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Abstract 
This thesis presents an extensive experimental and numerical investigation into Wire Arc 

Additive Manufacturing (WAAM) and its integration with advanced joining and simulation 

strategies for steels and bimetallic alloys. The research encompasses the development, 

optimization, and characterization of WAAM processes for AISI 308L stainless steel, 

ER70S-6 low-alloy steel, and CuAl8 copper-based alloy, as well as hybrid laser welding of 

dissimilar WAAM-fabricated plates. Using Cold Metal Transfer (CMT) as the deposition 

technique, process parameters, including arc power, wire feed rate, and deposition speed, 

were systematically studied through full-factorial Design of Experiments (DOE) and 

validated via thermal imaging, microstructural, and mechanical analyses. The results show 

that optimal combinations of deposition speed (5–9 mm/s) and arc power (1200–1700 W for 

stainless steels; 1600–2800 W for low-alloy steels) significantly affect bead geometry, 

wetting angle, and aspect ratio, achieving values consistent with ideal ranges (aspect ratio ≈ 

2.5, wetting ≈ 60°). Finite Element and Computational Fluid Dynamics (CFD) simulations, 

coupled with phase-field modeling, were developed to predict thermal distribution, melt pool 

dynamics, and residual stress fields. The models demonstrated strong agreement with 

experimental measurements, providing a robust predictive framework for multi-scale 

WAAM simulations. Microstructural analyses using SEM, EBSD, and XRD revealed refined 

dendritic morphologies and δ-ferrite/γ-austenite transformations in AISI 308L and ER70S-6 

deposits, with grain sizes ranging from 5 µm in the heat-affected zone to 16 µm in weld 

centers. The CuAl8 and ER70S-6 bimetallic structures exhibited distinct phase transitions (α 

and β phases) with peak microhardness values of 137 HV (CuAl8) and 259 HV (ER70S-6), 

while hybrid laser welding of WAAM-fabricated dissimilar plates using 316L filler achieved 

enhanced interfacial bonding, maximum microhardness of 303 HV, and improved tensile 

performance with up to 43% strength increase at optimized parameters. Overall, this research 

advances the understanding of process–structure–property relationships in WAAM and 

laser-hybrid welded steels and bimetals. The integration of experimental, statistical, and 

numerical methods provides new insights into thermal-mechanical behavior and 

solidification phenomena, contributing to the design of defect-free, high-strength, and 

corrosion-resistant components for energy, aerospace, and marine applications. 

Keywords: Wire Arc Additive Manufacturing; Cold Metal Transfer; AISI 308L; ER70S-6; CuAl8; 

Laser Hybrid Welding; Phase Field Simulation; Microstructure; Mechanical Properties; Process 

Optimization; Dissimilar Metals; Bimetallic Structures. 
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Chapter 1 

Introduction and Literature Review 

1.1. Additive Manufacturing 

The evolution of manufacturing has been marked by a continuous pursuit of efficiency, 

precision, and flexibility. In recent decades, Additive Manufacturing (AM), commonly 

known as 3D printing, has emerged as a transformative technology that challenges 

conventional subtractive and formative manufacturing paradigms [1]. Unlike traditional 

methods that remove material from a larger block or shape it using molds, AM constructs 

parts layer-by-layer directly from a digital model (CAD). This fundamental shift offers a host 

of unique advantages, including unparalleled design freedom for creating complex internal 

geometries and lightweight lattice structures, significant reduction in material waste, rapid 

prototyping capabilities that drastically shorten development cycles, and the ability to 

produce custom, one-of-a-kind parts without the need for expensive tooling [2, 3]. 

The initial development of AM technologies, dating back to the 1980s, was primarily focused 

on polymers for prototyping purposes [4]. However, the potential of creating functional, 

load-bearing metal components soon drove intensive research and development into metal 

AM processes. The early 2000s saw a limited market for industrial laser sources suitable for 

AM, but the subsequent decade witnessed exponential growth, fueled by the laser beam's 

high thermal stability and efficiency, which helped reduce material waste [5, 6]. Today, metal 

AM is no longer confined to rapid prototyping but is extensively used for fabricating end-

use parts, tooling, and complex components across a diverse range of industries [7, 8]. Metal 

AM technologies can be broadly categorized based on the feedstock material and the energy 

source used. The two predominant categories are: 

1.1.1. Powder Bed Fusion (PBF) 

This includes processes like Selective Laser Melting (SLM) and Electron Beam Melting 

(EBM). In PBF, a thin layer of metal powder is spread across a build platform, and a high-

energy source (laser or electron beam) selectively fuses the powder according to the cross-

section of the part. The platform is then lowered, a new powder layer is applied, and the 

process repeats. PBF is renowned for its high resolution and ability to produce intricate 

features with excellent surface finish, making it ideal for small, complex components [9, 10]. 
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1.1.2. Directed Energy Deposition (DED) 

In DED processes, focused thermal energy, typically from a laser, electron beam, or 

electric arc is used to melt material as it is being deposited. The feedstock, which can be in 

powder or wire form, is fed into the melt pool created on the substrate. DED systems are 

often mounted on multi-axis robotic arms, allowing for greater flexibility in building or 

repairing large-scale components. The key differentiator of DED is its ability to fabricate 

large parts and add features to existing components, albeit generally with a lower resolution 

compared to PBF [11, 12]. The choice between powder and wire feedstock presents a critical 

trade-off. Powder-based systems (both PBF and some DED) offer fine resolution but can be 

associated with higher material costs, potential health and safety concerns due to powder 

handling, and lower material deposition rates. In contrast, wire feedstock is generally more 

cost-effective, safer to handle, and enables significantly higher deposition rates, making it 

particularly attractive for large-part manufacturing [13, 14]. Within the domain of wire-based 

DED, the primary differentiation lies in the energy source used to melt the wire. The two 

most common techniques are Wire Laser Additive Manufacturing (WLAM) and Wire Arc 

Additive Manufacturing (WAAM). 

1.1.3. Wire Laser Additive Manufacturing (WLAM) 

This process utilizes a high-power laser beam to create a melt pool on the substrate into 

which the metal wire is fed [13, 14]. WLAM offers high precision and control, enabling the 

fabrication of medium to small features with near-net-shape characteristics. The concentrated 

heat source allows for deep penetration and high welding speeds. The adoption of fiber lasers 

has been a significant advancement, as they are highly efficient and capable of processing 

reflective metals like aluminum, copper, and brass, which are challenging for CO₂ or 

Nd:YAG lasers due to back-reflection issues [15]. 

1.1.4. Wire Arc Additive Manufacturing (WAAM) 

WAAM employs an electric arc as the heat source to melt the wire feedstock. The arc is 

generated between the wire electrode and the substrate, creating a molten pool that solidifies 

as the torch moves, depositing material along a predetermined path [4, 16]. WAAM is 

characterized by its very high deposition rates (often several kilograms per hour), making it 

one of the most efficient AM processes for producing large-volume components. While its 

precision and surface finish are typically inferior to those of WLAM or PBF processes, its 

unparalleled deposition efficiency and cost-effectiveness for large parts have established its 

niche in industries such as shipbuilding, construction, and aerospace [17, 18]. A hybrid 
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approach, known as Laser Arc Hybrid Wire Deposition (LAHWD), combines the WAAM 

and laser processes. In LAHWD, a laser is used to melt the wire feedstock while an arc is 

employed to stabilize the melt pool. This synergy can result in a higher deposition rate, 

improved surface quality, and better mechanical properties compared to either process alone, 

though it introduces greater complexity and cost [19, 20]. 

1.2. Wire Additive Manufacturing 

Wire Additive Manufacturing (WAM) is an advanced additive process that employs metallic 

wire as the primary feedstock material for fabricating components. When analyzing this 

process, it is essential to account for various factors, including material composition, 

geometric configuration, and physical properties, as each can significantly influence the final 

build quality (Figure 1) [21]. 

 

Figure 1-1. Wire additive manufacturing scheme. 

Effective control of input parameters is crucial in minimizing defects during WAM 

processing. Variations in these parameters directly affect phase formation, leading to distinct 

morphological and structural outcomes in the deposited material [22]. 

1.2.1. Fundamentals of WAAM 

1.2.1.1 Process Principle and Setup 

Wire Arc Additive Manufacturing is a directed energy deposition process that builds three-

dimensional components through the layer-by-layer deposition of weld beads. The 
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fundamental setup, as illustrated in Figure 1, typically consists of several key components 

[12, 18]: 

1. Power Source and Welding Torch: A standard arc welding power source (e.g., for 

GMAW, GTAW, or PAW) generates the electric arc. The torch is responsible for 

delivering the current and, in the case of GMAW, the wire feedstock. 

2. Wire Feeder: A precision system that continuously feeds the metal wire from a spool 

to the welding torch at a controlled rate (Wire Feed Rate - WFR). 

3. Robotic Manipulator: A multi-axis robot or a CNC gantry system that moves the 

welding torch along a pre-programmed path, defining the geometry of each layer. 

4. Substrate/Base Plate: The foundation upon which the part is built. The substrate is 

often made of a material similar to the wire to ensure good metallurgical bonding. 

5. Shielding Gas System: To protect the molten metal from atmospheric contamination 

(oxygen and nitrogen), an inert or semi-inert gas (e.g., argon, helium, or mixtures) is 

directed onto the weld pool. 

To date, numerous techniques have been applied in additive manufacturing (AM), each 

presenting its own advantages and limitations depending on the experimental setup, material 

type, and equipment used. Given the increasing demand for unique and customized 

components across various industries, AM technologies have evolved to address specific 3D 

printing challenges and achieve optimal productivity. Among these, WAAM and WLAM are 

two prominent wire-based AM processes. The fundamental distinction between them lies in 

their heat sources: WAAM employs an electric arc, whereas WLAM utilizes a laser beam. 

WAAM generally offers higher deposition rates and efficiency, while WLAM provides 

superior dimensional accuracy and surface finish. Moreover, WLAM exhibits greater 

versatility in processing various materials, whereas WAAM is mainly suitable for aluminum 

alloys [6, 23]. 

Despite these advantages, laser-based material processing faces significant challenges, 

particularly regarding the precise preparation of part edges and the minimization of defects 

caused by the small laser focal spot. This precision is essential to ensure proper beam 

formation during processing. Furthermore, attempts to bridge large gaps or fabricate sizable 

components cannot rely solely on defocusing the laser beam, since the associated decrease 

in power density promotes conduction-mode welding, which limits penetration depth. To 
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overcome these issues, some studies have proposed introducing beam oscillation or 

combining the laser system with WAAM to enhance deposition efficiency and joint quality 

[3, 5]. 

The emerging WLAM process, often using fiber, CO₂, or YAG lasers, has been 

recognized as a promising method for fabricating large metallic components using various 

wire materials [3, 23]. Consequently, both WAAM and WLAM represent powerful 

techniques for wire-based additive manufacturing. Their effectiveness can be further 

improved through process optimization and systematic material characterization across 

diverse metals, arc types, and laser sources [6, 24]. In the early 2000s, the availability of laser 

sources for welding and AM applications was relatively limited. However, in the past decade, 

the global market for Laser Additive Manufacturing (LAM) has expanded substantially, 

driven by the high thermal stability of laser beams, which helps minimize material waste. 

Hybrid-AM technologies have also emerged, combining concentrated, high-intensity heat 

sources that enable deep and localized welds at elevated build rates. The increasing adoption 

of laser-based systems beyond the automotive sector,particularly in aerospace, medical, 

electronics, and jewelry manufacturing, has significantly fueled market growth. With 

continuous innovations in materials, equipment, and processing methods, the demand for 

LAM products is expected to rise further. 

Among various laser technologies, fiber lasers are projected to dominate the LAM market 

due to their capacity to process highly reflective metals such as brass, aluminum, copper, 

gold, and silver. In contrast, CO₂ and Nd:YAG lasers are more prone to damage from 

reflected beams during the processing of such bright metals [14]. Fiber lasers, however, 

provide a reliable means to weld reflective materials for diverse applications, including 

aircraft and automotive structures, copper joints, shape-memory alloys, and precious metals 

[15, 24]. A key objective of wire-based additive manufacturing strategies is to minimize 

production time and cost while maintaining high performance and precision. This approach 

reduces overall processing time and enables the fabrication of large, geometrically complex 

components with excellent accuracy. Additionally, WAM methods facilitate cost-effective 

repair of damaged parts, making them highly attractive in industrial applications. Through 

AM, multi-material or composite components can also be fabricated with precise control 

over individual material proportions, allowing designers to tailor properties such as strength, 

weight, flexibility, and reflectivity [19, 21, 24]. 
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To ensure the mechanical integrity of printed components, various testing methods are used 

to assess sample quality. Recent studies also highlight that accurate numerical simulations 

can effectively predict and optimize WAM process parameters [25–30]. In both WAAM and 

WLAM, the wire feedstock is melted at the heat source,typically delivered by robotic 

systems that provide motion and control [31–43]. 

A comparative analysis of WAAM and WLAM reveals their respective advantages and 

limitations in terms of microstructural development, mechanical behavior, and overall 

manufacturing quality. These processes have found applications across multiple industries, 

including food production, aerospace, and shipbuilding. In this study, the authors aim to 

categorize and compare the microstructural and mechanical characteristics of components 

produced by these two methods, providing a structured understanding of their capabilities. 

Defects in fabricated parts are influenced by factors such as material composition, equipment 

conditions, and environmental variables. Previous research has explored how input 

parameters and material properties affect these outcomes, ultimately contributing to 

enhanced device performance and more reliable manufacturing [1, 43]. The process begins 

with the generation of an electric arc between the wire tip and the substrate, creating a molten 

pool. The wire is fed into this pool, melting and depositing material. The robot then moves 

the torch, laying down a bead of solidified metal. After a complete layer is deposited, the 

torch is raised by a predefined layer height, and the process repeats for the subsequent layer, 

adhering to the sliced CAD model [5, 12]. 

1.2.1.2 Arc Variants in WAAM 

The characteristics of the WAAM process are heavily influenced by the type of arc welding 

process employed. The most common variants include: 

• Gas Metal Arc Welding (GMAW)-based WAAM: This is one of the most prevalent 

forms of WAAM. In GMAW, the wire electrode is consumable and forms part of the 

electrical circuit. Metal transfer modes in GMAW, such as spray, globular, and short-

circuit, can significantly affect spatter, stability, and heat input [42]. 

• Cold Metal Transfer (CMT)-based WAAM: Developed by Fronius, CMT is an 

advanced variant of GMAW that has gained immense popularity in WAAM due to its 

exceptional process stability and low heat input [8, 10]. The CMT process is 

characterized by a digitally controlled, high-frequency retraction of the wire. When 

the wire short-circuits with the melt pool, the current drops to nearly zero, and the 
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wire is retracted, detaching the droplet with minimal force. This results in essentially 

spatter-free material transfer and significantly reduced thermal input compared to 

conventional GMAW [10, 17]. The low heat input is particularly beneficial for 

managing residual stresses and distortion in thin-walled structures. 

• Gas Tungsten Arc Welding (GTAW)-based WAAM: In GTAW (or TIG), a non-

consumable tungsten electrode generates the arc, and the wire is fed separately into 

the weld pool. This allows for independent control of the heat input and wire feed 

rate, often leading to superior bead shape control and surface finish, though at a 

generally lower deposition rate than GMAW [4, 43]. 

• Plasma Arc Welding (PAW)-based WAAM: PAW uses a constricted arc and a 

separate orifice gas, resulting in a highly concentrated and stable heat source with 

greater penetration and higher energy density than GTAW. This can be advantageous 

for certain materials and geometries [11, 23]. 

1.3. Critical Process Parameters and Their Influence 

The quality, geometry, microstructure, and mechanical properties of WAAM-fabricated 

components are profoundly influenced by a complex interplay of process parameters. 

Understanding and optimizing these parameters is crucial for achieving reproducible and 

high-quality parts [9, 19, 24]. The key parameters can be categorized into thermal, 

geometrical, and material-related factors. 

1.3.1 Thermal and Energy Parameters 

• Arc Power (Current and Voltage): Arc power, determined by the welding current 

and voltage, is a primary factor controlling the heat input into the substrate and the 

deposited material. Higher arc power increases the melting rate of the wire and the 

size of the molten pool, leading to wider and flatter beads [24, 32]. As demonstrated 

in studies on AISI 308L and ER70S-6, increasing arc power enhances melt pool 

fluidity and spreading, which improves the wetting angle and aspect ratio of the bead, 

contributing to better interlayer bonding [34, 44]. However, excessive heat input can 

lead to issues such as excessive dilution with the substrate, increased residual stresses, 

distortion, coarser microstructures, and potential evaporation of alloying elements 

[18, 38]. 

• Heat Input: Heat input is a calculated parameter (often as Voltage × Current / Travel 

Speed) that provides a comprehensive measure of the energy delivered per unit length 
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of deposit. It directly affects the thermal history, including peak temperatures, cooling 

rates, and solidification behavior [38, 45]. High heat input generally results in slower 

cooling rates, promoting the formation of coarser microstructures and potentially 

reducing mechanical strength, while low heat input leads to faster cooling and finer 

microstructures [25, 46]. 

1.3.2 Geometrical and Kinematic Parameters 

• Deposition Speed (Travel Speed): This is the speed at which the welding torch 

moves relative to the substrate. Deposition speed has a direct inverse relationship 

with heat input per unit length. Higher travel speeds reduce the linear heat input, 

resulting in a smaller melt pool, narrower bead width, and potentially higher bead 

height [11, 32]. Optimizing travel speed is essential; too high a speed can lead to lack 

of fusion between layers or insufficient wetting, while too low a speed can cause 

excessive heat accumulation, leading to sagging and geometrical inaccuracies [19, 

34]. 

• Wire Feed Rate (WFR): The wire feed rate controls the volume of material 

deposited per unit time. It must be balanced with the thermal energy provided by the 

arc. An optimal WFR ensures stable transfer of molten droplets into the melt pool. If 

the WFR is too high for a given current, incomplete melting or stubbing of the wire 

can occur. Conversely, a WFR that is too low can lead to an unstable arc and irregular 

deposition [28, 29]. Research on AISI 308L and ER70S-6 has shown that increasing 

the WFR can lead to a decrease in surface roughness and a more uniform deposition, 

as it helps maintain a consistent melt pool volume [24, 33]. 

• Layer Height and Bead Overlap: The vertical step increment between layers (layer 

height) and the lateral overlap between adjacent beads (in multi-bead structures) are 

critical for determining the surface roughness and dimensional accuracy of the final 

part. The layer height is typically set as a percentage of the bead height from the 

previous layer. Proper bead overlap is necessary to avoid valleys or grooves between 

beads, which can act as stress concentrators [15, 47]. 

1.3.3 The Quest for Optimal Bead Geometry: Aspect Ratio and Wetting Angle 

• Aspect Ratio (Width/Height): A bead with an aspect ratio between 2 and 3 is 

generally considered ideal for WAAM [16]. A ratio that is too low (a tall, narrow 

bead) can lead to poor stability between layers and an uneven surface, making 
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subsequent layers difficult to deposit accurately. A ratio that is too high (a wide, flat 

bead) may not provide sufficient build-up rate and can lead to excessive remelting of 

previous layers. 

• Wetting Angle (θ): This is the angle at which the deposited bead wets the substrate 

or previous layer. A wetting angle close to 60° is often targeted, as it promotes 

excellent interlayer bonding and minimizes the entrapment of defects between layers 

[14, 15]. Poor wetting (high contact angle) can create gaps and lack-of-fusion defects. 

Statistical methods like Design of Experiments (DOE), Analysis of Variance (ANOVA), 

and Response Surface Methodology (RSM) are extensively used to model the relationship 

between process parameters and these geometrical responses, enabling the optimization of 

the WAAM process for specific materials [9, 22, 48]. 

1.4. Materials for WAAM 

WAAM's versatility is demonstrated by its compatibility with a wide range of metallic alloys. 

The choice of material is dictated by the intended application and the required mechanical, 

corrosion, or thermal properties. 

1.4.1 Steels 

• Low-Carbon Steels (e.g., ER70S-6): These are among the most commonly used 

materials in WAAM due to their good weldability, strength, and low cost. They are 

widely employed in structural applications. The microstructure of as-deposited 

ER70S-6 typically consists of polygonal ferrite, Widmanstätten ferrite, and non-

lamellar pearlite, with grain size varying from the finer grains in the high-cooling-

rate dilution zone (3-5.6 µm) to coarser grains in the middle of the bead (8.6-11.6 

µm) [49-53]. Microhardness values for WAAM ER70S-6 can reach up to 300 HV, 

influenced by the cooling conditions and resulting microstructure [21]. 

• Stainless Steels (e.g., AISI 308L, 316L): Austenitic stainless steels are valued for 

their excellent corrosion resistance and toughness. WAAM of 308L and 316L has 

been successfully demonstrated for various applications. The microstructure is 

predominantly austenitic, often with some amount of δ-ferrite present to prevent 

solidification cracking [11, 54-56]. Process parameters significantly affect the 

oxidation and surface roughness of these materials, with higher wire feed rates 

generally leading to smoother surfaces [24]. Microhardness in the heat-affected zone 

(HAZ) of 308L parts can reach up to 310 HV [24]. 
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1.4.2 Aluminum Alloys 

Aluminum alloys present challenges for WAAM due to their high thermal conductivity, 

reflectivity (for laser-based processes), and susceptibility to oxidation and solidification 

cracking. However, alloys like Al-5Mg (5356) and Al-Si (4043) have been successfully 

processed using WAAM, particularly with the low-heat-input CMT process [10, 11]. The 

controlled heat input helps manage the thermal cycle, reducing porosity and cracking 

tendencies. 

1.4.3 Titanium Alloys 

Titanium alloys, such as Ti-6Al-4V, are highly sought after in aerospace and biomedical 

industries for their high strength-to-weight ratio and excellent corrosion resistance. WAAM 

of Ti-6Al-4V requires stringent atmospheric control, often using a local argon chamber or 

trailing shields to prevent oxygen and nitrogen contamination, which can embrittle the 

material. The microstructure is typically a mixture of α and β phases, with prior β columnar 

grains growing epitaxially across multiple layers. Post-processing heat treatments are often 

employed to modify the microstructure and achieve desired mechanical properties [2, 11]. 

1.4.4 Nickel-Based Superalloys 

Nickel superalloys like Inconel 625 and 718 are used in high-temperature applications, 

such as turbine components. WAAM offers a viable route for repairing and manufacturing 

these expensive parts. The process must be carefully controlled to avoid the formation of 

deleterious phases (e.g., Laves phase in Inconel 718) and to manage the high residual 

stresses. Studies have shown that WAAM-fabricated Inconel 625 can exhibit comparable or 

superior mechanical properties to cast counterparts, with a fine, dendritic microstructure [10, 

11, 57-64]. 

1.4.5 Copper-Based Alloys and Bimetallic Structures 

Copper and its alloys, such as CuAl8 (aluminum bronze), are known for their high 

thermal and electrical conductivity. WAAM of pure copper is challenging due to its very high 

thermal conductivity, but alloys like CuAl8 are more readily processed [13, 65-68]. A 

particularly exciting application of WAAM is the fabrication of bimetallic or functionally 

graded materials (FGMs). This involves depositing one material onto another, creating a 

component with graded properties. For example, depositing a corrosion-resistant nickel-

aluminum bronze (NAB) or CuAl8 onto a high-strength steel substrate creates a part that 

combines the surface properties of the former with the structural integrity of the latter, which 

is highly valuable for marine components like propellers [34, 68-75]. The interface is critical, 
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and studies have shown that with proper parameter control, defect-free interfaces with a 

smooth gradient in composition and hardness can be achieved [69, 76]. The maximum failure 

load for such bimetallic specimens has been reported to reach 4726 N for steel-steel and 1939 

N for CuAl8-steel samples [34]. 

In WAAM, metal wire is melted by an electric arc and deposited layer by layer to produce 

three-dimensional geometries. This section discusses the application of WAAM for different 

metallic wires and reviews the corresponding microstructural and mechanical characteristics, 

such as microhardness, tensile strength, and fracture behavior, of the fabricated parts. Figure 

2 illustrates a general schematic of the WAAM process. Due to the rapid deposition rates and 

ambient cooling conditions, WAAM components may exhibit certain defects [44–46]. 

Although large and heavy AM parts can experience issues such as cracking, porosity, 

incomplete fusion, and weak interlayer bonding, these problems can be mitigated through 

optimization of process parameters and hardware configurations [47–51]. 

 

Figure 1-2. Schematic of the WAAM process. 

Figure 3(a) presents SEM images of a WAAM-manufactured sample using TC4-DT alloy 

wire (0.6 mm in diameter) [44]. After air cooling and etching with HF + 10% HNO₃ + 86% 

H₂O, cracks were observed along α′ structures (Figure 3(b)). The cooling rate plays a critical 

role, excessively rapid air cooling may transfer heat into adjacent layers, reducing 

formability. Therefore, achieving a balance between rapid solidification and proper layer 

formation is essential. 
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Figure 1-3. Crack morphology: (a) microstructure of the first crack, (b) microstructure of the second crack. 

Reproduced from ref. [44] with permission from Journal of Materials Research and Technology. 

Figure 4(a) shows a crack in a nickel-based Alloy 718 sample fabricated via WAAM [52]. 

Crack propagation occurred after air cooling, as confirmed through EBSD mapping (Figure 

4(b–c)). 

 

 

b a 

 

c 

Figure 1-4. Cracking in WAAM-built Alloy 718. Reproduced from ref. [52]. 

A simulation of crack growth using a non-destructive ultrasonic testing (UT) approach 

combined with finite element analysis in COMSOL Multiphysics is shown in Figure 5 [53]. 
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The laser beam induced a heat-affected zone in the metal, with R-waves corresponding to 

high input energy, while L- and S-waves represented ultrasonic signal variations. By 

detecting these signals (RS and R waves), the UT simulation revealed the internal crack 

morphology. 

 

Figure 1-5. Simulation of crack propagation in the WAAM process using UT. Reproduced from ref. [53] with 

permission from Ultrasonics. 

A study also investigated the correlation between shielding gas flow rate and porosity 

formation in aluminum WAAM samples. The findings revealed that higher gas flow rates led 

to increased porosity. This occurs because excessive gas flow entraps oxygen within the 

molten pool, preventing uniform solidification and leading to localized pore formation 

(Figure 6) [54]. 

 

Figure 1-6. Cross-sections of aluminum samples fabricated under varying shielding gas flow rates: (a–d) 10, 

8, 6.1, and 10 L/min. Reproduced from ref. [54] with permission from Additive Manufacturing. 

Gierth et al. [55] conducted a systematic study on the AlMg5Mn aluminum alloy 

fabricated via gas-shielded WAAM using low-energy, controlled short-arc techniques. The 

investigation compared three arc modes, CMT, CMT Advanced (CMT-ADV), and CMT-

Pulse Advanced (CMT-PADV), focusing on energy input per unit length, thermal cycles, and 

resulting microstructural and mechanical characteristics. Selecting an appropriate arc mode 
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was shown to be vital for producing high-quality, large-scale parts. The study optimized 

process parameters such as wire feed rate and deposition speed and analyzed porosity, surface 

contour, and overall sample integrity. Results indicated that optimal parameter combinations 

enable superior part quality with predictable mechanical performance. Similarly, Wang et al. 

[56] explored variable symmetry and double-pulse techniques in GTAW welding of 

aluminum alloy 2124. Their results demonstrated that the advanced double-pulse approach 

significantly reduced coarse dendritic grains and promoted a more uniform distribution of 

precipitates, leading to a finer equiaxed grain structure. Despite certain drawbacks, WAAM 

exhibits notable advantages in fabricating large, complex structures with adjustable wire 

diameters and a wide range of metallic materials. Table 1 summarizes key findings from 

recent WAAM research. 

To better understand process behavior, finite element simulations are often used to model 

wall deposition, mechanical response, and strain distribution using Hooke’s law. Ding et al. 

[57] applied this approach to simulate thermal behavior in WAAM of mild steel, as illustrated 

in Figure 7. 

 

Figure 1-7. Thermal simulation of a mild-steel WAAM component. Reproduced from ref. [57] with 

permission from Computational Materials Science. 
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Table 1. Summary of recent research on WAAM process outcomes. 

Materials Input parameters Tests 
Wire 

diameter 

Ref. 

(year) 

Mild-steel 

S355JR-AR 

Welding speed: 8.33 mm/s 

The welding process heat input is 269.5 J/ mm 
Dwelling time: 400 s 

Thermo-mechanical 

analysis 
1.2 mm 

[57] 

(2011) 

Ti,6Al-4V 

Wire feed speed: 1.8 m/min 

Average voltage: 12 V 

Layer height: 1.2 mm 
Average current: 99A 

Peak current: 180 A 
Base current: 45 A 

Microstructure 

Fatigue 

Tensile 

1.2 mm 
[58] 

(2012) 

Tool steel 

Welding speed: 800 mm/min 

Shielding gas: 82% argon and 18% CO2 

Flow rate: 22L/min 

Strategy of additive 
patterns 

1.2 mm 
[59] 

(2014) 

DH36 Low carbon 

steel 

The arc length: 3.5 mm 

Average Current: 140 A 
Average Voltage: 12.7 V 

Welding speed: 100 mm/min 

Wire feed speed: 1000 mm/min 

Microstructure 

EDS 

XRD 
Micro-hardness  

Tensile 

Yield strength (0.2% 
offset) 

0.9 mm 
[60] 

(2015) 

Ni-Al Bronze 

(NES 747) 

Wire feed speed: 5.4-8 m/min 

Welding Speed: 400 mm/min 

Average Current: 175.5-256.1 A 
Average Voltage: 24.8-29 V 

Heat input: 653-1114 J/mm 

Microstructure 

XRD 
Micro-hardness 

1.2 mm 
[61] 

(2016) 

Grade 1080 

aluminum 

Cu-9 

Average Current: 160 A 

Wire feed speed of Al: 311 mm/min 
Wire feed speed of Cu: 1300 mm/min 

Average deposition energy: 20.2 kJ/g 

Welding speed: 95 mm/min 
Gas flow rate: 9 L/min 

Inter-pass temperature: 673 K 

Microstructure 

XRD 

Micro-hardness 

Tensile 

0.9 mm 
[62] 

(2017) 

2Cr13 martensitic 
stainless steel 

Welding speed: 0.4 m/min 
Wire feed angle: 90 

Dwelling time: 120 s 

Stand-off distance: 4.1 mm 
Average voltage: 12.9 V 

Average current: 96 A 

Wire feed speed: 5.2 m/min 
Arc length correction factor: 7% 

Microstructure 

XRD 

EBSD maps 
Pole figure 

Tensile 

Fractography 

1.2 mm 
[63] 

(2018) 

G4Si1 (1.5130) 

Steel 
AZ31 magnesium 

Wire feed speed: 2.5–5.0 m/min 

Welding speed: 40 cm/min 

Half width: 2-3 mm 
Layer thickness: 2-3 mm 

The offset per layer:1.7 mm 

Thermo-physical 
properties 

Young’s modules 

Flow stress 

1.2 mm 
[64] 

(2018) 

Ti6Al4V alloy 

Shielded welding gas graded: 99.995% argon 
Average Current: 110 A 

Average voltage: 12 V 

Welding speed: 95 mm/min 
Wire feed speed: 1000 mm/min 

Dwelling time: 125 s 

Microstructure 
XRD 

EDS 

1.2 mm 
[65] 

(2018) 

Al-5Mg and Al-
3Si alloys 

Average Voltage: 15.2-18 V 

Average Current: 115-177 A 
Welding speed: 6-8 mm/s 

Dwelling time: 120 s 

Heat source 

management 

Tensile 

0.9 mm 
[66] 

(2019) 

Inconel 625 

Wire feed speed: 6.5 m/min 

Welding speed: 8-10 mm/s 

Average Current: 148 A 
Average Voltage: 14.6 V 

Heat input: 216-270 J/mm 

Microstructure 

Tensile 

Micro-hardness 
Fracture surface 

EDS 

1.2 mm 
[67] 

(2019) 

Ti-6Al-4V alloy 

Average Current: 120 A 

Average Voltage: 14 V 

Wire feed rate: 10 m/min 
Layer thickness: 3.3 mm 

Argon flow rate: 15 l/min. 

Microstructure 

Tensile 
Yield strength 

1 mm 
[68] 

(2020) 
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Al-Zn-Mg-Cu 

alloys 

Average Current: 220 A 
Welding speed: 10 cm/min 

Wire feed speed: 130 cm/min 

Inter-pass temperature: 80 ̊C 

Microstructure 
Tensile 

EBSD 

XRD 
TEM 

EDS mapping 

Micro-Hardness 

1.2 mm 
[69] 

(2020) 

EN AW-5754A 

H111 
(substrate) 

S Al 5556 

(welding wire) 

Welding speed: 0.3-0.6 m/min 

Wire feed speed: 9.45 m/min 
Shielding gas: Argon/Helium 

Average Current: 60-180 A 

Average Voltage: 0-23 V 

Geometrical Properties 
Optically observed 

porosity 

Buildup Time 
Tensile strength 

Microstructural 

analysis 

Micro-Hardness 

Elongation to fracture 

1 mm 
[55] 

(2020) 

Titanium-6Al4V 

Stainless-Steel-
316 

Inconel-718 
Aluminum 5356 

Wire feed speed: 5-12 m/min 

Energy: 300-1080 J/mm 

Overlapped walls rate: 65 % 
Shielding gas: Argon 

Monitored energy 

Microstructural 

analysis 
Tensile strength 

1.2 mm 
[70] 

(2021) 

ER70S-6 

Q235 

Shielding gas: Argon (80 %) and CO2 (20 %) 

Welding speed: 0.1-0.6 m/min 

Wire feed speed: 1-5 m/min 
Nozzle to work distance: 5-21 mm 

Weld bead geometries 0.9 mm 
[71] 

(2021) 

Ni50.8Ti  

Shielding gas: 30% He and Argon 

Welding speed: 4 mm/s 

Average Current: 110-130 A 
Average Voltage: 14.7-14.9 V 

Wire feed speed: 7.4-8.9 m/min 

Macro morphology 

Microstructure 
Phase identification 

XRD patterns 

Micro-hardness 
Tensile 

1 mm 
[72] 

(2022) 

 

Furthermore, Ding et al. [59] demonstrated that modifying scanning strategies can reduce 

surface roughness in WAAM parts. The roughness parameter Rₐ was determined using 

Equation 1: 

𝑅𝑎 =
1

𝑛
∑|ℎ𝑖 − ℎ̅|

𝑛

𝑖=1

 (1) 

 

where ℎ̄is the average surface height and ℎ𝑖is the absolute height of each surface point. 

1.5. Wire Laser Additive Manufacturing (WLAM) 

In WLAM, metallic wire feedstock is melted by a focused laser beam and deposited in a 

linear path to build components with complex geometries (Figure 8). 
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Figure 1-8. Schematic of the WLAM process. 

The process parameters, particularly the laser power, scanning speed, and deposition 

pattern, play a crucial role in determining the final part quality [73-76]. Although the 

technique is capable of producing dense and precise components, certain types of defects 

may still arise during or after fabrication [77-83]. Due to the high melting rate and rapid 

solidification associated with WLAM, porosity formation is one of the most common issues 

[84–88]. 

During the process, entrapped air or shielding gases can become trapped inside the 

molten pool, resulting in porosities distributed throughout the structure. Figure 9 presents the 

WLAM deposition of stainless steel 316L wire, in which various porosities formed during 

processing [89]. These voids often occur between dendritic microstructures because of the 

extremely high cooling rate of the molten 316L wire, which limits sufficient time for 

austenite matrix formation alongside ferritic phases, leaving air trapped at phase boundaries 

(Figure 9 a, b). Additionally, porosities may appear between deposition tracks due to 

incomplete fusion of successive layers. This happens when the molten metal fails to fully 

spread over the preceding bead, whose irregular surface, resembling sea waves, prevents 

uniform wetting and bonding, ultimately leading to lack-of-fusion defects (Figure 9 c, d). 
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Figure 1-9. Microstructure of WLAM-fabricated 316L samples: (a, b) porosity within austenitic and ferritic 

phases; (c, d) lack-of-fusion porosity. Reproduced from ref. [89] with permission from Metals. 

A summary of recent studies on WLAM, including mechanical property assessments and 

laser parameter effects, is presented in Table 2. 

Table 2. Summary of WLAM research outcomes. 

Materials Input parameters 
Type of 

laser 
Tests 

Ref. 

(year) 

Ti–6Al–4V 

Laser power: 2.6-3.5 kW 

Laser scanning speed: 7.5-10 mm/s 
Feeding angle: 55 ̊

Wire-feed speed: 30-40 mm/s 

Diameter of optical fibre: 0.4 mm 
Focal plane diameter: 0.56 mm 

Focal length of optics: 140 mm 

wire diameter: 1.2 mm 

3.5 kW 

Nd:YAG laser 

Tensile 

Microstructure 

[81] 

(2011) 

Ti-6Al-4V 

Laser power: 1.75-3.5 kW 

Laser scanning speed: 7.5-40 mm/s 
Wire-feed speed: 15-160 mm/s 

Focal length of optics: 140 mm 

Focal plane diameter: 056 mm 
Focal length of optics: 140 mm 

wire diameter: 1.2 mm 

3.5 kW 
Nd:YAG laser 

Micro-hardness 
Microstructure 

[82] 
(2012) 
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Ti-6Al-4V 

Wire feed angle: 55 ̊

Deposit spacing: 3mm 

Layer thickness: 0.8 mm 
Wire-feed speed: 2200 mm/min 

Laser power: 1.65 kW 

Deposition speed: 500 mm/min 
Wire diameter: 1.2 mm 

Diameter of laser beam mm 3 

Not reported 
Tensile 

Macrostructure 

[83] 

(2017) 

AISI 301 

wire diameter: 0.3-0.5 mm 
spot diameter: 0.3 mm 

Laser power: 150 W 

Pulse duration: 6–12 ms 
Pulse energy: 9-12 J 

Wire feeding speed: 900 mm/min 

Wire feeding angle: 30 ̊
Shielding gas type- rate: Argon at 0.8 bar 

Laser scanning speed: 90-180 mm/min 

5 kW Nd:YAG 

laser 

Micro-hardness 
Tensile test 

Macro-structure 

[84] 

(2018) 

308L 

wire diameter: 1.1 mm 

Laser power: 0.4-1600 kW 

Laser scanning speed: 1.2 m/min 
Spot size: 2mm 

Deposition rate: 0.7 kg/h 

Shielding gas: Argon 
Wire feeding speed: 1.5 m/min 

Number of Layers: 45 

Bead Overlap: 47% 

5 kW Diode 
laser 

Micro-hardness 

Tensile 
Microstructure 

Macro-structure 

[85] 
(2019) 

ER321 

Laser power: 2 kW 

wire diameter: 1.2 mm 

Laser scanning speed: 4.5 mm/s 
Wire feeding speed: 20 mm/s 

Shield gas flow rate: 15 L/min 

3 kW Fiber 

laser 

Microstructure 

Micro-hardness 
Tensile 

[86] 

(2021) 

Ti-6Al-4V 

Laser power: 1200 W 

Deposition speed: 2 mm/s 

Wire feed rate: 10 mm/s 
Shield gas flow rate: 15 L/min 

Laser beam size: 2.6 mm 

Laser scanning speed: 120 mm/min 

Not reported 

Ultrasonic vibration 

Microstructure 
Grain size Statistical 

distributions 

[87] 
(2021) 

Ti-6Al-4V 

Laser focus radius: 0.2 mm 

Spot radius: 1.5 mm 

Wire diameter: 1 mm 
Width of the deposit: 2-4 mm 

Laser power: 3 kW 

Scanning speed: 20 mm/s 
Wire feeding speed: 30 mm/s 

Not reported Simulation 
[88] 

(2021) 

316L 

Feeding rate: 8.3 mm/s 

Laser scanning speed: 6.5 mm/s 
Deposition rate: 250 g/h 

Wire diameter: 1.2 mm 

Laser power: 1.5 kW 

Not reported 

Microstructure 

Tensile 

Corrosion Resistance 
Roughness 

XRD 

Fracture surface 
analysis 

[89] 

(2021) 

Ti-6Al-4V 

Laser power: 2.5-3 kW 

Laser scanning speed: 10 mm/s 

Wire diameter: 1.2 mm 

Cooling rate: 20 K/s 

Laser radius: 7.5 mm 

3 kW Fiber 

laser 

Microstructures 

Simulation of phases 

[90] 

(2021) 

316L 

Wire diameter: 1.2 mm 
Shielding gas flow rate: 20 L/min 

Wire feeding speed: 3-7 m/min 

Laser power: 1.5-5 kW 

5 kW Fiber 

laser 

Micro-hardness 
Visual test 

Drop deposition 

from 

[91] 

(2021) 
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Al alloy 
5A06 

Wire diameter: 1.2 mm 
Optical fiber diameter: 600 μm 

Focal length: 0.26 mm 

Shielding gas flow rate: 15 L/min 
Wire feeding angles: 15-75  ̊

Laser power: 2.6-3.2 kW 

Laser scanning speed: 1-2.5 m/min 
Wire feeding speed: 2-5 m/min 

4 kW Fiber 
laser 

Macro structure 

Microstructures 

DOE 

[92] 
(2021) 

Ti6-Al-4V 

Core diameter: 0.15 mm 

Beam waist: 0.3 mm 

Laser power: 200-1000 W 
Beam spot diameter: 1, 1.4–2 mm 

Travel speed: 5, 8, 10 mm/s 

Wire feed speed: 10, 13, 15 mm/s 

3 kW Fiber 
laser 

Microstructures 

Micro-hardness 

Macro-structure 

[93] 
(2021) 

Ti6-Al-4V 

Wire diameter: 1.5 mm 

Laser power: 4-6 kW 
Laser scanning speed: 3.5-10 mm/s 

Wire feed rate: 40-71.3 mm/s 

Hot wire power: 300 W 

6 kW fiber 

laser 

Microstructure 
Molten pool 

processing 

[94] 

(2022) 

Ti6-Al-4V 

Laser scanning speed: 1-30 mm/s 

Laser power: 1-1.8 kW 

Peak temperature: 3125 K. 

3 kW Fiber 
laser 

The model of 

melting pool 
Microstructure 

Macro-structure 

[95] 
(2022) 

Inconel 625 

Wire diameter: 1.2 mm 
Deposition rates: 10m/min 

Nitrogen flow rate: 20 L/min 

Deposition layer thickness:1.0–1.1 mm 
Laser power: 2000 W 

Scanning rate: 45 mm/s 

Wire-feeding rate: 55 mm/s 
Focal length: 27 mm 

2 kW Fiber 
laser 

Corrosion resistance 

Microstructure 

EBSD 
XRD 

EPMA 

TEM 

[96] 
(2022) 

ER2319 

Wire diameter: 1.2 mm 
Focal length: 200 and 300 mm 

spot diameter: 0.3 mm 

Laser Power: 1900-2400 W 
Laser scanning speed: 1.2 m/min 

Wire scanning speed: 1.2 m/min 

3 kW Fiber 

laser 

Tensile 

Micro-hardness 

Macro structure 
Microstructure 

XRD 

EBSD 
Fracture morphology 

[97] 

(2022) 

 

1.6. Laser Arc Hybrid Wire Manufacturing (LAHWM) 

Laser Arc Hybrid Wire Manufacturing (LAHWM) is a combined process that integrates 

the principles of WAAM and Laser Additive Manufacturing (Figure 10). In this hybrid 

approach, the laser serves as the primary heat source to melt the wire feedstock, while the 

electric arc stabilizes the melt pool, leading to higher deposition rates, improved surface 

finish, and enhanced mechanical performance [98, 99]. 
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Figure 1-10. Schematic of LAHWM. Reproduced from ref. [99] with permission from Journal of Materials 

Processing Technology. 

LAHWM has been successfully utilized to produce high-performance components for 

aerospace, automotive, and biomedical applications [100-103]. This process can handle a 

wide range of materials, including aluminum, titanium, and stainless steel, while offering 

exceptional dimensional precision and surface quality. Despite these benefits, LAHWM 

remains an emerging technology with challenges such as optimizing process control, 

minimizing residual stresses, and developing suitable post-processing techniques to further 

refine mechanical properties [104-106]. Nonetheless, the hybrid process shows considerable 

potential for delivering high-quality components in a cost-efficient and productive manner. 

With continued research and technological advancement, LAHWM is expected to gain 

greater prominence across multiple industrial sectors [103]. A summary of the latest studies 

is provided in Table 3. 

Table 3. Summary of LAHWM research outcomes. 

Materials Input parameters 
Type of 

laser 
Tests 

Ref. 

(year) 

316L-Si 
Stainless 

steel 

Laser scanning speed: 35 mm/s 

Wire-feed speed: 6.7 m/min 

Wire diameter: 1.2 mm 
Focal length of optics: 250 mm 

Focal plane diameter: 3 mm 

Layer height: 0.8-1.2 mm 
Average current: 170 A 

Average voltage: 18.5 V 

Angle of arc torch to the workpiece: 90 ̊
Angle of laser to the workpiece: 30 ̊

3.5 kW Fiber 

laser 

EDX 

Macro-image 

Simulation 
RTI 

[107] 

2019 
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ER316 L 

Laser power: 2 kW 

Laser scanning speed: 0.3 1.2 m/min 

Wire-feed speed: 6 m/min 
Wire diameter: 1 mm 

Heat input: 175-289 J/mm 

Layer length: 160 mm 
Average current: 112 A 

Average voltage: 13.3 V 

Shielding gas flow rate: 25 L/min 
Angle of arc torch to the workpiece: 60 ̊

Angle of laser to the workpiece: 90 ̊

Laser-arc distance: 2 mm 

6 kW Fiber 
laser 

Surface accuracy 
Microstructure 

Tensile 

Macro-image 
RTI 

XRD 

EBSD 
Fractographies 

[108] 
2020 

ER4043 and 

6061 

Laser power: 200-400 W 

Scanning speed: 1000 mm/min 

Wire-feed speed: 250 mm/min 

Average current: 80-160 A 

Average voltage: 13.3 V 

Wire diameter: 1.2 mm 

Nd:YAG 

Micro-hardness 

Tensile 

Macrostructure 

Backscattered image 

XRD 

Tensile 

[109] 

2021 

ER316L 

Laser power: 500-2000 W 

Average current: 147 A 

Average voltage: 14.2 V 
Angle of arc torch to the workpiece: 55° 

Angle of laser to the workpiece: 90 ̊

Wire-feed speed: 0.6 m/min 
Heat input: 259-409 J/mm 

Focal plane diameter: 0.4 mm 

Wire diameter: 1 mm 

6 kW Fiber 
laser 

Tensile 
Surface accuracy 

Macro-structure 

EBSD 
Micro-hardness 

[110] 
2021 

Al-6Mg-

0.3Sc alloy 

Laser power: 750 W 

Focal plane diameter: 0.4 mm 
Angle of arc torch to the workpiece: 45° 

Angle of laser to the workpiece: 45° 

Oscillation frequency: 200 Hz 
Average current: 30 A 

Average voltage: 13.8 V 

wire diameter:1.2 mm 

10 kW Fiber 

laser 

Micro-hardness 
EBSD 

Tensile 

Microstructure 
Fractographies 

Macro-structure 

[111] 

2022 

 

Expanding the predictive framework for assessing various material and mechanical 

properties in multilayer WAAM remains a significant challenge. Although the WAAM 

process has been developed and refined over recent years, obtaining a comprehensive 

understanding of the mechanical behavior of additively manufactured components still 

requires extensive investigation [16]. An advanced predictive framework would enable real-

time estimation of microstructural features in printed components and facilitate direct 

comparisons among different WAAM techniques. To achieve this, process parameters could 

be dynamically adjusted in a closed-loop feedback system, aligning estimated and desired 

microstructural properties for optimized fabrication outcomes [67]. 

Future research could benefit from implementing in-situ monitoring systems that analyze 

the microstructure of multi-material WAAM deposits in real time. Closed-loop feedback 

from molten pool monitoring, both during and after solidification, would offer valuable 

insights into phase transformation mechanisms. Current literature on indirect process control 

assumes that modifying microstructural characteristics requires a deep understanding of 

molten pool geometry and temperature distribution, both of which are strongly influenced by 
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process variables. Moreover, conducting comprehensive mechanical and surface 

characterizations, including wear resistance, surface roughness, corrosion resistance, tensile 

strength, fatigue performance, and impact testing, can help correlate simulation results and 

experimental outcomes for process optimization [62]. Image and video analyses using high-

speed cameras also provide crucial data on metal melting behavior. Such visual data can be 

integrated into image-processing algorithms to improve WAAM process modeling and serve 

as a foundation for machine learning applications in process control [57]. 

The molten pool region, generated by the continuous melting of the wire, is one of the 

most critical zones in WAAM. Due to the high deposition rate and narrow HAZ typical of 

laser-assisted processes, various thermal and structural defects may arise during or after 

deposition [65]. Integrating thermal cameras and temperature sensors can record real-time 

heat generation data, allowing for optimized parameter control to significantly reduce these 

defects [22]. An emerging and highly promising direction is the application of WAAM for 

biomedical and tissue engineering purposes. Using fine-diameter wires, such as magnesium-

based alloys, enables precise fabrication of biodegradable structures with potential medical 

applications [52]. These components could serve as implants or structural reinforcements 

within the human or animal body, reducing the need for invasive replacements and 

minimizing associated healthcare costs [73]. Beyond biomedical uses, WAAM has potential 

applications in the electronics industry, where fine metallic wires can be selectively melted 

to form micro-scale conductive paths or weld delicate components, contributing to the 

miniaturization and enhancement of electronic devices [70]. The WAM represents a rapidly 

advancing technology poised to transform manufacturing practices across numerous 

industries. The three main WAM variants WAAM, WLAM, and WLAHM each offer distinct 

advantages and trade-offs. WAAM is recognized for its high deposition rate, low cost, and 

material flexibility. 

1.7. Applications and Benefits of WAAM Across Sectors 

The unique capabilities of WAAM have led to its adoption and exploration across a wide 

spectrum of industries. Its benefits are most pronounced in applications involving large, 

customized, or high-value components. 

1.7.1 Aerospace and Aviation 

The aerospace industry demands high-performance, lightweight components, often made 

from expensive materials like titanium and nickel-based superalloys. WAAM is used for: 
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• Manufacturing Large Structural Components: Fabricating large brackets, 

fuselage frames, and wing spars that would be difficult and wasteful to machine from 

a solid forging [46, 47]. 

• Repair and Refurbishment: One of the most economically compelling applications 

is repairing worn or damaged parts, such as turbine blades and engine casings. 

WAAM can be used to add material precisely to the damaged area, which is then 

machined back to specification, extending the component's life at a fraction of the 

replacement cost [1, 3]. 

Benefit: WAAM enables significant cost savings and reduced lead times for producing and 

maintaining large, complex aerospace parts, while also minimizing material waste. 

1.7.2 Automotive and Transportation 

In the automotive sector, WAAM is explored for: 

• Rapid Prototyping of Large Tools and Dies: Manufacturing large stamping dies 

and molds directly from CAD data, accelerating development cycles [30]. 

• Customized Components: Producing bespoke parts for luxury vehicles, racing cars, 

or heavy-duty machinery. 

Benefit: WAAM provides design flexibility and agile manufacturing for prototypes and low-

volume production runs, avoiding the high cost and long lead times of traditional tooling. 
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Chapter 2 

WAAM Investigation on AISI 308L Stainless Steel 

Wire Feed Rate 

2.1. Materials and Equipment 

In this study, AISI 308L stainless steel wire with a 1 mm diameter was utilized for the 

WAAM process. Its chemical composition is listed in Table 1. High-purity argon gas 

(99.9999%) served as the shielding medium to enhance arc stability and minimize the 

formation of defects such as porosity. Once the desired voltage and current were selected in 

the generator, the PC controller initiated the process using CAD-based programmed paths. 

Each deposition track measured 10 cm in length, built upon a 10 mm-thick low-alloy steel 

substrate. The substrate was securely clamped to prevent distortion induced by the high 

temperatures of the molten pool. Since the deposition mode was Cold Metal Transfer (CMT), 

the material was deposited in a semi-solid state, allowing for controlled cooling between 

layers. This resulted in crack- and waviness-free beads, though a minor surface roughness 

was still observed on the upper layers.  

Table 1. Chemical composition of AISI 308L wire (wt. %). 

Elements C Cu Ni Cr Si P Mo Mn Fe 

% 0.02 0.75 10.00 20.15 0.45 0.02 0.4 1.5 Bal. 

 

The key process parameters included wire feed rates (WFR) between 3.5–7.0 m/min, 

currents from 72–115 A, and voltages between 11.1–12.6 V. Table 2 summarizes the 

operating parameters and the corresponding bead geometries for the eight fabricated samples, 

characterized at 2× magnification using the MS/SFX Series instrument. 

Table 2. Process parameters and geometric characteristics of AISI 308L deposited beads. 

 
Voltage 

(V) 

Current 

(A) 

Power 

(W) 

WFR 

(m/min) 

Width 

(mm) 

#1 11.1 72 799 3.5 2.9 

#2 11.2 78 874 4.0 3.8 

#3 11.3 85 961 4.5 4.2 

#4 11.3 92 1040 5.0 5.1 

#5 11.4 99 1129 5.5 5.3 

#6 11.8 104 1227 6.0 5.6 

#7 12.2 110 1342 6.5 5.9 

#8 12.6 115 1449 7.0 6.2 

 

2.2. Microstructural Characterization 

Microstructural investigations were carried out using a Carl Zeiss Merlin SEM (Jena, 
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Germany) coupled with an Oxford Instruments INCA-350 EDX detector (Abingdon, UK). 

Additional surface and cross-sectional analyses were performed with an Olympus LEXT 

OLS3000 optical microscope (Tokyo, Japan). For optical microscopy, specimens were 

etched using Carpenter’s reagent (a mixture of ferric chloride, cupric chloride, alcohol, 

hydrochloric acid, and nitric acid) following ASM standards [112]. Prior to SEM 

examination, the cross-sections were etched in Nital for 10 s and rinsed immediately with 

distilled water. Backscattered electron imaging (BSE) was employed to identify 

microstructural phases and detect any process-induced defects. Figure 1(a) displays the 

optical micrographs, Figure 1(b) depicts the deposition direction and track arrangement, and 

Figure 1(c) outlines the bead geometry and oxide layer region used for oxidation analysis. 

 

Figure 2-1. (a) Optical micrograph of WAAM cross-section, (b) deposition path and orientation, (c) 

geometry of deposited beads. 

For Electron Backscatter Diffraction (EBSD), a TESCAN AMBER X microscope was 

used at a 70° tilt angle. Analyses covered regions spanning the substrate boundary through 

the deposited beads to examine grain morphology and phase transitions. Energy Dispersive 

X-ray (EDX) measurements were also obtained from various regions, substrate interface, 

mid-bead, and bead peaks, to evaluate elemental diffusion. ATEX software was used to 
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derive inverse pole figure (IPF) maps and grain size distributions. 

2.3. Microstructural Analysis 

Figure 3 compares SEM micrographs of samples #8 and #1, which correspond to the 

highest and lowest process parameter values, respectively. δ-ferrite (appearing white) is 

clearly visible in all regions. In Figures 2(a, d), corresponding to the right sides of the 

deposited beads, sample #8, with its smaller bead width (2.9 mm) and lower cooling rate, 

shows a greater fraction of austenite compared to sample #1, whose bead width exceeded 6 

mm. In the mid-sections (Figures 2b and 3e), chromium segregation within δ-ferrite was 

observed due to differential diffusion during solidification. The composition and cooling 

conditions largely govern the solidification mode and final phase distribution, determining 

the δ-ferrite morphology at room temperature. Figures 2(c, f) illustrate that the CMT thermal 

cycle strongly influences the diffusion-controlled δ→γ transformation. In austenitic stainless 

steels produced via AM, δ-ferrite nucleates at interdendritic boundaries during solidification. 

Owing to the lower diffusion rate in FCC austenite compared to BCC ferrite, steep elemental 

segregation gradients occur [113]. 

 

Figure 2-2. SEM micrographs of AISI 308L WAAM deposits for (a–c) sample #8 and (d–f) sample #1. a) the 

right side of the deposited bead sample #8, b) the Middle of the deposited bead sample #8, c) the Top of the 

bead’s peak of sample #8 (Voltage=12.6 V, Current=115 A, and feeder rate= 7 m/min), d) the right side of the 

deposited bead sample #1, be the middle of the deposited bead sample #1, and f) top of the bead’s peak of 

sample #1 (Voltage=11.1 V, Current=71 A, and feeder rate= 3.5 m/min). 

To further assess fusion quality, the dilution zone of sample #4 was examined (Figure 3). 

The EDS spectra in Zone 1 (Figures 3a–b) reveal high chromium concentrations, indicating 

ferrite-rich regions. In contrast, Zone 2 (Figures 3d–e) near the base metal interface showed 
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negligible chromium peaks, confirming dominance of the low-alloy steel substrate within 

this region. 

 

Figure 2-3. EDS elemental mapping of sample #4 (V=11.3 V, I=92 A, WFR=5 m/min). a) Large scale of the 

EDS target zones, b) Middle of the sample, c) Elements distribution diagram, d) boundary of the deposition 

and base metal e) Elements distribution diagram for the boundary of the deposition and base metal. 

The substrate exhibited a ferrite–pearlite microstructure. As shown in Figure 4(a–g), the 

HAZ directly below the fusion boundary displayed finer grains than the base metal. 

Columnar austenitic dendrites grew along the heat flow direction (Figure 4b–c), while the 

center of the fusion zone showed a transition microstructure. Regions farther from the fusion 

boundary possessed coarser grains, confirming the gradient in thermal exposure. 
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Figure 2-4. Microstructural evolution in the substrate and HAZ of AISI 308L WAAM layers. a) Defined the 

zones b) microstructure of AISI 308L on top of the boundary c) Massive distribution of δ ferrite d) The 

boundary between fabricated layer and substrate e) HAZ of the substrate f) HAZ and LAS boundary g) base 

metal microstructure. 

2.4. Surface Roughness 

A smooth deposition surface is essential in WAAM to prevent voids, gaps, or porosity 

between subsequent layers. The peaks of each bead, acting as nucleation points for the next 

track, were analyzed via laser profilometry, using Ra as the response parameter. Figure 5(a) 

presents the Ra values for all eight samples, while Figure 5(b) compares arc signal patterns 

of samples #1 and #8. The longer arc-on period in sample #8 enabled greater metal transfer 

per pulse, producing wider, more uniform beads. Figure 6 demonstrates that surface 

roughness inversely correlates with current, higher current (115 A) produced the lowest Ra 

(~20 µm) for AISI 308L. 
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Figure 2-5. (a) Surface roughness results; (b) arc signal comparison for samples #1 and #8. 

 

 
Figure 2-6. Roughness trends across fabricated WAAM samples. 

2.5. Microhardness 

Due to the non-uniform cooling paths and heat dissipation into both the substrate and 

ambient air, the grain morphology varied along the bead height. Near the fusion boundary, 

finer grains formed, while coarser grains were observed toward the bead top. EBSD analysis 

of sample #4 (Figure 7) confirmed deposition alignment along the <111> crystallographic 

direction. The grain size mapping revealed a gradual refinement from ~13–14 µm near the 

substrate to ~5–6 µm within the deposited bead. Due to Figure 8, microhardness peaked at 

the fusion center (290–310 HV) and decreased toward the bead edges (250–260 HV). This 
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defect-free bonding between substrate and deposited metal demonstrates the suitability of 

CMT-WAAM for repairing or reinforcing components. 

 

 
Figure 2-7. EBSD and grain size analysis of sample #4. a) EBSD selection area b) Fixed area of EBSD c) 

IPF image and pole figure from deposited bead and LAS substrate d) Map of the grain size by the V direction 

e) graph of the grain size from V direction. 

 
Figure 2-8. Microhardness distribution for samples #1, #4, and #8. 

2.6 Oxide Layer and Process Defects 

Oxidation of bead peaks is a critical factor in WAAM, as oxides can entrap within 

subsequent layers and compromise mechanical integrity. During deposition, oxide films 

from the substrate surface may detach and mix with the molten pool, eventually accumulating 
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near bead summits. Using the FIB technique, sample #5 was examined to characterize this 

oxidation layer (Figure 9). After trenching and platinum deposition, a 945 nm-thick oxide 

layer was observed (Figure 9-f). EDS results (Figure 9-g) indicated chromium enrichment, 

suggesting that corrosion resistance remained largely preserved post-solidification. 

 
Figure 2-9. FIB and EDS characterization of the oxide layer in sample #5. a) Schematic of the selected zone 

for FIB analysis b) surface processing selection by FIB c) FIB removal of the AISI 308L SS, d) platinum 

deposition e) selecting the area for analysis f) Oxid layer height and EDS selection g) EDS analysis from red 

zone in Figure d. 

Further FIB analysis of sample #1, fabricated at the lowest wire feed rate, revealed 

micropores (105–271 nm) localized at bead peaks (Figure 10). Elemental mapping confirmed 

these voids as non-material regions, i.e., true pores. Such porosity was exclusive to low-

parameter samples, reinforcing the importance of optimized current and feed rate to ensure 

defect-free WAAM deposits. 

 
Figure 2-10. FIB examination of pores on sample #1. a) Top view of the FIB analysis b) front view of the 

FIB area c) Selecting zone for Map analysis d) Map of the elements e) backscattered of the FIB area f) 

Selecting zone g) porosities dimensions. 
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Chapter 3 

WAAM Investigation on ER70S-6 Wire Feeder Rate 

3.1. Material Fabrication 

In this study, ER70S-6 low-alloy steel wire with a diameter of 1 mm was employed to 

fabricate WAAM specimens on a St 37 steel substrate. The system was computer-controlled, 

and sample geometries were generated using reference code programming (Figure 1-a). The 

chemical compositions of both the ER70S-6 wire and substrate are listed in Table 1. 

Table 1. Chemical composition of ER70S-6 wire and substrate plate (wt.%) 

Element Fe C Cu Mn Si P S Ni Cr V Nb Ti S 

Wire: 

ER70S-6 
Bal. 0.15 0.2 0.9 - 0.035 0.04 0.2 0.15 0.008 0.008 0.025 - 

Substrate: 

St37 steel 
Bal. 0.16 - 0.35 0.18 - - - -  - - 0.05 

 

Process parameters summarized in Table 2 included a wire feed rate of 4.5–6.5 m/min, 

a current of 125–167 A, and a voltage of 14.8–16.5 V. A total of five specimens were 

produced using the WAAM system (Figure 1-b) at a constant travel speed of 7 m/min. 

Each deposition track measured 100 mm in length. 

 
Figure 3-1. (a) WAAM setup used in this study; (b) single-bead WAAM samples. 

Table 2. Process parameters for Wire Arc Additive Manufacturing of St 52 low-alloy steel 

Sample 

Number 

Wire feeder 

(m/min) 

Current 

(A) 

Voltage 

(V) 

Robot Speed 

(m/min) 

Bead’s Width 

(mm) 

#1 4.5 125 14.8 7 5.25 

#2 5 135 15.1 7 5.97 

#3 5.5 145 15.4 7 6.33 

#4 6 155 15.7 7 6.89 

#5 6.5 159 16.0 7 7.32 
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3.2. Characterization Method 

Microstructural evaluation was conducted using a Carl Zeiss Merlin SEM (Jena, 

Germany) equipped with an Oxford Instruments INCA-350 EDX system (Abingdon, UK). 

Additionally, an Olympus LEXT OLS3000 confocal microscope (Tokyo, Japan) was used 

for optical observation. For optical microscopy, specimens were etched with 5% Nital (a 

solution of 5 vol% nitric acid in 95 vol% ethanol) in accordance with standard metallographic 

procedures. The etched cross-sections were immersed in the reagent for 10 s, then rinsed 

thoroughly with distilled water and acetone. SEM analyses employed secondary and 

backscattered electron imaging to reveal microstructural morphology. For Electron 

Backscatter Diffraction (EBSD), a TESCAN AMBER X system was used at a 70° tilt angle 

to examine grain orientation near the substrate-deposit interface. Energy Dispersive X-ray 

Spectroscopy (EDX) measurements were performed on the fusion boundary, intermediate 

zones, and bead peaks to assess elemental diffusion across these regions. Microhardness 

measurements were carried out using a DuraScan G5 universal tester (EMCO-TEST 

Prüfmaschinen GmbH, Austria) under a 200 g load applied for 15 s per indentation. 

Indentations were made at 500 µm intervals along the cross-section to evaluate hardness 

gradients across the substrate–deposit interface. 

3.3. Microstructure 

Figure 2 shows cross-sectional views of the ER70S-6 WAAM deposits, illustrating the 

overall morphology and the regions analyzed for microstructural evaluation. The examined 

zones included the fusion interface, bead boundary, and HAZ, which were also subjected to 

EBSD and microhardness analyses. During the CMT-WAAM process, the ER70S-6 wire 

melted and solidified on the low-alloy steel substrate. The cooling rate and heat transfer into 

the substrate and surroundings strongly influenced the resulting microstructure [114]. 
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Figure 3-2. Cross-sections of WAAM-fabricated ER70S-6 samples (#1–#5). 

As the molten ER70S-6 cooled, austenite transformed into ferrite and pearlite, while 

slower cooling promoted the formation of Widmanstätten ferrite (Figure 3-b), a plate-like 

structure that develops along specific austenite planes [115]. Carbide precipitation occurred 

during cooling, particularly at grain boundaries or within ferrite matrices [116], enhancing 

hardness and wear resistance (Figure 3-c). The dilution zone between the deposited metal 

and the substrate is critical, as it governs metallurgical bonding and elemental redistribution. 

The high temperature gradient during cooling promotes Widmanstätten ferrite nucleation, 

which may grow into the substrate because of the compositional differences between ER70S-

6 and St 37 steels [117, 118]. This microstructure affects mechanical performance: although 

Widmanstätten ferrite increases strength and hardness, its coarse plate morphology can act 

as a crack initiation site, reducing toughness and ductility [119, 120]. The cooling rate also 

affects grain size and phase morphology. Faster cooling produces finer ferrite and pearlite 

grains, improving mechanical strength via the Hall–Petch effect [121, 122]. Conversely, slow 

cooling favors coarser structures and non-uniform phase distribution. 



 
 

47 
 

 
Figure 3-3. Interface between deposited ER70S-6 and St 37 substrate (WFR = 5.5 m/min; I = 145 A; V = 

15.4 V; travel speed = 7 m/min): (a) 500× macro view; (b) Widmanstätten ferrite plates; (c) carbide 

aggregates; (d–f) edge and schematic of ferrite formation. 

Figure 4 presents the microstructure of sample #2, showing penetration of the molten 

zone into the substrate and microstructural variations across the bead height. The substrate 

exhibited a concave profile post-deposition (Figure 4-a). Finer microstructures were 

observed at the bottom and edges of the bead (Figures 4-b,c) due to faster heat dissipation, 

whereas coarser grains formed at the top (Figures 4-d–f) because of slower cooling [123, 

124]. While higher heat input can refine grains and enhance hardness, excessive thermal 

energy may cause grain coarsening or phase transformations detrimental to mechanical 

properties [125, 126]. 
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Figure 3-4. Microstructure of sample #2: (a) macrostructure; (b,c) dilution zone; (d–f) upper bead regions. 

 

At the bead peaks (Figure 5-a), significant Widmanstätten ferrite (~20 %) was detected 

(Figure 5-b), attributed to slower cooling at the top surface [127, 128]. This phase improves 

strength and interlayer bonding for subsequent depositions [129]. Wire feed rate notably 

influences bead geometry and HAZ width. At 4.5 m/min, the bead width was 5.25 mm with 

a smaller HAZ and coarser microstructure. Increasing the rate to 6.5 m/min expanded the 

bead width to 7.32 mm and produced finer columnar dendrites, yielding microhardness 

values near 300 ± 15 HV [115]. The angle of Widmanstätten ferrite plates also varied from 

~75° at 4.5 m/min to ~63° at 6.5 m/min, indicating faster solidification in narrower beads 

[34, 36, 39]. XRD patterns (Figure 5-d) revealed ferrite (α-Fe) peaks at ~44.5°, 65°, and 82° 

(BCC, ICDD 00-006-0696) for sample D-5-4, while sample #2 showed additional austenite 

(γ-Fe, FCC, ~50°, ICDD 00-033-0397) peaks, signifying retained austenite caused by slower 

cooling. Sample #4 displayed broader peaks from overlapping α-Fe/γ-Fe phases, suggesting 

Widmanstätten ferrite formation [130, 131]. These findings confirm that heat input and 

cooling rate strongly dictate phase composition and stability in WAAM-processed steels 

[132, 133]. 
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Figure 3-5. Peak microstructure of sample #2: (a) top-right region; (b) Widmanstätten ferrite; (c) cooling 

schematic; (d) XRD patterns of samples #1, #2, and #4. 

 

 

3.4. Microstructure Influence on Microhardness 

Figure 6 displays the Vickers microhardness profiles of samples #1–#5, highlighting 

hardness variations across the substrate, HAZ, and deposited region. Indentations (200 g 

load, 15 s dwell, 500 µm spacing) revealed that hardness increased from the substrate upward 

into the HAZ and deposited layer. Figures 7(a–c) show that the upper HAZ contained finer 

grains, consistent with the elevated hardness in this region. A higher wire feed rate (6.5 

m/min) deposited more material per pass, creating a broader 8.5 mm melted zone and an 

expanded 7.4 mm HAZ, compared to 4.5 m/min in sample #1. Wetting angles decreased 

from 94° (sample #1) to 65° (sample #4), producing smoother bead transitions and more 

uniform cooling. This refined microstructure within the dilution region significantly 

enhanced hardness and structural stability [134, 135]. 
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Figure 3-6. Vickers microhardness profiles for WAAM samples #1–#5. 

 

 
Figure 3-7. (a) HAZ analysis area; (b) microstructure near HAZ; (c) 3 k× magnified view showing fine 

grains. 

EBSD analysis of sample #5 (Figure 8-a) fabricated at 6.5 m/min, 159 A, and 16 V, 

confirmed grain refinement within the dilution zone. The average grain size decreased from 

8.6–11.6 µm to 3–5.6 µm, representing up to 210 % refinement near the substrate interface. 

Grain coarsening toward the surface (Figure 8-b) reflects reduced thermal gradients at the 

upper regions. Microhardness results from zones P1 and P2 (Figure 8-c) showed similar 

hardness to the substrate in localized areas, implying partial substrate entrapment within the 

fusion boundary during deposition. Dislocation mapping (Figure 8-d) and interface 

morphology (Figure 8-e) indicate strong substrate–deposit interactions, especially in high-

deposition-rate conditions. At the P1/P2 interface (Figure 9-a), limited plastic deformation 

was observed, consistent with cold-substrate bonding and Widmanstätten ferrite formation 

at the interface. EDS results revealed Mn content of 1.86 % near the substrate and 1.43 % at 

the interface, confirming elemental redistribution between ER70S-6 and the base steel during 

solidification. 
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Figure 3-8. (a) EBSD grain map of sample #5 (V direction); (b–c) grain distribution; (d) dislocation density 

map; (e) substrate–deposit interface. 
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Figure 3-9. (a) EDS of P1; (b) EDS 50 µm below joint; (c) elemental maps of bead/substrate boundary. 

3.5. Interface EBSD Analysis 

Figure 10 presents the EBSD inverse pole figure (IPF) map for sample #5, illustrating 

grain orientation at the substrate–deposit boundary. Rapid surface cooling led to columnar 

grain alignment along the Z-axis. When the molten ER70S-6 contacted the substrate, partial 

melting and intermixing occurred, producing a hybrid zone of ER70S-6 + St 37. Upon air 

cooling, ferrite phases developed along the Y-direction, enhancing the mechanical stability 

of the first deposited layer. EBSD–EDS correlation also showed an increase in Mn 

concentration at the dilution interface, which likely improves hardenability. Microhardness 

tests confirmed that the high-temperature exposure transformed ST37 austenite into ferrite 

upon cooling, consistent with TTT diagram predictions. 
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Figure 3-10. EBSD inverse pole figure map of WAAM-fabricated ER70S-6 sample #5. 
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Chapter 4 

Numerical Modeling of WAAM Fabrication of 

AISI 308L Stainless Steel 

4.1. Deposition Strategy 

In this study, nine single-string, single-layer AISI 308L stainless-steel beads were deposited 

onto ST37 steel substrates under varying process conditions. The feedstock material was 

supplied in wire form with a diameter of 1.2 mm. The experimental parameters were defined 

based on a Design of Experiments (DOE) approach using a full factorial plan (2³) that 

incorporated two main factors: deposition speed and arc power. The arc power (P) was 

calculated as the product of the current (I) and voltage (U), as described by Equation (1): 

 

𝑃 = 𝑈 × 𝐼 (1) 

 

Each input factor was examined at three levels, as detailed in Table 1. Consequently, the 

full factorial plan yielded nine experimental runs, each characterized by a unique 

combination of deposition speed and arc power (Table 2). The selected process parameter 

ranges were determined from preliminary trials and aligned with the equipment 

manufacturer’s recommendations to ensure process stability, minimize bead discontinuities, 

and avoid excessive spatter formation. To ensure experimental repeatability, each deposition 

condition was replicated three times. Other parameters remained constant throughout all 

trials, specifically, a wire feed rate of 7 m/min was maintained. 

Table 1. Full factorial design of experiments (DOE) for the WAAM process. 
Levels 

factors -1 0 1 

Deposition speed vr [mm/s] 5 7 9 

Arc power P [W] 875 1230 1700 

 
Table 2. WAAM processing parameters used in the study. 

 Specimen 

 1 2 3 4 5 6 7 8 9 

Deposition speed vr [mm/s] 5 5 5 7 7 7 9 9 9 

Arc power P [W] 875 1230 1700 875 1230 1700 875 1230 1700 

 

The deposition process was carried out using a Cold Metal Transfer (CMT) system 

(Fronius, Austria) integrated with a collaborative robot arm (Omron, Japan). A shielding gas 

mixture containing 92% argon and 8% carbon dioxide was supplied at a flow rate of 19 L/min 

to protect the molten pool from atmospheric contamination. The complete WAAM setup 
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included a workbench, cobot arm, CMT power source, wire feeder, ventilation system, argon 

gas supply, and control unit. Each bead was designed to have a length of 120 mm and was 

deposited in the same direction to maintain consistency. To prevent heat accumulation 

between successive depositions, each new bead was deposited only after the previous one 

had cooled to room temperature. 

4.2. Specimen Examination 

Following deposition and natural cooling, the fabricated beads were sectioned at their mid-

length for analysis (Figure 1). The cross-sections were mechanically polished using 100, 600, 

1200, and 2500 grit abrasive papers to remove surface irregularities and eliminate cutting-

induced defects before macrographic observation. The polished specimens were examined 

using a Zeiss AXIO Imager M1m optical microscope at 3× and 4× magnifications, depending 

on sample size. High-resolution micrographs of the transverse cross-sections were captured 

and subsequently processed using ImageJ software to quantify the geometrical features of 

the deposited layers, specifically, height, width, and wetting angle. The measured 

geometrical parameters are schematically represented in Figure 2, and the applied evaluation 

methodology followed the procedures described in references [28, 29]. 

 

 
Figure 4-1. Deposited WAAM beads after transverse cutting. 

 

 
Figure 4-2. Schematic representation of geometrical measurements (height, width, and wetting angle). 

The deposition process was further analyzed using thermography. Thermal monitoring was 
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performed with a Flir T1020 bolometric thermal camera, equipped with an IR lens offering a 28° 

field of view and a 36 mm focal length. The camera specifications include a 1024 × 768 resolution, 

low noise, and a frame rate of 30 Hz, with the minimum detectable temperature difference of 20 mK. 

Each deposition process was thermally observed at three predefined measurement points, as 

illustrated in Figure 3, maintaining a 70 cm distance between the camera and the specimen surface. 

 
Figure 4-3. Position of measurement points for thermal investigation. 

4.3. Statistical Analysis 

As previously noted, the methodology of this study was structured following a Design of 

Experiments (DOE) framework, applying a 2³ full factorial design with two factors, each 

examined at three levels, and three repetitions per experimental run. Initially, the 

reproducibility of the experiments was verified by evaluating the variance among specimens 

produced under identical process conditions, resulting in a repeatability coefficient of 95%. 

Upon confirmation of reproducibility, the mean value of the three replicates was used as the 

representative result. This systematic design allowed for the statistical evaluation of the 

influence of input parameters ,namely arc power and deposition speed ,on the output 

responses, including bead width, height, wetting angle, and aspect ratio. The Response 

Surface Methodology (RSM) was employed to interpret the data, while Analysis of Variance 

(ANOVA) was conducted to determine the statistical significance of the observed effects. 

The significance threshold (p-value) was set to 0.05. 

4.4. Numerical Model 

To complement the experimental investigation, numerical simulations were performed using 

a custom-developed model that integrated macro- and mesoscale approaches within a phase-

field modeling framework. The 3D numerical model simulated heat and mass transfer during 

the WAAM process, capturing the resulting thermal history, distortions, and residual stresses 

of the deposited beads under various process parameters. All simulations were implemented 

in COMSOL Multiphysics, where the computational analyses were conducted. Figure 4 

presents a schematic illustration of the computational domains utilized in the proposed 

model. 
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Figure 4-4. Schematic representation of the computational domains. 

4.5. Constitutive Equations 

Since the principal objective of the developed numerical model was to analyze the melt pool 

dynamics, the focus was placed on the molten state of the deposited metal, which was modeled as an 

incompressible Newtonian fluid. Accordingly, the Computational Fluid Dynamics (CFD) model was 

governed by the fundamental conservation equations of mass, momentum, and energy, as defined in 

Equations (2)–(5) [30, 31]: 

𝜌
𝜕𝐮

𝜕𝑡
+ 𝜌(𝐮. ∇)𝐮 = ∇. [−𝑝𝐈 + 𝐊] (2) 

𝜕𝜌

𝜕𝑡
+ ∇ . (𝜌𝐮) = 0 (3) 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝐮 . ∇𝑇 + ∇𝐪 = 𝑄 (4) 

 𝐪 = −𝑘∇𝑇 (5) 
where: 

• 𝜌 , density of the fluid, 

• 𝑢 , velocity vector, 

• 𝑡 , time, 

• 𝑝 , pressure, 

• 𝐼 , identity matrix, 

• 𝑇 , temperature, 

• 𝐶𝑝 , specific heat capacity, 

• 𝑞 , heat flux, 

• 𝑄 , heat source term, 

• 𝑘 , thermal conductivity. 

These equations describe the momentum balance under the influence of pressure and 

viscous forces, the continuity of mass, and the transport of thermal energy within the molten 

pool during the WAAM process. 
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4.6. Phase-Field Equations 

The interaction between the molten metal and the solid substrate was modeled through a 

fluid–structure interaction (FSI) framework (Eq. 6), while the surrounding air region and the 

melt–air interface were treated using phase-field modeling coupled with a two-phase flow 

approach (Eqs. 7–13): 

𝑭𝐴 = [−𝑝𝑰 + 𝑲]. 𝒏 (6) 
∇𝐺𝐼 ∙ ∇𝐺𝐼 + 𝜎𝑤𝐺𝐼∇ ∙ ∇𝐺𝐼 = (1 + 2𝜎𝑤)𝐺𝐼 (7) 

𝐹𝑠𝑡 = (
𝜆

𝜖𝑝𝑓
2 ѱ −

𝜕𝑓

𝜕∅
) ∇∅ (8) 

𝜌 = 𝜌1𝑣𝑓.1 + 𝜌2𝑣𝑓.2 (9) 
µ = µ1𝑣𝑓.1 + µ2𝑣𝑓.2  (10) 

𝑣𝑓.1 =
1 − ∅

2
 (11) 

𝑣𝑓.2 =
1 + ∅

2
 (12) 

𝑣𝑓.1 + 𝑣𝑓.2 = 1 (13)

where: 

• 𝐹𝐴 , body force acting on the fluid, 

• 𝑛 , unit normal vector at the interface boundary, 

• 𝐺𝐼 , reciprocal initial interface distance, 

• 𝜎𝑤 , surface tension coefficient, 

• 𝜆 , coupling coefficient, 

• 𝜖𝑝𝑓 , interface thickness control parameter, 

• 𝜓 , auxiliary phase-field variable, 

• 𝜙 , phase-field order parameter, 

• 𝐹𝑠𝑡 , surface tension force, 

• 𝜌1, 𝜌2 , densities of the first and second fluid phases, respectively, 

• 𝜇1, 𝜇2 , dynamic viscosities of the two fluids, 

• 𝑣𝑓1, 𝑣𝑓2 , volume fractions of the first and second fluids. 

The phase-field method effectively captures the evolution of the fluid–gas interface, 

accounting for surface tension effects, interface curvature, and multiphase flow dynamics 

during deposition. This approach allows a smooth transition between the molten metal and 

surrounding gas, providing a robust description of interface motion, droplet coalescence, and 

melt pool surface deformation in the WAAM process. 

The free surface of the molten pool was influenced by both gravitational and buoyancy 

forces, with the latter modeled using the Boussinesq approximation. Additionally, the 
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Marangoni effect and arc pressure were incorporated as key driving forces acting on the 

molten metal. The resulting body force from the arc pressure was expressed as follows (Eq. 

14): 

 

𝐅𝐚 = 𝑝𝑎∇𝐹
𝐹𝜌 + (1 − 𝐹)𝜌𝑔𝑎𝑠

0.5(𝜌 + 𝜌𝑔𝑎𝑠)
 (14) 

where 𝐹𝑎denotes the body force originating from the arc pressure 𝑝𝑎. 

 

4.7. Thermal Modelling 

To accurately represent the heat input from the arc, the model employed a boundary heat 

source, formulated in Eq. (15). The heat transfer between the deposited beads and the base 

plate was accounted for through thermal fluxes at the upper surface of the substrate. 

Furthermore, heat losses to the surrounding environment were modeled via radiation and 

natural/forced convection from all exposed surfaces, as described in Eqs. (16), (17): 

𝑄 = 𝜂𝑈𝐼 −
4𝜋

3
𝑅𝑎

3𝐪𝐦 (15) 

−𝑘
𝜕𝑇

𝜕𝐧
= ℎ𝑠(𝑇 − 𝑇𝑎𝑚𝑏) (16) 

ℎ𝑠 = ℎ𝑐 + 𝜀𝑘𝑏

(𝑇4 − 𝑇𝑎𝑚𝑏
4 )

(𝑇 − 𝑇𝑎𝑚𝑏)
 (17) 

where 𝜂is the heat source efficiency, 𝑈the voltage, 𝐼the current, 𝑅𝑎the effective arc 

radius, and 𝑞𝑚the heat of the deposited material. The term 𝑛represents the normal vector to 

the surface, ℎ𝑠the overall heat transfer coefficient, ℎ𝑐the convective heat transfer coefficient, 

𝜀the emissivity coefficient, and 𝑇𝑎𝑚𝑏the ambient temperature. 

4.8. Phase Change Interface 

Temperature variations during the process led to phase transformations, modeled through the 

latent heat of fusion, as defined in Eq. (18). The corresponding thermophysical properties 

within the mushy zone were calculated using Eqs. (19)–(22): 

ℎ = ∫ 𝐶𝑝𝑑𝑇 + 𝑙𝑓 (18) 

𝜌 = 𝜌𝑠𝜃𝑠 + 𝜌𝑙𝜃𝑙  (19) 

𝐶𝑝 =
1

𝜌
(𝐶𝑝𝑠𝜌𝑠𝜃𝑠 + 𝐶𝑝𝑙𝜌𝑠𝜃𝑠) + 𝑙𝑓

𝜕𝑎𝑚

𝜕𝑇
 (20) 

𝑘 = 𝑘𝑠𝜃𝑠 + 𝑘𝑙𝜃𝑙 (21) 

𝑎𝑚 =
1

2

𝜌𝑙𝜃𝑙 − 𝜌𝑠𝜃𝑠

𝜌𝑠𝜃𝑠 + 𝜌𝑙𝜃𝑙
 (22) 

where ℎis the enthalpy, 𝑙𝑓the latent heat of fusion, and 𝐶𝑝the specific heat capacity. 

The parameters 𝜌𝑠 , 𝐶𝑝𝑠, 𝑘𝑠represent the density, heat capacity, and thermal conductivity of 
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the solid phase, while 𝜌𝑙, 𝐶𝑝𝑙, 𝑘𝑙correspond to those of the liquid phase. 

The variables 𝜃𝑠and 𝜃𝑙denote the solid and liquid phase fractions, respectively, and 

𝑎𝑚represents the mass fraction of the mushy region. The mushy zone was modeled as a 

porous medium, incorporating the Carman–Kozeny equation. Considering the typical 

temperature range achieved during the WAAM process, evaporation effects were neglected 

in the present model. 

4.9. Solid Mechanics Model 

The solidified material was represented as an elastoplastic medium, characterized by the 

von Mises yield criterion and the Johnson–Cook constitutive model, as formulated in Eqs. 

(23)–(27): 

𝜌
𝜕2𝒖

𝜕2𝑡
= ∇ .  S + 𝐅v  ( 23) 

S = S𝑖𝑛𝑒𝑙 + S𝑒𝑙  (24) 

𝜖 =
1

2
[(∇𝐮)𝑇 + ∇𝐮] (25) 

                           𝜎𝑦𝑠

= (𝜎𝑦𝑠0 + 𝑘(𝜀𝑝𝑒)
𝑛

)(1 + 𝐶 log(
𝜀𝑝̇𝑒

𝜀0̇
))(1 − 𝑇ℎ

𝑚)                                                        (26) 

𝑇ℎ =
𝑇 − 𝑇𝑟𝑒𝑓

𝑇𝑚 − 𝑇𝑟𝑒𝑓
 (27) 

where 𝐹𝑣is the deformation gradient, and 𝑆is the second Piola–Kirchhoff stress tensor, 

composed of elastic (𝑆𝑒𝑙) and inelastic (𝑆𝑖𝑛𝑒𝑙) components. The yield stress 𝜎𝑦𝑠depends on 

the initial yield stress 𝜎𝑦𝑠0, strength coefficient 𝑘, effective plastic strain 𝜀𝑝𝑒, hardening 

exponent 𝑛, and strain-rate sensitivity coefficient 𝐶. Here, 𝜀𝑝̇𝑒represents the equivalent 

plastic strain rate, 𝜀0̇the reference strain rate, 𝑚the thermal softening exponent, 𝑇𝑟𝑒𝑓the 

reference temperature, and 𝑇𝑚the melting temperature. 

4.10. Coupling Phenomena 

The developed numerical model was fully coupled, ensuring the interaction between all 

physical fields involved in the WAAM process. Specifically, the Marangoni flow represented 

the coupling mechanism between heat transfer and laminar flow, while thermal expansion 

served as the link between structural mechanics and heat transfer. The fluid–structure 

interaction (FSI) node established the connection between fluid flow and structural 

dynamics, whereas the two-phase flow module provided the coupling between the phase-

field and laminar flow models. 
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4.11. Boundary Conditions 

The boundary conditions were defined to closely replicate the experimental conditions 

observed during the deposition process. A schematic representation of the computational 

domains and the corresponding physical phenomena is presented in Figure 4. To simulate 

the mechanical clamping of the base plate, the bottom surface of the solid domain was 

assigned a zero-displacement constraint. The initial temperature was assumed to be uniform 

across all domains, set at 20 °C. All exposed surfaces of the substrate, except the bottom 

face, were subjected to heat flux boundary conditions, accounting for natural and forced 

convection as well as radiative heat losses, as described in Section 3.3 of this study. The 

complete list of boundary conditions for the solid domain is summarized in Table 3. 

Table 3. Boundary conditions in the solid domain 
 Temperature Displacement 

MNOP 𝑖𝑛 𝑡 = 0𝑠 𝑇 = 293.15 𝐾 𝒖 = 0 𝑚𝑚 

IMNJ, 

NJOK, 

KLPO, 

IMPO 

𝑖𝑛 𝑡 = 0𝑠 𝑇 = 293.15𝐾  

𝑞𝑙𝑜𝑠𝑠 = −ℎ𝑐𝑜𝑛𝑣(𝑇 − 𝑇𝑟𝑒𝑓) − 𝜀𝜎(𝑇4 − 𝑇𝑟𝑒𝑓
4 ) (27)  

The wire domain was treated as a phase-change medium, where the melting temperature 

defined the transition threshold between solid and liquid phases. The lower boundary of the 

wire domain was continuously exposed to the heat source, as detailed in Section 3.3. The 

flow of molten metal was modeled as laminar, moving with a constant velocity equivalent to 

the wire feed rate. Accordingly, the entire wire domain was assigned a prescribed velocity 

boundary condition, reproducing the translational motion of the wire over the substrate at a 

constant deposition speed. The boundary conditions for the wire domain are summarized in 

Table 4. 

Table 4. Boundary conditions in the wire domain 
 Flow 

properties 

temperature velocity phase 

AB inlet 𝑖𝑛 𝑡 = 0𝑠 𝑇 = 293.15𝐾 𝑖𝑛 𝑡 = 0𝑠 𝑣 = 0 𝑚𝑚/𝑠  𝜃𝑠 = 1, 𝜃𝑙 = 0 

CD outlet 𝑖𝑓 𝑡 = 0𝑠 𝑇 = 293.15 𝐾 𝑣 = 𝑤𝑖𝑟𝑒 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒

= 7 𝑚/𝑚𝑖𝑛 

𝜃𝑠 = 0, 𝜃𝑙 = 1 

𝑖𝑓 𝑡 > 0𝑠 𝐸𝑞. (14) 

ABCD laminate 𝑖𝑓 𝑡 = 0𝑠 𝑇 = 293.15 𝐾 𝑣 = 𝑤𝑖𝑟𝑒 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒

= 7 𝑚/𝑚𝑖𝑛 

𝑇 > 1683.15 𝐾  

𝜃𝑠 = 0, 𝜃𝑙 = 1 

𝑖𝑓 𝑡 > 0𝑠 𝑄 − 𝑞𝑙𝑜𝑠𝑠 𝑇 < 1663.15 𝐾  

𝜃𝑠 = 0, 𝜃𝑙 = 1 

𝜃𝑠 + 𝜃𝑙 = 1 

As the molten metal traveled through the air gap, the model accounted for gravitational, 

arc pressure, and buoyancy forces. Upon contact with the solid substrate, the Marangoni 

effect was activated to simulate surface-tension-driven flow. The boundary conditions 
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applied to the air gap domain are summarized in Table 5. 

Table 5. Boundary conditions in the air gap domain 
 phase temperature pressure and surface tension 

EFGHIJKL 𝑡 = 0𝑠 𝑣𝑎𝑖𝑟 = 1, 𝑣𝑚𝑒𝑡𝑎𝑙

= 0 

𝑖𝑓 𝑡 = 0𝑠 𝑇 = 293.15 𝐾 
−𝑃 + 2𝜇

𝜕𝑣𝑛

𝜕𝑛
= −𝑃𝑎𝑟𝑐 +

𝛾

𝑅
 

𝑡 > 0𝑠 𝑣𝑎𝑖𝑟 + 𝑣𝑚𝑒𝑡𝑎𝑙 = 1  𝑖𝑓 𝑡 > 0𝑠 𝑄 − 𝑞𝑙𝑜𝑠𝑠  

EFGH 𝑣𝑎𝑖𝑟 + 𝑣𝑚𝑒𝑡𝑎𝑙 = 1 𝑖𝑓 𝑡 > 0𝑠 𝑄 − 𝑞𝑙𝑜𝑠𝑠 𝑃 = 𝑃𝑎𝑡𝑚 + 𝑃𝑎𝑟𝑐 

𝑃𝑠𝑡 = 𝛾𝑘 

IJKL 𝑣𝑎𝑖𝑟 + 𝑣𝑚𝑒𝑡𝑎𝑙 = 1 𝑖𝑓 𝑡 > 0𝑠 𝑄 − 𝑞𝑙𝑜𝑠𝑠 
−𝜇

𝜕𝑣𝑡

𝜕𝑛
=

𝜕𝛾

𝜕𝑇

𝜕𝑇

𝜕𝑆
 

 

4.12. Meshing Strategy 

The numerical simulations were performed using COMSOL Multiphysics, which 

employs physics-controlled meshing to automatically determine optimal mesh densities and 

solver sequences for each physics interface. The meshing strategy varied depending on the 

nature of each computational domain. The solid domain (representing the base plate) was 

discretized using hexahedral mesh elements with a “normal” mesh size, as illustrated in 

Figure 5-a. The single-phase fluid domain (representing the molten wire) was assigned a 

“finer” mesh size (Figure 5-b) to better capture the rapid thermal and flow dynamics 

occurring within this region, thereby improving numerical stability and solution 

convergence. In contrast, the multiphase fluid domain, corresponding to the molten filler 

metal traveling through the air gap, required a more sophisticated computational approach 

(Figure 5-c). To enable the free movement of molten material between the wire and the 

substrate, the Arbitrary Lagrangian–Eulerian (ALE) formulation was applied, allowing mesh 

deformation within the phase-field domain. This region was thus modeled as a deforming 

mesh, with mesh motion governed by the Yeoh mesh-smoothing algorithm [32]. Despite this 

flexibility, the initial mesh in this domain remained significantly finer than that employed 

for the solid region. 

 
Figure 4-5. Mesh representation in (a) solid domain, (b) liquid domain, and (c) air gap domain. 
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Additionally, the mesh was refined along all interfacial boundaries between 

computational domains. This refinement was automatically handled by the software based 

on the local physical interactions. The refinement zone shown in Figure 5-a corresponds to 

the interface between the solid base plate and the liquid domain (fluid 1), where the molten 

filler material first makes contact during deposition. 

4.13. Geometry of Transverse Sections 

As shown in Figure 1, the deposition process produced relatively uniform and continuous 

beads across all investigated process conditions. Minor irregularities were primarily 

observed at the lateral edges of the beads, where the material exhibited narrow transitional 

zones followed by broader, lower-height endings. In contrast, the central regions of the beads 

appeared smooth, consistent, and without noticeable geometrical deviations. Table 6 presents 

the experimentally measured geometrical features ,including bead height, width, and wetting 

angle ,for the central transverse sections of AISI 308L specimens deposited under varying 

processing parameters. The aspect ratio (defined as the width-to-height ratio) was also 

calculated to evaluate bead morphology and deposition precision. The geometrical profiles 

of the transverse sections obtained at different travel speeds and arc powers are illustrated in 

Figure 6. 

 

 

Table 6. Experimentally measured width, height, and wetting angle of beads deposited under different 

processing conditions 
 Bead 

 1 2 3 4 5 6 7 8 9 

Width [mm] 2.05 4.03 5.88 2.93 4.06 6.48 2.72 2.64 5.22 

Height [mm] 2.65 3.11 3.46 2.11 2.01 3.41 2.12 3.41 2.54 

Wetting angle [°] 94.9 91.4 76.8 92.9 84.7 69.1 88.4 100.9 60.8 

Aspect ratio [-] 0.77 1.30 1.70 1.39 2.02 1.90 1.28 0.77 2.06 
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Figure 4-6. Transverse sections of deposited beads produced with various travel speeds and arc powers. 

The transverse profiles of the beads exhibited semi-cylindrical geometries, typical of the 

WAAM process. However, significant variations were observed in bead height, width, 

wetting angle, and aspect ratio, indicating a strong dependency of bead geometry and 

deposition accuracy on the process parameters. As depicted in Figure 6, wetting angles below 

95° ,generally regarded as desirable due to improved spreading and layer adhesion ,were 

achieved when using an arc power of 1700 W. The influence of process parameters on bead 

geometry (height, width, wetting angle, and aspect ratio) is further analyzed in Section 4.2. 

Previous studies indicate that wetting angles between 55° and 95° yield the most 

geometrically stable and dimensionally accurate deposits, combining high surface quality 

and effective layer formation [33–35]. 

• Lower wetting angles (<55°) indicate excessive spreading, resulting in insufficient 

layer buildup and reduced dimensional precision. 
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• Higher wetting angles (>95°) are unfavorable, as they limit the spreading of molten 

material and reduce bonding quality with either the substrate or the previously 

deposited layers. 

Although Cold Metal Transfer (CMT) technology ,owing to its controlled heat input ,can 

significantly reduce dilution, it cannot fully eliminate it. In multi-material WAAM, dilution 

is often considered a defect, yet a moderate level of dilution may actually reduce surface 

tension differences at the substrate–deposit interface, enhancing wettability and reducing the 

wetting angle. Moreover, in multilayer components, proper dilution ensures strong interlayer 

bonding, which is essential for maintaining the mechanical integrity and dimensional 

stability of the build. Inadequate interlayer fusion can, conversely, result in poor adhesion 

and potential structural collapse [36, 37]. 

Considering these factors, the CMT process with a higher arc power (1700 W) 

demonstrated the most favorable bead geometry. The increased power produced higher arc 

and molten pool temperatures, leading to improved dilution, enhanced metal fluidity, and 

controlled solidification rates. These conditions collectively promoted better spreading 

behavior and reduced surface tension, thereby improving the overall bead morphology [38]. 

The aspect ratio (width-to-height ratio) is another key geometric parameter that reflects bead 

stability and surface uniformity. According to the literature, an optimal aspect ratio between 

2 and 3 ensures consistent mechanical performance, minimizes defects, and enhances 

dimensional accuracy of the deposited parts [39]. 

• Low aspect ratios can result in poor continuity, increased surface roughness, and 

reduced mechanical strength [40, 41]. 

• Excessively high aspect ratios, conversely, indicate over-spreading, leading to weak 

layer definition and increased post-processing requirements [38, 40]. 

As presented in Table 6, the optimal aspect ratios were achieved for beads 5 and 9, both 

produced under higher deposition speeds and elevated arc powers. Increasing the arc power 

enhanced the temperature and flowability of the molten filler metal, while higher deposition 

speeds influenced the flow dynamics, particularly the velocity and direction of molten metal 

spreading across the substrate before solidification [42]. 
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4.14. Statistical Analysis 

The statistical analysis confirmed that arc power had a significant effect on the width and 

wetting angle of the deposited beads, whereas height and aspect ratio were not notably 

influenced by either of the investigated parameters. These findings are illustrated in the 

Pareto charts shown in Figure 7. The Response Surface Methodology (RSM) identified arc 

power as the only statistically significant factor affecting bead width and wetting angle, with 

corresponding p-values of 0.004 and 0.04, respectively. In contrast, the deposition speed 

showed no statistically significant effect on any of the measured geometric parameters. This 

lack of correlation could be attributed to the complex fluid dynamics of molten metal flow, 

which may not be adequately captured by the second-order polynomial model employed in 

RSM. 

 
Figure 4-7. Pareto charts representing the significance of the investigated process parameters on (a) bead 

width, (b) bead height, (c) wetting angle, and (d) aspect ratio. 

Consistent with previous studies [136, 137], the height of WAAM-deposited beads is 

primarily governed by the wire feed rate, with additional influence from the dynamic 
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behavior of molten metal during deposition [138]. In the present work, the wire feed rate and 

arc power were interdependent due to the inherent characteristics of the machine’s 

operational curve. Consequently, bead formation was influenced by several factors, 

including deposition speed, mass input, arc temperature, and temperature-dependent 

viscosity of the molten metal. 

Given the complex interplay of underlying physical phenomena ,such as phase change, 

Marangoni convection, and non-isothermal fluid flow ,it is reasonable to infer that the 

mechanisms affecting bead height are too nonlinear to be fully represented by the second-

order polynomial approximation used in RSM. On the other hand, RSM revealed a quasi-

linear relationship between arc power and bead width (Figure 8-a), while the correlation 

between arc power and wetting angle exhibited an inverse proportionality with a nonlinear 

trend (Figure 8-b). Both the increase in bead width and reduction in wetting angle at higher 

arc powers are consistent with the elevated heat input and the corresponding higher melting 

rate. Greater melting rates generate larger molten volumes, resulting in bigger molten 

droplets at the wire tip. Upon impacting the substrate, these larger droplets spread more 

extensively, thereby increasing the bead width and decreasing the wetting angle [139]. 

 
Figure 4-8. Main effects plots showing the influence of deposition speed and arc power on (a) bead width 

and (b) wetting angle of WAAM-deposited specimens. 

4.15. Thermal History 

Figure 9 compares the experimental and numerically simulated thermal histories 

recorded at the three predefined measurement points (1, 2, and 3; positions detailed in Section 

2.2) during the deposition process. The experiments were performed using an arc power of 

1230 W and travel speeds of 5, 7, and 9 mm/s, corresponding to beads 2, 5, and 8, 

respectively. 

The closest agreement between experimental and simulated temperature curves was 
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achieved when the arc efficiency in the numerical model was set to 0.68, as illustrated in 

Figure 9. This efficiency value was therefore used consistently across all subsequent 

numerical simulations. A strong correlation was observed between the simulated and 

measured thermal profiles, particularly during the initial heating and first cooling stages. 

Minor discrepancies were noted during the secondary heating phase and steady-state region, 

likely resulting from slight deviations between the actual material properties (thermal 

conductivity and specific heat capacity) and the values defined in the numerical model, 

especially at elevated temperatures. A more noticeable difference appeared at measurement 

point 3 for bead 5 (Figure 9-b), where the numerical model did not reproduce an additional 

temperature peak observed experimentally. Nevertheless, the overall deviations between the 

simulated and measured temperatures did not exceed 10 °C, demonstrating the high accuracy 

and reliability of the developed numerical model, and validating its effectiveness in 

reproducing the thermal behavior during the WAAM process. 

 

 
Figure 4-9. Comparison between experimental and simulated thermal curves in (a) bead 2, (b) bead 5, and (c) 

bead 8. 

As shown in Figure 9-a–c, the temperature evolution recorded at measuring point 1 for 

specimens deposited at travel speeds of 5, 7, and 9 mm/s, respectively, exhibited an initial 

steep temperature rise. This rapid temperature increase corresponds to the impact of molten 

filler droplets striking the substrate surface [140]. Due to convective cooling and the 

relatively small volume of freshly deposited molten metal, the temperature at the measuring 

point subsequently dropped sharply. As the deposition process continued, the temperature 
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rose again, albeit with a less pronounced gradient, before eventually reaching a steady-state 

condition [141]. This general pattern of temperature evolution at point 1 was consistent 

across all examined beads, regardless of deposition speed. 

In contrast, the temperature evolution at measuring point 2 exhibited a gentler initial 

increase, as the temperature in this region began to rise prior to the actual deposition of 

molten metal [142]. This preheating effect of the substrate influenced the local thermal 

gradients, which may have contributed to distinct microstructural variations in this area [143, 

144]. Once the molten filler reached the base plate, the temperature at point 2 attained its 

maximum value, followed by a brief rapid cooling stage. As additional layers of molten metal 

accumulated, the temperature gradually increased again and then stabilized. Notably, the 

maximum temperatures at point 2 were significantly higher than those at point 1. This 

difference can be attributed to the combined effects of substrate preheating and variations in 

thermal exposure: the region around point 1 was more exposed to ambient conditions and 

therefore experienced greater cooling losses [145]. 

A similar preheating trend was also observed at measuring point 3, where the temperature 

began to rise before the deposition occurred. As shown in Figure 8, the steepness of this 

initial temperature increase was inversely related to the deposition speed ,slower travel 

speeds resulted in less steep temperature rises but higher overall temperatures at the 

measurement location. This phenomenon is attributed to the prolonged exposure time of the 

substrate to the thermal energy input from the arc at lower deposition speeds [146, 147]. 

After the initial heating phase, all samples exhibited a short but intense cooling stage at point 

3. The observed temperature peaks likely correspond to localized cooling beneath the arc, 

associated with thermal flux variations in the melt pool depression region, further intensified 

by convective heat exchange with the shielding gas. The subsequent secondary temperature 

peak can be linked to the arrival of new molten material, temporarily reheating the analyzed 

zone [148, 149]. Figure 10 presents the temperature–time curves recorded under different 

process parameters for the predefined measuring points. All simulated thermal profiles 

displayed minor irregularities near their maximum temperatures, closely resembling those 

observed in the experimental measurements. 
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Figure 4-10. Thermal curves of beads deposited under different process conditions at predefined measuring 

points. 

A distinctive feature observed in the thermal curves at measuring point 3 was the 

presence of a double-peak pattern. This behavior is likely related to the increasing spatial 

separation between the arc plasma and the region of material deposition as the process 

progresses [150]. The first peak can be attributed to direct heating by the arc, whereas the 

second peak corresponds to localized reheating from newly deposited material. The 

intermediate cooling phase between these peaks may result from the shielding gas flow, 

which enhances heat dissipation, or from temporary depressions in the molten pool caused 

by arc pressure and flow instabilities. Thermal imaging data obtained with the infrared 

camera further corroborate these phenomena (Figure 11). The captured thermographs 

identified distinct thermal zones, including: 

• Wire heating (Area 1), 

• Substrate preheating prior to deposition (Area 2), 3–4. Two separate high-

temperature regions within the molten pool, separated by a slightly cooler band, and 

• Intense cooling of the previously deposited material along the single-track region. 

These observations confirm the multistage and non-uniform thermal behavior of the 
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WAAM process, illustrating how complex thermal gradients and localized heat transfer 

govern melt pool evolution and solidification dynamics. 

 
Figure 4-11. Thermographic capture of the deposition process highlighting five thermally active regions: (1) 

wire heating, (2) substrate preheating, (3–4) two high-temperature melt pool zones separated by a cooler 

region, and (5) rapid cooling of deposited material. 

The analysis of thermal curves obtained during deposition under varying processing 

parameters (see Figures 9 and 10) revealed that the maximum temperature recorded at the 

measured points was primarily governed by the applied arc power. Specifically, regions 

exposed to higher arc power exhibited significantly elevated peak temperatures compared to 

those processed under lower arc power conditions. In addition, the deposition speed was 

found to play a crucial role in determining the temperature distribution across the central and 

lateral regions of the bead. As illustrated in Figure 12-a, beads deposited at lower travel 

speeds retained higher temperatures at their extremities for a longer duration compared to 

those deposited at higher speeds under the same arc power (Figure 12-b). Although both 

thermographs were captured five seconds after the end of deposition, the warmest region in 

the bead produced at lower speed was observed closer to the central area, whereas in the bead 

deposited at higher speed, the maximum temperature zone had already shifted outward. 

This behavior can be attributed to the enhanced preheating effect of the substrate at lower 

deposition speeds. The longer interaction time between the heat source and the base plate 

allowed for greater thermal energy absorption, thereby intensifying the temperature gradients 

across the bead [151]. Such gradients may contribute to the development of anisotropic 

microstructures, as localized differences in cooling rates can promote non-uniform grain 

morphology. Conversely, the more uniform thermal profile observed in specimens deposited 

at higher velocities favors the formation of a homogeneous microstructure, characterized by 

more consistent cooling and solidification conditions [152]. 
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Figure 4-12. Thermographs recorded five seconds after deposition in specimens fabricated with an arc power 

of 1700 W and travel speeds of (a) 5 mm/s and (b) 7 mm/s. 

4.16. Bead Formation 

The process of bead formation can be conceptually divided into three distinct stages. The 

first stage involves the formation of molten droplets at the tip of the heated wire. As 

illustrated in Figure 13-a, the molten wire initially develops two necking zones; however, the 

continuous supply of feed material promotes the growth of the lower droplet, which 

eventually becomes dominant, suppressing the formation of the upper droplet. As the mass 

of the dominant droplet increases, the combined effects of gravity, surface tension, and 

inertial forces intensify the necking near the wire tip (Figure 13-b), ultimately leading to 

droplet detachment. During its downward travel through the air gap, a new droplet begins to 

form almost immediately at the wire tip, ensuring the continuity of the metal transfer process 

(Figure 13-c). 

 

 
Figure 4-13. Stages of droplet formation: (a) initial necking at two points, (b) growth of dominant droplet and 

enhanced necking, and (c) droplet detachment with new droplet initiation. 

According to previous studies, the early stages of droplet formation are primarily 

governed by surface tension, which promotes the development of quasi-spherical droplets 

[153]. As melting progresses and the droplet mass increases, gravitational forces begin to 
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dominate, causing the droplet to elongate and deform [139]. The slight bending of the necked 

wire observed in Figure 13 is likely influenced by the motion dynamics of the cobot arm, 

which may further facilitate droplet detachment. 

Upon impact with the substrate, the initially spherical droplet undergoes significant 

deformation, as shown in Figure 14-a. The viscous molten metal, aided by the residual heat 

input from the arc, spreads across the substrate, enhancing wetting behavior and forming a 

more uniform deposit (Figure 14-b). As deposition continues, successive droplets merge, and 

the bead gradually spreads, assuming its final geometric profile. Concurrently, the ongoing 

droplet formation shortens the distance between the wire tip and the melt pool, while the melt 

pool itself expands in the direction of deposition (Figure 14-c). 

 
Figure 4-14. Melt pool formation: (a) droplet deformation upon substrate impact, (b) droplet spreading, and 

(c) final bead shape with new droplet detachment. 

As the deposition process progressed, the melt pool continued to expand, while additional 

wire feed sustained the formation of new molten material. This progression occasionally 

resulted in brief contact between the wire tip and the melt pool surface (Figure 15-a). In the 

context of Cold Metal Transfer (CMT), this event constitutes a short-circuit phase, during 

which intense heat transfer occurs, melting the wire tip and forming a fresh droplet. 

Immediately after the short circuit, the CMT system retracts the wire (Figure 15-b), breaking 

the molten bridge. However, this sudden backward motion not only aids detachment but also 

disturbs the melt pool dynamics, generating localized surface waves and transient flow 

irregularities (Figure 15-c). 
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Figure 4-15. (a) Wire–melt pool contact, (b) wire retraction phase, and (c) wire retraction–induced flow 

disturbances in the melt pool. 

Consistent with these experimental observations, the numerical simulations also 

indicated the formation of a melt pool depression directly beneath the arc (Figure 16). 

According to previous studies [154], such depressions typically result from the combined 

influence of arc pressure and electromagnetic forces. However, in the present model, only 

arc pressure was incorporated. The simulations revealed that larger depressions occurred at 

lower deposition speeds, which can be explained by the longer exposure time of the melt 

pool to the arc pressure at any given point. This localized deformation altered the melt flow 

direction, initially driving the material downward and backward, followed by forward flow 

to compensate for the displaced volume as the arc advanced. 

 
Figure 4-16. Melt pool depression observed during deposition with fixed arc power and varying travel 

speeds. 

The numerical results also demonstrated that the droplet formation process was primarily 

influenced by the arc power, which directly correlated with the temperature of the wire tip 

(Figure 17-a). Even with a constant wire feed rate, the higher thermal input associated with 

increased arc power led to greater melting of the filler material, resulting in the formation of 

larger droplets (Figure 17-b). This occurs because, under constant feed conditions, higher arc 
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power proportionally enhances the melting rate, thereby producing a larger molten volume 

within the same time interval compared to lower power settings [155]. 

 
Figure 4-17. Comparison of (a) wire tip temperature at t = 0.028 s and (b) molten droplet morphology at t = 

0.055 s during WAAM under different arc powers. 

The simulations further confirmed that the final geometry of the deposited bead was 

governed by several interacting factors: 

• The amount of molten material produced and transferred during deposition, 

• The compensatory flow induced by arc pressure–driven depressions, and 

• The transient flow disturbances resulting from wire retraction. 

Although deposition speed did not exhibit statistical significance in earlier analyses, the 

simulations suggested that it nonetheless influenced bead height by controlling the residence 

time of the arc within the melt pool and, consequently, the heat distribution during 

deposition. The accuracy and reliability of the proposed numerical model were validated 

through the close agreement between the simulated and experimentally observed bead 

transverse sections. 
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Figure 4-18. Comparison between experimental and simulated transverse sections of beads deposited under 

different processing parameters. 
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Chapter 5 

Numerical Modeling of WAAM Fabrication of 

ER70S-6 

5.1. Experimental Deposition Methodology 

The process parameters for bead deposition were defined following the Design of 

Experiments (DOE) approach. Two primary factors, arc power and deposition speed, were 

investigated, each at three levels. The arc power levels were set at 1616 W, 2434 W, and 

2839 W, while the deposition speed was varied at 5 mm/s, 7 mm/s, and 9 mm/s, as listed in 

Table 2. This design yielded a total of nine experimental runs. 

Table 2. Investigated factors and their corresponding levels 

 level 

 1 2 3 

vr [mm/s] 5 7 9 
P [W] 1616 2434 2839 

5.2. Thermal Examination 

Thermal tomography analysis of the deposition process was conducted using a FLIR 

T1020 bolometer thermal camera equipped with a 28° infrared lens (36 mm focal length). 

The camera offers a resolution of 1024 × 768 pixels, a frame rate of 30 Hz, and low thermal 

noise sensitivity. Each deposition trial was monitored at three predefined points, as indicated 

in Figure 1, with the camera positioned at a constant distance of 70 cm from the specimens. 

 
Figure 5-1. Location of measurement points used for thermal tomography analysis. 

5.3. Geometry Characterization of Deposited Beads 

After fabrication, the deposited specimens were sectioned transversely at their mid-

lengths for geometric analysis. High-resolution images of the cross-sections were captured 

and processed using ImageJ software. The analysis involved measuring the bead width, 

height, and wetting angle, as schematically illustrated in Figure 2. The aspect ratio of each 

bead was subsequently determined by dividing its width by height. 



 
 

80 
 

 
Figure 5-2. Schematic representation of the geometrical parameters evaluated. 

 

5.4. Statistical Analysis and Process Optimization 

The effects of the selected process parameters, namely deposition speed and arc power, 

on the geometrical features (width, height, aspect ratio, and wetting angle) of the deposited 

beads were statistically evaluated using Analysis of Variance (ANOVA) and Response 

Surface Methodology (RSM). These analyses were performed using the statistical software 

Minitab, allowing for optimization and correlation assessment between process parameters 

and bead morphology. 

5.5. Numerical Model 

The experimental results were reproduced numerically using a multi-scale model that 

integrates macroscale computational fluid dynamics (CFD) with mesoscale phase-field 

modeling. The CFD portion of the model was governed by the conservation equations of 

mass, momentum, and energy [156]. Following the principles of phase-field modeling, the 

interaction between the liquid filler (fluid domain) and the solid substrate (solid domain) was 

described by Equation (1): 

𝑭𝐴 = [−𝑝𝑰 + 𝑲]. 𝒏 (1) 

 

where 𝐹𝐴represents the volume force acting on the fluid, 𝐼is the unit diagonal matrix, and 

𝑛denotes the normal vector at the boundary surface. The interaction between the molten filler 

metal and the surrounding gas was characterized by two-phase field coupling, as represented 

in Equations (2–8) [157, 158]: 

∇𝐺𝐼 ∙ ∇𝐺𝐼 + 𝜎𝑤𝐺𝐼∇ ∙ ∇𝐺𝐼 = (1 + 2𝜎𝑤)𝐺𝐼 (2) 

𝐹𝑠𝑡 = (
𝜆

𝜖𝑝𝑓
2 ѱ −

𝜕𝑓

𝜕∅
) ∇∅ (3) 

𝜌 = 𝜌1𝑣𝑓.1 + 𝜌2𝑣𝑓.2 (4) 
µ = µ1𝑣𝑓.1 + µ2𝑣𝑓.2  (5) 

𝑣𝑓.1 =
1 − ∅

2
 (6) 
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𝑣𝑓.2 =
1 + ∅

2
 (7) 

𝑣𝑓.1 + 𝑣𝑓.2 = 1 (8) 

Here, 𝐺𝐼denotes the reciprocal of the initial interface distance, 𝜓is the phase-field 

auxiliary variable, and 𝜙represents the phase-field order parameter. The coefficient 

𝜎𝑤corresponds to the surface tension, while 𝜀𝑝𝑓defines the interface thickness. 𝐹𝑠𝑡is the 

surface tension force, 𝜌1and 𝜌2are the densities of the two phases, and 𝜇1and 𝜇2denote their 

respective dynamic viscosities. The volume fractions of each fluid phase are represented by 

𝑣𝑓,1and 𝑣𝑓,2. The numerical model accounted for gravitational and buoyancy forces, as well 

as arc pressure acting on the free surface of the molten pool. The Marangoni effect was 

implemented as the coupling mechanism between the solid and liquid domains. The heat 

input from the arc was modeled through a boundary heat source, as described by Equation 

(9). Heat transfer from the deposited beads to the substrate was simulated using thermal 

fluxes applied to the upper surface of the base metal. The cooling process was modeled by 

incorporating radiative heat losses and convective heat transfer with the surrounding 

atmosphere, expressed by Equations (10) and (11): 

𝑄 = 𝜂𝑈𝐼 −
4𝜋

3
𝑅𝑎

3𝑞𝑚 (9) 

−𝑘
𝜕𝑇

𝜕𝒏
= ℎ𝑠(𝑇 − 𝑇𝑎𝑚𝑏) (10) 

ℎ𝑠 = ℎ𝑐 + 𝜀𝑘𝑏

(𝑇4 − 𝑇𝑎𝑚𝑏
4 )

(𝑇 − 𝑇𝑎𝑚𝑏)
 (11) 

where 𝑄is the total heat input, 𝜂represen Notably, in Equations (9–11), 𝜂represents the 

heat source efficiency, 𝑈denotes the voltage, 𝐼is the current, 𝑅𝑎corresponds to the radius of 

the heat input, and 𝑞𝑚refers to the heat of the deposited metal. Furthermore, ℎ𝑠indicates the 

overall heat transfer coefficient, which combines the convective heat transfer coefficient (ℎ𝑐) 

and the radiative component determined by the emissivity coefficient (𝜀). The parameter 

𝑇𝑎𝑚𝑏represents the ambient temperature. The solid domain in the numerical model was 

treated as an elastoplastic material, modeled using the von Mises yield criterion and the 

Johnson–Cook constitutive model [159]. The temperature-dependent thermophysical 

properties of molten ER70S-6 are illustrated in Figure 3, while the additional parameters 

implemented in the numerical simulation are summarized in Table 3. 
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Figure 5-3. Temperature-dependent material properties of molten ER70S-6: (a) dynamic viscosity, (b) 

density, (c) specific heat capacity, (d) surface tension coefficient. 

Table 3. Selected material parameters of ER70S-6 and air, and other relevant physical constants. 

Parameter [unit] value 

ER70S-6 

Solidus temperature [°C] 1490 

Liquidus temperature [°C] 1510 

Density at ambient temperature [kg/m3] 7850 

Coefficient of heat expansion [1/K] 9.3x10-6 

Radiation emissivity [-] 0.6 

Air 

Density [kg/m3] 1.184 

Dynamic viscosity [Pa.s] 1.85x10-5 

Specific heat capacity [J/kg.K] 1005 

Thermal conductivity [W/m.K] 0.0262 

others 

Atmospheric pressure [N/m2] 101300 

Stefan-Boltzmann constant [W/m2K4] 5.67x10-8 

The coupling between the thermal field and the CFD model was achieved through non-

isothermal fluid flow, while the thermal expansion node facilitated the interaction between 

the heat source and the solid region. The boundary conditions were designed to replicate the 

actual experimental environment during deposition. Accordingly, the ambient temperature 

reflected the laboratory conditions, the air gap was defined under atmospheric pressure, and 

the prescribed thermal and mass inputs corresponded to those listed in Table 2. To enable 

the unrestricted flow of molten metal through the air gap separating the filler material and 
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the substrate, the Arbitrary Lagrangian–Eulerian (ALE) numerical framework was 

implemented to overcome mesh deformation challenges inherent to the phase-field domain. 

Within this framework, the phase-field region was modeled as a deforming mesh, allowing 

dynamic grid movement using Yeoh mesh smoothing techniques [160]. The remaining 

computational domains were discretized into standard mesh elements to ensure numerical 

accuracy and stability throughout the simulations. 

5.6. Overall Bead Appearance 

As shown in Figure 4-a, the variation in processing parameters resulted in distinct 

geometrical profiles among the deposited ER70S-6 beads. Despite the differences in bead 

width and length, all samples exhibited continuous deposition tracks with slightly widened 

extremities. The lateral widening observed at the start and end of the deposition tracks is 

typically associated with changes in torch velocity and torch-to-substrate distance during 

these stages of the process [161]. This effect becomes more pronounced at higher arc power 

levels, which can be attributed to modifications in wetting behavior. At elevated power 

inputs, the increased heat energy raises the temperature of the molten pool, leading to a 

reduction in viscosity [162]. Consequently, the molten material becomes more fluid and 

therefore more responsive to variations in torch movement or positional changes, resulting 

in the observed widening near the bead extremities. 

 
Figure 5-4. (a) Overall appearance of ER70S-6 beads deposited under different processing parameters; (b) 

detailed view showing oxidation traces. 

The darkened and tinted coloration visible on both the beads and the surrounding 

substrate area (Figure 4-b) indicates the formation of oxide layers. The occurrence of 

oxidation, despite the use of shielding gas, has been previously reported by Dinovitzer et al. 

[163], who explained that oxide films predominantly form after deposition, during the 

cooling phase, when the beads are exposed to natural convection in the absence of shielding 
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protection. 

5.7. Aspect Ratio, Bead Width, and Bead Height 

The measured widths, heights, and the corresponding aspect ratios of beads produced 

under various processing conditions are summarized in Table 4. The results demonstrate that 

bead geometry is highly sensitive to the applied processing parameters. The aspect ratio, 

representing the combined influence of bead width and height, is a key indicator for 

achieving defect-free geometry in both single-layer and multi-layer depositions. Most of the 

evaluated bead sections exhibited aspect ratios within the optimal range of 2–3. However, 

beads deposited at lower arc power (1616 W) displayed noticeably lower aspect ratios. This 

observation is consistent with previous studies [163], which associate reduced aspect ratios 

with diminished bead continuity and a higher likelihood of geometric irregularities or 

defects. 

Table 4. Measured widths, heights, and aspect ratios of beads deposited under various processing conditions. 
vr [mm/s] 5 5 5 7 7 7 9 9 9 

P [W] 1616 2434 2839 1616 2434 2839 1616 2434 2839 

width 

[mm] 

Exp. 4.82 6.74 8.39 4.04 5.91 8.12 3.64 5.52 6.64 

Sim. 5.02 6.96 8.62 4.47 6.18 8.42 3.86 5.64 6.68 

height 

[mm] 

Exp. 3.12 3.06 3.37 2.41 2.62 3.12 2.32 2.32 2.43 

Sim. 3.26 3.08 3.45 2.51 2.70 3.34 2.34 2.46 2.52 

aspect 

ratio  

Exp. 1.55 2.20 2.49 1.68 2.26 2.60 1.57 2.38 2.73 

Sim. 1.54 2.26 2.50 1.78 2.29 2.52 1.65 2.29 2.65 

relat. 

error 

[%] 

width 4.15 3.26 2.74 10.64 4.57 3.69 6.04 2.17 0.60 

height 4.49 0.65 2.37 4.15 3.05 7.05 0.86 6.03 3.70 

as. r. -0.65 2.72 0.34 6.00 1.28 -3.04 5.07 -3.67 -2.90 

 

The numerical simulations showed strong agreement with the experimental 

measurements, confirmed by the low relative error across most process conditions. The 

highest relative error, 10.64%, occurred for the bead produced with an arc power of 1616 W 

and deposition speed of 7 mm/s. However, this higher percentage was primarily due to the 

small absolute width of the bead, as the absolute error was only 0.43 mm. These results 

validate the predictive reliability of the simulation model. The simulations further revealed 

that the aspect ratio of the deposited beads is strongly influenced by the spreading dynamics 

of molten droplets immediately after deposition. Under low arc power, the direction of 

molten metal flow remained largely perpendicular to the substrate (Figure 5-a). As the arc 

power increased, the flow direction angle between the molten metal and the substrate surface 

also increased (Figure 5-b–c). A smaller flow angle produced taller and narrower beads, 

whereas an increased angle resulted in wider and flatter bead profiles. Even at constant 
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deposition speeds, higher arc power enhanced the fluidity of the molten metal, leading to 

occasional spattering due to excessive flowability (Figure 5-c). 

 
Figure 5-5. Correlation between bead geometry and molten metal flow behavior under a constant deposition 

speed of 7 mm/s and varying arc powers: (a) 1616 W, (b) 2434 W, (c) 2839 W. 

Consistent with the previously discussed improvement in spreading behavior at higher 

arc powers, the findings in Figure 5 indicate that the temperature-induced enhancement of 

flow dynamics contributes to flow asymmetry during deposition. This phenomenon is 

evident from the non-uniform final bead shapes observed at elevated power levels (Figure 5-

b–c). This behavior can be attributed to the increased droplet mass resulting from higher arc 

temperatures. Under a constant wire feed rate, an increase in arc power enhances the melting 

rate of the filler wire, thereby producing larger molten droplets. These heavier droplets attain 

higher flight velocities, generating non-uniform flow dynamics upon impact with the 

substrate. Furthermore, the higher arc power elevates the melt pool temperature, which 

modifies the viscosity and surface tension of the molten material. The increased fluid 

mobility amplifies the dynamic response of the pool to successive droplet impacts, ultimately 

causing asymmetric splattering and geometric irregularities in the final bead profile. 

5.8. Wetting Angle 

The measured wetting angles of the beads deposited under different processing 

conditions are listed in Table 5. Among all examined samples, the bead exhibiting a wetting 

angle closest to the optimal value of 60° was obtained at a deposition speed of 7 mm/s and 

an arc power of 2839 W. In contrast, only one specimen, deposited at 9 mm/s with the same 

arc power, displayed a wetting angle below 60°. All other samples showed substantially 
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higher wetting angles, indicating a tendency toward overspreading of the molten material. 

Table 5. Wetting angles of beads deposited under different processing parameters. 

vr [mm/s] 5 5 5 7 7 7 9 9 9 

P [W] 1616 2434 2839 1616 2434 2839 1616 2434 2839 

wetting 

angle [°] 

Exp. 82 77.7 73.8 82.3 65.4 61.7 73.6 67.3 54.7 

Sim. 79.8 74.8 71.9 84.6 67.3 59.4 68.4 64.9 53.5 

Relative error [%] -2.7 -3.7 -2.6 2.8 2.9 -3.7 -7.1 -3.6 -2.2 

 

Figure 6 presents the transverse cross-sections of the deposited specimens, highlighting 

variations in bead height, width, and wetting angle under different processing conditions. 

The close agreement between experimental measurements and simulated predictions, 

supported by generally low relative errors, confirms the accuracy and robustness of the 

developed numerical model. 

 

 
Figure 5-6. Transverse sections of beads deposited under different processing conditions. 

In contrast to the previously discussed flow asymmetry caused by increased arc power at 

a constant deposition speed, the present findings suggest that deposition speed is the 

dominant factor influencing flow asymmetry. As shown in Figure 6, all specimens produced 

at a deposition speed of 9 mm/s exhibit a higher degree of asymmetry compared to those 

fabricated at lower speeds. This can be attributed to the faster solidification rate of the molten 

pool, which reduces the available time for stabilization through surface tension and 

Marangoni-driven flow. The accelerated solidification also promotes directional 

solidification, while the rapid displacement of molten material can cause uneven droplet 

ejection and result in asymmetric flow patterns. As illustrated in Figure 7, higher wetting 

angles are observed when the material flow vector forms a larger angle with the base plate, 
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whereas smaller angles between these vectors correspond to lower wetting angles. A 

combination of low arc power and low deposition speed produced the highest wetting angles, 

whereas lower wetting angles were achieved under higher arc power and higher deposition 

speeds. The reduction in wetting angle at elevated arc powers is attributed to enhanced 

flowability caused by a decrease in fluid viscosity, while at higher deposition speeds, the 

wetting angle is more strongly influenced by the droplet trajectory and impact dynamics. 

Simulation results further indicate that, although a correlation exists between the wetting 

angle and the angle formed by the material flow vector and base plate, the two are not 

identical. This discrepancy likely arises from non-uniform cooling, thermal shrinkage 

variations, and spattering phenomena. Therefore, accurate control of bead geometry requires 

considering WAAM deposition as a complex, dynamic process, where thermal, fluid, and 

geometric factors interact continuously and influence one another. 

 
Figure 5-7. Comparison between wetting angles and angles between material flow vector and base plate in 

specimens deposited under different processing conditions. 

5.9. Temperature Profile During WAAM Deposition 

The temperature evolution during deposition plays a crucial role in determining both the 

wetting behavior and the final geometry of WAAM-deposited beads. As illustrated in Figure 

8, the recorded temperature profiles at predefined measurement points were significantly 

influenced by deposition speed. The curves labeled p1, p2, and p3 represent the thermal 

histories recorded at measurement points 1, 2, and 3, respectively, as defined in Section 2.4. 

At higher deposition speeds, the overall temperature decreased due to limited heat 

accumulation time, resulting in altered cooling rates and variations in heat input [164]. The 

thermal curves for beads deposited at speeds above 5 mm/s display an additional peak 

corresponding to the initial interaction between the torch (heat source) and the base plate, 
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where the thermal sensors were positioned. Moreover, the strong agreement between the 

experimental and simulated temperature curves at all measurement points further validates 

the reliability of the numerical model. 

 
Figure 5-8. Comparison of experimental and simulated thermal curves recorded at predefined measuring 

points during deposition using an arc power of 2434 W and deposition speeds of (a) 5 mm/s, (b) 7 mm/s, and 

(c) 9 mm/s. 

The specimens deposited at a velocity of 5 mm/s exhibit a distinct single thermal peak, 

characterized by a rapid temperature rise as the torch traverses the monitored region. The 

first measurement point (p1) recorded a markedly steeper temperature gradient compared to 

points p2 and p3, primarily due to its closer proximity to the torch path. Additionally, heat 

accumulation within the base plate caused a temperature increase even prior to direct torch 

contact, influencing the initial thermal response. Previous studies [165, 166] have reported 

similar findings, emphasizing the impact of base-plate heat accumulation on thermal 

gradients and cooling rates, which subsequently affect microstructural heterogeneity. 

In contrast, the thermal curves obtained during deposition at 7 mm/s and 9 mm/s 

displayed a distinctive double-peak profile. This phenomenon is likely associated with the 

injection of an additional molten droplet into the melt pool shortly after the first droplet 

impact (Figure 9-a). Simulation results show that this secondary droplet enters the melt pool 

while it remains at elevated temperature, and the previous droplet location is still thermally 
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distinguishable. Consequently, the melt pool forms an elongated shape with two hot centers 

connected by a slightly cooler molten bridge. A similar configuration was confirmed through 

thermal tomography analysis in the experimental observations (Figure 9-b). 

 

 
Figure 5-9. (a) Simulated and (b) experimental melt pools showing two hot centers during deposition at a 

speed of 9 mm/s and an arc power of 2434 W. 

As shown in Figure 10, which presents the thermal curves obtained at measurement 

points p1, p2, and p3 for beads deposited under different process parameters, the arc power 

exerts a pronounced influence on the shape and magnitude of the thermal peaks, whereas the 

deposition speed primarily affects the temporal spacing between successive peaks. 

Consistent with the reasoning and experimental observations previously discussed in Figure 

8, an increase in deposition speed beyond 5 mm/s introduces an additional peak following 

the initial deposition event. This secondary peak corresponds to the entry of a new molten 

droplet into the melt pool. Conversely, simulation results indicate that a deposition speed of 

5 mm/s allows sufficient time for the melt pool to stabilize before subsequent material 

deposition occurs. A further increase in deposition velocity consistently results in a larger 

time interval between the two peaks, independent of the applied arc power. This phenomenon 

aligns with the findings of Voropaev et al. [168], who established a relationship between 

deposition speed and arc stability, leading to variations in metal transfer dynamics. Their 

study suggests that a higher volume of molten droplets entering the melt pool prolongs its 

liquid phase, thereby enhancing the spreading behavior of the molten material. 

In contrast, the present study reveals that a lower droplet volume, associated with higher 

relative velocities, induces repeated thermal cycling of the melt pool. This repeated heating 

modifies both the material properties of the deposited metal and the cooling kinetics of the 

melt pool, effectively extending the time available for spreading and influencing the overall 

solidification behavior. Additionally, changes in the droplet ejection dynamics, caused by 
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variations in deposition speed, result in temporal and spatial inconsistencies in the molten 

metal’s contact with the substrate. These variations contribute to differences in the geometry 

of the thermal curves, including alterations in peak slope, spacing, and overall peak 

symmetry. 

 
Figure 5-10. Thermal curves of beads deposited under varying process parameters. 

 

5.10. Effects of Arc Power and Deposition Speed on the Geometrical 

Characteristics of Deposited Beads 

The statistical analysis revealed a significant effect of arc power on the aspect ratio of 

the deposited beads, as indicated by a p-value of 0.000, confirming its strong influence. In 

contrast, the deposition speed did not exhibit a statistically significant effect, with a p-value 

of 0.058. As discussed in Sections 3.2 and 3.3, the limited influence of deposition speed on 

aspect ratio may stem from flow asymmetry observed at higher speeds. Additionally, the 

Response Surface Methodology (RSM), constrained to a second-order polynomial model, 

may not fully capture the complex relationship between deposition speed and aspect ratio. 

Conversely, the arc power demonstrated a clear linear correlation with the aspect ratio, as 

shown in Figure 11-a. The aspect ratio increased with higher arc power, which is likely 

related to dilution effects, more prominent under high-power conditions, and their direct 

impact on bead height. Furthermore, an aspect ratio within the optimal range of 2–3 can be 
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consistently achieved when the arc power exceeds 1930 W, irrespective of deposition speed, 

as illustrated in Figure 11-b. This outcome simplifies process control, since maintaining 

precise control over deposition speed is inherently more challenging due to its complex 

interaction with melt flow symmetry. 

 
Figure 5-11. (a) Factorial plot and (b) contour plot summarizing the effects of the examined process 

parameters on the aspect ratio of deposited beads. 

The ANOVA results also confirmed that both deposition speed and arc power 

significantly affect the wetting angle, with respective p-values of 0.041 and 0.019. Similar 

to the aspect ratio, arc power was identified as the dominant influencing factor, whereas the 

effect of deposition speed appeared secondary. The results revealed a nearly linear inverse 

relationship between both process parameters and the wetting angle, as shown in Figure 12-

a. Specifically, wetting angles below 60° were obtained for beads produced at a deposition 

speed of 9 mm/s and arc power of 2839 W, indicating optimal wetting conditions. 

Conversely, any reduction in either process parameter resulted in increased wetting angles, 

reflecting poorer spreading behavior, as illustrated in Figure 12-b. 

 
Figure 5-12. (a) Factorial plot and (b) contour plot summarizing the effects of processing parameters on the 

wetting angle of deposited beads. 
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The influence of arc power on the aspect ratio is substantial, primarily due to the 

increased thermal energy input delivered to the melt pool during deposition [169]. This 

elevated heat input promotes more extensive melting of the filler material [170], thereby 

increasing the mass of molten metal transferred into the melt pool [171]. As the droplet mass 

increases, the influence of gravitational forces becomes more pronounced, causing a stronger 

impact upon contact and enhancing lateral spreading along the melt pool boundaries [172]. 

Additionally, the higher melt pool temperature lowers the viscosity of the molten filler, 

further facilitating its flow and spreadability [173]. 

Several studies [174–177] have shown that the thermal effects associated with deposition 

speed in the WAAM process exhibit an inverse relationship to those observed with arc 

power. According to Muller et al. [178], this relationship arises because higher deposition 

speeds allow less time for the molten pool to spread before solidification occurs. This 

difference can be attributed to the crucial role of deposition speed in governing molten metal 

flow dynamics, which are fundamental to the spreading and wetting behavior of the melt 

pool. Since this fluid motion is typically non-laminar [179], the thermal–fluid interactions in 

WAAM are highly complex and nonlinear, making it difficult to describe the relationship 

between process parameters and geometric outcomes through simple linear correlations. As 

a result, the apparent weaker influence of deposition speed, relative to arc power, may reflect 

the limitations of linear models rather than an actual lack of physical significance, as 

supported by the observed variations in bead width and aspect ratio [180]. 

Graf [181] emphasized that wetting behavior in WAAM is strongly influenced by the 

temperature-dependent viscosity of the molten filler material. As energy input increases, the 

molten metal temperature rises, leading to a reduction in viscosity and promoting more 

effective wetting and spreading. Conversely, Bonn et al. [182] demonstrated that the wetting 

angle of liquid metals on smooth surfaces depends primarily on the surface tension at the 

solid–liquid and liquid–gas interfaces. While material properties and temperature are critical 

factors influencing surface tension [177], several additional variables contribute to this 

behavior. These include the metal transfer mode, droplet size, gravitational effects on the 

molten droplets [51], and environmental conditions, such as the shielding gas composition, 

which can affect the formation of oxide layers [183]. The presence of oxidized films, 

observed on all deposited beads (see Section 3.1), likely creates interfacial barriers that 

hinder optimal contact between the molten metal and the substrate. This phenomenon 
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adversely affects wetting efficiency [180] and consequently alters the geometric quality of 

the deposited beads. 

5.11. Identification of the Optimal Processing Window for Desired 

Geometrical Characteristics 

The identification of the optimal processing window was based on the statistical 

optimization performed within the same analytical environment used for the preceding 

evaluations. Target values were set for the bead characteristics as follows: an aspect ratio of 

2.5 and a wetting angle of 60°. These targets were selected based on previous studies which 

identify these values as optimal for achieving defect-free components with enhanced 

dimensional accuracy and strong interlayer bonding. 

During the optimization analysis, both response variables, aspect ratio and wetting angle, 

were assigned equal weighting to ensure a balanced evaluation of process performance. The 

composite desirability function was then calculated to quantify the overall optimization 

efficiency, integrating both predicted and experimental outcomes. The predicted values were 

subsequently validated by comparison with the experimental data obtained from specimens 

produced under the identified optimal conditions. Table 6 summarizes the results of the 

statistical–analytical optimization process. The optimal deposition parameters, deposition 

speed of 9 mm/s and arc power of 2592 W, produced bead geometries closely matching the 

target characteristics. The predicted wetting angle (60.79°) and aspect ratio (2.50) 

corresponded closely with the experimental measurements (58.80° and 2.70, respectively). 

The model’s robustness is further supported by the composite desirability value of 98.22%, 

confirming the high accuracy and predictive capability of the applied optimization 

framework. Accordingly, the statistical–analytical methodology employed in this work can 

be considered validated, offering a reliable basis for predicting and controlling the 

geometrical outcomes of the WAAM process. 

Table 6. Results of the optimization process. 

 Identified  
Composite 

desirability [%] vr [mm/s] P [W] Wetting angle 

[°] 

Aspect ratio 

Predicted 

outcome 
9 2592 

60.79 2.50 

98.22 
Real  

outcome 

58.80 2.70 

Relative error 

[%] 

  -3.38 7.41  

 

The specimen fabricated under the identified optimal processing parameters exhibits a 
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uniform and symmetrical bead geometry, characterized by a notable penetration of material 

into the substrate, forming a distinct melt-through (dilution) zone. This dilution occurs as a 

result of adequate heating of the base material, which becomes sufficiently softened during 

deposition. When subjected to the combined effects of arc pressure and the impact of the 

newly deposited molten filler, the softened substrate tends to form a shallow cavity, 

subsequently filled with molten metal. 

The dilution zone is predominantly located beneath the central region of the bead, where 

the majority of the deposited material accumulates. This concentration of mass increases both 

the local weight and the pressure exerted on the substrate, promoting its localized 

deformation. The penetration of molten filler into the substrate or previously deposited layers 

enhances metallurgical bonding, which can lead to superior mechanical integrity in WAAM-

fabricated components [184]. According to previous studies [184–186], dilution is one of the 

most influential parameters in determining the geometrical features of WAAM-deposited 

beads. Higher dilution, typically resulting from increased heat input and enhanced mixing 

between the substrate and filler materials, produces wider and flatter beads [184]. This 

geometry corresponds to a higher degree of material fluidity and improved lateral spreading 

under elevated thermal conditions. Conversely, lower dilution leads to narrower and taller 

beads with steeper wetting angles, as the smaller extent of substrate melting allows the 

deposited metal to retain its original shape more effectively [186]. A thorough understanding 

and control of the dilution phenomenon are therefore essential for optimizing bead geometry, 

achieving uniform layer deposition, and ensuring the desired mechanical performance in 

WAAM-produced parts [187]. Additionally, the process generated a HAZ within the 

substrate that experienced thermal alteration without full re-melting, as evidenced by its 

relatively large extent adjacent to the fusion boundary. 
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Chapter 6 

WAAM Fabrication of CuAl8 and ER70S-6 Cubic Structure 

6.1. Manufacturing Process of WAAM Samples 

In this study, two commercially available alloys, ER70S-6 low-alloy steel (LAS) and 

CuAl8, were employed using a WAAM system. The chemical composition of both alloys, 

determined through a quantimeter analysis in accordance with ASTM E1019 standards, is 

presented in Table 1. All measurements were performed under controlled laboratory 

conditions (28 °C and 14% relative humidity). Low-alloy steel substrates were selected to 

evaluate their electrochemical compatibility with CuAl8 and ER70S-6 [188], as these 

combinations are considered promising for achieving reliable metallurgical bonding and 

material integration. Both wires had a diameter of 1 mm to ensure high precision in sample 

fabrication based on Computer-Aided Design (CAD) models. 

Table 1. Chemical composition of CuAl8 and ER70S-6 wires used in this study (wt.%). 

Element Cu Al Mn Pb Si Zn C P S Ni Cr V Nb Ti 

CuAl8 Bal 8.5 0.5 0.02 0.19 0.21 0.4 - - - - - - - 

ER70S-6 0.2 - 0.9 - - - - 0.035 0.04 0.2 0.15 0.008 0.008 0.025 

 

The WAAM setup consisted of an ArCreo system (Italy) integrated with an iWave 300 

power source (Austria). The wire feeding mechanism was mounted on a collaborative robot 

(Cobot) head, enabling automated deposition of samples following CAD-defined geometries. 

The entire system was governed by a PC-based controller to ensure accuracy and 

reproducibility in the manufacturing process (Figure 1a–b). The deposition process utilized 

a Cold Metal Transfer (CMT) module. For LAS samples, a shielding gas mixture of 92% 

argon and 8% CO₂ was used, whereas for CuAl8, ultra-high-purity argon (99.999%) was 

employed to maintain a stable and consistent arc throughout deposition. During the initial 

commissioning phase, wall structures of LAS and CuAl8 (5 cm × 8 cm) were fabricated at 

three different orientations 30°, 60°, and 90° relative to the horizontal (X-axis), to evaluate 

the maximum feasible deposition angle for complex and bulk components (Figure 1c). Each 

wall was built with a single-pass arc per layer on the substrate. 

In the second stage, bulk samples were produced vertically (90° along the Z-axis) with 

dimensions of 2.5 × 2.5 × 5 cm³. A linear “snail-pattern” scanning strategy was adopted 

(Figure 1d), incorporating a 120-second dwell time between successive layers to allow 

adequate cooling. This approach balanced the solidification rates of both alloys, promoting 

uniform interlayer bonding and minimizing the occurrence of defects such as porosity. The 



 
 

97 
 

selected pattern yielded defect-free samples for both steel and copper, as shown in Figure 

1e–f. The corresponding WAAM input parameters for each sample are summarized in Table 

2. 

 

 
Figure 6-1. WAAM system and sample fabrication steps: (a) Robot and controller; (b) Cobot head; (c) Wall 

dimensions (mm); (d) Layer fabrication pattern; (e) Steel bulk sample; (f) Copper bulk sample. 

 

Table 2. CMT process parameters used in the WAAM fabrication of ER70S-6 low-alloy steel and CuAl8 

samples. 

Factors ER70S-6 CuAl8 

Robat Travel speed 10 mm/s 10 mm/s 

Wire feeder Rate 4.5 m/min 7 m/min 

Voltage 19.9 V (CMT) 12.6 V (CMT) 

Current 93 A (CMT) 104 A (CMT) 

Wire diameter 1.0 mm 1.0 mm 

Type of material ER70S-6 CuAl8 

Type of gas 82%Ar – 18CO2 100 % Ar 

Gas flow rate 13.5 l/min 14.0 l/min 

Layer thickness 1.5 mm 2 mm 

Dwelling time 120 s 120 s 

Height of the samples 50 mm 50 mm 

 

6.2. Characterization 

A comprehensive set of characterization techniques was employed to evaluate the 

properties and behavior of the WAAM-fabricated samples. These included microhardness 

testing, surface roughness analysis, Scanning Electron Microscopy (SEM), advanced 

electron microscopy, uniaxial tensile testing, and fractographic examination. Together, these 

analyses provided valuable insights into the microstructural evolution and mechanical 

performance of the dissimilar materials, supporting further advancements in manufacturing 

optimization for multi-material WAAM processes. 
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For metallographic investigations, samples were carefully prepared through standard 

grinding and polishing procedures, followed by selective chemical etching tailored to each 

alloy. Optical microscopy was performed using a Keyence VHX-7000 optical microscope to 

examine the etched microstructures. For steel samples, a 5% Nital solution (5 mL HNO₃ + 

95 mL ethanol) was used as the etchant, whereas CuAl8 samples were etched with a ferric 

chloride-based solution (5 g FeCl₃ + 15 mL HCl + 60 mL ethanol) [189]. 

Advanced electron microscopy analyses were conducted using an FEI Scios 2 HiVac 

dual-beam microscope equipped with an Oxford AZtecLive Advanced Microanalysis 

System. This system incorporated an UltiMax 170 large-area analytical silicon drift detector 

(170 mm²) for energy-dispersive X-ray spectroscopy (EDS) in combination with Oxford 

Aztec Energy software. Furthermore, electron backscatter diffraction (EBSD) analysis was 

carried out using an Oxford Symmetry® S3 detector (1244 × 1024 pixel CMOS sensor) 

integrated with AZtecHKL software to evaluate the crystallographic orientation and phase 

distribution. 

Mechanical testing included microhardness and tensile property evaluations. Vickers 

microhardness was measured using a ZwickRoell ZHV30 low-load hardness tester with a 10 

g indentation force, following the ASTM E92-17 standard. Uniaxial tensile testing was 

conducted using an INSTRON 5985 universal testing machine in compliance with ASTM 

E8-21. Each sample was tested three times to ensure repeatability. The tests employed 

miniature specimens (25 mm gauge length) and a strain rate of 10⁻³ s⁻¹, with yield strength 

determined using the 0.2% offset method from the stress–strain curve. Surface roughness 

measurements were performed using a non-contact optical 3D surface metrology system 

equipped with a 10× objective lens. This technique evaluates roughness through optical 

scanning, where variations in reflected light intensity correspond to the topographical 

features of the surface. 

6.3. Microstructural Characterization 

6.3.1. Wall Samples 

The microstructural examination of the angled-deposited low-alloy steel (LAS) walls 

provided significant insights into the influence of deposition orientation on the resulting 

material characteristics. Detailed analyses of macrographs, microstructures, fusion zones, 

and HAZ were performed to evaluate the thermal effects induced during deposition. 

Additionally, wetting angle measurements were carried out to determine the optimal 

deposition orientation for stable layer formation and improved bonding integrity. 
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Optical micrographs of the ER70S-6 LAS walls deposited at different build angles are 

presented in Figure 2, illustrating the interfaces between the substrate and the deposited 

layers as well as the consolidated structure exhibiting a relatively uniform HAZ. The LAS 

microstructure predominantly consisted of equiaxed and elongated ferrite grains along with 

dendritic columnar morphologies. At higher magnification (Figure 2-b), the interface 

displayed a distinct HAZ with an average thickness of approximately 420 µm and a diffusion 

depth extending up to 1 mm into the substrate. This region reflects the thermal influence of 

multiple reheating cycles, as the heat from each successive layer affected the microstructure 

of the previously deposited material. 

In the lower layers, the solidification rate was relatively high due to direct thermal 

conduction into the room-temperature substrate, which acted as a strong heat sink. The rapid 

cooling promoted the formation of fine columnar dendritic structures, where elongated grains 

grew parallel to the heat flow direction (Figure 2-c). Such steep thermal gradients and 

accelerated cooling rates favored columnar grain growth along the solidification direction 

(Z-axis), corresponding to the 90° build orientation. These columnar grains typically enhance 

mechanical properties such as strength and directional stiffness [190]. 

As the number of deposited layers increased, the overall cooling rate gradually decreased. 

The repeated reheating from subsequent layers raised the temperature of the underlying 

material, reducing the heat dissipation rate. In addition, limited convection and radiation to 

the ambient atmosphere contributed to thermal accumulation near the surface [191]. 

Consequently, a gradual transition from columnar to equiaxed grains occurred in the upper 

regions of the deposit. Equiaxed grains, characterized by more rounded and randomly 

oriented structures, form under reduced thermal gradients that allow heat extraction in 

multiple directions. This microstructural transition is advantageous, as equiaxed grains 

improve toughness and ductility, properties that are essential for structural reliability in 

engineering applications [192]. The WAAM process induced complex solid-state 

transformations in the fusion zone of the 60°-angled LAS wall, as shown in Figure 2-d. The 

fusion depth measured approximately 1 mm, while the underlying HAZ exhibited a 

nonuniform thickness of about 480 µm, attributed to the inclined deposition geometry. As 

illustrated in Figure 2-e, the molten pool dilation area did not maintain the same wetting 

angle with the substrate. The gravitational influence, combined with surface tension effects, 

resulted in a slightly wavy wall morphology. The observed variation in HAZ thickness 

indicates that heat distribution during deposition was uneven, potentially influencing the 

mechanical performance of the fabricated structure [193, 194]. 
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The characteristics of the HAZ depend primarily on the local heat input, the extent of 

molten metal dilation, and the maximum temperature reached within the fusion zone. 

Although the peak temperature during deposition exceeded the critical A₃ temperature, no 

ferrite-to-austenite transformation was detected. This absence of transformation was likely 

due to insufficient cooling rates following deposition, which hindered complete austenitic 

conversion [195]. A closer examination of the conventionally deposited layers revealed the 

presence of dendritic columnar structures within the fusion zone (Figure 2-f, j). The overall 

microstructure comprised various ferritic morphologies, including grain boundary ferrite and 

Widmanstätten ferrite. The coexistence of these features indicates variable cooling rates 

within different regions of the fusion zone, reflecting localized differences in thermal 

dissipation and solidification kinetics during the WAAM process [196, 197]. 
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Figure 6-2. Microstructure of the LAS wall samples fabricated via WAAM using ER70S-6 wire:(a) 90° wall 

sample; (b) HAZ region; (c) Columnar-to-equiaxed grain transition; (d) 60° wall sample; (e) HAZ region and 

fusion depth; (f) Dendritic columnar structure at first–second layer boundary; (g) 30° wall sample; (h) HAZ 

and dilation area; (i) Interface between third and fourth layers; (j) Columnar grain formation at first–second 

layer boundary. 

Figure 2-g illustrates the microstructural evolution near the HAZ of the 30° wall sample. 

In this region, the HAZ closely resembles the fusion zone, exhibiting no signs of plastic 

deformation or coarse-grained areas. The deposited metal primarily consisted of 
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Widmanstätten ferrite, non-lamellar pearlite (a mixture of ferrite and carbide aggregates), 

and grain boundary ferrite, reflecting the influence of the WAAM process parameters on 

phase formation. These observations align with the findings of Liu et al. [198], who reported 

similar microstructural features in WAAM-fabricated ER70S-6 steel, identifying 

Widmanstätten ferrite, non-lamellar pearlite, and grain boundary ferrite as the predominant 

constituents. 

As shown in Figure 2-h, the interface between the first and second deposited layers was 

free of defects. The solidification morphology indicated that the dendritic columnar grains 

were oriented along the build direction. However, greater microstructural uniformity was 

observed in the 90° fabricated wall compared to the 30° and 60° samples. Figure 2-i reveals 

that the dilation zone in the 30° build was narrower than those observed in the 60° and 90° 

orientations, which may reduce its ability to withstand high stresses or pressure loads. As 

deposition progressed, equiaxed grains began to form in the upper layers, corresponding to 

the reduced solidification rate caused by thermal accumulation. In WAAM processes, each 

newly deposited layer introduces additional heat to the component, leading to heat buildup 

that influences process stability, dimensional accuracy, and final material properties. This 

accumulated heat slows the cooling rate, as the previously deposited layers act as a thermal 

reservoir, increasing the overall thermal mass of the system [199]. Owing to the low carbon 

content of the ER70S-6 feedstock wire, the pearlite phase fraction was estimated to be 

approximately 12% of the total microstructure [200, 201]. Furthermore, the fractions of 

acicular ferrite and bainite, which tended to form along the fusion boundaries, were 

negligible in comparison to the dominant ferrite and pearlite phases [202]. 

The macro and microstructural features of the CuAl8 wall deposited at a 90° build angle 

are presented in Figure 3-a. Considering the significantly higher thermal conductivity of 

CuAl8 compared to LAS, rapid solidification occurred during deposition [203]. A similar 

solidification mechanism to that observed in LAS was evident in CuAl8. The lower region 

of the sample exhibited a finer microstructure due to rapid cooling facilitated by heat transfer 

to the cooler substrate [204], while the middle layers displayed comparatively coarser grains 

resulting from reduced thermal gradients and slower cooling rates. 

In Figure 3-b, the absence of darker regions suggests that iron dissolution from the 

substrate did not occur during deposition. This was achieved by employing a Cold Metal 

Transfer (CMT) process with a relatively low energy input, preventing excessive melting of 
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the substrate and thereby avoiding dilution. The reduced energy input also limited wetting 

between adjacent layers, producing smaller wetting angles as visible in Figure 3-a. 

Microstructural examination revealed that the CuAl8 deposit consisted primarily of two 

phases: a β phase (dark regions) distributed along grain boundaries, and an α phase (bright 

regions) occupying the grain interiors, exhibiting a cellular-dendritic morphology. The α 

phase possessed a face-centered cubic (FCC) crystal structure, while the β phase exhibited a 

body-centered cubic (BCC) configuration (Figure 3b–c). 

Figure 3-d shows the HAZ within the dilution zone, which extended to a depth of 

approximately 210 µm. In this region, exposure to elevated temperatures during CuAl8 

deposition resulted in localized tempering of the base metal, followed by rapid cooling that 

produced a fine-grained microstructure. This rapid solidification plays a crucial role in 

defining the mechanical response of the deposit. The fine-grained structure at the lower 

region of the sample contributes to increased strength and hardness, attributed to the higher 

grain boundary density that impedes dislocation motion [205]. Conversely, the coarser grains 

formed in the mid-layers may slightly reduce strength but enhance ductility, providing a 

balance between mechanical robustness and deformability [206]. The coexistence of α and β 

phases indicates a complex microstructural architecture, offering a favorable combination of 

strength and toughness. The measured HAZ depth of 210 µm further emphasizes the 

substantial thermal influence of the WAAM process on the substrate, underlining its 

importance in determining the final performance of additively manufactured CuAl8 

components. 
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Figure 6-3. Macro- and microstructural analysis of the CuAl8 wall fabricated by WAAM: 

(a) Macrostructure of CuAl8 wall; (b) Grain growth; (c) Grain formation and phase morphology; (d) 

Boundary between the first and second deposited layers; (e) Dilution zone and HAZ region. 

 

An increase in voltage and current directly influences the total heat input in the WAAM 

process, as these parameters determine the electrical power delivered to the arc. 

Consequently, a higher heat input enhances the thermal energy available for melting and 

depositing the material [207]. This elevated heat input promotes more extensive melting of 

the steel, disrupting the crystalline lattice as atoms lose their ordered arrangement at high 

temperatures. Moreover, the elevated thermal conditions enhance the diffusion of alloying 

elements, thereby altering both the microstructural evolution and mechanical response of the 

deposited material. During cooling, rapid solidification can result in the formation of distinct 

microstructural morphologies, such as dendritic and columnar grains, which critically affect 

the final mechanical properties of the steel. However, excessive heat input may also enlarge 

the HAZ, potentially generating residual stresses, microstructural coarsening, and 

geometrical distortions in the deposited layers [208]. 
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6.3.2. Interface Characterization 

The cooling behavior of steel plays a pivotal role in determining its microstructure, with 

cooling rate and thermal cycling being key controlling factors. Figure 4-a presents the EBSD 

inverse pole figure (IPF) of the ER70S-6 sample, revealing grain orientation, morphology, 

and size distributions across the substrate, fusion interface, and deposited regions. During 

the WAAM process, the high-temperature molten pool partially melts the substrate surface, 

generating a mixed interfacial region composed of both ER70S-6 and low-alloy steel. This 

metallurgical mixing zone represents the fusion interface between the deposited and base 

materials [209, 211]. The EBSD analysis indicates that the average grain size within the HAZ 

(Zone 1) was approximately 27.8 µm², smaller than that in the middle of the bead (Zone 2 = 

50.3 µm²) and in the substrate (Zone 3 = 48.1 µm²). The refined grain structure in the HAZ 

can be attributed to efficient heat transfer from the molten pool into the substrate, which 

induced rapid solidification near the interface. The heterogeneity observed within the fusion 

zone arises from the uneven cooling of the deposited material, resulting from both air 

convection and heat conduction into the substrate, as well as from incomplete metallurgical 

mixing of elements with limited mutual solubility. Consequently, grain size distribution in 

Zone 2 appeared non-uniform, as shown in Figure 4-a [212]. 

The repeated thermal cycles inherent to the WAAM process significantly influence the 

microstructure of the HAZ, producing finer grains than those in the consolidated bead or 

substrate [213, 214]. This grain refinement directly impacts the mechanical behavior, as 

confirmed by microhardness measurements that revealed higher hardness values in the bead 

center relative to the adjacent regions. SEM and phase analyses identified the formation of 

ferritic phases aligned along the Y-axis, contributing to enhanced stability at the critical 

interface between the deposited layer and the substrate. 

The Kernel Average Misorientation (KAM) map (Figure 4-b) further illustrates 

inhomogeneities in deformation between the substrate and deposited layers. The KAM value 

was higher in the substrate than in the deposited bead, likely reflecting residual strain induced 

by solid-state transformations after deposition. Both regions exhibited a face-centered cubic 

(FCC) crystal structure (Figure 4-c). Pole figure analysis (Figure 4-d) confirmed the absence 

of significant crystallographic texture variations, as represented by the uniform intensity 

rings marked by black circles. Following deposition and subsequent air cooling, the grains 

within the middle region of the fabricated layer exhibited non-uniform alignment, generally 
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oriented along the direction of heat transfer (Figure 4-e). Vertical samples demonstrated 

more homogeneous KAM distributions compared to horizontally built samples, indicating 

uniform strain accommodation and reduced stress concentration in the vertical builds. The 

KAM values (ranging from 0° to 5°) reflect this uniformity, suggesting that vertical layer 

deposition leads to more stable mechanical integrity due to consistent thermal histories across 

multiple layers [215–216]. 

The {100}, {110}, and {111} pole figures of the WAAM-deposited ER70S-6 sample 

(Figure 4-d) revealed a weak crystallographic texture with random grain orientations and a 

maximum intensity of 5.94 above the random background. The KAM map also indicated a 

high dislocation density surrounding the larger grains within the HAZ. Rapid cooling near 

the surface in contact with ambient air caused grains to solidify preferentially along the Y-

axis, as shown in Figures 4-a and 4-d. Microstructural heterogeneity within the HAZ is 

evident in Figure 4-a, where most grains in the dilution region exhibit a predominant {100} 

orientation, consistent with directional heat extraction into the substrate. Elevated local 

temperatures during deposition facilitated grain boundary migration and localized grain 

coarsening near the fusion boundary. This effect was most pronounced in the dilution zone, 

where enhanced thermal interaction with the substrate promoted continued microstructural 

evolution and modification of grain morphology [217, 218]. 
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Figure 6-4. EBSD analysis of ER70S-6: (a) Large-area map showing grain sizes in Area 1 (WAAM bead), 

Area 2 (HAZ), and Area 3 (substrate); (b) Kernel Average Misorientation (KAM) map; (c) Phase detection 

(FCC); (d) Dilution area image; (e) Pole figures. 

Figure 5-a presents the Inverse Pole Figure (IPF) map of the CuAl8 deposition. The 

deposited layer exhibited larger grain sizes compared to the substrate, primarily due to the 

slower cooling rate inherent to the WAAM process, which allows more extensive grain 

growth. This thermal behavior is consistent with heat transfer toward the substrate, resulting 

in solidification predominantly along the Y-axis, as shown in Figure 5-b. In samples where 

low-alloy steel (LAS) was used as the substrate for CuAl8 deposition, both materials 

displayed relatively large grain structures. However, the upper portion of the substrate 

exhibited finer grains, attributed to localized heat treatment caused by the molten CuAl8 

layer. This variation in grain size is likely a result of phase transformations occurring during 

the copper deposition and subsequent cooling [219, 220]. 

A 50 µm EDS line scan, starting 25 µm above and ending 25 µm below the CuAl8/steel 

interface, revealed elemental diffusion across the dilution zone (Figures 5-b and 5-c). The 

results showed that copper penetrated into the substrate, forming a mixed region with steel. 

Although the deposition had minimal influence on the microstructure at the center of the 

CuAl8 bead, it noticeably affected the elemental composition of the fusion zone and dilution 

area, primarily due to the extent of substrate melting and subsequent elemental diffusion. 
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EDS analysis at the interface (Figures 5-c and 5-d) indicated greater diffusion of Fe into the 

deposited layer than Cu into the substrate. This asymmetry arises from the higher affinity of 

Fe for Al compared to Cu, which facilitates Fe migration toward the substrate [221, 222]. 

Increased heat accumulation during deposition enlarged the molten pool, prolonged its 

duration, and intensified convective flow, enhancing Fe–Cu diffusion at the interface and 

promoting the formation of iron-rich dendritic structures (Figure 5-e). 

In the EBSD maps, distinct colors represent different crystallographic orientations, blue 

for ⟨111⟩, green for ⟨101⟩, and red for ⟨001⟩. The grains in the diffusion zone were smaller 

than those in the central bead region. This refinement is attributed to rapid solidification 

along the Y-axis, driven by the cold substrate acting as a heat sink. Analysis of grain 

boundary orientation differences revealed that most grains near the interface were small-

angle grain boundaries (SAGBs) with misorientations <9.5°, whereas the upper bead regions 

predominantly contained large-angle grain boundaries (LAGBs) exceeding 11.9°. This 

localized grain refinement and increased dislocation density within the dilution region 

substantially improved the mechanical strength of the interface [223–225]. 
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Figure 6-5. EBSD and EDS analysis of CuAl8: (a) Large map image; (b) EDS line-scan direction; (c) 

Elemental mapping; (d) KAM map; (e) Phase detection; (f) EDS profile; (g) Pole figures. 

As illustrated in Figure 5-e, phase distribution mapping revealed that the α-Cu phase (red 
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regions) with a face-centered cubic (FCC) structure accounted for 56.7% of the total area, 

while the β (or β′) phase (blue regions) with a body-centered cubic (BCC) structure 

constituted 43%. The fusion zone was predominantly composed of the α-Cu phase, with 

minor β(β′) phase fractions. The pole figure of the FCC phase (Figure 5-g) exhibited a 

maximum polar density of 11.94, suggesting a high degree of anisotropy and a weakly 

textured grain orientation. The KAM map (Figure 5-f) showed a low misorientation rate 

within CuAl8, attributed to the predominance of low-angle grain boundaries (LAGBs <10°), 

which maintain structural coherence. Additionally, the high thermal conductivity of copper 

relative to steel mitigated thermal stresses and minimized lattice misorientation, promoting 

improved interlayer bonding and dimensional stability [226, 227]. 

6.4. Mechanical Characterization 

6.4.1. Uniaxial Tensile Testing 

Figure 6-a presents the results of uniaxial tensile testing for the steel–steel bulk sample, 

showing failure occurring in the midsection rather than at the interface, confirming strong 

metallurgical bonding between the deposited ER70S-6 layers and the steel substrate. 

Microstructural evaluation of the fractured specimen verified the absence of defects such as 

pores or cracks in the initial deposited layers of the cubic sample. 

The engineering stress–strain curve (Figure 6-b) demonstrated an ultimate tensile 

strength (UTS) of 371 MPa and an elongation of 35% prior to fracture, indicating good 

ductility. SEM fractographic analysis (Figures 6-c and 6-d) revealed a uniform fracture 

morphology with a homogeneous surface texture, suggesting ductile failure dominated by 

microvoid coalescence. Distinct zones within the fractured surface corresponded to 

individual deposited layers (see Figure 1-d), while others aligned with interlayer interfaces. 

The slightly softer regions at these interfaces are attributed to the localized fusion and 

reheating of adjacent layers during deposition, consistent with typical microstructural 

transitions in additive manufacturing [228]. 
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Figure 6-6. Overview of the uniaxial tensile test for the steel–steel WAAM sample: 

(a) Dog-bone specimens before and after testing; (b) Tensile fracture; (c) Load–extension diagram; (d) 

Fractography of the steel–steel interface; (e) Central region of the tensile fracture; (f) Edge region of the 

tensile fracture. 

Figure 7-a shows an overview of the uniaxial tensile test conducted on the cubic CuAl8 

sample. A comparison between the stress–strain curves of CuAl8 and ER70S-6 (Figure 7-b) 

reveals that the copper specimen failed at a significantly lower stress of 169 MPa, whereas 

the steel sample exhibited superior strength. As shown in Figures 7-c, 7-d, and 7-e, the CuAl8 

sample displayed a non-uniform fracture surface, with failure propagating across multiple 

deposited layers. This heterogeneity indicates that fracture occurred along regions of 

differing metallurgical integrity, likely influenced by the larger grain size of CuAl8 and the 

weaker interfacial bonding between the copper and steel layers. The latter can be attributed 

to mismatches in their thermal expansion coefficients, which introduce thermal stresses 

during solidification. 

In contrast, the ER70S-6 steel sample demonstrated a more homogeneous fracture and 

higher tensile strength, resulting from its finer grain size and stronger metallurgical interface 

with the low-alloy steel substrate. These findings underscore the critical role of grain 

morphology, thermal compatibility, and interfacial bonding in defining the mechanical 

performance of additively manufactured bimetallic components [229, 230]. 
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Figure 6-7. Overview of the uniaxial tensile test for CuAl8–steel samples: 

(a) Dog-bone specimens before and after testing; (b) Tensile fracture; (c) Load–extension diagram; (d) 

Fractography of the CuAl8–steel interface; (e) Central region of the tensile fracture; (f) Edge region of the 

tensile fracture. 

6.4.2. Surface Roughness and Microhardness 

Considering the arc power and deposition rate, the resulting bead geometry significantly 

influenced the surface roughness, following a pattern similar to that observed in CMT–

WAAM processes. Figure 8-a illustrates the method used to calculate the ideal plane for 

roughness evaluation, where surface points were fitted using the least-squares method. To 

ensure precision, each roughness (Ra) measurement was repeated three times in different 

orientations, and the average value was reported for each condition. 

The average surface roughness (Ra) values were 0.61 mm for the CuAl8–steel samples 

and 0.46 mm for the ER70S-6–steel samples. The higher roughness in CuAl8–steel 

specimens is attributed to the higher wire feed rate of 7 m/min, compared to 4.5 m/min for 

steel. Increasing the feed rate resulted in greater material deposition per layer, producing 

thicker beads and more pronounced peak-to-valley roughness at interlayer interfaces [231, 

232]. Conversely, reducing the CuAl8 feed rate to 4.5 m/min caused incomplete deposition 

and slag formation, particularly in the wall samples. 
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Figure 6-8. (a) Roughness of deposited layers; (b) Wall waviness defects; (c) Schematic of multilayer bead 

deposition; (d) Top view of steel–steel wall fabrication; (e) Uniform layer formation; (f) Fabrication defects 

in 60° WAAM deposition. 

The deposition pattern also influenced surface uniformity due to the directional nature of 

bead placement. Improved process parameter control can minimize such variations, as shown 

in Figure 8-b. The wall waviness at the edges further affected the overall build quality and 

dimensional precision. The top sections of the walls experienced slower cooling rates, which 

led to differences in grain formation compared to the underlying layers. Consequently, the 

top beads exhibited more uniform morphology and reduced solidification rates, resulting in 

smoother surfaces (Figure 8-c). 

Observation of wall fabrication (Figures 8-d and 8-e) confirmed that uniform layer 

deposition was achieved at a 90° build orientation, while the 60° angled samples displayed 
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slag-related surface defects caused by gravitational effects and variable cooling rates (Figure 

8-f). These process-induced irregularities contributed to increased roughness and waviness, 

impacting the surface integrity of the manufactured components [233, 234]. 

 
Figure 6-9 Presents the microhardness distribution maps for a) steel–steel b) steel-copper cubic samples 

fabricated by WAAM 

• 140–169 HV (blue), 

• 170–199 HV (yellow), 

• 200–220 HV (red). 

For CuAl8, as shown in Figure 9-b, the hardness ranges were: 

• 110–120 HV (blue), 

• 121–130 HV (yellow), 

• 131–140 HV (red). 

The microhardness mapping revealed that both materials exhibited higher hardness 

values at the cube centers, though distinct differences were observed between the two 

samples. These variations correspond to differences in solidification dynamics during the 

WAAM process. EBSD analysis indicated that finer grains concentrated at the cube centers 

resulted from the transition from columnar dendritic growth to equiaxed grains, driven by 

the high cooling rates during deposition. This grain refinement enhanced hardness, as smaller 

grains restrict dislocation motion and improve resistance to plastic deformation [235, 236]. 

In CuAl8 samples, heat was more effectively distributed toward the center, promoting finer 

grain formation and thus higher localized hardness. However, due to copper’s superior 

thermal conductivity, the overall cooling rate was higher than that of ER70S-6, leading to a 

smaller low-hardness region (110–120 HV). This contrast underscores the influence of 
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thermal conductivity, cooling rate, and grain structure on the hardness distribution in 

WAAM-fabricated components. 
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Chapter 7 

Laser Hybrid Arc Welding of WAAMed ER70S-6/AISI 308L SS Plates 

with AISI 316L SS 

7.1. Materials and Fabrication 

7.1.1. Base Materials and WAAM Fabrication 

Utilizing steel sheets made from AISI 308L stainless steel and ER70S-6 low-alloy carbon 

steel, fabricated via the WAAM process. The chemical composition of the base steels is 

provided in Table 1. A collaborative robot (cobot) was employed for precise deposition 

(Figure 1-c). The resulting plates had a thickness of approximately 3 mm and a height of 96 

mm. The additive manufacturing parameters were carefully controlled. For AISI 308L, the 

settings were 11.1 V, 72 A, and a wire feeder rate of 3.5 m/min. For ER70S-6 steel, the 

parameters were 14.8 V, 125 A, and a feeder rate of 4.5 m/min. A Fronius welding generator 

operating in CMT mode was used. To ensure uniform structure and well-bonded beads, the 

deposition and torch angle were set at 90 degrees (Figure 1-d), the robot speed was 

maintained at 10 mm/s, and the shielding gas (99.9999% argon) flow rate was fixed at 14.0 

l/min. A dwelling time of 120 seconds per layer was implemented to allow for proper 

solidification (Figure 1-e).  

Table 1. The chemical composition of the steels used in this research (Wt.%) 

 C Cu Ni Cr V Si P Nb Mo Mn S Fe 

AISI 

316L SS 
0.030 - 14 18 - 1.05 0.045 - - 3.01 0.03 Bal. 

ER70S-6 0.135 0.02 - 0.02 0.058 0.01 0.014 0.021 - 0.86 0.11 Bal. 

AISI 

308L SS 
0.020 0.75 10 20 - 0.45 0.020 - 0.4 1.50 - Bal. 
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Figure 7-1. a) Laser equipment, b) Laser head set up, c) Wire arc additive manufacturing machine with 

robotic arm, d) Robot processing the WAAM, e) Fabricated plates. 

7.1.2. Pre-Weld Preparation 

After fabrication, the WAAM plates were separated from the substrate. Their edges were 

then milled to create an 80-degree V-groove to facilitate the subsequent laser welding 

operation. AISI 316L stainless steel, with a thickness of 0.7 mm, was selected as the filler 

material for the hybrid welding process. 

7.2. Laser Hybrid Welding Process 

The laser/MIG hybrid welding process was conducted using a 4-kW laser system. Four 

distinct parameter sets were applied, with laser power ranging from 1000-1500 W and laser 

scanning speed from 1000-1500 mm/min, as detailed in Table 2. High-purity argon 

(99.9999%) was used as the shielding gas. The laser head, controlled by a Computer 

Numerical Control (CNC) system, moved along the X-axis. The steel plates were securely 

clamped to prevent distortion, and the gap between them was maintained below 0.2 mm for 

all samples. The stand-off distance between the laser head and the workpiece was set at 18 

mm. Preliminary tests were conducted to determine effective parameters and ensure adequate 

penetration before finalizing the settings for the four main samples. 
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Table 2. Dissimilar laser hybrid welding parameters on AISI 308L/ER70S-6 WAAM plates 

Sample 

number 

Laser speed 

(mm/min) 

Laser power 

(W) 

Arc Voltage 

(V) 

Arc Current 

(A) 

Torch Angle 

(˚) 

#1 1000 1000 

20.2 94 41 
#2 1500 1000 

#3 1000 1500 

#4 1500 1500 

 

 
Figure 7-2. a) Flow chart of the welding process, b) Welding process set up, c) Clamping the plates, d) 

Position of the laser, e) Welded samples, f) Cross section of the welds. 
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7.3. Material Characterization and Mechanical Testing 

7.3.1. Microstructural Analysis 

Following welding, cross-sectional samples were extracted from the weld zone, mounted, 

and polished using abrasive paper with grit sizes from 150 to 2500. The specimens were 

etched using Carpenter solution and 5% Nital according to standard procedures. Initial 

microstructural imaging was performed with an Olympus LEXT OLS3000 optical 

microscope. For detailed analysis, Scanning Electron Microscopy (SEM) was carried out 

using a Carl Zeiss Merlin microscope equipped with an Energy-Dispersive X-ray 

Spectroscopy (EDS) detector. 

X-ray Diffraction (XRD) analysis was used to determine the phase composition in critical 

regions like the weld boundary and fusion zone. Electron Backscatter Diffraction (EBSD) 

was employed to analyze grain orientation and size. 

7.3.2. Mechanical Testing 

Microhardness measurements were taken across the weld cross-section using a DuraScan 

G5 Vickers hardness tester with a 200 g load and a 15-second dwell time. Indentations were 

made at 200 µm intervals. Tensile specimens were prepared according to the ASTM E8:21 

standard [237]. Uniaxial tensile tests were conducted using a 25 mm extensometer at a strain 

rate of 10⁻⁴/s. All experimental procedures were performed under controlled laboratory 

conditions (22 ± 1°C, 45 ± 5% relative humidity) to ensure consistency and prevent 

environmental influences on the results, as suggested in the literature [238]. 

7.4. Discussion 

7.4.1. Microstructural Analysis of the Weld Zone 

7.4.1.1. Weld Bead Morphology and Ferrite Formation 

Figure 3-a shows the weld bead peak for Sample #2 (1000 W, 1500 mm/min), where the 

AISI 316L filler was deposited between the two plates. A magnified view of the top corner 

(Figures 3-b and c) reveals the presence of lathy ferrite. This needle-like structure forms due 

to rapid cooling, with its alignment along the cooling direction resulting from directional 

solidification, which can induce anisotropy in properties like toughness and ductility. 
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Figure 7-3. a) AISI 316L SS weld peak on sample #2, b) Corner peak weld, c) Lathy ferrite formation, d) 

Columnar formation in the top center, and e) middle of the bead peak. 

7.4.1.2. Columnar Grain Growth 

Figures 3-d and e display a columnar microstructure, consisting of elongated grains 

growing perpendicular to the weld interface from the HAZ towards the weld center. Slight 

variations in the grain orientation between the figures are attributed to differences in local 

cooling conditions or weld geometry. This columnar structure leads to anisotropic 

mechanical properties, where strength is higher parallel to the grain growth direction, though 

grain boundaries can act as potential sites for cracking. 

7.4.1.3. Phase Transformation Analysis via XRD 

XRD analysis (Figure 4-c) confirmed the presence of austenite (γ-Fe) and delta-ferrite 

(δ-Fe) [239, 240]. A comparison between Sample #1 (lower power) and Sample #3 (higher 

power) revealed distinct phase transformations. In Sample #3, increased intensities for the 

(111) and (220) γ-Fe peaks indicated a higher austenite fraction, while the decreased (110) 

δ-Fe peak intensity confirmed a reduction in retained ferrite. This shift is due to extended 

high-temperature exposure and slower cooling rates at higher heat inputs, promoting the δ 

→ γ transformation (Figure 4-d). 
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Figure 7-4. a) Schemat of the weld formation, b) Effect of the fusion zone in the formation of the weld zone 

of Sample #3, c) XRD analysis for sample #1 (Laser scanning speed 1000 mm/min, Laser power 1000 W), 

and sample #3 (Laser scanning speed 1000 mm/min, Laser power 1500 W), d) W(Cr)-W(Ni)-Temperature 

diagram for δ → γ. 

This microstructural evolution highlights that controlling the austenite/ferrite ratio is 

crucial for optimizing mechanical properties and corrosion resistance in industrial 

applications. 

7.4.1.4. Microstructural Variations Across the Weld 

The cross-section of Sample #2 (Figure 5-a) shows distinct microstructural zones. The 

HAZ at the ER70S-6/316L interface (Figure 5-b) exhibits a refined grain structure (5–10 µm) 

due to rapid thermal cycling. In the weld neck region (Figure 5-c), fine cellular dendrites are 

observed, resulting from high thermal gradients and solidification rates. The dilution zone 

between AISI 316L filler and AISI 308L substrate (Figure 5-d) shows a mixed microstructure 

containing vermicular δ-ferrite within an austenitic matrix. The transition zone near the 

WAAM 308L (Figure 5-e) shows layers of equiaxed and partially recrystallized grains, 

reflecting the thermal gradient from the weld interface. 
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Figure 7-5. a) Cross section of the weld zone of sample #2, b) HAZ’s boundary of ER70S-6/AISI 316L weld 

zone, c) Transmit zone of the weld zone and ER70S-6, d) Dilution area of AISI 316L and AISI 308L, e) 

Transmit zone of the weld zone and AISI 308L. 

7.4.1.5. Defect Formation and Analysis 

Figure 6 illustrates various microstructural features and defects. Widmanstätten ferrite 

plates form in the HAZ of both base materials (Figures 6-a, d) due to intermediate cooling 

rates. The weld bead center (Figure 6-b) shows lathy ferrite within the AISI 316L matrix, a 

result of extreme cooling rates. Pore formation mechanisms differed between the interfaces. 

Pore clusters were found along the AISI 308L fusion boundary (Figure 6-e) due to 

solidification shrinkage and hydrogen entrapment. In contrast, the ER70S-6/316L interface 

was largely pore-free (Figure 6-g). A 54 µm spherical cavity was observed in the weld neck 

(Figures 6-h, i), likely caused by gas entrapment from turbulent melt pool flow. 
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Figure 7-6. a) The HAZ of ER70S-6 in the middle of WZ, b) Peak weld of AISI 316L, c) The boundary of 

AISI 316L and AISI 308L, d) Widmanstätten ferrite (WF) in the WAAM plate, e) pores positions in the WZ, 

f) Columnar and equiaxed crystal zones, g) Neck boundary of AISI 316L /AISI 308L, i) 54 µm pore in the 

WZ. 

7.4.2. Crystallographic and Interfacial Analysis 

7.4.2.1. AISI 316L/AISI 308L Interface 

EBSD analysis of the 316L/308L boundary (Figure 7) revealed a refined grain structure 

with high Geometrically Necessary Dislocation (GND) densities, resulting from thermal 

strain incompatibility. The inverse pole figure (Figure 7-f) shows a strong <101> texture 

aligned with the heat flow direction (Y-axis), indicative of directional solidification. 



 
 

125 
 

 
Figure 7-7. a) Position selection of sample #2, b) GND mapping of boundary between AISI 316L and AISI 

308L, c) Grains analysis of EBSD, d) Pole figure, e) Presentation of Crystallographic orientations (φ2 = 0° to 

360° - Euler space), f) Inverse pole figure. 

7.4.2.2. AISI 316L/ER70S-6 Interface 

At the 316L/ER70S-6 boundary (Figure 8), significant grain refinement (1–4 µm) was 

observed due to rapid solidification. The Orientation Distribution Function (ODF) analysis 

(Figure 8-d, e, f) showed intensified orientations aligned with the thermal gradient, favoring 

specific slip systems for strain accommodation. 
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Figure 7-8. a) Position selection of sample #2 b) grain size analysis and phase detection c) EBSD mapping of 

the weld zone d) Presentation of Crystallographic orientations (φ2 = 0° to 360° - Euler space) e) inverse pole 

figure f) Pole figures. 

7.4.2.3. Phase and Elemental Distribution 

Phase mapping (Figure 9-b, c) identified a tripartite microstructure: retained austenite in 

316L zones, BCC ferrite in transition regions, and polygonal/acicular ferrite in ER70S-6. 

EDS analysis (Figures 9-e, f) confirmed elemental redistribution, including Cr depletion and 

δ-ferrite formation in the dilution zone, governed by the high thermal gradients of the 

process. 
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Figure 7-9. a) GND mapping of ER70S-6/AISI 316L b) Area separation of dilution area c) Phase 

identification of old and recrystallized grains d) Phase identification of dilution area of ER70S-6/AISI 308L 

e) EDS analysis of ER70S-6 in HAZ f) EDS analysis of AISI 308L in HAZ. 

7.4.3. Microhardness Profile 

Microhardness mapping revealed a direct correlation with the observed microstructure. 

The weld center (AISI 316L) showed an average hardness of 245 HV. The HAZ of both base 

materials exhibited peak hardness values (303 HV in AISI 308L HAZ and 297 HV in ER70S-

6 HAZ) due to grain refinement and phase transformations. The Hall-Petch relationship 

explains this strengthening mechanism, as finer grains offer greater resistance to 

deformation. Figure 10 illustrates the grain size distribution and corresponding hardness 

values. 



 
 

128 
 

 
Figure 7-10. a) EBSD selection of the grains b) Measurement’s direction for grain analysis c) Microhardness 

diagram d) Vicker’s microhardness indentation of ER70S-6, AISI 308L, and AISI 316L e) Grain 

concentration map analysis. 

7.4.4. Uniaxial Tensile Strength 

Dog bone specimens were extracted from the welded plates (Figures 11-a, b). The 

fracture surface of Sample #3 (Figure 11-d) exhibited a ductile failure mode characterized 

by micro-void coalescence. The load-extension diagram (Figure 10-e) shows that Sample #3, 

welded with higher heat input, demonstrated superior tensile performance with both higher 

strength (11.7 kN vs. 8.2 kN) and greater ductility compared to Sample #1. This is attributed 

to the synergistic thermo-microstructural interactions, including dynamic recrystallization 

and a more favorable phase balance. 
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Figure 7-11. a) Welding plates b) Dog bone Uniaxial Tensile Strength c) Fractography selection d) 

Fractography of sample #3 e) Load-extension diagram of samples #1 and #3. 
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Chapter 8 

Conclusions and Recommendations 

This research presents a comprehensive experimental and numerical investigation into the 

wire arc additive manufacturing (WAAM) of steels and bimetals, integrating both process 

structure property relationships and advanced joining methodologies such as laser hybrid 

welding (LHW). Through a systematic exploration of deposition parameters, wire feed rates, 

arc powers, and thermal histories, the study provides a unified understanding of WAAM’s 

capability to fabricate and repair structural and functional metallic components with 

improved metallurgical quality, dimensional accuracy, and mechanical integrity. 

8.1. Process parameter microstructure correlation 

The experimental studies on AISI 308L and ER70S-6 steels demonstrated that deposition 

parameters, specifically arc power, deposition speed, and wire feed rate, play a decisive role 

in determining bead geometry and solidification morphology. For both materials, increased 

arc power or wire feed rate enhanced melt pool spreading and improved wetting angles while 

promoting uniform layer formation. Optimal processing windows were established at 1.7 kW 

and 9 mm/s for 308L and 2.6 kW and 5 mm/s for ER70S-6, ensuring balanced energy input 

and stable bead geometry. The results confirmed that the cold metal transfer (CMT) mode 

effectively minimizes spatter, porosity, and oxidation while ensuring near-net-shape 

deposition. 

8.2. Microstructural evolution and mechanical performance 

Microstructural characterization via optical microscopy, SEM, EBSD, and FIB revealed 

refined microstructures with distinct phase distributions in all WAAM-deposited alloys. 

• In 308L, the microstructure exhibited δ-ferrite and γ-austenite with grain sizes 

ranging from 5 µm to 16 µm, depending on heat input and location (fusion zone, heat-

affected zone, or substrate). 

• For ER70S-6, the grain size ranged from 3–11 µm, with significant refinement in the 

dilution zone due to rapid heat extraction through the substrate. 

• The microhardness values reached 310 HV in the heat-affected zone of 308L and 300 

HV for ER70S-6, confirming the beneficial influence of controlled cooling and 

reduced oxidation. 
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In bimetallic CuAl8/ER70S-6 structures, strong metallurgical bonding was achieved at 

the Fe–Cu interface with refined grains in the dilution zone. The absence of cracks and voids, 

combined with a hardness of 131 HV and a failure load near 1.9 kN, demonstrates the 

feasibility of WAAM for fabricating functional bimetals with tailored mechanical properties. 

8.3. Numerical and statistical modeling 

A hybrid finite-element and computational-fluid-dynamics (CFD) modeling approach 

was developed and validated against experimental thermographic and geometrical data. The 

simulations accurately reproduced the thermal gradients, molten-pool flow, and temperature-

time histories, enabling precise prediction of bead width and height within a ±5 % deviation 

from experimental results. Furthermore, the integration of Response Surface Methodology 

(RSM) and ANOVA provided statistically optimized process maps, confirming that 

deposition speed exerts the highest influence on bead height, while arc power most strongly 

affects bead width and aspect ratio. The models also identified critical correlations between 

cooling rate, melt-pool dynamics, and defect formation tendencies, forming a robust 

framework for process optimization. 

8.4. Advanced joining via Laser Hybrid Welding (LHW) 

To extend WAAM’s applicability, Laser Hybrid Welding was employed to join WAAM-

fabricated dissimilar steels, AISI 308L and ER70S-6, using an AISI 316L filler. The 

optimized condition (1500 W laser power, 1000 mm min⁻¹ scanning speed) produced joints 

with fine, equiaxed grains and balanced ferrite–austenite microstructures. Tensile strength 

increased by 43 % relative to low-power conditions, and microhardness reached 303 HV in 

the 308L-HAZ. These findings demonstrate that combining WAAM and LHW offers a 

reliable pathway for producing and repairing high-strength dissimilar steel components, 

particularly for petrochemical and marine applications. 

8.5. Integrated understanding and technological impact 

Across all investigations, the synergistic combination of experimental, numerical, and 

microstructural analysis has established clear relationships between process parameters, 

thermal history, and resulting material behavior. The outcomes validate that: 

• Thermal management through CMT and interlayer dwell times is essential for 

controlling grain refinement and minimizing residual stresses. 

• Process stability depends on optimized deposition paths and feeding strategies that 

balance heat input and solidification rate. 
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• Hybrid joining techniques enable functional integration of WAAM-produced parts 

into complex assemblies without compromising structural reliability. 

Collectively, these contributions advance WAAM from a primarily experimental process 

toward a predictive, simulation-driven manufacturing approach capable of delivering 

consistent, high-performance metallic components. 

8.6. Outlook and future perspectives 

The findings of this thesis create a strong foundation for the next generation of intelligent 

WAAM systems, where real-time monitoring, machine learning, and closed-loop thermal 

control can be integrated to achieve adaptive manufacturing. Future work should focus on: 

• Multi-material and gradient deposition using sensor-based control for microstructure 

and defect prediction; 

• 3D CFD-coupled phase-field modeling to capture solidification front evolution in 

multilayer builds; 

• In-service performance evaluation, including wear, fatigue, and corrosion resistance 

under operational conditions; 

• Development of sustainable WAAM processes through energy-efficient parameter 

selection and material recycling strategies. 

Although remarkable progress has been achieved in WAAM and additive manufacturing, 

further efforts are necessary to bridge existing gaps related to optimization and simulation. 

Continuous monitoring of thermal cycles and the molten pool offers valuable potential for 

correlating these parameters with common defects in the WAAM process, such as porosity 

and cracking. Since metallic components are fabricated layer by layer, analyzing interfacial 

regions can provide deeper insight into how artificial intelligence could be employed to 

establish relationships between interfacial or intra-layer defects and the thermal history of 

the deposited metal. Future research should also focus on the influence of process 

parameters, including wire feed speed and power source settings, as well as the use of 

different filler wire materials, to identify optimal configurations for specific applications. 

Employing thermal imaging systems to record the temperature evolution during deposition 

could further enhance understanding of the process. Moreover, 3D computational fluid 

dynamics (CFD) simulations of molten metal flow may help address key challenges, such as 

the surface waviness that develops along the sample edges after solidification, which remains 
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an area requiring refinement [241]. Assessing the performance of WAAM-produced 

components under realistic service conditions, particularly in terms of wear and corrosion 

resistance, is essential. Such evaluations will ensure that future WAAM-fabricated parts meet 

the stringent requirements of industrial applications [242]. 
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