosity density was received from as-printed substrates.

These favourable findings ascertained the feasibility of using FSW to join SLM

fabricated Al-Al>Os composites and contributed to the scientific knowledge that

FSW can produce a weld with desirable results for actual applications.
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CHAPTER 1

Introduction

1.1 Background

Particulate-reinforced metal matrix composites (MMCs) have drawn much
attention in the automobile, aerospace and defence industries due to its superior
high elastic modulus, stiffness and wear resistance [1-3]. Significant
strengthening effects can be achieved by using small concentrations of
reinforcement particles [3]. MMCs could be fabricated using various suitable
types of metal. Light metals such as aluminium, cobalt, cobalt-nickel, magnesium,
titanium alloys as well as superalloys were found to be more attractive due to
their possibility to make strong and light composites. Aluminium alloy has been
a preferred choice for research among the light metals due to its wider application,
machinability as well as its relatively lower cost. More recently, researchers have
grown interested in the use of nano-particles as reinforcement due to their ability
to further enhance strength as compared to micro-sized reinforcements [4, 5]. In
general, the use of reinforcement in aluminium matrix composites (AMCs)
contributes to the improved strength, stiffness, wear resistance as well as

mechanical performances at elevated temperature [6-9].

Recently, much attention has been shifted to additive manufacturing (AM)
processes due to its ability to fabricate complex components which are
challenging and costly via traditional manufacturing processes. In the past, AM
plays a crucial role in rapid prototyping, rapid tooling and manufacturing
industries. The use of layerwise fabrication technique has enabled fast and
relatively lower cost prototype fabrication. In the past five years, the global
revenue for AM services and products has experienced remarkable growth with
42.6% coming from AM of metals with a 50% increase from USD 48.7 million



INTRODUCTION CHAPTER 1

in 2014 [10]. As the industry continues to grow, advancement in research and
development for SLM processes of different material and metal matrix
composites (MMCs) will also be developed. The idea of selective laser melting
(SLM) came between the late 1980s and 1990s [11, 12]. It is a powder-based
additive manufacturing technique which fabricates components layer by layer
with the use of computer-aided design (CAD) modelling while a laser scans the
cross-section of the respective layer. After fabrication, unused powders were then
removed and recycled while the component is removed from the platform. One
difficult challenge in the process is the uniform dispersion of reinforcements
particles in the metal matrix [13]. During SLM, the metal powders were fully
melted by the scanning laser and solidify immediately after the laser passes. The
high temperature gradient and cooling rate in the SLM process often result in
distortion, crack or delamination and inaccuracy in the parts built due to high

residue stress, hence, limiting the size of the built parts using SLM [14, 15].

MMCs are reported to have superior strength and mechanical properties.
However their application becomes limited if there is no way of joining them
together. In general, the welding of aluminium requires careful preparation. Loss
of strength and defect formation were the main concerns in traditional fusion
welding processes. The formation of porosity defect could result from the
dissolution of shielding gases (oxygen, nitrogen and hydrogen) or moisture from
electrode and flux in molten metal. Moreover, the significant difference in the
melting temperature of aluminium (660°C) and its oxide (2060°C) at the surface
could contribute to the lack of fusion in the welded parts. The high thermal
conductivity of aluminium resulted in the large temperature difference between
the liquid and solidification process. This results in the formation of residual
stress in the weld leading to centre-line or hot cracking. The thermal cycle of
fusion welding also results in significant reduction of strength in the heat affected

zones for heat treatable aluminium alloys [16, 17].
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Lakshminarayanan et al. [18] did a comparative study between gas tungsten arc
welding, gas metal arc welding and friction stir welding (FSW) of AA6061-T6.
In their study, it was concluded that FSW AA6061 achieved superior mechanical
properties. In addition to the challenges mentioned above, the welding of AMCs
is more challenging with the addition of reinforcement particles. Such challenges

include:

¢ Non-homogenous mixing of filler and base material
e Excessive formation of eutectic phase
e Formation of porosity > 100 pum

e Formation of undesirable brittle intermetallic phases such as Al4Cs [19].

Storjohann et al. [20] investigated the welding of AA6061 reinforced with 20
weight percent of Al2O3z and AA6061 reinforced with 20 weight percent whiskers
SiC using gas tungsten arc (GTA), electron beam (EM), Nd-YAG continuous
wave laser beam welding (LBW) and FSW. Al>Os reinforcements were observed
to have completely dissolved in the molten aluminium during fusion welding
leading to the reduction of its strength. On the other hand, SiC was observed to
form Al,Cs with Si-rich phase being precipitated due to the reaction between the
reinforcement and the aluminium. For the case of FSW, good joint was achieved
with no change in concentration of reinforcement due to its solid-state process

without melting. Therefore, FSW is a suitable welding process for joining AMCs.

1.2 Motivation

As discussed in the review, it is evident that using SLM to produce large parts
leads to high residue stresses, distortion and warping. This is undesirable and
limits the build size. The use of conventional joining method of AMCs poses
several limitations such as non-homogenous mixing of filler material, hydrogen
porosity and formation of undesirable brittle intermetallic phases. In contrast,
FSW is a solid-state joining technique used to join two pieces of metal materials
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together without melting. Fine grain microstructure with good mechanical

properties can be produced in the weld region.

As FSW does not involve the melting of the materials, the use of shielding gas is
not required. It can be utilised to join materials that are challenging for fusion
welding [19, 21] as it eliminates solidification and cooling thermal contractions
that lead to significant shrinkage, distortions, development of pores, residue
stress, brittle cast structure and hot cracking in the joint [22-24]. Therefore, it can

produce high-quality welding with low production cost. The key benefits include:

- Low distortion of the workpiece

- Good dimensional stability

- Solid phase process without the formation of brittle intermetallic phases
- Fine microstructure

- Replace multiple parts join by fasteners

- No shielding gas required

- Elimination of grinding waste

Using FSW as a welding technique to join SLM printed parts possess an
enormous potential in the future of manufacturing. To achieve this goal, it is
essential to investigate the evolution of microstructures and mechanical
properties during the various processes. Moreover, friction stir welding and
processing can modify the microstructure of the material as well as provide a
uniform dispersion of the reinforcements, due to its intense plastic deformation

and dynamic recrystallisation [25].

Reports on joining of 3D printed AMCs via the use of FSW is limited. Hence,
there is limited knowledge of the microstructural evolution as well as mechanical
properties such as grain size, microstructure, micro-hardness, tensile properties,
etc. Further studies and contribution to knowledge in this aspect will be of value.
Therefore, the objective of this study is to use FSW to join SLM printed parts to

form defect-free joints.
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1.3 Objective

The main objectives of this project can be categorised into 2 major parts:

- To fabricate aluminium matrix composites (AMC) using two different
processes (friction stir processing and selective laser melting).

- To join SLM parts (aluminium alloy and AMCs) using friction stir
welding with good mechanical properties.

1.4 Scope

The scope of this research is listed below:

- Friction stir welding (FSW) of aluminium alloy (AlSi1oMg) reinforced
with nano-sized alumina.

- Friction stir processing (FSP) of aluminium alloy (AA6061) reinforced
with nano-sized alumina and carbon nanotubes.

- To optimise the process parameters for fabrication of AMCs using FSP
with varying types of reinforcement particles and number of passes.

- To optimise the process parameters for fabrication of AMCs using SLM
with varying laser scanning speed and hatch spacing while keeping laser
power and layer thickness constant.

- Tooptimise the process parameters for friction stir welding of AMCs with
varying rotational speed, travel speed and tilt angle.

- Establish the mechanical properties, tensile strength and Vickers hardness.

- Characterise the resultant microstructures.
1.5 Organisation
This present thesis consists of 8 chapters.

The first chapter briefly introduces the advantages and limitations of AMCs,
SLM and FSW process.
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Chapter 2 covers the available literature and current developments of SLM and

FSW of aluminium alloys and its composites.

Chapter 3 explains the experimental details as well as the parameters used for

various characterisation methods used in this study.

Results and Discussions

Chapter 4 is a preliminary study on the friction stir processing of aluminium
composites to understand the FSW process. Also, it allows us to get a better
understanding of the interaction between the reinforcement particles and the

aluminium matrix.

Chapter 5 studies the fabrication of SLM fabricated AMCs using AlSiioMg
reinforced with nano-sized alumina of various concentration and SLM

parameters.

Chapter 6 studies the FSW of SLM fabricated AlSi;oMg to understand the butt

joining properties of SLM fabricated aluminium alloy.

Chapter 7 studies the FSW of SLM fabricated AMCs (AlSi1oMg reinforced with

nano-sized alumina) with various FSW parameters.

And finally, chapter 8 provides the conclusion of this research as well as
recommendations for future work. Lastly, a list of publication during the
candidature is provided.
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CHAPTER 2

Literature Review

This chapter introduces the welding process available for aluminium alloy and
its composites. Friction stir welding (FSW) and selective laser melting (SLM) is
then presented. It provides the comprehensive literature review on the process,

material as well as challenges in joining aluminium composites.
2.1 Aluminium (Al) and Al Composites

2.1.1 Aluminium

Aluminium is the most abundant metal that could be found on Earth’s crust. It
makes up to 8.2% mass of Earth’s solid surface and is the third most abundant
element following oxygen and silicon [26]. Aluminium ore, also known as
bauxite, was first discovered in Les Baux, France. [26]. Bauxite can be refined to
obtain pure aluminium. Pure aluminium has excellent corrosion resistance and
electrical conductivity. However, its relatively low strength makes it unsuitable

for structural applications (Table 2-1).
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Table 2-1 Basic material properties of pure aluminium.

Atomic symbol Al
Density 2.6989g/cm?®
Vickers hardness 15
Elastic modulus 68 GPa
Shear modules 25 GPa
Yield strength 20.7 MPa
Ultimate strength 68.9 MPa
Melting point 660 °C
Boiling point 2519 °C
Thermal conductivity 210 W/m. k
Specific heat capacity 0.900J/g.°C

The mechanical properties of pure aluminium could be enhanced with alloying
elements such as copper (Cu), magnesium (Mg), manganese (Mn), silicon (Si)
and zinc (Zn). Many of these alloys have comparable strength with carbon steel,
making it a favourable weight saving solution due to this lower density. The high
strength to weight ratio of aluminium alloy has resulted in its wide application in
the aerospace industry. Moreover, aluminium has high machinability and
workability, making it a suitable material for other industrial applications such as
automobile, food preparation, energy generation, architecture as well as electrical

transmission.

2.1.2  Aluminium Metal Matrix Composites (AMCs)

Particulate-reinforced metal matrix composites (MMCs) have drawn much
attention in the automobile, aerospace and defence industries due to its superior
high elastic modulus, stiffness and wear resistance [1-3]. Significant
strengthening effects can be achieved by using small concentrations of

reinforcement particles [3].
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In general, MMCs is made up of two main factors: the metal matrix and the
reinforcement particles used. Firstly, the monolithic material used is known as
the matrix, and it provides the main support for the reinforcement. There are
many metal matrix suitable for MMCs fabrication. In particular, light metals such
as aluminium, cobalt, cobalt-nickel, magnesium, titanium alloys as well as
superalloys were used due to the possibility to make strong and light composites.
Among the light metals, aluminium alloy has been the preferred choice for

research due to its wider application as well as its relatively lower cost.

Secondly, the reinforcement used to reinforce the matrix. In general, there are
five main categories of reinforcements used in MMCs [3] (Table 2-2). Among
the various reinforcement listed below, the most commonly used particles for
AMCs are SiC and Al203 due to their low cost and a wide range of various
commercially available. More recently, researchers have grown interested in the
use of nano-particles as reinforcement due to their ability to further enhance
strength as compared to micro-sized reinforcements [4, 5]. The use of
reinforcement in AMCs contributes to improved strength, stiffness, elevated

temperature mechanical performances and wear resistance [6-9].

Table 2-2 Typical reinforcement suitable for use in metal matrix composites

[3].
Reinforcements ] )
Aspect ratio Diameter Examples
category
) SiC, Al,O3, BN,
Particles 1-4 1-25 pm
B4C, WC
Short fibre or C, SiC, Al20s,
_ 10-10,000 1-5 um ]
whisker Al203 + SiO2
. . SiC, Al,Os. C, B,
Continuous fibre >1,000 3-150 um ]
W, NDb-Ti, NbsSn
Nanoparticle 1-4 <100 nm C, Al20;3, SiC
Nanotube >1,000 <100 nm C
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2.2 Strengthening Mechanism

2.2.1 Dislocation Strengthening

Cold working a material increases the dislocation density in the material. The
existence of dislocations gives rise to the generation of internal stress field which
requires extra effort to move a dislocation through the internal stress field of other
existing dislocations. The strengthening effect could be described as a result of

the flow stress being proportional to the square root of the dislocation density, p

[3]
T=7Tp+ aGb\/E 1)

Where 7 is the shear flow stress, to is the friction stress, G is the shear modulus,
b is the Burgers vector, p is the dislocation density, and a is a constant in the
order of 0.5.

2.2.2 Grain Boundary Strengthening

Grain boundary strengthening, also known as grain size control, could be
explained using grain boundary theory. When a dislocation moves along the
matrix and approaches a region such as the grain boundary film [27]. This region
then effectively becomes a potential barrier obstructing the passage of dislocation
resulting in higher yield stress than the matrix itself. Dislocations will continue
to pile up along the glide plane behind the grain boundary film due to the
repulsion experience at the grain boundary interface. The stress concentration at
the tip of the slip band eventually become great enough to cause the film to yield
causing the deformation to be transferred to the next grain. Grain boundaries

strengthening is commonly referred to as the Hall-Petch equation [28]

cr=(r0+k/\/a 2

10
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Where o is the yield strength, oo is the original strength of the material/ friction
stress (MPa), k is the Hall-Petch coefficient, constant for pure Al (74 MPa um*?)
while d is the average grain size (um). However, such size strengthening
approach would result in a reduction in ductility of the material. In addition, the

equation is only applicable for grain sizes within a certain range (Figure 2-1).

strength

ductility —\

I \
Mechanical ~
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toughness e
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e
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.......
.....
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Increasing grain
size

Figure 2-1 General relationship between average grain size with strength,
ductility and toughness of a material [16].

The Hall-Petch equation does not hold for small grain sizes, especially of those
lesser than 20 nm. Instead, the inverse Hall-Petch effect was observed when grain
sizes smaller than 20 nm were achieved [29-31]. The plastic elongation
experiences high tensile stress and localised necking deformation led to early

failure. The necking instability could be explained by the Hart Criterion [32, 33]

do

—+mo <o
de
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Where o is the true stress, € is the true strain and m is the strain rate sensitivity.
In general, the strain rate sensitivity for nanostructured metals is around 0.05 at
room temperature. Therefore, a high strain hardening rate is required to achieve

stability. This could result in a strength-ductility trade-off.

In the case of heterogeneous nanostructures containing both hard and soft regions,
deformation incapability builds up at the grain boundaries, domain boundaries
and interfaces between the hard and soft regions [34]. These accumulated
dislocations, on the one hand, generate long-range stresses that prevent
dislocation motion in regions away from the interfaces, hardening the material.
On the other hand, it also improves strength and ductility via forest hardening
and cross-slip mechanism. Therefore, the build of plastic deformation gradient
between the hard and soft region could promote strength-ductility synergy as

more plastic deformation occurs in the soft region.

2.2.3 Solute and Precipitation Strengthening

Strengthening of the material can also be achieved using hard particles with small
particle spacing to resist the passing of dislocation. Such strengthening effect is
also known as the Orowan bowing or Orowan strengthening. Particularly for
aluminium, solid solution strengthening, precipitation hardening, and dispersion
strengthening are commonly applied to aluminium to improve its strength via the
introduction of solute atoms, precipitates and dispersoids. Precipitation
hardening or ageing treatment involves the precipitation of metastable and stable
precipitates from homogenous supersaturated solid solutions. Instantly after
quenching, the solid solution hardening is predominant. When ageing occurs, the
clusters of solute atoms start forming at the crystallographic planes. These zones
are known as Guinier-Preston (GP) zones [3]. This GP zone coherent with the
matrix starts to grow with increasing ageing time, giving rise to misfit strain
between the matrix and precipitates. As the misfit strain increases, dislocations
formed at the interface. These lead to the reduction in the elastic energy

associated with reduced coherency. On the other hand, the newly formed
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dislocation together with coherency strains on other planes resulted in the
increase in the overall strain field around the particle. Thus, increasing the
resistance to dislocation motion and increasing the strength of the alloy. Orowan
bowing mechanism around the particles occurs when equilibrium precipitates
with incoherent interface starts appearing. Peak ageing occurs when the critical
dispersion of coherent or semi-coherent precipitates is reached where
contributions from shearing and bypass of particles are equal. Beyond this point,
further ageing will result in lower strength as dislocation bowing become easier

from the increase in interparticle spacing.

Dislocation movement in metals occurs in the form of shear stress. When the
dislocation moving along the slip plane meet a particle, the dislocation bows
between the particle and the slip plane (Figure 2-2). The shear stress required to

bow the dislocation to the radius can be described by the following equation.
=2 @)

Where 7 is the shear stress, G is the shear modulus of the metal, b is the Burgers
vector and d is the spacing between the obstacles. After the dislocation passes the
particle, it forms a dislocation loop around it. Thus, the effective spacing between
the particles reduces from d becomes di. This equation holds true when ignoring
the changes in the orientation of the dislocations due to the bowing. With respect
to AMCs, Orowan strengthening is only significant for nano-sized reinforcement

as the reinforcement particles, and the interparticle spacing is small [35].
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Figure 2-2 Diagram illustrating the dislocation movement passing between
particles.

Dislocation

2.3 Additive Manufacturing of Metals

Additive manufacturing (AM) plays a crucial role in rapid prototyping, rapid
tooling and manufacturing industries. The use of layerwise fabrication technique
has enabled fast and relatively lower cost prototype fabrication. Recently,
industries are looking at the visibility of direct fabrication of complex
components via additive manufacturing, as such, commercially available

machines capable of fabricating metal components were summarised in Table

2-3.
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Table 2-3 Various commercially available additive manufacturing methods for
metal printing.

Machine model Company Type of dispensing  Laser type  Reference
SLM 280 2.0 SLM Solutions Powder-based IPESfétr)re [36]
M2 cusing Concept Laser .
Multilaser Gmbh Powder-based Fibre laser [37]
EOSINT M 280 EOS Powder-based Y*I’;gre [38]
. ReaLizer
SLM 300i GmbH Powder-based Faserlaser [39]
AM250 Renishaw Powder-based - [40]
Electron beam Electron
melting A2X ARCAM Powder-based Beam [41]
ProX DMP 300 3D Systems Powder-based Fiber laser [42]
LENS MR-7 Optomec Powder-based IPG Fiber [43]
Systems Laser
EBAM 68 Sciaky Inc Wire fed Electron [44]
Beam

From the commercially available machines for 3D printing of metal components,

selective laser melting (SLM) is most commonly used due to a wide variety of

materials and applications. The study and use of blended composite powders with

customizable parameters could be performed on its open concept systems. Hence,

the scope of this section will focus on aluminium alloys and its composites

fabricated by SLM.
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2.3.1 Introduction to Selective Laser Melting

The idea of selective laser melting (SLM) came between the late 1980s and 1990s
[11, 12]. It is a powder-based additive manufacturing technique which fabricates
components layer by layer with the use of computer-aided design (CAD)
modelling. Firstly, a CAD design is modelled in the computer and sliced into
many layers with specified layer thickness. The re-coater system then lays a thin
layer of powder over the platform, and a laser scan is performed on the cross-
section of the respective layer. The platform then lowers by a specific layer
thickness before the next layer of powder is being laid over the previously melted
and solidified layer (Figure 2-3). The process repeats until the component is
fabricated [45-47]. The unused powders were then removed and recycled while

the component is removed from the platform.

Recoater blade

_—
Excess powder

Powder

| QOverflow Tank Il'/—

Figure 2-3 Basic schematic diagram of SLM [48].
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2.3.2 The complexity of SLM for aluminium alloys

SLM is capable of fabricating components with a complex shape which are
challenging to achieve with conventional manufacturing methods. The design
flexibility enables functional optimisation and performance with lesser
limitations. These advantages allow shorter fabrication time as no tooling and
moulds were required. Another advantage of SLM technique is the reduction of
waste material as the powders which were not melted could be sieved and reused

for the next machine operation [49-51].

On the other hand, the cost-effectiveness and complexity of the melting and
solidification process for different material have limited its application [49, 52].
Aluminium readily forms a layer of protective oxide when exposed to air. This
made it challenging to work with without an inert environment. The presence of
water vapour and/ or adsorbed hydrogen can also lead to the formation of
hydrogen porosity during the solidification process. The high thermal diffusivity
of aluminium requires the need for higher energy input to melt the powder and
overcome the rapid cooling properties. Thermal contraction or solidification
shrinkage could lead to hot tearing and hot cracking defects especially for

aluminium alloy 6XXX series (Figure 2-4) [53].

Figure 2-4 An as-built AA6061 sample using SLM showing hot cracking [53].
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Currently, AlSi;oMg is widely used in the SLM of aluminium alloys as the high
silicon content improves melt fluidity with relatively low shrinkage [54]. The
optimised SLM parameters for various aluminium alloys and its composites were
tabulated in Table 2-4. It is evident that the use of different processing parameter is
required for different material. Therefore, the study and optimisation of process

parameters for SLM to obtain optimal properties are required.
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Table 2-4 SLM process parameters for various aluminium alloys.

Laser power

Scanning speed

Hatch spacing

Layer thickness

CHAPTER 2

Material Reference
(Watts) (mml/s) (um) (um)

AlSi;oMg 250 500 150 50 [46]
AlSiioMg 900 1700 50 50 [49]
AlSii2 200 500 150 50 [55]
AlSi;oMg/ TiC/ 5 wt. % 110 150 50 50 [56]
Al/ Al,O3/ 4 vol. % 200 300 70 30 [57]
Al/ Fe203/ 15wt% 74 200 50 75 [58]
AIMg1SiCu/ Fe203/ 15 wt. % 74 200 50 75 [58]
AlSi;oMg/ Fe203/ 15 wt. % 74 200 50 75 [58]
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2.3.3 Porosity

The formation of porosity between melt tracks could result from the use of
processing parameters with insufficient energy input. During SLM laser scanning,
a cylindrical shaped liquid melt track is formed. The surface energy drops as the
laser moves away. The cylindrical melt track then breaks up to form several
agglomerated spheres. Such phenomenon is known as the balling effect where
the formation of poor inter-line bonding property or discontinuous scan tracks
occurs on adjacent melt tracks. The formation of an oxide film on the previous
layer could also prevent good interlayer bonding. The poor wettability between
the molten metal and its oxides lead to balling effect [14, 59]. Li et al. [60]
reported that keeping oxygen level of the build chamber at 0.1% while applying
low scanning speed with a high laser power or rescanning of the layer with the

laser could significantly reduce the balling effect.

On the other hand, when energy input exceeds the critical threshold, the surface
temperature gradient between the centre and the perimeter of the melt pool
becomes too great. Marangoni convection and surface tension gradient are
formed. The Marangoni convection causes the melt to flow radially outwards
from the centre of the melt pool [61]. The unstable melt track eventually

disintegrates into agglomerated spheres.

The vaporisation of aluminium could also result in the formation of porosity.
Formation of ionised metal vapour (plasma plume) was observed to exert a recoil
pressure on evaporated molten metal within the cavity of the melt pool (Figure
2-5) [62]. Droplets were expelled upwards from the melt pool in the form of
spatters [63]. The spattering phenomenon was further studied by Qiu et al. [64]
through the use of the high-speed camera as well as simulation modelling. The
melt splashing was caused by both the Marangoni effect and the recoil pressure
during the metal vapour expansion. The increase in energy input causes higher
melt splashing during SLM process giving rise to unstable melt flow and porosity
of the material [65].
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Figure 2-5 Schematic diagram showing the formation of melt pool, spatter as
well as condensate during SLM process [66].

Numerous studies have reported visible porosity in SLM parts [45, 46, 50, 67,
68]. Louvis et al. [48] attributed the formation of porosity to the formation of
oxides at the surface of the melt pool which led to poor fusion and wetting to the
solidified surfaces. Although increasing laser density breaks up the bottom
surface of the melt pool, an oxide film remains at the sides of the pool trapping
powder which are not melted and air pockets when adjacent melt pools solidify
(Figure 2-6a) [46]. Aboulkhair et al. [68] attributed the poor load bearing and
high stress concentration along the build direction to the surface discontinuity
that restricts homogeneous plastic deformation and crack initiation sites from the
residual stresses (Figure 2-6b). The effect of the defects becomes more

significant as bigger parts are built.
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Figure 2-6 (a) Oxide interaction with the melt pool during SLM process [48];
(b) Trapped pores marked by arrows [68].

Several studies have been performed to reduce the porosity. Thijs et al. [67]
reported the fabrication of SLM parts with less detrimental spherical pores via
rotating scanning strategies. The use of lower laser power is associated with less
oxidation and porosity formation. Alternatively, Pupo et al. [69] reported
improvement in homogeneous layers could be achieved with slower cooling rates.
Aboulkhair et al. [68] attempted to reduce the pores using both rotating scanning
and slower cooling rate strategies. In their study, they attributed the different type
of pore formation to the scanning speed and strategy. It is reported that relative
density could also be improved with pre-sinter scanning, using half laser power,
prior to the actual laser scan using laser power of 100W, scanning speed of 500
mm/s and hatching spacing of 50 um (Figure 2-7). It was concluded that relative
density of 99.77 % could be achieved.
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Figure 2-7 Change of porosity in AlSiioMg with different scanning speed and
strategy [68].

Several studies have attempted to fabricate AMCs via SLM process [56-58, 70-
73]. Jue et al. [70] reported the need for higher energy input for SLM of Al-Al>03
composites. The presence of Al>Os resulted in the elevation of viscosity in the
melt due to its high melting point. This results in the formation of microstructural
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defects. Therefore, higher energy input was required to lower the dynamic

viscosity of the melt track and improve the wetting characteristic.

Gu et al. [56] reported the influence of different energy input on the
microstructure of AlSi;oMg/ TiC composite. The use of sufficiently high energy
input improved densification behaviour of the composite as well as increase the
Marangoni convention within the molten pool. The strong convection prevents
the agglomeration of the reinforcement particles allowing more uniform
dispersion of the TiC particles in the matrix. However, the use of excessive
energy input resulted in the disappearance of the nanostructures and coarsening
of the TiC particles due to the higher melt pool temperature and slower cooling

rate.

2.3.4 Thermal stresses

The high temperature gradient from the rapid melting and solidification of SLM
parts often result in high thermal stresses [67]. Residual stress from various of
deposition scanning pattern in layerwise manufacturing was studied (Figure 2-8a
and b). It was reported that lowest deflection for fabrication of beam structure
was achieved when raster pattern was used with lines oriented perpendicular to
the beams long axis. Another study has reported that spiral pattern from the outer
edge to the centre produces low and uniform deflections [74]. Kruth et al. [75]
reported the effect of scan vector on the residual stresses. In their study, it was
observed that residual stresses could be reduced with the use of shorter scanning
vectors. Yasa et al. [76] divided the scanning layer into many small square
sections and performed island or sectoral scanning with neighbouring grids being
scanned perpendicular to one another (Figure 2-8c). It was reported that such
scanning strategy regardless of its sector size resulted in significant reduction in

residual stress.
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Figure 2-8 Schematic diagram showing (a) long, (b) short raster [74], (c) island
[76] scanning pattern.

2.3.5 Oxidation

Another major cause of defects in the fabricated parts is the occurrence of
oxidation during the process [52, 77]. This is especially true in the case of
aluminium alloy as aluminium-based alloys are highly reflective, thermally
conductive, lightweight and oxidise easily resulting in limited successful SLM
application [48-51]. Higher laser power is required for materials with high
reflectivity and conductivity. The low-density properties of aluminium have
limited the flowability and compactness of its powder bed. However, the major
challenge lies in the oxidation of aluminium as often observed between laser
hatches (Figure 2-9) [48, 51]. These oxides significantly hindered the
homogeneous diffusion of the trapped porosity between the melt pools [78].
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Figure 2-9 SEM image of oxide layers in AA6061 part after etching [48].

Even though oxidation issues are difficult to avoid, Louvis et al. [48] used higher
laser intensity to break up the oxide layers and reported successful fabrication of
highly dense parts. Thijs et al. [51] reported the fabrication of denser parts by
rotating scanning directions between layers. However, higher laser power density
will result in larger melt pool being created and lower melt viscosity. Thus,
creating a larger heat affected zone with irregular molten vectors [49]. Laser
power density and productivity are negatively correlated. The laser power density
could be raised by reducing the scanning speed and hatch spacing which, in turn,
lowers the production rate. On the contrary, insufficient laser power density often
results in the prevalence of surface tension leading to discontinuous molten
vector [47]. Therefore, much research interest was focused on optimising the

various parameters to fabricate quality highly dense parts with high productivity.

2.3.6 Mechanical properties

The mechanical properties of SLM fabricated aluminium alloys and composites
were tabulated in Table 2-5 and Table 2-6 respectively. As mentioned earlier,
porosity defects in the fabricated part have a substantial impact on the mechanical

properties. German et al. [79] reported a significant difference in the reduction in
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ductility with varying shape, size, spacing as well as the location of the pores. It
was also reported that porosity higher than 15% results in negligible ductility.
Hence, the presence of a large amount of porosity in the material reduces the
amount of load bearing material and its mechanical properties. The hardness and
tensile strength of SLM fabricated aluminium alloy and composites shall be
reviewed. It is noted that AlSi;oMg is among the most commonly used base
material amongst the SLM fabrication of aluminium alloy with relative density

around 99%.
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Table 2-5 Mechanical properties of various SLM fabricated aluminium alloys.
Powder Laser Scanning Hatch Layer Relative Vickers Yield Ultlmate .
Base - Laser d : hick densi hard h tensile Elongation . . f
material size type power spee spacing thickness enSIty araness strengt strength (%) Orientation Reference
(nm) (Watts) (mm/s) (nm) (nm) (%) (Hv) (MPa) (MPa)
Yb-fibre
AAB061 - laser 100 120 200 50 89.5 - - - - - [48]
beam

Al-12Si  27-50 EE: 200 500 150 50 975 108 223+11 35518 4.240.6 XY [55]
AL-20Si ; Y?;Ie’?G 320 1455 110 50 - - 374+-4 5065 16 XY [80]
AlSipMg  20-63 N?;:e/?G 350 900 120 100 - - - 330 - XY [66]
AlSi;oMg - EE: 900 1700 50 50 99.5 145 - 400 - XY [49]
AlSiyMg 144 Yf’;;?re 195 800 170 30 99.2 10542 24347 33043 6.240.3 XY [81]
AlSigMg 2545 N‘I’;:QG 250 500 150 50 99 - ; ; ; ; [46]
AlSiyMg 163 ES: 200 1400 105 30 99.8 127 - 39146 5.5540.4 XY [82]
AlSioMg 2063 N?;!QG 350 930 190 50 98.8 - - - ; - [83]
AlSiyMg  20-63 Y?;éfre 175 1025 650 30 99.7 - 250 325 1.25 XY [84]
AlSipMg  20-63 Egerf 350 1140 170 50 - 13255853 32217481  434.25+10.7  5.3+0.22 XY [85]
AlSioMg 30 Y:’;:L?re 250 200 50 50 - - - . - . [86]
Recycled Yb-fibre

AISLoMg 9.9 Incer 370 1300 190 30 - - 21045 38610 8.8£0.3 XY [87]
Mg9Al 1742  NOYAG 15 20 80 50 82 75 - - - XY [88]

laser
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Table 2-6 Mechanical properties of various SLM fabricated AMCs, where Cp is the concentration percentage, HV is the Vickers
hardness, YS is the Yield strength, UTS is the ultimate tensile strength, EL is the elongation.

) Powder Patjtlcle Ccp Laser Laser  Scanning Hatph I__ayer Relat!ve HY Vs UTS EL ) )
Base material size size %) type power speed spacing  thickness  density (H)  (MPa) (MPa) (%) Orientation  Reference
(Hm) (pm) : (Watts)  (mmis) (Hm) (Hm) (%)

Al-Al,0; 2.41 9.04 20wt Y?{;:'e?re 130 500 70 97.5 175 - - [70]
Al-AL,0; 171 005  4vol. Y?{;:'e?re 200 300 70 30 9949 485 109 160 5 XY [57]
AllFe,0; 50 53 5wt. laser o1 140 50 50 - - XY [71]
Al Fe203 40 53 15wt 'Ei’e“: 74 200 50 75 70 80 - - [58]
AIMg1SiCu/ Fe,0; 40 53 15wt IF;S;* 74 200 50 75 70 110 - - [58]
AlSisMg/ CNT 30.7 005 1wt 'f;s’gf 360 550 80 30 97 105 - - [72]
AlSiMg/ Fe,0; 40 53 15wt T;Eerf 74 200 50 75 80 165 - - [58]
AlSiMg/ TiC 30 005 5wt Y?;g;re 100 150 50 50 98 1812 - - [89]
AlSiyMg/ TiC 30 005 5wt Yofiore 4, 150 50 50 98 185 - 482 XY [73]

laser

10.7
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2.3.7 Micro-hardness

The micro-hardness test is a non-destructive test with a good indication of the
material’s mechanical properties. From Table 2-5 and Table 2-6, the optimal
hardness for SLM fabricated AlSi;oMg is 135 HV using the laser power of 350
W, scanning speed of 1140 mm/s, hatch spacing of 170 um and layer thickness
of 50um. It was observed that the improvement in the micro-hardness could be
achieved with the addition of nano-composites. Wang et al. [73] reported a
micro-hardness of 185 HV for AlSi;oMg reinforced with 5% wt. nano-TiC
particles. The increase in hardness was mainly due to the uniform distribution of

hard TiC reinforcement particles in the aluminium matrix.

2.3.8 Tensile properties

The tensile properties of SLM fabricated parts exhibit anisotropic properties.
Buchbinder et al. [49] reported the highest tensile strength of 420 MPa when parts
are built horizontally while vertical parts exhibit the least tensile strength of 360
MPa. The slight decrease in tensile strength was attributed to the bonding strength
between the different layer of the build part. It was then further concluded that
the tensile strength is superior to die-cast AlSi;oMg (240 MPa). The improvement
in strength is mainly attributed to the fine eutectic Al-Si microstructure from the

rapid melting and solidification process [85].

For the SLM of AMCs, the addition of nano-sized Al.O3 to pure aluminium
resulted in significant improvement in the tensile properties [57]. Wang et al. [73]
also reported significant improvement in the tensile result while maintaining
good ductility after the addition of nano-sized TiC reinforcement. It was
attributed to the piling up of dislocation at the TiC particles which prevented
dislocation movement. During plastic deformation, cracks initiated at the

interface while TiC delayed the crack propagation.
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Much studies have been done on the possibility of fabrication of AMCs via SLM.
However, there has been limited literature reporting on the tensile strength. The
tensile strength is greatly affected by the presence of porosity and agglomeration

of reinforcement particles which are challenging issues to overcome.

2.4 Welding Techniques

Welding is a joining process to join two or more parts together using the
application of heat and/ or pressure at the contact surfaces. The joining of two
components by melting the parts together is known as fusion welding. Solid
phase joining process could also be achieved via the use of pressure and some
heat to achieve metallic bonding across the interface. Brazing and soldering could
also be done to join aluminium components together by melting the braze or
solder material between the components. The principle processes are listed in
Figure 2-10. Due to the limited application of some of the processes, the focus

will be made on friction stir welding, a novel solid state joining technique.

Welding

| 1
| Fusion Welding l l Solid phase bonding | Resistance and flash Welding with fusion Stud welding

welding and pressure

» Tungsten inert gas * Friction welding * Spot, projection *  Magnetically + Condenser,
* Metallic arc gas » Explosive spot seam impelled arc butt capacitor

shielded welding welding welding discharge
* Manual metal arc » Ultrasonic « Weld bonding * Drawn arc
* Oxy-gas welding * High-frequency
« Electron beam « Cold pressure induction seam

welding welding « Flash butt
« Laser welding « Hot pressure welding
+ Elecro-gas, welding

electro-slag, * Friction stir

submerged arc welding

Figure 2-10 Principle processes for welding of aluminium components [16].
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2.5 Weldability of Aluminium Alloys and AMCs

In general, traditional fusion welding processes for aluminium requires careful
preparation as defect formation often results in loss of strength. The formation of
porosity defect could result from the dissolution of shielding gases (oxygen,
nitrogen and hydrogen) or moisture from electrode and flux in molten metal
(Figure 2-11). Moreover, the significant difference in the melting temperature of
aluminium (660°C) and its oxide (2060°C) at the surface could contribute to the
lack of fusion in the welded parts. The high thermal conductivity of aluminium
resulted in a large temperature difference between the liquid and solidification
process. These results in the formation of residual stress in the weld which led to
centre-line or hot cracking during fusion welding. The thermal cycle of fusion
welding could also significantly reduce the strength in the heat affected zones at

heat treatable aluminium alloys [16, 17].

5 mm
I

Figure 2-11 Tungsten inert gas (TIG) butt welding of 6mm plate showing
trapped porosity in the weld region, and hot cracking in AA6082 with 4043
filler metal [16].

Lakshminarayanan et al. [18] did a comparative study between gas tungsten arc
welding, gas metal arc welding and friction stir welding of AA6061-T6. In their
study, it was concluded that FSW AA6061 achieved superior mechanical
properties (Table 2-7).
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Table 2-7 Mechanical properties of various welding techniques on AA6061-T6
[18], GTAW is gas tungsten arc welding, GMAW is gas metal arc welding, and
FSW is friction stir welding.

Type of Material Yield Strength (MPa)  Ultimate Tensile Strength (MPa)  Elongation (%s)  Reduction in cross  Hardness (VHN)
sectional area (%)

Base Metal (AA 6061) 302 334 18 12.24 105

Weld Metal (GTAW) 160 230 8 545 65

Weld Metal (GMAW) 150 220 6 4.5 60

Weld metal (FSW) 245 295 14 10.2 35

In addition to the challenges mentioned above, the welding of AMCs is more

challenging. Such challenges include:

e Non-homogenous mixing of filler and base material
e Excessive formation of eutectic phase
e Formation of porosity > 100 um

e Formation of undesirable brittle intermetallic phases such as AlsCs [19]

MMCs are reported to have superior strength and mechanical properties.
However, their application becomes limited if there is no way of joining them
together. Storjohann et al. [20] investigated the welding of AA6061 reinforced
with 20 weight percent of Al.Oz and AA6061 reinforced with 20 weight percent
whiskers SiC using gas tungsten arc (GTA), electron beam (EM), Nd-YAG
continuous wave laser beam (LB) and friction stir welding (FSW). Al;O3
reinforcements were observed to have completely dissolved in the molten
aluminium during fusion welding leading to the reduction of its strength. On the
other hand, SiC was observed to form Al4Cz with Si-rich phase being precipitated
due to the reaction between the reinforcement and the aluminium [20]. For the
case of FSW, defect-free joint was achieved with no change in the concentration
of reinforcement due to its solid-state process without melting. Therefore, FSW

is a suitable welding process for joining AMCs.
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2.6 Friction Stir Welding of AMCs

Friction stir welding (FSW) was invented by The Welding Institute (TWI) of UK
in 1991 [90]. It is a solid-state joining technique used to join two pieces of metal
together without melting. Much research has been done on the welding of
aluminium due to its relatively low melting pointing as well as its low weldability

with traditional welding techniques [91-95].

The basic working principle of FSW involves a non-consumable tool with a
threaded pin and shoulder being plunged into the abutting edge of two sheets
before travelling along the direction of the weld (Figure 2-12). The friction
between the tool and the plate generates heat which softens the workpiece. The
rotation of the tool moves the material from the front to the back [96]. During
FSW, the material experiences intense plastic deformation coupled with elevated
temperature resulting in dynamic recrystallisation of the material [97-100]. This

produces fine grain microstructure with good mechanical properties.

Rotation‘.‘Direction

Tilt angle Weld/Traverse Direction

= X: Longitudinal

Shoulder — L
) Y: Transverse

\

Downward Force

FS welded region

’4 ——Pin

TMAZ: Thermo-mechanically Affected Zone
HAZ: Heat Affected Zone

Figure 2-12 Schematic diagram of FSW [25].
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As FSW does not involve the melting of the materials, the use of shielding gas is
not required. It can be utilized to join materials that are challenging for fusion
welding as it eliminates solidification and cooling thermal contractions that lead
to significant shrinkage, distortion, development of pores, residue stress, brittle
cast structure and hot cracking in the joint [19, 21-24]. It can also produce a high

quality weld with low production cost. The key benefits could be summarised as

shown below (Table 2-8).

Table 2-8 Key benefits of FSW [19].

Metallurgical benefits

Environmental benefits

Energy benefits

Solid phase process

Low distortion of workpiece

Good dimensional stability
and repeatability

No loss of alloying elements

Excellent metallurgical
properties in the joint area

Fine microstructure

No shielding gas required
No surface cleaning required
Eliminate grinding wastes
Eliminate solvents

required for degreasing

Consumable materials saving,

such as rugs, wire or
any other gases

Improved materials use (e.g., joining different
thickness) allows reduction in weight

Only 2.5% of the energy needed for a

laser weld

Decreased fuel consumption in light weight
aircraft, automotive and ship applications

Absence of cracking
Replace multiple parts
joined by fasteners

2.6.1 Process parameters

FSW involves both plastic deformation and movement of the material in the stir
zone. The tool geometry, welding parameters and joint design have a significant
effect on the welding temperature as well as the material flow. This section

addresses the few major factors that affect the FSW process.

2.6.2 Tool geometry

The tool geometry has a significant effect on the material flow and limits the
travel speed of the FSW process. The tool used in FSW can be characterized into

2 major components, mainly the tool shoulder and the pin. Generally, a concaved
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shoulder and threaded cylindrical pin are used. Several studies have been
conducted on the design on the tool pin and observed that increasing the dynamic
volume to static volume ratio results in better mixing of weld material as well as

oxide fragmentation and dispersal at weld interface (Figure 2-13) [101, 102].

Swept region

Figure 2-13 A-Skew tool illustration a tool with different static and dynamic
volume [101].

2.6.3 Welding parameters

In FSW, the three main parameters that affect the weld are the tool rotation speed
(RS), tool travel speed (TS) and the tilt angle (TA). The rotational speed of the
tool directly affects the stirring and mixing of the material in the stir zone while
the travel speed is related to the cooling rate of FSW. Higher rotational speed
results in higher welding temperature due to higher friction and more intense

stirring which will be discussed in a later section.

The tilt angle of the spindle with respect to the material is also an important
parameter in FSW. A suitable tilt angle of the spindle ensures efficient movement
of the material from the front to the back of the pin. The depth in which the pin
is inserted into the workpiece is also essential for fabrication of sound weld. If
the insertion of the pin is too shallow, the tool shoulder does not get in contact
with the surface of the workpiece, resulting in inefficient movement of the

material. This will result in the formation of an inner channel or surface groove.
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However, if the pin is inserted too deep into the workpiece, excessive flashing

and a concave weld will occur causing local thinning of the weld plates.

2.6.4 Joint design

The most commonly used joint configuration for FSW is butt and lap joint. A
butt joint configuration (Figure 2-14a) consist of two plates with the same
thickness being clamped together to prevent the abutting joint faces from being
forced apart especially during the initial plunge of the tool. The rotating tool then
transverses along the abutting joint to form the weld. Alternatively, lap joint
configuration requires the clamping of two sheets with overlapping layer. The
pin of FSW tool is being plunged through the upper layer into the next layer
before traversing along the weld direction (Figure 2-14d). Various joint
configuration can be fabricated through the combination of butt and lap joint.
Moreover, fillet joint configuration can also be achieved (Figure 2-14g).

e z
(a) (b) (c) (d)

&/

(e) (f) (9)

Figure 2-14 Various joint configurations suitable for FSW: (a) square butt, (b)
edge butt, (¢) T butt, (d) lap, (e) multiple lap, (f) T lap, and (g) fillet joint [19].
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2.6.5 Material flow

The material flow during FSW is very complex and dependent on the tool
geometry, processing parameter as well as the weld material. Various technique
has been used to study the material flow behaviour such as the use of tracer
techniques by markers, welding of dissimilar alloys or material as well as FEA

simulations.

Reynold et al. [96, 103] investigated the material flow of FSW Al2195-T8 using
the marker insert technique. In their study, it was suggested that the in-situ
extrusion process where the tool shoulder, pin, weld backing plate as well as the
cold base material outside the weld zone created an “extrusion chamber” moving
relative to the workpiece. Guerra et al. [104] studied the material flow of FSW
AAG6061 by placing a 0.1 mm thin high-purity copper foil at the faying surface
of the butt weld. At the end of the FSW process, the translation was manually
stopped to produce a frozen pin in the workpiece. In their study, the material on
the advancing side entered a region and rotated with the pin showing highly
deformed and sloughed off feature behind the pin. The retreating side of the pin
exhibited extrusion of material between the stir zone and the parent material in
the form of weld fills. Schneider et al. [105] studied the FSW of AA2195-T81
with a continuous led wire aligned along a scribe mark on one of the faying
surface. In their study, it was observed that the radial distribution of the rotational
field around the tool oscillates due to the sporadic seizure and release of the metal
contact (stick-slip) occurring at the edge of the weld tool shoulder. Xu et al. [106]
studied the material flow pattern using finite element modelling and concluded
that the material particles tend to pass and move behind the pin from the retreating

side.

In summary, the material flow of FSW is complicated, and understanding of the
deformation mechanism is limited. The material flow properties are affected by

many factors such as tool geometry, welding parameters, material type as well as
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workpiece temperature. Thus, it is possible that the material flow consists of

several independent deformation mechanisms.

2.6.6 Temperature distribution

During FSW, frictional heat from the tool and the material together with the
plastic deformation led to the elevated temperature of the material. The
temperature distribution within and around the stirred zone has a significant
impact on the microstructure of the weld. Therefore, it is important to understand
the temperature distribution during the welding process. The maximum
temperature during FSW could be estimated by examining the microstructure [97,
98, 107] or by embedding thermocouples in a region adjacent to the rotation pin
[108-110].

Shojaeefard et al. [111] studied the effect of tool parameters using FEM and
neural network. The maximum FSW temperature was observed to increase with
increasing shoulder diameter due to higher heat generation. Less significant
increase in the welding temperature was observed from the increase in the pin
diameter. In recent studies, the recrystallisation grain size can be increased by
increasing the rotational speed [110, 112-114] or by reducing the travel speed
[115]. Therefore, from the comparison of the grain sizes and the rotational speed
to travel speed ratio (RS/TS), relative welding temperature conditions could be

concluded.

According to Frigaard et al. [116], the ideal heat generation during FSW
considering that all the shearing work is done on the material is converted into
frictional heat could be expressed by the following equation:

Qo = ~m2uPNR3 (2-1)
3

Where qo is the net power from the shaft (in Watts), | is the coefficient of friction,

P is the pressure from the tool and material interface, N is the rotational speed,
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and R is the radius of the tool shoulder. Therefore, the heat input per unit length

in a moving weld, Q, could be obtained [117]:

_aq _ 4 2 UPNR® )
Q—V—a3n — (2-2)

Where a is the heat input efficiency and V is the travel speed.

In summary, the thermal profile could be affected by many factors. From
numerous experimental and process modelling investigation, several key

conclusions could be highlighted.

¢ Increasing rotational speed results in increasing welding temperature.

e Increasing travel speed results in an increased cooling rate of the weld.

e Temperature generation from frictional heating increases from centre to
the edge of the tool shoulder while the pin provides some frictional
heating.

e The coefficient of friction at interface changes with increase tool rotation.

e Frictional condition changes from ‘stick’ to ‘stick/slip’ at higher tool

rotation.

2.6.7 Welding defects

The welding temperature is governed by the welding parameters such as
rotational speed, travel speed and tilt angle. Excess heat or insufficient welding
temperature often causes the formation of welding defects such as tunnelling,

wormhole and kissing bonds.

The weld region can be classified into basin shape and elliptical shape [19]. The
formation of onion-shaped weld region was reported in FSW of AA2009/SiC/15
weight percent with the rotational speed of 600 rpm and travel speed of 50 mm /
min (Figure 2-15a) [118]. It was also reported that post weld heat treatment did
not change the shape of the weld nugget (Figure 2-15b) [118]. The formation of

basin-shaped weld region was reported with the rotational speed of 1000 rpm
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(Figure 2-15c) [119]. The shape of the weld region is believed to be related to the
welding temperature and the material flow during FSW. Higher welding
temperature could have softened more material under the tool shoulder resulting

in a basin shape weld region.

&7 T
&% Ww 3 mm
Figure 2-15 FSW of AA2009/SiC/15 weight percent with rotational speed of
600 rpm with travel speed of 50mm / min (a) as welded, (b) T4 condition
showing onion ring weld zone [118]; (c) FSW with rotational speed of 1000
rpm [119]; where the nugget zone (NZ), thermomechanical zone (TMAZ), heat

affected zone (HAZ), advancing side (AS) and retreating side (RS) are
indicated.

FSW welding defects of aluminium have been widely studied [23, 117, 120-125].

The defects can generally be categorised into three major groups.

1. A large mass of flashing due to excessive heat input
2. Cavity, tunnelling, wormhole, or groove-like defect as well as lazy-S kiss
bonding due to insufficient heat input.

3. Cavity produced by abnormal stirring.

Flashing occurs when the material experience excessive heat input during FSW.
This is commonly formed with higher rotational speed or lower travel speed. The
excessive heat input resulted in excessive softening of the material thus expelling
large mass of material from the tool. This could result in excessing thinning of
the weld region and increase the probability of the pin getting in contact with the
backing plate.
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The formation of wormhole or tunnelling defect could be created when there is
insufficient heat input during FSW. Such defects are usually caused by
inadequate material mixing from FSW with high travel speed [121, 123]. During
FSW, the plasticised material around the tool pin is transferred from the retreating
side to the advancing side. When heat input is insufficient, lesser volume of
material is plasticized, the cavity is created behind the pin due to the unconsumed
volume of the tool pin. This defect can be eliminated through the increase in
shoulder diameter, rotational speed as well as reducing the travel speed to achieve
higher heat input during FSW.

Kiss bond or zigzag defect could also be observed in the FSW with insufficient
heat input. It is characterised by the formation of dark wavy zigzag line in the
weld region [124, 125]. The defect consists of mainly partially broken Al.Os,
located at the surface of the abutting joint surfaces, from the insufficient stirring
during FSW. This defect can be eliminated by increasing the heat input via
increasing the rotational tool speed. Increasing the rotational tool speed also

improves the stirring and dispersion of the oxide particles.

The formation of crack-like root defect can also be observed at the bottom of the
weld if the pin length used was too short for the plate thickness [126]. During
FSW, the pin plays a crucial role in stirring and mixing the softened material in
the weld zone. The plasticised zone is dependent on the heat input during FSW.
With insufficient heat input, the relatively small plasticised zone together with
the used of a pin that is too short results in inadequate or no stirring of the material
at the bottom of the weld. The backing plate at the bottom acts as the heat sink,
drawing heat away from the weld. Therefore, there is lesser softening of the
material at the bottom.
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Figure 2-16 FSW of AA2219-T6 showing (a) straight partial bonding root
defect (b) crack like root defect curving together with the TMAZ [126].

Abnormal stirring was observed at higher rotation speed and higher welding
speeds [117]. This is mainly attributed to the significant difference in temperature
between the top surface and bottom surface. It is reported that the top surface of
the advancing side of the weld region has a unique shape. The different shape
indicated the discontinuous flow of the stirred material (Figure 2-17). It was also

reported that the defect reduces in size with increasing downward force.
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ADC12, FSW, 4mm thickness

Abnormal
stirring

Sound FSW joints

Insufficient
heat input

Figure 2-17 FSW of ADC12 showing various weld cross-sections with various
weld qualities [117].

2.6.8 Microstructural evolution

During FSW, the weld region experiences dynamic recrystallisation, increase in
temperature as well as redistribution of reinforcement particles. The grain sizes
of the weld region of FSW of aluminium alloys have been well studied [110, 112-
115]. Itis concluded that the grain size is affected by the heat input of the welding
process. For FSW, the reduction in the rotational speed to travel speed ratio will

result in lower welding temperature and finer grains.
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Powder and casting fabrication of AMCs often have agglomerated reinforcement
particles in their microstructures resulting in isotropy mechanical properties. It
was well reported that FSW could separate the clusters and disperse them evenly
in the aluminium matrix [119, 127-130]. Reinforcement particles were reported
to have broken up into smaller pieces with blunt edges [20, 119, 127, 131-135].
Also, finer particles were reported nearer to the shoulder than the pin of the tool
[132]. During FSW, the continuous stirring motion could have caused the
particles to break up when in contact with the tool or abrasion with other
reinforcement particles. However, a significant reduction in the reinforcement
particles was not applicable to fine particles. Storjohann et al. [20] reported
reorientation of fine SiC whiskers measuring 5-7 pm in length and 1-2 pm in
diameter with no significant refinement. Guo et al. [5] reported micro-bands of
clustered nano-sized Al>Os in the weld region with a single pass of FSW and

homogenous distribution was achieved with three passes.

The grain structure of the weld region is often described to be fine equiaxed grain
from the continuous dynamic recrystallisation process occurring during FSW.
The continuous dynamic recrystallisation is a complex phenomenon which
occurs during the continuous introduction of deformation at elevated temperature.
Thermal cycle of FSW results in the constant rapid recovery and migration of the
grain/subgrain boundaries. Studies have reported the addition of reinforcements
has resulted in further reduction of the grain size as summarised in Table 2-9. In

summary, fine grain was achieved with the use of FSW on AMCs.
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Table 2-9 Grain size of various FSW of AMC:s.

CHAPTER 2

. ] Plate Particle Rotational o
] Reinforcement Concentration . . Tool Travel speed  Grain size
Material thickness size speed ] Reference
type (%) geometry (mm/min) (m)
(mm) (um) (rpm)
Cylindrical
AAB061-T6 AlO3 10 wt. % 6 5 300 10.16 5.7 [136]
threaded
Cylindrical
AAB061-T6 Al,O3 20 vol. % 7 16 - - 25 [132]
threaded
Cylindrical
AAB061 AlLO3 22 wt. % 4 9-10 880 260 40 [133]
threaded
Cylindrical
AAB063 B4C 10.5 wt. % 45 17 1500 600 13 [134]
smooth
. Cylindrical
AA2009-T4 SiC 15 wt.% 8 5.4 600 50 5 [118]
threaded
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2.6.9 Micro-hardness

The hardness profile of FSW of AMCs along the cross-section of the weld could
show the changes in the various phases and distribution of reinforcement in the
weld. Generally, two types of profile have been reported with regards to the FSW
of AMCs.

The first type of profile is the typical “W” shaped hardness profile commonly
reported in FSW of aluminium alloys (Figure 2-18). This reduction of hardness
in the FSW weld region is generally observed in precipitation hardening
aluminium alloys and attributed to the coarsening and dissolution of hardening
precipitates from the thermal cycle [98, 100, 109, 128].

220

Base Composite |HAZ Stir Zone| »
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Figure 2-18 Hardness profile of FSW of AA2124 reinforced with 25 wt. % of
SiC [128].

On the other hand, FSW does not result in softening of the weld region for solid
-solution hardening aluminium alloys (Figure 2-19) [137, 138] and FSW of as-
cast AMCs [118, 127, 129, 139, 140]. It is suggested that the hardness profile is
considerably related to the dislocation density and particle distribution. The
addition of reinforcement was reported to have highest hardness values located

at the centre of the weld region with a gradual decrease in the hardness across the
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TMAZ and HAZ. It was reported that smaller grain sizes and better distribution
of particles resulted in better hardness through Hall-Petch relationship and

Orowan strengthening.
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Figure 2-19 Hardness profile of FSW of AA2009 reinforced with SiC particles
showing no significant changes in hardness after FSW [118].

2.6.10 Tensile properties

The tensile properties of FSW are superior in comparison to conventional arc
welding techniques. Lakshminarayanan et al. [18] reported higher tensile strength,
ductility and hardness in FSW samples in comparison to welding of AA6061-T6
with GMAW and GTAW. The tensile properties of FSWed AMCs butt welds
were tabulated in Table 2-10. From the summarised table, it was observed that
FSW is suitable for welding AMCs with a joint efficiency ranging from 62% to
108 % in comparison to its base material. It has been widely reported that the
rotational speed greatly influences the tensile strength of the weld [128-130, 140-
143]. Depending on the type of AMCs, the optimal rotation speed used for FSW
ranges from 800 rpm to 1200 rpm. As mentioned in the earlier section, the use of
lower rotational speed could result in insufficient heat input and welding defects.
In contrast, the use of higher rotational speed might result in excessive heat input

leading to excessive flash being generated and thinning of the weld region.
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In addition to the rotational speed of the tool, one other important weld parameter
is the travel speed of the tool. The travel speed during FSW determines the
cooling rate. Having higher travel speed can be regarded as higher cooling rate.
This would affect the microstructure, grain growth of the weld region and tensile
properties. Increasing travel speed may give rise to an increase in the tensile
properties from having finer grains. However, tunnelling defect occurs when
travel speed becomes high enough leading to insufficient heat input during FSW

as discussed in earlier section.

In conclusion, the weld parameters have a significant impact on the tensile
properties of AMCs. The effect of rotation speed has considerably more impact
on the tensile strength in comparison to travel speed. However, due to the
complex interaction between the various welding parameters, each material will

require their study to achieve optimal tensile properties for the joints.
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Table 2-10 Mechanical properties of FSW of various AMCs with different welding parameters.

Ultimate
Base Plate Travel Vickers’ Yield Joint
Particle Rotational tensile Elongation
Base material . material thickness speed Pin geometry hardness strength efficiency Reference
size (pm) . speed (rpm) . strength (%)
condition (mm) (mm/min) (Hv) (MPa) (%)
(MPa)
AAB061-T6/Al,03/10 - Extruded 7 800 56 - 104 280 329 13 - [139]
AAB061-T6/Al,03/20 16 Extruded 7 Cylindrical threaded 50 193 262 2.8 71.98 [132]
AAB061-T6/Al,03/20 - - 5 1000 360 Cylindrical threaded 85 - - - - [144]
AAB061-T6/Al203/20 10-20 Extruded 7 450-700 150-300 Cylindrical - 234 251 - 70.7 [135]
AAB061-T6/Al03/22 9-10 As-cast 4 880 260 Cylindrical threaded 90 - 227 - 99 [133]
AAT7005-T6/Al,03/20 - Extruded 7 800 56 - 127 245 260 0.58 - [139]
AAB061-T6/AIN/20 3-4 Extruded 6 1217 51.81 Square smooth - - 227.02 0.7 94.28 [145]
AAB063/B4C/10.5 17 Extruded 45 1500 600 Cylindrical smooth 60 125 176 25 62 [134]
AAB063/B4C/12 20 As-cast 6 1000 78 Square smooth 105 - 201 25 93.4 [127]
AA2124-T6/SiC/25 2 - 15 - - Cylindrical threaded - 4354 4428 0.3 - [130]
AA2009-T4/ SiC/15 5.4 Extruded 8 600 50 Cylindrical threaded 155 250 325 2 108.33 [118]
AA2009-T4/ SiC/17 7 Rolled 3 1000 800 Cylindrical threaded 160 341 501 3.5 97 [146]
AA2009-T351/ SiC/18 8 Rolled 3 1000 50 Cylindrical 160 274 443 4.7 77 [119]
AAB061/ SiC/10 - As-cast 6 1100 45 Cylindrical threaded 95 126 206 6.5 74 [140]
AAB061/ SiC/20 - Rolled 6 1370 88.9 Cylindrical threaded 114 201 265 - - [141]
Al4.5%Cu/ TiC/10 - Rolled 5 400 20 Cylindrical threaded - - 178.83 2.95 - [147]
AA6061/ ZrB2/10 - As-cast 6 1155 48.8 square smooth 242.56 90 [142]
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2.7 Summary

From the literature review, SLM has potential capability to fabricate AMCs with
superior mechanical properties. The use of nano-sized reinforcement particles
contributed to the piling up of dislocation at the reinforcement particles
preventing dislocation movement. However, during plastic deformation, cracks
initiated at the interface while delaying the crack propagation. It is evident that
the use of different processing parameter is required for different material and
different concentration of reinforcement particles. Therefore, optimisation of the

SLM process parameters is required to obtain parts with optimal properties.

FSW is a viable solution to join AMCs together as it does not melt the material,
thus, eliminating the possibility for the formation of brittle intermetallic phases.
Moreover, the dynamic recrystallisation and grain refinement give rise to a
potential improvement in the mechanical properties. The welding parameters
have a significant impact on the tensile properties of AMCs. The effect of rotation
speed has considerably more impact on the tensile strength in comparison to
travel speed. However, due to the complex interaction between the various
welding parameters, each material will require their study to achieve optimal

tensile properties for the joints.

51



EXPERIMENTAL METHODOLOGY CHAPTER 3

CHAPTER 33

Experimental Methodology

This chapter describes the operating procedures and experimental methodology

used in the studies. The equipment and details are then recorded.

3.1 Materials

This section discusses the materials and reinforcement particles used for friction

stir welding, friction stir processing and selective laser melting.

3.1.1 Aluminium Alloy AA6061

Rolled sheets of aluminium alloy (AA6061-T6) was used as the base material for
friction stir processing. The nominal material composition of AA6061-T6 is
shown in Table 3-1.

Table 3-1 The nominal material composition for AA6061-T6.

Element Al Mg Si Cr Mn Ti Cu Zn Fe

Weight % Balance 1.00 0.60 0.20 0.07 0.07 0.28 0.13 0.40

3.1.2  Aluminium Alloy AlSiioMg

Gas atomised aluminium powders, AlSiioMg, with a normally distributed size
between 20 pum to 63 um by TLS Technik GmbH & Co., Germany, was used to
fabricate rectangular blocks for friction stir welding. It is also the base material
for fabricating aluminium composites via selective laser melting. The material
composition is shown in Table 3-2 while the field scanning electron microscopy
(FESEM) image of the powder is shown in Figure 3-1.
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Table 3-2 The nominal material composition for AlSiioMg.

Element Al Mg Si Ni Mn Ti Cu Zn Fe
Weight % Balance 0.30 10.00 0.02 0.20 0.08 0.03 0.05 0.30

Figure 3-1 FESEM image of as received AlSiioMg powder.

3.1.3 Alumina Powders

Aluminium alkoxide hydrolysis fabricated nano-sized alumina powder, APK-30,
with a nominal size of 320 nm by Sumitomo, Japan, was used as reinforcement
particles in this study. The alumina powder has an alpha phase crystal structure
with 99.99% purity. The SEM image of the alumina powder is shown in Figure
3-2.

(a)

Figure 3-2 FESEM images of as-received alumina powders in (a) low
magnification and (b) high magnification.
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3.1.4 Carbon Nanotubes

Multi-walled carbon nanotubes (MWCNTS), Sunking International Trading,
Singapore, manufactured using chemical vapour deposition process were used in
this study (Figure 3-3). The detailed specifications of the as-received MWCNTSs

were shown in Table 3-3.

Figure 3-3 FESEM image of as-received MWCNTSs.
Table 3-3 Specifications of as-received MWCNTS.

Material MWCNTSs
Production method Chemical vapour deposition

Density (g/cm®) 2.2
Purity (%) 95

Inner diameter (nm) 5-10

Outer diameter (nm) 10-20

Length (um) 10-30
Specific surface area (m®/g) 180
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3.2 Material Characterisation

The effect of the reinforcement particles on the physical and mechanical
properties of the composites and weld were investigated. Specimen samples were
machined from the master samples and tested with the uniaxial tensile test, micro-

hardness test and micro CT scan. Metallurgy characterisation was also performed.

3.2.1 Tensile Test

Tensile coupon with a gauge length of 25 mm, the width of 6 mm based on ASTM
E-08 (Standard Test Method for Tension Testing of Metallic Materials) were
produced using electrical discharge machining (EDM) as shown in Figure 3-4.
Tensile test was conducted using Instron static tester series 5569. The experiment
was conducted with a 50 kN load cell using strain rate of 1 mm min™ at room

temperature. Detailed tensile results were plotted in Appendix C.

All dimensions are in mm.

Figure 3-4 Typical dimension of tensile testing coupon.

3.2.2 Vickers Hardness Test

The micro-hardness test of the material was conducted using FM-300e, Future-
tech, with 50 grams force loading and duration of 15 s over a minimum of five

points.
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3.2.3 Micro-Computerized Tomography (Micro CT) Scan

Micro CT scan was performed using the Skyscan 1173 X-ray Microtomography,
Brunker Co., Belgium. The scan was conducted with 93 kV and 77 pA. A full
rotation scan was conducted with image averaging of five frames, rotational step
size of 0.40 degrees and resolution of 6 um. The images were processed using

NRecon software to calculate the relative density of the samples.

3.2.4 Optical Microscopy

The microstructure of samples was characterised using an optical microscope,
Olympus SZX7-TR30, Japan, mounted with an imaging camera, Olympus SC30,
Germany. Samples were sectioned and mounted before being mechanically
polished using Struers Tegramin-25, Denmark, together with the steps listed in
Table 3-4. Samples were etched with Keller’s reagent to review the grain of

polished samples before observation by an optical microscope.

Table 3-4 Polished steps used to polish aluminium and aluminium composites.

RPM RPM )
. Force  Duration
Cloth Type Lubricant used of of ]
(N) (min)
Cloth  Sample
Step1  SiC #2000 Water 300 100 10 3

Step 2 MD-Largo 9 um suspension 150 150 25-35 5-7
Step3  MD-Mol 3 Um suspension 150 150 15-25 4-6
Step4 MD-Chem  0.04 um suspension 300 100 5 1-3

3.2.5 Field Emission Scanning Electron Microscopy (FESEM)

Microstructural analyses were performed using field emission scanning electron
microscope (FESEM), JEOL JSM-7600F, USA. The FESEM was also used to
analyse the fracture site of the tested tensile samples to study the failure modes.
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3.2.6 Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) was performed to map, plot the
misorientation angle histogram, grain size and inverse pole figure using Channel

5 software by HKL Technology with a step size of 0.2 - 0.5 um.

3.2.7 Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) was performed on the weld nugget
of the samples to detect the presence of intermetallic compounds and composition

is the weld region.

3.2.8 X-ray Diffraction (XRD)

X-ray diffraction (XRD) machine Philips XRD-PW-1830 diffractometer with Cu
K. radiation, was used to determine the phase composition of the test samples
operating at 30 kV and 20 mA. The diffraction angle of 28 varied from 10° to
120° with a step size of 0.02°.

3.3 Nanoparticles preparation

3.3.1 Reinforcement particle preparation for FSP

CNTs were sonicated using Branson Digital Sonifier 450D with a 400W digital
tip sonifier. A disruptor horn capable of generating a horn frequency 20kHz was
used. The CNT were dispersed in a volatile solution with 40% sonification
amplitude input (approx. 80um) for a total of 5 min with intervals of 1 min. The

beaker was placed in an ice bath to prevent the solution from heating up.

The nAl>,Oz powder was ball milled together in a volatile solvent with a ball to
powder ratio of 1:1. Alumina balls with diameters ranging from 5 mm to 15 mm
were used. Ball milling was performed using U.S. Stoneware balling milling
machine at 600 rpm for 5 hours.
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Sonicated CNTSs solution was added to the bottle of nAl.Oz and ball milled for
another hour to ensure a homogenously mixed slurry was obtained. The slurry
was then applied onto the aluminium plate containing reservoirs and dried in a
vacuum oven. Multiple application of the slurry was performed to ensure all the

reservoirs were fully filled.

3.3.2 Reinforcement particle preparation for SLM

AlSiioMg and nAl,Oz were balls milled together in a volatile solvent. Alumina
balls with diameters ranging from 5 mm to 15 mm were used. Ball milling was
performed using U.S. Stoneware balling milling machine at 600 rpm for 5 hours.
The ball to powder ratio of 1:1 [56] was used to prevent the AlSiioMg powder
from deforming. Deformed powders could lead to a reduction of powder
flowability and uneven powder layer thickness during dispensing. The blended
slurry was then air dried. The dried powder was further dried using a vacuum

oven for 8 hours.
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CHAPTER 4

Friction Stir Processing (FSP) of Aluminium Composites
Al-CNTS and Al-ALO3-CNTS

This chapter introduces the friction stir processing (FSP) processes in fabricating
Al-CNTs and Al-Al,O3-CNTs composites. This chapter sets a foundation for
understanding the microstructure evolution and strengthening mechanism
associated with the introduction of nano-sized reinforcement particles of different

shapes for later chapters.

4.1 Introduction

Particulate-reinforced metal matrix composite (MMCs) have drawn much
attention in the automobile, aerospace and defence industries due to its superior
high elastic modulus, stiffness and wear resistance [1-3]. Significant
strengthening effects can be achieved by using small concentrations of small
particles [3]. However, the production of MMCs especially nano-composites is
quite challenging because the uniform dispersion of nano-sized reinforcements
in the metallic substrate is difficult to achieve by using conventional powder

metallurgy or liquid processing methods.

The fabrication of MMCs using FSP has attracted much attention ever since it
was first reported by Mishra et al. [148] FSP consist of a rotating non-consumable
tool being plunged into the workpiece similar to that of friction stir welding.
However, the process is done on one workpiece instead of joining two pieces
together. Friction between the tool and the workpiece results in the plasticity of
the material without melting. The material was being processed as the rotating
tool transverse along the material. FSP is a desirable process for the fabrication
of MMCs as undesirable intermetallic formations between the matrix, and the

reinforcement can be avoided [149, 150].
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Several methods are currently available to introduce the reinforcement particles
into the matrix. The first method is the application of a thin layer of reinforcement
particles on the surface of the workpiece with the assistance of a volatile solvent
such as methanol prior to FSP [148]. However, the particles were not uniformly
dispersed, and there were significant airborne particles during placement of the
particles and FSP. The second method was to create various surface reservoirs
such as dimples or holes or grooves and pre-place reinforcement particles in them
prior to FSP [151-154]. A thin Al sheet cover could be used to prevent the
particles from being airborne during FSP [154]. As dry nano-powders have very
low density, the concentration of reinforcement in a reservoir volume is also low.
In order to increase the concentration, J. Qu et al. [152] used a slurry of nano-
particles and volatile solvent in his study. The third method involves mechanical
alloying of the aluminium powders and the reinforcement particle using ball
milling before cold compacting and sintering into billets before FSP.
Alternatively, the aluminium substrate can be coated with a thin layer of
mechanically alloyed powder mixture using air plasma spraying technique [155].
In the present study, an array of small holes will be drilled in the aluminium sheet
to create uniformly placed reservoirs to aid in the dispersion. A volatile solvent

will be used to produce a slurry of homogeneous reinforcement mixture.

In a study by Guo et al. [5] on the evolution of grain structure and mechanical
properties of AA6061 alloy with nano-Al.Osz reinforcement particles via FSP. In
their study, uniform dispersion of reinforcement particles was achieved with
improved micro-hardness and tensile strength. The number of passes improved
the dispersion of the reinforcement particles, and finer grain size was reported
with the addition of reinforcement particles due to the Zener pinning effect. It has
been suggested that the dispersion of the nanoparticles depends on both the
number of passes conducted and the rotational speed of the tool. However,
increasing the number of passes alone does not have any significant effect on the

grain size as the final grain size is dependent on the welding temperature [113].
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A similar study was conducted by Du et al. [25] using multi-walled carbon
nanotubes (CNTSs) as reinforcement particles. Uniform dispersion of CNTs was
achieved using FSP after 3 passes. Significant improvement in the Vickers
hardness and tensile yield strength were observed after the addition of CNTSs.
CNTs were also observed at the fracture site suggesting crack bridging which is
in conjunction with studies by Liao et al. [7, 156, 157]. Esawi et al. [158] studied
AlI-CNT composites using powder metallurgy fabrication technique. The
powders were ball-milled with CNT before being compacted and hot extruded.
Significant improvement in the material strength was observed. CNT pullouts
were observed at the fracture site of the tensile samples indicating poor interfacial
bonding between aluminium matrix and CNT. On the other hand, there are
several studies [159-163] using CNT to reinforce alumina composites. Positive
results and improvement of fracture toughness were observed [164]. The
adhesion of Al,Oz and CNT is significantly strong. Hence, the combination of
both in an aluminium alloy composite may proof to be further enhancing the
adhesion of the reinforcements. Moreover, both reinforcements are of different
shapes forming a network of nano-reinforcement reinforcing the aluminium

matrix.

To the best of the authors’ knowledge, there have not been any studies on the
addition of multiple nano-particle reinforcements in the MMCs. The additions of
spherical and thread-like nanoparticles have a different effect on the outcome of
the MMCs. Hence this study aims to investigate the effect of the nano-Al.Oz and
CNT particles addition on the grain structure evolution and mechanical behaviour

of the friction stir processed aluminium matrix composite.

This chapter aims to study the microstructure evolution and strengthening
mechanism of the addition of CNTs and nAl.Os reinforcements in the AA6061

via FSP. It also serves as a fundamental study on AMCs for the later chapters.
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4.2 Experimental Details

In this study, tempered AA6061-T6, multi-walled CNTs and nAl>Os were used.
AA6061-T6 alloy rolled plates with a thickness of 3 mm were cut into a smaller
sheet measuring 300 mm in length and 100 mm in width (rolling direction). An
array of 720 cylindrical holes over an area of 240 mm by 50 mm was machined
on the surface of the plates to act as reservoirs for the reinforcement particles
(Figure 4-2a). Each cylindrical hole measures 1 mm in diameter and 2 mm in
depth. The plates were carefully degreased with acetone and air dried prior to
FSP. As the apparent density of the alumina powder (0.63g/cm?) is significantly
lower than the bulk density of alumina (3.97g/cm?), large holes will be required
to be made on the surface to match up to the relatively high concentration
required, leading to instability in the FSP. Therefore, a volatile solvent was added
to form a slurry based on optimal concentrations in previous studies [5, 25, 156,
165]. The particle concentration used in this study is 10.3 wt. % of nAl,O3 and
0.5 wt. % of multi-walled carbon nanotubes. During FSP, the reinforcement
particles might become airborne due to the high rotational speed of the rotating
tool resulting in significant particle lost. Therefore, an aluminium sheet cover

with a thickness of 1 mm was placed over aluminium plate prior to FSP.

FSP was performed using a friction stir welding equipment mounted onto a 6-
axis robotic arm capable of generating 12 kN of downward force. The tool used
in this study is a threaded conical probe with three flats. The tool shoulder has a
diameter of 12.5 mm while the probe has a base diameter of 5 mm and length of

2 mm.

The grains size of FSP of Al were reported to be independent of the number of
passes [5, 166-168]. It was reported that the size of the grains was closely related
to the welding temperature and not the number of passes. The FSP of Al-Al;03
was performed in a previous study [5]. In that study, FSP was performed with 2

and 4 passes. It was observed that there was no significant changes in the grain
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size between 2 passes and 4 passes as both the flow stress of the material and the

welding temperature were similar from pass to pass.

With regards to the particle dispersion, based on previous studies [5, 25], single
pass and multi passes of FSP were conducted, micro bands of nano-sized
reinforcements were found in single pass FSP while 3 FSP passes were sufficient
to produce a homogeneous dispersion of the reinforcement particles (Figure 4-1).
However, for the FSP of AI-CNT, the shortening of AI-CNT was observed from
pass to pass [25, 169].

Therefore, three FSP passes were performed on the aluminium plates with
rotational tool speed of 1200 rpm, the transverse speed of 3mm/s and tilt angle
of 3 ° (Figure 4-2b).

Nanoparticles
Reservoir homogenously
containing distributed in

Friction stir
processing tool

Before friction stir processing After friction stir processing

Figure 4-1 Schematic diagram showing how the FSP of the nanocomposites.
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Figure 4-2 AA6061-T6 plates (a) showing array of holes and (b) after FSP.

Metallographic samples were taken from the transverse section of the FSPed
plates and mechanically polished using steps mention in Chapter 3. Tensile
testing coupons were machined from the plates along the longitudinal direction
of the FSP. Material characterisation and mechanical properties were evaluated
as mentioned in Chapter 3 and benchmarked against the FSP of Al-nAl>Oa.

4.3 Results and Discussions

4.3.1 Particle Dispersion

During FSP, the rotating tool plunges into the workpiece before traversing along
the material. The friction between the tool and the material generates heat which
softens the processing material. The rotation from the tool stirs and mixes the
material with the reinforcements. Uniform dispersion of the particles could be
achieved with increasing passes [5, 25]. Large second phase dendrites and silicon
particles were observed in the as-received AA6061-T6 samples (Figure 4-3a).
The dendrites and some silicon particles were observed to have broken down and
uniformly distributed in the aluminium matrix after three FSP passes (Figure
4-3b). From the FESEM images (Figure 4-3d and e), nAl>Os particles were

observed to have been uniformly dispersed in the matrix via FSP. Even though
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CNTs were not visible in the images, it is believed that FSP had uniformly
dispersed them in the matrix (Figure 4-3c). This is in conjunction with other
studies on the FSP using CNTs reinforcements, where CNTs were observed to
be broken down into shorter tubes in the first pass, circular after the second pass

and finally, it could not be observed after the third pass [169].
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Figure 4-3 FESEM images of AA6061-T6 (a) as-received, (b) with three FSP
passes; FSP Al-CNTs composite (c) with three FSP passes; FSP Al-Al>O3
composite with (d) four FSP passes [5]; FSP Al -Al,O3-CNTs composite with
(e) 3 passes.

4.3.2 Grain Structure Evolution

The results from electron backscatter diffraction (EBSD) mapping were

illustrated in Figure 4-4. AA6061-T6 displayed elongated grains with an average
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grain size of 70 um. Significant grain refinement was observed on AA6061-T6
samples that underwent FSP. The equiaxed grains of the samples have less than
5.04 um. More sub-grain boundaries were observed in FSPed samples as
compared to AA6061-T6. During FSP, continuous strain coupled with rapid
recovery and migration of sub-grain/grain boundaries resulted in continuous
dynamic recrystallisation [170-172]. The processed material undergoes severe
deformations from intense dislocation, and this stored energy leads to the

dynamic recovery and recrystallisation process.

The average grain size from the EBSD analysis was tabulated in Table 4-1.
Humphreys et al. [173] reported that dynamic recrystallisation is a strongly
related to the flow stress and not the temperature during deformation. However,
several studies have observed increasing grain sizes with increasing FSP
temperature showing correlations in the 2 factors [113, 168, 174]. In the previous
studies [5, 174], grain sizes were observed to be independent of the number of
FSP passes using the same parameters. In this study, the processing parameters
were kept constant throughout and hence, the flow stress and processing

temperature were kept constant.
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Figure 4-4 EBSD mapping showing grain structures of AA6061-T6 samples (a)
as received, (b) 3 passes; (c) FSP AI-CNTs composite with 3 passes; (d) FSP
Al-Al>;O3 with 4 passes [5]; (e) FSP Al-Al,O3-CNTs with 3 passes. The scale
bar indicates 20 pm. For the boundary misorientation: white lines: between 1°

and 5°, grey lines: between 5° and 15°, black lines: >15°.

From Table 4-1, the addition of CNTSs resulted in a slight decrease in the average
grain size after FSP from 5.0 pm to 4.7 pm. However, significant grain

refinement, from 5.0 pm to 2.5 um, was observed with the used of nAl203. The
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addition of both nAl>O3 and CNTs resulted in an average grain size of 3.1 pm.
From the observation, less significant changes in the grain sizes were observed
with the addition of CNTs. This could be due to the breaking down of CNTs
during the intense deformation during FSP passes. As the welding conditions for
the experimental set up were kept constant, the differences in the grain sizes for
samples with and without the addition of reinforcements could only be attributed
to the addition of reinforcements itself. Particle stimulated nucleation (PSN) have
been reported to have occurred during FSP [2, 136, 175]. According to
Humphreys et al. [173], particle stimulated dynamic recrystallisation occurs with
the accumulation of dislocations at particles during deformation. In addition to
that, PSN effect only happens when particles sizes are more than 1 um with low
processing temperature. In this study, the reinforcement particles are nano-sized
while the processing temperature is quite high [176]. Therefore, it is unlikely for

PSN to occur.

Zener pinning effect could have accounted for the finer grain sizes in the stir zone
with nano-sized reinforcement particles by retarding the grain growth of the
aluminium matrix. Rollett et al. [177] reported the rate of grain growth during the
recrystallisation of metal with dispersed second phase particles could be
described using equation (4-1).

drR . _ ayp _ 3Fyyp -
E_M(P PZ)_M(R Zr) (4-1)

From the equation, Fy is the volume fraction, M is the boundary mobility, P is the
driving pressure from the curvature of the grain boundaries, P, is the Zener
pinning pressure, R is the radius of the grain, r is the radius of the pinning

particles, a is a small geometric constant and vy is the boundary energy.
Therefore, when P=P, grain growth stops.

vy _ 3Fv¥p _
R~ 2r (4-2)
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Thus, the Zener limiting grain size (0=1) can be obtained when the mean grain

radius (D) and the radius of curvature (R) are taken to be the same.

D, ==~ (4-3)

"~ 3F,

At present work, r = 0.16 um, Fy = 0.11, the theoretical D; = 1.9 um. The slightly
larger grain size measured by the EBSD as due to a small amount of the

reinforcement particles being extruded away as flash during FSP.

The EBSD analysis was performed to investigate the pinning effect caused by
particles of the grain boundary further. The histogram of the measured boundary
misorientations in the stir zone is shown in Figure 4-5. A detailed analysis of data
is listed in Table 4-2 shows the mean boundary misorientation and number of
high boundary angles (>15°) present. The interaction between the pinning
particles and grain boundaries is very complicated. Tweed et al. [178] reported
that the high-angle grain boundaries with high energy might have curved the
boundary plane when in contact with a second phase inclusion resulting in the
bypassing as a whole even before the boundary bent into a semi-circle. Perturbed
planes are produced from low angle boundaries as it has lower energy and more
flexibility. Thus, it could be the reason for the significant decrease in low-angle

boundaries (<=15°) when Al,O3 were added.

However, with the addition of CNTSs, a significant increase in the low angle
boundary was observed in comparison to Al-Al>Oz samples. This could be
because CNTSs are very small in size and it causes interference and distortion in
the strain during plastic deformation and dynamic recrystallisation resulting in

low angle boundary grains.
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Table 4-1 Average grain size values measured using EBSD technique [179].

Material
and FSPed Al AI-CNTs Al-Al203 Al-Al203-CNTs
process
Average
grain size 5.0£2 4.7+2 2.5+2 3.1+1
(um)
Misorientation Histogram
035 FSPed Al
0.3
B Al-CNTs
0.25
= Al-ALO,
§ 02
g m Al-ALO,-CNTs
= 0.15
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Figure 4-5 Distribution of grain/sub-grain misorientation angles for different
FSPed materials.
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Table 4-2 Summarized results of Grain/sub-grain boundary misorientations for
various materials.

Fraction of  Fraction of low

_ Mean grain ~ high-angle angle grain Number
Material and o ) ) ) )
misorientation grain boundaries of grains
process )
®) boundaries (<=15°) sampled
(>15°) (1-5°)  (0-15°)
FSPed Al 24.0 0.6 0.3 0.4 872
AI-CNTs 22.8 0.5 0.3 0.5 1002
Al-Al;O3 31.0 0.7 0.1 0.3 793
Al-Al203-CNTs 25.3 0.6 0.2 0.4 2079

4.3.3 Micro-hardness

The Vickers hardness values were measured on Al-Al,O3-CNTs and compared
to the other samples from previous studies as showed in Table 4-3. The increase
in hardness value of AA6061-O after FSP was believed to be mainly attributed
to the grain refinement. The hardness values have increased further with the
addition of reinforcement particles. There was a significant increase in the
hardness values when both CNTs and Al.Os were added to the matrix compared
with FSP of AA6061 without reinforcement. It is believed that Orowan

strengthening effect [5] is the main reason for the significant increase in values.

Table 4-3 Micro-hardness values of Al base metal and various composites
produced by FSP.

Materials Al- Al,Os-
& process AA6061-O FSPed Al  AI-CNTs Al- Al,O3 CNTs

HVo.05 55 66.2 90.6 103 108.4
standard 2.2 0.7 0.9 0.8 0.6
deviation

72



FRICTION STIR PROCESSING (FSP) OF ALUMINIUM CHAPTER 4
COMPOSITES AL-CNTs AND AL-AL203-CNTs

4.3.4 Tensile Testing

The tensile test results were tabulated in Table 4-4. All friction stir processed
materials exhibited inferior tensile properties compared to the peak aged
AA6061-T6 alloy, while much better properties compared to the AA6061-O
alloy. This is mainly attributed to dissolution and dissolvement of the Mg.Si
precipitates. It is assumed that all the friction stir processed materials in the study
experienced very similar thermal cycles and thus have similar precipitation levels.
The property difference should only be due to the addition of different particles.
As shown in Table 4-4, the Al-Al>O3 specimens displayed a significant increase
in ultimate strength and yield strength when compared to FSPed AAG6061
specimens with 3 passes. The increase was believed to be mainly due to the
Orowan effect [5]. For the samples with only CNTs added, there was a decrease
in ultimate tensile and an increase in yield strength. It was believed that the main
contributing factors were small CNTs clusters as well as the differences in the

grain size, from the Hall-Petch equation [5].
=g, + K 4-4
O-g Op /\/a ( )

Where oy is the yield strength, oo is the original strength of the material/ friction
stress (MPa), K is the Hall-Petch coefficient, constant for pure Al (74 MPa pm*?)
while d is the average grain size (um). The strengthening contribution from the

addition of reinforcement particles could be calculated using

=) =" (4-5)

Where di = 5.9 um and dz = 3.1 um are the diameters of the grain without and
with reinforcement added respectively. Thus, the strengthening contribution from
the refinement of grain, oge = 13 MPa. However, this calculation assumes that
the nAl>Os were spherical and uniformly dispersed. The Orowan strengthening

[3] could be calculated using
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Gb
L-2r

- [EA(E) o

Where ¢ is the material strength, G = 26.2 GPa is the shear modulus of the metal,

(4-6)

0, =

b = 0.286 nm is the Burgers vector, Fv = 0.11 is the volume fraction of
nanoparticles, L= 0.41um is the spacing between the particles and r = 0.16 pm is
the radius of the particles. The Orowan strengthening due to dispersed

nanoparticles, oo = 30 MPa.

From the above calculations, the strengthening contribution is mainly attributed
to the Orowan strengthening of the finely dispersed nanoparticles. However, the
theoretical calculation can only be used as an indicative method to identify factor

with a significant contribution as various assumption can never be true in reality.

For the samples with both Al>Os and CNTs added as reinforcement, both the
ultimate tensile strength and yield strength increased significantly. Comparing
the results between Al-Al>O3 and Al-Al,O3-CNTSs, the mean grain sizes are
similar. Hence, the increase in tensile properties could only be attributed to the
addition of CNTSs. There is also a significant decrease in the elongation when
comparing Al-Al>Os and Al-Al;03-CNTs. It may be because the CNTSs clusters
were broken down into smaller clusters and uniformly dispersed in the aluminium
matrix which changed the crack propagations direction and enhancing the yield
strength at a micro level as more energy will be required for yielding. It is
believed that the dispersed CNTSs also inhibited the occurrence of dislocation
motion and deformation during tensile testing. This is observed with the
significant reduction of the elongation. In the previous study, CNTs were present
in the fracture sites indicating crack bridging [25]. The small clusters of CNTs
might have acted as crack bridging points to prevent the sliding of grains along
the boundary, holding them together [7]. However, the adhesion between

aluminium and CNTs are not very good, and few studies studied AI-CNTSs
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composites that concluded poor adhesion and CNTs pull-outs were often
observed at the fracture site [158, 180]. The adhesion between Al.Oz and
aluminium is significantly better as compared to aluminium and CNTs. Having
both Al,O3 and CNTs in the metal matrix composite increases the adhesion of
the reinforcement and the aluminium substrate. Therefore, a significant

improvement in strengths especially yield strength was observed.

As a light-weight material, Al-based composites are often used in elevated
temperatures. The thermal stability of microstructure and high-temperature
mechanical properties are believed to be improved significantly because of the
pinning effect of particles. However, the investigation on this topic is out of the
scope of the present study and will be carried out in the future work. It is to be
noted that CNTs can be decomposed at temperatures higher than 530 °C [181],
which should not be a problem for Al-based composites applications as their

working temperatures are lower than 300 °C.

During FSP, the solutionizing and the dissolution of hardening precipitates could
occur during FSP could have occurred to the AA6061 alloy. Post FSW ageing
heat treatment was conducted in several studies [182-184] showing that it is

possible to achieve extra strengthening with peak ageing.

In a study by Boonchouytan et al. [182], the microstructure of AA6061-T6
consists of a-Al globule with spheroidizing of Mg.Si particles. After FSW, the
stir zone contained fine structure with uniformly dispersed Mg2Si. Post weld T6
was performed with solution treatment at 530 °C for 1 hour, quenched and
artificially aged at 185 °C for 6 hours. However, cracks were observed in the stir
zone after post weld T6 heat treatment. In another study by K.N. Krishnan [183],
FSW samples of AA6061 were solution heat treated at 520°C for an hour,
quenched and aged at 175°C for 8 hours. After post weld heat ageing, grain
coarsening were observed in the weld. The hardness was improved (100 HV).
When bend test was conducted, as-welded and aged samples passed the 180°
bend. In another study by Sato et al. [184], FSW was conducted on AA6063. The
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artificial post-weld ageing was performed at 448K (175°C) for 12 hours. It was
observed that the tensile strength and hardness were recovered to that of the base

material. However, recovery of the ductility was partial.

Table 4-4 Tensile Properties of Al base metal and various composites produced
by FSP.

Types of tensile Ultimate tensile Yield strength )
Elongation (%)

coupons tested strength (MPa) (MPa)
As-received
125 55 25
AA6061-O*
As-received
310 276 12
AA6061-T6*
FSPed Al 1933 95+4 18+2
Al-CNTs 178+28 11242 10+5
Al-Al,03[5] 22842 11142 24+1
Al-Al,03-CNTs 236+3 163+4 4+1

*Tensile property values for AA6061-O and AA6061-T6 base metal are from
ASM Handbook [54].

4.3.5 Fractography

The fracture sites of the tensile tested samples were examined under FESEM as
shown in Figure 4-6. For FSPed Al (Figure 4-6a), large dimples were observed.
The failure of FSPed Al is believed to occur at the triple junctions or subgrain/
grain boundaries with void initiations and followed by rotation/ sliding, leading
to either trans-granular or inter-granular cracks. These voids may then propagate
along the weakest path, e.g. neighbouring grain/subgrain boundaries and started
joining to form large ones [5]. For AI-CNTs composite, as shown in Figure 4-6b,

the fracture surface looks like neither typical ductile nor typical brittle fracture
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mode. A large number of pull-outs of CNTSs threads can be observed, which made

the fracture mode quite unique.

The fracture sites for samples Al-Al2Os (Figure 4-6¢) and Al-Al,03-CNTs
(Figure 4-6d) were relatively similar. It is observed that the Al>Os particles can
always be found at the bottom of the dimples, which is in agreement that the Al/
Al>Os3 interfaces are the void initiation regions. It is unlikely for the small voids
to join up to form a more prominent crack as there is a significant amount of
finely dispersed nano-Al.Oz particles which will act as pinning points and change
the direction of the route of crack propagation [5]. This is believed to have
increased the yield strength of the composites. The significant increase in the
yield strength of Al-Al2O3-CNTs is believed to be related to the CNTs pull-out
mechanism at sub-micron scale inside/around the Al.Oz dominated fracture
dimples. On closer observation, the dimples created in Al-Al,O3-CNTs (Figure
4-6d) are relatively shallower than Al-Al,O3 samples (Figure 4-6¢) which
resulted in the significant reduction of the elongation of the Al-Al,O3-CNTSs
composite. As discussed previously in the ‘Tensile Testing’ section, the added
CNTs may have changed the crack propagations direction and enhancing yield
strength. However, the CNTs may also have interrupted the dislocation

movement during tensile test and led to lower elongation.
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Mag= 1000K X EHT = 7.00 kV WD= 69mm Signal A = InLens

Figure 4-6 FESEM images of the fracture sites of FSPed (a) AA6061 (b) Al-
CNTs (c) Al-Al0zand (d) Al-Al,03-CNTs.

4.4 Conclusions

A new Al-based nano-composite reinforced with uniformly dispersed Al.Oz and
CNTs have been successfully fabricated using FSP. The effects of having
multiple types of nano-particles reinforcements on the mechanical behaviour and
microstructure evolution in the friction stir processed Al matrix were studied and

summarised as below.

a. Grain refinement can be observed in friction stir processing with/ without
the addition of nano-sized reinforcement particles. The presence of nano-
sized reinforcement led to more pronounced grain refinement as pinning
effect of the nano-particles have retarded the grain growth rate in the

dynamic recrystallisation process.
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b. The micro-hardness and tensile strengths were increased significantly
through the addition of Al,O3 and CNTs nanoparticles. In particular, the
yield strength of the composites increased 70% compared with that of
FSPed Al when both Al.Oz and CNTs were added in the matrix.

c. For both Al-Al,O3 and Al-Al>O3-CNTs composites, Al.Os particles can
always be found at the bottom of the dimples on the fracture surfaces,
suggesting void initiation at the Al/ Al;Oz interfaces regions. The
significant increase in the yield strength of Al-Al,O3-CNTs is believed to
be related to the CNTs pull-out mechanism at sub-micron scale
inside/around the Al.O3 dominated fracture dimples. Shallower dimples
were observed on the fracture surface for composite with the addition of
Al>;O3 and CNTSs, which led to significant reduction of elongation.

d. Multiple reinforcements with different shapes can be an effective method
to increase the tensile strengths, especially yield strength of metal matrix
composites.
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CHAPTER 5

Selective Laser Melting Printed AlSiioMg Composites

This chapter studies the selective laser melting (SLM) of rectangular aluminium
composite blocks fabricated via selective laser melting process. The

microstructure and mechanical properties were examined and recorded.

5.1 Introduction

Aluminium metal matrix composites (AMCs) have attracted the attention of
various industries, such as aerospace, automobile and defence, due to its superior
wear resistance, stiffness and elastic modulus properties [185-187]. Significant
enhancement in strength could be achieved with the addition of small
concentration of reinforcement particles by preventing dislocation movements [3,
5, 179]. Al20s, SIC, B4C, TiC and TiO; are among the few reinforcements
considered as suitable candidates for AMCs [188]. Mainly, nano-sized alumina
(nAl203) is widely used in comparison to other reinforcements due to its ability
to improve high-temperature properties and wear behaviour without the
formation of undesirable brittle intermetallic phases [189]. Fabrication of
customised components for aerospace and automotive applications have been

challenging via the use of traditional manufacturing techniques.

In recent years, additive manufacturing (AM) techniques have attracted much
research attention due to its ability to fabricate customised parts with complex
geometry and superior mechanical properties [190-194]. Among the AM
techniques, the selective laser melting (SLM) is widely used in the research and
fabrication of complex metallic components. Therefore, exploration on the
possibility of fabricating advanced aluminium nano-composites should be carried

out.
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The SLM fabricates metal components by using a laser beam to melt metal
powder in a layerwise matter. The layerwise production together with the use of
computer-aided design (CAD) allows the fabrication customisable components
accurately with excellent mechanical properties [195]. Recently, studies have
also directed their attention towards the visibility of fabricating of aluminium
composites using selective laser melting [13, 56-58]. Dadbakhsh et al. [58]
studied in situ fabrication of Al/ 15% wt. Fe>O3 using SLM and observed the
improvement in hardness due to the formation of the very fine dendritic matrix.
Gu et al. [56] reported densification behaviour of SLM fabricated AlSi;oMg/ 5%
wt. TiC nanocomposites with varied laser energy density. In their study, high
laser energy input (200W) was used to melt the reinforcement materials fully. It
was reported that uniformly distributed ring-structured nano-sized TiC
reinforcements resulted in significant improvement in both tensile strength and
micro-hardness. Han et al. [57] reported the addition of uniformly distributed 4%
vol. of nano-sized alumina (nAl.Oz) had resulted in the improvement in the yield
strength and micro-hardness properties of SLM fabricated pure Al composites by
improving dislocation density via introducing more grain boundaries. However,
the poor wettability of SLM of Al-Al,O3 composites also contributed to porosity
and microcracks defects during fabrication. Recently, AlSi;oMg powder has been
commercially available for SLM fabrication of aluminium alloy parts [82, 196,
197]. The fluidity of the molten aluminium was improved through the addition
of high Si content [54].

To the best of this authors’ knowledge, the use of commercially available
AlSi1oMg reinforced with nAl>Osz in SLM fabrication is limited. Therefore, this
study aims to investigate the densification process, microstructure evolution, as
well as mechanical properties of AlSi1oMg, reinforced with nAl>Os fabricated via
SLM.
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5.2 Experimental Details

In this study, gas atomised aluminium powders, AlSiioMg, with the normally
distributed size of 20 um to 63 um by TLS Technik GmbH & Co., Germany, was
used as the matrix material. The reinforcement particles used was nAl,O3z powder,
Sumitomo, Japan, with a nominal diameter of 320 nm. The powder was examined
under the field emission scanning electron microscope (FESEM) as shown in
Figure 5-1. AlSi;oMg and nAl>Os were ball milled together in a volatile solvent
with a ball to powder ratio of 1:1 [56] to prevent the AlSi;oMg powder from
deforming. Deformed powders lead to a reduction of powder flowability and
uneven spread of powder layer during dispensing. The blended slurry was then
air dried. The dried powder was further dried using a vacuum oven for 8 hours.
In this study, AlSiioMg — 2% wt. nAl>Os and AlSi;oMg — 5% wt. nAl,O3 powders
were used. The SLM 250 Ht SLM Solutions GmbH, with 80 um laser standing
spot size was used to scan the cross section and melt the powders at each layer.
Dry argon gas was used to bring the oxygen level in the build chamber down to
0.2% before fabrication. Test cubes measuring 8 mm by 8 mm by 8mm [57] were
fabricated using layer thickness of 0.05 mm, the laser power of 350 Watts,
scanning speed ranging from 100 mm/ seconds to 1500 mm/ seconds and hatch
spacing ranging from 0.1 mm to 0.2 mm [198]. Chessboard/ island laser scanning
strategy with 67° rotation for every layer was used to distribute the heat across
the fabricated part evenly as well as to reduce residual stresses from the process
[199]. Nickel et al. [74] reported that spiral pattern scanning from the outer
boundaries in an inward manner results in lesser deflection of SLM fabricated
plates. Therefore, in this study, chess board laser scanning strategy was applied

together with spiral inwards during fabrication.

Micro CT scan was performed on the test cubes using Skyscan 1173 X-ray
Microtomography, Brunker Co., Belgium. The scan was conducted with 93 kV
and 77 pA. A full rotation scan was performed with an average of five frames,
resolution of 6 um and rotation step size of 0.40 degrees. The images were

processed using NRecon software to calculate the relative density of the samples.
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Rectangular blocks measuring 90 mm by 60 mm by 10 mm were further

fabricated for the mechanical test.

Figure 5-1 FESEM images of gas atomised AlSiioMg powder (a) as-received,
(b) with 2% wt. nAl2O3, (c) 5 % wt. nAl20z.

Metallographic samples were taken from the cross-section of fabricated
rectangular blocks and polished mechanically using conventional steps. Material
characterisation and mechanical properties were evaluated as mentioned in
Chapter 3.

5.3 Results and Discussions

5.3.1 Parameter Selection

Porosity defect is a crucial concern when it comes to SLM fabrication. The
presence of defects often results in the reduction of mechanical properties. Gu et
al. [56] reported densification behaviour of SLM fabricated AlSiioMg/ 5% wt.
TiC nanocomposites with varied laser energy density. Near fully dense
nanocomposite components were fabricated with increasing applied laser energy
density. The volumetric energy density (VED) is defined as:

VED = ——— (5-1)

S.T.H

Where VED is volumetric energy density in Joules/ mm?3, P is the laser power in
Watts, S is the scanning speed in mm/s, T is the layer thickness in mm and H is

the hatch spacing in mm.
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Test cubes measuring 8 mm by 8 mm by 8 mm were fabricated via SLM (Figure
5-2). The relative densities of the test cubes were collected from the Micro CT
scanner. From the Micro CT results, fully dense AlSiioMg parts can be fabricated
using SLM with VED ranging from 35 Joules/ mm? to 150 Joules/ mm?. The use
of VED outside this window increased porosity. The addition of 2 wt. % of
nAl,O; resulted in a higher VED (109 Joules/ mm?® to 175 Joules/ mm3) required
to produce dense parts. This could be attributed to the nAl>Os acting as an
insulating layer surrounding the powder, absorbing part of the laser energy.

Therefore, higher laser energy is required to melt the ceramic reinforcements.
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Figure 5-2 Image of test cubes fabricated using SLM of AlSiioMg - 2% wt.
nAl,O:s.

The porosities were studied using the optical microscope of the etched samples
(Figure 5-3). Small circular porosities (Figure 5-3a) were observed in samples

with high VED while irregularly shaped porosities were observed from samples

with low VED (Figure 5-3b).
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Figure 5-3 Optical microscope images showing the cross-sectional view of
etched SLM of AlSiioMg with (a) high VED and (b) low VED showing several
porosities and thermal gradient in a melt pool (black arrow).

When the SLM laser scans the powder bed with low VED, a cylindrical shape
continuous liquid melt track is formed. The surface energy of the liquid increases
as the laser moves away. This resulted in the breaking up of the cylindrical melt
track, forming several agglomerated spheres [56]. Such phenomenon is known
as the balling effect. The formation of poor inter-line bonding property or
discontinuous scan tracks occurs on adjacent melt tracks. Moreover, the addition
of nAl,Oz reinforcement particles reduces the overall rheological and melt flow
performance of the composite as the melt viscosity increases [56]. Reduction in
the wettability was observed with lower VED as limited SLM temperature

elevates the viscosity of the melt pool [200].

On the other hand, when VED exceeds the critical threshold, the temperature
gradient across the surface between the centre and the edge of the melt pool
becomes too great. Marangoni convection and surface tension gradient are
formed. The Marangoni convection causes the melt to flow radially outwards
from the centre of the melt pool [61, 201]. The unstable melt track eventually

disintegrates into agglomerated spheres

In addition, the vaporisation of aluminium could also result in the formation of
pores. The formation of ionised metal vapour (plasma plume) was observed to

exert a recoil pressure on evaporated molten metal within the cavity of the melt
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pool [62]. The droplet then expelled upwards from the melt pool in the form of
spatters [63]. The spattering phenomenon was further studied by Qiu et al. [64]
through the use of the high-speed camera as well as simulation modelling. The
melt splashing was caused by both the Marangoni effect and the recoil pressure
during the metal vapour expansion. The increase in VED resulted in higher melt
splashing during SLM process resulting in unstable melt flow and formation of
porosity of the material [65].

During the SLM process, argon gas circulation within the build chamber was
designed to enter from the right and exit on the left. This resulted in the spatter
being carried to the left by the argon gas. The spattered material that was ejected
solidified in the atmosphere and was observed to have oxidised during flight [66].
The relatively larger spattered particles would then land on the fabricated layer.
Upon dispensing the next layer of powder, some of the spatter could have been
pushed away by the dispensing mechanism while remaining spatters contaminate
the next layer of powder. It was observed that samples with higher porosity,
exhibiting lower tensile strength, were fabricated when samples were located
nearer to the argon gas outlet due to the higher amount of spatter landing and
accumulating at the left region [66]. From the above preliminary experiment, the
following parameters (Table 5-1) were selected for the fabrication of large blocks

to examine its mechanical properties.
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Table 5-1 Parameters used for fabricating rectangular block for various AMCs.

] Laser Hatch VED )
Material process and ) ) Relative
. scanning spacing  (Joules )
Composition porosity (%)
speed (mm/s)  (mm) /mm?)

SLM of AlSi;cMg

] 1500 0.20 2333 2.05+0.12
with low VED
SLM of AlSiioMg —
) 1500 0.20 2333 5.90+0.24
2% wt. nAl,O3 with low VED
SLM of AlSi;oMg —
) 1500 0.20 23.33 10.09 +0.37
5% wt. nAl,Oz with low VED
SLM of AlSiioMg
o 1150 0.17 3581 0.05+0.01
with high VED
SLM of AlSi;pMg —
400 0.16 109.38 0.13 +0.05
2% wt. nAl,O3z with high VED
SLM of AlSi;oMg —
100 0.12 583.33 0.36 +0.12

5% wt. nAl,O3 with high VED

5.3.2 X-ray Diffraction Analysis

The X-ray diffraction (XRD) results were plotted in Figure 5-4. From the XRD
patterns, it was observed that the Si peaks of samples from SLM of AlSi;oMg -
2% and 5% wt. nAl>Os with high VED (Figure 5-4c and e) have higher intensities
as compared to rest of the SLM samples. This indicated a significant decrease in
the solid solubility of Si in the aluminium matrix due to higher VED used. Li et
al. [85] reported an increase in Si peak intensity after heat treatment of SLM
fabricated AlSiioMg. Also, the intensity of Mg.Si peaks was also observed to
have increased after heat treatment. The Si-rich particles being precipitated out
formed Mg.Si through the reaction with Mg present in the aluminium matrix.
From the results gathered, only significant increase in Si and Mg.Si peaks were
observed in SLM of AlSiioMg - 2% wt. nAl,Os; with high VED and SLM of
AlSi1oMg - 5% wt. nAl>Os with high VED (Figure 5-4c and e). This could be due
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CHAPTER

5

to the higher VED used in the process resulting in lower cooling rate and more

Si being precipitated out.
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Figure 5-4 XRD pattern of (a) SLM of AlSi;oMg with high VED, (b) SLM of
AlSi;oMg with low VED, (c) SLM of AlSiioMg - 2% wt. nAl,03 with high
VED, (d) SLM of AlSi;oMg - 2% wt. nAl>Os with low VED, (e) SLM of
AlSi;oMg - 5% wt. nAl>O3 with high VED, (f) SLM of AlSiioMg - 5% wit.
nAl>Os with low VED and (g) as-received gas atomised AlSiioMg powder.

5.3.3 Energy Dispersive Spectroscopy (EDS)

From the energy dispersive spectroscopy (EDS) results with high VED, a

significant increase in detection of Si was observed in SLM of AlSiioMg - 2%
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wt. nAl;03 and SLM of AlSi;oMg - 5% wt. nAl>Os (Figure 5-6) as compared to
SLM of AlSiioMg (Figure 5-5). This agrees with the XRD results mentioned
earlier indicating Si being precipitated out due to higher VED used for the process.

Higher oxygen levels were also detected indicating the presence of nAl.Oz in the

matrix.
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Figure 5-5 EDS scan line across SLM of AlSiioMg with high VED.
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Figure 5-6 EDS scan line across SLM of AlSiioMg - 5% wt. nAl,Oz with high
VED.

5.3.4 Porosity Analysis

Micro CT scan was performed on the fabricated samples (Figure 5-7) (Appendix
B), and the relative porosity was tabulated as shown in (Table 5-2).
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Figure 5-7 Micro CT scan of SLM of AlSiioMg - 2% wt. nAl,O3 with low VED.

Table 5-2 Relative porosity of various AlSiioMg and its composites.

Relative porosity (%)

Material and processes Rectangular
Test cubes
blocks
SLM of AlSiioMg with low VED 2.05+0.12 2.22+£0.12

SLM of AlSiioMg - 2% wt. nAl,Os with low VED ~ 5.90 £ 0.24 9.38+0.12
SLM of AlSi;oMg - 5% wt. nAl,O3 with low VED  10.09 £0.37 11.78 +0.62

SLM of AlSiioMg with high VED 0.05+0.01 0.16 £0.03
SLM of AlSiioMg - 2% wt. nAl.O3 with high VED  0.13 £0.05 0.17 £0.06
SLM of AlSiioMg - 5% wt. nAl,Os with high VED  0.36 £+0.12  18.83 +0.52

From Table 5-2, increase in porosity was observed in the fabrication of
rectangular blocks. This could be attributed to many factors during the SLM
process. A significant difference in the porosity was observed with high VED
especially for SLM of AlSiioMg - 5% wt. nAl,Osz with high VED. Firstly, the

surface area to volume ratio of the test cube is significantly larger than that of the
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fabricated rectangular blocks. Moreover, the presence of a significant amount of
nAl,O3z further reduced the thermal conductivity of the part as well as the
reduction of the wettability of the molten liquid as discussed earlier. Secondly,
the poor thermal conductivity and higher temperature at the top surface increased
spatter, fumes and ionic plasma generation during SLM process. Thus, increasing
the formation of porosity via Marangoni effect and recoil pressure. Lastly, the
fabrication of large parts with high VED requires much longer fabrication process
time. During which, the high amount of aluminium vapour generated condenses
on the laser protective glass and accumulates over time. This resulted in the
degrading of the fabricated part over time. Hence, resulting in the significant
difference in the porosity for high VED samples.

5.3.5 Microstructure

The FESEM image of the samples was examined in (Figure 5-8). From the
images, Si enriched boundaries (approx. 0.1 um) were observed within the melt
pools which were formed when the laser melts the AlSii;oMg powders (Figure
5-8b). This could be due to the rapid melting and solidification process during
SLM. During SLM, the powders were melted as it absorbs the energy from the
laser beam. It then solidifies when the laser travels away from it. The grains then
grew along the thermal gradient, as solidification takes place from the edge of
the melt pool to the centre (Figure 5-3a) [13, 49, 85]. Upon closer observation,
significant larger Si-rich particles were observed in samples with higher VED
(approx. 0.2 um) (Figure 5-8a). The growth in the Si-rich particles could be due
to Ostwald ripening and coalescence of small neighbouring Si-rich particles

when higher SLM temperature from higher VED was used [85].

92



SELECTIVE LASER MELTING CHAPTER 5
PRINTED ALSI10MG — NAL2O3 COMPOSITES

(a) SLM of AlSi, Mg (b) SLM of AlSi Mg
with high VED with low VED

(c) SLMof AlSi Mg - 2% wt.  (d) SLM of AlSi Mg - 2% wt.
nALO, with high VED - @nA1,0, with low VED
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Figure 5-8 FESEM images showing the microstructure of SLM fabricated
samples.

For samples with the addition of nAl,Os particles (Figure 5-8c, d, e and f), some
of the nAl>Oz appeared to have agglomerated during the SLM process. Han et al.
[57] simulated the thermal performance of SLM of aluminium and observed that
using laser power of 200 Watts with scanning speed of 200 mm/s was able to

result in melt pool temperature reaching the melting pointing of alumina
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(2040 °C). In this study, SLM was performed using laser power of 350 Watts. It
is highly likely that the higher energy input resulted in the melting/ partial melting
of some of nAl>,O3 as observed in Figure 5-8 ¢, d, e and f. The agglomeration of
nAl>Os could have been aided by the migration behaviour of particles in the melt
track. Depending on the interaction between the reinforcement particle and the
advancing solid-liquid interface, the reinforcement particles could be either
pushed or trapped [202, 203]. It was believed that particles were rejected by the
interface at scanning velocities below a critical value while trapped in the solid
at higher scanning velocities. At the lower scanning velocities, the low
solidification process results in particles being rejected and pushed ahead into the
liquid by moving along the solid-liquid interface. Therefore, particles could be
pushed over long distances measuring over orders of centimetres [70]. This
results in the large pile-up of reinforcement particles normal to the interface and
isolated along the grain boundaries after solidification. When the solidification
rate increases, the reinforcements were trapped in the incorporated solids. In this
study, it is believed that pushing phenomenon took place as the laser scans across
the melt track. Towards the end of the melt track, trapping occurred resulting in

the relatively larger melted nAl>Os being trapped (Figure 5-8d and f).

Cracks were observed in melted nAl2O3 in SLM of AlSiioMg - 2% wt. nAl203
with low VED and SLM of AlSi;oMg - 5% wt. nAl,O3z with low VED samples.
The use of high scanning speed in low VED process could have resulted in
relatively lower melt pool temperature and rapid solidification. These could have
resulted in shrinkage and thermal cracks in the nAl>Os. These led to the formation
of small cavities at the edge of the nAl>O3 and weak interface bonding (Figure
5-8d and f). Upon increasing the VED, improvement in the particle-matrix
interface was improved (Figure 5-8b). This is also confirmed in studies
conducted on SLM of pure Al reinforced with Al>Os [57, 70].

For SLM of AlSiioMg - 2% wt. nAlOs with high VED (Figure 5-8c), small
agglomeration of nAl,O3 was observed resulting from the higher VED used in
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the process. Laurent et al. [204] suggested that an increase in the experiment
temperature aided in the deoxidation process which erodes the oxide film. This
resulted in the decrease in the contact angle and improved the wettability between
the nAl;Oz and the molten Al. Moreover, at high VED, elevated melt pool
temperature reduced the dynamic viscosity of the molten pool resulting in
powerful Marangoni convection constantly acting on the oxides. For SLM of
AlSi;oMg - 5% wt. nAl,O3 with high VED (Figure 5-8e), the use of very high
VED (583.33 Joules/ mm?®) could have resulted in higher Marangoni and recoil
pressure which caused some if the nAl2Oz to be ejected as spatters, leaving behind

small agglomerated nAl2Os.

5.3.6 Grain Structure Evolution

EBSD was performed on the all the samples fabricated by SLM (Figure 5-9)
while the average grain width was collected and tabulated in Table 5-3. From the
mapping, SLM samples showed columnar grains along the thermal gradient as

mentioned previously.

95



SELECTIVE LASER MELTING CHAPTER 5
PRINTED ALSI10MG — NAL2O3 COMPOSITES

(a) SLM of AlSi, Mg 1§ (b) SLM of AlSi, Mg
/[ | with high VED "{ with low VED

N %y, i 4N T N
SLM of AlSi, Mg - 2% wt.
nAl O, with low VED

(€) SLM of AlSi, Mg - 5% wt. (f) SLM of AlSi, Mg - 5% wt.
|nALO, with high VED nALO, with low VED

v

Figure 5-9 EBSD mapping of SLM of AlSi1oMg and its composites. The scale
bar indicates 20 pum while the boundary misorientations are indicated with
white lines, grey lines and black lines for angles 1° to 5°, 5° to 15° and greater
than 15°.
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Table 5-3 Average grain width results of various AlSi;pMg and its composites.

] Average grain
Material and processes

width (um)
SLM of AlSiioMg with low VED 74+£2
SLM of AlSiioMg with high VED 82+2
SLM of AlSiigMg - 2% wt. nAl>O3 with low VED 6.4+2
SLM of AlSiioMg - 2% wt. nAl,O3 with high VED 74+2
SLM of AlSiioMg - 5% wt. nAl2Os with low VED 58+2
SLM of AlSiioMg - 5% wt. nAl,O3 with high VED 6.3+2

From Table 5-3, looking at samples with low VED, a significant decrease in the
average grain width were observed with increasing addition of nAl.Os. This
could be mainly attributed to the addition of nAl>Os as the fabrication parameters
were the same. The presence of nano-sized Si-rich and remaining nano-sized
nAl2Os particles in the matrix could have contributed to finer grains via Zener
pinning effect [205]. For samples with high VED, relatively larger grain widths
were observed in comparison with samples with low VED of the same
composition. This is mainly attributed to the use of higher energy input and

relatively slower solidification rate which encourages grain growth.

Thijs et al. [51] reported controllable texture in SLM fabricated AlSi1oMg. It
was reported that the texture of <001> is attributed to the radial heat
dissipation and epitaxial growth. However, the texture becomes weaker
with the use of island scanning strategy as well as rotating the scanning
directions between layers, making it more isotropy. This agrees with the

EBSD results as a strong texture in the EBSD maps were not observed.

The grain boundaries were further investigated using the misorientation profile
(Figure 5-10 and Table 5-4) from the EBSD. For samples with high VED, an
increase in the low angle boundaries were observed. Humphreys et al. [206]

reported that the average misorientation decreased with growing subgrains due
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to the low angle grain boundary migration. The boundaries of the high angle
boundaries which stores higher energy were shortened or removed to lower the
local energy. From the EBSD, many subgrain boundaries were observed in

samples with high VED, agreeing with the misorientation profiles (Figure 5-10).
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Figure 5-10 Histogram showing the distribution of grains/subgrain
misorientation angles of SLM of AlSi;oMg with (a) high VED and (b) low
VED; SLM of AlSi1oMg - 2% wt. nAl,O3 with (c) high VED and (d) low VED;
SLM of AlSiioMg - 5% wt. nAl>O3 with (e) high VED and (f) low VED.
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Table 5-4 Summaries results of grain/subgrain boundary misorientations for various SLM fabricated samples.

CHAPTER 5

Concentration VED Average grain Fraction of high- Fraction of low angle Number
Material and process of Al2O3 misorientation angle grain grain boundaries (<=15°) of
(Joules / mm?d) )
(Wt %) °) boundaries (>15°) (2-5°) (2-15°) samples
SLM of AlSizoMg with high VED 0 35.81 7.07 0.14 0.83 0.86 99709
SLM of AlSizoMg with low VED 0 23.33 10.54 0.23 0.68 0.77 38078
SLM of AlSiioMg - 2% wt. nAl203 with high VED 2 109.38 10.26 0.28 0.64 0.72 30291
SLM of AlSiioMg - 2% wt. nAl.03 with low VED 2 23.33 12.08 0.29 0.67 0.71 34641
SLM of AlSiioMg - 5% wt. nAl203 with high VED 5 583.33 5.30 0.08 0.79 0.92 62627
SLM of AlSi1oMg - 5% wt. nAl.O3 with low VED 5 23.33 6.51 0.14 0.84 0.86 73245
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5.3.7 Micro-hardness

The micro-hardness results of SLM fabricated AlSiioMg, and its composites were
collected and compared in Table 5-5. All the samples fabricated in this study
have a superior hardness in comparison to AA6061-O rolled sheet, and SLM
fabricated pure Al - 4% vol. nAl2O3. However, only SLM fabricated AlSiioMg,
and SLM fabricated AlSiioMg- nAl2O3 with low VED displayed higher micro-
hardness compared to conventional rolled AA6061-T6. The superior hardness
properties could be attributed to the grain refinement (Table 5-3) and the presence
of Si enriched grain boundaries (Figure 5-8). The relationship between grain size
and its strengthening contribution could be explained using the Hall-Petch
relationship [28]. From the Hall-Petch relationship, the presence of grain
boundaries impedes dislocations propagation. As the grain size decreases, the
amount of possible dislocation piles up decreases. This increased the amount of
applied stress required to move a dislocation across a grain boundary. Therefore,

smaller grains result in higher strength and hardness.

Table 5-5 Micro-hardness results.

Material and Processes HVo.05

AA6061-0 [54] 55

AA6061-T6 [54] 107

SLM of pure Al - 4% vol. nAl>Os [57] 48.5
SLM of AlSiioMg with low VED 139+6
SLM of AlSiigMg - 2% wt. nAl2O3 with low VED 124 £ 6
SLM of AlSiioMg - 5% wt. nAl2O3 with low VED 123+ 3
SLM of AlSi;oMg with high VED 127 £ 3
SLM of AlSi;oMg - 2% wt. nAl,O3 with high VED 104 +5
SLM of AlSiigMg - 5% wt. nAl2O3 with high VED 93+5
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For samples with low VED, the addition of nAl,Oz resulted in a slight reduction
in the hardness. As the SLM process parameters were constant, the reduction in
hardness could only be due to the addition of the reinforcements. Li et al. [85]
studied the effect of heat treatment on SLM fabricated AlSi;oMg and observed a
reduction in hardness after heat treatment was performed. It was attributed to the
coalescence of the very fine Si-rich particles and Ostwald ripening [207] which
resulted in the increase in Si-rich particle size and reduction in the number of
particles. The introduction of alumina could have resulted in elevated processing
temperature as the thermal conductivity was reduced. This resulted in the more
Si-rich particles being precipitated out, encouraging the growth of the Si-rich

particles, giving rise to the reduction in hardness.

For samples with high VED, further reduction in the hardness was observed in
comparison with low VED samples of the same composition. This is mainly
attributed to the use of higher VED, elevating the SLM processing temperature
further. The use of higher VED could have resulted in more Si-rich particles
being precipitated out as observed in the XRD earlier. The coarsening of the
finely dispersed eutectic Si-rich in the Al matrix (Figure 5-8) via Ostwald
ripening could have resulted in a reduction in hardness [85]. Also, the relatively
larger grain width of high VED samples could also have contributed to lower
hardness. This could be explained using the Hall-Petch relationship mentioned

earlier.

5.3.8 Tensile Strength

The tensile test results of SLM samples (Appendix C) were summarised in Table
5-6. SLM of AlSiioMg has superior mechanical properties which is mainly
attributed to the grain refinement. As mentioned earlier, grain refinement could
contribute to significant improvement in strength. Also, grain refinement could
also reduce the distance between the very fine Si-rich particles (Figure 5-8). The
reduction in the distance between the nano-sized eutectic network of Si-rich

particles contributed to the further improvement in strength as the increase in Al-
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Si interface is able to resist dislocation movement effectively, relieving the

localised shear stress [85].
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Table 5-6 Tensile result of various aluminium alloy and its composites. UTS is the ultimate tensile strength.

CHAPTER 5

AA6061-0
AAB061-T6
SLM of Al - 4% vol. nAl,Oz [57]
SLM of AlSiioMg with high VED
SLM of AlSi;oMg with low VED
SLM of AlSi;oMg - 2% wt. nAl,Oz with high VED
SLM of AlS10Mg - 2% wt. nAl,O3 with low VED
SLM of AlSiioMg - 5% wt. nAl,Oz with high VED
SLM of AlSi;oMg - 5% wt. nAl,Os with low VED

Concentration of Al,O3
(wt %)

N N O O

(6}

VED

(Joules / mm?®)

35.81
23.33
109.38
23.33

583.33
23.33

0.2% Yield Strength

(MPa)
55
276
110
2756
2654
215+3
168 +2

111 +5
105+4

uTsS
(MPa)
125
310
160
439 £ 13
355+8
36310
175+ 3

194 +21
105+9

Elongation

(%)
25
12
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For samples with low VED (Table 5-6e, g and i), a significant reduction in
ductility was observed after the addition of nAl,O3. The sharp reduction in
ductility is believed to be mainly attributed to higher porosity present in the
material (Table 5-2). The presence of porosity could have acted as stress
concentrators during the tensile test, leading to the reduction in yield stress,
ultimate tensile strength and ductility. German et al. [79] reported a significant
reduction in the ductility with the presence of porosity. It was also reported that
porosity higher than 15% would result in negligible ductility. Therefore, the
relatively high porosity of the composite samples with low VED (9.38% and
11.78%) could have attributed to the sharp reduction in the ductility. Moreover,
the porosity in low VED samples was mostly irregularly shaped with several
sharp edges (Figure 5-3). The sharp edges could have promoted crack

propagation resulting in significant reduction in strength and ductility.

For SLM of AlSi;oMg and AlSiioMg - 2% wt. nAl.Oz with high VED (Table
5-6g and h), good tensile strengths were achieved. The yield strength of AlSi;oMg
- 2% wt. nAl>O3 (168+2 MPa) is significantly higher than SLM of Al - 4% vol.
nAl2Os (110MPa). However, comparing AlSi;oMg and AlSiioMg - 2% wit.
nAl>,O3 with high VED, significant reduction in the yield strength was observed
after the addition of nAl,O3. The higher VED used for fabricating AlSiioMg - 2%
wt. nAl>O3 could have resulted in more Si-rich particles being precipitated out as
observed in the XRD (Figure 5-4) and FESEM (Figure 5-8). Li et al. [85] reported
a decrease in the tensile strength of the AlSiioMg after heat treatment. In their
study, the drop in the tensile strength was mainly attributed to the coarsening of
the Si-rich particles and dissolution of hardening precipitates. The decrease in
localised stress or strain could be due to the increase in Si-rich particle size and
the decrease in their number [208]. However, no significant increase in
elongation was observed. This could be due to the presence of defects or porosity
in the material. Comparing high VED and low VED samples of the same
composition, samples with high VED exhibited better yield strength and ductility.
The use of higher VED could have resulted in better interfacial bonding between
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the aluminium matrix and the alumina. Therefore, the reduction in ductility could
be mainly attributed to the presence of porosities. The porosity for SLM of
AlSiioMg and AlSiioMg - 2% wt. nAl2O3 with high VED was 2.22% and 9.38%
respectively. Therefore, the increase in porosity is believed to have a significant
effect on the tensile properties. For SLM of AlSi;oMg - 5% wt. nAl2Os (Table
5-6h and 1), further reduction in the yield strength could be due to the presence
of more porosity (18.83%) in the material.

5.3.9 Fractography

The investigation of the fracture mode at the fracture sites of the samples was
performed using FESEM (Figure 5-11). Dimples were observed in all samples
indicating ductile mode fracture mechanism. The shape of the dimples was
elongated, corresponding to the shape of the microstructure (Figure 5-8).
Unmelted spherical powders were observed in SLM of AlSiioMg with low VED
(Figure 5-8Db) at the fracture site. Spherical pores were also observed, indicating
the fracture took place in the region where there was porosity acting as defects

and stress concentrators.
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(a) SLM of AlSi, Mg (b) SLM of AlSi, Mg
with high VED with low VED

Unmelted '« \
powder o

(c) SLM of AlSi Mg - 2% w. (d) SLM of AlSi, Mg - 2% wt.
nAl O, with high VED nAl O, with low VED

0KV _ S

Unmelted
powder coated
with nALO,

(€) SLM of AlSi Mg - 5% wt. (f) SLM of AlSi Mg - 5% wt.
nALO, with high VED nALO, with low VED

Figure 5-11 Fractography of the SLM fabricated samples.
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On the fracture site of SLM of AlSiioMg - 2% wt. nAl2O3 with high VED (Figure
5-11c), micro-pores and agglomerated nAl,Oz were observed. This agrees with
the tensile test result where yield strength was observed to have dropped without
an increase in the elongation. The presence of micropores and agglomerated
nAl2Os could have acted as defects resulting in the reduction in the tensile

strength.

On the fracture site of SLM of AlSiioMg - 2% wt. nAl2O3 with low VED (Figure
5-11d), relative shallower dimples were observed in the fracture site indication
lower ductility. Agglomerated nAl>Os and unmelted powder coated with nAl>Os
(Right portion of Figure 5-11d) were detected on the fracture surface. The low
VED used was not sufficient to melt the powders, resulting in the formation of
relatively larger porosities in the matrix. This could have given rise to the

significant drop in the tensile strength and ductility.

On the fracture site of SLM of AlSiioMg - 5% wt. nAl.O3 with high VED and
low VED (Figure 5-11e and f), shallow dimples were observed. Smooth surfaces
belonging to the surfaces of the porosities were also observed at the fracture sites.
It is believed that a vast amount of porosity resulted in the considerable decrease

in the load bearing material of the samples.

5.4 Conclusions

In this study, mechanical behaviour and microstructure evolution of SLM
fabricated AlSi;oMg, and AlSiioMg-nAl,O3 composites were studied and

summarised as below.

a. Powder preparation process had successfully coated the gas-atomised
spherical powder uniformly without causing any deformation.

b. Higher VED was required for the fabrication of fully dense AlSiioMg-
nAl,O3 composites. Low VED resulted in the formation of porosities,
microcracks and poor particle-matrix interface. The increase in VED used

resulted in better wettability. The use of VED beyond the critical
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threshold resulted in the formation of large circular pores and reduction
of mechanical properties due to larger recoil pressure and Marangoni
effect.

c. Columnar grain structure was observed via EBSD. The addition of
nAl>Os contributed to further reduction in the average grain width via the
Zener pinning effect exerting pinning pressure during grain growth.

d. Significant reduction in the strengthening properties of AlSiioMg after the
introduction of nAl2Os attributed to several factors such as the increase in
porosity, agglomeration of nAl,Oz, dissolution of hardening precipitates
and coarsening of Si-rich particles in the matrix associated with the use
of higher VED. However, the use of AlSi;oMg has resulted in the
fabrication of AlSiioMg-nAl,O3 composites with superior mechanical
properties compared to Al - 4% vol. nAl,Oz composites using pure

aluminium.
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CHAPTER 6

Joining of Selective Laser Melting Printed AlSiioMg by
Friction Stir Welding (FSW)

This chapter introduces the friction stir butt welding process of rectangular blocks
fabricated via selective laser melting process and sets the foundation to
understand the butt joining properties of AlSiioMg via FSW. The welding
properties and strength were examined and recorded.

6.1 Introduction

Aluminium alloys are widely used in the aerospace, automobile industries and
high-speed ships due to its high strength to weight ratio. AA6061 aluminium
alloy (Al-Si-Mg alloys) is a widely used medium strength aluminium alloy.
However, conventional fusion welding process often results in softening of the

weld fusion zone, heat affected zone as well as hot cracking [209].

Friction stir welding (FSW) was invented by The Welding Institute (TWI) of UK
in 1991 [90]. It is a solid-state joining technique used to weld two pieces of metal
together without melting. Much research has been done on the welding of
aluminium due to its relatively low melting pointing and low weldability with
traditional welding techniques [92, 94, 123, 210-212].

The fundamental working principle of FSW involves a non-consumable tool with
a threaded pin and shoulder being plunged into the abutting edge of two sheets
before travelling along the direction of the joint. The friction between the tool
and the plate generates heat which softens the workpiece. The rotation of the tool
moves the material from the front to the back [96]. During FSW, the material
undergoes intense plastic deformation and dynamic recrystallisation forming fine
equiaxed grains [213]. Studies have shown that FSW is capable of producing

good mechanical properties due to the fine microstructure [25, 93, 176, 179].
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In recent years, selective laser melting (SLM) has received much attention due to
its ability to fabricate metal parts with complex geometry and superior
mechanical properties. SLM is an additive manufacturing technique which uses
a laser beam to melt powder layer by layer. With the aid of a computer-aided
design (CAD) computer technique and layerwise production, high-quality parts
with dimensional accuracy, superior mechanical properties and complex
geometry could be produced [195]. Roberts et al. [214] studied the SLM of
AA6061 and observed severe hot cracking of the fabricated part. Hence, in this
study, commercially available AlSi;oMg was used as the higher silicon content
improves fluidity during SLM. As SLM is relatively modern technology, studies
on the joining of metal parts built by SLM have been limited. To the best of the
authors’ knowledge, there have not been any studies on the joining of SLM
fabricated AlSiioMg. Therefore, this study aims to study the joining of SLM
fabricated parts via the use of FSW. This chapter also serves as a fundamental
study to understand the microstructure evolution and mechanical properties of
FSWed AlSiioMg for the future chapter which will investigate the FSW of SLM
fabricated composites (Chapter 7).

6.2 Experimental Details

In this study, gas atomised aluminium powders, AlSiioMg, with the normally
distributed size of 20 um to 63 um by TLS Technik GmbH & Co., Germany, was
used. The powder was examined under the field emission scanning electron
microscope (FESEM) as shown in Figure 5-1. The SLM 250 "t by SLM Solution
GmbH equipped with a laser with standing spot size of 80 um was used to scan
the cross section and melt the AlSi;oMg powders at each layer. During the
fabricating process, the build chamber was purged with argon gas until oxygen
level was lower than 0.2%. The process parameters such as the laser scanning
speed of 1140 mm/s, the laser power of 350 W, the layer thickness of 50 um and

hatch spacing of 0.17 mm were used based on a previous study [215].
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Rectangular blocks measuring 90 mm by 60 mm by 10 mm were fabricated for

friction stir welding.

Figure 6-1 FESEM image of gas atomised AlSiioMg powder.

A robotic friction stir welding system with the capability of generating a
maximum of 12 kN download force was used to carry out FSW. A single pass
butt weld was performed to join two rectangular blocks. The surfaces were
carefully degreased with acetone and brushed with wire brushed prior to FSW.
The rotating tool used has a threaded conical probe with three flats. The tool
probe has a length of 6.5 mm and a diameter of 7 mm at the base. The tool
shoulder has a diameter of 15 mm. As the FSW of SLM is relatively new, the
welding parameters were selected based on other studies. Kim et al. [117]
successfully welded ADC12 using the rotational speed of 1500 rpm, the travel
speed of 250 mm/min and tilt angle of 3° Lakshminarayanan et al. [18]
successfully welded AA6061-T6 using the rotational speed of 1200 rpm, travel
speed of 75 mm/min. Guo et al. [5] successfully welded AA6061-T6 rolled sheet
using the rotational speed of 1200 rpm, travel speed of 3 mm/s and tilt angle of
2.5°. The relative heat input could be calculated using the following formula

RSXDF
TS

Relative heat input = (6-1)

Where RS is the rotational speed, DF is the downward force, and TS is the travel
speed. From the above, the relative heat input for FSW of Al-Si alloys ranges
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from approximately 26 kJ/mm to 90 kJ/mm. The detailed FSW parameters are

shown Table 6-1.

Table 6-1 FSW parameters used for FSW of AA6061-T6, ADC12 and SLM
fabricated samples.

Rotational Travel i Downward RS/TS Relative
Sample label speed, RS speed, TS TlTlt:rE?)le, force, DF (revolutions heat input
(rpm) (mm/s) (kN) /mm) (kJ/mm)
FSW of ADC12 [117] 1500 4.17 3 7 6 42
FSW of AA6061-T6 [18] 1200 15 - 7 133 93.1
FSW of AA6061-T6 [6] 1200 3 25 4 6.67 26.7
Low heat input with low tilt angle 1200 3 25 3.75+£0.2 6.67 25.0
High heat input with low tilt angle 1200 1 25 15703 20 314
Low heat input with high tilt angle 600 1 45 3.75+0.1 10 375
High heat input with high tilt angle 1200 1 45 4002 20 80

Metallographic samples were extracted from the transverse section of friction stir
welding plates and polished using conventional mechanical polishing methods.
Tensile coupons were machined from the plates and pulled in the direction
perpendicular to the weld (Figure 6-2). Material characterisation and mechanical

properties were evaluated as mentioned in Chapter 3.

: Sample 1 L 1
g R ————————T | 1
Welding Sample 2 1

Direction ——— oy
Sample 3 1

wut g6

Sample 4 L 1
E ]

Sample 5 1

Figure 6-2 Schematic diagram showing the orientation of the tensile coupons.
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6.3 Results and Discussions

6.3.1 X-ray Diffraction Analysis

The Al-Si binary phase diagram is shown in Figure 6-3 while the X-ray
diffraction (XRD) results were plotted in Figure 6-4. From the Al-Si binary phase
diagram, the solidification of SLM fabricated AIlSiioMg experiences the
crystallisation reaction and the eutectic reaction. From the XRD patterns, it was
observed that the Si peaks of FSWed samples have higher intensities as compared
to those of SLM samples indicating a significant decrease of Si solid solubility
in the aluminium matrix after FSW. Li et al. [85] studied the effect of heat
treatment on AlSi1oMg fabricated by SLM and observed an increase in Si peak
intensity after heat treatment. Also, the intensity of Mg.Si peaks was also
observed to have increased during FSW. This is mainly attributed to the Si-rich
particles being precipitated out and forming Mg.Si through the reaction with Mg

present in the aluminium matrix.

Weight Percent Silicon
10 20 30 40 50 60 70 80 90 100
h f N e " h o ‘s

1414 °C
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0 1

12.2

500 .
o+ Si

300

T T T T T T T T
0 20 30 40 50 60 70 80 90 100
Al Atomic Percent Silicon Si

Figure 6-3 Al-Si binary phase diagram with a red line showing the solidification
path and phase transition of Al-10Si.
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Figure 6-4 X-ray diffraction pattern of the as-received gas atomised AlSiioMg
powders, SLM fabricated and FSWed AlSiioMg samples.

6.3.2 Energy Dispersive X-ray Spectroscopy (EDS)

The energy dispersive X-ray spectroscopy (EDS) was conducted on the SLM
fabricated AlSiioMg and FSWed AlSiioMg samples (Appendix A). From the
results, a significant increase in detection of Si was observed after FSW. The
precipitation of Si-rich particles appears to take place preferably in the advancing
side of the weld region. A significant increase in the number of counts for Si was
observed when the line scan hits the lighter region on the advancing side of the
weld (Figure 6-5). This could be attributed to the higher heat generation in the

advancing side of the weld [216]. The advancing side experiences slightly higher
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shear, frictional forces and heat generation as the direction of the tool and the
material are moving in the opposing direction. In addition, the welding flash is
larger at the retreating side, giving more surface area for radiating of heat away
from the weld. Therefore, the temperature is a little higher on the advancing side

of the joint, allowing more Si-rich particle to precipitate out.

Vertical Line Scan

4
- -~ ———  Aluminium
10000 [ = Silicon
L —— Magnesium
B —— Oxygen

=]
Distance from Center, mm

Figure 6-5 EDS line scan across the weld region of FSW of AlSiigMg with RS
=1200rpm, TS = 1 mm/s, TA = 2.5° showing base material, heat affected zone
(HAZ), thermomechanical affected zone (TMAZ) and the stir zone.

6.3.3 Porosity Analysis

Micro CT scan (Figure 6-6) was performed on the weld region of the samples,
and the relative porosity was tabulated as shown in Table 6-2 and Appendix B.
From the results, no significant porosity was observed, this agrees with the
FESEM observation from Figure 6-8. FSW was able to close porosity in the

material due to the plastic deformation and dynamic recrystallisation properties.
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Table 6-2 Relative porosity results from Micro CT scan of the weld nugget.

] Relative
Material and process ]
porosity (%)
SLM AlSi;oMg 0.16 £0.03

FSW of AlSiigMg with RS = 1200 rpm, TS =3 mm/s, TA = 2.5° 0.03+0.01
FSW of AlSiigMg with RS = 1200 rpm, TS =1 mm/s, TA = 2.5° 0.05+0.02
FSW of AlSi;oMg with RS =600 rpm, TS =1 mm/s, TA=45° 0.04 £0.02
FSW of AlSi;oMg with RS = 1200 rpm, TS =1 mm/s, TA =4.5° 0.03 £0.02

Figure 6-6 Micro CT scan of FSW AlSi;oMg with RS = 1200 rpm, TS =1
mm/s, TA = 2.5°.

6.3.4 Weld Cross-section

From Figure 6-7 (b-e), different patterns were formed due to different material
flow patterns. The lighter region observed resembles material from the advancing
side due to their different etching response to the Keller’s reagent. The increase
in rotational speed led to the better mixing of the material and broadening of the
weld zone. The shear layer of ranges from 0.97 mm to 1.46 mm. The periodic

pattern could be explained using the Arbegast flow model [217].
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During FSW, the material in the weld region experiences intense plastic
deformation together with elevated temperature. An elevated temperature
resulted in the softening of the material allowing the slip-stick condition to occur
between the material and the tool. The material flowing from the leading side of
the tool must be balanced with the material flowing to the trailing side forming
periodic flow patterns. According to Arbegast et al. [217], the weld region can
be divided into various deformation zones geometries as illustrated in Figure 6-7.
The deformation around the pin can be divided into the retreating side (Zone 1)
and the advancing side (Zone I1). Starting from Zone I, material flows around the
pin and downwards. It then converges material in Zone Il. Material from Zone |
may also converge with Zone Il via the region beneath the pin (Zone 1V) by
moving downwards into Zone IV and raising up at the advancing region into
Zone 11. At the top region of the weld (Zone I11), the material is being dragged
from the retreating side to the advancing side before being forced downwards
into Zone Il. On the one hand, when the excessive flow of material from Zone 111
enters Zone Il, a collapse of the “onion ring shape occurs. On the other hand, loss
of material in Zone I, I11, IV from excess flashing, raised crown and sheet lifting
will result in lack of material entering Zone Il. This will lead to several defects
such as lack of fill, wormhole or lack of consolidation volumetric defect
depending on the forging force. For Zone IV, on the one hand, the excess
introduction of material will result in root flow (over-penetration) defect. On the
other hand, lack of material enter Zone IV will lead to the lack of penetration.
Under very hot conditions, material moving downwards will be reversed upwards

in a recirculation pattern which contributes to sheet thinning in lap joints.
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(2) —

Retreating side

Figure 6-7 Schematic diagram (a) showing flow partition of various zones; A
cross-sectional view of the weld zone from various FSW welds, with lighter
region showing material from the advancing side of the weld.

6.3.5 Weld Microstructure

From the FESEM images (Figure 6-8a), melt pool was observed in SLM
fabricated AlSi;oMg samples. Alpha phase dendrites with Si-rich eutectic
constituents were also observed within the melt pools which were formed when
the laser melts the AlSiioMg powders. This is mainly attributed to the rapid
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melting and solidification process during SLM. The powders were melted as it
absorbs the energy from the laser beam. It then solidifies when the laser travels
away from it. The grains then grew along the thermal gradient, as solidification

takes place from the edge of the melt pool to the centre [13, 49, 85].

After FSW (Figure 6-8b to Figure 6-8e), the Si enriched boundaries were
observed to have broken down into smaller particles and homogeneously
distributed in the aluminium matrix. The breaking down and dispersion of

reinforcement particle was observed in other studies [5, 25, 149, 179].

Upon closer observation, significant larger Si-rich particles were observed in
samples with higher heat input (Figure 6-8d). Li et al. [85] studied the effect of
heat treatment AlSiioMg alloy fabricated by SLM and observed growth in the Si-
rich particles due to coalescence of adjacent small Si-rich particles and Ostwald
ripening. The thermal cycle from FSW is quite high at roughly 675K [176]
therefore, the higher welding temperature resulted in the growth of the Si-rich

particles.
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(a)SLM fabricated AlSi, Mg ;
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Figure 6-8 FESEM images showing the microstructure of various SLM
fabricated AlSiioMg samples before and after FSW.

6.3.6 Grain Structure Evolution
Electron backscatter diffraction (EBSD) was performed on the samples, and
mapping was obtained in Figure 6-9. From the mapping of AlSiioMg, grains were

observed to be columnar and in the direction of the thermal gradient as mentioned

earlier. For FSWed samples, significant grain refinement was observed as
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tabulated in Table 6-3. During FSW, the frictional heat generated from the pin
and shoulder elevated the temperature of the workpiece. The shoulder generates
more heat due to its larger area as well as the higher linear velocity at the outer
radius. The combination of the continuous introduction of strain, rapid recovery
and migration of grain/subgrain boundaries attributes to the continuous dynamic
recrystallisation [170-172]. The material in the stir zone experienced severe
deformation and intense continuously induced dislocations. The stored energy in

the dislocations drove the dynamic recovery recrystallisation.
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001

(b) FSW of AlSi, Mg with Pk
RS = 1200 rpm, TS = 3 mm/s, 54

xms¢ RS = 1200 tpm, TS = 1 mm/s, §
B TA =4.5° g

Figure 6-9 EBSD mapping showing grain structures of SLM fabricated
AlSi1oMg samples before and after FSW. The scale bar indicates 20 um. For the
boundary misorientation: white lines: between 1° and 5°, grey lines: between 5°

and 15°, black lines: >15°.
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Table 6-3 Average grain size values measured using EBSD technique.

Material and Process RS/TS Grain Size (um)

SLM AlSiioMg - 8+2
FSW of AlSiioMg with

6.67 2+1
RS =1200 rpm, TS=3 mm/s, TA =2.5°
FSW of AlSiioMg with
20 32
RS =1200 rpm, TS=1mm/s, TA = 2.5°
FSW of AlSiioMg with
10 2+1
RS =600rpm, TS=1mm/s, TA=45°
FSW of AlSiioMg with
20 32

RS =1200 rpm, TS =1 mm/s, TA=4.5°

Zener pinning effect could have accounted for the finer grain sizes in the stir zone
with nano-sized reinforcement particles by retarding the grain growth of the
aluminium matrix. Rollett et al. [177] reported the rate of grain growth during the
recrystallisation of metal with dispersed second phase particles could be
described using equation (4-1).

drR _ _ _ ayp _ 3Fyyp -
=M PZ)—M(R Y ) (6-1)

From the equation, Fy is the volume fraction, M is the boundary mobility, P is the
driving pressure from the curvature of the grain boundaries, P; is the Zener
pinning pressure, R is the radius of the grain, r is the radius of the pinning Si-rich

particles, a is a small geometric constant and vy is the boundary energy.
Therefore, when P=P,, grain growth stops.

ayp _ 3Fvyp }
R~ 2r (6-2)

Thus, the Zener limiting grain size (0=1) can be obtained when the mean grain
radius (D) and the radius of curvature (R) are taken to be the same.
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D, = (6-3)

" 3F,

At present work, r =0.15 um, Fy = 0.10, the theoretical D, = 1.9 um. The slightly
larger grain size measured by the EBSD as due to a small amount of the Si being
spattered away during SLM process. The theoretical grain size can only serve as
an indicative value as it is based on many assumptions that were not entirely true

in reality.

From the grain sized of FSWed samples tabulated in Table 6-3, it was observed
that the increase in rotational speed from 600 rpm to 1200 rpm and the decrease
in travel speed from 3 mm/s to 1 mm/s resulted in significant increase in the
average grain size from 2.0 um to 2.8 um and 2.1 um to 2.8 um respectively.

This could be due to the increase in welding temperature with higher RS/TS.

Shojaeefard et al. [111] studied the effect of tool parameters using FEM and
neural network. It was observed that the maximum welding temperature increases
with increasing shoulder diameter due to higher heat generation while the pin
diameter has a less significant impact on the welding temperature. In recent
studies, the recrystallisation grain size can be increased by increasing the
rotational speed [110, 112-114] or by reducing the travel speed [115]. Therefore,
from the comparison of the grain sizes and the rotational speed to travel speed

ratio (RS/TS), relative welding temperature conditions could be concluded.

According to Frigaard et al. [116], the ideal heat generation during FSW
considering that all the shearing work is done on the material is converted into

frictional heat could be expressed by the following equation:
qo = gT[Z/,LPNR3 (6-4)

Where qo is the net power from the shaft (in Watts), | is the coefficient of friction,
P is the pressure from the tool and material interface, N is the rotational speed,
and R is the radius of the tool shoulder. Therefore, the heat input per unit length
in a moving weld, Q, could be obtained [117]:
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0 =% = g2 kPNRY (6-5)

14 3 14

Where a is the heat input efficiency and V is the travel speed.

From Table 6-1, changes in the rotation speed, travel speed and tilt angle resulted
in the change in the downward force and pressure asserted from the tool. This
will result in different welding temperature and grain sizes. However, for FSWed
samples with the rotational speed of 1200 rpm and travel speed of 1 mm/s, there
were no significant changes in the grain sizes when the tilt angle was changed.
Therefore, the slight increase in tilt angle could have increased to the welding
temperature, but the welding temperature was not raised enough to have a

significant effect on the grain size.

The grain boundaries were further investigated using the EBSD as shown in
Figure 6-10. From the misorientation profile in Table 6-4, a significant increase
in the high-angle boundaries was observed on FSWed samples as compared to
as-received SLM fabricated AlSi;oMg. It was observed that the increase in
rotational speed, tilt angle and the decrease in the travel speed resulted in a slight
decrease in the high angle grain boundaries. It is believed that this is attributed to
the heat generation and material flow during FSW. The increase in rotational
speed, tilt angle and reduction in travel speed leads to the increase in heat
generation. Recrystallisation and recovery of the material could have led to an
increase in the number of sub-grain boundaries as observed in the EBSD images

(Figure 6-9). Hence, the decrease in the fraction of the high angle boundaries.
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Figure 6-10 Histogram showing the distribution of grains/sub-grain
misorientation angles of (a) SLM fabricated AlSiioMg; FSW of AlSi;oMg with
(b) RS =1200 rpm, TS =3 mm/s, TA = 2.5°, (c) RS = 1200 rpm, TS = 1 mm/s,
TA=25° (d) RS=600 rpm, TS=1mm/s, TA=4.5° (e) RS=1200 rpm, TS

=1 mm/s, TA =45°.
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Table 6-4 Summaries results of grain/subgrain boundary misorientations.

CHAPTER 6

Mean grain Fraction of high- Fraction of low angle Number
Material and process misorientation angle grain grain boundaries (<=15°) of
®) boundaries (>15°) (2-5°) (2-15°) samples
SLM of AlSiioMg 7.07 0.14 0.83 0.86 99709
FSW AlSi;gMg with
25.43 0.61 0.30 0.39 68292
RS =1200 rpm, TS = 3 mm/s, TA = 2.5°
FSW AlSi;oMg with
21.80 0.52 0.37 0.48 53217
RS =1200 rpm, TS=1mm/s, TA=2.5°
FSW AlSi;oMg with
28.82 0.71 0.19 0.29 60846
RS =600 rpm, TS =1 mm/s, TA =4.5°
FSW AlSi;oMg with
20.04 0.49 0.39 0.51 56795

RS = 1200 rpm, TS =1 mm/s, TA = 4.5°
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6.3.7 Micro-hardness

From the micro-hardness results, it was observed that the micro-hardness of the
SLM samples were significantly higher than FSWed samples and AA6061-T6
rolled sheets. This could be due to the presence of finely dispersed eutectic Si in
the Al matrix as well as hardening precipitates of Mg.Si from the rapid cooling

process during the SLM process [85].

Significant reduction in the micro-hardness was observed in the FSWed samples.
This could be due to the dissolution of hardening precipitates during the FSW
process [25, 218]. The difference in the micro-hardness values among the FSWed
samples could be explained by the difference in the strengthening contribution of

the grain size difference based on the Hall-Petch equation [28].
=gy + K 6-6
g = 0, /\/H (6-6)

Where oo is the original strength of the material (MPa), k is the constant for pure
Al (74 MPa pum¥2) while d is the average grain size (um). From the equation,

smaller grains will result in significant improvement in strength and hardness.

The horizontal Vickers hardness profile of the weld was shown in Figure 6-12.
Considerable softening in the weld region was observed throughout the weld
zone. It was suggested that the softening is caused by the coarsening and
dissolution of strengthening precipitates during the thermal cycle of FSW [98,
112, 137, 166, 176]. Sato et al. [176] reported that the hardness profile was
strongly affected by the precipitate distribution rather than grain size in the weld.
As mentioned earlier, the dissolution of the hardening precipitates is affected by
the welding temperature of FSW process. It is evident that the FSW of AlSiioMg
with RS =1200 rpm, TS =3 mm/s, TA = 2.5° has the lowest welding temperature.
The decrease in travel speed resulted in an increase in the welding temperature

and softening effect of the material. The increase in the tilt angle resulted in
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softening of the material over a wider distance from the centre. This is mainly

attributed to large and deeper contact from the tool shoulder with larger tilt angle.

Microhardness Results

Vickers Hardness
0
o
W

e 1M il

(a) (b) (¢) (d) (e) (f) (g) (h)

Figure 6-11 Micro-hardness results of rolled sheets (a) AA6061-0, (b)
AA6061-T6, (c) FSW of AA6061-T6 [98]; (d) SLM fabricated AlSiioMg; FSW
of AlSi;oMg with () RS = 1200 rpm, TS =3 mm/s, TA = 2.5°, (f) RS = 1200
rpm, TS=1mm/s, TA=25° (g) RS=600 rpm, TS=1mm/s, TA=4.5°, (h)
RS =1200 rpm, TS =1 mm/s, TA =4.5°.
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Figure 6-12 Horizontal hardness profile of various FSW parameters.

6.3.8 Tensile Strength

The tensile results were tabulated in Figure 6-13 and Appendix C. From the
observation in Figure 6-13, SLM of AlSi1oMg has superior mechanical properties.
The significant improvement is mainly attributed to the very fine eutectic
microstructure in the SLM part as well as the presence of very fine Si-rich
particles [85] as shown in Figure 6-8a. The reduction in the distance between the
Si-rich particles contributed in the increase in strength as the increased Al-Si
interface can effectively reduce the movement in dislocations, moreover,

localised shear stress can be relieved.
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Figure 6-13 Tensile results of rolled sheets (a) AA6061-O [54], (b) AAG061-T6
[54] and (c) SLM fabricated AlSi;oMg; FSW of rolled sheets (d) AA6061-T6
[219]; FSW of AlSiioMg with () RS = 1200 rpm, TS = 3 mm/s, TA = 2.5°, (1)
RS =1200 rpm, TS =1 mm/s, TA =2.5° (g) RS =600 rpm, TS =1 mm/s, TA

=4.5° (h) RS=1200 rpm, TS =1 mm/s, TA =4.5°.

Comparing among FSWed samples, FSW of AlSiioMg with RS = 1200 rpm, TS
=3 mm/s, TA =2.5° ruptured at relative low tensile strength and ultimate tensile
strength (Figure 6-13e). Upon closer examination at the weld region, a faint
zigzag-line crack was observed near the retreating side of the stir zone (Figure
6-14c). Kiss bond or zigzag defect is characterised by the formation of dark wavy
zigzag line in the weld region due to insufficient heat input [124, 125]. This defect
is also known as “lazy-S” defect as reported in another study [220]. The wavy
contour of the crack is mainly attributed to the low heat-input parameters and
insufficient material flow. The defect consists of mainly partially broken Al.Os,
located at the surface of the abutting joint surfaces, from the insufficient stirring
during FSW. As mentioned earlier, the heat input during FSW could be increased
by increasing the rotational speed or decreasing the travel speed. The RS/TS ratio
generally correlates with the degree of the stirring (strain introduced per unit
volume of the material). The degree of stirring is larger with the increase in
RS/TS ratio [221]. The rotation of the welding tool along the pin column surface

generates intense shear stresses during FSW. In this study, the shear layer
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thickness, from the pin to the shear boundary, measures from 1.0 mm to 1.5 mm
for various FSW heat input. These shear stresses interact with the initial oxide
film on the initial butt surfaces by breaking up the Al.O3 oxides and creating new
oxide-free surfaces around the pin. It then moves along with the material flow.
The degree of collective movement is dependent on the degree of stirring and
welding parameters during FSW. Hence, a higher degree of stirring would lead
to a wider and diluted distribution of the oxides particles. This defect can be
eliminated by increasing the heat input via increasing the rotational tool speed.
Increasing the rotational tool speed also improves the stirring and dispersion of

the oxide particles.

The material in the stir zone is unable to completely flow from the advancing side
to the retreating side of the weld. The presence of the “lazy-S” defect creates a
weak region leading to a crack during the tensile test and poor mechanical
properties. Therefore, increasing the heat input for FSW would be required to
eliminate the defect. Heat input for FSW could be influenced by several FSW
parameters. Several studies report the increase in rotational speed increased peak
temperature [110, 113].

Significant improvement in the tensile test result was observed by reducing the
transverse speed from 3 mm/s to 1 mm/s (Figure 6-13e and f). This could only
be mainly attributed to the increase in heat input which allows better material
mixing during FSW. However, “lazy-S” defect was still visible in the weld and
rupture is still observed in the defect (Figure 6-14€). During the FSW with high
heat input (RS = 1200 rpm, TS = 1 mm/s, TA = 2.5°)), flashing of the material
were also observed. This is an indication of having too much heat input and the
material in contact with the tool shoulder has softened sufficiently to be spin out
of the shoulder. Thus, increasing the heat further via increasing the RS/TS will
only result in further softening of the material and more flashing defect. The tool
will also sink deeper into the material due to the conservation of volume leading

to excessing thinning of the weld.
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Kim et al. [117] studied the formation of various FSW defects with varying RS,
TS and tool downward force. In their study, it was reported that increasing the
downward force could increase the boundaries for producing a sound weld. The
downward force could be increased by increasing the traversing speed and tilt
angle. From the earlier mentioned parameters, the increase in traversing speed
result in the formation of “Lazy-S” defect. Thus, the “lazy-S” defect could be
eliminated with an increase in downward force via an increase in the tilt angle
was used (RS = 1200 rpm, TS = 1 mm/s, TA = 4.5°). From Table 6-1, the
downward force increased from 1.57 kN to 4.0 kN when tilt angle was increased
from 2.5° to 4.5° The increase in downward force forges and increase the
material flow in the stir zone, creating a sound weld. From the tensile results,
significant improvement in the ductility was observed without significant

improvement in the tensile strength.

Comparing FSW of AlSi;oMg with RS = 600 rpm, TS = 1 mm/s, TA = 4.5° and
FSW of AlSi;oMg with RS = 1200 rpm, TS =1 mm/s, TA = 4.5° (Figure 6-13g
and h), the increase in welding temperature resulted in a slight decrease in the
yield strength and ultimate tensile strength. This could be explained using the
Hall-Petch equation mentioned earlier as the increase in welding temperature
increased in grain size. Significant improvement in the ductility was observed
with the increase in welding temperature. From the FESEM images (Figure 6-8d
and e), significant coarsening of the Si-rich particles was observed. The decrease
in the number of Si-rich particles and increase in the Si-rich particles sizes could
have attributed to the reduction of localised stress or strain [208]. FSW is capable
of welding AlSiioMg with comparable welding strength and joint efficiency
(>50%).

6.3.9 Fractography

Looking at the weld zone (Figure 6-14), the increase in the tilt angle resulted in
an increase in the size of the stir zone at the top of weld due to the increase in

surface contact and downward forces. SLM of AlSiioMg fractured without visible
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necking, and the fracture path is perpendicular to the direction of the applied force.
FSW of AlSiioMg with RS = 1200 rpm, TS =3 mm/s, TA = 2.5° and RS = 1200
rpm, TS = 1 mm/s, TA = 2.5° fractured at the weld defect (Figure 6-14c-f).
Sample with higher heat input fractured at the weld region with significant

necking (Figure 6-14g-j).
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4 (d) FSW of AlSi, Mg with RS =1200 rpm,
TS =3 mm/s, TA=25°

i (f) FSW of AlSi Mg with RS = 1200 rpm,
' TS = 1 mm/s, TA = 2.5° .

(h) FSW of AlSi Mg with RS = 600 rpm,
TS =1 mm/s, TA = 4.5°

:
Mg with RS = 1200 rpm
TA=4.5°

Figure 6-14 Transverse view of the samples before (left) and after the tensile
test (right).
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Observation of the fracture site under the FESEM reviews the fracture
mechanism that took place at the fracture site. Looking at fracture surface of the
SLM fabricated AlSi;oMg (Figure 6-15a) and FSW of AlSiioMg (Figure 6-15b-
e), dimples were observed at the fracture surfaces indicating ductile fracture
mechanism. The dimples of the SLM fabricated AlSi;oMg is relatively elongated
as compared to those of the FSWed samples. These could be due to the
differences in the microstructure of the different processes. The grains of the
SLM fabricated AlSiioMg samples are columnar and grow in the direction of the
thermal gradient in the melt pool. Therefore, crack propagation could be along
the grain boundaries resulting in elongated dimples. VVoids were also observed on
the fracture site indicating the presence of small pores in the material.
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FSW of AlSi Mg with FSW of AISi Mg with
RS = 1200 rpm, TS =3 mm/s, TA=2.5° RS =1200 rpm, TS = | mm/s, TA=2.5°

W™ &
X

FSW of AlSi, Mg with FSW of AlSi, Mg with
RS =600 rpm, TS = 1 mm/s, TA = 4.5° RS =1200 rpm, TS = 1 mm/s, TA = 4.5°

Figure 6-15 Typical fractography of SLM fabricated AlSii;oMg samples with
and without FSW.

On the other hand, the dimples of the FSW of AlSi;oMg with RS = 1200 rpm, TS
=3 mm/s, TA=2.5°and RS =1200 rpm, TS =1 mm/s, TA = 2.5° were observed
to be relatively smaller and shallower (Figure 6-15b and c), assembling the crack

propagation along the weld defect.
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For FSW of AlSiioMg with RS = 600 rpm, TS = 1 mm/s, TA = 4.5° (Figure
6-15d), deeper and larger dimples were observed. This could be due to better
mixing during welding with higher heat input. Comparing this with FSW of
AlSiioMg with RS = 1200 rpm, TS = 1 mm/s, TA = 4.5° (Figure 6-15e), a
significant increase in depth and reduction in the size of the dimple were observed
indicating a very ductile fracture. The increase in the rotational speed increased
the heat generation during welding and eliminated the welding defects. During
the tensile test, the slight plastic deformation phase as seen in the stress-strain
curve could be due to the formation of microvoids at the grain boundaries. These
voids continued to grow as the stress increases. The voids eventually merged and

formed cracks that lead to the failure of the material.

6.4 Conclusions

FSW was successfully used to join SLM fabricated AlSiioMg parts together
without the presence of welding defects with RS = 1200 rpm, TS = 1 mm/s, TA
= 4.5°. The mechanical behaviour and microstructure evolution were studied and

summarised as below.

a. The higher amount of Si was detected at the advancing side of the weld
region. This is mainly attributed to the higher temperature generated at
the advancing side resulting in more Si-rich particles being precipitated
out.

b. Grain refinement was observed in the friction stir welding region due to
dynamic recrystallisation process together with a significant increase in
the fraction of high-angle grain boundaries during FSW.

c. Asignificant decrease in the hardness and tensile strength were
observed in the weld region due to the precipitation of Si. The use of
higher RS/TS increased the grain size and slight reduction of hardness.

d. Ductility was improved after FSW, and tensile strength is comparable to
FSW of AA6061-T6 rolled sheets.
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CHAPTER 7

Joining of Selective Laser Melting Fabricated AlSiio)Mg
Composites by Friction Stir Welding (FSW)

This chapter focus on the friction stir butt welding of rectangular aluminium
composite blocks fabricated via selective laser melting process. The welding

properties and strength were examined and recorded.

7.1 Introduction

Aluminium matrix composites (AMCs) have drawn much research interest owing
to their improved elastic modulus, wear resistance and stiffness [185-187]. A
small concentration of reinforcement particles can provide significant
strengthening effect [3]. However, joining of AMCs using conventional welding
methods were challenging [222] as reaction often occurs between the

reinforcement particles and matrix to form brittle secondary phases [223].

Friction stir welding (FSW) was invented in the UK in 1991 by The Welding
Institute (TWI) [90]. The basic working principle of FSW involves the use of a
tool shoulder with threaded pin and being forced into the edges between two
clamped sheets before travelling along the weld direction. The material in the
weld region is softened by frictional heat between the tool and the workpiece.
The material in the weld region gets driven by the tool and moves from the front
to the back [96]. Much extensive research has been done on FSW of sheet
aluminium due to its relatively low melting temperature and unattractiveness
with traditional fusion welding. During FSW, the material undergoes intense
plastic deformation and dynamic recrystallisation forming fine equiaxed grains
[213]. Studies have shown that FSW can produce good mechanical properties
due to the fine microstructure [93, 176, 179, 224].
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In recent years, selective laser melting (SLM) has received much attention due to
its ability to fabricate metal parts with complex geometry and superior
mechanical properties. The use of computer-aided design (CAD) together with
SLM technique can fabricate, quality components with complex shapes
accurately with excellent mechanical properties [195]. More recently, studies
have also directed their attention towards the visibility of fabricating composites
using selective laser melting (SLM) [13, 58, 225-227]. As SLM is a relatively
modern technology, studies on the joining of metal parts built by SLM have been
limited. Therefore, there is a need to study the joining of SLM printed composites.
Friction stir welding comes into play as it can refine grains, promising
improvement in mechanical properties with no formation of brittle intermetallic

compounds.

As far as the authors’ knowledge is concern, the joining of SLM fabricated
aluminium composites via FSW have not been studied. Therefore, this study aims
to study the weldability of SLM fabricated aluminium composites via the use of

FSW with and without porosity.

7.2 Experimental Details

In this study, gas atomised aluminium powders, AlSi;oMg, with the normally
distributed size of 20 pm to 63 pum by TLS Technik GmbH & Co., Germany was
used. The nano-sized alumina (nAl>O3) reinforcement powder used was from
Sumitomo, Japan. The nominal diameter is 320 nm. AlSi;oMg and nAl>Os were
ball milled together in a volatile solvent with a ball to powder ratio of 1:1 [56] to
prevent the AlSiioMg powder from deforming. Deformed powders lead to a
reduction of powder flowability and uneven spread of powder layer during
dispensing. The blended slurry was then air dried. The dried powder was further
dried using a vacuum oven for 8 hours. The blended powder was examined under
the field emission scanning electron microscope (FESEM) as shown in Figure
7-1. Rectangle blocks were fabricated with SLM 250 "- from SLM Solution

GmbH. The SLM laser parameters used in this study was in the based on a
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previous study (Chapter 5) (Table 7-1). Rectangular blocks measuring 90 mm by

60 mm by 10 mm were fabricated for friction stir welding.

Figure 7-1 FESEM images of gas atomised AlSiioMg powder (a) as-received,
(b) with 2% weight nAl20s3, (c) 5 % weight nAl2Osa.

Table 7-1Parameters used for as received base material with different
percentage of nAl>Os.

Volumetric energy
Material process and composition density (VED)

(Joules / mm?)

SLM of AlSiioMg with low VED 23.33
SLM of AlSiioMg - 2% wt. nAl2O3 with low VED 23.33
SLM of AlSi;oMg - 5% wt. nAl2O3 with low VED 23.33
SLM of AlSiioMg with high VED 35.81
SLM of AlSiigMg - 2% wt. nAl,O3 with high VED 109.38
SLM of AlSiioMg - 5% wt. nAl,O3 with high VED 291.67

A robotic FSW system with a maximum downward load of 12 kN was operated.
The surfaces were carefully degreased with acetone and brushed with wire
brushed before performing a single pass butt weld to join two rectangular blocks.
The tool has a shoulder diameter of 15 mm and a threaded conical probe length
and base diameter measuring 6.5 mm and 7 mm respectively. The welding
parameters for this study were based on the optimised welding parameter used
for FSW of AlSi;oMg (Chapter 6) (Table 7-2).
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Table 7-2 Parameters used for FSW in this study.

Rotational speed, Travel speed, TS

FSW processes Tiltangle, TA (°)

RS (rpm) (mm/s)
FSW with high
_ 1200 1 4.5
heat input
FSW with low
_ 600 1 4.5
heat input

The cross-section section of friction stir welding was polished mechanically with
conventional polishing means. Tensile coupons were machined from the plates
and pulled perpendicular to the weld (Figure 6-2). Material characterisation and

mechanical properties were evaluated as mentioned in Chapter 3.
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Figure 7-2 Schematic diagram of the welded plate with the orientation of the
tensile coupons.
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7.3 Results and Discussions

7.3.1 X-ray Diffraction (XRD) Analysis

The phase diagram of Al-Si is shown in Figure 7-3 while the X-ray diffraction
(XRD) results were plotted in Figure 7-4, Figure 7-5 and Figure 7-6. From the
diagram, AlSi1oMg experiences both crystallisation reaction and eutectic reaction
during SLM fabricated. From the XRD patterns, it was observed that the Si peaks
of FSWed samples have higher intensities as compared to those of SLM samples
indicating a considerable reduction of solid solubility of Si in the aluminium
matrix after FSW. Si-rich particles could have been precipitated out and formed
Mg>Si through the reaction with Mg present in the aluminium matrix as explained
in Chapter 6.
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Figure 7-3 Binary phase diagram of Al-Si showing the solidification path and
phase transition of Al-10Si (red line).
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Figure 7-4 X-Ray diffraction pattern of the SLM of AlSi1oMg with high VED
(a) as-received, (b) FSW with low heat input, (c) FSW with high heat; SLM of
AlSi;oMg with low VED (d) as-received, (e) FSW with low heat input, (f) FSW

with high heat input.
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Figure 7-5 X-Ray diffraction pattern of the SLM of AlSiioMg - 2% wt. nAl203
with high VED (a) as-received, (b) FSW with low heat input, (c) FSW with
high heat input; SLM of AlSiioMg - 2% wt. nAl2Os with low VED (d) as-
received, () FSW with low heat input, (f) FSW with high heat input.
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Figure 7-6 X-Ray diffraction pattern of the SLM of AlSiioMg - 5% wt. nAl203
with high VED (a) as-received, (b) FSW with low heat, (c) FSW with high heat
input; SLM of AlSiioMg - 5% wt. nAl,O3 with low VED (d) as-received, (e)
FSW with low heat input (f) FSW with high heat input.

7.3.2 Energy Dispersive Spectroscopy (EDS)

The energy dispersive spectroscopy (EDS) was conducted on the SLM fabricated
samples and FSWed samples (Appendix A). From the results, a significant
increase in detection of Si in the weld was observed after FSW (Figure 7-7). The
precipitation of Si-rich particles appears to take place preferably in the advancing
side of the weld region. An increase in the number of counts of Si was observed

when the line scan hits the lighter region on the advancing side of the weld. This
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could be attributed to the higher heat generation on the advancing side of the weld

as explained in Chapter 6 [216].

Looking at the weld zones, different patterns were observed due to different
material flow behaviour. The increase in RS resulted in higher welding
temperature, better mixing of the aluminium matrix and broadening of the weld
region. Broadening of the stir zone was observed in samples with porosity as well
as samples with the addition of nAl>Os reinforcement. It is believed that the
reduction of heat conductivity of the material from the presence of porosity and
nAl,Oz reinforcement resulted in higher welding temperature and more extended

area of the softened material.

Upon closer examination at the weld region (Figure 7-7), a faint zigzag-line crack
was detected near the retreating side of the weld region of FSW samples with low
heat input. This defect is also known as “lazy-S” defect as reported in another
study [220]. The wavy contour of the crack is mainly attributed to the low heat-
input parameters and insufficient mixing of the material. The aluminium matrix
in the stir zone is unable to completely flow from the advancing side to the
retreating side of the weld. The presence of the “lazy-S” defect creates a weak
region, leading to a crack during the tensile test and reduction in mechanical
properties. Therefore, increasing the heat input for FSW would be required to
eliminate the defect. Heat input for FSW could be influenced by several FSW
parameters. Several studies report higher welding temperature with increasing
rotational speed [110, 113].

For FSW samples with high heat input, the addition of nAl>O3 has resulted in the
stir region beginning to show signs of abnormal stirring (Figure 7-8) [117]. This
could be due to the difference in the temperature at the upper surface and the base
resulting in the different plastic flow. The material at the top experienced high
heat generation, resulting in material being spun out by the tool (flashing). The
lower surface is in contact with the backing plate which acts as a heat sink

removing heat from the weld. The difference in the temperature and plastic flow
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of the material at the top and bottom of the weld led to a discontinuous flow of
material at the advancing side. Abnormal stirring can be overcome with the
increase of downward force during FSW as well as changing of tool geometry to
improve the metal flow during FSW [117].
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Figure 7-7 EDS scan of FSW with low heat input of SLM of AlSiioMg - 2% wit.
nAl>Os with high VED showing the stir zone, thermomechanical affected zone
(TMAZ), heat affected zone (HAZ) and base material region.
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Figure 7-8 EDS scan of FSW with high heat input of SLM of AlSi;oMg - 5%
wt. nAl2O3 with low VED showing the stir zone, thermomechanical affected
zone (TMAZ), heat affected zone (HAZ) and base material region.
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7.3.3 Porosity Analysis

Micro CT scan was performed on the weld region of the samples (Figure 7-9)
(Appendix B), and the relative porosity was tabulated as shown in Figure 7-10,
Figure 7-11 and Figure 7-12. The Micro CT scanner was a minimum resolution
of 6 um. Pores measuring smaller than 6 um in diameter were not detected.
However, the FESEM could be used to detect smaller pores on the cross-sections.
A significant amount of porosity was observed in as-received samples (Figure
7-10b, Figure 7-11b and Figure 7-12a and b). The causes of porosity in the SLM
fabricated samples were explained in Chapter 5. From the results (Figure 7-10,
Figure 7-11 and Figure 7-12), no significant porosity was detected in the weld
region, this agrees with the FESEM observation from Figure 7-13, Figure 7-14
and Figure 7-15. The plastic deformation and dynamic recrystallisation process
during FSW were able to close porosity in the weld region. From the micro CT

scan results, it is evident that FSW can close up porosities in the material.

Figure 7-9 Micro CT image of FSW with high heat input of SLM of AlSiioMg -
5% wt. nAl,O3 with Low VED.
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Figure 7-10 Micro CT scan result of as-received and FSWed samples of SLM
fabricated AlSiioMg.
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Figure 7-11 Micro CT scan result of as-received and FSWed samples of SLM
fabricated AlSiioMg - 2% wt. nAl;Os.
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Figure 7-12 Micro CT scan result of as-received and FSWed samples of SLM
fabricated AlSiioMg - 5% wt. nAl,Os.

7.3.4 Weld Microstructure

From the FESEM images (Figure 7-13), melt pool was observed in the images of
as-received SLM AlSiioMg with high and low VED (Figure 7-13a and b). Si
enriched boundaries were also observed within the melt pools which were formed
when the laser melts the AlSi;oMg powders. During SLM the powders were
rapidly melted as it absorbs the energy from the laser beam. It then rapidly
solidifies when the laser travels away from it. The grains then grew along the
thermal gradient as solidification takes place from the edge of the melt pool to
the centre [13, 49, 85].

After FSW, the Si enriched boundaries were observed to have disintegrated into
smaller particles and homogeneously distributed in the aluminium matrix (Figure
7-13c-f). The breaking down and dispersion of reinforcement particle was also
observed in other studies [5, 149, 179, 224].
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Figure 7-13 FESEM images of SLM of AlSi;oMg with and without FSW.

Upon closer observation, significant larger Si-rich particles were observed in
samples with higher heat input (Figure 7-13e and f). Li et al. [85] reported growth
in the Si-rich particles due to coalescence of adjacent small Si-rich particles and

Ostwald ripening. The thermal cycle from FSW is quite high at roughly 675K
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[176]. Therefore, the higher welding temperature could have resulted in larger
Si-rich particles.

From the FESEM images (Figure 7-14 and Figure 7-15), some of the nAl;O3
appeared to have agglomerated during the SLM process. The agglomeration
process of the nAl,O3 was discussed in Chapter 5 and shall not be discussed here.
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(@) SLM of AlSi, Mg - 2% wt. nALO, (b) SLM of AlSi, Mg - 2% wt. nALO,
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Figure 7-14 FESEM images of SLM of AlSi;oMg - 2% wt. nAl>Os with and
without FSW.
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(@) SLM of AlSi, Mg - 5% wt. nALO, (b) SLM of AlSi, Mg - 5% wt. nALO,
with high VED with low VED

(C) FSW with low heat input of SLM of (d) FSW with low heat input of SLM of
AlSi, Mg - 5% wt. nAl,O, with high VED '_. AlSi, Mg - 5% wt. nAl,O, with low VED

(C) FSW with hlgh heat input of SLM of (f) FSW with high heat input of SLM of
AlSi, Mg - 5% wt. nA1,0, with high VED AlSi, Mg - 5% wt. nA1,0, with low VED

Figure 7-15 FESEM images of SLM of AlSi;oMg - 5% wt. nAI203 with and
without FSW.

After FSW, nAl>Os particles were observed and believed to have fragmented and
dispersed in the weld region (Figure 7-14c-f and Figure 7-15c-f). For FSW with
low heat input of SLM of AlSi;oMg - 2% wt. nAl2Os with high VED and low
VED (Figure 7-14c and d), small cavities were observed at the interface between
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the nAl,O3z and the aluminium matrix. A similar observation was reported by
Uzun [228] where cavities were observed at the Al/ SiC interface. The formation
of cavities indicated lack of interfacial bonding from the lack of heat input.
Higher welding temperature is required to soften the workpiece to close the
cavities. Therefore, the interface and dispersion of nAlO3 could be achieved with
higher FSW heat input by using greater RS (Figure 7-14f).

As mentioned earlier, FSW with high heat input of SLM of AlSiioMg with high
VED showed larger Si-rich particles in comparison with its low FSW heat input
counterpart. However, smaller Si-rich particles were observed with the addition
of nAl,Oz reinforcements. This could be attributed to the addition of nAl2Os
which aided in breaking up the Si-rich particles as it moves along the matrix
during FSW. For samples reinforced with nAl;O3, higher tool RS resulted in
further breaking up of the nAl>Oz particles due to the increase in the plastic
deformation. Root et al. [136] studied the crystallographic texture in the FSW of
AAG6061 with Al,O3 and observed that Al>Os particles fractured from the contact
with rotating tool during FSW.

7.3.5 Grain Structure Evolution

Electron backscatter diffraction (EBSD) was performed on the all the samples
before and after FSW (Figure 7-16, Figure 7-17 and Figure 7-18). From the
mapping, as-received SLM samples showed columnar grains in the direction of
the thermal gradient (Figure 7-16a and b, Figure 7-17a and b and Figure 7-18a

and b) as mentioned in the previous section.
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Figure 7-16 EBSD mapping of as-received and FSWed samples of SLM
fabricated AlSiioMg. The scale bar indicates 20 um. The boundary
misorientation are indicated with white, grey and black lines for angles :1°to 5°,
5° to 15° and greater than 15° respectively.
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Figure 7-17 EBSD mapping of as-received and FSWed samples of SLM
fabricated AlSiioMg - 2% wt. nAl;Os. The scale bar indicates 20 um. The
boundary misorientation are indicated with white, grey and black lines for

angles :1°to 5°, 5° to 15° and greater than 15° respectively.
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Figure 7-18 EBSD mapping of as-received and FSWed samples of SLM
fabricated AlSiioMg - 5% wt. nAl2Os. The scale bar indicates 20 um. The
boundary misorientation are indicated with white, grey and black lines for

angles :1°to 5°, 5° to 15° and greater than 15° respectively.

For FSWed samples, significant grain refinement with fine equiaxed grains was
observed (Table 7-3) due to plastic deformation and dynamic recrystallisation
occurring in the weld nugget. During FSW, the frictional heat was produced from
the pin and shoulder. The shoulder generates more heat due to its larger area as

well as the higher linear velocity at the outer radius. The combination of the
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constant application of strain, migration of grain/subgrain boundaries and rapid
recovery attributed to the continuous dynamic recrystallisation [170-172]. The
weld region underwent intense deformation and intense continuously induced
dislocations. The stored energy in the dislocations drove the dynamic recovery

recrystallisation.

Table 7-3 Average grain size results of various AlSi;oMg and its composite
before and after FSW.

Grain size (um)
FSW with FSW with

Material and processes

As-received low heat high heat
input input
SLM of AlSi;oMg with low VED 74+2 26+1 35+1
SLM of AlSi;oMg with high VED 8.2+2 20x1 281
SLM of A|SI10Mg - 2% wit. nAI203
) 6.4 %2 23x1 26x1
with low VED
SLM of AlSiloMg - 2% wit. nAI203
o 74+2 19+1 22+1
with high VED
SLM of AlSImMg - 5% wit. nAI203
] 58+2 19+1 22+1
with low VED
SLM of AlSi;oMg - 5% wt. nAl,Os
6.3+2 161 18+1
with high VED

Zener pinning effect could have accounted for the finer grain sizes in the stir zone
with nano-sized reinforcement particles by retarding the grain growth of the
aluminium matrix. Rollett et al. [177] reported the rate of grain growth during the
recrystallisation of metal with dispersed second phase particles could be

described using equation (7-1).
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drR _ _ ayp _ 3Fy¥p -
B~ mep PZ)—M(R 2r) (7-1)

From the equation, F is the volume fraction, M is the boundary mobility, P is the
driving pressure from the curvature of the grain boundaries, P, is the Zener
pinning pressure, R is the radius of the grain, r is the radius of the pinning Si-rich

particles, a is a small geometric constant and vy is the boundary energy.
Therefore, when P=P, grain growth stops.

vy _ 3Fv¥p .
R 2r (7-2)

Thus, the Zener limiting grain size (0=1) can be obtained when the mean grain
radius (D) and the radius of curvature (R) are taken to be the same.

4r
D, =—
3F,

(7-3)

At present work, r = 0.15 um, Fy, = 0.10, the theoretical D, = 1.9 pum for FSW
samples without nAl>Ogz; r = 0.15 um, F, = 0.12, the theoretical D, = 1.6 um for
FSW samples with 2% wt. nAl>Oz and r = 0.15 pum, Fy = 0.14, the theoretical D,
= 1.4 pm for FSW samples with 5% wt. nAl>Os. The slightly larger grain size
measured by the EBSD as due to a small amount of the Si being spattered away
and the agglomeration of the nAl.Oz during SLM process. The theoretical grain
size can only serve as an indicative value as it is based on many assumptions that

were not entirely true in reality.

From Table 7-3, a significant increase in grain size was identified when
increasing RS from 600 rpm to 1200 rpm. Shojaeefard et al. [111] reported that
maximum welding temperature increases with the use of shoulder with larger
diameter due to greater heat being generated. In recent studies, the recrystallised
grain size can be increased by increasing the RS [110, 112-114, 166-168] or by
reducing the transverse speed [115]. Therefore, from the comparison of the grain
sizes and the rotational speed to travel speed ratio (RS/TS), relative welding

temperature conditions could be concluded.
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From the Chapter 6, the heat input per unit length in a moving weld, Q, could be

expressed as follows [117]:

aq _ 4 o UPNR®

Q=" =;1"— — (7-4)
Where a is the slope is the heat input efficiency, and V is the travel speed.

All welding parameters were kept constant in this study except for tool RS while
the average downward force was observed to be around 4 kN (Table 7-4).
Therefore, the difference in grain size could only be due to the difference in

welding temperature caused by the change in the RS.

Table 7-4 Average downward forces for FSW of AlSi;oMg and its composites.

FSW with FSW with
low heat high heat

Downward force (kN)

Material

and Processes input input
SLM of AlSiioMg with low VED 45+01 38+0.2
SLM of AlSiioMg with high VED 38+0.1 4002

SLM of AlSioMg - 2% wt. nAl,Os with low VED ~ 35+0.2 3.5+ 0.2
SLM of AlSixoMg - 2% wt. nAl,Os with high VED  42+02  3.8+0.2
SLM of AlSizoMg - 5% wt. nAl,Os with low VED ~ 3.8+0.2  4.4+0.2
SLM of AlSioMg - 5% wt. nAl,Os with high VED  3.9+0.2  4.1+0.2

From Table 7-3, increasing addition of nAl.O3 caused a considerable decrease in
the grain sizes. Particle simulated nucleation (PSN) is known to occur in
heterogenous aluminium during recrystallisation [229]. It is believed that particle
simulated nucleation (PSN) occurred during FSW. PSN is possible if dislocations
accumulate at the large particles during deformation, low temperature and high
strain rates [206]. From the FESEM images (Figure 7-14 and Figure 7-15),
nAl>Oz3 particles larger than 1 micrometre in diameter were observed, therefore,

PSN could have taken place. Another possible explanation is due to the existence
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of nano-sized Si and remaining nano-sized nAl>Os particles in the weld region.
The Si-rich particles were significantly smaller in the FSWed samples with the
addition of nAl,Os particles. The finer grains could also be attributed to Zener
pinning effect where the nano-particles exerted pinning pressure on the growing
grains [5, 179].

The grain boundaries were further investigated using the misorientation profile
from the EBSD for as-received SLM AlSi;oMg with high and low VED before
and after FSW (Figure 7-19). From the misorientation profile (Table 7-5), a
significant increase in the high angle boundaries was observed after FSW. FSW
with high heat input was observed to have slightly lesser high angle grain
boundaries. The increase in RS, TA and the decrease in the TS gave rise to a
slight decrease in the high angle grain boundaries as previously reported in
Chapter 6. The increase in RS, TA and reduction in TS leads to the increase in
heat generation. It is believed that the increase in heat generation together with
recrystallisation and recovery of the material led to the increase in the number of
sub-grain boundaries (Figure 7-16) and a higher fraction of the low angle

boundaries.
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Figure 7-19 Histogram showing the distribution of grains/subgrain

misorientation angles of as-received SLM of AlSi;oMg with (a) high VED (b)
low VED; FSW with low heat input of SLM of AlSiioMg with (c) high VED,
(d) low VED; FSW with high heat input of SLM of AlSi1oMg with (e) high

VED, (f) low VED.
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CHAPTER 7

Table 7-5 Summaries results of grain/subgrain boundary misorientations for as-received SLM AlSi1oMg before and after FSW.

Mean grain Fraction of high-  Fraction of low angle grain ~ Number
Material and process misorientation angle grain boundaries (<=15°) of

) boundaries (>15°) (2-5°) (2-15°) samples
As-received SLM AlSiioMg with high VED 7.07 0.14 0.83 0.86 99709
FSW with low heat input of SLM AlSi;oMg with high VED 28.82 0.71 0.19 0.29 60846
FSW with high heat input of SLM AlSi1oMg with high VED 20.04 0.49 0.39 0.51 56795
As-received SLM AlSi;oMg with low VED 10.54 0.23 0.68 0.77 38078
FSW with low heat input of SLM AlSi;oMg with low VED 21.68 0.53 0.37 0.47 59835
FSW with high heat input of SLM AlSi;oMg with low VED 18.99 0.44 0.46 0.56 51157
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The misorientation histogram for samples with the addition of nAl,O3 was plotted
in Figure 7-20 and Figure 7-21 while the misorientation profile for high and low
angle grain boundaries was tabulated in (Table 7-6 and Table 7-7). A significant
increase in the fraction of high angle grain boundaries was observed when
comparing samples before and after FSW. This agrees with the results mentioned
earlier. The effect of nAl,O3 on the grain boundaries was further examined. Guo
et al. [5] reported a reduction in the high angle boundaries in the FSP of AA6061
with the addition of nano-Al>Os. Tweed et al. [178] reported that high angle
boundary might curve the boundary plane when it touches a second phase
inclusion due to its high energy. This allows the boundary plane to bypass the
particle before bending into a semi-circle. On the other hand, low angle grain
boundaries are higher in flexibility and lower in energy, leading to more
perturbed boundary plane. The cooperative process of migrating low angle grain
boundaries requires the sequential movement of the constituent dislocation.
Therefore, it was observed that all low angle boundaries were detected to display
pinning effect while the relatively higher amount of high angle boundaries were
unpinned. However, in this study, it was observed that the addition of nAl2O3
resulted in slight increase in the high angle grain boundaries. The agglomerated
Al;O3 could have resulted in PSN allowing more grains to nucleate at the
interface and increasing the amount of high angle grain boundaries. The nAl203
could also have caused more dislocations during FSW. The dislocations may turn

into high angle boundaries via rotation assisted by dislocation glide [230].
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Figure 7-20 Histogram showing the distribution of grains/subgrain
misorientation angles of as-received SLM AlSi1oMg - 2% wt. nAl>Os with (a)
high VED (b) low VED; FSW with low heat input of SLM of AlSiioMg - 2%

wt. nAl20s with (c) high VED, (d) low VED; FSW with high heat input of SLM
of AlSi1oMg - 2% wt. nAl,O3 with (e) high VED, (f) low VED.
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Table 7-6 Summaries results of grain/subgrain boundary misorientations for as-received SLM AlSi;oMg - 2% wt. nAl,O3 before
and after FSW.

Mean grain Fraction of high- Fraction of low angle Number
Material and process misorientation angle grain grain boundaries (<=15°) of

® boundaries (>15°) (2-5°) (2-15°) samples
As-received SLM AlSi;oMg - 2% wt. nAl,Os with high VED 10.26 0.28 0.64 0.72 30291
FSW with low heat input of SLM AlSiioMg - 2% wt. nALOs with high VED 32.01 0.79 0.11 0.21 58112
FSW with high heat input of SLM AlSizoMg - 2% wt. nAl,O3 with high VED 20.46 0.48 0.43 0.52 56998
As-received SLM AlSi;oMg - 2% wt. nAl,O3 with low VED 12.08 0.29 0.67 0.71 34641
FSW with low heat input of SLM AlSi;oMg - 2% wt. nAl,Oz with low VED 24.16 0.59 0.33 0.41 63792
FSW with high heat input of SLM AlSiioMg - 2% wt. nAl,O3 with low VED 20.59 0.48 0.43 0.52 63133
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Figure 7-21 Histogram showing the distribution of grains/subgrain

misorientation angles of as-received SLM AlSi;oMg - 5% wt. nAl.O3 with (a)
high VED (b) low VED; FSW with low heat input of SLM of AlSi1oMg - 5%
wt. nAl>O3 with (c) high VED, (d) low VED; FSW with high heat input of SLM

of AlSi1oMg - 5% wt. nAl>O3 with (e) high VED, (f) low VED.
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Table 7-7 Summaries results of grain/subgrain boundary misorientations for as-received SLM AlSi;oMg - 5% wt. nAl,O3 before
and after FSW.

Mean grain Fraction of high- Fraction of low angle Number
Material and process misorientation angle grain grain boundaries (<=15°) of

® boundaries (>15°) (2-5°) (2-15°) samples
As-received SLM AlSi;oMg - 5% wt. nAl,Os with high VED 5.30 0.08 0.79 0.92 62627
FSW with low heat input of SLM AlSi;oMg - 5% wt. nALOs with high VED 25.32 0.59 0.29 0.41 71846
FSW with high heat input of SLM AlSizoMg - 5% wt. nAl,O3 with high VED 17.35 0.39 0.49 0.61 71480
As-received SLM AlSi;oMg - 5% wt. nAl,O3 with low VED 6.51 0.14 0.84 0.86 73245
FSW with low heat input of SLM AlSi;oMg - 5% wt. nAl,Oz with low VED 26.94 0.64 0.25 0.36 74188
FSW with high heat input of SLM AlSiioMg - 5% wt. nAl,O3 with low VED 21.56 0.51 0.36 0.49 56412
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7.3.6 Micro-hardness

The micro-hardness results of as-received SLM of AlSiioMg and its composites
before and after FSW were collected and tabulated in Table 7-8. Comparing all
the as-received SLM of AlSi;oMg and its composites, it was observed that only
as-received SLM of AlSiioMg - 2% wt. nAl,O3 with high VED and as-received
SLM of AlSiioMg - 5% wt. nAl,Oz3 with high VED have lower micro-hardness
compared to conventional rolled AA6061-T6. This could be due to the use of
relatively high VED (Table 7-1) resulting in the coarsening of the finely
dispersed eutectic Si phase together with the dissolution of hardening precipitates

of Mg.Si as mention earlier in the weld microstructure section [85].

After FSW, hardness was observed to have dropped even though grain
refinement was achieved. Liu et al. [98] conducted a study on FSW butt weld of
AA6061-T6 and observed a similar decrease in hardness in the weld nugget with
Vickers hardness of 66 HV. Other studies have also observed similar trends and
concluded that dissolution of hardening precipitates in the weld region gave rise
to the reduction of the hardness in comparison to the parent material [218, 224].
Further reduction of the hardness was observed in samples with higher heat input
could be explained by the larger grain sizes via the Hall-Petch equation [28, 231].
The difference in the micro-hardness values among the FSWed samples could be
explained by the difference in the strengthening contribution of the grain size
difference based on the Hall-Petch equation as explained in Chapter 6 [28].

Comparing among FSW samples with low heat input and low VED, a significant
increase in the hardness results were observed with increase addition of nAl;Oz.
A similar observation was identified from samples with FSW with low heat input
and high VED, FSW with high heat input and low VED as well as FSW with
high heat input and high VED. This could be due to the finer grains resulting

from the addition of nAl,Oz and Zener pinning effect explained earlier.
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The horizontal Vickers hardness profile of the welds are shown in Figure 7-22,
Figure 7-23 and Figure 7-24. Considerable softening in the weld region was
observed throughout the weld zone. It was suggested that the thermal cycle of
FSW caused the coarsening and dissolution of strengthening precipitates
resulting in the softening of the weld region [98, 112, 137, 166, 176]. Sato et al.
[176] reported that precipitate distribution has a stronger influence on the
hardness profile than the grain size in the weld. The increase in the welding RS
should have improved the precipitation distribution and increased the hardness.
However, higher RS also resulted in greater welding temperature and more Si
being precipitated out from the aluminium composite substrates, leading to a drop
in the hardness.
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Table 7-8 Micro-hardness results.

Micro-hardness (HV)
FSW with  FSW with

Material and Processes As- .
eceived onv heat hlgh heat
input input
SLM of AlSi;oMg with low VED 1395 684 67 +3
SLM of AlSiigcMg - 2% wt. nAl,O3 with low VED 124 +6 75+3 74+2
SLM of AlSiioMg - 5% wt. nAl,O3 with low VED 123+3 801 77+2
SLM of AlSiioMg with high VED 127 £ 3 75+1 71+£2
SLM of AlSiioMg - 2% wt. nAl,O3 with high VED 104 +4 81+2 774
SLM of AlSizoMg - 5% wt. nAl,O3 with high VED 93+4 84+3 815
AA6061-O 55+3
AAB061-T6 107 +4
FSW AA6061-T6 [98] 66+3
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Figure 7-22 Hardness profile of FSWed samples of SLM fabricated AlSiioMg.
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Figure 7-23 Hardness profile of FSWed samples of SLM fabricated AlSi;oMg -
2% wt. nAl,O3 composites.
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Figure 7-24 Hardness profile of FSWed samples of SLM fabricated AlSi;oMg -
5% wt. nAl,O3 composites.

7.3.7 Tensile Strength

The tensile results of as-received samples were plotted (Figure 7-25) (Appendix
C), SLM of AlSi;oMg has superior mechanical properties. The significant
improvement is mainly attributed to the very fine eutectic microstructure in the
SLM part as well as the presence of very fine Si-rich particles (Figure 7-13a) [85].
The reduction in the distance between the Si-rich particles contributed to the
improvement in strength as dislocations movements were reduced and localised
shear stress can be relieved with increasing Al-Si interface. The addition of
nAl>O3 resulted in an increase in porosity which led to the reduction of yield

strength and ultimate tensile strength.
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Tensile results of as-received samples
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Figure 7-25 Tensile results of as rolled sheets (a) AA6061-0O, (b) AA6061-T6;
As-received SLM of AlSiioMg with (c) high VED, (d) low VED; As-received
SLM of AlSiioMg - 2% wt. nAl2O3 with (e) high VED, (f) low VED; As-
received SLM of AlSi1oMg - 5% wt. nAl>Os with (g) high VED, (h) low VED.

Looking at tensile samples of FSW of SLM of AlSiioMg (Figure 7-26d, e, g and
h), a significant reduction in the yield strength was observed. This agrees with
the observation in lower hardness in the weld region. Li et al. [85] reported a
significant decrease in the tensile strength of the AlSi;oMg after heat treatment.
In their study, the drop in the tensile strength was mainly attributed to the
coarsening of the Si-rich particles and dissolution of hardening precipitates. This
agrees with the FESEM image (Figure 7-13c-f) showing coarsening of Si-rich
particles after FSW. Ductility was observed to have improved after FSW due to
the reduction of residual stresses from the thermal cycle of FSW [85].
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Tensile results of as-received SLM of AlSi, Mg

before and after FSW
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Figure 7-26 Tensile results of rolled sheets AA6061-T6 (a) as-received, (b)
FSWed [219]; SLM of AlSi;oMg with high VED (c) as-received, (d) FSW with
low heat input, () FSW with high heat input; SLM of AlSi;oMg with low VED

() as-received, (g) FSW with low heat input, (h) FSW with high heat input.

Comparing between FSW of AlSiioMg with high and low heat input (Figure
7-26d, e, g and h), the increase in welding temperature resulted in a slight
reduction in the yield strength and ultimate tensile strength. The increase in
welding temperature increased in grain size. The relationship between the
increase in grain size and the reduction in tensile strength could be explained
using the Hall-Petch equation mentioned earlier. Considerable better ductility
was observed with increase in welding temperature. The increase in Si-rich
particles size together with its decrease in numbers (Figure 7-13d and e) could
have attributed to the reduction of localised stress or strain and better ductility
[208].
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Comparing between FSWed SLM of AlSiioMg with low VED (Figure 7-26g and
h) and FSWed SLM of AlSi;oMg with high VED (Figure 7-26d and e), no
significant difference in the tensile strength was observed. However, the
reduction in porosity of the weld region during dynamic recrystallisation of the
FSW process was observed. FSW is capable of welding AlSiioMg with
comparable weld strength and joint efficiency (>50%).

Looking at SLM samples with 2% wt. nAl.O3 added (Figure 7-27), a significant
reduction in the tensile strength was observed. However, grain refinement and
increase in hardness mentioned earlier should have resulted in higher yield
strength. From the FESEM images (Figure 7-14), it was observed that some of
the nAl>O3 have agglomerated and sintered to form micro-sized particles during
the SLM process. This could have acted as stress concentrator during tensile test
leading to the reduction in the tensile properties for SLM of AlSiioMg - 2% wit.
nAl20s with high VED samples. Higher porosity was observed in SLM of
AlSi;pMg - 2% wt. nAl.O3z with low VED samples, which led to further reduction
in the tensile properties. After FSW, the dissolution of hardening precipitates

could have further lowered the tensile strength as mention earlier.
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Tensile results of
as-received SLM of AlSi Mg - 2% wt. nAl O,

before and after FSW
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Figure 7-27 Tensile results of SLM of AlSi1oMg - 2% wt. nAl,O3 with high

VED (a) as-received, (b) FSW with low heat input, (c) FSW with high heat

input; SLM of AlSiioMg - 2% wt. nAl20z with low VED (d) as-received, (e)
FSW with low heat input, (f) FSW with high heat input.

Looking at the SLM samples with 5% wt. nAl>Os, significant reduction in the
tensile strength was observed. From the FESEM images (Figure 7-15), it was
observed that some of the nAl>Os have agglomerated and sintered to form micro-
sized particles. The fracture mechanism is similar to that of SLM samples with
2% wt. nAl>Os. A larger amount of porosity in the SLM samples with 5% wt.
nAlOs further reduction in the tensile properties. For SLM of AlSiioMg - 5% wit.
nAl2Os with high VED samples, porosity observed were spherical shape
attributed by high VED resulting in trapped gas in the matrix while SLM of
AlSi;pMg - 5% wt. nAl,O3 with low VED samples showed porosity with sharp
edges (Figure 5-3). The presence of porosity with sharp edges acted as stress
concentrators during tensile testing and resulted in further reduction in tensile

strength.
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The post weld heat treatment of FSWed samples of AA6601 were able to provide
strengthening effect on the welded material. However, several studies have been
done on the heat treatment on SLM fabricated parts. Li et at. [85] conducted post-
SLM ageing of AlSi;oMg and observed a reduction of strength in the parts. The
yield strength is approximately 126 MPa. In another study by Zhang et al. [232],
ageing was performed on Al-7 wt. % Si-0.3 wt. % Mg parts. The yield strength
reported was approximately 150 MPa. In this study, the yield strength of FSWed
samples was approximately 146 MPa. Therefore, post-weld ageing may not
recover the loss of strength. In addition, post-weld ageing will result in a

significant loss of strength in the base material.

Tensile results of
as-received SLM of AlSi Mg - 5% wt. nAl O,

before and after FSW
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Figure 7-28 Tensile results of SLM of AlSiioMg - 5% wt. nAl,O3 with high

VED (a) as-received, (b) FSW with low heat input, (c) FSW with high heat

input; SLM of AlSi;oMg - 5% wt. nAl2O3 with low VED (d) as-received, (e)
FSW with low heat input, (f) FSW with high heat input.
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7.3.8 Fractography

The cross-sectional view of the fracture site of AlSiioMg with high VED and low
VED (Figure 7-29 and Figure 7-30) were studied. SLM of AlSiioMg with high
and low VED fractured without visible necking, and fracture path is
perpendicular to the direction of the applied force. FSW with low heat input of
SLM of AlSiioMg with high VED (Figure 7-29d) as well as FSW with low and
high heat input of SLM of AlSiioMg with low VED (Figure 7-30d and e) samples
fractured at the TMAZ region of the advancing side while FSW with high heat
input of SLM of AlSi;oMg with high VED fracture in the stir zone. Significant
necking at the weld regions was observed for all FSW samples of SLM fabricated
AlSi;oMg. Moreira et al. [219] studied the FSW of AA6061 with RS/TS of 5
revolutions/mm and observed fracture occurring near the weld edge line,
conforming to the region between the TMAZ and HAZ. This is believed that the
dissolution of hardening precipitates gave rise to the reduction in strength. For
FSW with high heat input of SLM fabricated AlSiioMg with high VED, fracture
occurred in the stir zone due to the higher heat input leading to the considerable
amount of dissolution of hardening precipitates and coarsening of Si-rich
particles from as identified in FESEM (Figure 7-13e and f) and XRD (Figure
7-4c).

183



JOINING OF SELECTIVE LASER MELTING CHAPTER 7
FABRICATED ALSIl;0MG COMPOSITES BY
FRICTION STIR WELDING (FSW)

A (b) SLM of AlSi, Mg
: with high VED

.,

(d) FSW with low heat input of
e SLM of AISi, Mg with high VED

1 (f) FSW with high heat input of
SLM of AlSi, Mg with high VED

Figure 7-29 Cross-sectional view of the samples before (left) and after the
tensile test (right).
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SLM of AlSi, Mg
with low VED

. (d) FSW with low heat input of
SLM of AlSi, Mg with low VED

o 43 B L 3 { a : .'"
- (f) FSW with high heat input of
A SLM of AlSi, Mg with low VED

Figure 7-30 Cross-sectional view of the samples before (left) and after the
tensile test (right).

Observation of the fracture site under the FESEM (Figure 7-31) reviews the
fracture mechanism that took place at the fracture site. Looking at fracture surface
of the as-received SLM of AlSi;oMg with high VED (Figure 7-31a) and low VED
(Figure 7-31b), elongated dimples were observed at the fracture surfaces

indicating ductile mode fracture mechanism. The grains of the SLM of AlSiioMg
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samples are columnar and grows along the thermal gradient in the melt pool.
Therefore, crack propagation could be along the grain boundaries resulting in
elongated dimples. Voids were also detected on the fracture surfaces indicating

the presence of small pores in the material.

Unmelted
Powder

SLM of AlSi, Mg SLM of AlSi, Mg
with high VED with low VED

FSW with low heat input of FSW with low heat input of
SLM of AlSi, Mg with high VED SLM of AlSi, Mg with low VED

: 3 10 pm
FSW with high heat input of FSW with high heat input of
SLM of AlSi, Mg with high VED SLM of AlSi, Mg with low VED

Figure 7-31 Fractography of SLM of AlSiioMg with and without FSW.
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Looking at the fracture site of the FSWed samples (Figure 7-31c-f), equiaxed
dimples were observed indicating ductile mode fracture mechanism. Similar
dimple structure was observed in samples with same FSW parameters. Smaller
dimples were observed in samples with high heat input indicating higher ductility
of the material which is consistent with the tensile results mentioned earlier.
During the tensile test, the slight plastic deformation phase as seen in the stress-
strain curve could be due to the development of microvoids at the grain
boundaries. These voids continued to grow as the stress increases. The voids

eventually merged and formed cracks that lead to the failure of the material.

The cross-sectional view (Figure 7-32 and Figure 7-33) and the FESEM image
of the fracture site (Figure 7-34) of as-received SLM of AlSiioMg - 2% wt.
nAl>,O3 with high VED and low VED were studied. SLM of AlSiioMg - 2% wit.
nAl2Os with high and low VED fractured without visible necking, and the
fracture path is perpendicular to the applied force similar to as-received SLM of
AlSi;oMg with high VED and low VED. SLM of AlSi1oMg - 2% wt. nAl2O3 with
low VED appeared to have fracture along the path connecting the porosity. The
sharp edges of the porosity could have acted as stress concentrators during tensile

testing, resulting in a reduction in the tensile strength.
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(@) o e ~(b) SLMof AlSi, Mg - 2% wt. nALO,
: . : v with high VED

(d) FSW with low heat input of SLM of
 AISi, Mg - 2% wt. nAL,O, with high VED

2mm

® FSW with high heat input of SLM of
AISi, Mg - 2% wt. nALO, with high VED

Figure 7-32 Cross-sectional view of the samples before (left) and after the
tensile test (right).
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= (b) SLM of A1Si, Mg - 2% wt. nALO,
¥ 2 with low VED

| (d) FSW with low heat input of SLM of
i 2151 Mg 2% wt. nALO, with low VED

= e ——

_ (f) FSW with high heat input of SLM of
AlSi, Mg - 2% wt. nAL,O, with low VED

Figure 7-33 Cross-sectional view of the samples before (left) and after the
tensile test (right).

FSW with low heat input of SLM of AlSiioMg - 2% wt. nAl,Oz3 with high VED
(Figure 7-32d) as well as FSW with low and high heat input of SLM of AlSiioMg
- 2% wt. nAl,O3 with low VED (Figure 7-33d and e) samples fractured at the
TMAZ region of the advancing side while FSW with high heat input of SLM of
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AlSi1oMg - 2% wt. nAl,Oz with high VED (Figure 7-32f) fracture in the stir zone.

This observation is similar to FSW of SLM of AlSi;oMg mentioned earlier.

Observation from the fracture site under the FESEM (Figure 7-34) reviews the
fracture mechanism that took place at the fracture site. Looking at fracture surface
of the as-received SLM of AlSi;oMg - 2% wt. nAl>O3 with high VED (Figure
7-34a) and low VED (Figure 7-34Db), elongated dimples were observed at the
fracture surfaces indicating ductile mode fracture mechanism similar to that of
as-received SLM of AlSiioMg with high VED and low VED. Agglomerated and
sintered nAl,O3 was observed at the fracture site corresponding to the observation
on the microstructure mentioned earlier (Figure 7-13a and b). The presence of
agglomerated nAl>Os could have acted as defects in the matrix resulting in stress
concentration in the region. For as-received SLM of AlSi;oMg - 2% wt. nAl,O3
with low VED (Figure 7-34b), clusters of unmelted powders with nAl>Oz was
observed, this could be the site of the porosity. The presence of porosity could
have acted as stress concentration sites during tensile testing, giving rise to lower

tensile strength as observed earlier.
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e BTS

SLM of AlSi, Mg - 2% wt. nALO, SLM of AlSi, Mg - 2% wt. nAL,0,
with high VED with low VED

FSW with low heat input of SLM of FSW with low heat input of SLM of
AlSi, Mg - 2% wt. nA1,0, with high VED AlSi, Mg - 2% wt. nAl O, with low VED

10 pm

FSW with high heat input of SLM of FSW with high heat input of SLM of
AlSi, Mg - 2% wt. nAl O, with high VED AlSi, Mg - 2% wt. nA1,0, with low VED

Figure 7-34 Fractography of SLM of AlSi;oMg - 2% wt. nAl,O3 with and
without FSW.

Looking at FSWed samples, FSW with low and high heat input of SLM of
AlSi;oMg - 2% wt. nAl>O3z with high VED (Figure 7-34c and e) showed similar
dimples to those of FSW with low and high heat input of SLM of AlSi1oMg with
high VED (Figure 7-31c and e). FSW with low heat input of SLM of AlSi1oMg -
2% wt. nAl,Os with low VED showed shallower dimples at the fracture sites
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(Figure 7-34d) corresponding to lesser elongation in the tensile results. FSW with
high heat input of SLM of AlSi;oMg - 2% wt. nAl>O3 with low VED showed
cleavage fracture with a break along smooth planes indicating lack of bonding.
The fracture occurred in the TMAZ region of the weld identified by its highly
deformed structure. During FSW, the TMAZ experiences both elevated
temperature and deformation resulting in the deformation of the material. The
TMAZ underwent plastic deformation and not recrystallisation due to the
insufficient deformation strain. During increased deformation from the higher
tool rotation speed, the porosity in the TMAZ of SLM of AlSi;oMg - 2% wt.
nAl,O3z with low VED could have connected or elongated, hence, the
phenomenon only occurred for FSW with high heat input of SLM of AlSiioMg -
2% wt. nAl,O3 with low VED.

The cross-sectional view (Figure 7-35and Figure 7-36) and the FESEM image of
the fracture site (Figure 7-37) of as-received SLM of AlSiioMg - 5% wt. nAl203
with high VED and low VED were studied. SLM of AlSi;oMg - 5% wt. nAl>O3
with high and low VED fractured without visible necking. The fracture path is
perpendicular to the direction of the applied force and connecting with the
porosity along the path. As-received SLM of AlSi1oMg - 5% wt. nAl>,O3 with low
VED fractured in a similar way to as-received SLM of AlSiioMg with low VED.
SLM of AlSi;oMg - 5% wt. nAl,Oz with low VED appeared to have fracture
along the path connecting the porosity. The sharp edges of the porosity could
have acted as stress concentrators during the tensile test, resulting in a significant
drop in tensile strength. For samples after FSW, the fracture occurred at the
parent material. During FSW, the intense plastic deformation and dynamic
recrystallisation resulted in the evolution of the microstructure and eliminated the
porosity in the material. This resulted in the weld region being stronger than the
parent material, corresponding to the tensile results.

192



JOINING OF SELECTIVE LASER MELTING CHAPTER 7
FABRICATED ALSIl;0MG COMPOSITES BY
FRICTION STIR WELDING (FSW)

J1|(b) SLM of AlSi, Mg - 5% wt. nALO,
with high VED

(f) FSW with high heat input of SLM of
AlSi, Mg - 5% wt. nAL,O, with high VED

Figure 7-35 Cross-sectional view of the samples before (left) and after the
tensile test (right).
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1(b) sLM of AlSi Mg - 5% wt. nALO,
with low VED

' (d) FSW with low heat input of SLM of
AISi, Mg - 5% wt. nALO, with low VED

FSW with high heat input of SLM of
AlSi, Mg - 5% wt. nAl, O, with low VED

Figure 7-36 Cross-sectional view of the samples before (left) and after the
tensile test (right).
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SLM of AlSi, Mg - 5% wt. nALO, SLM of AlSi, Mg - 5% wt. nAL,0,

with high VED with low VED

FSW with low heat input of SLM of FSW with low heat input of SLM of
AlSi, Mg - 5% wt. nAl,0, with high VED AlSi, Mg - 5% wt. nAl,0, with low VED

10 ym

FSW with high heat input of SLM of FSW with high heat input of SLM of
AlSi, Mg - 5% wt. nAl O, with high VED AlSi, Mg - 5% wt. nAl,0O, with low VED

Figure 7-37 Fractography of SLM of AlSi;oMg - 5% wt. nAl,O3 with and
without FSW.
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7.3.9 Conclusions

FSW was successfully used to join SLM fabricated AlSiioMg and its composites
together. The weldability, mechanical behaviour and microstructure evolution

were investigated and summarised as below.

a. Finer grains were achieved in the FSW region due to dynamic
recrystallisation process together with a considerably higher fraction of
high-angle grain boundaries during FSW.

b. Agglomerated and sintered nAl,Os were observed to have broken down
and dispersed in the matrix after FSW. Larger grains were detected with
the use of higher tool rotational speed.

c. The higher amount of Si was detected at the advancing side of the weld
region. This is mainly attributed to the higher temperature generated at
the advancing side resulting in more Si-rich particles being precipitated
out.

d. Considerable reduction in hardness and tensile strength were observed in
the weld region due to the precipitation of Si. Higher RS/TS gave rise to
larger grain sizes and lower hardness.

e. The addition of nAl>O3 contributed to finer grains and higher hardness
due to Zener pinner effect.

f. FSW can generate porosity-free welds while 18% porosity density was

received from as-printed substrates.
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CHAPTER 8

Conclusions and Future Work

These chapter summaries all major findings of this thesis; as well as proposes for

future work. Lastly, published works by the author are listed.

8.1 Conclusions

The fabrication of new Al-nAl>O3-CNTs composite, as well as the joining of
SLM fabricated AlSi1oMg, as well as AlSi1oMg-nAl,Oz composite was explored

for the first time were presented.

8.1.1 Fabrication of Al-nAl2O03-CNTs Composites via Friction Stir
Processing. (Chapter 4)

A new Al-based nano-composite reinforced with uniformly dispersed Al.Oz and
CNTs have been successfully fabricated using FSP. The effects multiple of nano-
particles reinforcement on the mechanical behaviour and microstructure
evolution in the friction stir processed Al matrix were studied and are

summarised as below.

a. Grain refinement can be observed in friction stir processing with/ without
the addition of nano-sized reinforcement particles. The presence of nano-
sized reinforcement led to more pronounced grain refinement as pinning
effect of the nano-particles have retarded the grain growth rate in the
dynamic recrystallisation process.

b. The micro-hardness and tensile strengths were increased significantly
through the addition of Al,Oz and CNTs nanoparticles. In particular, the
yield strength of the composites increased 70% compared with that of
FSPed Al when both Al,Oz and CNTs were added in the matrix.
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C.

8.1.2

For both Al-Al;O3 and Al-Al,O3-CNTs composites, Al2Oz particles can
always be found at the bottom of the dimples on the fracture surfaces,
suggesting void initiation at the Al/ Al>Os interfaces regions. The
significant increase in the yield strength of Al-Al,O3-CNTs is believed to
be related to the CNTs pull-out mechanism at sub-micron scale
inside/around the Al.O3 dominated fracture dimples. Shallower dimples
were observed on the fracture surface for composite with the addition of
Al>Oz3 and CNTSs, which led to significant reduction of elongation.
Multiple reinforcements with different shapes can be an effective method
to increase the tensile strengths, especially yield strength of metal matrix
composites.

Fabrication and Optimisation of SLM Process Parameters for The
Fabrication of AlSiioMg-nAl203 Composites. (Chapter 5)

The fabrication and optimisation of SLM process parameters for AlSiioMg-

nAl,O3 were studied and summarised as follows:

a. Powder preparation process has successfully coated the gas-atomised

spherical powder uniformly without causing any deformation. The
densification behaviour of the composites has been investigated, and
dense parts were fabricated with the use of high energy density input
within a threshold. The results have shown that SLM is indeed capable in
fabrication AMCs.

The mechanical behaviour and microstructure evolution of SLM
fabricated AlSi;oMg, and AlSiioMg-nAl,Os composites were studied.
Columnar grain structure along the thermal gradient was observed via
EBSD. The addition of nAl>Os contributed to further reduction in the
average grain sizes via the Zener pinning effect exerting pinning pressure

during grain growth.
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c. Significant reduction in the strengthening properties of AlSiioMg after the
introduction of nAl20s attributed to several factors such as the increase in
porosity, agglomeration of nAl>Os, dissolution of hardening precipitates
and coarsening of Si-rich particles in the matrix at high energy density
input. However, in this study, the use of AlSi;oMg have resulted in the
fabrication of AlSiioMg-nAl,O3 composites with superior mechanical
properties compared to Al-nAl,O3 composites using pure aluminium.

8.1.3 The Joining of SLM Fabricated AlSizoMg (Chapter 6)

FSW was successfully used to join SLM fabricated AlSiioMg parts together
without the presence of welding defects with rotational speed (RS) = 1200 rpm,
travel speed (TS) =1 mm/s, the tilt angle (TA) = 4.5°. The mechanical behaviour

and microstructure evolution were studied and summarised as below.

a. Higher amount of Si was detected at the advancing side of the weld region.
This is mainly attributed to the higher temperature generated at the
advancing side resulting in more Si-rich particles being precipitated out.

b. Grain refinement was observed in the friction stir welding region due to
dynamic recrystallisation process together with a significant increase in

the fraction of high-angle grain boundaries during FSW.
c. Asignificant decrease in the hardness and tensile strength were observed

in the weld region due to the precipitation of Si. The use of higher RS/TS
increased the grain size and slight reduction of hardness.
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8.1.4 The joining of SLM Fabricated AlSiioMg-nAl203s Composites via
FSW (Chapter 7)

FSW was successfully used to join SLM fabricated AlSi;oMg-nAl>.O3 composites.
The weldability, mechanical behaviour and microstructure evolution were

investigated and summarised as below.

a. Finer grains were achieved in the FSW region due to dynamic
recrystallisation process together with a considerably higher fraction of

high-angle grain boundaries during FSW.

b. Agglomerated and sintered nAl.O3 were observed to have broken down
and dispersed in the matrix after FSW. Larger grains were detected with

the use of higher tool rotational speed.

c. Higher amount of Si was detected at the advancing side of the weld region.
This is mainly attributed to the higher temperature generated at the

advancing side resulting in more Si-rich particles being precipitated out.

d. Considerable lower hardness and tensile strength were observed in the
weld region due to the precipitation of Si. Higher rotational speed to travel

speed ratio gave rise to larger grain sizes and lower hardness.

e. The addition of nAl>Oz contributed to finer grains and higher hardness

due to Zener pinner effect

f. FSW can generate porosity-free welds while 18% porosity density was

received from the as-printed substrates.

The above favourable results have shown that FSW has good potential as a
suitable joining technique for additive manufacturing (AM) fabricated

aluminium matrix composites (AMCs).
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8.2 Suggestions for Future Work

8.2.1 Elevated Temperature Tensile Test

Al-based composites are often used in elevated temperature applications. The
addition of reinforcement is believed to improve the thermal stability of the
microstructure and high-temperature mechanical properties due to the pinning
effect of the particles. Therefore, future work could be done to evaluate the

mechanical properties and performances at various elevated temperature.

8.2.2 Performing FSW Using Different Weld Configurations

Square butt weld configuration was tested in this research. However, there are
also many different types of welding configurations for different applications.
Therefore, building on the success of the current work, further work can be
carried out on other welding configuration like double sided butt joint, T-joint

and lap joint to increase its range of applications.

8.2.3 Residual Stress Analysis

The residual stress of FSW of aluminium alloy has been reported to be very low
in comparison to fusion welding [233]. However, the rapid melting and
solidification process of SLM has resulted in very large thermal and residual
stress in the build component [194]. Therefore, the study on the residual stress of

FSW joining of SLM fabricated component might be of value.
8.2.4 Corrosion Test

Al-Si aluminium alloy has good corrosion resistant properties. Studies have
reported that FSW can join aluminium alloys AA6061 together without
compromising the corrosion resistance properties. However, poorer corrosion
resistance was reported with conventional arc welding methods [234, 235]. On

the other hand, studies have shown that corrosion resistance has reduced at the
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melt pool due to the formation of preferential dissolution path in the HAZ of the
pool where silicon particles form idiomorphic crystals giving rise to galvanic

couples [236]. Thus, the study of corrosion behaviour could be of value.

8.2.5 Fatigue Analysis

Fatigue and durability are major concerns when it comes to structural material
especially in the aerospace or conductor applications as AMCs experiences
vibrations and other fluctuating loads which potentially leads to material
degradation [237]. Hence, the FSW joints must be able to have sustainable

fatigue crack growth resistance for it to be used.

8.2.6 Optimization of SLM fabricated composites

The fabrication of Al-Al>O3 using SLM is relatively new. Hence, the use of
different concentration of reinforcement was to explore the effect of different
composition on a preliminary study. However, the optimised concentration of
reinforcements for SLM fabricated Al-Al2O3, AI-CNT and Al-Al203-CNT could

be of interest as future work.

8.2.7 Youngs modulus determination

The Youngs modulus of the aluminium alloy and its composites is difficult to
establish as the maximum stress ramping rate required for accurate measurement
is 12 MPa/min. The ramping rate used in the current thesis appears to be much
higher than the allowed to support the accurate determination of the Youngs
modulus. Therefore, the determination of the Youngs modulus could be
conducted using ASTM B556 instead of ASTM ES8.

8.2.8 Nanoparticle yield of SLM fabricated composites

The nanoparticles could have been lost during the fabrication process of SLM.

The nanoparticles could have been expelled together with the recoil pressure
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together with the spatters. It could also have been caught in the fume filters. The
nanoparticle yield and management of the process could have added valuable

insights to the future fabrication of composites via SLM.

8.2.9 Investigation of material flow, shear layer thickness and dispersion

of oxide film from the faying surface using different tool geometry

The tool geometry also played a significant role in the flow of the material in the
stir zone. Thomas et al. [238] suggested that the ratio of the dynamic volume to
the static volume of the pin could increase the material flow properties. This
could allow FSW to be conducted with lower welding force accompanied with
easier plasticized flow and downward augering effect of the material. In this
study, a threaded pin with three flats was used has a ratio around 1.3:1. The use
of a Whorl™ tool with a ratio of 1.8:1 and MX Triflute™ pin with a ratio of 2.6:1

could improve the material flow in the weld.
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8.3 List of Publications

The author has produced several publications during this research. The

publications include five international peer-reviewed journal paper and three

international conference papers.
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3)

4)

Journal Papers

Zhenglin Du, Ming-Jen Tan, Jun-Feng Guo, Guijun Bi, Jun Wei. (2016).
"Fabrication of a new AI-Al,0s-CNTs composite using friction stir
processing (FSP)", Journal of Materials Science and Engineering: A:
Structural Materials: Properties, Microstructure and Processing, Volume
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Zhenglin_Du, Ming-Jen Tan, Jun-Feng Guo and Jun Wei. (2016).
“Aluminium-carbon nanotubes composites produced from friction stir
processing and selective laser melting”, Materialwissenschaft und
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and Jun Wei (2016) “Effect of Nano-Particle Addition on Grain Structure
Evolution of Friction Stir Processed Al 6061 During Postweld
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(2016). “Dispersion of CNTs in Selective Laser Melting printed AlSiioMg
composites via Friction Stir Processing”, Material Science Forum,
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8.3.3 Journal Papers Under Review or In Preparation

1) Zhenglin Du, Hui-Chi Chen, Ming Jen Tan, Guijun Bi, Chee Kai Chua.
“Selective laser melting of advanced nano-composite material AlSiioMg-
nAl;O3: Densification behaviour, microstructure and mechanical

properties”

2) Zhenglin Du, Hui-Chi Chen, Ming Jen Tan, Guijun Bi, Chee Kai Chua.
“Joining of selective laser melting fabricated advanced AlSi;oMg-nAl2O3
nano-composites by friction stir welding (FSW): Mechanical and

metallurgy properties”
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APPENDIX A

Appendix A

Energy Dispersive Spectroscopy (EDS) Results

This appendix contains the energy dispersive spectroscopy results of all the
samples in this study.
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Appendix B

Micro-Computerized Tomography (Micro CT) Scan
Results

This appendix contains the micro CT scan images of all the samples in this study.

5 mm

As-received SLM of AlSiioMg with high VED.
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5 mm

FSW with low heat input with low tilt angle of SLM of AlSi;oMg with high
VED.
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5 mm

FSW with high heat input with low tilt angle SLM of AlSiioMg with high VED.
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5 mm

FSW with low heat input with high tilt angle of SLM of AlSi;oMg with high
VED.
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5 mm
I

FSW with high heat input with high tilt angle of SLM of AlSiioMg with high
VED.
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5 mm

As-received SLM of AlSiioMg with low VED.
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5 mm

FSW with low heat input of SLM of AlSiioMg with low VED.
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5 mm

FSW with high heat input of SLM of AlSi;oMg with low VED.
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5 mm

As-received SLM of AlSiioMg - 2% wt. nAl2Os with high VED.
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FSW with low heat input of SLM of AlSiioMg - 2% wt. nAl>Os with high VED.
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5 mm

FSW with high heat input of SLM of AlSi1oMg - 2% wt. nAl>Os with high
VED.

256



APPENDIX B

As-received SLM of AlSiioMg - 2% wt. nAl>Os with low VED.
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5 mm

FSW with low heat input of SLM of AlSiioMg - 2% wt. nAl>Os with low VED.
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5 mm
I

FSW with high heat input of SLM of AlSi;oMg - 2% wt. nAl2Os with low VED.
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As-received SLM of AlSiioMg - 5% wt. nAl>O3 with high VED.
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5 mm

FSW with low heat input of SLM of AlSiioMg - 5% wt. nAl>Os with high VED.
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5 mm

FSW with high heat input of SLM of AlSiioMg - 5% wt. nAl>Os with high
VED.
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As-received SLM of AlSiioMg - 5% wt. nAl2Os with low VED.
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5 mm

FSW with low heat input of SLM of AlSi1oMg - 5% wt. nAl2Os with low VED.
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FSW with high heat input of SLM of AlSi1oMg - 5% wt. nAl.Oz with low VED.
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Appendix C

Tensile Test Results

This appendix contains the tensile test results of all the samples in this study.
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Tensile Properties of Al base metal and various composites produced by FSP.

Ultimate Tensile  Yield Strength

Types of tensile coupons tested Strength (MPa) (MPa) Elongation (%)
As-received AA6061-O* 125 55 25
As-received AA6061-T6* 310 276 12

FSPed Al 19343 95+4 18+2
Al-CNTs 178+28 112+2 10+5
Al-Al>;0O3 228+2 111+2 24+1
Al- Al203-CNTs 236+3 163+4 4+1

*Tensile property values for AA6061-O and AA6061-T6 base metal are from ASM Handbook [54].
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The tensile result of various aluminium alloy and its composites for chapter 5.

0.2% Yield Strength (MPa) UTS (MPa) Elongation (%)
Rolled sheet of AA6061-O 55 125 25
Rolled sheet of AA6061-T6 276 310 12
SLM of Al - 4% vol. nAl>Os [57] 110 160 5
SLM of AlSiioMg with high VED 275+6 439+13 62
SLM of AlSi;oMg with low VED 265+4 355+8 3+1
SLM of AlSiioMg - 2% wt. nAl,0Os with high VED 215+3 363+10 5+1
SLM of AlSiioMg - 2% wt. nAl,0s with low VED 168 +2 175+3 1+1
SLM of AlSiioMg - 5% wt. nAl>O3 with high VED 111+5 194 +21 3+1

SLM of AlSi;oMg - 5% wt. nAl,O3 with low VED 105+ 4 105+9 11
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Tensile results of various aluminium alloys with and without FSW for chapter 6.

APPENDIX C

0.2% Yield UTS Elongation Weld
Strength (MPa) (MPa) (%) Efficiency (%)
Rolled sheets of AA6061-O [54] 55 125 25
Rolled sheets of AA6061-T6 [54] 276 310 12
SLM fabricated AlSiioMg 275+ 6 439 + 13 62

FSW of rolled sheets AA6061-T6 [219] 148 232 64.2
FSW of AlSiioMg with RS = 1200 rpm, TS =3 mm/s, TA = 2.5° 110+ 3 131+5 2+1 29.17
FSW of AlSii;oMg with RS = 1200 rpm, TS =1 mm/s, TA = 2.5° 128 £ 2 2355 6+1 52.24
FSW of AlSiioMg with RS =600 rpm, TS =1 mm/s, TA=4.5° 148 + 3 237+4 7+x1 53.9
FSW of AlSiioMg with RS = 1200 rpm, TS =1 mm/s, TA =4.5° 146 £ 5 8+1 54.7

240+ 8
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Tensile results of various aluminium alloys with and without FSW for chapter 7.

0.2% Yield UTS Elongation  Weld Efficiency
Strength (MPa) (MPa) (%) (%)
Rolled sheets AA6061-T6 (as-received) 276 310 12
FSW of rolled sheets AA6061-T6 [219] 148.3 231.6 5.9 64.2
SLM of AlSi;oMg with high VED (as-received) 2756 439+13 6+2
FSW with low heat input on SLM of AlSi1oMg with high VED 148+3 23714 7+1 53.9
FSW with high heat input on SLM of AlSi;oMg with high VED 1465 2408 8+1 54.7
SLM of AlSi;oMg with low VED (as-received) 265+4 3558 3+1
FSW with low heat input on SLM of AlSi;oMg with low VED 1461 238+2 6+1 67.0
FSW with high heat input on SLM of AlSi;oMg with low VED 140+1 240+2 5+1 67.8
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Tensile results of SLM of AlSi;oMg - 2% wt. nAl>Os with and without FSW for chapter 7, where YS is yield strength, UTS is the

ultimate tensile strength, EL is the elongation, and WE is the weld efficiency.

Material and Process vS VTS EL (%) WE (%)
(MPa) (MPa)

SLM of AlSi1oMg - 2% wt. nAl.O3 with high VED (as-received) 215+3 363+10 5+1
FSW with low heat input on SLM of AlSi1oMg - 2% wt. nAl.O3 with high VED 145+1 235+1 6+1 64.8
FSW with high heat input on SLM of AlSi1oMg - 2% wt. nAl,O3 with high VED ~ 136+1 243+2 10+2 66.8

SLM of AlSi1oMg - 2% wt. nAl>Os with low VED (as-received) 168+2 175+3 1+1
FSW with low heat input on SLM of AlSiioMg - 2% wt. nAl,O3 with low VED 128+4 146+10 3+1 83.3
FSW with high heat input on SLM of AlSi1oMg - 2% wt. nAl,Os with low VED 12442 13545 3+2 77.1
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Tensile results of SLM of AlSi;oMg - 5% wt. nAl>O3 with and without FSW for chapter 7, where YS is yield strength, UTS is the

ultimate tensile strength, EL is the elongation and WE is the weld efficiency.

YS UTS
EL (%) WE (%)
(MPa) (MPa)
SLM of AlSi1oMg - 5% wt. nAl.O3 with high VED (as-received) 11145 194+21 3+1
FSW with low heat input on SLM of AlSi1oMg - 5% wt. nAl>Os with high VED 102+1 169+3 5+1 87.1
FSW with high heat input on SLM of AlSiioMg - 5% wt. nAl>O3 with high VED 95+2 164+4 3+1 84.5
SLM of AlSiioMg - 5% wt. nAl2O3 with low VED (as-received) 105+4 10549 1+1
FSW with low heat input on SLM of AlSi1oMg - 5% wt. nAl>Os with low VED 91+1 91+3 1+1 86.9

FSW with high heat input on SLM of AlSiioMg - 2% wt. nAl>O3z with low VED 97+1 1033 2+1 98.2
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