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Abstract

Wire-arc additive manufacturing (WAAM) is a common metal 3D
printing technique that offers several benefits, including the high rate of
deposition, relatively low price, and efficiency to prepare complex parts.
WAAM has demonstrated its ability to meet the demands of manufacturing
components on medium-to-large sizes made of aluminium for the
automotive and other related industries. Even though that, it cannot currently
be used as a complete production procedure due to some practical issues such
as mechanical properties that are not matched and the presence of significant
residual stresses. The additive manufacturing (AM) technologies offer
promising new benefits with the Metal Matrix Composite (MMCs) as a
solution for some challenges. This dissertation studies the effect of adding
ceramic particles (Al.O3) with different percentages to the Al-5Si alloy (type
4043) on the mechanical and microstructural properties. These
reinforcement particles were added to the Al-5Si alloy, and the composite
material was prepared by stir casting. The material was then rolled to get the
required wires with a diameter of (2.5) mm.TIG welding machine and
WAAM device were developed especially for this study to build 3D walls
with dimensions of (250,110) mm with single-pass width. An Al-alloy
(1xxx) with dimensions of (300x150x15) mm was used as a substrate to build
three walls. The results of this study showed that the deposit 4043 Al-alloy
without AlO; has a distinctive microstructure transition coarse grain,
columnar, and fine at the bottom, middle, and upper regions of the wall
respectively. The alumina addition promoted the columnar to equiaxed grain
transition, and the grains were significantly refined; the variation of the
AL Os fraction had a great influence on the microstructure of the deposited
layer. When 5 % Al,Os; particles were added, the structure gradually

transformed from columnar grains to coarse grains; when 10% AlOs3



particles were added, the grain size gradually decreased and became more
evenly distributed. The hardness levels showed significant differences from
one region to another (32-63)HV for the same sample and from one sample
to another with different ALO; particle additions This can be attributed to
the differences in the microstructure. The addition of alumina particles
decreased the differences in hardness levels between different regions. As
the fraction of ALO; particles is increased, the difference in hardness
decreases until the values are almost equal. Furthermore, the overall level of
hardness increased by increasing the fraction of AlOs particles. The vertical
and horizontal specimens of the prepared wall without adding alumina
particles showed a clear difference in their behaviour under the tensile test.
Nonetheless, this difference decreased significantly with the addition of
alumina particles, and with the increase of the percentage of alumina
particles to 10%, the behaviour of the horizontal and vertical samples became

very close.
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Chapter One Introduction

CHAPTER ONE

1. Introduction

This chapter provides an introduction to the motivation for this work, a
clarification of the aims of the study, and an overview of the contents of this

dissertation.

1.1 General View

Manufacturing processes have been continuously developing from
conceptualization to actual methods suitable for the fabrication of complex
products. In traditional manufacturing, fabrication refers to the process
where the raw materials are converted into the final product. However,
manufacturing is currently defined as an integrated concept with production
phases. In this context, various new concepts are introduced with fewer
constraints on design and production. Additive manufacturing (AM),
nanotechnology, and next-level robotics are examples of processes that are

revolutionizing manufacturing technology [1].

Additive manufacturing, also known as three-dimensional (3D) printing
technology, was introduced as a rapid prototyping method that can be used
for different materials. As the name indicates, AM refers to adding raw
materials during manufacturing, which includes various assembly and rapid
prototyping processes [2]. According to the American Society for Testing
and Materials ASTM F2792-10 and the International Organization for
Standardization (ISO), AM is defined as the “process of joining materials to
make objects from 3D model data, usually layer upon layer” The basic
principle of this technology is that a geometric model, initially generated
using three-dimensional Computer-Aided Design (3D CAD) system (e.g.
CATIA, Pro/Engineer, SolidWorks), can be manufactured directly without
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the need of process planning [3]. However, currently, AM techniques are
being significantly utilized in various applications, such as automotive [4],
aerospace [5], electronics [6], dentistry [7], and medicine [8]. In AM, various
materials can be used owing to their wide range of mechanical and chemical

properties.

The industrial applications of 3D printing prove that the list of materials
employed in this technique increases continually. The worldwide
consumption of 3D printing systems, materials software, and related issues
1s expected to result in annual growth of 22.3% in the next few years [9].
Moreover, IDTechEx forecasts that the worldwide market for 3D printing
materials will be worth $23 billion by the year 2029 [10].

1.2 The Benefits of Additive Manufacturing

This technology has been described as revolutionizing product
development and manufacturing. Some have even gone on to say that
manufacturing, as we know it today, may not exist if we follow AM to its
ultimate conclusion and that we are experiencing a new industrial revolution.
Figure (1.1) show Some main benefits that come with using a 3D printer

[11].
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The fast Speed, the “rapid” character of this technology is
not just in terms of the time it takes to build parts. The
speeding up of the whole product development process relies
much on the fact that we are using computers throughout.

Freedom to design whatsoever and customizability, the
design intent can be easily achieved with AM and we might
just as easily say that What You See Is What You Build
(WYSIWYB).

Cost and material saving, the additive method is far more
economical and eco-friendly and helps minimize wastage of
material. The material leftover during the manufacturing
process (using subtractive methods) usually gets scrapped,
additive manufacturing can reduce material costs and waste
by as much as 90 percent.

Saves on Energy Costs, When compared with traditional
manufacturing  processes, additive manufacturing can
significantly reduce energy usage by using less material and
eliminating steps in the production process. Take this example
cited in a recent report by the Department of Energy:

“LEAP jet engine from GE and Sneema incorporates fuel
nozzles printed with laser sintering. Conventional manufacturing
process welds 20 parts to produce the fuel nozzle, while AM
produces a single piece that is 25% lighter, five times more
durable, and reduces fuel burn by 15%”

Figure (1.1): Some main benefits of AM
(The information inside the Figure is taken from the source [11] )

1.3 The Global Impact of the Additive Manufacturing

Various aspects, such as clean production, manufacturing with low

environmental impacts, and green products are important topics in

manufacturing process developments that must be considered [12].

However, all manufacturing processes consume energy, utilize materials,

and release pollutants. The same applies to AM technologies. Although there

is a long way to environmentally-friendly manufacturing, 3D printing can

play an important role in creating a sustainable manufacturing industry. AM

affords manufacturing and environmental benefits, the life cycle assessment

(LCA), design for environment (DFE), and other methods have been
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proposed to evaluate the environmental impacts of different manufacturing
processes over the years [1,13]. Although appropriate standards for the
environmental impact assessment of AM processes are insufficient the
investigations concluded that AM demonstrates positive environmental
benefits [14]. The global impact of the 3D printer is seen through the
environmental, social, and economic impact. Many factors affect the
environmental impacts of AM processes. For instance, layer thickness,

process time, and material type [1].

While the social impact deal with the educational importance of this
technical field and healthcare like takes advantage of them in the Bioscience
[15]. The economic impact deal with the cost and the term cost in the

engineering field means money, time and effort.

AM printing technology consolidates the number of components and
processes required for manufacturing. reduce complexity, improve time-to-
market, saving on production and waste material have significantly affected

the environment and global supply chains [1].

1.4 Environmental Drawbacks of Conventional Manufacturing

1. The massive demand for energy from fuels is related to
manufacturing and transportation.

2. Material waste caused by ineffective use of materials-CNC milling
can produce up to 95% of waste

3. The quality of air, water, and soil will affect when toxic substances
related to production find their way into the area around the factory

4. Sub-optimal design can lead to unnecessary bulky or ineffective

products, which in turn leads to waste [16].
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Each of the four environmental disadvantages of traditional
manufacturing mentioned above can be mitigated (or even fixed) by 3D

printing as explained below in Figure (1.2).

Global impact of AM

1-Economic impact 2- Society impact 3-Environmental impact

ﬁost \ Healthcare /Reduce carbon footprint\

1. Lower labour costs Safety The carbon emissions
2. Reduced consumption of raw reduc?mns in 3D print by )
materials (no wastage) reducing transport <

3. Lower costs due to human Tl portation

> error related to shipping (Trucks,

4. Transpor} costs decrease trains, ships, and planes)
5. Prototyping cost are lower burns fuel at a staggering

6. Avoid the needless waste of
duction b £ . pace. It's percent over 30%
production by manufacturing of U.S. emissions /

on demand
\ 7. Reduces overall enerev way
No toxic by-products
Trade

3D printing does not generate
( Reducing global trade) any toxic byproducts, which
guarantees that air and water
quality will not be directly

3D printing is a rising threat to world
»  trade. According to a new ING report,
world trade will be 23% lower in 2060 if harmed.
the growth of investments in 3D printers
continues at the current pace. If
investments accelerate domestically,
printed goods could already wipe out

Q% of world imports in 2040 /

Light manufacture

The technology has enabled huge design
improvements that shave off weight
without compromising strength. That is a
recipe for fuel savings in everything from
jet engines to car chassis.

- )

Figure (1.2): The Globel impact of AM (the information inside the chart taken from
sources [1][15][16]).
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1.5 Problem Statement

Nowadays, there is a global and significant interest in AM to manufacture
defect-free or semi-free components in modern fields, especially those used

in the automotive and aircraft industries.

In AM technologies, the thermal cycle during the addition of one layer
over another leads to continuous grain growth in the vertical direction. As a
result, a mismatch in the properties in the vertical and horizontal direction
will take place. Consequently, this research studies the possibility of
reducing or limiting this defect by adding ceramic particles that serve as

nuclei regions for more grains during the solidification of each new layer.

1.6 Objective of this Study

Study the feasibility of improving the microstructure, and as a result the
mechanical properties of the Aluminum alloy (4043) produced by using
additive manufacturing technology by adding ceramic particles (Al>O3) as a
reinforcement material and making the properties of the resulting product as

close as possible to the isotropic properties.

1.6 Dissertation Outline

Chapter 1: Introduction

This chapter gives an introduction to the dissertation and describes briefly
the benefits of AM used and its global impact in addition to the goal of the

dissertation.

Chapter 2: Theoretical Part and Literature Review

This chapter includes the theoretical part of this dissertation. In this part,
AM technology starting from the definition, advantage, drawback, types,
operation, and application will be described. This chapter also shows the

literature review related to this work.
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Chapter 3: Experimental Methods

This chapter deals with the experimental work, including the preparation
of materials and production of samples for tests, and explains how the digital
image correlation (DIC) technique was applied during the tests for detecting

the displacement and strain fields.

Chapter 4: Results and Discussion

This chapter shows the experimental work results, and compares these

results with DIC results.

Chapter 5: Conclusions and Suggestions for Future Works.

This chapter consists of the conclusions and suggestions for future works.
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CHAPTER TWO
Theoretical Part and Literature Review

2.1 Introduction

This chapter gives general information about the AM processes and their
classification with a focus on the wire-arc additive manufacturing (WAAM),
which is the method used in this study, from two points of view, the
manufacturing process and metallurgy including the materials used in such
processes. Another section in this chapter gives some details about the
aluminium alloys used in the WAAM and the challenges when using them.
The last section presents the literature review related to the subject of the

dissertation.

2.2 AM Technologies

Nowadays, the making of many different products or products parts are
still made using solid blocks of raw material which is machined and a lot of
material removed until the desired shape is acquired. Similarly casting,
forming, welding, and other technologies are used in the classical process
chain, to make specific parts. However, since the 1980s different
manufacturing technologies were being developed, that used vastly different

approaches. Those technologies are AM [17].

AM refers to a group of technologies that build physical objects directly
from three-dimensional CAD data. The main underlying principle is making
parts by adding material, instead of removing it. AM adds liquid, sheet, wire,
or powdered materials, layer-by-layer, to form parts with little or no

subsequent processing requirements [18].

This approach has many advantages over conventional technologies
including near 100% material utilization, short lead times, and un-rivalled
geometric freedom of design, but it also brings different problem sets that

need to be solved [17].
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For this technology, several terms have been coined. Although the term
additive manufacturing, or AM, has been used in this dissertation because it
is the most commonly used, there are a variety of other terms in use. The
ASTM F-42 committee was recently formed to standardize AM terminology,

as shown in Figure (2.1).

— [11,18] — Q [11]

~ -
——

m Automated fabrication (Autofab)

It was supposed to emphasize the fact that computers
and controllers could take control of manufacturing
processes, making them more efficient and easier to
perform.

A4

used to imply that the build time of a part does not
depend on the geometry. In other words, the rule "the
more complex parts, the longer time to build it takes",
which is usually applied with conventional production
methods, does not apply here.

HH Freedom fabrication

Additive manufacturing term is saying that we are
adding material to build the part instead of removing
it.

Additive Manufacturing or Layer-
Based Manufacturing

3D printing term was mainly used within MIT
researchers, and was implying the application of
common 2D printers and adding a third dimension. the
general public is much more likely to know the term
3D Printing than any other term.

H 3D printing

is saying that with AM, one is able to make functional
prototypes faster and cheaper, all of that without any
other special equipment needed .

H Rapid prototyping

AVAVAVE VY

Figure (2.1): Schematic outlining some alternative terms in the field of AM.
(The information inside the Figure is taken from sources [11,18]).

2.3 Basic Steps of Additive Manufacturing

Due to layer-based manufacturing, sometimes additively manufactured
parts require postconditioning. As a result of these additional steps, AM can
be divided into many categories. From the CAD model to the finished part.
AM technology is separated into eight different steps as shown in Figure

(2.2) [11].
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STL file should be transferred to
the machine. The file should be
verified for its right size and build —

= orientation. Also, if there are ﬁ@ﬂf

multiple parts they should be i =
: properly placed so they wouldn't =

i gﬁf; overlap with other parts. = .-‘—E'H e ——
—_— - The STL (stereoclithography) file
It is a crucial step in this process contains information for each
the parameters should be layer. It is exported into 3D
properly set up to achieve the visualizer software The STL
tolerances of the manufactured files are then converted into
part. Such as layer thickness, lavers in 3D.
orientation, energy provided, 2. STL conversion

A The AM technology begins

timing...etc. ) X

[ Additive \ with the generation of 3D
This is step is manufacturing rnl:_idel of the desired pa_m
more of automated | |5 Part building e eeasinE 1. CAD model | using a CAD program or with

a 3D scanner (to copy an

process done by
.. the machine

existing part). N
In this phase, the machine
is done producing the part

!B. Part remcva]l 8. Application Final producb L)
and the user has to take it
out. 7. Post-processing

Once the parts are produced,
they might need some
additional treatment such as | |
curing, sintering and cleaning '

Figure (2.2): AM process chain.
(The information inside the Figure is taken from references [11,19]).

2.4 Materials Used in Additive Manufacturing

Early, AM technologies were built around materials that were already
available and that had been developed to suit other processes. However, AM
processes are somewhat unique, and these original materials were far from
ideal for these new applications. However, when came to understand the
technology better, materials were developed specifically to suit AM
processes. Materials have been tuned to suit more closely the operating
parameters of the different processes and to provide better output parts. As a
result, parts are now much more accurate, stronger, and longer-lasting. In
turn, these new materials have resulted in the processes being tuned to
produce higher-temperature materials (including metals), smaller feature
sizes, and faster throughput [11]. A classification of the material used in AM

is shown in Figure (2.3).
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Metal Ceramics
are used in AM processing
There are many ways and because of their chemical
AM methods to form metals structures and resistance to
through the indirect (by high temperatures. like
bonding the metal with post- alumina, silica and zirconia.
processing) or direct way Ceramics can be produced
(by melting metal particles through indirect or direct
together ) process
g A
Polymers {?{atemf. t:lsea' Camoes
are the most widely _— in Additive
used material in AM. Manufcturin Composites can be
Most notably, nylon is 9 mixed uniformly or no
the most widely used uniformly to make
polymer because it [ different compounds
melts and bonds better in AM
than other polymers
Functionally graded
materials
can be created through AM
processing One example is a
pulley that contains more carbide
near the hub and rim to make it
harder and more wear resistant
and less carbide In other areas to
increase compliance.

Figure (2.3): Material used in AM.
(The information inside the Figure is taken from sources [18]).

2.5 Additive and Conventional Manufacturing Processes
Conventional technologies are often divided into subtractive, casting, and
forming technologies. AM shares some of its deoxyribonucleic acid (DNA)
with conventional manufacturing technologies like Computer Numerical
Controlled (CNC) machining. CNC technologies in general are computer-
based manufacturing technologies that are capable of making complex parts

directly from CAD data but in a subtractive rather than additive way [11].

Figure (2.4) represents a simple illustration of the difference between
additive and subtractive manufacturing. In subtractive manufacturing (A), a
block of material must be at least as big as the part that is to be made and
processed by material-removing machines according to digital design with a
large amount of residual material. In AM (B), a starting material (powder,
liquid, filament, etc.) is processed by a 3D printing machine, which deposits
just the required amount of material in a layer-by-layer way before the final
3D object is obtained. The amount of residual material left over after the
process is significantly lower than that resulting from subtractive

manufacturing [20].
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m ..

Material Subtractive 3D object Waste
Manufacturing
B
e + St 3
DR =g my Waste
Material

Additive

Manufacturing Atk oldect

Figure (2.4): Additive vs subtractive manufacturing illustration [20].

AM industry developed rapidly and is today worth several billions of
dollars on the market. Between AM and traditional manufacturing, there is
no one definite winner even when AM technologies develop not to replace
conventional technologies but to complement it. Conventional
manufacturing will probably always have its place on the market. It can be
supported by AM when possible to increase manufacturing speed, simplicity
and reduce product price. There are even available machines, trying to merge
CNCs and AM into a single functional production machine [11]. Figure (2.5)

shows when to use AM rather than traditional manufacturing.

Trade-Offs ~AMVs Traditional Manufacturing

Additive Manufacturing

Traditional Manufacturing

Design complexity: AM enables the creation of
intricate designs to precise dimensions that are
difficult or impossible to create in traditional
methods.

Speed to market: AM systems can
manufacture products with little or no tooling,

saving time during product design and
development and enabling on-demand
manufacturing.

Waste reduction: AM typically uses less
extraneous material when manufacturing
components thus significantly reducing or
eliminating scrap and waste during production
this makes AM a more efficient process.

Mass production: traditional manufacturing is
well-suited for high-volume production where
fixed tooling and setup costs can be amortized
over a large number of units.

Choice of material: Traditional manufacturing
techniques can be deployed to a wide variety of
materials.

Manufacturing large parts: Compared with
AM systems, which are constrained by the
envelope sizes currently available, traditional
machining is better suited to manufacturing
large parts.

Figure (2.5): Tradeoff’s- AM vs. traditional manufacturing [21].
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2.6 Classification of AM Technologies

All AM is done in layers, but the way the layers are formed and fused can
vary, So in 2010, the ASTM International Committee F42 classified AM
techniques into seven different categories as shown in Figure (2.6). Amongst
these, only four methods can produce metallic parts in which only one
method can create an additively manufactured shaped component in

conjunction with metallic filler addition [22,23].

Directed Energy _______..4{ Metal l
Deposition
( Thermoplastic polymer
/\ Thermoset polymer
Material Jetting

( Thermoplastic polymer
\ Structural ceramic

Material Extrusion

( Thermoplastic polymer

Additive f Metal

- H _,__-——'-""' » -

Manufacturing : I Powder Bed Fusion Industrial ceramic
Structural ceramic ~ /

Thermoplastic polymer

Powder Jetting
\ Metal

k Industrial ceramic

Vat Photo- Structural ceramic =~/

| isati
e Hbmadoedcl \/ Thermoset polymer )

Industrial ceramic

Thermoplastic polymer N\

Sheet Lamination
Wood

Metal
Industrial ceramic ~ /

Figure (2.6) Seven AM processes according to ASTM Committee F42 on AM with
respective material handling capabilities [22].

A diverse set of processes has been used to form feedstock (powder,
sheets, or wire) into 3D objects. All metal AM processes must consolidate
the feedstock into a dense part. The consolidation may be achieved by
melting or solid-state joining during the AM processes to achieve this, as

shown later in detail. The four types of metal AM are shown in Figure (2.7).
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The other three categories specified in the standard do not currently apply to
metal technologies: material extrusion, material jetting, and vat photo-
polymerization as shown briefly in Figure (2.8). There are unique uses,

strengths, and challenges for each process. [24].

Metal Additive Manufacturing Processes

Sheet lamination Direct energy deposition Binder jetting Powder bed fusion
(5L) [25.26] (DED) [25,26] (BJ) [26] (PBF) [25,26]
Laminated object f)-PﬂwffEffdfd Sll’sz:@! Powder bed and Selective laser
- ﬂﬂt 5
manufacturing {LOM) (]?E;Se;g)ﬂem ping inijet 3Dprinting melting {SLM)
Ultrasonic additive ) o (3DP) Direct metal laser
manufacturing Direct metal deposition sintering (DMLS)
(UAM) (DMD)
o Selective laser
Friction stir additive e sintering (SLS)
manufacturing .
(FSAM) Laser freeform fabrication Electron beam
(LF3) melting (EBM)
B)-Wire fed system 1
Electron beam freeform
fabrication (EBF3) [27]

Wire and arc additive
manufacturing (WAAM)

[27] [28]

Eleciron
Inkjet Pr.inth'alL

Powder Roller
_.,. Green Par‘l.______

Matarial (metal)
g Sy

Obaect

Powder Feed Tank Build Tank

Figure (2.7): Schematic representing different Metal AM processes. (The information
inside the Figure taken from sources [25]] 26][27][28]).
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Figure (2.8): AM processes for non-metallic material
(The information inside the Figure is taken from sources [11][18][29]).

2.7 AM Processes for Metallic Material
2.7.1 Binder Jetting

The binder jetting process uses two materials; a powder-based material and

a binder. The binder acts as an adhesive between powder layers. The binder

is usually in liquid form and the build material in powder form. A print head

moves horizontally along the x and y axes of the machine and deposits

alternating layers of the build material and the binding material. After each

layer, the object being printed is lowered on its build platform [11].

Due to the method of binding, the material characteristics are not always

suitable for structural parts and despite the relative speed of printing,

additional post-processing can add significant time to the overall process.
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As with other powder-based manufacturing methods, the object being
printed is self-supported within the powder bed and is removed from the
unbound powder once completed. The technology is often referred to as 3DP
technology and is copyrighted under this name [1]. Figure (2.9) shows binder

jetting processing

Binder Supply

—

Print Head

-'- L ks e

Figure (2.9): Binder jetting processing [30].

2.7.2 Powder Bed Fusion

The Powder Bed Fusion process includes the following commonly used
printing techniques: Direct metal laser sintering (DMLS), Electron beam
melting (EBM), Selective heat sintering (SHS), and Selective laser melting
(SLM), and Selective laser sintering (SLS) [18].

Powder bed fusion (PBF) methods use either a laser or electron beam to
melt and fuse the material powder. Electron beam melting (EBM) methods
require a vacuum, but can be used with metals and alloys in the creation of
functional parts. All PBF processes involve the spreading of the powder
material over previous layers. There are different mechanisms to enable this,
including a roller or a blade. A hopper or a reservoir below or aside the bed

provides a fresh material supply [31].
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Direct metal laser sintering (DMLYS) is the same as SLS, but with the use
of metals and not plastics. The process sinters the powder, layer by layer.
Selective Heat Sintering differs from other processes by way of using a
heated thermal print head to fuse powder material. As before, layers are
added with a roller in between the fusion of layers. A platform lowers the

model accordingly [31].

One of the main advantages of the PBF process is that does not require
support structures because the powder acts as an integrated support structure,
which can increase the design freedom. Moreover, this technique is
inexpensive and suitable for prototypes. Size limitation, high power
consumption, and relatively low-speed printing are considered

disadvantages of this AM process [1].

High energy source

Powder I

container [
I
| '.I AM deposite within the
[ powder bed
[ ]

Roller G > | |
Substrate

Powder

Retractable
collector

platform

AN

Figure (2.10): Generic illustration of a PBF AM system [32].

2.7.3 Sheet Lamination (SL)
Sheet lamination processes include ultrasonic AM (UAM) and laminated
object manufacturing (LOM) as shown in Figure (2.11). The Ultrasonic AM

process uses sheets or ribbons of metal, which are bonded together using
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ultrasonic welding. The process does require additional CNC machining and

removal of the unbonded metal, often during the welding process [24].

(a) (b)

' High energy beam Rotating
Beam focgsing © source (Laser) NG cylindrical
mechanism N I sonotrode
- Heated roller Remova |
Foil feeder
. | |
Take-up roll Supply roll Substrate -

Figure (2.11): Generic illustrations of SLAM systems: (a) Laminated object
manufacturing (LOM) [2] (b) Ultrasonic AM (UAM) [33].

2.7.4 Direct Energy Deposition

The DED process can be further subcategorized according to its material

feedstock mode (i.e. powder-feed systems and wire-feed systems) as shown

in Figure (2.12).

DED process is a category of AM techniques that use a focused beam or
an electric arc to fuse metallic powder or wire materials feedstock by layer-
melting [24]. Metal parts fabricated by DED processes exhibited a high
cooling rate of solidified microstructures [11]. The layer of material being
deposited can vary between 0.1 to a few millimetres in thickness [24].
Powder-fed AM systems have shown unique advantages in the repair of

worn or damaged metal components as they are not restricted to a powder

bed [1].

DED processes are capable of producing functionally graded
(heterogeneous) parts due to their flexibility to change materials’
compositions at each layer, by simply adjusting feeding materials and
process parameters. On the other hand, wire-fed systems have the highest

deposition rates due to the feedstock of wire materials [11].
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Figure (2.12): Schematics of two DED systems: (A) uses laser together with powder
feedstock and (B) uses an electron beam and wire feedstock [34].

2.8 Wire and Arc AM (WAAM) Process

Since 1920, the technology of depositing weld metal to manufacture
entire components has been adopted, and this technology is now used as a
wire arc additive manufacturing (WAAM) technology. This technology has
several benefits compared to conventional manufacturing methods. It helps
in utilizing the material efficiently and reducing wastage or increasing buy-
to-fly ratio (BTF) which is the ratio of the mass of the starting billet of
material to the mass of the final, finished part. As well as the ability to
potentially ignore the size limit of component manufacturing and cost-
effectiveness in comparison to powder-based processes that depend on

expensive materials [22].

2.8.1 Definition of WAAM

WAAM is wire-feed AM technology that is being included indirect
energy deposition (DED), according to ASTM F2792-12a [35]. It's also
known as a heat source made from an electric arc and a raw material made
from metal wire. Figure (2.13) depicts this mechanism schematically.

WAAM is based on the automatic welding process as a concept. Rapid
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prototyping (RP), shape melting (SM), shape welding (SW), shape Metal
deposition (SMD), solid freeform fabrication (SFF), and even 3D welding
have all been used to describe WAAM in recent years. [26].

Torch

New layer N

\

Molten pool

Compnent

Substrate

Figure (2.13): Schematic representation of the wire and arc AM (WAAM) process [36].

2.8.2 Classification of WAAM
Depending on the nature of the heat source, there are commonly three

types of WAAM techniques as shown in Figure (2.14) [35]:

1. Gas Metal Arc Welding (GMAW)-based.
2. Gas Tungsten Arc Welding (GTAW)-based.
3. Plasma Arc Welding (PAW)-based.

T e ee— i
] |
: | Powder — Laser 4[ GTAW
N T = T T
DED ]— I | | l | l
| 1 = L | 1

T i
1 : Wire Arc { GMAW
| I | | | | i i
| | | ] | | | 1
\ | , | p \
| : l i\ Electron —[ PAW
1 | L 4
:AM classified | ! Feeding : ] | : 1
| process | | capability | | Heat source | i End Process |

Figure(2.14): Typical classification of WAAM [22].
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GMAW is a welding process in which an electric arc forms between a
consumable wire electrode and the workpiece metal. The wire is normally
perpendicular to the substrate. A modified GMAW variant based on a
controlled dip transfer mode mechanism has been widely implemented for

AM processes due to its high deposition rate and low heat input [37,38].

GTAW and PAW use a non-consumable tungsten electrode to produce the
weld. Different from GMAW, the wire feed orientation in GTAW and PAW
is variable and affects the quality of the deposit, which makes the process
planning more complicated [26]. A schematic diagram of the GMAW,
GTAW, and PAW processes is shown in Figure (2.15).

The deposition rate of GMAW-based WAAM is 2-3 times higher than
that of GTAW-based or PAW-based methods. However, the GMAW-based
WAAM is less stable and generates more weld fume and spatter due to the
electric current acting directly on the feedstock. The choice of the WAAM
technique directly influences the processing conditions and production rate

for a target component [39].

Plasma gas  Shielding gas
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Workpiece Plasma arc\
® : Weld pool
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electrode Workpiece
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Contact tube
gas _z
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Figure:( 2.15) Schematic diagram of (a) GMAW, (b) GTAW, (¢) PAW process [26].
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2.8.3 Path Planning for WAAM

AM has a variety of path planning methods, but cannot be directly
applied to WA AM because of the fast deposition rate and there will be a Step
Effect between the welds as shown in Figure (2.16a) [40], which will
inevitably lead to the deterioration of the precision of the moulded
workpiece. The high-heat input requires that the path planning cannot be
dense. The WAAM path is preferably continuous and with the fewest arc-
extinguishing points (prone to defects) [41]. The path planning methods can

be divided into three categories shown in Figure (2.16b).

a [ Main classification of J b

path planning

—% | | |

=
5 2 Linear path
]; l} L LA supaih ] [ Gt ] [ combine Contour path )
1

Figure (2.16): (a)- Step effect [40] (b)-The general classification of path planning [41].

The same-direction welding of adjacent layers is preferable to the reverse
welding sequence (shown in Figure 2.17) because one layer's welding is
completed from start to finish, and then the starting point of the next layer
begins to accumulate, ensuring that the temperature of the upper layer is

evenly distributed [41].

U ALLett

| (W

Figure (2.17): (a)- Reverse depositing direction of WAAM (b)- Same direction
depositing direction [42].
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2.8.4 Metals Used in the WAAM Process

WAAM processes use commercially available wires which are produced
for the welding industry and available in a spooled form and a wide range
of alloys as feedstock materials [39]. The metals that are commonly used in

WAAM are shown in Figure (2.18)

Metals Used In WAAM

Other

: - 7 T Material

Titanium- Nickel-Based Steel Aluminium Magnesium chzm;‘?'{ 4 e.;a .
Based Alloys Alloys L Alloys Alloys i s

Materials Dissimilar

Depositions

Figure (2.18): The metals that are commonly used in WAAM [35].

2.9 Aluminium Alloys Used in WAAM

Aluminium alloy welding has always been difficult due to the aluminium
oxide layer's formation and solidification nature. WAAM used in aluminium
alloys is limited due to the main issue of porosity. Due to this restriction,
some research into the effects of heat treatment on WAAM Al parts has been
conducted. Heat treatment is not possible for all aluminium alloys. During

the manufacturing of aluminium parts, it is preferable to use alternating

current (AC) [43].

Removal of a higher melting point natural surface oxide film (aluminium
oxide) should be achieved. If this is not the case, the molten residue will
become trapped inside the molten pool, contributing to holes and internal
defects causing a major reduction in the mechanical properties of the
component. Periodic polarity reversals cause turbulent pool dynamics, which

causes the extremely difficult WAAM of aluminium alloy, which can result
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in reduced component accuracy. Fundamental properties of aluminium alloy
welding include high thermal expansion coefficient, high solidification
shrinkage, high thermal conductivity, a wide solidification temperature

range, and high hydrogen solubility [22].

Although fabrication trials for many different series of aluminium alloys,
including Al-Cu (2xxx), Al-Si (4xxx) and Al-Mg (5xxx) have been
successfully carried out, the commercial value of WAAM is mainly
justifiable for large and complex thin-walled structures. Since the cost of
manufacturing small and simple aluminium alloy components using
conventional machining processes is low, melt pool and weld problem can
complicate the WAAM usage for aluminium products such as Al 7xxx and

6xxx [39].

In general, as-deposited additively manufactured aluminium alloy parts
have lower mechanical properties compared to those machined from billet
material. To achieve higher tensile strength, most of the as-deposited
aluminium parts undergo post-process heat treatment to refine the

microstructure [39].

2.10 Strengthening Mechanisms of Aluminium Alloys

The strength of aluminum alloys can be modified through various
combinations of cold working, alloying, and heat treating. A microstructure
with finer grains typically results in both higher strength and superior
toughness. Other strengthening mechanisms are achieved at the expense of

lower ductility and toughness [44].

2.10.1 Solid Solution Hardening (alloying)

Atoms of different elements dissolved in the matrix phase can lead to its
strengthening by solid solution strengthening. The solute may incorporate
into the solvent crystal lattice substitutionally, by replacing a solvent particle
in the lattice, or interstitially, by fitting into the space between solvent

particles. This impose lattice strains on surrounding atoms resulting in a
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lattice strain field, which can occur in 3xxx and 5xxx alloys through the

addition of manganese.

2.10.2 Strain Hardening (cold working)

Cold working is a strengthening method often used in materials whose
strength cannot be increased by heat treatment. It involves making a metal
harder and stronger through plastic deformation. When a metal is deformed,
dislocations within it move and become pinned or tangled. This will result
in a decrease in mobility and a strengthening of the material.

2.10.3 Precipitation (age) Hardening

It is a heat treatment technique based on the formation of extremely small,
uniformly dispersed particles (precipitates) of a second phase within the
original phase matrix to enhance the strength and hardness of some metal
alloys. Second phase particles present further type of obstacles for
dislocation movement

2.10.4 Dispersion Hardening

Dispersion hardening involves the inclusion of small, hard particles in the
metal, thus restricting the movement of dislocations, and thereby raising the
strength properties. The increase in strength is due to the grain structure
formed as a result of the presence of dispersoids.

2.10.5 Grain Refinement

The characteristics of the metal are determined by the grain size.When
grain size is decreased, there are more grains and more randomly aligned slip
planes for the grains' dislocations. This increases the possibility of some slide
in a strained material. As a result, grain refining offers a major way to raise

strength as well as ductility and toughness.
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2.11 AL-Si Alloys

Al-Si alloys are among the most important commercial alloys which differ
from the "standard" phase diagram in that aluminium has zero solid
solubility in silicon at room temperature. This means that there is no 3 phase
and so this phase is "replaced" by pure silicon. So, for AlI-Si alloys, the
eutectic composition is a structure of o + Si rather than a +f. Al-Siis a simple
eutectic system with two solid solution phases, FCC (Al) and diamond cubic

(S1) [45,46]. Figure (2.19) shows the Al-Si phase diagram.

Aluminium-silicon alloys are widely used for shape casting due to their
high fluidity, ease of casting, low density, and controllable mechanical
properties. Commercial Al-Si alloys are available in alloys with silicon
additions of up to 11 %(hypoeutectic), 11 to 13% (eutectic), or over 13%
(hypereutectic). Various other elements such as Fe, Cu, Mg, Ni, and Zn are

added to achieve the optimum casting or mechanical properties [46].
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Figure (2.19): shows the Al-Si phase diagram [47].

The hypoeutectic Al-Si based alloys are well-known casting alloys with
a highly desirable combination of characteristics, such as castability,

weldability, low thermal expansion coefficient, good corrosion resistance,
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and machinability. These properties lead to the application of Al-Si alloys in
the automotive industry, especially for automotive engines, crankcases,
intake manifolds, cylinder blocks, cylinder heads, pistons, cast oil pans, and

valves lifters [48].

Mechanical properties are principally controlled by the cast structure.
Microstructure evolution of hypoeutectic Al-Si alloys during solidification
1s in two stages: primary dendrite Al-phase formation (a-matrix), and the
subsequent eutectic transformation (eutectic Si particles in a-matrix). Based
on the Al-Si binary diagram, the volume fraction of Al-Si eutectic in
commonly used hypoeutectic Al-Si alloys, such as A17Si10.3Mg, A19Si3Cu,
Al6Si14Cu, can be more than 50 %. Typically, the Al-Si eutectic accounts for
a volume fraction of 50-90 % of these alloys [49].

2.12 Metal Matrix Composite Used in WAAM

With the advancement of technology in various high-tech fields, the
need for high-performance materials is becoming increasingly urgent. Metal
matrix composites (MMC) have been the favourite object in many areas, like
aerospace and military, and they are often irreplaceable. Most MMCs'
mechanical properties are determined by their reinforcing fillers. Nitride
ceramics (TiN, BN), oxide ceramics (Al>O3, Si0»), carbides (TiC, WC), and
various carbon allotropes are the most recent MMC reinforcement materials

[50].

WAAM cannot currently be used as a complete production procedure due
to practical issues such as mechanical properties that aren't matched and the
presence of significant residual stresses. The AM technologies offer
promising new benefits with the MMC:s as a solution for some challenges as
will be seen later in this dissertation. The research in this field is still limited
especially for the AMCs, the reinforcement used was (TiC, TiB») as will be

described later in the literature review.
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2.13 Challenges Associated with (WAAM) of Al-Alloys

WAAM process utilizes the working principle of the arc welding process,
1.e., Gas tungsten arc welding (GTAW), Gas metal arc welding (GMAW),
and Cold metal transfer (CMT). Even the advantage of this method, defects
like porosity, distortion, and residual stresses are major challenges.
Nevertheless, the design and development of components and parts for
aerospace and automobile industries have aggravated with the rising research

interest in this process [25].

2.13.1 Metallurgical Characterization

The increase in the heat input results in expansion of the bead width and
higher penetration. Recently, the cold metal transfer (CMT) process has been
used for the WAAM process. The CMT process offers low heat input and

less spattering tendency resulting in better mechanical properties [25].

The low heat input decreases the hydrogen solubility in the molten pool
during the process due to lower peak temperature. This can be achieved by

pulse advance mode [51].

The GTAW process for AM of the aluminium is found to be beneficial
over GMAW and CMT process because of the two different energies (1) TIG
torch and (i1) material source (wire feeding) which provides better control

over the input parameters [25].

2.13.2 Defects and Process Parameter Relation

Close control over processing parameters is necessary to develop
aluminium alloy without defects by WAAM. The defects encountered during
the WAAM of aluminium alloys are similar to the defects encountered
during the welding of aluminium alloys [25]. The main of these defects
which are encountered during WAAM of aluminium are summarized in
Table (2.1). This table covers the remedies to be adopted for the development

of sound AM built with better mechanical properties.
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Chapter Two

The defects during WAAM of aluminium alloy and the methods that may

be used to minimize it. (The information inside the table is taken from sources

Table (2.1)

[25,31,52-64]).
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2.14 Extraordinary Processing Technology of WAAM

At present, the forming process of WAAM is continually optimized to
improve the microstructure and properties of the moulded parts. The
auxiliary process is not only necessary for heat treatment, but also includes
extraordinary processes like adding suitable alloy powder, laser, ultrasonic
micro-forging, and multi-filament filling to prepare functional gradient

materials [65].

2.14.1 Adding Suitable Alloy Powder

When an alloy powder is added during the WAAM process, the crystal
type of the intermediate layer changes from columnar grains to fine equiaxed
grains, and promotes the grain refinement of alloy. Therefore, the
mechanical properties of the WAAM alloy show more isotropy in both
directions, the ultimate tensile strength, and the microhardness of the

intermediate layer increase [65].

2.14.2'The Ultrasonic Micro-Forging

This method consists of the forming of the WAAM workpieces and
forging after welding. The combination of forging and WAAM can be during
or after WAAM forming [66]. The design of the machine is shown in Figure
(2.20). The material is locally forged immediately after deposition, and in-
situ viscoplastic deformation occurs at high temperatures. In the subsequent
layer deposition, recrystallization of the previously solidified structure
occurs, thereby refining the microstructure.The mechanical properties of

WAAM materials can be greatly improved by hot forging [41].
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Figure (2.20): A schematic representation (3D) of the forged area at each step [66].

2.14.3 Addition of a Laser
Adding a laser during the WAAM moulding process shows that the arc
laser mixing can significantly make the molten pool more stable (average
fluctuation is reduced by more than 35%). The surface of the previous layer
will be smoother with improving the accuracy of the WAAM moulding [67].
Figure (2.21) shows a schematic of this method.

Process ravel direction > 20 mm [Z_
Y|

{11t Poflelocaonne

Process
fravel
direction

Process laser beam

Generated structure

[llumination laser beam % Arc

Arc + Trailing laser
[luminated
spot

S it localions of analyzed HS sections, v cross-secton profile oulines.
( G?f::ﬂf;? Dg;i's) Notes: (a) Only GMAW arc, operated in the CMT mode;
' (b) arc with the addition of a leading laser beam (in front of the
H8| Camera arc); (c) arc with a trailing laser beam (behind the arc)

Figure (2.21): (a)- WAAM with laser beams and illumination laser spot over the
process zone; (b)- macrographs of generated wall structures using different WAAM
technology [67].
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2.14.4 Multi-Filament Filling to Made Functional Gradient Materials

The research of functionally graded materials has always been a hot issue.
At present, among the methods for manufacturing functionally graded alloy
materials, powder-based processes are often costly and it is difficult to obtain
full-density functionally graded workpieces. WAAM can be used to
manufacture functionally graded materials with full density and reasonable
mechanical properties [68]. The double-wire WAAM moulding system is
shown in Figure (2.22).

¥
@ TIG torch

Fe wire Al wire -

Figure (2.22): Torch, wire feeder, and trailing shielding gas for the wire arc AM [68].

2.15 Applications of WAAM

As a result of its diversified uses, WAAM has wide industrial
applications, including aerospace and maritime transportation. WAAM will
be more prominent in terms of the complexity of the work and alloy, so the
following figures give some idea of the WAAM application [69]. Figure
(2.23) depicts the fabrication and thermal testing of liquid rocket engine
equipment used at NASA's Marshall Space Flight Center and Figure (2.24)

shows complex large metal components made by WAAM.
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Lrer Formed using Arc-
Deposition Additive

Figure (2.24): Complex large metal components made by WAAM [41].

WAAM’s core advantage is the low cost and high utilization of large and
complex workpieces. Many scholars use WAAM to form large and complex
metal components and conduct in-depth research on WAAM. Researchers at
Cranfield University manufacture additively 6-m-long beams using the
WAAM process and aerospace-grade aluminium alloy. The 300-kg double-
sided spar is built-in Cranfield’s new 10-m deposition facility based on two
industrial robots. WAAM can save a lot of money (even 70%) and can
significantly reduce lead times (from more than a year to months) as shown
in Figure (2.25) [41] . WAAM made a 2.1-meter-long mechanical excavator

that weighs just over a ton, as shown in Figure (2.26).
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Figure (2.25): More than ten people surrounded by 6-m-long aluminum beams of

WAAM [70].

Figure(2.26): WAAM forming large mechanical arm. a Printed arm. b Installed arm [71].

As well as 3D printing allows for versatile and effective work and gives
architectural and esthetic designers freedom to apply the use of WAAM.
Mass art is sure to emerge because of the popularization of metal sculpture
[69]. The example in Figure (2.27), of the full-metallic bridge from MX3D
and Arup engineers at Imperial College that was constructed and tested in
Amsterdam's harbour, is provided as an example of WAAM flexibility and
versatility [72].
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J_*'. ¥ o | e e : W‘h /
Figure(2.27): a) Load testing of the MX3D bridge; b) the MX3D bridge at Dutch
Design Week 2018 [72].

2.16 Deformation Measurement Techniques

Deformation of an object under load is a major problem for many
engineering, industrial and construction applications including crack tip
propagation and determining the mechanical properties of traditional and
composite materials. Understanding the surface deformations of objects
under loading is one of the most important challenges faced by scientists

today [73]. Figure (2.28 ) shows some of the techinques used for measuring

deformation.
Deformation Measurement Techniques
Contact Techniques L Non-Contact Techniques
Strain gauge Extensometers Interferometry | | Digital Image Correlation

Figure (2.28 ): Deformation measurement techniques.
(the information inside the Figure is taken from the source [73])
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2.16.1 Digital Image Correlation (DIC)

DIC is a numerical and non-contacting optical method able to accurately
provide full-field, three-dimensional (3D) and two dimensional (2D)
displacements and strains. This deformation information is obtained by
mathematically tracking similar local features between images of an object’s
surface taken before and after deformation. Images are commonly captured
in a natural or white light environment making the method suitable for both
laboratory and in-field applications. The method also has a wide range of
applicable length scales that can range from the macro to the nanoscale [74].

Typically, a high difference random pattern is applied to the surface of a
sample to make sure the highest accuracy in the tracking algorithms. This
pattern can be simply created by spraying speckles of black and white paint
on the sample surface. Ordinarily, images are taken with black and white
cameras or converted to grey scales . This improves that the applied surface
pattern is digitally represented by numerical intensity values at each pixel as
shown in Figure (2.29). Numerous mathematical techniques have been
developed to accurately track the deformations in these digital images to sub-

pixel accuracy for both 2D and 3D deformations [75].

Figure (2. 29): Digital representation of surface speckle [75].
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DIC is mainly comprised of three steps: specimen preparation and
experimental setup, image acquisition, and image analysis. Specimen
preparation is relatively easy, and DIC requires the existence of random
patterns on the specimen’s surface. These patterns can be happened on the
specimen surface or applied, typically using a thin layer of black and white
paint. There are many features of these patterns that are needed to produce
the most accurate analysis results. First, these random patterns, if applied,
must be deformed with the specimen surface, as they are the carrier of the
displacement information. These random patterns should be high in contrast,
because the recorded various light intensities reflected from these patterns
are the basis of DIC analysis. The speckle, within these patterns, should be
suitable sized relative to the pixel resolution of the camera so that the pattern
can be resolved effectively. After proper sample preparation, the camera(s)

must be properly arranged to get the most accurate results [76].

2.16.2 Digital Image Correlation (DIC) Analysis Principles

Once the images of the sample deformation have been got, computer
algorithms are used to compare the two digital images. The basic objective
of DIC analysis is shown in Figure (2.30). A subset of (M) pixels that are
centred at the point P (xo0, yo) in the reference image is selected as shown in
Figure (2.30a) and used to find the corresponding location P* (x0*, yo') in a
deformed image as shown in (2.30b). This provides sufficient information to

determine the displacement vector of the point (P) [77].
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Figure (2.30): DIC subset matching [49].

Commonly, the reference image is divided into many subsets, and the
spacing between these subsets is determined based on the required spatial
resolution of the results. Once the corresponding locations of all subsets in a
region of interest (ROI) are found, a full-field displacements map is obtained.
To determine these displacements precisely, a predefined correlation
criterion and sub-pixel algorithm must be implemented using special

equations. [78].

2.16.3 Applications of DIC

DIC has expanded to applications where strain gauges are problematic
and do not capture enough information, or simply cannot measure the
complicated strains experienced by a structure. The use of DIC expanded for
use in materials other than metals, like composites, concrete and biological
materials like bone and human skin. Procedures are continually being taken
to expand the length scale range at which DIC can be effectively used. DIC
superiority occurs in its suitability to investigate various types of materials,

like biomaterials (soft and hard biological tissue) [73,76].
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2.17 Literature Review

Previous studies will be presented related to a specific manufacturing
method for AM were reviewed which is wire arc additive manufacturing
(WAAM) for Aluminium alloys that are concerned with the problem of the

present work.

In (2017), Geng et al [79], studied the problem of deposition accuracy of
Al-alloy (5A06) during gas tungsten arc welding (GTAW) based AM when
the wire is fed in side direction was studied. A mathematical model was
developed to calculate the wire flying distance in the arc zone, according to
which displacement compensation was designed to ensure the size accuracy.
When arc length was 5 mm and vertical distance of wire tip to tungsten
electrode was larger than 3 mm, the horizontal distance between melting wire
tip and axis of tungsten electrode was 3.5 mm. The displacement
compensation was verified to be effective by forming a cross-angle. The
model can also be used to achieve bridging transfer, which is beneficial for

smooth layer appearance

In (2018), Deng et al [80], investigated TiB. reinforced Al-7Si-Cu-Mg
composites made by arc addition and casting. The mechanical properties of
aluminium-based composites are improved by TiB, particles, In
microstructure, analysis results find that the distribution of alloying elements
in the TiB;-reinforced Al-Si-based composite material of (WAAM) is found
to be more distributed. The hardness of the deposited microstructure
increases when compared to the as-cast condition. The silicon phase in the
as-cast sample is very large and is constantly distributed around the grain
boundary, while in the deposited microstructure is dispersed and smaller.
Two heat treatments were compared: solution post ageing and ageing. After
one ageing, the hardness of the material rises to 127 HV10, and under the

condition of ageing after solid solution, it increases to 139 HV10. It is found
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that the reinforced Al-Si-based composite material can reach the

supersaturated solution state through WAAM.

In (2019), Yang et al [81], studied (TiB>+Al-Si) composites made by
TIG WAAM. The microstructure and mechanical properties were
investigated. The in-situ method was used as (TiB2t+Al-Si) composite
material manufacturing. 1.6mm filler wire was used to make a bulky sample
then heat treated with T6. Experimental results showed that the texture of the
original samples parallel to the weld direction and perpendicular to the weld
direction was similar consisting of columnar dendrites and equiaxed crystals
The sample's hardness increased after T6 heat treatment. Although pore
defects existed in the fracture, the fracture of the sample was a ductile

fracture.

In (2020), Fu et al [82], studied whether hot-wire arc AM (HWAAM)
can be applied to reduce porosity and improve deposition rate. four thin-
walled square samples of 2024 aluminium alloy with different hot-wire
current parameters were manufactured by the HWAAM technique It is found
that the pores were mainly clustered at the interlayer. With the increase of
the hot-wire current, the porosity firstly decreases, then reaches a minimum
at 100 A, and afterwards increases progressively. Increasing the current from
0 A to 120 A also leads to the increase of the deposition rate by about 3.5
times and the gradual increase of the size of equiaxed grain by 1.6 times. The
mechanical properties are considerably improved with the decrease of the

porosity.

In (2020), Langelandsvik et al [83], studied the effect of wire arc AM
of aluminium (AA5183) + (TiC) nanoparticles. This feedstock composite
wire was made by a novel screw extrusion method .The materials have been
assessed in terms of microstructure, porosity content and mechanical

properties. The presence of TiC reduced the average grain diameter by 70%,
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while Vickers hardness increased by 13%. However, the number of pores
increased which can be attributed to the stem of hydrogen introduced in the
AAS5183-material through screw extrusion processing, in addition to

hydrogen trapping and pore nucleation on TiC nanoparticles.

In (2020), Lei et al [84], studied the impacts of AM and casting processes
on the structure and mechanical properties of Al-Cu composites. Electron
beam melting (EBM) and cold metal transfer (CMT) are used to make the
nano TiB; strengthened Al-5Cu composite material additively fabricated.
The results show that adding TiB: particles to an (Al-5Cu) alloy will greatly
enhance its mechanical properties. Additive fabrication methods such as
(CMT) and (EBM) can significantly improve the microstructure of
composite materials. The grain size of TiB: reinforced Al-5Cu composite
material is reduced from more than 100 um in the CMT process to 40 um,
whereas it is reduced to 25 pum in the EBM process compared with
conventional casting. After heat treatment, the hardness of AM made with
EBM can exceed 153 HV10. Consequently, the fine grain and high hardness
of this technology demonstrate that AM is a viable approach for improving

the structure and mechanical properties of Al-Cu composites.

In (2020), Oropeza et al [85], the ability of nanoparticle (TiC) additives
to control the solidification behaviour of high-strength aluminium alloys was
demonstrated in this study with the Al 7075 components cast, welded, and
additively manufactured. This alloy is commonly used in aerospace
applications due to its exceptional special strength properties, and often use
(T73) heat treatment. Because of difficulties in producing Al 7075 from the
melt, welding, casting, and AM were previously restricted. This study looks
at the properties of nanoparticle-enhanced aluminium 7075 on welded parts,
overlays, and wire-based additive manufacturing. Both as-welded and after
T73 heat treatment, the hardness and tensile strength of the deposited

materials were calculated, demonstrating that Al 7075 properties can be
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recovered in welded and layer-deposited components and can now be welded
or additively manufactured into crack-free, high-strength parts from a wire,

according to the report.

In (2020), Langelandsvik et al [86] examined an alternative processing
route to manufacture feedstock wire materials for additive manufacturing.
The metal screw extrusion principle has been employed as a single-step
process to mix, disperse and directly extrude aluminium wires reinforced
with ceramic nanoparticles. An AA4043 alloy mixed with 1 wt.% TiC was
successfully extruded with adequate surface quality. A solid-state chemical
reaction between aluminium, silicon and TiC took place, creating a ternary
intermetallic phase. Electric arc deposition of the TiC-reinforced wire
showed an altered grain structure after solidification from columnar dendritic
to equiaxed dendritic and enhanced hardness. A high amount of hydrogen
porosity was observed in the deposited material probably due to
contamination of TiC in exposure to air. Metal screw extrusion is projected
to be a cost-efficient and environmentally friendly process for wire
manufacturing of aluminium alloys, with few processing steps and with low

energy consumption.

In (2021), Jin et al [87,88], investigated the impact of integrating TiCps
into WAAM on microstracture transformation, improved mechanical
properties, and solute redistribution in (AA 2319). The addition of TiCyps
to the system decreased the nucleation free energy, allowing nuclei to form
on the particle's surface. It was discovered that the addition of TiCps
eliminates grain boundary segregation and columnar crystal defects. The
addition of approximately 80 nm TiC,ps decreased the solid-liquid growth
rate (R), indicating that TiCnps were more likely to be spread successfully
as nucleation particles inside the grains. Due to the strong interfacial
bonding between TiCyps and the Al matrix, the deposited 3219 aluminium

alloy exhibited improved mechanical properties.
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2.18 Summary

It is clear from the presentation of the literature reviews and table (2.2)
below, there are limited researches studying, the effect of using
reinforciment particle on the aluminum alloys, manufactured using
WAAM method as a solution for the major problem (non-isotropic
properties) that found in this method.The authors [80,81,88 ], used the (TiB2
and TiC) as reinforcement particle add by (painting, spraing, screw extrusion
or drawing ) methods, procedures with TIG, MIG and CMT welding
method acording to [84,85,86].As the time this dissertation was prepared,
authors study and searches, revealed that no studies had been done on the
effects of adding AlbO3 to 4043 Al-alloy utilizing the casting, rolling, and
WAAM with TIG welding processes.

Table (2. 2): Summary of literature review of WAAM for composite aluminium alloys
(studied the effect of reinforcement particle on mechanical and microstructure properties)

«| WAAM process parameter and material | Manufacturing techniques of reinforced
& feedstock and result
aluminium alloy —»[Al-7Si-1Mg-Cu] Used method:
Reinforced —»[TiB2] In- situ reaction method+ extruded

§ morphology — [regular with round] Result method:

— | Wire diameter —> 2.5 mm 1-the alloying element was more distributed

% | particle size —» [nano or submicron] with WAAM.

§ power source —» [CMT] 2- the hardness increase.

current & voltage —»[170] A[19.2]V

feed speed —» 5.8 m/min

aluminium alloy — [Al-7Si-1Mg-Cu] Used method:

Reinforced —»[TiB2] In-situ reaction method + drawing

= | Mass fraction — [2.5 wt.] Result:

—| Wire diameter —» 1.6 mm 1- similar structure in parallel and

E Substrate —» [AA6061] (29*22*2) cm perpendicular directions.

Q| power source —» [TIG] 2- hardness increased after T6 heat treatment
3- the fracture of the sample was ductile
fracture

aluminium alloy —> [AA5183] Used method:

—~ Reinforced —»[TiC] screw extrusion method

® | Mass fraction —» [1 vol.] Result:

g Wire diameter —» 1.2 mm 1- reduced the average grain diameter.

< | partical size —» [40-60 nm] 2- increasing hardness.

as deposited sample —» (220*80*8) mm | 3- poor tensile properties.
power source —» [CMT]
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current & voltage —»[85] A[16.6]V
feed speed —> 5 m/min

(2020) [84]

aluminum alloy — [Al-5Cu]

Reinforced —»[TiB2]

Wire diameter —» 2 mm

morphologe — round and near round
partical size—»[nano and some submicron]
power source —» [CMT,EBM]
current— [170,35] mA

voltage—» [18.3,60]V

feed speed — 3.8 m/min, S00mm/min

Used method:

Casting and extrusion

Result:

AM technology become a promising way to
optimize the microstructure and mechanical
performance of the composites. (decrease
grain size and increase hardness)

(2020) [85]

aluminum alloy —> [AA7075]
Reinforced —»[TiC]

Wire diameter —» 3.2 mm
partical size —» [nano]
power source —» [TIG]
current— [180] A

feed speed —> 254 mm/min

Result:

Fabrication of Al 7075 T73 through a wire-
based AM process with properties similar to
wrought material

(2020) [86] [81]

aluminum alloy —> [AA4043]
Reinforced —»[TiC]

Wire diameter —» 1.2 mm

Mass fraction —» [1 wt.]

The substrate —» [AA6082 plate]
Substrate Size—» (4) mm thickness
power source —» [MIG]

current & voltage —» [100] A[19]V
feed speed —» 1.6 m/min

Used:

metal screw extrusion process

Result:

1-The addition of TiC induced a grain
morphology transition from columnar to
equiaxed .

2- increased the hardness.

3-A high amount of porosity was found in
the AA4043-TiC material.

(2021) [88,87 |

aluminum alloy — [ER 2319]
Reinforced —»[TiC]

Wire diameter —» [1.2]mm

Mass fraction—» [0.5,1,1.5,2] wt.
power source —» [TIG]

The substrate—» [A 2219]
sample size —» (120x40x8)mm
Substrate Size—»(150% 100x8) mm current
current—» 110 A

arc length —» 5 mm

feed speed — 2 m/min

shielding gas —» argon 15 L/min

Used:

An alcohol based paint containing TiC with
different mass fractions was painted onto the
surface of deposited layer

Result:

1-Columnar crystals and uneven
microstructures features were eliminated.
2-the deposited 2219 aluminium alloy with
the addition of TiCnps exhibited excellent
mechanical properties.
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Chapter Three
Experimental Part

3.1 Introduction

This chapter describes the experimental setup, material, techniques, and
equipment for the preparation of Aluminum MMCs specimens using
WAAM. Also, to study the performance of these materials and understand
their behaviour, they were subjected to several tests, such as hardness testing,
tensile test in conjunction with DIC technique, metallographic analysis using
scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, as
well as optical microscopy (OM). The performed activities are summarised
in Figure (3.1). Details for each of these testing methods will be presented in

this chapter.

3.2 Experimental Procedure (Materials and Methods)

3.2.1 Materials

The chosen material for WAAM was the Al-5%Si alloy type (E4043) in
the form of a welding wire with a diameter of 2.5 mm. (E4043) is often used
to take advantage of the element's capability of promoting fluidity in

aluminium and is less sensitive to weld cracking and defect.

The WAAM specimens were built-up on a commercial aluminium alloy
plate as a substrate material with (300*150*15) mm dimensions. The
chemical composition analysis for the Al-alloy was carried out by using the
metal analyzer (spactromaxx, A-METEK, Germany) (shown in Figure 3.2)
which is located at the laboratories of the State Company for Engineering
Rehabilitation and Testing\Baghdad. Table (3.1) shows the chemical
composition of the raw materials. The wire used in the current study was
standard welding grade ANSI/AWS A5.01 ER4043 with a diameter of 2.5
mm taken [89].
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Materials Selection
Raw Materials: (wire of aluminum alloy (E4043), plate of
aluminum alloy, powder of AL203)

Tests before Samples manufacturing
Powder particle size, XRD-analysis, chemical
compostion

NS

Preparation Composite Material as Rods
Casting the (E4043) with (0,5,10)wt % AL,O3

\

Preparation Composite Wire
Rolling composite rods to (2.5 mm) wire diameter

NS

Manufacturing Samples by Wire Arc Additive Manufacturing (WAAM)
adding layer up on layer to manufacture (3) walls with (110*150*5)mm on
the aluminum alloy-plate substrate

S

Machining processes to prepare specimens for tests
(Surfacing, Cutting, Grinding ...)

NS
y y v

( N
Microstracture Tests [ Mechanical Tests ] Characterization
\_ ) ot~
- Optical microscope - Tensile test -Chemic'al
- Scanning electron - Vickers micro- compostion
microscope hardness test -X-ray radiographic
- EDS inspection

Figure (3.1): Flow chart of the present work.
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Figure (3.2): Chemical composition analyzer.

Table (3.1): Chemical composition of E4043 wire and substrate-plate (wt.%).

Alloy Al Si Fe Cu Mn Mg In Ti Be Others
Standard | Remain | 4560 | <0.80 | <030 | =005 | =005 | =010 | =020 | =0.0008 | —
E4043
Tested 94.7 504 | 0134 | 00301 | 0.0011 | 0.0017 | 0.0010 | 0.0109 | 0.00033 | —-
Substrate | Tested 922 0.725 | 333 | 0336 | 0.663 121 128 | 0.0210 | 0.00082 | —-
-plate

Powder of alumina (Al.O3) with an average particle size of (3.283 um)

was used as reinforcement. The particle size distribution was determined

using Bettersize2000 laser particle size analyzer (Bettersize instrument Ltd)

and X-Ray Diffraction (XRD6000, Shimadzu) as shown in Figure (3.3)

which is located in the laboratories of the department of Ceramics and

Building Materials /Faculty of Material Engineering/ University of Babylon.

The raw materials used in this study are shown in Figure (3.4). The result of

these tests in appendix A pages (1-3).
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Figure (3.3): (a).Particle size device (b). X-ray diffraction device.

g R

4043-Wires |||

/, o

ubstrate-plate

Figure (3.4): Material Used (a) ER4043 wire (b) substrate plate
(¢) Al203 powder.

49



Chapter Three Experimental Part

3.2.2. Preparation of AMMCs

The stir casting was used to prepare the AMMCs rods (10 mm in diameter
and 250 mm in length as shown in Figure (3.5)) by using a gas furnace and
sand casting mould. Table (3.2) shows the percentages of the matrix and the
reinforcement (Al2O3) used in the preparation of AMMCs samples in the
present study.

Table (3.2): Components of AMMCs

Sample code AA4043 —Wire (Wwt%) ALO3 (Wt%)

A 100 0
B 95 5
C 90 10

Figure (3.5) :The sand-casting mould.

The E4043 aluminium wires were melted in a clay bonded silicon carbide
crucible in a gas furnace. Before melting, the wires were weighed without
the flux coat and the percentages of the reinforcement particles (Al.O3) to be
added were calculated. The wires are melted using a gas furnace without
using a slag remover, which the flux replaces. When the melted material
reaches 750°C (measured using infrared as shown in Figure (3.6) below), the

required amount of alumina was added. To ensure that the alumina powder

50



Chapter Three Experimental Part

will be immersed in the melted material, it was wrapped with pure
aluminium foil and heated to 200 °C. Then all the materials were mixed by
an electric stirrer at (650) rpm for five minutes. After removing the slag, the

molten alloy was poured into the sand mould.

The stir casting instrument and its components in the laboratories of the
Materials Engineering College at the University of Babylon are shown in

Figure (3.6).

+Al203|
14

Figure (3.6): The stir casting components and the casting rods.

3.2.3. Homogenization Heat-treatment

The casted samples were heat-treated (homogenized) at 500 °C for 4 hrs
to evenly distribute the alloying elements for all the regions of the samples.
The treatment was conducted in an electric furnace type (Sola Basic SB
Lindberg) components in the laboratories of the Faculty of Materials

Engineering at the University of Babylon.
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3.2.4. Rolling of AMMCs Wire

The rolling process was done to reduce the cross section of the prepared
samples. The workpiece (which is shaped like a rod with (10) mm in
diameter (in the as-homogenized condition)) was fed between the rollers at
the point where the roller grooves form the largest gap because this point
provides the largest possible dimensions (6.5 x 6.5 mm). A stress relief heat
treatment was done at the earliest steps of this process. The rods were heated
at 350°C for 1 hr [90] in order to eliminate the effect of the process in the

generation of cracking of the rod and fracture of it.

The workpiece is then fed in through the other gaps to gradually reduce
thickness until the desired diameter is achieved. The rolling machine used
has several squire grooves . The process was done through the first five
grooves with dimensions of (6.5, 5.5, 4.5, 3.5 and 2.5 mm), so the final
product was a wire with a (2.5) mm diameter the rolling machine is located
at the laboratories of the Metallurgical Engineering Department / Faculty of
Materials Engineering at the University of Babylon shown in Figure (3.7).
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Figure (3.7): (a)- Rolling machine (b)- rolling process steps.

3.2.5 WAAM Operation

In this work, a gas tungsten arc welding -TIG power source (TIG-315P)
welding machine with a linear manipulator for WAAM assembly consisting
of two degrees of freedom was made for this study to fabricate the samples
as shown in Figure (3.8). The target was the preparation of three thin-walled

parts with dimensions of (250 x 110) mm. E4043 matrix composite filler
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wire with a diameter of 2.5 mm as AM materials, and pure argon as a

shielding gas were used.

An aluminium alloy with dimensions of 300 mm *x150 mm X% 15 mm was
used as a baseplate for deposition. This plate was tightly clamped to the
substrate WAAM device table which was controlled to move forward and
backward in the X-direction (deposition direction). The oxide film on the
surface of the substrate was removed by a wire brush and the surface was

cleaned by using acetone.

Shielding Gas b

GTAW
oran —|' T Asogbo% 1

Deposition /
Direction 4 ~Wire

Wall\
e r
N &
(=)
k3]
E v
S a
g (U]
3 > || GTAW J 2
3 Deposition direction Equipment

.

Figure (3.8)(a): Schematic representation of WAAM Setup.
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=
-

Argon gas

| To adjust the arc length with ‘
increasing wall hight

Welding hand .
placement "

Welding -torch

Figure (3.8) (b): WAAM setup apparatus.
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The WAAM wall constituted of 110 layers with a single weld pass for
each layer with a length of 250 mm. The passes in all layers were deposited
in a ‘linear same direction’ pattern. A dwell cooling time of 60 s was
performed after each pass. This time was used to clean the surface of the
deposited layer from the thin oxide layer by using a wire brush. The

deposition direction was parallel to the X-direction.

Five distinct sets of TIG- parameters were chosen. A high-energy arc
mode for the initial layers was used to avoid an undulating surface and to
ensure good bonding to the substrate plate since the conduction between the
substrate and initial layer is high (despite the preheating of the substrate).
Then the energy of the arc was decreased with moving away from the
substrate (increasing the number of the built layer) because (AT) between the
previous and next layer decreased. The last parameter set was a low-energy
arc steady-state mode and was kept constant throughout the remaining
building process. Figure (3.9) shows the relation between the electric current
used with layer number. All utilized parameters are presented in Table (3.3).
(TS) is the WAAM device travel speed which was held constant, (WFS) is
the wire feed speed as an average of the median value from each weld pass

of the three walls as shown in Figure (3.10).

Current VS layers number

200
180
160
140
~ 120
100 \
80
60
40

20

0
0 10 20 30 40 50 60 70 80 90 100 110 120

layer number

current (A

Figure (3.9): The current used during WAAM with the layer’s number.
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Wire feed speed (WFS) mm\s
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Figure (3.10): The wire feed speed used during WAAM with the layer’s number for the
three walls samples and their average for every layer groupset.

Table (3.3): TIG- input parameters for WAAM

e e ] v e e
Current | (A) 180 143 110 90 80
Travel speed TS (mm/s) 45
Wire feed speed WFS (mm/s) 6.5 6.2 6 5.8 5.5
Current type AC
Arc length (mm) 3
Electrode diameter (mm) 3.2
Electrode material Tungsten
Diameter of welding wire (mm) 25
Gas flow rate (I\min) 14

A Computer-Aided Design (CAD) model of the WAAM deposit is shown

in Figure (3.11a), where also tensile specimen orientations and the reference

coordinate system are indicated. The X-direction is defined as parallel to the

deposition direction. The Y-direction is defined as the height of the wall. The

as-built WAAM wall is shown in Figure (3.11b). After deposition of samples

using the WAAM process, they are separated from the substrate plate using
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Wire EDM and specimens for tensile, microstructure, and microhardness

tests were prepared.

Tensile specimens
in horizental

Tensile specimens
in vertical

Microstructure and
hardness

Figure (3.11): E4043 wall prepared by WAAM (a)- CAD model showing tensile
specimen orientations and positions (b)-Deposition the WAAM wall.

3.3 The Examinations

3.3.1 Microstructure Examination

e Optical Microscopy (OM)

An optical microscope was used to examine the microstructure of the
specimens in all steps of fabrication of WAAM (as casting, as wire, and for

the cross-sections of completed walls).

For microstructure analysis, the specimens were prepared using the
standard metallographic techniques. The specimens were ground with (180-
3000 grit) SiC grinding papers and polished using a diamond paste of 1 p m
grit for 20 min. Kellers reagent (95 ml H>O, 2.5 ml HNO3, 1.0 ml HCI, and
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1.5 ml HF) was used to complete the etching process with an etching time of
15 sec. This inspection was done at the Laboratory of the Metallurgical
Engineering Department / Faculty of Materials Engineering / University of
Babylon.

o Scanning Electron Microscope (SEM)

Detailed microstructural examinations and chemical composition
analysis were carried out using the scanning electron microscope (SEM) and
energy dispersive spectrometer detector (EDS) at the laboratories of the
College of Pharmacy / University of Babylon using the machine shown in
Figure (3.12). SEM images were taken for prepared specimens to investigate
the microstructure with higher accuracy. The specimens were prepared with
the same procedure followed to prepare the OM specimens focusing on the

final polishing stages.

Figure (3.12): Scanning electron microscope device.
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3.3.2 The Mechanical Test

) Hardness Test

A microhardness test was carried out using digital Vickers micro
hardness tester type (HVS-1000). This test was done with
load of 200 g and loading time of 10 seconds. All three specimens were
prepared for the measurements by grinding and polishing the vertical section
as shown in Figure (3.13). Three regions (top, middle, and bottom) were
tested as lines of tested points with 15 readings for each region and (0.5 mm)
distance between each adjacent reading. This test was done at the
laboratories of the Metallurgical Engineering Department / Faculty of
Materials Engineering / University of Babylon.

The top region of \ g
the walls i

The middle region of \
the walls
|
Resin AC\B j‘
| |
The bottom region of \ \
the walls i

Figure (3.13): The cross-section specimens for the hardness test.

° Tensile Test
1-Preparation of Tensile Test Specimens

The tensile specimens had a dog-bone shape with a gauge length of 38.3
mm and a cross-sectional area of (10 * 2.5) mm following the BS EN ISO

6892—1:2009 standard [91]. The dimensions of the prepared specimens are
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shown in Figure (3.14 a). Figure (3.14b, ¢) shows the shape of the prepared
tensile test for rolled E4043 and WAAM specimens. All specimens were
prepared by using wire EDM and grinding processes. The cutting process
was parallel and perpendicular to the deposition direction. Three specimens
were extracted in each direction for each wall using the arrangement is

shown previously in Figure (3.11 a).

specimens parallel to

deposition direction for

(A,B,C) walls B j %/

]
i

specimens

perpendicular to

Jg«l‘w';‘ Dimcﬁon -y 2

deposition direction |[™™
for (A,B,C) walls

Figure (3.14): (a)-Tensile Test Specimen dimension [91] (b)- Prepared tensile
test specimens for rolling E4043 (¢ )- Prepared tensile test specimens for the
WAAM process.

2-Test Using DIC Technique

The specimen surfaces were cleaned before the painting process. The
quality of the speckle pattern is a requirement for the DIC method, therefore
the spraying order is an important factor. Firstly, white paint was sprayed
onto the sample surface as a base colour. Then, black paint was sprayed to
form equally distributed black spots on the white underlayer. To ensure
highly precise calculation results, the spots must be clear and legible, with

appropriate sizes [76]. Figure (3.15a) shows the sample surface ready for
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testing with the speckle pattern. Figure (3.15b) shows the sample surface
with the speckle pattern and responds to the DIC technique analysis

Figure (3.15): (a) Sample with speckles pattern, (b) Sample with speckle pattern
during DIC analysis.

3-Loading Setup and Test Procedure

As shown in Figure (3.16), specimens were subjected to the load in
microcomputer controlled electronic universal testing machine (WDW-
5E) in Metallurgical Engineering Department/Faculty of Engineering
Materials/University of Babylon).

The cross-head used for the testing machine was 1.0 mm/min. To record
videos for the specimens during the test, a digital microscope camera
(Genesys Logic) was used. This microscope contained LED lamps to lighten
the speckle pattern with the help of a ring light. The camera position was
adjusted to make its lens parallel to the specimen surface.

The camera was programmed to take a video of the whole tensile test and
save it on the computer to analyze it. The program used for analysis was
(UFreckles). Figure (3.15) shows the program interface and some steps

during analysis.

62



Chapter Three Experimental Part

Figure (3.14): Setups loading for tensile test.

Main menu

BEHPE AW B AR0B| e H | nuaar pp M

UFreckleS_

- -

Figure (3.15 a): UFreckles program interface.
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Figure (3.15 b): some steps for UFreckles program analysis.

3.3.3. X-ray Radiography Inspection

The purpose of this test is to identify the type, size and location of
the internal defects of the welds (cracks, porosity, slag inclusions, etc.),
where such defects cannot be observed in microscopic examination.
This test was carried out at the State Company of Heavy Engineering
Equipment in Al Doura. All the wall samples were tested before any
processing or cutting into specimens. This test was done using the XXG-
3005 X-ray control unit device with parameters (150 Kv), (as shown in

Figure (3.15).
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putting the film over the

sample to capture the image
while radiating the rays

Figure (3.15): X-ray radiography inspection device.
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CHAPTER FOUR
Results and Discussions
4.1 Introduction

This chapter explains the results which are obtained from the experimental

work and discussion of these results.

4.2 Characterization Results

4.2.1 X-ray Radiography Inspection

The X-Ray inspection was conducted on the three walls, directly after the
building of the samples to detect internal defects between and through the
wall’s layers. The walls are named as (A, B, C) for (E4043,
E4043+5%AL,03, E4043+10%AL,03) respectively. The results of all three
walls showed that they were free of any internal defects, crakes, or
impurities. The seven bright lines in each sample in Figure (4.1) represent
proof for this fact. A certificate showing that these samples are free of any
defects was obtained from the Quality Control Department in the Heavy
Equipment Company. This certificate is shown in appendix A page (7).

4.2.2 Chemical Composition Analysis

The chemical composition for all the specimens are shown in Table (4.1).
These compositions represent the average value for three readings in (top,
middle, and bottom) of each wall. The results showed that the chemical
compositions of the walls are within the range of the standard chemical

composition of the E4043 alloy.
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The X-ray inspection image

The manufactured walls image

Figure (4.1): Samples inspected by X-ray, the symbol (0) to identify the beginning of
deposition direction.

Table (4.1): Chemical Composition of E4043 rolled and prepared WAAM samples
(Wt.%).

Alloy Al Si Fe Cu Mn Mg Zn Ti Be Others
Remain | 45-6.0 | <0.80 | =0.30 =0.05 =0.05 =0.10 =0.20 =0.0003 —_—
E4043-Standard
Rolled-E4043 947 5.04 0.134 | 0.0301 | 0.0011 | 0.0017 | 0.0010 | 0.0109 | 0.00033
A 949 4.84 0.185 0.026 0.0018 | 0.0012 0.001 0.0018 | 0.00020 | —ro
B 939 544 0504 | 0.102 0.0063 | 0.0036 | 0.0021 | 0.0115 0.00027 | ——
C 94.7 491 0254 | 0.035 0.003 0.001 0.0022 | 0.0085 0.00037 | -———

4.2.3.Buildup of Layered-Structures
The processing parameters in GTAW include the arc length, welding

current, welding speed, and wire-feeding rate. The amount of energy
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produced by the arc is directly proportional to the current and voltage, The
amount of energy transferred per unit length of the weld is inversely
proportional to the welding speed [92]. However, because these parameters
interact strongly, it is difficult to treat them as completely independent
variables when establishing a welding procedure for fabricating specific

deposits [43].

The high-quality layered structures depend on the metallurgical bonding
developed by re-melting a thin film of a previously deposited layer. A good
metallurgical bonding was developed by melting a filler metal (wire) and the
thin layer of a substrate. From the second layer, the molten filler metal
solidifies in contact with the previous layer. The contact by the liquefied
material causes the previous layer to be partially re-melted, thereby, ensuring
a good metallurgical bonding between layers. A similar situation occurs in

the successive layers.

The wall which consists of 110 overlaid layers of a single-bead wall
thickness is built on the substrate of commercial Al-alloy (1xxx series). It is
demonstrated that more heat input is needed for the first several layers to

obtain good wetting to the substrate.

The heat accumulated during depositing layers in the building process
until the balance between input heat and dissipation to previously deposited
layers occurs. So adjusting the processing parameters is necessary because
this accumulation of heat influences the deposited morphologies and
structures. An effective way to achieve this control is depending on the
height, which means controlling the dimension of deposited products by

gradually reducing the heat input during a process [43].

The control of heat input is realized by reducing the welding current from
180 to 140 A in the first three layers and by continuous decreasing the
current for the following layers and keeping it constant at 80 A for the rest

of the layers (see section 3.2.5 WAAM Operation).
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4.3 Microstracture Results
4.3.1 Optical Microscopy

Optical microstructure analyses for the well-known 4043 Al-alloy in the
as-cast condition show the typical solidification structure of Al-Si alloys. It
is composed of an aluminium solid solution with a dendritic aspect separated
by an Al-Si eutectic as shown in Figure (4.2a). This undesirable
microstructure can be eliminated by using homogenization heat treatment.
The homogenization occurs after casting to redistribute the alloying elements

more evenly throughout the part as shown in Figure (4.2b).

ctic [
— 1
il § " hfl‘-

Figure (4.2): The microstructure of the 4043 Al-alloy as casting and as homogenized.

To understand the development of the structures and properties in a
deposited wall (WAAM), it is important to study the thermal gradient and
cooling rate in and around the molten pool (conduction heat transfer). The
cooling rate controls the morphology and scale of a solidified structure and

it represents the primary factor in determining the properties of a deposited
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part [3]. Therefore, when using this alloy in AM to produce WAAM walls,
it exhibits a stable integrated structure and strong bond between inter-layered

deposits.

Optical microstructure analyses for the cross-section of the deposited
4043 Al-alloy showed fully sound samples (Figure 4.3). Neither porosity nor

intergranular cracks were observed.

On the other hand, complex microstructures were detected. These
structures are highly dependent on their locations in deposited layers, where
different heating and cooling rates are experienced during processing. Figure
(4.3) shows the microstructures at the (top, middle, and bottom ) for the
cross-section of the deposited 4043 Al-alloy wall without Al,Os particals. As
it can be seen, the separated deposited layers are visible in the macro-

structure.

Distinctive microstructure transition is seen at the bottom, middle, and
top layers of the additively deposited wall. The lower region has a coarse
grain structure while the upper region exhibits a fine grain structure. The
initially deposited layer at the base of the wall consisted of a coarse
microstructure signifying a slow cooling rate. At initial deposition layers,
heat dissipation is low due to the reheating process in multi-layer deposition
processes where the reheating of a region belonging to the previously

deposited layers occurs, causing grain growth in the bottom region.

On the other hand, the uppermost layer of the deposited wall has been less
affected by the heat, the grains are much finer. As more additive layers are
added, the heat dissipation rate increases (rapid cooling at surface layers)

producing fine size grains.

Conversely, the middle region has a columnar microstructure. This is
mainly because when additional layers are added to the base coarse-grain
these grains act as nuclei for the initiated new grains. These new grains grow

in columnar shape in the direction of the building and opposite to the heat
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transfer (by conduction), as the heat mainly transfers along the deposited part

(previous layers) towards the substrate.

The primary columnar grains are very long, slim, and perpendicular to the
substrate. Due to this diversity of microstructure in different regions of the
wall, it is very difficult to do the homogenization heat treatment because

every region will need different heat treatments.
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Boundary of
layers

Figure (4.3): Macro and microstructure of the deposited 4043 Al-alloy without Al2O3
particles.
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As a result, an attempt to solve this difference in WAAM microstructure
by adding ceramic particles and studying the effect of this addition on the
microstructure was suggested. This suggestion was built on the fact that the
WAAM is similar to the casting process.

The solidification needs nucleation locations such as impurities. This
means that this ceramic particle act as a nucleation starting point for new
crystals in each layer and thus reduces the columnar grain growth from grains
of the previous layer. This is what happens when alumina particles (Al>O3)
are added to the 4043 Al-alloy. Figures (4.4), (4.5) and (4.6) show the
difference in microstructure for deposit 4043 Al-alloy with and without

added Al>Os in the bottom, middle, and top regions respectively.

SRS
T

Figure (4.4): The microstructure for deposited 4043 Al-alloy in the bottom wallregions.
(A) without Al203 (B) with 5% Al203 (C) with 10% ALOs.

72



Chapter Four Result and Discussions

These ceramic particle additions encouraged the columnar to equiaxed

grain transformation and the grains were significantly refined.

Figure (4.5): The microstructure for deposited 4043 Al-alloy in the middle wall
regions. (A) without A1203 (B) with 5% Al2O3 (C) with 10% Al2Os.
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Figure (4.6): The microstructure for deposited 4043 Al-alloy in the top wall regions.
(A) without Al203 (B) with 5% Al203 (C) with 10% ALOs.

It can be seen that the fraction variation of Al,Os had a great influence on
the microstructure of the deposited layer. With increasing the fraction of
AlLOs, the structure significantly transformed from columnar grains (in a
sample without adding Al,O3) to coarse grain with the 5% Al,Os addition.
Finally, when added 10% Al>Os3 , the grain size was gradually decreased, and

more evenly distributed as can be shown in Figure (4.7).
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Figure (4.7): The microstructure of deposited 4043 Al-alloy for the same region.
(A) 0% Al203 (B) 5% Al203 and (C) 10% Al203

4.3.2 Scanning Electron Microscope (SEM)

The presence of alumina particles inside the microstructure of the
composite material was confirmed using a scanning electron microscope
(SEM). for a sample with 10% alumina. Figure (4.8) shows the alumina
particles shifting from their original position due to the sample preparation
process. Figure (4.9) depicts the EDS test, which indicates the presence of

aluminium and oxygen in addition to silicon.
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Figure (4.8): Scanning Electron Microscope for Al-5Si (4043) with
10% ALO:s.
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Figure (4.9): EDS for Al-5Si (4043) with 10% Al20s.
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4.4 Mechanical Tests Results

Tensile stress-strain behaviour and microhardness values (HV) are
discussed in this section to characterize the mechanical properties of the
WAAM-processed samples for both of the considered materials with and
without AbOs3 in the deposit 4043 Al-alloy walls.

4.4.1 Hardness Test

The hardness of the as-cast 4043 Al-alloy with (5,10) % Al,Os; was ( 64
and 69) HV respectively compared to a hardness of 53 HV for the as-received
wire. On the other hand, after stir casting and rolling, the wires showed a
clear increase in the hardness due to the stresses resulting from the rolling
process. Figure (4.10) shows the difference in hardness for as-cast, after

homogenization heat treatment, and as wire.

hardness vs Al,O, percentage partacial

100
90
80
70
60
50 M as-wire
40
30
20
10

M as-cast

Hardness (HV 0.2)

homogenization

0 5 10
ALO, %

Figure (4.10): The hardness of 4043 Al- alloy with different percentages of Al2O3
additions in an as-casting, homogenized, and as wire.

The microhardness measurement in the as-deposited WAAM wall
without Al,O; detects variation reading depending on the location which is
attributed to different microstructures. All the hardness values were taken

from an average of at least three measurements in the same region.
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To show the variations of the hardness values over a whole sample, three
series of measurements were taken along the vertical centerline of the

deposited layers at (top, middle, and bottom) regions.

In the specimens with the addition of Al,Os, the hardness values in the
top, middle, and bottom zones were significantly improved. Figures (4.11),
(4.12) and (4.13) indicate that the addition of Al,O3 resulted in a remarkable
effect on the hardness uniformity. The higher and more uniform
microhardness values are attributed to the introduction of the hard ALO;
particles in the structure of the prepared WAAM samples. However, this is
not the only reason.The other important reason which made an obvious
improvement in the hardness came from the effect of the addition of these
ceramic particles on refining the microstructure of the resulted alloy. This
effect can be proven by examining the effect of addition more particles to
the prepared alloy (i.e. increase of the fraction of Al,O3 from 5% to 10%)

which resulted in a more uniform microstructure with finer grains.
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Figure (4.11): Micro-hardness distribution of WAAM processed 4043 Al-alloy with
and without Al20O3 for the bottom region of specimens.
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The microhardness values varied gradually from the bottom to the top
region. This variation was observed between layers in each of the three
regions. This is attributed to the variation in heating between additive layers
which leads to variation in the microstructure, the hardness values varied
from 63 to 32 HV with an average microhardness value of 50 HV as can be

seen in Figures (4.11), (4.12) and (4.13).

The lowest hardness was detected in the bottom zone. Then it increased
gradually towards the intermediate region, and reaches the maximum at the
top layer of the deposited wall. This mean that the bottom layer of the
deposited wall is softer than the top layer. Due to the softening of the bottom
layer by excessive exposure which led to increase in grain size and reduced

the hardness.

By moving up to the middle region of the wall, the hardness average
become moderate comparing to the other two regions because the
microstructure transformed from equiaxed large grains at the bottom to

columnar long grains at the middle.

90 -

e}
(==}
Il

3
S
1

D
(==}
Il

Wi
[e=)
1

N
(e
1

without alumina
with 5%A1203
with 10% Al1203

(%)
(=]
1

MICRO HARDNESS (HV 0.2)
[y}
[}

—_
(]
1

0

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
DISTANCE FROM THE WALL MIDDLE CENTER SURFACE (MM)

Figure (4.12): Micro-hardness distribution of WAAM processed 4043 Al-alloy with
and without Al2O3 for the middle region of specimens.
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From the microhardness distribution, it can be seen that the trends are
different in each region of the WAAM sample. This fluctuation with a large
difference between the maximum and minimum microhardness prominent

the anisotropy of the mechanical properties caused by microstructure

heterogeneity.
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Figure (4.13): Micro-hardness distribution of WAAM processed 4043 Al-alloy with
and without Al2O3 for the top region of specimens.

4.4.2 Tensile Test

To analyze the tensile properties of the obtained samples for the WA AM-
process, three different specimens from each of the three WA AM-deposited
walls along two orthogonal directions: longitudinal or horizontal specimens
(parallel to the deposition direction) and transverse or vertical specimens
(perpendicular to the deposition direction). The test setup and specimen

positioning were shown previously in Figure (3.11).

Figure (4.14) shows a typical tensile curve for 4043-Al alloy (without
alumina addition) prepared by WAAM (vertical and horizontal) and rolling
(for comparison). A clear difference in the tensile behaviour for the WAAM

method between the vertical and horizontal specimens, where they show a
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difference of 27% in UTS and this is due to the difference in the
microstructure. The vertical specimens extended through three different
microstructural regions, however, most of the specimens (the gage length)

have longitudinal grains elongated along the specimens.

On the other hand, the horizontal specimens mostly extended
perpendicular to these long grains, which mean, these grains will be treated
as finer grains in these specimens than that in the vertical specimens. The
finer grain microstructure serves in increasing the grain boundaries which
act as barriers to hinder the movement of dislocations, and as a result increase
the strength. When comparing the values of UTS for 4043 Al-alloy in as-
rolled condition with the WAAM method in the parallel direction to the
deposition, it seems close, since the rolling process refine the microstructure
of the material. However, the rolled 4043 Al-alloy showed more ductile

behaviour than the other specimens prepared using the WAAM method.
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Figure (4.14): Stress-strain curve for 4043 Al-alloy prepared by rolling and WAAM
methods.
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Another difference could be recognized in the behaviour of the vertical
and horizontal specimens. As can be seen in Figure (4.15), the horizontal
specimens (parallel to the deposition direction) show a characteristic ductile
shear fracture with an angle of almost 45° to the applied load. On the other
hand, the vertical specimens (perpendicular to the deposition direction)
showed an angle of 90° to the applied load and most of these specimens was

failed in the transition region between columnar to equiaxed fine grain.
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Figure (4.15): Fractured 4043-Al alloy specimens prepared using WAAM method in
(a) horizontal and (b) vertical specimen.

To study the effect of adding alumina particles on the mechanical
behaviour of the 4043 Al-alloy prepared using WAAM, several samples
were prepared with two alumina fractions (5 and 10 %wt Al>O3). The stress-
strain curves for walls with the alumina additions in both (horizontal,
vertical) deposition directions are shown in Figures (4.16& 4.17)
respectively. It can be noticed that the addition of alumina particles raised
the tensile strength compared to the same material in the rolled condition.
However, the effect of these ceramic particles is very clear in the vertical
specimens, where there is an obvious increase in the tensile properties in this

direction compared to the specimen prepared without adding alumina.
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This is mainly due to the change in the microstructure as a result of adding
ALOs3 (from the column to equiaxed grains) which is mostly affected this

direction as mentioned previously in the microstructure section.
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Figure (4.16): Stress-strain curve for 4043-Al-alloy with and without alumina additions
for parallel to deposition direction.
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Figure (4.17): Strain-stress curve for 4043-Al-alloy with and without alumina for
perpendicular to deposition direction.
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Despite the importance of increasing the UTS of the 4043 Al-alloy by
adding alumina particles, however, the most important effect of this addition
is the changing of the mechanical properties from directional to isotropy.
From Figure (4.18), it can be noted the clear rapprochement in the behaviour
of the parallel and perpendicular specimens under the tensile conditions. This
approach increases with the increase in the percentage of alumina.This
behaviour is also reflected in the UTS values, where the percentage of
difference in UTS between the vertical and horizontal direction for 4043 Al-
alloy was almost 27 %. However, this value was reduced down to about 5%

in specimens with 10% Al>Os additions as can be seen in Figure (4.19).
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Figure (4.18): stress-strain curve for WAAM 4043-Al-alloy with 0 and 10% alumina
for vertical and horizontal to deposition direction.
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Figure (4.19): The relationship between ultimate tensile stress and the fraction of
alumina in WAAM 4034 Al-alloy in both vertical and horizontal directions.

Figure (4.20) shows the effect of the fraction of alumina in WAAM 4034
Al-alloy on the average fracture energy of the parallel and perpendicular
specimens. It can be seen that the average failure energies of the specimens
increased by increasing alumina fraction due to the increase in the strength
of the material in both directions with low effect in its ductility. However,
the fracture energy also shows a clear difference for different directions
(similar to that seen in the strength values). The difference in fracture energy
1s maximum in the specimens with 0% additions with a difference in the
percentage of almost 72 %. Though, the difference percentage is reduced to

almost 5 % when using 10 % Al,O3 additions.
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Figure (4.20): Effect of Al2O3 % on the average fracture energy of the WAAM 4034
Al-alloy in both vertical and horizontal directions.

4.5 Results of DIC Method
The effect of the Al,O3 additions on the behaviour of the 4043 Al-alloy

samples prepared using AM under tensile loading was studied by DIC
method.

The results obtained from DIC to identify the effect of testing direction
(parallel or perpendicular to the building direction) are shown in Figure
(4.21). The strain maps shown in this figure reveal the large variation in
response of the material to the loading depending on the microstructure of

regions of the sample.

Figure (4.21a) shows the deformation taken place in the vertical sample
which in general has regions of strains extended parallel to the deposited
layers (during AM process) with highest strains at the top of the sample (the
region of columnal grains). On the other hand, Figure (4.21b) shows
completely different strain map, where the strain bands make almost 45° with
the loading direction, which is the typical fracture behaviour in the isotropic
ductile metals. The main reason of this change in the behaviour may be
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attributed to the directional properties of the AM samples with 0% ALOs3
additions. In the horizontal samples more grain boundaries will be vertical
to the loading direction, and this is the opposite to the vertical specimens

with columnar grains.

7.00

6.49

5.98

5.47

4.95

4.44

3.93

3.42

2.91

Figure (4.21): Strain maps of specimens with 0 % Al2O3 additions under tensile test
condition (a) vertical specimen (b) horizontal specimen.

The addition of ceramic particles (i.e alumina), the strain map of the
vertical sample completely changed. Figure (4.21) shows the effect of
addition of 10 % alumina on the strain behaviour under tensile loading. As
can be seen there is a clear similarity between the vertical and horizontal
samples, Figure (4.22a) and Figure (4.22b), with strain bands extended in
almost 45° with the loading direction. Moreover, there is a clear difference
between the vertical sample without (Figure (4.21a)) and with alumina
additions (Figure (4.22a)). These similarity and disssimilarity can be
attributed to the effect of alumina additions on changing the grain structure

from columnar to almost equiaxed, and this results in similarity in the
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behaviour of the vertical and horizontal directions, in addition to the

similarity of the overall behaviour to the isotropic behaviour for the material.
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Figure (4.22): Strain maps of specimens with 10 % Al>O3 additions under tensile test
condition (a) vertical specimen (b) horizontal specimen.
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CHAPTER FIVE

Conclusion and Future Work

5.1. Introduction

A comparative study was conducted to analyze three samples of the in-
wall shape of 4043 Al-alloy matrix composites prepared by WAAM. TIG
technique was used as a heat source to deposite these walls with three

different additions of alumina particles (0,5 and 10 % Al>O3).

These samples (walls) were analyzed from different perspectives,

microstructures, and mechanical properties were quantified and compared.

5.2. Conclusion

The most significant results of this study can be concluded as follows:

1-The selected set of parameters used to prepare WAAM samples in this
study results in virtually defects free thin-walled parts. The tests showed that
the parts were fully dense, and no porosity or intergranular cracks were

observed.

2- The deposited 4043 Al-alloy without Al,Os; had a distinctive three
microstructural regions (coarse grains in the bottom of the wall, columnar

grain in the middle and fine grain structure in the upper region).

3- The addition of Al,Os had a great influence on the microstructure of the
deposited layer, firstly by promotion of the columnar to equiaxed grain
transition ; secondly by the grain refining effect for other regions. On the
other hand, with increasing the fraction of AlbO3 (5% to 10% Al>O3), the

grain size was gradually decreased and more evenly distributed.

4- The micro-hardness of the deposited wall (without any additions)

increased by moving up from the lower to the upper layers passing through
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the middle region. The difference in hardness is attributed to the change in
the microstructure between these three regions. However, the addition of
alumina particles reduces the differences in hardness between these regions
until the hardness values are almost equal. Furthermore, by increasing the

volume fraction of alumina particles, the overall hardness level increased.

5- The tensile test showed a clear difference between the vertical and
horizontal samples in the prepared wall without adding alumina particles.
Nonetheless, this difference decreased significantly with the addition of
alumina particles, and with increasing the percentage of alumina particles to
10%, the behaviour of the horizontal and vertical samples under the tensile

test became very close.

6. DIC method was successful in predicting the effect and linking the
microstructure (grains shape) with the stain maps and as a result the fracture

bath.

5.3. Future Work

Some suggestions that can be taken into consideration for future work:

1- Future designs of feedstock for welding and additive manufacturing
could focus on hybrid additions of nanoparticles, where one part is a
grain refiner and the other a strengthening phase homogeneously
distributed in the aluminium alloy matrix.

2- WAAM can be used to fabricate functionally graded materials with
unique properties.

3- Rolling or forging can be used directly after deposition of each layer
or used together during manufacturing as a method of crushing the

granule and preventing columnar growth.
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1- The particle size analysis for Al,Os3
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2- XRD OfA1203
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3- XRD- analysis of AOs.

o
o ] ] ] LT~ R N
S . . . [ ey b A S [
< ! s [ R : e
o ' i B o ' . . Il Il ' o " L i oo ' ' i B
a2 i 1 2 g g 1 F R d=. -
[ Lo A i =S [
& . | - A R -
[ i [
[ AL - = S [
v : ; P CEE b
! ] i X [ MG i
: ] i Lo ] = L [
- - |— 2 e --f=s B —
. ' i o . . i ot . .
— o B H —
2 R ]
F . i . or i [
o H HE [ H
[ o : o —— 0 R
-2 |---reebeeeeea-- - S ank aa e Y e sanE TS EEN [ e seE EERY =
TN RN (T SR S S ISP I N O S S RN RS SRS HOROE NN SN N SN A
= H i . .
= " ' ~ . \l
= v " v
Pl ol
Fla : : : :
— —
= ! ! H ! i d
i i i [ - 1 ; i ; | .
i | | | I ra [ Lk G LI i L [ L [
= = = = = = o o 2 = 2 2 2 2 2 =2 2 9 2 o
= = = = = =) w == = oo w - -1 = =] w = o~
= = 2 2 = E 3
F = B =

30 35 40 45 50 55 60 65 70
Mineral Name

Chenical Name

25
Chenical Formula
-1243 Alz03

-0661 Al203
-0173 Al203

Card

on

R-3c
R-3c
R-3c
R-ic
R-ic

0.800( &/19) 0,735 0,901 1,000 4,01

Aluminum Oxide
Aluninum Oxide
Alumimm Oxide
Aluninum Oxide
Aluninum Oxide

-0nol

0.750( 9/34) 0,791 0,912 1,000 3.99

00-01l
00-010

0.692( 9/50) 0.891 0,904 1,000 3.99

Corundun
Corundun
Corundum

0.692( 9/49) 0,896 0,836 1,000 3.99

00-042-1468 AlZ0:

00-043

>

0.692( 9/42) 0,882 0,944 1,000 3.99

-1484 AlZ03

LM

press F1

A-1



Appendix-A

4- The Chemical Compostion Analysis.
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