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Abstract

Amongadditive manufacturing (AM) technologiesire-fed direciedenergy deposition (DED)
processes argaining huge popularity amongresearchers and industrié&lire-arc additive
manufacturing (WAAM), or more recently referred to BED-ar¢ is emerging as a cost
effective solutionfor efficient productiorwith high material deposition rates and lower lead
time. Thus, making it one of the most desirable AM processes for-ta@e fabrication.
However,extensiveresearch is needed to realise the benefithis technology.This thesis
comprehensivelgvaluatéd the performance and prospectives of WAAM pro@ss3he first

study investigate different metal transfer modes and their interactions with input variables
based on beadn-platetrials. Similarly, the combined effects of hatch distance amaurrent

were investigatedn bead formation in mulpass depositat various levelsfollowed by
investigaing the mechanical propertidésr larger depositdt was observethat metal transfer
modes influenced the bead morphology, hardness and microstsuatutéerentparameter
levels.The secongtudyexplored various deposition strategjfer test walls and cubi@asiples

on their built structure and mechanical propertidse study shows how various deposition
strategies effect the walbrmation andidentifies the most suitable process setups for wall
depositsin addition this study shows the influence of laygacking in the building direction

on microstructural evolution and material hardnedse fhird study was based on a very
detailed analysiby exploringcoredwires in two different WAAM procesgariants i.e. GMA

based and PTAased WAAM A creepresistant steel was deposited using cored and solid
wires of same chemical compositions. Different shielding gases were also investigated for
GMA procesgo witness their influence on process outcofiifee results revealed a lower heat
input when using the corealire. From the process point of view, PTA produced a much higher
heat input than GMA for similar deposition ratios. Similarly, shielding gases in GMA also
produced varied heat inputs. A bainitic/martensitic microstructure was observed in the test walls
deposited with solid and cored wires with similar morphological features when using the same
process and shielding gas combinatidtawever, trivial differences could be observed in the
building direction of deposited walls due to the thermal histbhe solid wire produced a
comparatively higher hardness. Similarly, the walls deposited under PTA process also exhibited
a slightly higher hardness than GMA. Hewer, EDS maps and elemental sésdevealed
comparable results for both wires and the overall results showed good performance and
outcome for coredvire. After the successful application of corette in the two WAAM
processes anotherstudy was followed by deposiing a hardfacingcoredwire with the
properties of corrosion resistantceinvestigate the WAAM process in melting and deposition

of such wire consumableBTA and GMA processwith different shielding gases weused

for hardfacing coredavire to explore the opportunities and challenges of depositing such hard
to-deposit materials. The results concluded that BOHAM processescan successfully
deposit the material under studyowever, there is a threshold number of layers i.e. around 5

6 layers, beyond which the deposited material undergoes uncontrolled cracking, leading to
delamination of the wall from substraiéechoiceof shielding gaghn GMA processnfluenced

the metal transfer, arc behaviour, spa@ed fume generation and slightly effected the
microstructure. From process perspective, PTA produced 5% more hardness compared to GMA
for same shielding gas. The OM and SEM images revealed primarily chromium carbides in the
austenite matrix in all samplesh&@ EDS results showed uniform materialdistribution;



however, certain allogg elementsend to shovhigher or lowerconcentrationg carbides and

within the matrix The laststudycoverda processiriven comparative study on wifed DED
processes based on electric arc, plasma and laser ssucbesssMA, PTA and LMD. It was

shown that PTA has the highest heat input and LMD produces the least heat input while GMA
lies in between. The material deposition rate of GMA is much higher while PTA and LMD
produced similarates for wall depositionthe grain sie and material hardness slightly differ
across the processes which are attributed to different energy densities of these processes. The
EDS analysisshosds i mi | ar material distribution for t
segregation was fountt.was concluded that the choice of such DED processes may be based
on deposition rate, process stability, and high geometrical resolution for GMA, PTA and LMD,
respectively.
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Sectionl 7 Theoretical

Sectionl is comprised ofhe theoretical aspects of this dissertation and is composed of three
chapters. In chapter one ttieesisis introduced followed by presenting the research problems
and the correspondirrgsearchapproaches. It also introduces the overall thesis outline.

Chapter two covers the fundamental concepts that are closely related to this work and adds
in understanding the terms, processes, concepts used in the experimental studies. It introduces
the parameters, processes, and the releliantetical concepts

Finally, chapter three introduces the statehe-art by reviewing the latestterature This
chapter helps in understanding some common issues related to WAAM technology, research
approaches taddress the issuesnd covershe recent advancements in WAAM technology.



1. Introduction

Wire-arc additive manufacturing (MAM) or directed energy deposition giegED-arc)has
the capability to reduce the lead time, material wastage and provides high deposition rates.
Hence, ithas huge potentidbr medium to largescale fabricationn a layerby-layer pattern
However,the process still lacks comprehensive research for certain aspects and needs to be
explored to unlock its potentials for many applications.

This chapter introduces tWWAAM processsbased on the main theme of the research. It
highlights the researclgaps andutlinesthe corresponding research appraesadnd studies
carried outto fill the knowledge gapAdditionally, the chapter concludes by describihg
structure of the thesis



1.1. Introduction

Wire-arc additive manufacturing (WAAM) is rapidly emerging to be a promising additive
manufacturing (AM) process, particularly due to high deposéi@iniency for large structures
[1] and repairing capability for metal componeftk The process utilizes an electric arc to
melt a wire feedstock and depositdayer by layer to form a-8imensional (3D) partThe
versatility of WAAM process to allow the deposition of various metals and alloygsitak
preferred choice in many industries such as aerospace, automotive, and oil and gas. One
advantage oWWAAM is the costffectiveness since the use of wire feedstock compared to
powderbased AM technologies makes it less expengsyeln addition, WAAM processes
offer higher deposition rates and the ability to deposit large structures with low material wastage
[4,5].

WAAM process primarily uses the traditional welding heat sources, and it has different
process variantsicluding gasnetal arc welding (GMAW), gas tungsten arc welding (GTAW)
and plasma transferred arc welding (PTAWHe GMAW uses a consumable electrode (the
wire feedstock) where the arc establishes between the tip of the wire and substrate. The GMAW
and PTAW processes use a famnsumable tungsten electrode while the wire feedstock is fed
separatelyacrossthe arc generated between the Hqgonsumable tugsten electrode and the
substrate. A shielding gas is used to protect the-poglk from contamination. Pure argon is
commonly used for GTAW and PTAW processes whitdve gases in small proportions are
mixed with pure argon in GMAW process to achieve a better arc stgdbjlity

In WAAM processes, the metal transfer modes play a critical role in determining the quality
of deposited parts. Therefore, modern heat sources allow the selection of metal transfer mode
directly on the controller. The shesircuit/spray transfer mode is the stand mode. For a
certain wire diameter and shielding gas type, the standard metal transfer mode adopts a short
circuiting transfer at low power. In such a mode, the wire makes intermittent contact with the
workpiece (substrate) or previously depeditayer, transferring the molten metal droplets and
undergoing a shox«ircuit where the current and voltage go to zero and the cycle repeats
accordingly. For the same conditions, if the power is increased, a transition from short
circuiting transferto spray transfer mode can be observed where theméhes more rapidly
without touching the workpiece. The molten metal droplets become smaller, detaching with
higher frequency, hence resembling a spray trangi@reover, the advanced electroniasve
enabéd adopting more advanced metal transfer modes leading to¢h#esbpulse and double
pulse transfer modes. In this case, the current pulses in a controlled manner between a peak and
base current, allowingbetter control over the heat input. The double pulse superimposes two
different pulse frequencies, aimed at enhancing the control over the deposition process.

In addition, WAAM is popular for largescaledepositionfor which thinwalls and bulky
depositsare the building blockDeposition strategi€ls,8] for walls and bulk structurgday
a pivotal role.For instance, irsinglepass thinwalls the parallel depositiofunidirectional)
strategy is easy to implement. However, this strategy causes the wall to grow higher on one
side, resulting in uneven wall surfacégother strategy to address this issue is an alternating
layer (bidirectional)or zigzag strategin which the deposition direction reverses at the end of
each layerdistributing the heat and material more evenly. Another approach to obtain a wall
with even surfaces i® incorporate a budbackor dwelltime at the end of each layer in the
parallel strategy. This can be achieved by keeping the arc energized for a brieftanéat
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end of the layer, effectively addressing the unevenness typically associated with the parallel
strategy However, thedwell time should be adjusted carefully sifoagertime may lead to
melting the wire completelyesulting inwelding the wirewith nozzle tip Similarly, for bulky
structures, a shell and infill strategy can be adopted where an external @niatssr (shell)
can be deposited followed by infill passes with a certain bead overlapping distance. The start
and end points of shell and infpassegor each layecan berotated9(° clockwise toachieve
a homogeneous heat distribution.

Finally, the choice of wire type is another crucial factoWWAAM . However, this has not
been explored thoroughly with a comparative stuilyaractice, solid wires are predominantly
used for wirefed AM applications On the other handcoredwires offer several advantages,
making them attractive for certain applications. Cengebs are classified as flusored and
metalcored wires with a tubular crosgction(metal sheathyisually made of mild steel, filled
with alloying elements in the form of metal powderse current flowanostly through the
metal sheatlof tubula wire, increasing the current density and material depositiofJatd.
Compared to solid wires, the tubular design allows to change the chemical composition of
alloying elementsnore easily, promoting an efficient approach for alloys development for
wire-fed additive manufacturing process€onsidering the complex process chain for the
manufacturing of solid wires, the chemical composittamnotbe modified easily. Hence,
coredwires help in tailoring the chemical compositidril] to enhance the prepties such as
strength, corrosion resistance, creep, and wear resistance. In shoryitesedoupled with
additive manufacturing can provide significant advantages infeégformance applications.

1.2. Research problem

WAAM procesgprovides an efficient solution for additive manufacturing of medium to large
structures. However, this process has not reached the maturity and demands comprehensive
researchOne such aspects WAAM is the metal transfer modes which influence the heat
input, bead morphology, and mechanical properties of deposits. Researchdishawghly
investigated the process parameters in individual metal transfer nidd#6].[ However, a
comparative study still lacks in the literature that can ingattvarious metal transfenodes
on various response variables including the bead morphology, hardness and microstructure.
Hence, to fill the knowledge gap, various metal transfer modes need to be studied together in a
comparative way at various levels of process parameters.

In addition, WAAM s very effective for largscale deposits. However, the high heat input
in the layerby-layer processesults in heat accumulatio@onsequentlyieading toslumping
of depositedmaterialand resulting inuneven surfacesvioreover, the deposition strategies
influence thegeometrical characteristicslq], microstructure ], and other mechanical
properties 18]. Therefore, effective deposition strategies are essential for homogeneous heat
distribution minimizing thesurface irregularitieand achieving desirable propertidsother
research question regarding the wall deposits corresponds to the influence -stdalig:
whether the number of layers influence the material properties. We can find many studies in
the literature discussing the influence of interlayer temperatand other aspects. However, it
lacks to present a comprehensive study to show the effects based on the number of deposited
layers.



Anotherparticularly important research question arissgarding the use ohetatcored
wiresin additive manufacturingnt o d adva@nesedra, manyechnologies and materisdse
reachng their limits, demanding more efficient approaches to mgetificrequirements=rom
the process point of view, additive manufacturing is turning the pace of production with more
advanced and flexiblmethods However, the material process chaiay presenan obstacle.
On one hand, additive manufacturing progidestomised solutions without needing to change
an entire manufacturing process layout. On the other hand, théaneetvanced materials
pushing its limits. In additive manufacturing, solid wires geedominantly used
Unfortunately, the process chain involvegnmodudng thesavireslacks theflexibility to meet
the rapid and customisedaterial demandg$-ortunately, coregvires whichhave been used in
traditional welding for decadesffer the capability to easily change the chemical composition
of metal powder inside the cqrallowing the rapid productionvith tailored propertiesThis
raises thequestion are coredwires as effectiveassolid wires in variouSWAAM processes?
Therefore a comparative investigation of core@rsussolid wires in differentWAAM
procesesis essentialWhile some studie$9,19-25] have investigated the coredres alonea
comparative study between the solidrauscoredwires is still lacking in the literature
particularly for PTA-basedWAAM . Additionally, the effect of different shielding gases
coredwires has not beerexploredthoroughly in WAAM, which further emphasizes on
conducting a detailed experimental study based on these aspewdwires are capable of
producing some higkend materials which cannot be obtained from the production chain used
for solid wires. Although the coredires can enable the production of such alloys, it is
important to conduct experimental analysis tonests if WAAM can efficiently melt and
deposit such alloys and whcould be the opportunities and challenges regarding that.

Last but not the least, the literature lacks a comparative study otffiedifl2ED processes.
Today, ®me of the widely used wireed DED processesclude WAAM variants such as
GMA and PTA as well ad aserWire DED (LW-DED) or LaserMetal Deposition (LMD).
Thus, to fill this gap, a comparative study is needed onfe@ddED processes based on laser,
plasma and electric attased energy sources.

1.3. Research approach

To address the aboveentioned research gapsitially different metal transfer modes were
investigated in GMAbased WAAM process using an ER76%vire. The metal transfer modes
including the shortircuit/Spray mode, pulse mode and double pulse mode were studied
through beabn-plate trials based on statisticapproachs using ANOVA and regression
analysis.Their influence on beadhorphology (width, penetration, height, dilution), hardness
and microstructure were investigated at different levelarofcurrent. Then the studwas
extended to muklpass and multilayer deposits in which the combinéidencesof current and
hatch distancevere studied to see their effects on bead formation in pulse transfer mode.
Similarly, a thin wall and a cubic structure were deposited to explore their properties using
hardness tests, optical microscopy and Sifdlysis.

In addition, different deposition strategies were used to understand their influence on thin
walls and bulky structures. For thin walls, different layering strategies were used including the
unidirectional, bidirectional and unidirectional coupled withrisack or dwell time were
explored to observe wall formation. For bulky structures an optimised deposition strategy based
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on the shell and infilbatternwas adopted and various combinations of deposition current, travel
speed and hatch distance were used. The hardness profiles and optical microscopic images were
analysed for each case followed by SEM analysis for deeper understanding.

Most importantly, some spedialalloyed coreewires were studied iWWAAM processs
First, a creepesistant low alloyed steel was used in the W®AM process variantslamely
GMA and PTA processes. A coradre and a solid wire of same chemical composition were
used for the comparative study to explore the performance of-aaredvith respect to solid
wire in the two processes. The study starts with fweaplate trialswith the coredwirein GMA
and PTA processes to compare the heat ifgougimilar deposition ratiogn the two processes
and explores the influence of three different shielding gases in Ghfally, the study
compares the two wire types with test wall deposits under the same shielding gases/processes
and concludes very interesting results.

After the comparative study of solid vs comede, another corewvire was investigated in
the two DED processes and shielding gas combinations. But this time, a vetp-Hapbsit
material was studied to explore the opportunities and challenges oitawpsach materials
with WAAM processes. The underlying conette consisted of more than 3% carbon and 32%
chromium to provide very hard deposits with corrosion resistance properties. Apart from OM
and hardness studies, results were compared with SEMRSBdnalysis.

Finally, a comparative analysis on three different i@ DED processes was conducted
investigate their outputs based on heat input, deposition rate, wall formability, microstructural
evolution, hardness and SEM/EDS results.

1.4. Thesis outline

This thesis is structured to provide the theoretical and experimental aspects that revolve
around the research problems. The thesis is divided in two sections: $eatidsectionll.
The theoretical concepts are detailed in sedtitwllowed by the experimentatudies detailed
in sectionl. Section is composed of three chapters while sedtiasnconsisted of five chapters
excluding the final conclusions and recommendations. Referaneggven at the end of each
chapterfor better orgargation

Chapter briefly introduceSVAAM and outlines theesearch problems and summarizes the
approaches to address them.

Chapter 2resentshe fundamental theoretical concepts that are essential for the understanding
of thesetechnologies and terminologieBhis chapterfocuses onlyon the concepts that are
related to the key aspects of the research.

Chapter 3 covers the literature review and presents theofttite-arton process parameters,
microstructural evolution and mechanical properesering heat input and cooling strategies,
geometric features and surface finish of parts deposit8dAAM processes, #process and
postprocess strengthening and alloy composition based on wire as feedstock.

Sectionll startsfrom chapter 4and onward. In sectiolt, each chapter covers a different
experimental project based on the main theme of the research.

Chapter 4 covers the investigation of metal transfer modes in GMA process using&R70S
wire with beadon-plate trials, followed by mukpass and multilayer deposits.

Chapter Sdetails a parametric study based on a statistical approach followed by investigating
di fferent deposition strategies foWAAM.i n wal
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Chapter 6details a comparative study of cored versus solid smafe same chemical
compositionin deposithg a creepresistant materialh GMA and PTA variants of WAAM
process. It also employs various shielding gases in GWAAM to investigate their influence
on the process outcome.

Similarly, chapter 7 covemsninvestigation @ melting and depositing hardfacingcored
wire with the properties aforrosionresistage,in GMA and PTA processe3hree different
shielding gases were also investigated in this study on the process outcome.
Chapter &overs a comparative studywire-fed DED processes based on electric arc, plasma
and laser sources. It gives a detailed understanding of the influence of défezenyy sources
on the deposited structures using a cresstant wire.

Finally, chapter 9 presents thlsingremarksand recommendatiorisr future research
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2. Fundamental Concepts

This chapter underlines the theoretical concepts that revolve around the main research
problems. Starting from introducing the related processes and process variants tedaptie in
terminologies and concepts that are necessary to understand the key akpgperimental
research presented in this thesis.

Apart from that, it covers the metal transfer modes and the physics behind that. The chapter
discusses the forces acting on the metal droplets and the phenomenon to distinguish between
them. Moreover, different wire types are discussed and their propertiesvar ds al | o
development. The processing parameters are also discussed for each process and variants to
provide a better understanding of the underlying experimental chapters.

10



2.1. Additive manufacturing: An overview

The layerwise production has a long history, however, gheup of technologiesamed
today asadditive manufacturingtarted to be commercialized in 1988 [The rapid prototyping
was the original term used for additive manufacwraimed at modelling and prototyping of
new designs in automotiv&ctors However, the term additive manufacturing was formally
adoptedby American Society for Testing and Materig sSTM) - Internationaltechnical
committee meetingh 2009which also formed the ASTM Intertianal Committee on additive
manufacturing (ASTM F42 Additive Manufacturing).In 2010, ASTMF42 classified the
additive manufacturing processes into 7 standard categories which are showr.in Fig.
Additive manufacturing (AM) process is based on layetayer deposition of materials to
form a threedimensional object. Unlike the subtractive manufacturing processes where a large
block of material is removed through machining to achieve the deswetkyyy, AM processes
add several layers of material additively to achieve that without producing scraps. Therefore,
the process is often referred to as 3D printing. Additive manufacturing processes allow
deposition of intricate geometries, customizatiord arduce the materials wastg-4].
Therefore,owing to its many advantages,is gaining popularity among many important
industries.

VAT

Photopolyme
P rization I
Direct b .

E Energy ( ]\j[:tt;:al |
gy i / Additive B ¥
/' \ Manufacturing \

Processes f

( Binder

/ Sheet \" ‘
@ | - |

y - ey

| Powder Bed f Material 1

Fig. 1 ASTM classification of AM processes

Extrusion ]

1 In Vat Photopolymerization, the liquid photopolymer resins are filled in a vat and the
platform is loweredand covered with liquid resirequal to the layer thicknesEhenthe
ultraviolet (UV) light is used to cure or harden the resins. After each layer the platform is
lowered to allow fresh liquid resin to cover thaface, and the process is repeatddhe
end of the process the liquid resin is drained out of the vat and the object is removed.

1 In MaterialJetting, unlike the vat photopolymerizatianaterial is jetted on a platform. In
other words, @rint head is used to inject dropletsre§insfrom above to form layer&JV
light maybe required to cure the layers.
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1 Similarly, Binder Jetting uses material in the form of powder and uses a liquid binder to
form a 3D structure. Thus, the powder and binder are deposited in alternate layers with the
horizontal movement of the printer head.

1 The Material Extrusion employs a hot nozzle to heat up and extrude the material from the
nozzleand deposits it laydvy-layer onthe platform. The nozzle moves in theakd Y-axis
while the platform moves in the-&is. The most used process in this category is Fused
Deposition Modelling (FDM]5].

1 The powder Bed Fusion (PBF) processes use either a laser or electrotolreathand
fuse metal powders. After each layer, the powder is spread over the previously deposited
layer with a height equal to layer thickness. These processes include electron beam melting
(EBM), selective laser melting (SLM) and selective laser sSmg€iSLS) [].

1 Sheet Lamination processes include the ultrasonic additive manufacturing (UAM) and
laminated object manufacturing (LOM). UAM process uses ultrasonic welding to bond
metal sheets. On the other hand, LOM process employs paper materials and instead of
weldingit uses adhesives for the layey-layer bonding.

1 Finally, theDirectEnergyDeposition (DED) process a flexible AM technology thatses
a focused thermal energy to melt and degbsiimetal powder or wire from the nozzZlée
nozzle is usually moved by a muétkis robot arm or a CNC system.

2.2. Direct Energy Deposition (DED)

A directed energy deposition ystem uses a focussed thermal energy for additive
manufacturindoy fusing materials as they are being deposited (ISO/ASTM 52900:2124.)
feedstock material in the form of powderwire is deposited on a substrate where an energy
source such as laser beam, electric or plasma arc is simultaneously fatiséaus melting
and depositing the feedstock material on a subsht8¢me AM developers adopted specific
names for their products, howeveepending on the energy source, feedstock, and process
setup, commonly used DED processes are categorizeueas energy depositiearc, wire
laser direct energy deposition (DBMBL), laser metal deposition (LMD), and electron beam
addiive manufacturing (EBAM])8].

2.2.1. Wire arc additive manufacturing (WAAM)

WAAM process, more recently also known as D&i@is becoming very popular due to its
capability of producing medium to larger parts with significantly high deposition rates
compared to other AM process&ghile WAAM has been used for decades mainly for repair
purposesthe recent AM developmenggished thisechnologyto emerge as a popular solution
for largescale deposits with a resolution of approximately 1 mm and deposition rateldf 1
kg/h depending on the arc souf&

Depending on the process variadWtAAM process establishes an electric arc or a plasma
arc to melt and deposit the consumable wire that is fed in thepowltacross the arc in a
controlled mannerWAAM is based on traditional weldingrocess However, unlike the
welding processs the aim is to fabricate 3D objects by depositimgmaterial layeiby-layer,
as shown irFig. 2.
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Fig. 2 WAAM process setup with a deposited pajt

2.2.2. Laser-wire DED

Laserwire direct energy deposition is another DED process used feneesinape additive
manufacturingLike other DED processes where energy is directly applied to melt and deposit
the material on a substrate, lagere DED uses wire as feedstock and laser energyetothat
as shown irFig. 3. Ensuring an effective melting and depositidre wire is fed in such a way
that it coincides precisely with the laser beam at the right angle and pddjimmstriking with
the wire, the laser beam melts and depdbigswireon a substrate or previously deposited
layer(s). e laser head typically moved by anulti-axis robot to form 3D object3he main
parametergffecting the procesaclude the laser power, the travel speed of laser head and wire
feed rate. Other parameters include laser spot size (beam diameter), shielding gas flow rate,
standoff distancef@cal distancg and layer thickness.

laser beam _
~

side view

new bead .
N\

substrate —

deposition direction

top view
melt pool nozzle
\\

i

wire

Fig. 3 Laserwire direct energy deposition procesd eft: schematic diagranRight: Actual
process imaged.0]
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2.2.3. Laser Metal Deposition (LMD)

Another widely usedED process is laser metal deposition (LMD) tiyaically employs a
metal powder as feedstocln this process, the metal powder is transported in a controlled
manner using a powder feeder. The powder is carried by an inert gas, such as argon, which
directs it towards the substrate through the nozzle and deposited in thgoolelthich is
created I a laser beam. The schematic diagram is showigint. The key process parameters
include the laser power, powder feed rate, travel speed (or depositemnt),soed powder flow
rate.

Powder nozzle
Laser beam
Shielding gas

Deposited materﬁ / Powder
Fusion zone Molten pool

Base material

Fig. 4 The schematic of laser metal depositih]

2.3. Process parameters

During theWAAM deposition, several processing parameters directly or indirectly influence
the process outcommn chapter 3, the effects of main processing parameters will be discussed
from literature. However, this section introduces some important parameters for WAAM
processWhenother parameters are kept constant, the effects of individual process parameters
are discussed below.

2.3.1. Arc current

The arc current is directly related to the feed rate of electrode known as wire feed speed
(WFS). During the process, any change in WFS influences the arc current accordingly.
However, the magnitude of this relationship depends on the wire material and the polarity of
the power source as well as the size of the wire electrode. Before the operation, this information
is selected on the heat source, then any change of WFS resuitappropriate arc current and
vice versa.

2.3.2. Arc voltage

Arc voltage is directly associated with the arc length. There are other factors which also
influence the arc voltage including wire composition and diameter, electrode extension and of
course the type of welding sourdc length plays an important role during deposition. For
instance, in spray transfer mode, if the arc length is kept too short, it can undergo intermittent
shortcircuiting during deposition. Similarly, if it is kept too high, the arc wandering takes plac
and pose issues of stability. Hrcalso affect the bead profiles and penetration.
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2.3.3. Travel speed

Travel speed (TS) is the speed with which the welding torch is moved during the process.
The torch is usually integrated with a robot or a CNC gantry system. Travel speed is a very
important parameter. Fixing the other parameters, a lower travel speegasiesthe deposited
material per unit length. This also means more heat input. Thus, increasing or decreasing the
travel speed influences the bead profile and penetration.

2.3.4. Electrode extension

Electrode extension is simply the length of the wire consumable from contact tip. When we
increase the electrode extension, the resistance across the wire increases. This slightly helps in
increasing the melting rate. However, the increased wire extermises a voltage drop which
needs to be compensated by decreasing the arc current. Thus, the power source decreases the
current to maintain the balan€&onsequently, the wire melting rate decreases and the arc length
is also reduced.

2.3.5. Electrode diameter

For certain metal transfer mode, a larger diameter of wire recuhggerminimum arc
current compared to a smaller diamefes.a result, a bigger wire size allows larger melt pools
and bead dimensions and increases the deposition rate.

2.3.6. Shielding gas composition and flowate

A shielding gas is used to protect the melt pool from contamination. However, the
composition and flow rate of shielding gas has important implications on the process outcome.
Usually, inert gases such as argon and helium are employed féemous metals. However,

a mixture of inert gases with small amounts of reactive gases such as carbon dioxide or carbon
dioxide alone is employed for ferrous metals. The gas density, flmmzmtential and thermal
conductivity of individual gases effect the arc closeaistics.

2.4. WAAM process variants

WAAM process is based dnaditionalwelding heat sources and primarily consisted of
three process variants, namely, gas metal arc weld®§AW), gas tungsten arc welding
(GTAW), and plasma transferred 4RTA). Each process slightly diffebased on the arc type,
electrode type (consumable in GMAW vs. ronsumable in GTAW and PTA), and the arc
energy densityEach of these variants are summarized below.

2.4.1. Gas metal arc welding (GMAW)

Gasmetal arc welding uses a consumable wire electextablishes an electric arc between
the tip of the wire and substratdere the wire is meltednd depositethyer by layeron the
melt-pool formed on the substraBMAW process usually employs a shielding gas to protect
the meltpool. The choice of shielding gas depends on the material under deposition and can be
a mixture of an inert gas like argon plus one or more other gases. The welding torch directs the
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consumable wire which is fed by a wire feeder. The torch is moved by a robot with a precise
deposition path generated by the robot progr&he main process parameters in GMAW
process include the deposition current, voltage, travel speed (deposition speed), and wire feed
speed. Other parameters include the cotitpdb-work distance (CTWD), shielding gas type

and flow rate, interlayer temperature multilayer parts and hatch distance between the
successive beads in myftass deposits.

WAAM metal deposition using GMAW process is very suitable for famge deposition
because of very high deposition rate, reaching up 1@ &g/h [L2]. However, the process
involves high heat inputs, which could lead to residual stresses and may cause structural
inconsistencies if not handle swiftly. Therefore, it is common in GMAW process to adopt
effective cooling techniques or at least an approptiaterlayer temperature (ILT). This can
either be achieved by maintaining the temperature below ahtide®r depositing the
subsequent layers after a certain time interval.

2.4.2. Gas tungsten arc welding GTAW)

Unlike GMAW process, gas tungsten arc welding uses acansumable electrode made of
tungsten. The arc is established between the tungsten electrode and substrate which is shielded
by an inert gas, usualbrgonor helium The consumable wire is then feglparatelyacross th
arc where it is melted and deposited on the ped.

2.4.3. Plasma transferred arc (PTA)

The wire feeding mechanism in PTA process is similar to GTAW, but with a plasma arc.
PTA process also uses a roonsumable tungsteglectrode and the consumable wire is fed
separately across the plasma @u.inert gas is typically used as shielding dasually, the
same inert gas is used as plasma gas but in much lower flow rate. When the gas in its neutral
state comes across the electric arc established between the tungsten electrode and substrate, it
is heated by the arc and its thermal energy ise®a/Vhen the thermal energy of gas molecules
become sufficiently high, ionization occurs where positively charged ions and free electrons
are released. The ionized gas becomes conductive argsaamrent and thus forms a plasma
with a very high temperature. Plasma arc is characterized by higher energy density compared
to other two variantsThe schematic dWAAM process variants is shownhing. 5.
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Fig. 5 WAAM process variants: (a) GTAW, (b) PTA, (c) GMAW3]

2.5. Metal transfer modes

When comes to direct energy deposition processes, metal transfer modes play a vital role.
Metal transfer modes not only affect the metallographic characteristics and distortions of the
workpiece due to heat generated and the amount of material depositatsdinfluence the
external bead geometry in each laybf][ The metal transfer modes describe how the metal
droplets detach from the wire tip and transfer to the workpiece. These modes primarily change
based on the process parameters including threrduwoltage, and shielding gas for a certain
wire diameter. ©day, theadvanced welding sources allow the selection of transfer modes
directly on the controller. They include the selection of standard mode, pulse/goigge
modes, and cold metal transfer. Depending on the manufacturer, some welding sources provide
modified waveforns based on these transfer modes for specific applications. The standard
mode includesthe shorcircuiting, globular transfer and spray transfer modes where the
transition betveen them depends on the power and shielding gas for the same wire diameter.

2.5.1. Globular transfer

Globular transfer mode isimarily characterized by large metal dropletsually larger than
the wire diameteas shown irFig. 6(a). This transfer mode occurs at low to moderate current
levels in which the electromagnetic forces are not strong enough to force the droplet
detachment. Therefore, the wire tip meltsoss the aréprming a droplet, where the droplet
grows larger untilits detachment takes place ity weight undegravity.

2.5.2. Short-circuit transfer

A shortcircuittransfers al so referred to as fidip transf
the meltpool on the substrate, causing a stomtuit. The wire electrode is fed at a constant
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feed rate. If the speed at which the wire is fed is higher than the rate at which the arc alone can
melt the wire, it eventually dips into the mglbol [15], causing the sheudircuit. As shown in

Fig. 6(b), during the arcing period, the buoff is not sufficient to melt and detach a droplet.
Hence, the wire eventually dips in the maitol and upon shodircuiting, the current from

power supply rises abruptly, causing a small amount of wire to detache¢al idsistive heating

and deposits on the mgibol. Upon shortircuiting metal transfer, the arc is-established,

and the cycle is repeated. This transfer mode occurs at lower current levels, and the
corresponding heat input is lower. Therefore, it is also suitable for thin plates.

2.5.3. Spray transfer

As shown inFig. 6(c), in spray transfer mode, the metal droplets are detached and projected
coaxially across the arc by electromagnetic foréssthe name suggests, the transfer takes
place like a spray with fine mist of small metal droplets, leading stableand smooth
deposition.For a fixed wire diameter, wire composition and shielding gashe current is
increased, a clear transition from globular to spray mode is observed. The current at which this
transition occurs is called spray transition curr@bor above his transition current, the metal
droplets are trasnferred across the arc without the wire touching the workpiece, but droplets are
mainly propelled by electromagnetic forces rather than gravity or surface tension force.

When the current is further increased beyond the spray transition current, the droplet size
further decreases, with a clear conical necking is observed at the wire tip. This occurs as a result
of higher electromagnetic forces at higher current level wikittte key for droplet detachment.

Thus, the droplet transfer occurs at higher velocities, leading to a more stable and smoother
deposition of material.
(a) (b) (c)
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Fig. 6 Transition between metal transfer modes: (a) globular transfer, (b}&tooit transfer,

(c) Spray transfer mod¢s5]

The abovementioned metal transfer modes have certain limitations. For instance, the spray
transfer mode occurs only at higher current levels, raising the heat input significantly which is
not desirable in the layday-layerprocess. Moreover, it may limit the application for positional
work or deposition on substrates of thinner crasstion. Similarly, shottircuit transfer maybe
a good option for plain carbon steel, however, it is not very effective fofemoyus metals
[15]. Therefore, over the years, the advanced electronics have improved the welding sources,
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introducing advanced transfer modes such as pulse or double pulse transfer and controlled dip
transfer modes.

2.5.4. Pulse and double pulse transfer

Pulse anddouble pulse transfer modes operate between a high peak current and a lower
background current level. Moreover, this operates in a controlled manner with defined time
intervals at peak and background currents. The metal droplets are formed and dettehed at
peak current while the background current phase maintains the arc. The double pulse transfer
mode is a extension of pulse mode in which two different pulse frequencies are superimposed
during the peak and background phasedn other words, additionapulse waves are
superimposed on both the peak and background pulse durations, creatingoaHpuilse (PoP)
effect. Such a waveform detaches forms the droplet and transfers it to substrate during the peak
current pulse andhaintairs a control over the heat inpwith the background currergnsuring
an improved metal transfer.

The Fig. 7 shows the waveform for pulse and double pulse transfer mudés.such
advanced and controlled waveforntise pulse and double pulse transfer modes maintain a
lower heat input whileensuringa stable arc and a smooth deposition without significant
spatters.
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- Background Current
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Main Current
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(POP/Double Pulse)

Current

Fig. 7 Difference between the (a) pulse and (b) double pulse wavefafns [

2.5.5. Cold Metal Transfer

Cold metal transfer (CMT) is modified shorcircuit process with advanced electronics,
developed by Fronius Internationdl7]. The CMT process is widely used due tohi&tterarc
stability, precision of process control and it is a colder process compared to conventional
welding sourcesThe key aspect of CMT process is the wire retraction as soon as a short
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circuiting takes place during the deposition. This helps in a smoother metal transfer and
prevents large amounts of molten droplets from being transferred in a single instant, reducing
the overall heat input.

The principle of CMT process is illustratedriy. 8. From the left: during the arcing period,
the filler material is moved towards the mptiol. As the wire touches the melbol, the arc is
extinguished with the shedircuiting, lowering the current. The wire is retracted at this point
which helps in detzhing the droplet from the tip of the wire due to the surface tension between
them. After the droplet has detached, the wire direction is revensddhe cycle is repeated

Fig. 8 Working principle of cold metal transfer (CMT) procd45]

2.6. Forces acting on metal droplets

In WAAM, especiallyin GMA-based arc process, the formation and transfer of metal
droplets from wire to substratendergoa complex physics, which is influenced by several
forces. Therefore, it is very crucial to understand them for an effective control of droplet transfer
andtheprocess control in general. The main forces involvedjaen below.

Gravitatignal force (F

El ectromagngtic forces (F
Aer odycdcraag c( F

Vapour |j @t forces (F

Sur fteemesi ony force (F

= =4 -4 -8

In practice, the metatdansfer modes described earlier, ocbacause obalancing these
forceswhile for each transfer mode the main driving f¢selepend on the parameters and
process conditions including the current, voltage and shielding gas for a certain wire diameter.
In shortcircuit transfer mode as the wire approaches the-poeit with a smalmetaldroplet
formed at the wire tip, the driving force for droplet detachnmesly besurface tensioas the
wire touches the mefiool upon shortircuit. Apart from Fm, the contribution of other forces
may be comparatively smalh other metal transfer modesth a freeflight metal transferat
the point when droplet detachment takes place, the balance of forces is represEiged in
while the corresponding equation is showikm 1
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Fig. 9 The balance of forces on a metal droplet at the point of detachib®gnt

The gravitational force acts due to the mass of the droplet when it grows sufficiently large
to detach from the wire due to its own weight, as in the case of globular transfer mode. The
expression of gravitational force is givenkq. 2 where m is mass of the droplet and g is
gravitational constant, approx. equal to 9.81%nTée electromagnetic forces act when the
current flows through the wire (or n@onsumable electrode in PTA and GTAWEgnerating
an electromagnetic field in the arc and surroundemjons. Electromagnetic forces are the
driving forces in spray transfer modegq. 3shows the relationship for Reherep represents
the magnetic per mitt i vaarndyR are the exihandentry aadiys of6 | 0
current. This relationship illustrates direct relationship ofem 0on the currentAnother
important force acting on the metal droplet is the aerodynamic drag force which is induced
because ofthe gas surrounding the arc which can be calculated Egpnd The G represents
the drag coefficienty i s t he @ &e gasl\elocsy, whije,A regpresents the cross
sectional area of droplet. The gas velocity and droplet size significantly influence the magnitude
of drag force. Moreover, at high current levels, the high temperatures near the arc create a jet
of vaporized metal which exerts an opposite force on the drayldtigher intensities, this
force may produce instability in the droplet transfer or may lead to more spatters. Vapour jet
forces can be calculated froBy. 5 Where ng and d are total vaporized mass and vapor
density, whilel and J are current and current density, respectively. Firtadjy 6 show the
relationship for surface tension foradered represents the surface tension coefficient of the
molten metal and L is the length around droplet perimeter. sSlilface tension plays an
important role for shottircuiting as well as in fred@light transfer conditions. In shedircuit
transfer, it helps to pull the droplet into the radibl when the droplet touches the mpdtiol.
However,in freeflight condition it prevents the droplet detachmergquiringother forcego
act andbalance iso that droplet detachment can take place.
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2.7. Synergic control

The modern welding sources work with a synergic operation using predetermined
parameters and the control equations in the heat source. This ensures the optimised output in
response based on a single input signal with the synergic control. With a symengitom,
the material, shielding gas, and the wire diameter is selected on the controller. Then with a
single input parameter, the corresponding parameters are selected by the welding source
following the synergic waveform. For example, selecting a cutesml for your weld, the
synergic curve decides the wire feed speed and voltage based on the material, wire diameters
and shielding gas selected on the heat source.

2.8. Solid vs. cored wires

Feedstock wires are crucial in the welding process andfeséding additive manufacturing
processes as they csignificantly affect the final properties of deposited materials. In general,
welding wires are categorized into two main groups including the solid wires andvzoesd
as shown irFig. 1Q

Current path

Metal sheath
Metal powders

Fig. 10 Difference betweenored (left)versussolid wire (right)

The key difference between the solid and cex@s is the formation: as the name suggests,
a solid wire is solid; a single, continuous piece of metal, while a esiredis made in tubular
form. The outer section of a coredre is made with a metal sheath, usually employing a mild
steel, filled with metal powder€oredwires are further categorized into two types which are
metatcored and fluxeatored wires 18]. Apart from the metal powders, fluxedred wires are
added with arc stabilizers to improtiee weld quality, while metatored wires increase the
current density and deposition ratd] The reason that coreslires possess higher current
density is because the current flows only through the external tubular section of wire.

The production of solid wiremvolvesa wire drawing process of a rod from the desired
material This gradually reduces the diameter of the rod by pulling it through a series of dies.
This process adjusts the wire size and improves the mechanical properties of the wire through
cold working. Upon reaching the desired diameter of the wire, it maygmdarface treatment
to clean the wire and remove the impurities. Certain coatings may be applied to avoid impurities
and oxides. Finally, it is coiled around the spools and ready for use. Thus, a solid wire is usually
composed of a fixed chemical compasi throughout its length. In case a change of chemical
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composition is necessary, the manufacturing of rods would need to start from the scratch,
requiring the melting of the desired material to produce new rods for wire drawing process.

On the other hand, the production chain of casg@s is more complex than solid wires.
The process startsi t h rol Il ing a fl at steel strip, k na
formed into a tubular shap&henthe hollow tube can be filled with desired materials including
the main metal powders with desired alloys, deoxidizers or fjuexdiewed by closing the
sheath by drawing it through the dies to achieve the desired diameter. Thus, the production
process of coredvires is slightly more complethan solid wires, however, the higher current
density[20] and their capability to produce tailored chemical compositii, offer great
flexibility in achieving desired propertieStudies have further showed the used of conees
in developing complex concentrated allog8][and high entropy alloy[]. Therefore, cored
wires can be an important alternative to solid wires for developing customised alloys for wire
feed additive manufacturing process. They can be a riexéle solution in effective
modification ofthe chemical composition for tailored properties.
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3. Literature Review

This chapter provides a detailedview of literature,briefly covering the historical
background ofWAAM and recent development towards becoming a promising additive
manufacturing process for largeale production. The processing parameters will be discussed
and their influence on the build structures. Similarly, the chapter will cover the microstructural
evoluion and mechanical properties of the process under various processing parameters and
process conditions. The chapter will cover the problems arising from heat input andspresent
the relevant cooling strategies proposedvhsiousresearchers. Similarlyhé geometry and
surface finish oMVAAM products will bereviewed following the discussion of tprocess
strengthening approaches and pgarsicess heat treatment of fabricated parts. The literature will
be extended to cover the topics of alloys composition using wire as a feedstock. Finally, the
Laserwire DED processvill be discussed, covering the processing parameters and their effects
on the process outcome. It will conclude by discussing the laser cladding and laser deposition
using LaseiDED process.
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3.1. WAAM : from prototyping to large -scale manufacturing

The directed energy deposition processes have evolved significantly over the years.
Especially, whendoking in the history we can trace the origin &WAAM to traditional
welding technologiesuch asgas metal arc welding (GMAW)r gas tungsten arc welding
(GTAW). This was decades before the introduction of computers or digital manufacturing. One
such example can be found fronW & patent byRalphBaker in 1925 1], shown inFig. 11(a),
representin@-dimensional deposit$abricatednanually,using the traditional weldingvith a
layer-by-layerapproachOver the years, with the invention of digital manufacturcamputer
aided designs (CAD)and advanced botics, theWAAM processes have become a popular
choice today for largecale depositionsFig. 11(b) showsa 12-meterlong stainlessteel
pedestrian bridgby a Dutch company MX3Dgevealed in Amsterdam in 2021.

Fig. 11 Transition ofWAAM over the decade&a) Manually deposited objectspm 1925(US
patenti by B. Ralph)[1], (b) 12meterlong pedestrian bridge revedlin Amsterdam,by
MX3D in 2021[2]

WAAM processesan deposiblmost any metallic material that comeswire feedstock
including titanium, aluminium, nickel and steel, and can reduce the fabrication timeiby 40
60% compared to subtractive manufacturing procesied.ikewise, compared to powder
based additive manufacturing processes, WAAM consumes significantly less edprgy [
WAAM using wire as feedstock makes it more economical than powder feedsjtodhilp
eliminating the use of powder recyclin@].[ Another distinguishing featuref G WAAM
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processes compared to other AM processes is the higher deposition rates. For erample,
deposiion of steel, selective laser melting (SLM) reaches to deposition rates of 0.1 kg/h, or
laser metal deposition (LMD) to 1 kg/h, WAAM can reach to deposition rates of up ® 5

ka/h [7].
3.2. Influence of process parameters

Process parameters play a vital role in the overall performandtA&iM process or any
AM process in general. The main processing parameters involved in WAAM includactthe
currentarcvoltage, wire feed speed (WFS), travel speed (TS). Apart from the main parameters,
there are other parameters that may directly or indirectly effect the part geometry and
mechanical properties including the shielding gases (composition and flow rategttipat
to-work distance (CTWD), interlayer temperature for mul@iaydeposits, and deposition
strategies to name a fewlowever, today the modern welding sources offer a synergic
operation, allowing the selection of only one parameter among welding current, wire feed speed
and voltage. Selection of one input parameter on the welding source produces the other two
parameterat optimised levels based on a certain wire diameter, matgrednd shielding gas
used in the process.

Based orthe experimental results, the geometrical characteristics of WAAM deposits are
directly linked to the process parametef.[The ratio of wire feed speed to travel speed
(WFS/TS) is the most significant process parameter for controlling the heat input. This is very
important because iIWAAM, the heat input influences the bead dimensions such as width,
height, penetration depth, penetration area, and reinforcemenfjaréhq voltage and travel
speed significantly affect the bead width, while thevel speed and welding current have
evident influence on the bead heigh]|

In addition, theeffectsof process parametehavebeenreportedin the literature on the
mechanical propertiesl]] and microstructure 12] of WAAM processes. Similarly, the
influenceof interlayer temperature has also been exploretiese parameters3]. However,
with reasonable approaches, it is possible to achieve the optimal process parameters and
deposition strategied 4-16] in WAAM processes for various applications.

If other parameters are kept constaimé individual effects of main parameters are discussed
below.

3.3. Microstructure and mechanical properties

WAAM processes involve a cyclic heating and cooling in the laydayer process. As a
result, the temperature gradient and uneven solidification rates from the centre of each melt
pool towards the solidified regions results in contrasting microstructurenmeathanical
properties 17]. This can be associated with the grain size variations, when experiencing
multiple thermal cycles1fg]. This is one of the fundamental factors effecting the mechanical
properties.Especially, in the case of multilaysr additively manufactured parts, the final
sections of the deposited structures undergo different thermal cycles due to a narrower path for
heat transfer, usually leading to a slower cooling. Hence, the difference in cooling rates may
incorporate varied meelnical properties along the building direction. For example, the top
section associated with slower cooling due to heat accumulation, usually results in higher grain
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size and a corresponding lower hardnekd. [Similar conclusions were observed in the
literature, experiencing varied thermal cycles in the building direction, leading tonmmnm
hardness and tensile properti2g,21].

Fig. 12shows (a) an example of the microstructural features, for a WARO0S6 steel
wall along the fusion line and at the centre of the +petil. With (b) representing the higher
magnification of the area enclosed in (a), denoted by B, showing the distribufieartife
phase (in red) along the ferrite boundaries. (c) illustrates the magnified image of area enclosed
by C in (a). Similarly, (d) and (e) illustrate the SEM images of enclosed sections D and E shown
in (b) and (c), respectively. These figa provide insights into the microstructural changes,
showing various phase fractions and features in the wall depositedMiiM process.

However, the microstructural and mechanical responsevargyglepending on theaterial
or process conditia Forinstancejn one study using the same materftad. 13a) showsthat
similar tensile properties were observacross differenspecimen orientatian(horizontal,
vertical,anddiagonal) R2]. In contrastFig. 13b) illustratesthe results of another study where
different tensile properties were found between the horizontal and vertical sd2§jles
Another study,using a titanium alloy in WAAM process, detectadisotropy inboth the
microstructure and mechanical properti24 [

Moreover, different printing strategies have been found to affect the heat input with
corresponding changes in the microstructural and mechanical propégj2§].[ Thus, the
results from the literature suggest that for each material, process condition and adopted
depositing strategy, optimised process parameters are required to obtain the desired properties.

Fig. 12 Optical microscopic and SEM images of a WAARR70S6 steel wall, showing
microstructural features along the fusion line and enter of thepoel{17]
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3.4. Heat input

WAAM processes work with high energy sources, incorporating significant heat input in the
layerwise fabricationespecially in largscale deposits where heat accumulation takes place,
slowing the cooling process and if not controlled, may result in unwanted outdleneted
and periodic heat input of arc directly effects the geometrical features, grain size, solidification
rate and material propertie®7]. A lower heat input condition would be effective in which the
temperature near the mglool would go lower with a smaller mgdbol size £8].

In WAAM processes, large parts with continuous deposition may experience uneven thermal
shocks at various sections, leading to varied microstructural phases and grain sizes at different
sections of the same structu?®,30]. Similarly, the thermal behaviour is the fundamental cause
of thermal stresse8]], therefore, careful attention should be given to heat input considering
the shrinkage, deformation, and residual stres¥gs [

30



In addition, it was shown that in certain alloys, the heat input may affect the cracking
tendency in WAAM B3]. For the same TS, an increase WFS would result in higher heat input
but lower density of deposited alloys, increasing the likelihood of crackiihggncement in
technology has helped to address such issues to some extent. For instance, CMT and CMT
advanced technologies34,35] have considerably lowesd the heat inpyt however, in
continuous deposition of large components, it may still accumulatg@amount of heaDne
strategy is to heat the wire feedstock with resistance heating so that less arc power can be
introduced in the proces8€]. This was aimed apotentially avoithg the overheating of
previously deposited layers.

However, heat input is still one of the biggest concerns in the WAAM processffaciive
heat management would be necessary to control the heat input to avoid undesired outcomes.
Manyresearchers have proposed various cooling strategmgigate the heat inputhich are
discussed in the next section.

3.5. Cooling strategies

The excessive heat input decelerates the interlayer cooling time and the average
manufacturing speed while various cooling strategies modify ¥Retime, ultimately
influencing the mechanical propertie87]. Therefore, effective cooling strategies would be
required to expedite the cooling procdsg.14shows somércedcooling strategies including
water bath cooling, air coolingndaerosol cooling methods.

The idle time in the layeby-layer process strongly depends on the thermal input of the
welding source, thermal diffusivity of material, and the volume of the heat sink (sub&8hte) [

The forcedcooling methods, a few of which mentioned above, may not be always feasible.
Therefore, apart from that, litas been statistically proved that excessive heat accumulation,
which causes layer slumping or inconsistent geometry, can be mitigated with adequate
interlayer dwell time39] as well Moreover, @positionstrategiesvere also found tmfluence

the heat accumulation and stress distribution. For exaihplas showrthat stress distribution

in the reverse deposition direction is more uniform than sdepmsiting direction while
distortion is 25% larger in same directigio).

a) b) - c) X

! Water Bath Air ! Aerosol

Fig. 14 Schematic of three different forcedoling methods: (a) water bath cooling, (b) high
pressure aicooling, (c) aerosol cooling (water + air mixtur@y]|

Therefore, innormal process conditions, cooling strategies employed arelayear free
cooling (natural air), where subsequent layer is deposited after a predefined temperature has
reached41]. However interlayer forced cooling stratieg are alspossible in which a moving
nozzle provides the coolant on the deposited |a4&rtp increase the convective heat transfer
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by impinging an air jet43,44] or active gases such as ¢]@5,46]. Studies have shown that air
impingementtechniques exhibit promising results for heat accumula#dfy Wwhile active
cooling with compressed air leads to lower surface roughness and higher layer thickness
compared to natural coolingd]. Another effective cooling strategy is near immersion active
cooling, as shown ifig. 15 in which the deposition takes place in a working tank filled with
water and the water level rises as the number of layers increase.

Heat input Heat input Heat input
hot ‘ ‘
‘N ﬂ -
Qconv to air + Qrad «
- (both sides) |+ Air
e ——
\\, Qconv toair + Qra|d< vy Air
> (both sides) = p
: Water
Air
cold \
: y/ "
Substrate Substrate Substrate
Building platform Building platform Building platform

Fig. 15 Nearimmersion active cooling (NIAC) technique versus natural cogisy

3.6. Geometry and surface finish

WAAM processes in additive manufacturing are comparatively young and the geometrical
tolerances and surface finish for multilayer parts still need improvement compared to powder
bed fusion (PBF) or other lasbased processe8VAAM, however, is preferred in many
applications due to high material deposition and lower lead time. Nonetheless|d be
possible to integrate th& AAM processes with useful systems to quantify the geometrical
tolerances and surface finish. For instance, the optical measurement approach based on laser
vision sensing can potentially characterize the roughrie$saphd possibly undergo 4situ
reconstruction for layewise deposition, as shown kig. 16

Image grabbing card '7

Laser
g CCD |

L=y Substrate
00 = 4 \“i
[‘il_l R
Computer La.ser SiIp Thin-walled part
image

Fig. 16 The schematic of a closddop surface profile measuremeB®oO]
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Variousstudiescan be foundn the literature proposing various strategies to improve surface
related issues. One such study from Y. Li eba] puggests that metiool stability influences
the geometrical features, and the inclination angel of torch influences theaukktability.

The inclination angles were test from°46 139, suggesting that a lower inclination angle
improved the formabilityComparedtover t i c al (d=90A) and backw
depositing with f ouldingprow the degosition ratewitifodt ee8réading c

the forming quality.

Moreover, high performance metal transfer processes such as controlledrsiigrmetal
transfer process improves the geome&8].[ Similarly, process monitoring and senf@ased
feedback control integrated with the process can improve its accuracy, reliability and efficiency
[53,54]. Process planning and deposition strategies effect the final part geometry and other
properties 5], such as an oscillating strategy in walls improves the surface flab¥gsghile
proper overlapping distance in bulky structures minimize the valleys between the adjacent
beads $6]. Online part monitoring with rslicing control algorithms can improve the toolpath
to ensure the geometric accuraby]|

3.7. In-process strengthening and pogprocess heat treatment

Due to cycling heating and cooling, microstructural and mechanical changgdatedkand
residual stresses are incorporated in the deposited sampérefore, to release the residual
stresses, to improve the material properties by grain refinement, and to improve surface
waviness, coldworking during deposition or ppsbcess heat treatments can be very helpful.
One such irprocess strategy mmploying rollers or hydraulic press to deform the previously
deposited layer before the subsequent layerpssited to improve the tensile strength, yield
strength, microstructure by grain refinement through recrystallizab8h [n some other
studies it was reported that coldworking reduced the grain size, increased the hardness and wear
resistanceq9,60]. The low surface waviness may act as stress risers andffaaithe fatigue
or tensile behavioudue to a possible crack initiation and grow#s shown inFig. 17
coldworking by rollers duringhe depositionprocessimproves surface wavinessid notch
radius reducing the stress concentration fa¢édi, improving the mechanical properties.

Apart from coldworking, other ksitu strategies have also been explored. For instance, one
study introduced silicon carbides (SiC) in higinength lowalloy (HSLA) steel during WAAM
process directly in the mghool, resulting in grain refinement, preitgtion of iron carbides
(FeC) and ultimately improving the mechanical properti@g).[ A similar procedure was
adopted to introduce SiC patrticles in 304 stainkte®ls resulting in reduced anisotropy,
improved ultimate tensile strength (UTS) and hasinp3].

In addition, the microstructural inhomogeneity, anisotropy of mechanical properties and
coarse grains across the heat effected zones (HAZ) can be mitigated with heat treatraent of as
deposited part$SH]. For example, the amount and size of second phases induced in the WAAM
deposits of aluminium alloys can be reduced by employing T6 heat treatment, leading to better
material properties and hardne8§,66]. The temperature and time under heat treatment can
influence the outcome$T]. Thus, proper heat treaent conditions for individual materials
become crucial to achieve the desired properties.

33



Rolled and heatreated WAAM parts of aluminium alloys Yaalso proved to be effective
for porosity reduction §8,69]. Ni-based superallsy(Inconel 625) has shown improved
microstructure T0] and mechanical properties]] under annealing heat treatmeriy
eliminatingthe brittlelaves phases and incremgsthetensile strengthy 5%. Similarly, solution
heat treatment of super martensitic stainless steel at@ @401 h followed by aging at 400 -
for 2 hour imparted better microstructural and mechanical properggshile heat treatment
of duplex stainless steel for pitting corrosion resistan8egnd corrosion behaviour of SS316L
stainless steel’fl] improved after posprocess heat treatment of WAAM components.

In conclusion depending on the material under deposition, the WAAMesosited parts
may require certain #process or pogtrocess treatments.epending on the application and
desired properties, intéayer roling, precipitation hardeningyostprocess heat treatmeoit
other strategies could be adoptec&nhanceertain materiatharacteristicer process induced
inhomogeneities or anisotropies
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Fig. 17 (a) Variation of stress concentration factor (SCF) and surface waviness (SW) in as
depositedand rolled condition at varying rolling load, (b) Stressin curve for asleposited,
asdeposited + machined, and@sposited + rolled at various rolling logdd]

3.8. Steel and its alloys inWAAM

Additive manufacturing (AM) of steel and its alloys using DED processes havedgain
popularity for largescale, higkstrength components, especiallfyiltARAM processes owing to
their high material deposition ratg&]. Steel alloys included but not limited to stainless steels
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[76,77] and highstrength lowalloy steeld78,79] are a good choice WAAM processes due

to their tensile strength, durability and corrosion resistance. Owing to the excellent properties,
these alloys are used in various industries including shipbui[@®lg automotive[81], and
aerospacgB?], where highperforming materials for large parts are needed.

3.9. Alloy composition based on wire feedstock

Changing the alloy composition for DED processes can be accomplished by making a wire
that contains the desired alloying elements necessary to produce the desired properties in the
deposited structured.hus, various wire feedstocks made with different chemical compositions
are used for specific applications. For wire feedstocks, solid and-aamesiare used.

3.9.1. Solid wire as feedstock

To produce a solid wire of desired composition, the manufacturer would need to melt and
cast the metal with desired combination of alloying elem@ihistefore, the alloys modification
is performed at the foundig wire manufacturing stagéefore the wire drawing process.

T Basnet al adijhmwsi me ntt o ntphoasnigtei ocnaanl medat hi ryg e
t hbeagéements such as iron, nickel, c¢chr omi
ni clikaeded [8aBl.|l oy s

T Al l oyi nga cejl eanzmd rshrge Itthieng process, all oyi

mol ybdenum, chromi um, vanadi um, or cobal
propertiesr ssiicht amecreerseaesprarnocsei oacsnd har dness
8 1.

3.9.2. Cored-wire as feedstock

A coredwire does not come in a solid shape, therefore, the tubular section, known as metal
sheath, is filled with desired metal powders in the core of the wire. Such a formation allows
more flexibility to modify the alloying elements compared to solicesuir

T Customi sed Tchoempcoosrietdi conf: t he tubul ar wire &
of various chemical composition, all owi ng
easiFlby. instance, an existing predefined
properties, can be modified by adding add
el em@bt s

T Fit@ening of ma:tTeoa ¢ fail e wa oppargetesd propert
structur es, manufacturers can adjust t he
achieve for example better mechal8ibcal pr o

T Depositiommiiohamliesorfaydor e material the out
adjusted to obtain a d@$i.red chemistry of
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3.10. Laser-wire Direct Energy Deposition (W -DED)

Laserwire Direct Energy Deposition (LVIDED) employs a focused laser beam for melting
the wire feedstock, which is then deposited on a substratedgylayer to create or to repair
an existing structure. Lasbased DED process can employ wire and povedefeedstocks.
Depending on the manufacturers, various hames can be alternatively used for these processes.
However, for powder feedstock, the name Laser Metal Deposition (LMD) is commonly used.
The overall performance of LMWED process and the quality tfe deposited material are
highly dependent on the processing paramei@aerefore, understanding and controlling of the
main process parameters is very important for achieving the desired mechanical properties,
geometrical accuracy, and required surface features of the deposited parts.

3.11. Process parameters

In Laserwire DED, several processing parameters significantly affect the process outcome.
The mosimportant process parameters used in fagex DED procesare given below.

3.11.1.Laser power

Laser power is responsible for providing the energy for melting and depositing the wire (or
powderin LMD), making it one of the most critical parametdiggh laser power provides
more energy to the wire feedstock and the substrate, that can result in efficient melting of wire.
However, excessive laser power may cause-madting, leading to potential defects such as
porosity or deeper dilution or damagitige substratdn contrary, insufficient power may lead
to incomplete melting, causing lack of fusion and weak bonds between the layers, leading to
poor mechanical propertieshus, laser power can direcilyfluence the melpool size, bead
geometry, dilution and mechanical properti@s 89|

3.11.2. Wire Feed Rate

Another importanparameter is the wire feed rate that controls the amount of material from
wire feedstock tahe meltpool per unit timelt can be adjusted with laser power to provide a
smooth and stable deposition. A higher material deposition requires a higher laser power to
balance the energy input and material input, otherwise a lower laser power combined with high
wire feed rate may riagesult in complete fusion, resulting in uneven deposition and defects.
Therefore, requiring a control strategy fare feed rate with laser power to achieve the desired
bead geometrie9().

3.11.3.Travel Speed

Travel speed is the speed of the laser head during deposition relative to the sé{psirate.
from laser power and wire feed rate, travel speed plays a very significant role among the main
processing parameters. In practice, these three parameters are the most significant for final part
geometry and properties and therefore need toplienised as per desired outcome based on
specificmaterial under deposition increase in the travel speed increases the cooling rate
and the thermal history, which in turn influences the mechanical properties of the deposited
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parts P1]. A very high heat input may lead to overheatidstortionsand thermal stresses
while a very low heat input may cause insufficient melting and poor adhesion between layers.

3.11.4.Shielding Gas

Shielding gas also plays an important role by protecting thepuoeltfrom oxidation and
contamination. Some commonly used shielding géseBED processesiclude inert gases
such as argon or heliuf@2]. A properflow rate and composition of shielding gaseseeded
to protect the atmosphere around the melbl during deposition. Poor shielding meguse
porosity, oxidation, andthermicrostructural defectspecially for reactive metal97].

3.11.5.Applications of LW-DED

Due to its ability to produce high quality, nestshape component, repair parts, and
enhance surface properties, lagge DED has found its applications in many industries. Some
of theprimary applications of LMDED are found in laser wire deposition and laser cladding.

3.11.6.Laser Deposition

Laserwire deposition, also known as Laser Wire Additive Manufacturing (LWAM) is a
DED process in which material is added laggdayer from scratch to additively deposit a new
structurgadditive manufacturing)r use it forepair oman existing part (hybrid manufacturing)

[93]. The deposition takes place by feeding a wire where a laser beam interacts and melts the
wire to create a controlled mgibolon a substrate.

In additive manufacturing, LMDED can produce large and newtshape parts with
intricate geometrymakingit particularly useful in aerospace and defence where large parts
with lightweight properties using high performance materials are red@2gdrhe large work
envelope of LWDED, thus, makes it a good option betw&¥AAM and powder bed fusion
processes where it can provide a good tafflefor geometrical toleranse largescale
production and deposition rate. Compared to powder bed fusion pribeeay,produce lower
geometrical features and surface fin[84], however, the higher deposition rate and larger
work envelope caibe preferred in many applicatiof®5,96]. Similarly, the deposition rate
may be lower compared WAAM , but the geometrical featuresuldgive an added advantage.

In addition, LWDED can be employed for the repaj®3] of high-valued componest
Materials can be added only to the damaged sections, reducing the need for replacement and
minimizing the downtime in critical industries.

Moreover, it has the capability to deposit muttaterial[97] at the same time, introducing
tailored properties in the component. This can be achieved by depositing two materials
simultaneously with two different nozzles or alternatively depositing the two materials one in
each layer. Hence, the flexibility of LMWED for many applications makes it a good choice for
many industries to process several important engineering materials.
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3.11.7.Laser Cladding

Laser cladding is a surface treatment process that involves depositing a layer of a specific
material onto another material to enhance the surface properties. The procétRisameas
followed for additive manufacturing, except that in laser cladding the number of layers is
usually limited to one or a feaoatinglayers.

Laser cladding serves two purposes: production of parts of composite materials (cladding)
and repair of worrout parts 98]. The primary purpose is to change the surface properties for
applications that require wear resistance, corrosion resistance, or thermal protection. It can also
be used for repair applications for wayat components and adding a protective layer(s).

Laser cladding finds its applications for surface harderf®@ in industries where
components are subjected to high wear and tear. In this case, a material of superior hardness is
deposited onto the parts of lower surface hardness or properties. They include cutting tools,
mining equipment, and mould inserts. Moregwtadding is employed in chemical or marine
industries to clad a layer of corrosion resistant materials like stainless steel or [A66htd
extend the service life of the components used in such environments.
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Sectionll T Experimental

This section covers all thexperimental works conducted during PhD. It introduces 5
chapters, each of them is related to a particular issue. The first chapter in this section introduces
the metal transfer modes and investigates their influence in WAAM process. The next chapter
coves a parametric study and investigates different deposition strategies in WAAM. The third
chapter investigates metadred wires in GMA and PTAased WAAM processes and
compares it with solid wireonsumablelt also investigates the influence of three eliént
shielding gases on the process outcome in GMAAM. The fourth chapteof this section
analyses the deposition of a corrosresistant hardfacing coregire in GMA and PTA
processes and assesses whether they can be effectively melted and deposited in WAAM
processed-inally, the last experimental chapter in this section introduces a comparative study
of differentwire-fed DED processes based on Electric Arc, Plasma and Laser sources.
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4. Investigation of Metal Transfer Modesin GMA -WAAM

Literature hashown the influence of WAAM process parameters on mechanical properties,
bead formation, dimensional accuracy, and microstrudting. However, metal transfer
modes and their interactions with input variables have not been investigated thoroughly.
Therefore,in this study short/spray, pulse and double pulsetal transfetmodeswill be
investigated at differeratrccurrent levels. Beadn-plate trialswill be conducted by depositing
ER70S6 wire to investigate bead morphology, dilution, microstructure, and hardness. The
study will be supported by a detailed statistical approach including analysis of variance
(ANOVA) and regression analigs Similarly, the combined effects of hatch distance and
currentwill be studied on bead formation in muléiyer deposits. Moreover, a thin wall and a
cubic structurewill be deposited to realize the WAAM capability for larger depositions. The
microstructures of thin wall and cubic structuié be analysed using optical microscopy (OM)
and scanning electron microscopy (SEM).
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4.1. Introduction

In WAAM process, an electric arc is established between the electrode and the substrate.
Across theelectric arc, the consumable electrode is melted and depositecbjalgster. The
way the material is melted and transferred in the-pad is very crucial for bead morphology
and overall performance. Thus, a vemyportant aspect in WAAM deposition is the metal
transfer mod¢5,6]. WAAM is useful in high deposition metal additive manufacturing, which
usually corresponds to high heat input that can cause geometrical inaccuracies, lower surface
finish and other metallurgical concerns. However, such pnublean be resolved with high
performance metal transfer processes. For example, controlleecshboiting metal transfer
process with modified waveforms improves geometry preservation stability at high process
rates[7]. Similarly, for multibead deposition, suitable overlappiigtance between adjacent
beads can minimize the valleys between laj@rsHence, selection of optimal hatch distance
is also significant.

Therefore, this study investigategrious metal transfer modes to realize their influence and
interactions with the deposition current on bead characteristics, dilution, macro and
microstructure and microhardness. Similarly, the combined effects of hatch distance and current
will be investigated on bead formation in mibead deposits. Eventually, the workilvioe
extended to understand the microstructural evolution and hardness profiles foistaiger
structures.

4.2. Materials and methods

All the experiments were performed with gas metal arc welding (GMAW) heat source with
a synergic operation in direct current electrode positive (DCEP) polarity. The heat source was
integrated with a wire feeder for controlled feeding of consumable wigaXs Yaskawa
Motoman robot with the welding torch was employed for path planriiing.18 shows the
experimental setuphe wire feedstock was an AWS A5.18 ER®%®ith a diameter of 1.2
mm which was deposited on a mild steel substrate. The chemicabsiiop of wire is given
in Table 1 To protect the mefpool from oxidation and environmental contamination, pure
argon with 20% carbon dioxide (GOwvas used as the shielding gas at a flow rate of 18 I/min.

In the firstpart of the experiment, beaut-plate tracks were deposited using 3 levels of
deposition current and 3 different metal transfer maugsding theshort/spray transfer mode,
pulse mode and double pulse transfer mdde current levelsnclude 100, 200 and 300
amperesrepeated for each transfer modaese input variables were set on the WAAM heat
source before depositing the corresponding beads. The travel speed (TS) was kept constant at
11 mm/s of robot movement while the voltage and wire feed spe&&)Were obtained on
the screeras a result of the synergic operation of the heat sdaased on the input current.
Table 2shows thenput variables with calculated heat inplihe selection of these parameters
allowed to achieve enge of heat input for each metal transfer mode. The response variables
include the bead morphology, macrostructure, microstructure, microhardness, and dilution of
single beads€=q. 1was used to calculate the heat input based on the actual current recorded on
the heat sourc®eposited samples were cut witm@tallographic cutting machine. Bead-
plate tracks were cut at 3 different sections (i.e., top, middle and end) and a total of 27 samples
were preparedSampleswvere mounted on resins and polished on a polishing maaking
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abrasive papers @01 2500 grits, followed by polishing with diamond spray of 6 and 1
microns, respectively. For macro and microstructural analysis, the samples were etched with
4% Nital andanalysedvith an optical microscope (Carl Ziess Stemi 508 doc). Macrostructural
images were obtained from a macroscope (Vert.Al Ziess Axio). Similarly, to assess the
mechanical properties, microhardness tests were performed on a Vickers hardness tester (Leitz)
for a load of 1 kg and an indentation time of 15 secoAdter the data was collected, the
statistical analysis was performed using Python 3.12 in visual studio code editor. The data was
imported utilizing the Pandas library while the Statsmodel library was used for ANOVA and
regression analysis.

/| Wire Feeder

h

Build Platform

7 rf‘_

Fig. 18 Experimental setup

Table 1 Composition of consumable wire ER7639]

Constituents Mass %
C 0.06- 0.15
Si 0.8-1.15
Mn 1.4-1.85
P 0.025 max
S 0.035 max
Ni 0.15 max
Cr 0.15 max
Mo 0.15 max
Cu 0.5 max
\Y 0.03 max
Fe Bal.
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Table 2 Process parameters used for beaglate deposits

Metal transfer Nominal Current Voltage WFS TS Heatlnput
mode (A) V) (m/min) (mm/s) (I/mm)
Short/Spray 100 16.7 2.1 11 158
Short/Spray 200 20.7 54 11 369
Short/Spray 300 28.5 9.3 11 757
Pulse 100 22 2.7 11 116
Pulse 200 26.7 6.4 11 417
Pulse 300 29.7 10.4 11 751
DoublePulse 100 22 2.7 11 116
DoublePulse 200 26.7 6.4 11 417
DoublePulse 300 29.7 10.4 11 751
J z

Heat +-n p-ut Q)

In the second part of this study, midtad samples were deposited with various
combinations of hatch distance and arc current. For these samples, beads were deposited side
by side adjacent to each other, separated by the hatch distance and a diffeshivas used
for each sample to analyse their combined effects on bead morphalbgych distance of 2,

3 and 4 millimetres were repeated 3 times each for 80, 120 and 160 amperes current in pulse
transfer modeThe travel speed was fixed at 11 mniAence, 9 samples were obtained to
analyse thie combined effects bead formatiokfter the deposition, the samples were cut in

the middle perpendicular to the deposition direction for further analysis.

To further extend thevork for larger deposits, in the third part of the study a thin wall was
deposited to realize the capability of WAAM for larger deposits. The wall consisted of 10 layers
and a single pass. The wall was deposited in pulse transfer mode with 150 A arichfizred
speed of 11 mm/s, controlled by the robot movement.

Finally, in the last part a cubic structure was deposited with 100 A current in pulse mode
with the same deposition speed of 11 mmfsoptimized deposition strategy was adopted for
the deposition of cubic structure for homogeneous heat distribution. The strategy deposits a
single pass shell as the outer perimeter of the cubic structure followed by zigzag infill passes
inside the perinter. For each successive layer, the starting point of deposition head was rotated
90 clockwise for the outer shell andfilhpassesA hatch distance of 4 mm was kept between
theadjacent beads for infill passes.

For multilayerstructures, the samples were kept to naturally cool down to room temperature
before starting a subsequent layldre Temperature was measured using a digital thermometer
equipped with a&ype thermocouplénce the deposition was finished, samples were cut from
the middle along the building direction. Same procedures for sample preparation were
employed as used in the previous sections. déanning electron microscogpEM) was
performed with a Tescan Mira3 SEM machine.
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4.3. Results and discussions

After concluding the depositions, a detailed analysis of the collected data was conducted to
understand the complex WAAM process. The discussion includes both quantitative and
qualitative aspects to interpret the experimental findings. The following sggi@vide a
detailed discussion of the results.

4.3.1 Bead-on-plate analysis

The asdeposited beads and thewacroscopic images themiddle sections are illustrated
in Fig.19 (i and 1ii), respectively.The selection of metal transfer modes and processing
parameters depends on the users and applications. For instance, in additive manufacturing a
lower penetration could be desirable than a very deep penetration. However, the penetration
should be sufficientlgeep to ensure the structural integrity of deposited structures. A very deep
penetration in AM applications may cause significant remelting of the previous layers, resulting
in high heat accumulation and possible tempering of the previously depositedWéyer can
alter the microstructure and mechanical properties and may induce residual Stressdke
macroscopic images, the shaitcuit transfer mode at low current seems to produce a small
bead with minimal penetration which increases with higher current. At higher current, the
standard metal transfer mode transitions from stioctit modeto spray transfer mode for a
specific wire diameter and shielding gas type. The deeper penetration at higher current may be
associated to this transition where spray transfer mode at higher current increases the
electromagnetic forces around the arc, changing the arc dynamics, heat inppbohahd
leading to deeper penetration and other changes.

Moreover, pulse and double pulse modes also seem to yield deeper penetration at high
current levels. The pulse and double pulse modes seem to have produced an acceptable
compromise between reinforcement height and penetration. However, at high currsnt leve
the penetration becomes excessive for additive manufactuktnigw current, the shallow
penetration a d moderate height in short/spray transfer mode can be useful for obtaining layer
uniformity. However, the reduced bead width in this case decréasesverall bead size,
potentially lowering the material buildup rate for larger structuresddition, high current
level exhibits a very deep penetration with respect to bead height. This can be detrimental as
excessive remelting may influence the previously deposited layers, leading to higher residual
stresses. It has been shown that in@éassidual stresses influence the microstructure, results
in cracking and distortions in large structur&g]][ On the other hand, the pulse and double
pulse tranfer modes show overall larger bead widths at low current compared to short/spray
mode without effecting the penetration significantly which is desirable in AM applications.
Furthermore a reasonable balanbetween the bead width, height and penetration exists at
intermediate current level for both pulse and double pulse modes. Howglecurrent level
significantlyincreases thpenetration which is not desirable.

From the visual interpretation it seems that intermediate current in short/spray transfer mode
and lower to intermediate current in pulse and double pulse transfer modes can produce optimal
beadcharacteristicsThis can ensure a sound structure vathoother and efficient buildup,
which is favourable for larger structures. Apart from the visual interpretation of the
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macrostructural images, statistical analysis is performed in the next section to reveal such
effects and interactions in detail.
(i) (ii)

Short/spray mode

Pulse mode

Double pulse mode

50 mm

Fig. 19 (i) As-deposited beads at 100, 200, and 300 amperes (left to right), (ii) Macrostructural
images (middle section) at 100, 200, and 300 amperes (left to right): (a) Short/spray mode, (b)
Pulse mode, (c) Double pulse mode

An analysis of variance (ANOVA) using a general linear model (GLM) was performed with
95% confidence intervalThe results from ANOVA analysis are summarized @ble 3 In
ANOVA tabl e, Amodeo represents the metal tr
represents the variability of data and helps in determining the contribution of current and metal
transfer modes against the dependent variables such as bead witth, gexetration depth
and material hardness. A higher sum_sq means a larger caotriblinetal transfer mode and
arc current on a specific dependent variable.

From ANOVA analysis, the statistical significance was checked for each independent
variable i.e. metal transfer mode and current and their interactions corresponding to each
dependent variable by analysing therdfues. The ANOVA analysis revealed the istatal
significance of metal transfer modes and arc current for all dependent variables except the
height. However, in practice, we assume a direct correlation of bead height with arc current. It
is possible that the statistical insignificance of heigjaiiast the input variables corresponds to
process instability during WAAM deposition. We have discussed the potential reason in the
following section. Moreover, the interaction terms of transfer mode and current is significant
for width and hardness but@lis no significance for penetration and height.
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Table 3 ANOVA table, summarizing the significance of metal transfer mode and current on
bead penetration, width, height and hardness

Penetration

Sum_sq Df F P-value
Mode 6.311 2.0 5.29 0.016
Current 48.058 2 40.27 0.000
Mode*Current 2.912 4 1.22 0.337
Width

Sum_sq Df F P-value
Mode 11.64 2.0 3.52 0.05
Current 87.64 2.0 26.5 0.000
Mode*Current  25.89 4 3.91 0.019
Height

Sum_sq Df F P-value
Mode 0.379 2.0 0.30 0.745
Current 3.179 2 2.51 0.110
Mode*Current  3.0745 4 1.21 0.340
Hardness

Sum_sq Df F P-value
Mode 2525 2.0 4.65 0.024
Current 11118 2 20.47 0.000
Mode*Current 3856 4 3.55 0.026

Following the preliminary ANOVA analysis, a detailed regression analysis was performed
in Python using the statsmodels library which is based on the Ordinary Least Squares (OLS)
method.The regression model consists of main effects of nietatfer mode and arc current
(hereafter referred Theamodekalsdiimlodéstiie intenadtion feecne r r e n
of each input variable at different levelsq. 2 shows the model formula for each response
variable.

YQI N &&ia@ QQ 6 woi 1 Q™o | Q8 dE QQ 2)

In above equation, C(mode) and C(current) represent the categorical encoding of metal
transfer mode and arc curreAtthough the ANOVA analysis revealed the significant factors
and their interactions for each dependent variable, the regression analysis provided a more
nuanced understanding of such relationships. It enlists the estimates of effect sizes and
interactionsbetween the factors at each leviel.the regression analysis, the double pulse
transfer mode and 100 A current were automatically selexdeckference points. Such an
analysis provided a comparative stuogtween different metal transfer modes and current
levels. The regression results of individual and interaction terms of independent variables for
dependent variables are givenTiable 4andTable 5 respectively.The tables summarize the
statistical metrics for each variable/ interaction at various levels with respect to baseline metal
transfer mode (double pulse) and baseline current (100 A). These metrics include the
coefficient, standrd error, Pvalue, and confidence interval§he coefficient indicates the
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effect size, reflecting the anticipated changes in the corresponding response variables relative
to the baseline. The intercept represents the predicted value of the response variables at baseline
conditions. The standard error measures the variabiltbyeafoefficient, serving as the standard
deviation. The Rralue assesses the statistical significance of the factors, showing whether the
results are likely to have occurred by chance at a given significance level. The confidence
intervals, defined by theilower and upper bounds, provide a more comprehensive
understanding than-falues alone, estimating that the effect size (coefficient) falls between
these bounds with 95% confidence.

Table 4 Summary of regression analysis for input variables at various levels relative to the
baseline current (100 A) and baseline mode (D. Pulse) against each response variable
95% Confidence

Responses Input variables Coefficient Std. Error  P-Value

Interval
Intercept 1.2217 0.446 0.013 [0.285, 2.159]
Current (200A) 0.8357 0.631 0.202 [-0.489, 2.161]
Penetration Current (300A) 3.3403 0.631 <0.001 [2.015, 4.665]
Mode (Pulse) -0.4753 0.631 0.461 [-1.800, 0.850]
Mode (Short) -0.6701 0.631 0.302 [-1.995, 0.655]
Intercept 7.598 0.742 <0.001 [6.038, 9.158]
Current (200A) 0.061 1.05 0.954 [-2.145, 2.267]
Width Current (300A) 2.4237 1.05 0.033 [0.218, 4.630]
Mode (Pulse) -2.6583 1.05 0.021 [-4.864,-0.452]
Mode (Short) -4.7203 1.05 <0.001 [-6.926,-2.514]
Intercept 1.554 0.46 0.003 [0.588, 2.520]
Current (200A) 0.6377 0.65 0.34 [-0.729, 2.004]
Height Current (300A) 0.946 0.65 0.163 [-0.420, 2.312]
Mode (Pulse) -0.211 0.65 0.749 [-1.577, 1.155]
Mode (Short) -0.1377 0.65 0.835 [-1.504, 1.229]
Intercept 201 9.514 <0.001 [181.01, 220.98]
Current (200A) -7 13.455 0.609 [-35.26, 21.26]

Hardness Current (300A) -22.6667  13.455 0.109 [-50.93, 5.60]
Mode (Pulse)  25.6667 13.455 0.073 [-2.60, 53.93]
Mode (Short)  63.3333 13.455 <0.001 [35.06, 91.60]

The regression analysis provided key insights into the individual main effects and
interactions of input variables on bead morphology and hardness at various levels. For example,
the baseline penetration value was 1.22 mm witival&e of 0.013. When th@irrent increased
to 300 amperes, penetratiorcreasedy 3.34 mm relative to the baseline, with «dtue of
less than 0.001, indicating a strong relationship between penetration and current. No significant
interactions between current atrdnsfermodewere observed, suggesting that while current
influences penetration, the mode alone has a minimal effect. This finding aligns with the
ANOVA results.
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Additionally, the baseline width was 7.59 mm. At 300 amperes, the width increased by 2.42
mm, reaching approximately 10 mm, which is around 24% wider than the baseline at 100
amperes, demonstrating that width is directly proportional to current. Pulse and short/spray
modes decreased the width by 2.65 mm and 4.72 mm, respectively, and all these results were
statistically significant with Ralues below 5%. Interactions betwegansfermodes and
current were also significant, showing that higher currentsbewd with transfermodes
substantially affect bead width in the WAAM process. For instance, at 200 amperes, the width
increased by 3.12 mm in pulse mode and by 5.82 mm in short/spray mode, while at 300
amperes, it increased by 3.53 mm in short/spray mode compared to timeehaisizh.

The regression results for heigigreedwith the ANOVA results indicating no significant
effects for input variables or their interactions.

Regarding hardness, the baseline value was 201 HV at 100 amperes and in double pulse
mode. This value increased significantly by 63 HV in short/spray mode, witralu® of less
than 0.001. A significant interaction between current and short/spray madalseafound
whereat 200 amperes, hardness decreased by 67 HV, and at 300 amperes, it decreased by 52
HV. This suggests that although short/spray mode increases hardness compared to pulse and
double pulse modes, the effeetducesat higher current levels

Table 5 Summary of regression analysis for the interactions of input variables at various levels
relative to the baseline current (100 A) and baseline mode (D. Pulse) against each response
variable

Std. P- 95% Confidence
Error  Value Interval

Intercept 1.221 0.446 0.013 [0.285, 2.159]

Current (200A) * Mode (Pulse) 0.617 0.892 0.498 [-1.257, 2.491]

Penetration Current(300A) * Mode (Pulse) 0.715 0.892 0.433 [-1.158, 2.590]
Current (200A) * Mode (Short) 0.012 0.892 0.989 [-1.861, 1.886]

Current (300A) * Mode (Short) -1.124 0.892 0.224 [-2.998, 0.750]

Intercept 7.598 0.742 <0.001 [6.038,9.158]

Current (200A) * Mode (Pulse) 3.129 1.485 0.049 [0.010, 6.249]

Width Current (300A) * Mode (Pulse) 2.059 1.485 0.182 [-1.060, 5.179]
Current (200A) * Mode (Short) 5.820 1.485 0.001 [2.701, 8.940]

Current (300A) * Mode (Short) 3.536 1.485 0.028 [0.417, 6.656]

Intercept 1554 0.46 0.003 [0.588, 2.520]

Current (200A) * Mode (Pulse) -0.171 0.92 0.855 [-2.103, 1.761]

Height Current (300A) * Mode (Pulse) 0.207 0.92 0.824 [-1.725, 2.139]
Current (200A) * Mode (Short) 0.539 0.92 0.565 [-1.393, 2.471]

Current (300A) * Mode (Short) -0.974 0.92 0.304 [-2.906, 0.958]
Intercept 201  9.514 <0.001 [181.01, 220.98]

Current (200A) * Mode (Pulse) -21.66 19.028 0.27 [-61.64, 18.31]

Hardness Current (300A) * Mode (Pulse) -22.33 19.028 0.256 [-62.31, 17.64]
Current (200A) * Mode (Short) -67  19.028 0.002 [-106.9,-27.02]

Current (300A) * Mode (Short) -52  19.028 0.014 [-91.97,-12.02]

Responses Interactions Coef.
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The interactions terms for the current and metal transfer mode were statistically significant
for bead width and hardness in ANOVA and regression analysis. The interaction plots for these
response variables are illustratedFig. 2Q The nonparallel lines on the interaction plots
suggest strong interactions between the independent and dependent variables at various factor
levels.Focusing on bead width, the short/spray transfer mode shshas@gincrease from 100
to 200 amperes, bittdiminishesbeyond200A, remaining within a similar range to the values
observed at 200A. In contrast, the pulse transfer mode begins with an intermediate width at
100A compared to the other modes and exhibits a more gradual increase as the current rises.

The doublegoulse transfer mode, on the other hand, starts with a wider bead at 100A, sees a
minimal increase at 200A, and reaches the highest width compared to the other modes at 300A.
However, a key observation is the range in which the width falls for a givemtane transfer
mode. For instance, at 100 amperes, the mean bead width differs notably between the transfer
modes. At higher currents, such as 200 and 300 amperes, the mean width converges within a
narrower range across all three transfer modes, alththgte are still distinguishable
differences between them.
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Fig. 20 Interaction plots for statistically significamtteractions

The interaction plot of hardness shows the highest hardness at 100 A for short/spray mode,
and it slightly decreases as the current increases. Then it stays relatively stable between 200
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300A. Possibly at higher current levels the transition from stiartiiting to spray transfer

mode resulted in higher heat input, modifying the hardness results. At 100 A current, pulse
transfer mode resulted in a moderate hardness while the doubleppoteeed the lowest
hardness. Moreover, pulse and double pulse modes exhibited a more uniform decrease when
the current was increased to 200 and 300 amperes, respectively. At 200 and 300 amperes, all
transfer modes show a hardness differencel 615 HV.

In addition, the ANOVA and regression analyses did not show statistical significance of the
interaction between transfer modes and arc current for bead penetration and height. To have a
more visual interpretation, interaction plots of these variables ol#eened as shown iRig.

21. The upward trend of penetration with increasing current is evident from 100 to 300 amperes,
however, lines representing each transfer mode remain substantially parallel, indicating a non
significant interactionThus, for pentation depth the current seems to be the driving force
irrespective of the metal transfer mode.
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Fig. 21 Interaction plots for statistically nesignificantinteractions

Similarly, the interaction plot of bead height shows an upward trend for pulse and double
pulse transfer mode when the current is increased between the three levels. However, this trend
deviates largely when the current is increased from3@@amperes ishort/spray transfer
mode. A possible explanation for this trend comes from sample preparation. Each bead was cut
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at three locations i.e. at the start, in the middle and at the end and then their bead profiles were
measured and averaged. In WAAM deposits, it is very common where the bead height reduces
at the end of the bead length. Going through the results of dudivsections, we observed a
significant bead height reduction at the end section of the bead deposited with 300 amperes in
short/spray transfer mode. We assume this has resulted in the statistisggmficance of

height. In fact, we expect a directroelation between the current and the height, as was reported

in the literature I1]. This correlation is also reflected in pulse and double pulse transfer modes,
as well as from 100 to 200 amperes in short/spray transfer mode in this study.

Fig. 22shows the scatter plots of actual and predicted regression Tineshaded areas
around the regression lines indicate the certainty of the estimated relationships with a 95%
confidence interval. A narrower area, closer to regression lines suggests a higher precision of
the estimated relationships.
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Fig. 22 Scatterplot of response variables with regression lines for each input variable

The graph further supports the obtained results and interpretations. For example, the graph
represents a positive and consistently increasing trend between the current and penetration. The
highest penetration for each mode can be observed at 300 ampget@¢. #&nd 200 amperes
the penetration depth does not deviate significantly across different modes. Similarly, the width
shows a rising trend with increased current which is more evident in case of pulse and
short/spray modes, showing a more robust relakignbetween the current and width across
these transfer modes. As seen before, height represents high variability which is represented by
larger shaded area around the regression lines. The highest height is shown at 200 amperes in
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short/spray mode with huge variability of data while other modes show less fluctuations. The
graph shows a relatively more evident decreasing trend in pulse and short/spray modes as the
current is increased, however, double pulse demonstrates a morérstabbg various current

levels. The highest current is observed in short/spray mode at lowest current level.

The chart of means iRig. 23summarizes the shape characteristics for beads including the
penetration depth, width, and heigWthile thearc current seems to show considerable effects
at different current levels on dependent variables, metal transfer modsseaistplay a vital
role. The deposition current influences the penetration and width but also their mean values are
varied based on various transfer modi&swever, the global trend for these variables increased
when the arc current was increased from 100 to 200 and thearftat300 amperes except for
height where the trend diminished to a significant decrease between 200 to 300 aimperes.
addition, on the same current levels, the transfer modes play their individual role for these
variables. For instance, at 100 amperes, the penetration depth slightly increased in pulse transfer
mode and then further increased in double pulse mode cethfmshort/spray transfer. The
same trend can also be seen for width and height.
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Fig. 23 Chart of means representing the bead characteristics against the metal transfer modes
and arc current

Fig. 24showing a conclusive overview of the main effects of dependent and independent

variables without considering their interact
response variable for all current levels for that specific metal transfer mogéossd against
eachmodeSi mi | arly, the ACurrent (A)O0 colsatmn t ak

a certain current level irrespective of the transfer mo&ich a main effect plot gives an
explicit understanding how the arc curremidatransfer modes individually influence the
response variablegor example, there is a linear relationship between the current and width
but at the same time it shows a declining trend of width between the metal transfer modes. The
largest and smallest widths are observed in double pulse and short/spray transt&r mode
respectively. Pulse transfer mode exhibited an intermediate width between the two. A relatable
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trend is seen for height; however, this trend declines between 200 to 300 amperes which was
discussed in earlier results as wkliladdition, a deeper penetration is observed with increasing
level of arc current while a decreasing trend is seen between the transfer modes. However, pulse
and double pulse modes show similar range of penetration depth while the short/spray mode
resultel in the lowest penetratiorSimilarly, hardness illustrates the highest values for
short/spray transfer mode and double puéseilted in the lowest. Any increase in arc current
decreases the mean hardness.
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Fig. 24 Main effects plots of width, penetration, hardness and height aghifestent metal
transfer modes andacurrent levels

The literature also shows similegsultsin differentparametricstudies of WAAM.In one
study authors usedaguchi technique, analysis of variance (ANOVA), regression modelling,
and gray relational analysis (GR#&) investigate the bead morphologgainst thevire feed
speed, deposition speed, and voltgfd. They found that increasing the wire feed speed led
to proportional increases in bead height, width, and penetration depths Thiderstandable
since more material is being deposited from tHerfivire as the feed speed increases. As a
result, both the current and voltage in the heat source also rise. If the deposition speed remains
constant, the additional current and voltage increase the heat input, which then causes the bead
to widen and peneate deeperAnother studyfound that bead width increases as wire feed
speed and voltage rise, specifically within the ranges-®m&min and 184 V [13]. This
happens because higher voltage causes the electric arc to expand and spread, forming larger
beadsHowever, bead height showed more varigtwhile higher wire feed speed increased
material deposition per unit length, leading to taller beads, voltage and deposition speed within
the ranges of 124 V and 0.30.6 m/min actually reduced bead height. As previously noted,
higher voltage results inwider arc spread and increased heat input, which flattens the bead
and lowers its heightAnother study[14] found similar patterns in their investigation of

62



deposition parameters on bead geometry using a cold metal transfer (CMT) power source. Their
study demonstrated a clear relationship between input variables and bead morphology, where
increases in wire feed speed, current, and voltage led to larger lwthdind height.

The Fig. 25represents the hardness profifes each sample. The hardness indents were
taken starting from the top, leaving 0.5 mm at the top edge and extending the indents through
the middle section, HAZ and until unaffected substrate had reashdidtinctive variability
was realized for hardness in short circuit, pulse, and double pulse transfer modes at the 3 levels
of deposition current. This Isecausearious transfer modes and current levels can incorporate
varied heat inputs and ultimately resualdissimilar hardness valuess seen on the hardness
profile, the highest hardness resulted for short/spray transfer mode at 100 A current. Increasing
the arc current resulted in lower hardness in all transfer modes. The hardness profiles seem to
decrease from top to bottom of beasl this is more pronounced in lower to intermediate
current levels. Literature shows similar hardness trends for AISI 410 558

Such hardness variability for various metal transfer modes and arc current levels can be
associated to arc dynamics, mettol characteristics and the corresponding cooling rates.
higher hardness at lower arc current levels can be attributed to faster solidification and lower
heat input, leading to finer microstructure and harder deposits. The short/spray transfer mode
at lowest current produced a smaller apglbl and a corregmding smaller bead size. The
smaller meklpool at lower current can lead flwst cooling and solidification which can lead to
higher hardnesgdigher current increases the wire feed speed, and more material is deposited.
The higher current and larger mpthol cool comparatively slower, leading to slightly lower
hardness.

The hardness profiles in pulse and double pulse transfer modes reflect a consistent heat input
and cooling rates. Probably the pulse nature of the arc helps in achieving a more stable melt
pool and better heat distribution. However, at high current lezedness reduces due to
exposure at higher temperatures.

The microstructures of the samples are reporteBidn 26 At lowest current, all metal
transfer modes exhibit a very fine lamellar microstructure. This can be attributed to smaller
melt-pools and corresponding fast cooling with the cold substrate. The lamellar microstructure
then seems to form partially polygoraaid columnar grains when the arc current is increased
from 100 to 200 and then further to 300 amperes. The short/spray transfer mode represents a
very fine lamellar appearance at 100 amperes current. We can explicitly observe from left to
right in Fig. 26a), when the arc current is increased to 200 amperes for the same short/spray
transfer mode, a similar but a coarse microstructure appears whenéettemellar spacing
became larger; led to less densely scattered lamellae within the ferrite M#teim the current
is further increased to 300 amperes, significant grain coarsening is obagtvednixture of
polygonal and columnar grains. Similarly, some pearlite islands appear at grain boundaries.
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Fig. 26 Optical microscopic images of the fusion zone for 100, 200 and 300A current from
left to right, respectively: (a) short/spray mode, (b) pulse mode, (c) doulsie mode
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In pulse transfer mode at 100 amperes, randomly oriented cementite plates with slightly
longer lamellae are observed compared to the short/spray transfer mode. At higher currents,
such as 200 and 300 amperes, substantial grain coarsening occurs withesmigd! islands
appearing at grain boundaries at 300 ampémneaddition a polygonal grain structu@n be
seemat 300 amperes while a partially columnar grain struatanebe observeat 200 amperes.

In double pulse mode at lower currents, the microstructure remains fine, similar to that in
pulse mode, but as the current increases to 200 amperes, a coarse columnar microstructure
appearsand further grain coarsening occurs at 300 amperes.

In all metal transfer modes, increasing deposition current results in a higher volume fraction
of ferrite phases, likely contributing to the softer material observearaness result®esearch
[17] suggestshat the thermal gradient and slower cooling rates associated with higher currents
promote grain growth in fusiebased additive manufacturinghe tendencyf microstructure
to show larger grain size athe deposition currentncreasessuggests a clear relationship
between current level, heat inpatid solidification rate. Thisixeanst is possible to tailor the
microstructure of deposited material by carefully adjusting the deposition parameters at a
certain metal transfer mode.

An important aspect of AM depositions is the dilution which represents the amount of
remelted substrate with respect to the bead @eston on the substrate. This is a very crucial
aspect since severe remelting of previously deposited layers in nertigaguctures can
increase the heat accumulation and can influence the corresponding material properties with
significant remelting and solidificatiorfig. 27 presents the dilution under various metal
transfer modes and different current levels. The &pdy transfer mode represents a clear
increase in dilution as the arc current increases. At 100 amperes a dilution of 27% shows the
lowest penetratioto-deposition ratio. As the current increases to 200 and 300 amperes, the
dilution increases to 31% arb%, respectivelySuch a sharp increase of dilution suggests
significant changes in arc dynamics probably relating to a transition of metal transfer mode
from shortcircuiting to a spray transfer mode.
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In pulse transfer mode tliglution shows different results compared to short/spray transfer
mode. For example, at 100, 200 and 300 amperes, the dilutions of 46%, 47%, and 55% were
achieved, respectively. The changes in dilution at different arc currents are consistent. The
pulsingof arc current seems to produce similar dilutions irrespective of the changes in current.
This can be beneficial for applications where a constant dilution is desirable.

In addition, the double pulse transfer mode exhibits a similar pattern, comparable to that of
the pulse transfer mode. However, the dilution at 100 and 200 amperes resulted in 41%, slightly
lower compared to pulse mode. Nevertheless, the dilution increa&&do when the current
was increased to 3@0nperes.

4.3.2. Multi -pass deposits

WAAM is famous for depositing large padsd the building blocks of these large structures
are beads deposited side by sadeverlapped with a specific hatch distance and then the layers
are repeated in the building direction to create multilayer structlitessefore, it is very
important to select the right parameters to obtain structurally sound parts. Therefore, in this
study the combined effects of arc current and hatch distance are investigated to analyse their
effects on bead formation in mufiess tracksFig. 28a and b show the atepositedsamples,
and their crossections deposited with various combinations of hatch distance and arc current.
As shown in the macroscopic imagesn top to bottom, 80, 120 and 160 ampere currents
were used and faach current level from left to right a hatch distance of 2, 3, and 4 millimetres
were used respectively.

From these results, an explicit effect of hatch distance and current can be obisasved.
shown that the ratio of the height between the first and the adjacent bead depends on proper
overlapping or hatch distan¢&8]. The results show that a low current combined with high
hatch distance results in valleys between the adjacent beads. On the other hand, a high current
combined with a low hatch distance results in elliptical shapes and the surface of the deposited
structue becomes unsmooth. It has beenwshdhat the low hatch distance decreases the
cooling rate during solidification by increasing the overlapping andpoelk size 19].

The shape of individual bead penetration also shows varied characteristics based on different
combinations of hatch distance and arc currentifxance, with higher hatch distances3of
or 4 millimetres, the 80 amperes current resulted in big valleys and significant unevenness on
the bead surface#it lower current, the wire feed speed reduces, leading to less material
deposition. This further intensifies with higher hatch distances, failing to fill the gaps between
the adjacent beads. Such irregulasitivay lead to geometrical inaccuraci2g] and welding
defects P1].

When increasing the arc current, the valleys between the adjacent beads become less
pronounced. In this case, more material is deposited, leading to comparatively smoother
surfacesThe higher current also increases the heat input that improves the melting and flow of
material to effectively fill the gap with more material feed retewever, when more material
is deposited with a small hatch distance, the npas beadproduce unwanted material
buildup, forminga circular crosssectionon the surfacetesulting inunwanted lumpsFor
example, this is particularly evident at 2 mm hatch distance with 120 and 160 amperes current,
respectivelyIn addition, the higher heat input magalincrease the penetration and dilution
which may influence the corresponding material properties of the structure.
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Therefore, the proper tuning of these parameters become ess&nédixed deposition
speed, lower current lowers the heat input that is normally desirable in AM applications.
However, it may result in poor surface quality when not optimised with a corresponding hatch
distance. Conversely, the increased current legkiigher material feed rates, effectively filling
the gaps between the adjacent layers to produce smoother surfaces. Hence, proper combinations
of arc current and hatch distance are regutceobtain an acceptable traoi between the
surfacesmoothness, penetration depth, and heat input. For instance, theamssltsample
deposited with 160 amperes current, and 3 mm of hatch distance seems to exhibit a
comparatively smoother surface wisitructurally sound visuals for penetratiofhus, an
optimised combination exists for hatch distance and arc current for desired bead formation in
multi-pass deposits.
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Fig. 28 Multi-passdeposits with various combinations of current and hatch distance: {a) As
deposited samples, (b) macroscopic images of @estsons

4.3.3. Thin wall

A thin wall was depositedsing thepulse transfer mode with the deposition strategy shown
in Fig. 29 Similarly, the asdeposited wall, its macroscopic cressction with corresponding
microstructure in the building direction is showrFig. 30(a) and(b), respectively.

The top section of the wall consists of a microstructure that forms a mixture elikdsaad
randomly oriented nonlamellar cementite which are partly present as embryonic lamellar
grouping in the ferrite matrix, forming a spheroidite microstructure.s Tkind of a
microstructure usually resulted due to slower cooling where the cementite lamellae partly break,
forming irregular morphology. In the top section, allotriomorphic ferrites are also present.
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Fig. 29 Deposition strategy of thin wall

Moving from top to middle section, the microstructure tends to present a predominantly
elongated appearance and partially shows coarse ferrite grains. In this region, the presence of
very small pores can also be observed. Such defects were also reported in the litgZhture [
with certain impurities and lack of fusion, where they found 0.15% porosity, 0.08% impurities,
and 0.04% lack of fusion, respectively.

Moreover, at the bottom region the transition from fusion zone-toele area is shown,
revealing a more uniform structure with finer grains. However, the heat effected zone (HAZ)
consisted of coarser polygonal and partly columnar grains. The underligrastructure for
thin wall ER70S6 was also reported in previous studiz3i 25].

=
5)
=
31
o
=
o
en
g
=
=
m

—_—— e — =

Fig. 30 (a) Asdeposited thin wall, (b) macro and microstructural images at various sections in
the building direction

For detailed microstructural analysis, scanning electron microscopy (SEM) was performed
on the thin wall in the building direction, as showrkig. 31 The SEM images were obtained
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at three locations on the wall i.e. bottom, middle and top sec#snshown inFig. 31(a), the

bottom section shows a walkfined microstructure with uniform distribution of graififie

hi gher magni fication of segment RiA B1d)i n t he
representing equiaxed polygonal grains. Such a morphology is beneficial for mechanical
properties by enhancing the toughness and ductility of material. This is attributed to faster
cooling with the substrate in the initial layers. Thesprece of small pores, typically less than

3 microns, is also seen in the building direction with varying concentrations; showing slightly

less at the bottom compared to middle and top sections.

Fig. 31(b) shows the microstructure in the middle section where the microstructure shows
el ongated grains. The magni fi edg d@&gherethe r epr
dark regions probably occurred as a result of @telning during the sample preparation. We
can also observe small pores in the middle.

The SEM image of the top section is showfriig. 31(c) and a more detailed and magnified
segment from the same section is showrign 31(f). This presents a heterogeneous and coarse
morphology compared to middle and bottom sections. Moreover, equiaxed and columnar grains
are dominant. Such microstructural variations usually occur as a result of slower cooling,
leading to a reduced thermal grak at the top section.

Building direction
Middle

3 50 ym
Date(midly): 07/08/24

:; |
L 4 b \

. 3 \ Bl N e
SEM HV: 120KV WD: 14.83 mm | miRA3 TESCANf]  SEM HV: 120 kv WD: 14.93 mm |
SEM MAG: 4.45 kx Det: SE 10 pm SEM MAG: 4.47 kx Det: SE 10 pm SEM MAG: 4.51 kx Det: SE
View field: 46.6 ym_|Date(midly): 07/08/24 View field: 46.5 ym | Date(midly): 07/08/24 View field: 46.0 ym _ Date(mdly): 07/08/24

Fig. 31SEM images of the thin wall in the build direction
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The hardnesprofile of thin wall in the building direction is showin Fig. 32 representing
the hardnesegariationsfrom the top edge of the walhd therpassing through the middle zone,
remelting zone, HAZ until the unaffected substratd teached.The hardness values vary
between 173 to 263 HV from top to bottom with an average hardness of 203 HV. The highest
hardness was recorded at the top edge of the wall which reduced to the minimum value when it
reached the middle section of the wall. This barassociated with theeat accumulation and
corresponding microstructural changes as sedfign30and Fig. 31 Moving towards the
bottom section, the hardness increased again as it reached near the substrate. This can be
associated to faster cooling with the cold substrate in the first few layers. The hardness again
decreased in themelted section and heat efted zone (HAZ) within the substrate, probably
due to thevarying thermal cycles experienced in the laygdayer process.

Different microstructural changes took place in various sections of the wall along the
building direction because of varied thermal cycles experienced. This resulted in the underlying
hardness profile.iterature has shown a similar hardness pattern across these specific sections
on the wall using ER708 wire [26]. They attributed such a hardness profile to the
microstructural changes and grain size which slightly reduced from top to bdtisrcan be
better explained by building a relationship betwden number of layers vs heat input, heat
input vs grain size, and finally grain size vs material harddesthe number of layers increase
in a multilayer structure, the heat accumulatemds toincrease, whichin turn, increases the
average grain size due to slower coolierefore, the hardness profile of a thin wall tends to
show a reduced hardness at sections where a high thermal cycle and slower cooling rate is
experienced.
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Fig. 32 Hardhess profile of thin wall in the building direction
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During the solidification, significant heat transfer occurs through conduction, across the
substrate, dissipating the heat across the previously deposited material towards the substrate,
when a subsequent layer is depositedring solidification, significant heat transfer occurs
through conductiondissipating heat across the previously deposited material and towards the
substrate when a subsequent layer is deposited. The area below the substrate in direct proximity
with the wall undergoes partial remefiinSimilarly, the HAZ in the substrate experiences
severe thermal shocks in the laygse deposition. Thus, as the number of layers increase, the
previously deposited layers and the substrate in closer proximity to the fusion area undergoes
microstructurbchanges, effecting the hardness of material.

4.3.4. Cubic structure

Finally, a cubic structure was deposited with parameters reported in materials and methods
section. An optimised deposition strategy was used for the cubic structure deposition as shown
in Fig. 33 The underlying deposition strategy has a higher deposition efficiency in directed
energy deposition (DED) process7].

p— A

l

|

® ©

Layer1l Layer 2 Layer 3 Layer 4

Fig. 33 Deposition strategy of cubic structure

The asdeposited cubic structure and the microstructure is showigin34 (a) and (b),
respectively. Compared to the thin wall, the cubic structure represents a cleaner and a more
homogeneous microstructure. No defects and impurities were found, and no lack of fusion were
observed in these microscopiesults. This can be attributed to a more homogeneous heat
distribution owing to the deposition strategy. The underlying microstructure represents a
lamellar and columnar structure with the presence of some allotriomorphic ferrites in the upper
and middlesections. In addition, the microstructure also shows some acicular ferrites at the
upper section of the cube. The volume fraction of ferrites increases in the middle. Hence, a
softer hardness can be expected. The HAZ shows coarse equiaxed ferrites apdastitae
islands.

When the number of layers increase and reaches to middle section, heat accumulation
increasesdecreamg the cooling rate, changing the microstructure to an irregulastyath
morphology{28]. Thishappens in the centrahd uppesections of cubic structuregsulting in
lamellae of lath structure. Employing the same metal transfer mode i.e. pulse transfer mode and
ER70S6 wire, study has shown a columnar microstructure, exhibiting allotriomorphic and
acicular ferrite phasd®9]. As solidification begis from the molten material, allotriomorphic
ferrites nucleate at the austenite grain boundaries, as these boundaries offer the lowest energy
barrier. Their nucleation occurs at relatively high temperatures during the early stages of
cooling. These ferritethen grow in thin, platéike structures with irregular morphologies.
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In contrast, acicular ferrites typically form at lower temperatures, where nucleation is more
complex. Their growth is relatively rapid and results in a nelddteshape, producing a finer
microstructure compared to allotriomorphic ferrites. The presein@ch a microstructure can
be advantageous in structural applications, as it offers a balance between the material's strength
and toughness.

Upper zone

< i

Fig. 34 As-deposited cubic structure and the corresponding microstructure in the building
direction, represented by (a) and (b), respectively

The SEM images of the cube structure are showrign35 illustratingthe microstructure
in the bottom, middle, and upper zones of the structure. For each image, a higher magnification
is provided to reveal detailed microstructures. The bottom zone exhibits relatively finer grains.
A comparison of the higher magnification images shows thatztme consists of smaller,
equiaxed grains with wetlefined boundaries across the polygonal grains. The proximity to the
cold substrate and the comparatively cooler initial layers proregtasolidification, resulting
in uniform grain growth and finer gins due to faster cooling.

In contrast, the middle zone shows a significantly different microstructure. This zone
displays a coarser structure with elongated and less uniform grains, as seen more clearly in the
higher magnification image. Such microstructural changes can be atritnithe complex
WAAM process, which undergoes varied thermal cycles in multilayered structures. As more
layers are deposited, the WAAM structure experiences different thermal gradients, leading to
varied microstructures throughout the deposit. Typicélat accumulation increases as the
building progresses from the bottom to the upper zones, especially in continuous deposition
without an interlayer dwell time
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The SEM images of the upper zone show a funleiled microstructure. Compared to the
middle zone, the upper zone displays an even coarser microstructure, with larger and more
elongated grains. The presermddarger, columnar grains indicates slower cooling. In metals,
heat transfer mainly occurs through conduction. As a result, less heat dissipation occurs in the
upper zone, where a low thermal gradient exists between the uppermost layers and the lower
sedions. Since heat is conducted through the preshodeposited layers and dissipated from
the substrate, the reduced thermal gradient in the upper zone results in slower cooling,
producing a microstructure with elongated, less refined grains. This progression in
microstructure is typical in larger WAAMeposits.

If a strictly finer and more homogeneous microstructure is desired, significant wait time
between subsequent layers might be required. However, this introduces-afftriaetsveen
manufacturing time and microstructural properties.

Building direction

Bottom zone Upper zone

MIRA3 TESCAN| i SCAN  SEM HV: 120 kv WO: 1608 mm | i MIRA3 TESCAN
50 ym SEM MAG: 1.04 kx Det: SE SEM MAG: 1.09 kx Det: SE
View field: 184 ym | Date(midly): 07/08/24 UNIBO View field: 200 ym | Date(m/dly): 07/08/24 View field: 190 pm  Date(midly): 07/08/24 UNIBO

Fig. 35 SEM imagef cubic structure alifferent sections in the building direction

Fig. 36shows the hardness profile of cubic structure that starts from the upper most edge of
the cube and extending through the middle section until the bottom section had reached. The
hardness moderately decreases from top to bottom with a minimum and maxincmeskaf
152 and 210 HV, respectivelyhe average hardness from top to bottom was calculated to be
182 HV. It shows a consistent hardness in the upper sections, maintaining it near 200 HV.
Beyond that a slight reduction occurs and the values drop bé&lowi¥®. Movingbelow the
building direction, a slight reduction is observed, however, the profile remains at around 180
HV. Although small variations can be observed from top to bottom, the hardness profile exhibits
a reasonably uniform trend. The small variations aréated to the microstructural changes
and the thermal history.
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Fig. 36 Hardness profile of cubic structure from top edge to bottom

4.4. Conclusions

The study investigated various metal transfer modes at different levels of arc current with
beadon-plate trials, followed by depositing a thin wall and a cubic structure in pulse transfer
mode.

Metal transfer modes resulted in significant influence on bead characteristics, dilution,
hardness and microstructure at different current levels. A lower hardness produced harder
samples in all transfer mode while the hardness was reduced with increasiegt. The
hardness profiles decreased from top to bottom.

The short/spray mode produced the lowest dilution for low and intermediate current levels
while it significantly increased at high level. Pulse and double pulse modes showed
comparatively consistent dilutions with increasing levels of current, indicatingra stable
arc at different current levels.

The interaction between hatch distance and arc current significantly effects the bead
formation in multi-pass deposits. The unfavourable combinations resulted in valleys and
uneven surfaces between the adjacent beads, influencing the surface smoothness. However, an
optimised combination of hatch distance and arc current exits for proper overlapping.
instance, 160A current and 3 mm hatch distance resulted in a smoother surface with acceptable
penetration.

The microstructure of beaahplate trials consists of a finer lamellar morphology at low
current levelwhich tends to form polygonal and columnar grains vatfnificant grain
coarsening when the current is increased to intermediate and high levels.

Similarly, the microstructure of thin wall showed a slight anisotropy in the building
direction, with a mixture of platéke and randomly oriented cementite lamellae, partially
forming spheroiditemorphology in the top section of the wall. In the middle section, the
microstructure changed to a coarse and elongated ferritic structure while the bottom represented
a coarse polygonal microstructure.
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Moreover, the cubic structure showed acicular ferrites at the upper zone with the presence
of some allotriomorphic ferrites in the middle and upper zones. The heat effected zone consisted
of equiaxed polygonal ferrite with small pearlite islands at graumtaries. Very small pores
were observed in the thin wall while the cubic structure showed a more homogeneous
microstructure with much lower porosity compared to thin wall. The microstructural
morphology, phase orientation and the presence of porosity fumeher verified by the SEM
analysis.

The hardness in thin wall decreased from top to the middle and then slightly increased near
the bottom zone with small fluctuations in the remelt and HAZ. On the other hand, the cubic
structure showed a relatively uniform hardness profile.
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5. Parametersand Deposition Strategiesn WAAM Deposits

Process parameters and deposition strategies are the key for high quality deppdSadin
processeslin the previous study various metal transfer modes were analysed without
considering other factors except for arc curréhierefore, a systematic parametric study was
conducted with beadn-plate depositions, analysing the key parameiechiding the arc
current and deposition speeijising a synergic controlled WAAMairce A response surface
methodology (RSM) was employed which was based on a central composite design (CCD) to
understand the effects of parameters on bead morphologies and hardness. Moreover, different
deposition strategies were employediepositest walls tanvestigateheir influence on build
orientationof the walls Similarly, the effects of layestacking on 10 and 2@yer walls were
also analysed in detail. Finally, an optimised deposition strategy was employed to deposit cubic
samples with variousegosition parametersuch as arc current, deposition speed and hatch
distancebased on &K factorial design. Hardness, microstructural and SEM analyses were
performed.Results showed that a robust relationship exists between parameters and bead
profiles and material hardness. The deposition strategies also effected the wall orientation
significantly. Similarly, the number of layers played an important role for mechanica
characteristics of deposited walls. Cubic structures demonstrated anisotropy fetnituoal
results based on different parametric settings. Small differences in hardness profiles were also
observed for these deposits.
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5.1. Introduction

The effectiveness of WAAM process is highly influenced by the process parameters and
deposition strategies. The most significant process parameters include the wire feed speed, arc
current, arc voltage, and deposition speed (travel speed). An increased wire feed speed increases
the bead width and height while higher travel speed decrtesedl]. Therefore, the ratio of
WFS/TS is the most significant parameter for controlling the heat input where in turn influences
the bead dimensions including the bead width, height, penetration depth, and reinforcement
area PJ. It was shown that apaftom the bead characteristics, the process parameters also
influenced the hardnes3][ Such hardness results were observed as a result of microstructural
changes due to varying heat inputs when using different paranfedeng other studies also
showed that wire feed speed, travel speed, arc current and voltage influence the heat input and
ultimately the material propertied-p).

Apart from process parameters, the deposition strategies in multilayer deposits also play a
significant role.The deposition strategies define the toolpath of welding torch for each
deposited layerThe toolpath, based on a specific deposition strategy defines the start and end
positions of welding torch for each layer. It also includes the positions where the arc remains
energized or waits to achieve a specific interlayer dwell time or to reacltificspesition to
start a new layetn case of singlgpass multilayer walls, the individual layers are either started
and ended at the positions for all layers (weiclional strategy) or to reverse their directions
after each successive layer (bidirectional strateffylwas shown in the literature that
unidirectional deposition strategy results in material reduction at the end of the wall in the
deposition directionq]. They also concluded that wire feed speed and travel speed may control
this issueHowever, this can also be resolved by adopting a bidirectional deposition strategy
[8].

The largescale WAAM parts are consisted of midgads multilayers, involving high heat
inputs which can affect the properties of the built structure if excessive heat accumulation
occurs. Thus, efficient thermal management becomes necessary by adgyuimped
deposition strategies and process parameter settings to avoid excessive thermal effects and
geometrical inaccuracietn multi-bead and multilayer deposits, an overlap distance is used
between the adjacent beads known as hatch distance. Seudia$ $tave investigated and
proposed many bead overlapping modetdq]. The final properties and surface smoothness
depends on optimised combinations of hatch distance and process parameters such as arc
current and travel speed. An inappropriate combination may lead to valleys between the
adjacent beads. Therefore, an optimisdeposition strategy becomes necessary for
homogeneous heat distribution during deposition and the corresponding material properties and
surface characteristics of deposited strectu

Various materials have been investigatedhe literatureemploying different deposition
strategies and parameters. Howeeemprehensive researchvering the entire process chain
is still lackingfrom parametric study to thin walls and bulky cubic structures employing various
deposition strategies on build orientation and material propertesefore, this study not only
provides a parametric study baseda@tatistical approach but also investigates thin walls and
bulky structures. For thin walldjfferent deposition strategies have baemestigatedo analyse
their influence on build orientatiotmportantly, in thin walls, as the number of layers increase
in the building direction, heat accumulation increases due to a narrower path available for heat
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dissipation between the upper layers and substrate. Several studiesvereethe effects of
interlayer dwell time. However, the influence of layggacking still needs proper investigation.
Therefore, 10 and 2lyer walls were studied in detail to analyse the effects of-staeking
on the material propertie¥he hardness, microstructure, and SEM resuiige compared for
both cases. Additionally, for mulbead multilayer bulkubes an optimized deposition strategy
wasapplied todepositvarious samples, utilizing different combinations of arc current, travel
speed, and hatch distance. The hardness measurements and microstietardsen
compared.

Thus,this work reveals the crucial insights into the underexplored effects ofdtaaking
in WAAM to investigate the influence of heat accumulati®tause oheat accumulation.
Similarly, unlike prior studies, this study is not limited to only unidirectiardidirectional
deposition strategies for thimalls, it also considers the unidirectional deposition strategy with
a dwell time that keeps the arc energized at the end of each layer to avoid a sloped wall which
inherently results in GMAased WAM process. Additionally, the findings using ER70S
provides a transferable framework for materials such asdtighgth alloys and stainless steel,
for optimising deposition strategies and paramexganding the applicability of WAAM to
diverse sectors.

5.2. Methodology

The study primarily investigates three parts: starting from a-beguate analysis in the
first part, followed by investigating the thin walls and cubamples The beaebn-plate
analysis is composed afparametric studyinvestigating the effects of arc current and travel
speed on bead width, height, penetration depth and hardness. The maximum and minimum
values for arc current were taken as 80A and 200A while for travel speed 7 and 20 mm/s. To
obtain an appropriate raagoetween the maximum and minimwalues of parameters, a
response surface methodology (RSM) was used with a central composite design (CCD). The
full experimental parameters and the corresponding deposited beads are shable and
Fig. 37, respectively.

The thin walls are composed of singlass multilayer walls, deposited with 150 A current
in pulse transfer mode using a travel speed of 11 mm/s. Each wall was deposited with a length
of 50 mm and 10 layers. Three different deposition strategies weréuskit walls including
the unidirectional, bidirectional and unidirectional with a boatk time to analyse the effects
of these deposition strategies on wall formability and orientation. In unidirectional strategy
the layers were deposited in tekeme deposition directioim which the welding torclwas
moved to the initial positiowith an increment in the-direction equal to the layer heightis
was repeated till the ¥0ayer.In the bidirectional strategwt the end of each layghe torch
was moved upward with a distance equal to the layer height and the deposition direction was
reversedafter each layerln the third strategy, the same unidirectional path vi@kbwed;
however, alwell time wasntroduced that kept the arc energized fehart time instartb keep
the arc energized fonelting and depositing the wire consumable at the end of eaciwihifer
the robot had stopped.

The effects of layestackingwere analysed in detail by deposited 2 walls in bidirectional
strategy consisting of 10 and -Bfyers. The deposited walls were compared for hardness,
microstructure and scanning electron microscopy (SEM).
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The multitbead multilayer cubic samples were deposited using an optimised deposition
strategy which is based on a shell and infill passes in which the outer shell is deposited with a
singlepass perimeter followed by infill passes separated by a speatfiti istanceA 2X
factorial design was employed using 3 factors including arc current, travel speed and hatch
distance, as shown iTable 7 The deposited samples were analysefbr hardness,
microstructure and SEM.

The ER70S6 wire consumable with a diameter of 1.2 was deposited using a gas metal arc
welding (GMAW) heat source with a synergic operation in direct current electrode positive
(DCEP) polarity. The heat source integrated with a wire feeder precisely fed the witgeinto
meltpool on a mild steel substrate. The path planning was executed employHagi® 6
Yaskawa Motoman robot. The mglbol was protected using argon with 20%2@® shielding
gas with a flow rate of 18 I/min.

The deposited samples were cut in the middle in the building direction and were polished
with abrasive papers from 82500 grit, following by mirror polishing in diamond suspension
of 6 and 1 microns, respectivelMacro and microstructural analysis were performed using a
macroscope (Vert.Al Ziess Axio) and optical microscope (Carl Ziess Stemi 508 doc),
respectively. Hardness tests were performed on a Vickers hardness tester for a load of 1 kg and
an indentation timef 15 seconds.

Table 6 Process parameters of beadplate analysis

Sample Std Order Run Order Current [A] Travel speed [mm/s

S1 8 1 140 20

S2 5 2 80 135
S3 1 3 97.6 8.9
S4 7 4 140 7

S5 10 5 140 13.5
S6 3 6 97.6 18.1
S7 9 7 140 13.5
S8 13 8 140 135
S9 12 9 140 13.5
S10 11 10 140 135
S11 2 11 182.4 8.9
S12 6 12 200 135
S13 4 13 182.4 18.1

Table 7 Process parameters of cubic samples

Sample Current [A] Travel speed [mm/s Hatch distance [mm

C1 120 8 2
C2 120 8 3
C3 120 15 2
C4 120 15 3
C5 160 8 2
C6 160 8 3
C7 160 15 2
C8 160 15 3
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Fig. 37 Bead sections for samples deposited under different combinations of arc current and

travel speed

5.3. Results and discussions

5.3.1. Parametric study

The ANOVA table from RSM regression is shown Table § including the regression
equation for each response variaflbe factors arc current, and travel speed resulted in very
low P-values with a 95% confidence interval, suggesting their statistical significance for
effecting the bead width, height, penetration depth and hardness. MoreoR¥ratiteadjusted
R? represent high valuespefirming the model robustness. The laufkfit P-values above 5%
indicate that the model fits the given data.

The main effects plots and the interaction effects of process parameters on bead width,
height, penetration and hardness are giverign 38 The main effect plots show that all the
bead crossections tend to increase with higher current, showing a posii@gonship. An
increased arc current in synergic operation increases the wire feed rate, depositing more
material into the melpool. The higher melting of wire and increased arc current creates a
bigger mekpool leading to wider bead widths and higher reinforcement hight. The high current
also results in more remelting of substrate and forms a deeper penetration. On the other hand,
the travel speed shows a reverse relationship, when increased, the bead width, height, and
penetration exhibit lower valugghis in fact, reduces the time available for material deposition
per unit area as the torch moves faster.

82



Table 8 ANOVA table of factors and response variables with regression equation for each

Lack of fit

Factors Responses R2 R2_adj P-values
P-value

[Current , Travel speed] Height 89.49% 87.38% [0.000, 0.007] 0.754
[Current , Travel speed] Width 90.82% 88.98% [0.000, 0.000] 0.554
[Current , Travel speed] P.Depth 80.29% 76.35% [0.001, 0.002] 0.07
[Current, Travel speed] Hardness 86.03% 83.23% [0.000, 0.000] 0.101

Height = 0.713 + 0.01273 Currein0.0468 Speed
Width = 3.933 + 0.03597 Current0.1965 Speed
P. Depth = 0.989 + 0.01264 Currénd.1001 Speed
Hardness = 297.80.4709 Current + 4.388peed

The material hardness presents a different response with respect to changes in arc current
and travel speed. It reduces significantly with increasing current. Seemingly, the higher heat
input resulting with higher arc current softens the deposited mat@matontrary, the high
travel speed results in higher hardness. The increased travel speed results in smgiteyl melt
size,leading to faster cooling. Thedtacooling usually produces a fine microstructure with
smaller grain size, resulting in higher hardness.

Focussing on the interaction plots, we observe the combined effects of current and travel
speed on bead dimensions and material hardieeglot lines intersecting each other indicate
a significant interaction between the factors and variables.interaction plots show that the
effect of arc current on bead characteristics is more pronounced at lower travel speeds.
However, at higher travel speeds, the influence of arc cugdateswith the lines converging
at various current levels. This suggebtst @t higher speeds, travel speed has a more dominant
effect than arc current. Additionally, the interaction between current and travel speed in terms
of hardness indicates that material softening due to higher current is more evident at lower
travel speds. At all current levels, hardness tends to increase with higher travel speeds,
suggesting that heatduced softening can be mitigated by increasing the travel speed.

The contour plots provide a strong and meaningful visualization of the interaction between
process parameters and the output variablgs.39illustrates the influence of arc current and
travel speed on bead width, height, penetration depth, hardness, dilution, and the ratio of heat
affected zone to fusion area (HAZ/Fusion).

For bead width, interesting results show that it becomes wider at higher currents, particularly
at lower travel speeds. Specifically, bead widening above 10 mm occurs around 200 A of
current and travel speeds below 12 mm/s. As travel speed increasesidibatcreases, even
at higher current levels. Similarly, a bead height of over 3 mm can be achieved with an arc
current of 200 A and a travel speed of 8 mm/s. Higher travel speeds, however, significantly
reduce bead height, indicating that more matext@umulates to form taller beads at lower
speeds, while at higher speeds, less material is deposited per unit area, resulting in shorter beads.

In terms of penetration depth, the contour plot follows a similar trend to bead width and
height. The deepest penetration, exceeding 2.5 mm, is achieved at high current and low travel
speeds. As travel speed increases, penetration becomes shallower.
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Fig. 38 Main effects and interactions of current and travel speed on bead width, height,
penetration and material hardness

The contour plot for average hardness shows that a hardness exceeding 360 HV is achievable
at very high travel speeds (aroundr@fh/s) and the lowest arc current (around 80 A). When
comparing this with the plots for bead width, height, and penetration, it becomes clear that this
combination of low current and high travel speed produced the smallest values for these
variables. Thisggests the formation of small bead dimensions, likely due to faster cooling,
which contributes to the increased material hardness. Additionally, the plot indicates that the
lowest average hardness occurs at travel speeds below 9 mm/s and arc curreats H25wA
and 200 A.
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