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Abstract 

Among additive manufacturing (AM) technologies, wire-fed directed energy deposition (DED) 

processes are gaining huge popularity among researchers and industries. Wire-arc additive 

manufacturing (WAAM), or more recently referred to as DED-arc, is emerging as a cost-

effective solution for efficient production with high material deposition rates and lower lead 

time. Thus, making it one of the most desirable AM processes for large-scale fabrication. 

However, extensive research is needed to realise the benefits of this technology. This thesis 

comprehensively evaluated the performance and prospectives of WAAM processes. The first 

study investigated different metal transfer modes and their interactions with input variables 

based on bead-on-plate trials. Similarly, the combined effects of hatch distance and arc current 

were investigated on bead formation in multi-pass deposits at various levels, followed by 

investigating the mechanical properties for larger deposits. It was observed that metal transfer 

modes influenced the bead morphology, hardness and microstructures at different parameter 

levels. The second study explored various deposition strategies for test walls and cubic samples 

on their built structure and mechanical properties. The study shows how various deposition 

strategies effect the wall formation and identifies the most suitable process setups for wall 

deposits. In addition, this study shows the influence of layer-stacking in the building direction 

on microstructural evolution and material hardness. The third study was based on a very 

detailed analysis by exploring cored-wires in two different WAAM process variants i.e. GMA-

based and PTA-based WAAM. A creep-resistant steel was deposited using cored and solid 

wires of same chemical compositions. Different shielding gases were also investigated for 

GMA process to witness their influence on process outcome. The results revealed a lower heat 

input when using the cored-wire. 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 combinations. However, trivial differences could be observed in the 

building direction of deposited walls due to the thermal history. The solid wire produced a 

comparatively higher hardness. Similarly, the walls deposited under PTA process also exhibited 

a slightly higher hardness than GMA. However, EDS maps and elemental studies revealed 

comparable results for both wires and the overall results showed good performance and 

outcome for cored-wire. After the successful application of cored-wire in the two WAAM  

processes, another study was followed by depositing a hardfacing cored-wire with the 

properties of corrosion resistance to investigate the WAAM process in melting and deposition 

of such wire consumables. PTA and GMA processes with different shielding gases were used 

for hardfacing cored-wire to explore the opportunities and challenges of depositing such hard-

to-deposit materials. The results concluded that both WAAM  processes can successfully 

deposit the material under study. However, 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 substrate. The choice of shielding gas in GMA process influenced 

the metal transfer, arc behaviour, spatter and 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 samples. The EDS results showed a uniform material distribution; 
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however, certain alloying elements tend to show higher or lower concentrations in carbides and 

within the matrix. The last study covered a process-driven comparative study on wire-fed DED 

processes based on electric arc, plasma and laser sources such as GMA, 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 similar rates for wall deposition. The grain size and material hardness slightly differ 

across the processes which are attributed to different energy densities of these processes. The 

EDS analysis showed similar material distribution for the three processes and no sign of alloysô 

segregation was found. It 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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I Current A (Ampere) 

H Hardness HV (Vickers) 

p Penetration depth mm 

w Bead width mm 

h Bead height mm 

ɚ Wavelength nm 
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Section I  ï Theoretical 

Section I is comprised of the theoretical aspects of this dissertation and is composed of three 

chapters. In chapter one the thesis is introduced followed by presenting the research problems 

and the corresponding research approaches. 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 relevant theoretical concepts. 

Finally, chapter three introduces the state-of-the-art by reviewing the latest literature. This 

chapter helps in understanding some common issues related to WAAM technology, research 

approaches to address the issues, and covers the recent advancements in WAAM technology. 
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1. Introduction  

Wire-arc additive manufacturing (WAAM) or directed energy deposition arc (DED-arc) has 

the capability to reduce the lead time, material wastage and provides high deposition rates. 

Hence, it has huge potential for medium to large-scale fabrication in a layer-by-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 the WAAM  processes based on the main theme of the research. It 

highlights the research gaps and outlines the corresponding research approaches and studies 

carried out to fill the knowledge gap. Additionally, the chapter concludes by describing the 

structure of the thesis. 
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1.1. Introduction  

Wire-arc additive manufacturing (WAAM) is rapidly emerging to be a promising additive 

manufacturing (AM) process, particularly due to high deposition efficiency for large structures 

[1] and repairing capability for metal components [2]. The process utilizes an electric arc to 

melt a wire feedstock and deposits it layer by layer to form a 3-dimensional (3D) part. The 

versatility of WAAM  process to allow the deposition of various metals and alloys makes it a 

preferred choice in many industries such as aerospace, automotive, and oil and gas. One 

advantage of WAAM  is the cost-effectiveness since the use of wire feedstock compared to 

powder-based AM technologies makes it less expensive [3]. In 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 variants including gas metal arc welding (GMAW), gas tungsten arc welding (GTAW) 

and plasma transferred arc welding (PTAW). The 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 non-consumable tungsten electrode while the wire feedstock is fed 

separately across the arc generated between the non-consumable tungsten electrode and the 

substrate. A shielding gas is used to protect the melt-pool from contamination. Pure argon is 

commonly used for GTAW and PTAW processes while active gases in small proportions are 

mixed with pure argon in GMAW process to achieve a better arc stability [6]. 

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 short-circuit/spray transfer mode is the standard 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 deposited layer, transferring the molten metal droplets and 

undergoing a short-circuit 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 transfer to spray transfer mode can be observed where the wire melts more rapidly 

without touching the workpiece. The molten metal droplets become smaller, detaching with 

higher frequency, hence resembling a spray transfer. Moreover, the advanced electronics have 

enabled adopting more advanced metal transfer modes leading to the so-called pulse and double 

pulse transfer modes. In this case, the current pulses in a controlled manner between a peak and 

base current, allowing a better 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 large-scale deposition for which thin walls and bulky 

deposits are the building blocks. Deposition strategies [7,8] for walls and bulk structures play 

a pivotal role. For instance, in single-pass thin walls the parallel deposition (unidirectional) 

strategy is easy to implement. However, this strategy causes the wall to grow higher on one 

side, resulting in uneven wall surfaces. Another strategy to address this issue is an alternating 

layer (bidirectional) or zigzag strategy in which the deposition direction reverses at the end of 

each layer, distributing the heat and material more evenly. Another approach to obtain a wall 

with even surfaces is to incorporate a burn-back or dwell time at the end of each layer in the 

parallel strategy. This can be achieved by keeping the arc energized for a brief time-instant at 
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end of the layer, effectively addressing the unevenness typically associated with the parallel 

strategy. However, the dwell time should be adjusted carefully since longer time may lead to 

melting the wire completely, resulting in welding the wire with nozzle tip. Similarly, for bulky 

structures, a shell and infill strategy can be adopted where an external peripheral pass (shell) 

can be deposited followed by infill passes with a certain bead overlapping distance. The start 

and end points of shell and infill passes for each layer can be rotated 90o clockwise to achieve 

a homogeneous heat distribution. 

Finally, the choice of wire type is another crucial factor in WAAM . However, this has not 

been explored thoroughly with a comparative study. In practice, solid wires are predominantly 

used for wire-fed AM applications. On the other hand, cored-wires offer several advantages, 

making them attractive for certain applications. Cored-wires are classified as flux-cored and 

metal-cored wires with a tubular cross-section (metal sheath) usually made of mild steel, filled 

with alloying elements in the form of metal powders. The current flows mostly through the 

metal sheath of tubular wire, increasing the current density and material deposition rate [9,10]. 

Compared to solid wires, the tubular design allows to change the chemical composition of 

alloying elements more easily, promoting an efficient approach for alloys development for 

wire-fed additive manufacturing processes. Considering the complex process chain for the 

manufacturing of solid wires, the chemical composition cannot be modified easily. Hence, 

cored-wires help in tailoring the chemical composition [11] to enhance the properties such as 

strength, corrosion resistance, creep, and wear resistance. In short, cored-wires coupled with 

additive manufacturing can provide significant advantages in high-performance applications. 

1.2. Research problem 

WAAM  process provides an efficient solution for additive manufacturing of medium to large 

structures. However, this process has not reached the maturity and demands comprehensive 

research. One such aspects of WAAM  is the metal transfer modes which influence the heat 

input, bead morphology, and mechanical properties of deposits. Researchers have thoroughly 

investigated the process parameters in individual metal transfer modes [12-16]. However, a 

comparative study still lacks in the literature that can investigate various metal transfer modes 

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  is very effective for large-scale deposits. However, the high heat input 

in the layer-by-layer process results in heat accumulation. Consequently, leading to slumping 

of deposited material and resulting in uneven surfaces. Moreover, the deposition strategies 

influence the geometrical characteristics [17], microstructure [7], and other mechanical 

properties [18]. Therefore, effective deposition strategies are essential for homogeneous heat 

distribution, minimizing the surface irregularities and achieving desirable properties. Another 

research question regarding the wall deposits corresponds to the influence of layer-stacking: 

whether the number of layers influence the material properties. We can find many studies in 

the literature discussing the influence of interlayer temperatures and other aspects. However, it 

lacks to present a comprehensive study to show the effects based on the number of deposited 

layers. 
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Another particularly important research question arises regarding the use of metal-cored 

wires in additive manufacturing. In todayôs advanced era, many technologies and materials are 

reaching their limits, demanding more efficient approaches to meet specific requirements. From 

the process point of view, additive manufacturing is turning the pace of production with more 

advanced and flexible methods. However, the material process chain may present an obstacle. 

On one hand, additive manufacturing provides customised solutions without needing to change 

an entire manufacturing process layout. On the other hand, the need for advanced materials is 

pushing its limits. In additive manufacturing, solid wires are predominantly used. 

Unfortunately, the process chain involved in producing these wires lacks the flexibility  to meet 

the rapid and customised material demands. Fortunately, cored-wires, which have been used in 

traditional welding for decades, offer the capability to easily change the chemical composition 

of metal powder inside the core, allowing the rapid production with tailored properties. This 

raises the question: are cored-wires as effective as solid wires in various WAAM  processes? 

Therefore, a comparative investigation of cored versus solid wires in different WAAM  

processes is essential. While some studies [9,19-25] have investigated the cored-wires alone, a 

comparative study between the solid versus cored-wires is still lacking in the literature, 

particularly for PTA-based WAAM . Additionally, the effect of different shielding gases on 

cored-wires has not been explored thoroughly in WAAM, which further emphasizes on 

conducting a detailed experimental study based on these aspects. Cored-wires are capable of 

producing some high-end materials which cannot be obtained from the production chain used 

for solid wires. Although the cored-wires can enable the production of such alloys, it is 

important to conduct experimental analysis to witness if WAAM can efficiently melt and 

deposit such alloys and what could be the opportunities and challenges regarding that. 

Last but not the least, the literature lacks a comparative study on wire-fed DED processes. 

Today, some of the widely used wire-fed DED processes include WAAM variants such as 

GMA and PTA, as well as Laser Wire DED (LW-DED) or Laser Metal Deposition (LMD). 

Thus, to fill this gap, a comparative study is needed on wire-fed DED processes based on laser, 

plasma and electric arc-based energy sources.  

1.3. Research approach 

To address the above-mentioned research gaps, initially different metal transfer modes were 

investigated in GMA-based WAAM process using an ER70S-6 wire. The metal transfer modes 

including the short-circuit/Spray mode, pulse mode and double pulse mode were studied 

through bead-on-plate trials based on statistical approaches using ANOVA and regression 

analysis. Their influence on bead morphology (width, penetration, height, dilution), hardness 

and microstructure were investigated at different levels of arc current. Then the study was 

extended to multi-pass and multilayer deposits in which the combined influences of current and 

hatch distance were 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 SEM analysis. 

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 with burn-back 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 infill pattern was 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 specially alloyed cored-wires were studied in WAAM  processes. 

First, a creep-resistant low alloyed steel was used in the two WAAM  process variants, namely, 

GMA and PTA processes. A cored-wire and a solid wire of same chemical composition were 

used for the comparative study to explore the performance of cored-wire with respect to solid 

wire in the two processes. The study starts with bead-on-plate trials with the cored-wire in GMA 

and PTA processes to compare the heat input for similar deposition ratios in the two processes 

and explores the influence of three different shielding gases in GMA. Finally, 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 cored-wire, another cored-wire was investigated in 

the two DED processes and shielding gas combinations. But this time, a very hard-to-deposit 

material was studied to explore the opportunities and challenges of depositing such materials 

with WAAM  processes. The underlying cored-wire 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 SEM and EDS analysis. 

Finally, a comparative analysis on three different wire-fed DED processes was conducted to 

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: section I and section II . 

The theoretical concepts are detailed in section I, followed by the experimental studies, detailed 

in section II . Section I is composed of three chapters while section II  is consisted of five chapters 

excluding the final conclusions and recommendations. References are given at the end of each 

chapter for better organisation. 

Chapter I briefly introduces WAAM  and outlines the research problems and summarizes the 

approaches to address them. 

Chapter 2 presents the fundamental theoretical concepts that are essential for the understanding 

of these technologies and terminologies. This chapter focuses only on the concepts that are 

related to the key aspects of the research. 

Chapter 3 covers the literature review and presents the state-of-the-art on process parameters, 

microstructural evolution and mechanical properties, covering heat input and cooling strategies, 

geometric features and surface finish of parts deposited in WAAM  processes, in-process and 

post-process strengthening and alloy composition based on wire as feedstock. 

Section II  starts from chapter 4 and onward. In section II , 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 ER70S-6 

wire with bead-on-plate trials, followed by multi-pass and multilayer deposits. 

Chapter 5 details a parametric study based on a statistical approach followed by investigating 

different deposition strategies for thin wallsô deposition and bulky structures in GMA-WAAM.  
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Chapter 6 details a comparative study of cored versus solid wires of same chemical 

composition in depositing a creep-resistant material in GMA and PTA variants of WAAM 

process. It also employs various shielding gases in GMA-WAAM to investigate their influence 

on the process outcome. 

Similarly, chapter 7 covers an investigation on melting and depositing a hardfacing cored-

wire with the properties of corrosion-resistance, in GMA and PTA processes. Three different 

shielding gases were also investigated in this study on the process outcome.  

Chapter 8 covers a comparative study of wire-fed DED processes based on electric arc, plasma 

and laser sources. It gives a detailed understanding of the influence of different energy sources 

on the deposited structures using a creep-resistant wire. 

Finally, chapter 9 presents the closing remarks and recommendations for 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 to more in-depth 

terminologies and concepts that are necessary to understand the key aspects of experimental 

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 properties towards alloysô 

development. The processing parameters are also discussed for each process and variants to 

provide a better understanding of the underlying experimental chapters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 

 

2.1. Additive manufacturing: An overview 

The layer-wise production has a long history, however, the group of technologies named 

today as additive manufacturing started to be commercialized in 1988 [1]. The rapid prototyping 

was the original term used for additive manufacturing, aimed at modelling and prototyping of 

new designs in automotive sectors. However, the term additive manufacturing was formally 

adopted by American Society for Testing and Materials (ASTM) - International technical 

committee meeting in 2009 which also formed the ASTM International Committee on additive 

manufacturing (ASTM F42 ï Additive Manufacturing). In 2010, ASTM-F42 classified the 

additive manufacturing processes into 7 standard categories which are shown in Fig. 1. 

Additive manufacturing (AM) process is based on layer-by-layer deposition of materials to 

form a three-dimensional object. Unlike the subtractive manufacturing processes where a large 

block of material is removed through machining to achieve the desired geometry, 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, customization and reduce the materials waste [2-4]. 

Therefore, owing to its many advantages, it is gaining popularity among many important 

industries.  

 

Fig. 1 ASTM classification of AM processes 

¶ In Vat Photopolymerization, the liquid photopolymer resins are filled in a vat and the 

platform is lowered and covered with liquid resins equal to the layer thickness. Then the 

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 the surface, and the process is repeated. At the 

end of the process the liquid resin is drained out of the vat and the object is removed. 

¶ In Material Jetting, unlike the vat photopolymerization, material is jetted on a platform. In 

other words, a print head is used to inject droplets of resins from above to form layers. UV 

light maybe required to cure the layers. 
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¶ 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. 

¶ The Material Extrusion employs a hot nozzle to heat up and extrude the material from the 

nozzle and deposits it layer-by-layer on the platform. The nozzle moves in the X and Y-axis 

while the platform moves in the Z-axis. The most used process in this category is Fused 

Deposition Modelling (FDM) [5]. 

¶ The powder Bed Fusion (PBF) processes use either a laser or electron beam to melt and 

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 sintering (SLS) [6]. 

¶ 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 

welding it uses adhesives for the layer-by-layer bonding. 

¶ Finally, the Direct Energy Deposition (DED) process is a flexible AM technology that uses 

a focused thermal energy to melt and deposit the metal powder or wire from the nozzle. The 

nozzle is usually moved by a multi-axis robot arm or a CNC system. 

2.2. Direct Energy Deposition (DED) 

A directed energy deposition system uses a focussed thermal energy for additive 

manufacturing by fusing materials as they are being deposited (ISO/ASTM 52900:2021). The 

feedstock material in the form of powder or wire is deposited on a substrate where an energy 

source such as laser beam, electric or plasma arc is simultaneously focused on it, thus melting 

and depositing the feedstock material on a substrate [7]. Some AM developers adopted specific 

names for their products, however, depending on the energy source, feedstock, and process 

setup, commonly used DED processes are categorized as direct energy deposition-arc, wire-

laser direct energy deposition (DED-WL), laser metal deposition (LMD), and electron beam 

additive manufacturing (EBAM) [8]. 

2.2.1. Wire arc additive manufacturing (WAAM)  

WAAM process, more recently also known as DED-arc is becoming very popular due to its 

capability of producing medium to larger parts with significantly high deposition rates 

compared to other AM processes. While WAAM  has been used for decades mainly for repair 

purposes, the recent AM developments pushed this technology to emerge as a popular solution 

for large-scale deposits with a resolution of approximately 1 mm and deposition rate of 1 ï 10 

kg/h depending on the arc source [9]. 

Depending on the process variant, WAAM  process establishes an electric arc or a plasma 

arc to melt and deposit the consumable wire that is fed in the melt-pool across the arc in a 

controlled manner. WAAM  is based on traditional welding process. However, unlike the 

welding processes, the aim is to fabricate 3D objects by depositing the material layer-by-layer, 

as shown in Fig. 2.  
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Fig. 2 WAAM  process setup with a deposited part [9] 

2.2.2. Laser-wire DED 

Laser-wire direct energy deposition is another DED process used for near-net-shape additive 

manufacturing. Like other DED processes where energy is directly applied to melt and deposit 

the material on a substrate, laser-wire DED uses wire as feedstock and laser energy to melt that, 

as shown in Fig. 3. Ensuring an effective melting and deposition, the wire is fed in such a way 

that it coincides precisely with the laser beam at the right angle and position. Upon striking with 

the wire, the laser beam melts and deposits the wire on a substrate or previously deposited 

layer(s). The laser head is typically moved by a multi-axis robot to form 3D objects. The main 

parameters effecting the process include 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 distance (focal distance), and layer thickness. 

 

Fig. 3 Laser-wire direct energy deposition process - Left: schematic diagram. Right: Actual 

process images [10] 
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2.2.3. Laser Metal Deposition (LMD) 

Another widely used DED process is laser metal deposition (LMD) that typically employs a 

metal powder as feedstock. In 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 the melt-pool which is 

created by a laser beam. The schematic diagram is shown in Fig. 4. The key process parameters 

include the laser power, powder feed rate, travel speed (or deposition speed), and powder flow 

rate. 

 

Fig. 4 The schematic of laser metal deposition [11] 

2.3. Process parameters 

During the WAAM deposition, several processing parameters directly or indirectly influence 

the process outcome. In chapter 3, the effects of main processing parameters will be discussed 

from literature. However, this section introduces some important parameters for WAAM 

process. When other 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 results in an appropriate 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 source. Arc 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 

short-circuiting during deposition. Similarly, if it is kept too high, the arc wandering takes place 

and pose issues of stability. It can also 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 speed increases the 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 extension causes a voltage drop which 

needs to be compensated by decreasing the arc current. Thus, the power source decreases the 

current to maintain the balance. Consequently, 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 requires a higher minimum arc 

current compared to a smaller diameter. As 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 flow rate 

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 for non-ferrous 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, ionization potential and thermal 

conductivity of individual gases effect the arc characteristics.  

2.4. WAAM  process variants 

WAAM process is based on traditional welding heat sources and is primarily consisted of 

three process variants, namely, gas metal arc welding (GMAW), gas tungsten arc welding 

(GTAW), and plasma transferred arc (PTA). Each process slightly differs based on the arc type, 

electrode type (consumable in GMAW vs. non-consumable in GTAW and PTA), and the arc 

energy density. Each of these variants are summarized below. 

2.4.1. Gas metal arc welding (GMAW) 

Gas metal arc welding uses a consumable wire electrode, establishes an electric arc between 

the tip of the wire and substrate where the wire is melted and deposited layer by layer on the 

melt-pool formed on the substrate. GMAW process usually employs a shielding gas to protect 

the melt-pool. 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 program. The main process parameters in GMAW 

process include the deposition current, voltage, travel speed (deposition speed), and wire feed 

speed. Other parameters include the contact-tip-to-work distance (CTWD), shielding gas type 

and flow rate, interlayer temperature in multilayer parts, and hatch distance between the 

successive beads in multi-pass deposits. 

WAAM  metal deposition using GMAW process is very suitable for large-scale deposition 

because of very high deposition rate, reaching up to 6 - 8 kg/h [12]. 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 appropriate interlayer temperature (ILT). This can 

either be achieved by maintaining the temperature below a threshold or 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 a non-consumable electrode made of 

tungsten. The arc is established between the tungsten electrode and substrate which is shielded 

by an inert gas, usually argon or helium. The consumable wire is then fed separately across the 

arc where it is melted and deposited on the melt-pool.  

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 non-consumable tungsten electrode, and the consumable wire is fed 

separately across the plasma arc. An inert gas is typically used as shielding gas. Usually, 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 increases. When 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 and carries current and thus forms a plasma 

with a very high temperature. Plasma arc is characterized by higher energy density compared 

to other two variants. The schematic of WAAM  process variants is shown in Fig. 5. 
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Fig. 5 WAAM  process variants: (a) GTAW, (b) PTA, (c) GMAW [13] 

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 deposited, but also influence the 

external bead geometry in each layer [14]. 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 the current, voltage, and shielding gas for a certain 

wire diameter. Today, the advanced welding sources allow the selection of transfer modes 

directly on the controller. They include the selection of standard mode, pulse/double-pulse 

modes, and cold metal transfer. Depending on the manufacturer, some welding sources provide 

modified waveforms based on these transfer modes for specific applications. The standard 

mode includes the short-circuiting, globular transfer and spray transfer modes where the 

transition between them depends on the power and shielding gas for the same wire diameter. 

2.5.1. Globular transfer  

Globular transfer mode is primarily characterized by large metal droplets, usually larger than 

the wire diameter as shown in Fig. 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 melts across the arc, forming a droplet, where the droplet 

grows larger until its detachment takes place by its weight under gravity. 

2.5.2. Short-circuit transfer  

A short-circuit transfer is also referred to as ñdip transferò, because the wire actually touches 

the melt-pool on the substrate, causing a short-circuit. 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 melt-pool [15], causing the short-circuit. As shown in 

Fig. 6(b), during the arcing period, the burn-off is not sufficient to melt and detach a droplet. 

Hence, the wire eventually dips in the melt-pool and upon short-circuiting, the current from 

power supply rises abruptly, causing a small amount of wire to detached due to resistive heating 

and deposits on the melt-pool.  Upon short-circuiting metal transfer, the arc is re-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 in Fig. 6(c), in spray transfer mode, the metal droplets are detached and projected 

coaxially across the arc by electromagnetic forces. As the name suggests, the transfer takes 

place like a spray with fine mist of small metal droplets, leading to a stable and smooth 

deposition. For a fixed wire diameter, wire composition and shielding gas, as the current is 

increased, a clear transition from globular to spray mode is observed. The current at which this 

transition occurs is called spray transition current. At or above this 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 which is the key for droplet detachment. 

Thus, the droplet transfer occurs at higher velocities, leading to a more stable and smoother 

deposition of material. 

 

Fig. 6 Transition between metal transfer modes: (a) globular transfer, (b) Short-circuit transfer, 

(c) Spray transfer modes [15] 

The above-mentioned 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 layer-by-layer process. Moreover, it may limit the application for positional 

work or deposition on substrates of thinner cross-section. Similarly, short-circuit transfer maybe 

a good option for plain carbon steel, however, it is not very effective for non-ferrous 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 and double 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 detached at the 

peak current while the background current phase maintains the arc. The double pulse transfer 

mode is an extension of pulse mode in which two different pulse frequencies are superimposed 

during the peak and background phases. In other words, additional pulse waves are 

superimposed on both the peak and background pulse durations, creating a pulse-on-pulse (PoP) 

effect. Such a waveform detaches forms the droplet and transfers it to substrate during the peak 

current pulse and maintains a control over the heat input with the background current, ensuring 

an improved metal transfer.  

The Fig. 7 shows the waveform for pulse and double pulse transfer modes. With such 

advanced and controlled waveforms, the pulse and double pulse transfer modes maintain a 

lower heat input while ensuring a stable arc and a smooth deposition without significant 

spatters. 

 

Fig. 7 Difference between the (a) pulse and (b) double pulse waveforms [16] 

2.5.5. Cold Metal Transfer 

Cold metal transfer (CMT) is a modified short-circuit process with advanced electronics, 

developed by Fronius International [17]. The CMT process is widely used due to its better arc 

stability, precision of process control and it is a colder process compared to conventional 

welding sources. The 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 illustrated in Fig. 8. From the left: during the arcing period, 

the filler material is moved towards the melt-pool. As the wire touches the melt-pool, the arc is 

extinguished with the short-circuiting, lowering the current. The wire is retracted at this point 

which helps in detaching the droplet from the tip of the wire due to the surface tension between 

them. After the droplet has detached, the wire direction is reversed, and the cycle is repeated. 

 

 

Fig. 8 Working principle of cold metal transfer (CMT) process [17] 

2.6. Forces acting on metal droplets 

In WAAM , especially in GMA-based arc process, the formation and transfer of metal 

droplets from wire to substrate undergo a complex physics, which is influenced by several 

forces. Therefore, it is very crucial to understand them for an effective control of droplet transfer 

and the process control in general. The main forces involved are given below. 

¶ Gravitational force (Fg) 

¶ Electromagnetic forces (Fem) 

¶ Aerodynamic drag (Fd) 

¶ Vapour jet forces (Fv) 

¶ Surface tension force (Fst) 

In practice, the metal transfer modes described earlier, occur because of balancing these 

forces while for each transfer mode the main driving force(s) depend on the parameters and 

process conditions including the current, voltage and shielding gas for a certain wire diameter. 

In short-circuit transfer mode as the wire approaches the melt-pool with a small metal droplet 

formed at the wire tip, the driving force for droplet detachment may be surface tension as the 

wire touches the melt-pool upon short-circuit. Apart from Fem, the contribution of other forces 

may be comparatively small. In other metal transfer modes with a free-flight metal transfer, at 

the point when droplet detachment takes place, the balance of forces is represented in Fig. 9 

while the corresponding equation is shown in Eq. 1.  
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Fig. 9 The balance of forces on a metal droplet at the point of detachment [15] 

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 given in Eq. 2, where m is mass of the droplet and g is 

gravitational constant, approx. equal to 9.81 m/s2. The electromagnetic forces act when the 

current flows through the wire (or non-consumable electrode in PTA and GTAW), generating 

an electromagnetic field in the arc and surrounding regions. Electromagnetic forces are the 

driving forces in spray transfer mode. Eq. 3 shows the relationship for Fe where µ represents 

the magnetic permittivity of material, óIô is current, ra and R are the exit and entry radius of 

current. This relationship illustrates a direct relationship of Fem on the current. Another 

important force acting on the metal droplet is the aerodynamic drag force which is induced 

because of the gas surrounding the arc which can be calculated from Eq. 4. The Cd represents 

the drag coefficient, ɟ is the gas density, ɡ is the gas velocity, while A represents 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 droplet. At higher intensities, this 

force may produce instability in the droplet transfer or may lead to more spatters. Vapour jet 

forces can be calculated from Eq. 5. Where m0 and dv are total vaporized mass and vapor 

density, while I and J are current and current density, respectively. Finally, Eq. 6 show the 

relationship for surface tension force where ɔ represents the surface tension coefficient of the 

molten metal and L is the length around droplet perimeter. The surface tension plays an 

important role for short-circuiting as well as in free-flight transfer conditions. In short-circuit 

transfer, it helps to pull the droplet into the melt-pool when the droplet touches the melt-pool. 

However, in free-flight condition, it prevents the droplet detachment, requiring other forces to 

act and balance it so 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 synergic operation, 

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 current level 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 and wire-feeding additive manufacturing 

processes as they can significantly affect the final properties of deposited materials. In general, 

welding wires are categorized into two main groups including the solid wires and cored-wires, 

as shown in Fig. 10. 

 

Fig. 10 Difference between cored (left) versus solid wire (right) 

The key difference between the solid and cored-wires is the formation: as the name suggests, 

a solid wire is solid; a single, continuous piece of metal, while a cored-wire is made in tubular 

form. The outer section of a cored-wire is made with a metal sheath, usually employing a mild 

steel, filled with metal powders. Cored-wires are further categorized into two types which are 

metal-cored and fluxed-cored wires [18]. Apart from the metal powders, fluxed-cored wires are 

added with arc stabilizers to improve the weld quality, while metal-cored wires increase the 

current density and deposition rate [19]. The reason that cored-wires possess higher current 

density is because the current flows only through the external tubular section of wire. 

The production of solid wires involves a 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 may undergo surface 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 composition 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 cored-wires is more complex than solid wires. 

The process starts with rolling a flat steel strip, known as ñsheathò. Then the steel sheath is 

formed into a tubular shape. Then the hollow tube can be filled with desired materials including 

the main metal powders with desired alloys, deoxidizers or fluxes, followed by closing the 

sheath by drawing it through the dies to achieve the desired diameter. Thus, the production 

process of cored-wires is slightly more complex than solid wires, however, the higher current 

density [20] and their capability to produce tailored chemical composition [21], offer great 

flexibility in achieving desired properties. Studies have further showed the used of cored-wires 

in developing complex concentrated alloys [22] and high entropy alloys [23]. 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 more flexible solution in effective 

modification of the chemical composition for tailored properties. 
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3. Literature Review 

This chapter provides a detailed review of literature, briefly covering the historical 

background of WAAM and recent development towards becoming a promising additive 

manufacturing process for large-scale production. The processing parameters will be discussed 

and their influence on the build structures. Similarly, the chapter will cover the microstructural 

evolution and mechanical properties of the process under various processing parameters and 

process conditions. The chapter will cover the problems arising from heat input and presents 

the relevant cooling strategies proposed by various researchers. Similarly, the geometry and 

surface finish of WAAM  products will be reviewed, following the discussion of in-process 

strengthening approaches and post-process heat treatment of fabricated parts. The literature will 

be extended to cover the topics of alloys composition using wire as a feedstock. Finally, the 

Laser-wire DED process will 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 Laser-DED 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, when looking in the history, we can trace the origin of WAAM to traditional 

welding technologies such as gas metal arc welding (GMAW) or gas tungsten arc welding 

(GTAW). This was decades before the introduction of computers or digital manufacturing. One 

such example can be found from a US patent by Ralph Baker in 1925 [1], shown in Fig. 11(a), 

representing 3-dimensional deposits, fabricated manually, using the traditional welding, with a 

layer-by-layer approach. Over the years, with the invention of digital manufacturing, computer 

aided designs (CAD), and advanced robotics, the WAAM  processes have become a popular 

choice today for large-scale depositions. Fig. 11(b) shows a 12-meter-long stainless-steel 

pedestrian bridge by a Dutch company MX3D, revealed in Amsterdam in 2021. 

 

Fig. 11 Transition of WAAM  over the decades: (a) Manually deposited objects, from 1925 (US 

patent ï by B. Ralph) [1], (b) 12-meter-long pedestrian bridge revealed in Amsterdam, by 

MX3D in 2021 [2] 

WAAM  processes can deposit almost any metallic material that comes in wire feedstock 

including titanium, aluminium, nickel and steel, and can reduce the fabrication time by 40 ï 

60% compared to subtractive manufacturing processes [3]. Likewise, compared to powder 

based additive manufacturing processes, WAAM consumes significantly less energy [4]. 

WAAM  using wire as feedstock makes it more economical than powder feedstock [5] while 

eliminating the use of powder recycling [6]. Another distinguishing feature of WAAM  
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processes compared to other AM processes is the higher deposition rates. For example, in 

deposition 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 to 5 ï 6 

kg/h [7]. 

3.2. Influence of process parameters 

Process parameters play a vital role in the overall performance of WAAM  process or any 

AM process in general. The main processing parameters involved in WAAM included the arc 

current, arc voltage, 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 rate), contact-tip-

to-work distance (CTWD), interlayer temperature for multilayer deposits, and deposition 

strategies to name a few. However, 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 

parameters at optimised levels based on a certain wire diameter, material type and shielding gas 

used in the process. 

Based on the experimental results, the geometrical characteristics of WAAM deposits are 

directly linked to the process parameters [8]. 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 in WAAM , the heat input influences the bead dimensions such as width, 

height, penetration depth, penetration area, and reinforcement area [9]. The voltage and travel 

speed significantly affect the bead width, while the travel speed and welding current have 

evident influence on the bead height [10].  

In addition, the effects of process parameters have been reported in the literature on the 

mechanical properties [11] and microstructure [12] of WAAM  processes. Similarly, the 

influence of interlayer temperature has also been explored on these parameters [13]. However, 

with reasonable approaches, it is possible to achieve the optimal process parameters and 

deposition strategies [14-16] in WAAM  processes for various applications. 

If other parameters are kept constant, the individual effects of main parameters are discussed 

below. 

3.3. Microstructure and mechanical properties 

WAAM  processes involve a cyclic heating and cooling in the layer-by-layer 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 microstructure and mechanical 

properties [17]. This can be associated with the grain size variations, when experiencing 

multiple thermal cycles [18]. This is one of the fundamental factors effecting the mechanical 

properties. Especially, in the case of multilayered 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 mechanical 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 hardness [19]. Similar conclusions were observed in the 

literature, experiencing varied thermal cycles in the building direction, leading to non-uniform 

hardness and tensile properties [20,21].  

Fig. 12 shows (a) an example of the microstructural features, for a WAAM-ER70S-6 steel 

wall along the fusion line and at the centre of the melt-pool. With (b) representing the higher 

magnification of the area enclosed in (a), denoted by B, showing the distribution of pearlite 

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 figures provide insights into the microstructural changes, 

showing various phase fractions and features in the wall deposited with WAAM  process.  

However, the microstructural and mechanical response may vary depending on the material 

or process conditions. For instance, in one study using the same material, Fig. 13(a) shows that 

similar tensile properties were observed across different specimen orientations (horizontal, 

vertical, and diagonal) [22]. In contrast, Fig. 13(b) illustrates the results of another study where 

different tensile properties were found between the horizontal and vertical samples [23]. 

Another study, using a titanium alloy in WAAM process, detected anisotropy in both the 

microstructure and mechanical properties [24]. 

Moreover, different printing strategies have been found to affect the heat input with 

corresponding changes in the microstructural and mechanical properties [25,26]. 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 WAAM-ER70S-6 steel wall, showing 

microstructural features along the fusion line and enter of the melt-pool [17] 
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Fig. 13 Same material but different responses from two studies of ER70S-6: (a) similar tensile 

properties for samples extracted from different orientations of the wall [22], (b) different tensile 

properties and impact energy of WAAM deposited blocks [23] 

3.4. Heat input 

WAAM  processes work with high energy sources, incorporating significant heat input in the 

layer-wise fabrication, especially in large-scale deposits where heat accumulation takes place, 

slowing the cooling process and if not controlled, may result in unwanted outcomes. Elevated 

and periodic heat input of arc directly effects the geometrical features, grain size, solidification 

rate and material properties [27]. A lower heat input condition would be effective in which the 

temperature near the melt-pool would go lower with a smaller melt-pool size [28]. 

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 structure [29,30]. Similarly, the thermal behaviour is the fundamental cause 

of thermal stresses [31], therefore, careful attention should be given to heat input considering 

the shrinkage, deformation, and residual stresses [32].  
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In addition, it was shown that in certain alloys, the heat input may affect the cracking 

tendency in WAAM [33]. For the same TS, an increase WFS would result in higher heat input 

but lower density of deposited alloys, increasing the likelihood of cracking. Advancement in 

technology has helped to address such issues to some extent. For instance, CMT and CMT-

advanced technologies [34,35] have considerably lowered the heat input, however, in 

continuous deposition of large components, it may still accumulate a large amount of heat. One 

strategy is to heat the wire feedstock with resistance heating so that less arc power can be 

introduced in the process [36]. This was aimed at potentially avoiding the overheating of 

previously deposited layers. 

However, heat input is still one of the biggest concerns in the WAAM process, and effective 

heat management would be necessary to control the heat input to avoid undesired outcomes. 

Many researchers have proposed various cooling strategies to mitigate the heat input which 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 the t8/5 time, ultimately 

influencing the mechanical properties [37]. Therefore, effective cooling strategies would be 

required to expedite the cooling process. Fig.14 shows some forced-cooling strategies including 

water bath cooling, air cooling, and aerosol cooling methods. 

The idle time in the layer-by-layer process strongly depends on the thermal input of the 

welding source, thermal diffusivity of material, and the volume of the heat sink (substrate) [38]. 

The forced-cooling methods, a few of which mentioned above, may not be always feasible. 

Therefore, apart from that, it has been statistically proved that excessive heat accumulation, 

which causes layer slumping or inconsistent geometry, can be mitigated with adequate 

interlayer dwell time [39] as well. Moreover, deposition strategies were also found to influence 

the heat accumulation and stress distribution. For example, it was shown that stress distribution 

in the reverse deposition direction is more uniform than same depositing direction while 

distortion is 25% larger in same direction [40]. 

 

Fig. 14 Schematic of three different forced-cooling methods: (a) water bath cooling, (b) high-

pressure air-cooling, (c) aerosol cooling (water + air mixture) [37] 

Therefore, in normal process conditions, cooling strategies employed are inter-layer free 

cooling (natural air), where subsequent layer is deposited after a predefined temperature has 

reached [41]. However, interlayer forced cooling strategies are also possible in which a moving 

nozzle provides the coolant on the deposited layer [42] to increase the convective heat transfer 
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by impinging an air jet [43,44] or active gases such as CO2 [45,46]. Studies have shown that air 

impingement techniques exhibit promising results for heat accumulation [47], while active 

cooling with compressed air leads to lower surface roughness and higher layer thickness 

compared to natural cooling [48]. Another effective cooling strategy is near immersion active 

cooling, as shown in Fig. 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. 

 

Fig. 15 Near-immersion active cooling (NIAC) technique versus natural cooling [49] 

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 laser-based processes. WAAM , however, is preferred in many 

applications due to high material deposition and lower lead time. Nonetheless, it could be 

possible to integrate the WAAM  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 roughness [50] and possibly undergo in-situ 

reconstruction for layer-wise deposition, as shown in Fig. 16. 

 

Fig. 16 The schematic of a closed-loop surface profile measurement [50] 
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Various studies can be found in the literature proposing various strategies to improve surface 

related issues. One such study from Y. Li et al [51] suggests that melt-pool stability influences 

the geometrical features, and the inclination angel of torch influences the melt-pool stability. 

The inclination angles were test from 45o to 135o, suggesting that a lower inclination angle 

improved the formability. Compared to vertical (ɗ=90Á) and backward (ɗ>90Á) positions, 

depositing with forward position (ɗ<90Á) could improve the deposition rate without decreasing 

the forming quality.  

Moreover, high performance metal transfer processes such as controlled short-circuit metal 

transfer process improves the geometry [52]. Similarly, process monitoring and sensor-based 

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 [55], such as an oscillating strategy in walls improves the surface flatness [54] while 

proper overlapping distance in bulky structures minimize the valleys between the adjacent 

beads [56]. Online part monitoring with re-slicing control algorithms can improve the toolpath 

to ensure the geometric accuracy [57]. 

3.7. In -process strengthening and post-process heat treatment 

Due to cycling heating and cooling, microstructural and mechanical changes take place, and 

residual stresses are incorporated in the deposited samples. Therefore, to release the residual 

stresses, to improve the material properties by grain refinement, and to improve surface 

waviness, coldworking during deposition or post-process heat treatments can be very helpful. 

One such in-process strategy is employing rollers or hydraulic press to deform the previously 

deposited layer before the subsequent layer is deposited to improve the tensile strength, yield 

strength, microstructure by grain refinement through recrystallization [58]. In some other 

studies it was reported that coldworking reduced the grain size, increased the hardness and wear 

resistance [59,60]. The low surface waviness may act as stress risers and may affect the fatigue 

or tensile behaviour due to a possible crack initiation and growth. As shown in Fig. 17, 

coldworking by rollers during the deposition process improves surface waviness and notch 

radius, reducing the stress concentration factor [61], improving the mechanical properties. 

Apart from coldworking, other in-situ strategies have also been explored. For instance, one 

study introduced silicon carbides (SiC) in high-strength low-alloy (HSLA) steel during WAAM 

process directly in the melt-pool, resulting in grain refinement, precipitation of iron carbides 

(Fe3C) and ultimately improving the mechanical properties [62]. A similar procedure was 

adopted to introduce SiC particles in 304 stainless steels, resulting in reduced anisotropy, 

improved ultimate tensile strength (UTS) and hardness [63].  

In addition, the microstructural inhomogeneity, anisotropy of mechanical properties and 

coarse grains across the heat effected zones (HAZ) can be mitigated with heat treatment of as-

deposited parts [64]. 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 hardness [65,66]. The temperature and time under heat treatment can 

influence the outcomes [67]. Thus, proper heat treatment conditions for individual materials 

become crucial to achieve the desired properties.  
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Rolled and heat-treated WAAM parts of aluminium alloys have also proved to be effective 

for porosity reduction [68,69]. Ni-based superalloys (Inconel 625) has shown improved 

microstructure [70] and mechanical properties [71] under annealing heat treatments by 

eliminating the brittle laves phases and increasing the tensile strength by 5%. Similarly, solution 

heat treatment of super martensitic stainless steel at 1050 ↔C for 1 h followed by aging at 400 ↔C 

for 2 hour imparted better microstructural and mechanical properties [72], while heat treatment 

of duplex stainless steel for pitting corrosion resistance [73] and corrosion behaviour of SS316L 

stainless steel [74] improved after post-process heat treatment of WAAM components.  

In conclusion, depending on the material under deposition, the WAAM as-deposited parts 

may require certain in-process or post-process treatments. Depending on the application and 

desired properties, inter-layer rolling, precipitation hardening, post-process heat treatment or 

other strategies could be adopted to enhance certain material characteristics or process induced 

inhomogeneities or anisotropies. 

 

 

Fig. 17 (a) Variation of stress concentration factor (SCF) and surface waviness (SW) in as-

deposited and rolled condition at varying rolling load, (b) Stress-strain curve for as-deposited, 

as-deposited + machined, and as-deposited + rolled at various rolling loads [61] 

3.8. Steel and its alloys in WAAM  

Additive manufacturing (AM) of steel and its alloys using DED processes have gained 

popularity for large-scale, high-strength components, especially in WAAM  processes owing to 

their high material deposition rates [75]. Steel alloys included but not limited to stainless steels 
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[76,77] and high-strength low-alloy steels [78,79] are a good choice in WAAM  processes due 

to their tensile strength, durability and corrosion resistance. Owing to the excellent properties, 

these alloys are used in various industries including shipbuilding [80], automotive [81], and 

aerospace [82], where high-performing 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 structures.  Thus, various wire feedstocks made with different chemical compositions 

are used for specific applications. For wire feedstocks, solid and cored-wires are 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 elements. Therefore, the alloys modification 

is performed at the foundry in wire manufacturing stage, before the wire drawing process. 

¶ Base metal adjustment: The major compositional change can be achieved by modifying 

the base elements such as iron, nickel, chromium in the alloy melt to produce steel or 

nickel-based alloys [83]. 

¶ Alloying elements adjustment: During the melting process, alloying elements such as 

molybdenum, chromium, vanadium, or cobalt can be added to improve certain 

properties such as creep-resistance, corrosion-resistance and hardness or wear resistance 

[84]. 

3.9.2. Cored-wire as feedstock 

A cored-wire 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 solid wires.  

¶ Customised composition: The cored of the tubular wire allows filling of metal powders 

of various chemical composition, allowing the tailoring of chemical composition very 

easily. For instance, an existing predefined composition, if required with added 

properties, can be modified by adding additional amounts of carbon, chromium or other 

elements [85]. 

¶ Fine-tuning of material properties: To achieve targeted properties in the deposited 

structures, manufacturers can adjust the type and amount of material in the core to 

achieve for example better mechanical properties, toughness or wear resistance [85]. 

¶ Deposition chemistry: Similarly, the ratio of core material the outer sheath can also be 

adjusted to obtain a desired chemistry of the final part [86]. 
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3.10. Laser-wire Direct Energy Deposition (LW -DED) 

Laser-wire Direct Energy Deposition (LW-DED) employs a focused laser beam for melting 

the wire feedstock, which is then deposited on a substrate layer-by-layer to create or to repair 

an existing structure. Laser-based DED process can employ wire and powder as feedstocks. 

Depending on the manufacturers, various names can be alternatively used for these processes. 

However, for powder feedstock, the name Laser Metal Deposition (LMD) is commonly used. 

The overall performance of LW-DED process and the quality of the deposited material are 

highly dependent on the processing parameters. Therefore, 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 Laser-wire DED, several processing parameters significantly affect the process outcome. 

The most important process parameters used in laser-wire DED process are given below. 

3.11.1. Laser power 

Laser power is responsible for providing the energy for melting and depositing the wire (or 

powder in LMD), making it one of the most critical parameters. High 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 over-melting, leading to potential defects such as 

porosity or deeper dilution or damaging the substrate. In contrary, insufficient power may lead 

to incomplete melting, causing lack of fusion and weak bonds between the layers, leading to 

poor mechanical properties. Thus, laser power can directly influence the melt-pool size, bead 

geometry, dilution and mechanical properties [87-89]  

3.11.2. Wire Feed Rate 

Another important parameter is the wire feed rate that controls the amount of material from 

wire feedstock to the melt-pool per unit time. It 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 not result in complete fusion, resulting in uneven deposition and defects. 

Therefore, requiring a control strategy for wire feed rate with laser power to achieve the desired 

bead geometries [90]. 

3.11.3. Travel Speed 

Travel speed is the speed of the laser head during deposition relative to the substrate. Apart 

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 to be optimised as per desired outcome based on 

specific material under deposition. An 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 [91]. A very high heat input may lead to overheating, distortions and 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 the melt-pool from oxidation and 

contamination. Some commonly used shielding gases for DED processes include inert gases 

such as argon or helium [92]. A proper flow rate and composition of shielding gases is needed 

to protect the atmosphere around the melt-pool during deposition. Poor shielding may cause 

porosity, oxidation, and other microstructural defects specially for reactive metals [92].  

3.11.5. Applications of LW-DED 

Due to its ability to produce high quality, near-net-shape component, repair parts, and 

enhance surface properties, laser-wire DED has found its applications in many industries. Some 

of the primary applications of LW-DED are found in laser wire deposition and laser cladding. 

3.11.6. Laser Deposition 

Laser-wire deposition, also known as Laser Wire Additive Manufacturing (LWAM) is a 

DED process in which material is added layer-by-layer from scratch to additively deposit a new 

structure (additive manufacturing) or use it for repair on an 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 melt-pool on a substrate.  

In additive manufacturing, LW-DED can produce large and near-net-shape parts with 

intricate geometry, making it particularly useful in aerospace and defence where large parts 

with lightweight properties using high performance materials are required [82]. The large work 

envelope of LW-DED, thus, makes it a good option between WAAM  and powder bed fusion 

processes where it can provide a good trade-off for geometrical tolerances, large-scale 

production and deposition rate. Compared to powder bed fusion process, it may produce lower 

geometrical features and surface finish [94], however, the higher deposition rate and larger 

work envelope can be preferred in many applications [95,96]. Similarly, the deposition rate 

may be lower compared to WAAM , but the geometrical features could give an added advantage.  

In addition, LW-DED can be employed for the repair [93] of high-valued components. 

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 multi-material [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 LW-DED 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 procedure is the same as 

followed for additive manufacturing, except that in laser cladding the number of layers is 

usually limited to one or a few coating layers.  

Laser cladding serves two purposes: production of parts of composite materials (cladding) 

and repair of worn-out 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 worn-out components and adding a protective layer(s).  

Laser cladding finds its applications for surface hardening [99] 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. Moreover, cladding is employed in chemical or marine 

industries to clad a layer of corrosion resistant materials like stainless steel or Inconel [100] to 

extend the service life of the components used in such environments. 
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Section II  ï Experimental 

This section covers all the experimental 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 

covers a parametric study and investigates different deposition strategies in WAAM. The third 

chapter investigates metal-cored wires in GMA and PTA-based WAAM processes and 

compares it with solid wire consumable. It also investigates the influence of three different 

shielding gases on the process outcome in GMA-WAAM.  The fourth chapter of this section 

analyses the deposition of a corrosion-resistant hardfacing cored-wire in GMA and PTA 

processes and assesses whether they can be effectively melted and deposited in WAAM 

processes. Finally, the last experimental chapter in this section introduces a comparative study 

of different wire-fed DED processes based on Electric Arc, Plasma and Laser sources.  
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4. Investigation of Metal Transfer Modes in GMA -WAAM  

Literature has shown the influence of WAAM process parameters on mechanical properties, 

bead formation, dimensional accuracy, and microstructure [1-4]. However, metal transfer 

modes and their interactions with input variables have not been investigated thoroughly. 

Therefore, in this study short/spray, pulse and double pulse metal transfer modes will be 

investigated at different arc current levels. Bead-on-plate trials will be conducted by depositing 

ER70S-6 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 analysis. Similarly, the combined effects of hatch distance and 

current will be studied on bead formation in multi-layer deposits. Moreover, a thin wall and a 

cubic structure will be deposited to realize the WAAM capability for larger depositions. The 

microstructures of thin wall and cubic structure will 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 the electric arc, the consumable electrode is melted and deposited layer-by-layer. The 

way the material is melted and transferred in the melt-pool is very crucial for bead morphology 

and overall performance. Thus, a very important aspect in WAAM deposition is the metal 

transfer mode [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 problems can be resolved with high 

performance metal transfer processes. For example, controlled short-circuiting metal transfer 

process with modified waveforms improves geometry preservation stability at high process 

rates [7]. Similarly, for multi-bead deposition, suitable overlapping distance between adjacent 

beads can minimize the valleys between layers [8]. Hence, selection of optimal hatch distance 

is also significant. 

Therefore, this study investigates various 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 multi-bead deposits. Eventually, the work will be 

extended to understand the microstructural evolution and hardness profiles for larger-scale 

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 wire. A 6-axis Yaskawa 

Motoman robot with the welding torch was employed for path planning. Fig. 18 shows the 

experimental setup. The wire feedstock was an AWS A5.18 ER70S-6 with a diameter of 1.2 

mm which was deposited on a mild steel substrate. The chemical composition of wire is given 

in Table 1. To protect the melt-pool from oxidation and environmental contamination, pure 

argon with 20% carbon dioxide (CO2) was used as the shielding gas at a flow rate of 18 l/min.  

In the first part of the experiment, bead-on-plate tracks were deposited using 3 levels of 

deposition current and 3 different metal transfer modes including the short/spray transfer mode, 

pulse mode and double pulse transfer mode. The current levels include 100, 200 and 300 

amperes, repeated for each transfer mode. These 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 speed (WFS) were obtained on 

the screen as a result of the synergic operation of the heat source based on the input current. 

Table 2 shows the input variables with calculated heat input. The selection of these parameters 

allowed to achieve a range of heat input for each metal transfer mode. The response variables 

include the bead morphology, macrostructure, microstructure, microhardness, and dilution of 

single beads. Eq. 1 was used to calculate the heat input based on the actual current recorded on 

the heat source. Deposited samples were cut with a metallographic cutting machine. Bead-on-

plate tracks were cut at 3 different sections (i.e., top, middle and end) and a total of 27 samples 

were prepared. Samples were mounted on resins and polished on a polishing machine using 



 

51 

 

abrasive papers of 80 ï 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 and analysed with an optical microscope (Carl Ziess Stemi 508 doc). Macrostructural 

images were obtained from a macroscope (Vert.A1 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 seconds. After 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. 

 

 

Fig. 18 Experimental setup 

Table  1 Composition of consumable wire ER70S-6 [9] 

Constituents Mass % 

C 

Si 

Mn 

P 

S 

Ni 

Cr 

Mo 

Cu 

V 

Fe 

0.06 - 0.15 

0.8 - 1.15 

1.4 - 1.85 

0.025 max 

0.035 max 

0.15 max 

0.15 max 

0.15 max 

0.5 max 

0.03 max 

Bal. 
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Table  2 Process parameters used for bead-on-plate deposits 

Metal transfer 

mode 

Nominal Current 

(A) 

Voltage 

(V) 

WFS 

(m/min) 

TS 

(mm/s) 

Heat Input 

(J/mm) 

Short/Spray 100 16.7 2.1 11 158 

Short/Spray 200 20.7 5.4 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 

Double Pulse 100 22 2.7 11 116 

Double Pulse 200 26.7 6.4 11 417 

Double Pulse 300 29.7 10.4 11 751 

 

Heat input
J

mm

ᶻ
          (1) 

In the second part of this study, multi-bead 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 different current was used 

for each sample to analyse their combined effects on bead morphology. A hatch distance of 2, 

3 and 4 millimetres were repeated 3 times each for 80, 120 and 160 amperes current in pulse 

transfer mode. The travel speed was fixed at 11 mm/s. Hence, 9 samples were obtained to 

analyse their combined effects bead formation. After the deposition, the samples were cut in 

the middle, perpendicular to the deposition direction for further analysis. 

To further extend the work 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 and fixed travel 

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 mm/s. An optimized 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 perimeter. For each successive layer, the starting point of deposition head was rotated 

90o clockwise for the outer shell and infill passes. A hatch distance of 4 mm was kept between 

the adjacent beads for infill passes. 

For multilayer structures, the samples were kept to naturally cool down to room temperature 

before starting a subsequent layer. The Temperature was measured using a digital thermometer 

equipped with a k-type thermocouple. Once 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. For scanning electron microscopy (SEM) 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 sections provide a 

detailed discussion of the results. 

4.3.1. Bead-on-plate analysis 

The as-deposited beads and their macroscopic images in the middle sections are illustrated 

in Fig.19 (i and ii), 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 sufficiently deep 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 deposited layers which can 

alter the microstructure and mechanical properties and may induce residual stresses. From the 

macroscopic images, the short-circuit 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 short-circuit mode to 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 in spray transfer mode at higher current increases the 

electromagnetic forces around the arc, changing the arc dynamics, heat input, melt-pool and 

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 current levels, 

the penetration becomes excessive for additive manufacturing. At low 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 decreases the overall bead size, 

potentially lowering the material buildup rate for larger structures. In addition, 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 increased residual stresses influence the microstructure, results 

in cracking and distortions in large structures [10]. On the other hand, the pulse and double 

pulse transfer 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 balance between the bead width, height and penetration exists at 

intermediate current level for both pulse and double pulse modes. However, high current level 

significantly increases the penetration 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 

bead characteristics. This can ensure a sound structure with smoother 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.  

 

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 interval. The results from ANOVA analysis are summarized in Table 3. In 

ANOVA table, ñmodeò represents the metal transfer modes. The sum of squares (sum_sq) 

represents the variability of data and helps in determining the contribution of current and metal 

transfer modes against the dependent variables such as bead width, height, penetration depth 

and material hardness. A higher sum_sq means a larger contribution of metal 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 the P-values. The ANOVA analysis revealed the statistical 

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 height against 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 shows 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 metal transfer mode and arc current 

(hereafter referred to as ñmodeò and ñcurrentò). The model also includes the interaction terms 

of each input variable at different levels. Eq. 2 shows the model formula for each response 

variable. 

ὙὩίὴέὲίὩ ͯ ὅάέὨὩ ὅὧόὶὶὩὲὸὅὧόὶὶὩὲὸḊὅάέὨὩ   (2) 

In above equation, C(mode) and C(current) represent the categorical encoding of metal 

transfer mode and arc current. Although 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 

interactions between the factors at each level. In the regression analysis, the double pulse 

transfer mode and 100 A current were automatically selected as reference points. Such an 

analysis provided a comparative study between different metal transfer modes and current 

levels. The regression results of individual and interaction terms of independent variables for 

dependent variables are given in Table 4 and Table 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, standard error, P-value, and confidence intervals. The 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 variability of the coefficient, serving as the standard 

deviation. The P-value 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 their lower and upper bounds, provide a more comprehensive 

understanding than P-values 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 

Responses Input variables Coefficient Std. Error  P-Value 
95% Confidence 

Interval  

Penetration 

Intercept 1.2217 0.446 0.013 [0.285, 2.159] 

Current (200A) 0.8357 0.631 0.202 [-0.489, 2.161] 

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] 

Width 

Intercept 7.598 0.742 <0.001 [6.038, 9.158] 

Current (200A) 0.061 1.05 0.954 [-2.145, 2.267] 

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] 

Height 

Intercept 1.554 0.46 0.003 [0.588, 2.520] 

Current (200A) 0.6377 0.65 0.34 [-0.729, 2.004] 

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] 

Hardness 

Intercept 201 9.514 <0.001 [181.01, 220.98] 

Current (200A) -7 13.455 0.609 [-35.26, 21.26] 

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 with a P-value of 0.013. When the current increased 

to 300 amperes, penetration increased by 3.34 mm relative to the baseline, with a P-value of 

less than 0.001, indicating a strong relationship between penetration and current. No significant 

interactions between current and transfer mode were 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 P-values below 5%. Interactions between transfer modes and 

current were also significant, showing that higher currents combined with transfer modes 

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 the baseline width.  

The regression results for height agreed with 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, with a P-value of less 

than 0.001. A significant interaction between current and short/spray mode was also found 

where at 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 effect reduces at 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 

Responses Interactions Coeff. 
Std. 

Error 

P-

Value 

95% Confidence 

Interval 

Penetration 

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] 

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] 

Width 

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] 

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] 

Height 

Intercept 1.554 0.46 0.003 [0.588, 2.520] 

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

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] 

Hardness 

Intercept 201 9.514 <0.001 [181.01, 220.98] 

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

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] 
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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 illustrated in Fig. 20. The non-parallel 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 shows a sharp increase from 100 

to 200 amperes, but it diminishes beyond 200A, 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 double pulse 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 given current and 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, although there are still distinguishable 

differences between them. 

 

Fig. 20 Interaction plots for statistically significant interactions 

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 short-circuiting 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 double pulse produced 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 difference of ±10-15 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 were obtained as shown in Fig. 

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 interaction. Thus, for penetration depth the current seems to be the driving force 

irrespective of the metal transfer mode.  

 

 

Fig. 21 Interaction plots for statistically non-significant interactions 

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 from 200-300 amperes in short/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 individual sections, 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 statistical non-significance of 

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

in the literature [11]. 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. 22 shows the scatter plots of actual and predicted regression lines. The shaded 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.  

 

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 amperes. At 100 and 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 relationship between 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 more stable trend at various current 

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

The chart of means in Fig. 23 summarizes the shape characteristics for beads including the 

penetration depth, width, and height. While the arc current seems to show considerable effects 

at different current levels on dependent variables, metal transfer modes also seem to play a vital 

role. The deposition current influences the penetration and width but also their mean values are 

varied based on various transfer modes. However, the global trend for these variables increased 

when the arc current was increased from 100 to 200 and then further to 300 amperes except for 

height where the trend diminished to a significant decrease between 200 to 300 amperes. In 

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 compared to short/spray transfer. The 

same trend can also be seen for width and height.  

 

Fig. 23 Chart of means representing the bead characteristics against the metal transfer modes 

and arc current 

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

variables without considering their interactions. The ñModeò column takes the average of each 

response variable for all current levels for that specific metal transfer mode and plots it against 

each mode. Similarly, the ñCurrent (A)ò column takes the average of the response variables at 

a certain current level irrespective of the transfer modes. Such a main effect plot gives an 

explicit understanding how the arc current and transfer modes individually influence the 

response variables. For 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 transfer modes, 

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 well. In addition, 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 

resulted in the lowest penetration. Similarly, hardness illustrates the highest values for 

short/spray transfer mode and double pulse resulted in the lowest. Any increase in arc current 

decreases the mean hardness. 

 

Fig. 24 Main effects plots of width, penetration, hardness and height against different metal 

transfer modes and arc current levels 

The literature also shows similar results in different parametric studies of WAAM. In one 

study authors used taguchi technique, analysis of variance (ANOVA), regression modelling, 

and gray relational analysis (GRA) to investigate the bead morphology against the wire feed 

speed, deposition speed, and voltage [12]. They found that increasing the wire feed speed led 

to proportional increases in bead height, width, and penetration depth. This is understandable 

since more material is being deposited from the filler wire 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 penetrate deeper. Another study found that bead width increases as wire feed 

speed and voltage rise, specifically within the ranges of 5-8 m/min and 18-24 V [13]. This 

happens because higher voltage causes the electric arc to expand and spread, forming larger 

beads. However, bead height showed more variation; while higher wire feed speed increased 

material deposition per unit length, leading to taller beads, voltage and deposition speed within 

the ranges of 18-24 V and 0.3-0.6 m/min actually reduced bead height. As previously noted, 

higher voltage results in a wider arc spread and increased heat input, which flattens the bead 

and lowers its height. Another study [14] found similar patterns in their investigation of 
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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 bead width and height. 

The Fig. 25 represents the hardness profiles for 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 reached. A distinctive variability 

was realized for hardness in short circuit, pulse, and double pulse transfer modes at the 3 levels 

of deposition current. This is because various transfer modes and current levels can incorporate 

varied heat inputs and ultimately result in dissimilar hardness values. As 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 beads and this is more pronounced in lower to intermediate 

current levels. Literature shows similar hardness trends for AISI 410 steel [15,16].  

Such hardness variability for various metal transfer modes and arc current levels can be 

associated to arc dynamics, melt-pool characteristics and the corresponding cooling rates. The 

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 melt-pool and a corresponding smaller bead size. The 

smaller melt-pool at lower current can lead to fast cooling and solidification which can lead to 

higher hardness. Higher current increases the wire feed speed, and more material is deposited. 

The higher current and larger melt-pool 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 level hardness reduces due to 

exposure at higher temperatures.   

 

The microstructures of the samples are reported in Fig. 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 polygonal and 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. 26(a), when the arc current is increased to 200 amperes for the same short/spray 

transfer mode, a similar but a coarse microstructure appears where the interlamellar spacing 

became larger; led to less densely scattered lamellae within the ferrite matrix. When the current 

is further increased to 300 amperes, significant grain coarsening is observed with a mixture of 

polygonal and columnar grains. Similarly, some pearlite islands appear at grain boundaries.   
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Fig. 25 Hardness profiles for each metal transfer mode at different current levels 

 

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) double pulse 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 with small pearlite islands 

appearing at grain boundaries at 300 amperes. In addition, a polygonal grain structure can be 

seen at 300 amperes while a partially columnar grain structure can be observed at 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 

appears, and 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 observed in hardness results. Research 

[17] suggests that the thermal gradient and slower cooling rates associated with higher currents 

promote grain growth in fusion-based additive manufacturing. The tendency of microstructure 

to show larger grain size as the deposition current increases suggests a clear relationship 

between current level, heat input, and solidification rate. This means it 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 cross-section on the substrate. This is a very crucial 

aspect since severe remelting of previously deposited layers in multilayer structures can 

increase the heat accumulation and can influence the corresponding material properties with 

significant remelting and solidification. Fig. 27 presents the dilution under various metal 

transfer modes and different current levels. The short/spray transfer mode represents a clear 

increase in dilution as the arc current increases. At 100 amperes a dilution of 27% shows the 

lowest penetration-to-deposition ratio. As the current increases to 200 and 300 amperes, the 

dilution increases to 31% and 66%, respectively. Such a sharp increase of dilution suggests 

significant changes in arc dynamics probably relating to a transition of metal transfer mode 

from short-circuiting to a spray transfer mode.  

 

 

Fig. 27 (a) schematic of dilution measurement, (b) dilution for each transfer mode at different 

arc current 
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In pulse transfer mode the dilution 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 

pulsing of 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 increased to 56% when the current 

was increased to 300 amperes.  

4.3.2. Multi -pass deposits 

WAAM is famous for depositing large parts and the building blocks of these large structures 

are beads deposited side by side or overlapped with a specific hatch distance and then the layers 

are repeated in the building direction to create multilayer structures. Therefore, 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 multi-pass tracks. Fig. 28 a and b show the as-deposited samples, 

and their cross-sections deposited with various combinations of hatch distance and arc current. 

As shown in the macroscopic images, from top to bottom, 80, 120 and 160 ampere currents 

were used and for each 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 observed. It is 

shown that the ratio of the height between the first and the adjacent bead depends on proper 

overlapping or hatch distance [18]. 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 

structure becomes unsmooth. It has been shown that the low hatch distance decreases the 

cooling rate during solidification by increasing the overlapping and melt-pool size [19]. 

The shape of individual bead penetration also shows varied characteristics based on different 

combinations of hatch distance and arc current. For instance, with higher hatch distances of 3 

or 4 millimetres, the 80 amperes current resulted in big valleys and significant unevenness on 

the bead surfaces. At 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 irregularities may lead to geometrical inaccuracies [20] and welding 

defects [21]. 

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 

surfaces. The higher current also increases the heat input that improves the melting and flow of 

material to effectively fill the gap with more material feed rate. However, when more material 

is deposited with a small hatch distance, the multi-pass beads produce unwanted material 

buildup, forming a circular cross-section on the surface, resulting in unwanted lumps. For 

example, this is particularly evident at 2 mm hatch distance with 120 and 160 amperes current, 

respectively. In addition, the higher heat input may also increase 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 essential. At a fixed 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 leads to higher 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 required to obtain an acceptable trade-off between the 

surface smoothness, penetration depth, and heat input. For instance, the multi-pass sample 

deposited with 160 amperes current, and 3 mm of hatch distance seems to exhibit a 

comparatively smoother surface with structurally sound visuals for penetration. Thus, an 

optimised combination exists for hatch distance and arc current for desired bead formation in 

multi-pass deposits. 

 

Fig. 28 Multi -pass deposits with various combinations of current and hatch distance: (a) As-

deposited samples, (b) macroscopic images of cross-sections 

4.3.3. Thin wall  

A thin wall was deposited using the pulse transfer mode with the deposition strategy shown 

in Fig. 29. Similarly, the as-deposited wall, its macroscopic cross-section with corresponding 

microstructure in the building direction is shown in Fig. 30 (a) and (b), respectively.  

The top section of the wall consists of a microstructure that forms a mixture of plate-like and 

randomly oriented nonlamellar cementite which are partly present as embryonic lamellar 

grouping in the ferrite matrix, forming a spheroidite microstructure. This kind 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 literature [22] 

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 to re-melt 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 underlying microstructure for 

thin wall ER70S-6 was also reported in previous studies [23 ï 25]. 

 

 

Fig. 30 (a) As-deposited 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 shown in Fig. 31. The SEM images were obtained 
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at three locations on the wall i.e. bottom, middle and top sections. As shown in Fig. 31(a), the 

bottom section shows a well-defined microstructure with uniform distribution of grains. The 

higher magnification of segment ñAò in the bottom section is depicted in Fig. 31(d), 

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. The presence 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 

elongated grains. The magnified segment represented by ñBò is shown in Fig. 31(e) where the 

dark regions probably occurred as a result of over-etching during the sample preparation. We 

can also observe small pores in the middle.  

The SEM image of the top section is shown in Fig. 31(c) and a more detailed and magnified 

segment from the same section is shown in Fig. 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 gradient at the top section. 

 

 

Fig. 31SEM images of the thin wall in the build direction 
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The hardness profile of thin wall in the building direction is shown in Fig. 32, representing 

the hardness variations from the top edge of the wall and then passing through the middle zone, 

remelting zone, HAZ until the unaffected substrate had reached. 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 can be associated with the heat accumulation and 

corresponding microstructural changes as seen in Fig. 30 and 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 the re-melted section and heat effected zone (HAZ) within the substrate, probably 

due to the varying thermal cycles experienced in the layer-by-layer 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. Literature has shown a similar hardness pattern across these specific sections 

on the wall using ER70S-6 wire [26]. They attributed such a hardness profile to the 

microstructural changes and grain size which slightly reduced from top to bottom. This can be 

better explained by building a relationship between the number of layers vs heat input, heat 

input vs grain size, and finally grain size vs material hardness. As the number of layers increases 

in a multilayer structure, the heat accumulation tends to increase, which, in turn, increases the 

average grain size due to slower cooling. Therefore, 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. 

 

 

Fig. 32 Hardness 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 deposited. During solidification, significant heat transfer occurs 

through conduction, dissipating 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 remelting. Similarly, the HAZ in the substrate experiences 

severe thermal shocks in the layer-wise deposition. Thus, as the number of layers increase, the 

previously deposited layers and the substrate in closer proximity to the fusion area undergoes 

microstructural changes, 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) process [27]. 

 

Fig. 33 Deposition strategy of cubic structure 

The as-deposited cubic structure and the microstructure is shown in Fig. 34 (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 microscopic results. 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 middle sections. 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 and some pearlite 

islands. 

When the number of layers increase and reaches to middle section, heat accumulation 

increases, decreasing the cooling rate, changing the microstructure to an irregular lath-type 

morphology [28]. This happens in the central and upper sections of cubic structure, resulting in 

lamellae of lath structure. Employing the same metal transfer mode i.e. pulse transfer mode and 

ER70S-6 wire, study has shown a columnar microstructure, exhibiting allotriomorphic and 

acicular ferrite phases [29]. As solidification begins 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 ferrites then grow in thin, plate-like 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 needle-like shape, producing a finer 

microstructure compared to allotriomorphic ferrites. The presence of such a microstructure can 

be advantageous in structural applications, as it offers a balance between the material's strength 

and toughness. 

 

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 shown in Fig. 35, illustrating the 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 that this zone consists of smaller, 

equiaxed grains with well-defined boundaries across the polygonal grains. The proximity to the 

cold substrate and the comparatively cooler initial layers promotes even solidification, resulting 

in uniform grain growth and finer grains 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 attributed to the 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. Typically, heat 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 further varied microstructure. Compared to the 

middle zone, the upper zone displays an even coarser microstructure, with larger and more 

elongated grains. The presence of larger, 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 

sections. Since heat is conducted through the previously deposited 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 WAAM deposits. 

If a strictly finer and more homogeneous microstructure is desired, significant wait time 

between subsequent layers might be required. However, this introduces a trade-off between 

manufacturing time and microstructural properties. 

 

 

Fig. 35 SEM images of cubic structure at different sections in the building direction 

Fig. 36 shows 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 maximum hardness of 

152 and 210 HV, respectively. The 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 below 200 HV. Moving below 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 are attributed 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 

bead-on-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 increasing current. 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, indicating a more 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. For 

instance, 160A current and 3 mm hatch distance resulted in a smoother surface with acceptable 

penetration. 

The microstructure of bead-on-plate trials consists of a finer lamellar morphology at low 

current level which tends to form polygonal and columnar grains with significant 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 plate-like and randomly oriented cementite lamellae, partially 

forming spheroidite morphology 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 grain boundaries. 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 were further 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. Parameters and Deposition Strategies in WAAM Deposits 

Process parameters and deposition strategies are the key for high quality deposits in WAAM  

processes. In the previous study various metal transfer modes were analysed without 

considering other factors except for arc current. Therefore, a systematic parametric study was 

conducted with bead-on-plate depositions, analysing the key parameters including the arc 

current and deposition speed, utilising a synergic controlled WAAM source. 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 employed to deposit test walls to investigate their influence on build 

orientation of the walls. Similarly, the effects of layer-stacking on 10 and 20-layer walls were 

also analysed in detail. Finally, an optimised deposition strategy was employed to deposit cubic 

samples with various deposition parameters such as arc current, deposition speed and hatch 

distance based on a 2K 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 mechanical 

characteristics of deposited walls. Cubic structures demonstrated anisotropy for microstructural 

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 decreases them [1]. 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 [2]. It was shown that apart from the bead characteristics, the process parameters also 

influenced the hardness [3]. Such hardness results were observed as a result of microstructural 

changes due to varying heat inputs when using different parameters. Some other studies also 

showed that wire feed speed, travel speed, arc current and voltage influence the heat input and 

ultimately the material properties [4-6].  

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 layer. The 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 reach a specific position to 

start a new layer. In case of single-pass multilayer walls, the individual layers are either started 

and ended at the positions for all layers (unidirectional strategy) or to reverse their directions 

after each successive layer (bidirectional strategy). It was shown in the literature that 

unidirectional deposition strategy results in material reduction at the end of the wall in the 

deposition direction [7]. They also concluded that wire feed speed and travel speed may control 

this issue. However, this can also be resolved by adopting a bidirectional deposition strategy 

[8].  

The large-scale WAAM parts are consisted of multi-beads 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 adopting optimised 

deposition strategies and process parameter settings to avoid excessive thermal effects and 

geometrical inaccuracies. In multi-bead and multilayer deposits, an overlap distance is used 

between the adjacent beads known as hatch distance. Several studies have investigated and 

proposed many bead overlapping models [9-12]. 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 optimised deposition strategy becomes necessary for 

homogeneous heat distribution during deposition and the corresponding material properties and 

surface characteristics of deposited structure.  

Various materials have been investigated in the literature, employing different deposition 

strategies and parameters. However, comprehensive research covering the entire process chain 

is still lacking from parametric study to thin walls and bulky cubic structures employing various 

deposition strategies on build orientation and material properties. Therefore, this study not only 

provides a parametric study based on a statistical approach but also investigates thin walls and 

bulky structures. For thin walls, different deposition strategies have been investigated to analyse 

their influence on build orientation. Importantly, 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 studies have covered the effects of 

interlayer dwell time. However, the influence of layer-stacking still needs proper investigation. 

Therefore, 10 and 20-layer walls were studied in detail to analyse the effects of layer-stacking 

on the material properties. The hardness, microstructure, and SEM results were compared for 

both cases. Additionally, for multi-bead multilayer bulk cubes, an optimized deposition strategy 

was applied to deposit various samples, utilizing different combinations of arc current, travel 

speed, and hatch distance. The hardness measurements and microstructures were then 

compared. 

Thus, this work reveals the crucial insights into the underexplored effects of layer-stacking 

in WAAM to investigate the influence of heat accumulation because of heat accumulation. 

Similarly, unlike prior studies, this study is not limited to only unidirectional or bidirectional 

deposition strategies for thin-walls, 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 GMA-based WAAM process. Additionally, the findings using ER70S 

provides a transferable framework for materials such as high-strength alloys and stainless steel, 

for optimising deposition strategies and parameters, expanding the applicability of WAAM to 

diverse sectors.  

5.2. Methodology 

The study primarily investigates three parts: starting from a bead-on-plate analysis in the 

first part, followed by investigating the thin walls and cubic samples. The bead-on-plate 

analysis is composed of a parametric study, investigating 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 range between the maximum and minimum values 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 shown in Table 6 and 

Fig. 37, respectively. 

The thin walls are composed of single-pass 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 were used for thin walls including 

the unidirectional, bidirectional and unidirectional with a burn-back time to analyse the effects 

of these deposition strategies on wall formability and orientation. In unidirectional strategy, all 

the layers were deposited in the same deposition direction in which the welding torch was 

moved to the initial position with an increment in the z-direction equal to the layer height. This 

was repeated till the 10th layer. In the bidirectional strategy, at the end of each layer, the torch 

was moved upward with a distance equal to the layer height and the deposition direction was 

reversed after each layer. In the third strategy, the same unidirectional path was followed; 

however, a dwell time was introduced that kept the arc energized for a short time instant to keep 

the arc energized for melting and depositing the wire consumable at the end of each layer while 

the robot had stopped.  

The effects of layer-stacking were analysed in detail by deposited 2 walls in bidirectional 

strategy consisting of 10 and 20-layers. The deposited walls were compared for hardness, 

microstructure and scanning electron microscopy (SEM). 
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The multi-bead 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 

single-pass perimeter followed by infill passes separated by a specific hatch distance. A 2K 

factorial design was employed using 3 factors including arc current, travel speed and hatch 

distance, as shown in Table 7. The deposited samples were analysed for hardness, 

microstructure and SEM. 

The ER70S-6 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 wire into the 

melt-pool on a mild steel substrate. The path planning was executed employing a 6-axis 

Yaskawa Motoman robot. The melt-pool was protected using argon with 20% CO2 as shielding 

gas with a flow rate of 18 l/min. 

The deposited samples were cut in the middle in the building direction and were polished 

with abrasive papers from 80 ï 2500 grit, following by mirror polishing in diamond suspension 

of 6 and 1 microns, respectively. Macro and microstructural analysis were performed using a 

macroscope (Vert.A1 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 time of 15 seconds. 

Table  6 Process parameters of bead-on-plate analysis 

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

S1 8 1 140 20 

S2 5 2 80 13.5 

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 13.5 

S9 12 9 140 13.5 

S10 11 10 140 13.5 

S11 2 11 182.4 8.9 

S12 6 12 200 13.5 

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 in Table 8, including the regression 

equation for each response variable. The 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. Moreover, the R2 and adjusted 

R2 represent high values, confirming the model robustness. The lack-of-fit 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 given in Fig. 38. The main effect plots show that all the 

bead cross-sections tend to increase with higher current, showing a positive relationship. An 

increased arc current in synergic operation increases the wire feed rate, depositing more 

material into the melt-pool. The higher melting of wire and increased arc current creates a 

bigger melt-pool 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 values. This in fact, reduces the time available for material deposition 

per unit area as the torch moves faster. 
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Table  8 ANOVA table of factors and response variables with regression equation for each 

Factors Responses R2 R2_adj P-values 
Lack of fit 

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 Current ï 0.0468 Speed 

Width = 3.933 + 0.03597 Current ï 0.1965 Speed 

P. Depth = 0.989 + 0.01264 Current ï 0.1001 Speed 

Hardness = 297.3 ï 0.4709 Current + 4.384 Speed 

 

 

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 material. On contrary, the high 

travel speed results in higher hardness. The increased travel speed results in smaller melt-pool 

size, leading to faster cooling. The fast cooling 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 hardness. The plot lines intersecting each other indicate 

a significant interaction between the factors and variables. The 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 current reduces, with the lines converging 

at various current levels. This suggests that at 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 speeds. At all current levels, hardness tends to increase with higher travel speeds, 

suggesting that heat-induced 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 variables. Fig. 39 illustrates 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 increases, bead width decreases, 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 material accumulates 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 (around 20 mm/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. This suggests 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 currents between 125 A 

and 200 A.  
































































































































































