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Abstract 

In the context of Industry 4.0, additive manufacturing techniques have emerged as pivotal 

technologies, enabling the production of complex components with significant material 

savings and functional optimization. This thesis investigates the optimization of Inconel 

718 clads deposited via Wire Laser Additive Manufacturing (WLAM) onto structural steel, 

S355 and stainless steel, 304L, aiming to enhance their mechanical and metallurgical 

properties for demanding applications. Comprehensive parameter optimization was 

carried out, examining the influence of laser power, wire feed rate, laser speed, and 

shielding gas pressure on dilution, wettability, porosity, and cracking. 

Optimal deposition parameters were identified as 8.5 kW laser power, 0.55 m/min laser 

speed, 5 m/min wire feed rate, and 2 bar argon pressure for 304L stainless steel substrates, 

and 9.6 kW laser power, 0.6 m/min laser speed, 4.9 m/min wire feed rate, and 4 bar argon 

for S355 structural steel substrates. These parameters led to the clads with the least 

defects and having good wettability and dilution on the substrate. 

Heat treatments, consisting of homogenization at 1200°C followed by a double aging cycle, 

significantly improved the mechanical performance of clads, increasing hardness from 

approximately 225 HV in as-built conditions to 412 HV post-treatment, representing an 84% 

improvement. Tensile tests further validated these benefits, showing remarkable 

enhancements in yield strength (from 447 MPa to 853 MPa horizontally, and from 488 MPa 

to 960 MPa vertically) and ultimate tensile strength (from 824 MPa to 1057 MPa horizontally, 

and from 836 MPa to 1090 MPa vertically) after heat treatment. Additionally, the applied 

heat treatment effectively reduced the hardness and brittleness of the Heat-Affected Zone 

(HAZ), resolving issues caused by microstructural transformations during deposition. 

Substantial mechanical anisotropy was observed, the vertical direction showed 38% 

elongation in the as-built state and 22% when heat treated, while the diagonal orientation 

had the lowest values at 28% and 14%, respectively. The highest elongation was observed 

in the as-built state at 41% and 25% after heat treatment, emphasizing the critical role of 

grain orientation on mechanical behaviour. 

These findings offer significant practical implications, especially for high end industrial 

applications like aerospace, nuclear, energy generation, and chemical processing sectors, 

by substantially improving component reliability and extending operational lifespan. 
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Resumo 

No contexto da Indústria 4.0, as técnicas de fabrico aditivo surgiram como tecnologias 

fundamentais, permitindo a produção de componentes complexos com uma significativa 

economia de material e otimização funcional. Esta dissertação investiga a otimização de 

revestimentos de Inconel 718 depositados por Wire Laser Additive Manufacturing sobre 

aço estrutural S355 e aço inoxidável 304L, com o objetivo de melhoria de propriedades 

mecânicas e metalúrgicas para aplicação em condições de maior exigência. Foi realizada 

uma optimização abrangente dos parâmetros, analisando a influência da potência do laser, 

da taxa de alimentação do fio, da do laser e da pressão do gás de proteção na diluição, 

molhabilidade, porosidade e fissuração. 

Os parâmetros de deposição com melhores resultados foram: 8,5 kW de potência do laser, 

0,55 m/min de velocidade do laser, 5 m/min de alimentação do fio e 2 bar de pressão de 

árgon para os substratos de aço inoxidável 304L; e 9,6 kW de potência do laser, 0,6 m/min 

de velocidade do laser, 4,9 m/min de alimentação do fio e 4 bar de árgon para os substratos 

de aço estrutural S355. Estes parâmetros resultaram em revestimentos com o mínimo de 

defeitos, boa molhabilidade e diluição adequada com o substrato. 

Os tratamentos térmicos, consistindo numa homogeneização a 1200°C seguida de um ciclo 

duplo de envelhecimento, melhoraram significativamente o desempenho mecânico dos 

revestimentos, aumentando a dureza em aproximadamente 225 HV no estado as-built para 

412 HV após o tratamento, representando uma melhoria de 84% na dureza. Os resultados 

dos ensaios de tração, evidenciaram um aumento dos valores de Rp0,2 de 447 MPa para 

853 MPa na orientação horizontal e de 488 MPa para 960 MPa na orientação vertical e no 

Rm de 824 MPa para 1057 MPa na horizontal e de 836 MPa para 1090 MPa na vertical, sem 

e com tratamento térmico, respetivamente. Adicionalmente, o tratamento térmico 

aplicado reduziu eficazmente a dureza da Zona Termicamente Afetada (ZTA), diminuindo 

problemas relacionados com transformações microestruturais durante a deposição. Foi 

observada uma anisotropia mecânica substancial: a direção vertical apresentou 38% de 

alongamento no estado as-built e 22% após tratamento térmico, enquanto a orientação 

diagonal apresentou os valores mais baixos, com 28% e 14%, respetivamente. O maior 

alongamento foi registado no estado as-built, com 41%, e 25% após tratamento térmico, 

enfatizando o papel crítico da orientação dos grãos no comportamento mecânico. 

Estes resultados têm implicações práticas significativas, especialmente para aplicações 

industriais de elevado desempenho, como os sectores aeroespaciais, nuclear, de geração 

de energia e de processamento químico, ao melhorar substancialmente a fiabilidade dos 

componentes e prolongar a sua vida útil operacional. 
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1. Introduction 

The ongoing advancements in industrial manufacturing, driven by the rapid progression of 

the Fourth Industrial Revolution (Industry 4.0), have significantly increased the demand 

for enhanced engineering materials. This transformation has led to the development of 

more efficient and faster manufacturing techniques to meet modern industry 

requirements. Additive Manufacturing (AM) has emerged as a crucial and robust fabrication 

method, evolving from 3D printing to enable the layer-by-layer deposition of similar or 

dissimilar materials [1]. 

Wire laser additive manufacturing (WLAM) is a flexible and fast manufacturing method 

used to product variants of high geometric complexity. This method uses the laser as a 

heat source to form a small melt pool on the substrate surface or a previously deposited 

layer, and then the metallic wire is delivered. Due to the relative movement of the 

substrate and the laser, the clad solidifies and forms a strong bond with the original 

surface. This manufacturing process of metal components is noted for the high energy 

density and low heat input, small thermal deformation of the workpiece, fast heating and 

cooling speed, the small grain size of the formed part, and easy to realize automation and 

intelligence. Making it possible to efficiently build large expensive metal components with 

complex geometry via WLAM [2-5]. 

The application of Inconel 718 as a cladding material or as a deposited layer via additive 

manufacturing techniques, such as WLAM, onto stainless steels or structural steels, has 

garnered significant interest in recent years. This approach combines the superior surface 

properties of nickel-based superalloys with the economic and mechanical advantages of 

more common structural metals. Inconel 718, a precipitation-hardenable nickel-chromium 

alloy, is well known for its high strength, excellent resistance to oxidation and corrosion, 

and remarkable performance at elevated temperatures, typically up to 700°C. These 

properties make it a suitable candidate for applications in aerospace, nuclear, and 

chemical processing industries, where components are exposed to aggressive environments 

[5,6]. 

Cladding Inconel 718 onto austenitic stainless steels such as 304L allows for significant cost 

reduction compared to producing full components from Inconel. While 304L exhibits good 

corrosion resistance and weldability, its performance under high-temperature and high-

stress conditions is limited. Similarly, carbon steels such as S355 are widely used due to 

their excellent mechanical strength and low cost but lack the corrosion and thermal 

resistance required in many critical environments. By depositing a functional layer of 

Inconel 718 only where it is needed—typically at the surface exposed to harsh conditions—

it is possible to enhance the service life of components without incurring the full cost of 

using high-performance alloys throughout the entire part [7,8]. 

This dissertation was developed in fulfilment of the requirements for the degree of Master 

of Science in Materials Engineering at the Faculty of Engineering of the University of Porto 

(FEUP) with the goal of an optimization of the Inconel 718 WLAM process.
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1.1 Objectives and Document Organization  

This work was conducted to achieve an optimization of the process parameters of Inconel 

718 clads deposited on stainless steel 304L and structural steel S355, produced by Wire 

Laser Additive Manufacturing for IREPA LASER, through characterization of clads produced 

with a wide range of inputs. Furthermore, heat treatments for WLAM Inconel 718were 

studied. 

 

The present document, entitled “Optimization of Inconel 718 Claddings for High 

Performance via Wire Laser Additive Manufacturing”, is structured into the following five 

chapters:  

• Chapter 1 (Introduction): Presents the motivation, research objectives and 

dissertation framework.  

• Chapter 2 (Literature Review): Provides an overview of the relevant literature for 

the work, focusing on the topics of wire laser additive manufacturing, cladding, 

heat treatments and process optimizations. 

• Chapter 3 (Methodology): Describes, in detail, the followed methodology to 

achieve the goals set for each part of the thesis.  

• Chapter 4 (Results and Discussion): Presents the findings from each part of the 

thesis and evaluates the obtained results, aiming at answering the main goals of the 

work.  

• Chapter 5 (Conclusions): Summarizes the key findings of each part and suggests 

directions for future research that could be conducted.  
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2. Literature Review 

Additive Manufacturing (AM) encompasses a diverse range of layer-by-layer fabrication 

techniques that construct physical parts directly from digital 3D models. Unlike traditional 

manufacturing methods, subtractive or formative, AM builds objects by depositing material 

only where needed, resulting in minimal waste and enabling the creation of complex 

geometries and optimized internal structures that are often impossible with conventional 

techniques [9,10]. The process typically begins with a CAD model, which is digitally sliced 

into layers and converted into a set of toolpaths for the printer to follow. A wide variety 

of materials can be processed through AM, including polymers, metals, ceramics, 

composites, and biomaterials, depending on the specific technique used [11]. 

AM has gained considerable attention due to its advantages in design freedom, mass 

customization, reduced material consumption, and rapid prototyping. These features have 

made AM an enabling technology in sectors such as aerospace, biomedical, automotive, 

and construction, where highly specialized, lightweight, and performance-critical 

components are required [10,12]. In the aerospace industry, for example, AM allows the 

fabrication of lightweight structures with integrated functionality, reducing both 

component count and weight. In the biomedical field, it enables patient-specific implants 

and scaffolds that conform exactly to anatomical data, improving clinical outcomes [13]. 

Moreover, the ability to produce parts on demand and locally supports decentralized 

manufacturing, reducing logistics costs and lead times—an asset in defence, space, and 

remote field operations [14]. 

In addition to functional and logistical benefits, AM offers environmental advantages. Its 

material efficiency and the possibility of using recyclable feedstocks contribute to a lower 

environmental footprint, especially when compared to subtractive manufacturing for low-

volume or complex components [9,15]. Nonetheless, challenges remain. AM often requires 

significant post-processing to meet industrial tolerances and may suffer from high energy 

consumption, particularly in metal-based processes like directed energy deposition [16]. 

Material availability and qualification are also concerns for industrial scaling, along with 

ensuring repeatability and part certification. To overcome these issues, research is focused 

on process optimization, in-situ monitoring, machine learning integration, and the 

development of hybrid manufacturing systems that combine the strengths of AM with 

traditional techniques [17]. 

2.1 Direct Energy Deposition 

Direct Energy Deposition (DED) is a versatile additive manufacturing method that enables 

the fabrication, repair, and surface enhancement of components by melting and depositing 

material feedstock—commonly powder or wire—into a localized melt pool using focused 

thermal energy. This heating can be achieved via high-power lasers, electron beams, or 

plasma arcs, and the material is added in a layer-by-layer fashion, allowing the creation 

of complex geometries and tailored microstructures that are unattainable with 

conventional subtractive or forming methods [18,19]. In contrast to Powder Bed Fusion 
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(PBF), which relies on a static powder bed and is typically constrained by build volume, 

DED offers pronounced geometric liberty and excels at large-scale part production, 

component repair, or hybrid manufacturing—making it essential for demanding sectors such 

as aerospace, energy, defence, and tooling where bespoke repair and part longevity are 

required [18,20]. 

A critical strength of DED lies in its compatibility with multi-axis robotic systems or CNC 

platforms, enabling deposition on curved or previously manufactured surfaces—a decisive 

edge in repair or augmentative manufacturing operations [20,21]. The process is influenced 

by a complex interplay of parameters, including laser or beam power, spot size, scanning 

path strategy, feed rate, travel speed, interlayer dwell, and cooling protocol. These 

interdependent variables govern melt-pool thermodynamics, solidification kinetics, and 

resultant microstructures—ultimately shaping mechanical characteristics, porosity, and 

residual stresses [19,22,23]. 

Recent efforts in multi-fidelity modelling combine high-fidelity thermal and melt-pool 

simulations with data-driven surrogates such as Gaussian-process regression to achieve 

accurate yet computationally efficient process maps [24]. In parallel, machine learning 

(ML) algorithms—including recurrent neural networks (RNN), long short-term memory 

(LSTM), and XGBoost—are being trained on sensor-derived data to predict melt-pool 

conditions in real time, enabling proactive parameter adjustments to minimize defects 

[25]. Furthermore, these modelling and data-monitoring approaches reduce reliance on 

costly trial-and-error, guiding informed parameter selection for process optimization [26]. 

In summary, DED emerges as a robust and evolving technology that bridges near-net-shape 

manufacturing with adaptive, precision engineering. Enhanced by integrated physics-based 

modelling, data-driven analytics, and real-time closed-loop monitoring, DED is rapidly 

advancing toward industrial maturity as a core platform for high-value, repair-centric, and 

functionally graded additive manufacturing [27]. 

2.1.1 Metal Wire Additive Manufacturing 

Metal wire additive manufacturing (MWAM) is firmly rooted within the Directed Energy 

Deposition (DED) family and has emerged as a key enabler for large-scale, cost-efficient, 

and sustainable metal fabrication. By continuously feeding metal wire into a melt pool 

created by a laser, MWAM builds structural components layer by layer, achieving deposition 

rates significantly higher than powder-fed DED methods and eliminating the need for 

powder handling and recycling systems, this process is represented by  

Figure 1 [28-30]. 
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Figure 1. Schematic diagram of Wire Laser Additive Manufacturing 

2.1.2 Advantages and limitations 

Directed Energy Deposition (DED) is a flexible and powerful additive manufacturing (AM) 

technology that stands out due to its capability to fabricate, repair, and modify metal 

components using a concentrated energy source—such as a laser, electron beam, or arc—

to melt material feedstock, typically wire or powder, Figure 2. Among its many advantages 

is the ability to produce large-scale parts with high deposition rates, often exceeding those 

of Powder Bed Fusion (PBF) processes [31,35]. This makes DED particularly attractive for 

sectors requiring component repair or augmentation, such as aerospace, energy, and 

marine industries [31,34]. Moreover, DED is compatible with a wide range of alloys, 

including titanium, stainless steel, Inconel, and tool steels, allowing for broad material 

flexibility [32]. 

However, DED generally produces inferior surface finish and dimensional accuracy relative 

to processes like Powder Bed Fusion (PBF). The layer resolution in DED is typically coarser 

due to the larger melt pool size and wire/powder feed geometry, resulting in parts that 

often require extensive post-processing such as CNC machining or polishing to meet final 

Figure 2. Low alloy steel pipe cladded with Inconel 718 
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tolerances. In contrast, PBF methods can achieve finer features and smoother surfaces due 

to the thin powder layers and high-precision scanning strategies [36]. 

The microstructure of DED-fabricated parts is often anisotropic, exhibiting direction-

dependent mechanical properties due to epitaxial grain growth along thermal gradients 

[33,37]. 

Focusing more specifically on Wire Laser Additive Manufacturing (WLAM), the process 

involves melting a continuous metal wire using a focused laser beam to deposit material 

layer by layer. WLAM combines the clean energy delivery and high precision of laser systems 

with the material efficiency of wire feedstock [31,38]. Compared to arc-based wire 

deposition (e.g., WAAM), WLAM can achieve finer control over melt pool size and heat 

input, resulting in superior dimensional accuracy and reduced porosity [34]. Nonetheless, 

WLAM presents unique technical challenges, including wire-laser alignment, feed stability, 

and spatter formation, which can affect the consistency of deposition [38,39]. 

Furthermore, real-time control of the thermal gradient is essential to prevent hot cracking 

and to manage grain structure [35,39]. 

WLAM offers material efficiency approaching 100%, reduces feedstock costs by 

approximately 90%, and facilitates use of larger build volumes without the constraints of 

a sealed powder chamber—advantages that are particularly attractive for aerospace, 

shipbuilding, and energy applications [28-30]. LW-DED extends these benefits into high-

precision domains by combining wire-feedstock with laser energy, enabling finer control 

over melt pool dynamics and part geometry [29]. 

Ongoing research is addressing these challenges through advanced path planning 

strategies, modelling of melt pool dynamics, and real-time feedback systems using sensors 

and AI-based control algorithms [37,39]. These innovations are pushing WLAM toward 

greater industrial maturity, enabling its use in mission-critical applications such as turbine 

blade repair, aerospace brackets, and tooling inserts. 

2.2 Inconel 718 

Inconel alloys are a family of high-performance, austenitic nickel–chromium-based 

superalloys widely used in extreme environments due to their excellent resistance to 

oxidation, corrosion, and high-temperature mechanical degradation. These alloys maintain 

their structural integrity at temperatures exceeding 1000 °C, making them ideal for 

aerospace engines, gas turbines, nuclear reactors, and petrochemical systems [40,41]. 

Among the most prominent members of this family is Inconel 718, a precipitation-

hardenable alloy that balances high strength, creep resistance, corrosion tolerance, and 

weldability, enabling it to perform under both high-temperature and cryogenic conditions 

[42]. 

Inconel 718 contains significant amounts of nickel (52–55 wt.%), chromium (17–21 wt.%), 

iron (~18 wt.%), niobium (~5 wt.%), and smaller additions of molybdenum, titanium, and 

aluminium. This composition enables it to undergo precipitation strengthening, primarily 

via the formation of γ′ (Ni₃(Al,Ti)) and γ″ (Ni₃Nb) phases during controlled aging. The γ″ 
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phase is particularly important, as it provides most of the alloy's strengthening at 

intermediate temperatures (~650 °C), while the δ phase (orthorhombic Ni₃Nb) can also 

form and influence grain boundary behaviour [43,44]. 

When Inconel 718 is processed by Wire Laser Additive Manufacturing (WLAM), several 

microstructural features emerge that significantly affect the material’s performance. The 

layer-by-layer thermal cycling inherent to DED promotes non-equilibrium solidification and 

often results in directionally solidified or columnar grain structures, especially in the 

absence of thermal management or grain refiners [45]. The rapid cooling rates and 

directional heat flow can suppress the formation of the desired γ′ and γ″ phases in the as-

built condition, while promoting the retention of supersaturated γ matrix and the 

undesirable δ or Laves phases [46]. In WLAM of Inconel 718, microsegregation of niobium 

(Nb) is commonly observed, particularly along interdendritic regions, due to the solute 

rejection during solidification. This can lead to the formation of brittle Laves phase 

(Ni,Fe,Cr)₂(Nb,Mo,Ti), which is known to degrade mechanical properties, especially 

ductility and fatigue life [45,47]. To mitigate this, post-processing heat treatments are 

crucial. A solution treatment followed by aging allows for the dissolution of Laves phase 

and the precipitation of strengthening γ′ and γ″ phases, Figure 3 [46,48]. 

 

 

Figure 3. Inconel 718 microstructure; a) As built; b) Heat treated (adapted from [1]). 

 

 

a) b) 
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2.3 Inconel 718 Cladding on S355 and SS 304L  

In DED and WLAM processes, substrates serve as the foundational base for the deposition 

of high-performance alloys such as Inconel 718, particularly in cladding and repair 

applications. The interaction between the Inconel clads and the substrate material is a key 

determinant of metallurgical bonding quality, dilution behaviour, residual stresses, and 

interface integrity [49]. During cladding, a portion of the substrate surface is locally melted 

to promote bonding, leading to complex thermal gradients, interdiffusion phenomena, and 

microstructural transitions that can either enhance or degrade the mechanical and 

corrosion properties of the resulting component [50,51]. 

Structural steels and stainless steels represent two fundamental categories of engineering 

materials widely used across industries due to their excellent mechanical properties, 

formability, weldability, and cost-effectiveness. Structural steels, such as S355, are 

carbon-manganese steels primarily utilized in civil engineering, construction, shipbuilding, 

and machinery fabrication. They offer high strength, good toughness, and ease of 

processing, but are generally susceptible to corrosion and oxidation, particularly in harsh 

or high-temperature environments [52]. 

Stainless steels, on the other hand, such as AISI 304L, contain significant amounts of 

chromium (≥10.5%) that enable the formation of a passive oxide layer, providing corrosion 

resistance in aqueous and mildly aggressive environments. However, stainless steels still 

suffer from limitations in extreme thermal conditions, under chloride attack, or in 

applications involving high mechanical stress, where creep, thermal fatigue, or corrosion 

pitting may occur [53]. 

To overcome these deficiencies and extend the service life of components made from 

structural or stainless steels, surface enhancement by cladding with nickel-based 

superalloys, notably 718, has gained significant traction. Inconel alloys are renowned for 

their exceptional oxidation resistance, thermal stability, and mechanical strength at 

elevated temperatures, as well as their resistance to chloride-induced stress corrosion 

cracking, making them ideal protective layers in severe environments [54,55]. 

DED-based wire laser cladding of Inconel on steel substrates creates a metallurgically 

bonded overlay that shields the substrate from corrosive or high-temperature degradation 

while retaining the structural core’s economic and mechanical benefits. This functionally 

graded approach allows industries to combine the best of both material classes: the 

strength and affordability of steels with the surface durability of superalloys [56]. 

The metallurgical interface is a critical point to the overall performance of the composite 

system. The HAZ is formed due to thermal gradients that alter the microstructure of the 

substrate adjacent to the fusion boundary. In the case of S355, a ferritic–pearlitic low-alloy 

structural steel, exposure to high thermal inputs can lead to grain coarsening, carbide 

precipitation, and, in some cases, the formation of brittle martensitic or bainitic phases 

depending on the cooling rate. This may reduce toughness and increase hardness in the 

HAZ, potentially initiating crack propagation under cyclic loading. In contrast, SS304L, an 

austenitic stainless steel with higher thermal stability and corrosion resistance, forms a 
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more stable HAZ with less pronounced microstructural transformations, although 

sensitization—chromium carbide precipitation at grain boundaries—can occur under slow 

cooling, impacting corrosion resistance. At the fusion interface between the Inconel 718 

clad and the substrate, epitaxial grain growth is commonly observed, particularly under 

rapid solidification conditions. This results in columnar dendrites nucleating at the 

substrate surface and extending into the clad. In both substrates, metallurgical bonding is 

generally sound, though elemental diffusion at the interface varies due to compositional 

differences. In the S355 interface, Fe diffusion into the Ni-rich clad can form brittle 

intermetallic compounds if not properly controlled. For SS304L, the interface typically 

exhibits a more compatible dilution profile due to the closer alloying system, leading to 

improved bonding and lower risk of deleterious phases. Studies have shown that optimized 

process parameters (laser power, travel speed, and wire feed rate) and the use of interpass 

temperature control can mitigate HAZ brittleness and enhance interface quality in both 

substrate types [57-59]. 

Too conclude, for structural steels like S355, cladding with Inconel 718 is especially 

beneficial in applications such as power plants, oil and gas infrastructure, and offshore 

platforms, where components are exposed to saltwater, hydrocarbons, and elevated 

service temperatures. Inconel layers can prevent the rapid corrosion and thermal fatigue 

that carbon steels alone cannot withstand [60]. 

In the case of stainless steels like SS304L, Inconel cladding enhances resistance to localized 

corrosion, wear, and oxidation, particularly in chemical processing equipment, heat 

exchangers, and aerospace components, where service conditions may exceed the 

performance thresholds of standard stainless alloys [61]. The metallurgical compatibility 

between SS304L and Inconel facilitates a more stable interface with fewer defects and 

more uniform microstructural transitions than carbon steels, thus reducing repair needs 

and extending component lifetimes. 

2.4 Imperfections and Defects  

One of the critical issues is the formation of porosity, which arises primarily due to gas 

entrapment within the melt pool during rapid solidification. Porosity in Inconel 718 clads 

can originate from several sources, including hydrogen solubility differences between the 

wire and substrate, inadequate shielding gas protection, or rapid solidification trapping 

gases within the solidified matrix [63,64]. Studies show that optimizing laser power and 

wire feed rate can effectively reduce porosity, but the mismatch in thermal properties 

between Inconel 718 and steel substrates often exacerbates this defect [65]. 

Cracking phenomena represent another critical defect type. Solidification cracking is often 

observed due to the high thermal gradients and residual stresses developed during rapid 

cooling, compounded by the metallurgical incompatibility at the interface between the 

nickel-based superalloy and the steel substrates [66]. The presence of brittle intermetallic 

phases at the clad-substrate interface can act as crack initiation sites, further complicating 

the integrity of the deposited layer. Cold cracking induced by hydrogen diffusion into the 

heat-affected zone is also reported, especially in the S355 steel substrate, which is more 
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susceptible to hydrogen embrittlement [67]. Preheating of the substrate and controlling 

heat input during deposition have proven effective in mitigating these cracks [68]. 

Surface quality issues such as roughness and irregular morphology are frequently reported 

in WLAM. These defects are influenced by the interaction of process parameters with the 

distinct thermal conductivities and melting points of the substrates. The stair-stepping 

effect and partial melting at layer boundaries can lead to uneven layer thickness and poor 

adhesion, impacting the final dimensional accuracy and requiring extensive post-

processing [69,70]. 

Microstructural heterogeneity in the deposited Inconel 718 layers, including coarse 

dendritic structures and segregation of alloying elements such as Nb and Ti, is another 

source of concern. These inhomogeneities can weaken the mechanical properties and 

reduce corrosion resistance [71]. Moreover, the formation of deleterious phases such as 

Laves and delta phase in the interfacial region between Inconel 718 and the steel substrate 

can cause embrittlement and degrade performance [72]. Recent advances in in-situ 

thermal monitoring and adaptive process control have demonstrated promise in stabilizing 

microstructure during WLAM deposition, improving the quality of the clads [73]. 

Another critical defect observed is the lack of sufficient melting area and poor adhesion 

at the clad-substrate interface. This phenomenon is often linked to inadequate wettability 

of the molten Inconel 718 on the steel surfaces, resulting in incomplete fusion and weak 

metallurgical bonding. Wettability is influenced by the surface energy differences between 

the nickel-based alloy melt and the steel substrate, as well as by the presence of oxide 

layers or contaminants on the substrate surface, which can act as barriers to effective 

bonding. Insufficient laser energy input or inappropriate scanning strategies can lead to a 

reduced melt pool size, limiting the interaction area between the deposited material and 

the substrate and causing incomplete melting and fusion. This poor adhesion manifests as 

interfacial gaps or lack of fusion defects, which degrade load transfer efficiency and can 

serve as crack initiation sites during service. Improving substrate surface preparation, such 

as mechanical cleaning or chemical etching, combined with optimized laser parameters to 

ensure adequate energy density and melt pool dynamics, has been shown to enhance 

wettability and adhesion, thereby minimizing these interface defects [74]. 
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3. Methodology 
 

3.1 Preparation of Test Pieces 

To evaluate the quality of the Inconel 718 clads produced by DED Laser Multi Wire - 

PAMPROD, Figure 4, 5 plates of S355 and 1 plate of 304L containing between 9 and 10 clads 

were divided to isolate each clad and cut in half to produce two samples from each clad. 

The plate with the clads and cuts made can be seen in Figure 5. The cut was made using a 

band saw. The chemical composition of the Inconel clad, 304L plate and S355 plates can is 

showed in  

Table 1, Table 2, and Table 3 respectively. 

 

Figure 4. DED Laser Multi Wire – PAMPROD. 

 

Figure 5. S355 Plate 4. 

 

 

 



Chapter 3: Methodology 

 

Optimization of Inconel 718 Claddings for High Performance via Wire Laser Additive Manufacturing 

12 

 

Table 1. Inconel 718 chemical composition (wt.%). 

 

Table 2. 304L plate chemical composition (wt.%). 

 
Table 3. S355 plates chemical composition (wt.%). 

 

 

 

 

The samples were named acording to the substrate material, processing parameters: laser 

power, laser speed, wire deposition speed, argon speed, scanning speed not represented 

as it is common for all samples (0.54 m/min) and plate and clad number. An example 

would be for the first sample: SS [8.5 0.5 4 4] (plate 1, clad 1), and for the last sample: S 

[9.6 0.6 4.9 4] (plate 6, clad 5). These parameters can be seen in Table 4. and Table 5. 

Table 4. Inconel 718 deposited on stainless steel 304L samples production parameters. 

Inconel 718 

clad 

material 

C Ni Cr Fe Nb Mo Ti Cu 

0.08 

max 
50-55 17-21 

balan

ce 

4.75-

5.50 

2.80-

3.30 

0.65-

1.15 

0.30 

max 

Al Co Mg Si P S B  

0.20-

0.80 
1 max 

0.35 

max 

0.35 

max 

0.015 

max 

0.015 

max 

0.06 

max 
 

304L plate 

C Cr Ni Mg S N P S 

0.03 

max 

17.50-

19.50 

8-12 2 max 0.75 

max 

0.10 

max 

0.045 

max 

0.030 

max 

S355 plates 

C Mn Si P S Cu N 

0.24 

max 

1.60 

max 

0.55 

max 

0.040 

max 

0.040 

max 

0.040 

max 

0.012 

max 

 Name 

Plate Clad 
Laser power 

(KW) 
Laser speed 

(m/min) 

Wire 
deposition 

speed 
(m/min) 

Argon 
pressure 

(bar) 

1 

1 8.5 0.5 4 4 

2 8.5 0.5 4 4 

3 8.5 0.75 4 4 

4 9 0.5 5 4 

5 9 0.75 5 4 

6 9 0.75 5 2 

7 9 0.75 5 2 

8 8.5 0.55 5 2 
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Table 5. Inconel 718 deposited on structural steel S355 samples production parameters. 

 
 

 

 

9 8.5 0.55 5 2 

10 8.5 0.7 5 3 

 Name 

Plate Clad 
Laser power 

(KW) 
Laser speed 

(m/min) 

Wire 
deposition 

speed 
(m/min) 

Argon 
pressure 

(bar) 

2 

1 7.5 0.7 5 3 

2 8 0.55 5 3 

3 9 0.55 5 3 

4 9.5 0.7 5 3 

5 9 0.75 5 3 

6 9 0.75 5 3 

7 9 0.75 5 3 

8 9.5 0.75 5 3 

9 9.5 0.75 4.75 3 

3 

1 9 0.65 5 4 

2 9 0.65 5 4 

3 9 0.65 5 4 

4 9 0.5 5 4 

5 8.5 0.5 4.75 4 

6 8.75 0.55 4.75 4 

7 9.25 0.55 4.75 4 

8 9.25 0.55 4.75 4 

9 9.25 0.55 4.75 4 

4 

1 9.5 0.55 4.75 4 

2 9.5 0.65 4.75 4 

3 9.5 0.75 4.75 4 

4 9.5 0.55 4.5 4 

5 8.5 0.55 4.5 4 

6 9 0.55 4.5 4 

7 9 0.55 4.5 4 

8 8.5 0.55 4.5 4 

9 8.75 0.55 4.5 4 
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Table 5. Inconel 718 deposited on structural steel S355 samples production parameters (continuation). 

 

3.2 Digital Microscopy Examination 

To better understand the overall quality of the clads and presence of the defects, all 

samples were subjected to a digital microscopy analysis. In this analysis the width, heigh 

and area the clad, depth, area of the melted zone and contact angles have been measured 

as seen in Figure 6. These measurements are essential to characterize the samples and 

provide a lot of information about their overall appearance. The dilution, which is another 

essential parameter of a clad, because it directly correlates to how well the clad and 

substrate mix together to provide a stronger bonding, was calculated using Equation 1. 

Furthermore, all defects present in each sample were identified and grouped as one of the 

following possible defects: cracks (c), large porosities (lp), and small porosities (sp). The 

location of the cracks and large porosities was also noted as being in the upper (u), middle 

(m) or lower (l) parts of the clads as seen in Figure 7 [75]. 

For this examination, metallographic preparation was performed. The specimens were 

ground and polished with silicon carbide sandpapers, followed by polishing with 6 and 1 μm 

diamond suspension on the appropriate cloths. 

 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 % =
𝐶𝑙𝑎𝑑 𝐴𝑟𝑒𝑎

𝐶𝑙𝑎𝑑 𝐴𝑟𝑒𝑎+𝑀𝑒𝑙𝑡𝑒𝑑 𝐴𝑟𝑒𝑎
 × 100                                                                                      Equation 1 

 Name 

Plate Clad 
Laser power 

(KW) 
Laser speed 

(m/min) 

Wire 
deposition 

speed 
(m/min) 

Argon 
pressure 

(bar) 

5 

1 8.75 0.55 4.5 4 

2 8.75 0.55 4.5 4 

3 8.75 0.55 4.5 4 

4 9 0.55 4.5 4 

5 9 0.6 4.75 4 

6 9.5 0.6 4.75 4 

7 9.5 0.6 4.75 4 

8 9.5 0.6 4.75 4 

9 9.6 0.6 4.75 4 

6 

1 9.6 0.6 4.9 4 

2 9.6 0.6 5 4 

3 9.6 0.6 5 4 

4 9.6 0.6 5 4 

5 9.6 0.6 4.9 4 
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 height 

 depth 

 clad area 

 melting area 

 width 
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 small porosities

 large porosities 

 cracks 

Figure 6. Clad measurements. 

Figure 7. Clad defects. 
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3.3 Heat Treatments 

Post-deposition heat treatments are essential for improving the microstructure and 

mechanical properties of Inconel 718 fabricated via Wire Laser Additive Manufacturing 

(WAAM), which typically exhibits coarse columnar grains and segregation-induced Laves 

phase in the as-deposited condition. Seow et al. investigated multiple heat treatment 

strategies, focusing particularly on the mitigation of Laves phase and the development of 

isotropic mechanical properties. The conventional heat treatment, termed Standard HSA, 

involved a homogenisation at 1100 °C for 1 hour followed by solution treatment at 980 °C 

for 1 hour, air cooling after each step, and a subsequent double aging cycle (720 °C for 8 h 

furnace cooled, then 620 °C for 8 h air cooled). Although this route successfully dissolved 

Laves phase, it also resulted in undesirable δ-phase precipitation at grain boundaries, 

known to embrittle the material. To address this, a modified HA treatment was developed, 

comprising a single-step homogenisation at 1186 °C for 40 minutes—just above the eutectic 

temperature of Laves phase—followed directly by the same double aging schedule. This 

modified regime successfully dissolved Laves phase without δ-phase formation, while also 

reducing grain texture intensity and anisotropy in mechanical properties [1]. 

Based on this study, a similar heat treatment cycle was performed, although with a small 

variation, as seen in Figure 8. The solubilization temperature was higher than the modified 

heat treatment of the study, due to the lower precision of temperature control of the 

muffle furnace used, in order to ensure the temperature was always above the dissolution 

temperature of the Laves phase, 1185 °C. For that reason, the temperature 1200 ºC was 

applied for 45 minutes for the homogenization treatment and subsequent double aging 

cycle, 720 °C for 8 h furnace cooled, then 620 °C for 8 h air cooled, of block from where 

the tensile specimens were later obtained. For preliminary studies samples S [9.6 0.6 4.75 

4] (plate 5, clad 9) and S [9.6 0.6 4.9 4] (plate 6, clad 5) were submitted shorter 

homogenisation times, 15 and 10 minutes respectively, due to having very small 

dimensions. The double aging performed followed the standard, 720 °C for 8 h furnace 

cooled, then 620 °C for 8 h air cooled. 
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3.4 Scanning Electron Microscopy 

Scanning Electron Microscopy Spectroscopy (SEM) was performed to analyse the 

microstructure of the clad, interface and substrate materials. SEM EDS was used to identify 

the chemical composition of the clad and substrate materials, observed inclusions and 

laves phase. Electron backscatter diffraction (EBSD) analysis has been used to assist with 

phase identification, grain size and orientation. The data obtained from EBSD were 

submitted to a dilation clean-up procedure, using a grain tolerance angle of 15° and the 

minimum grain size of 10 points, to avoid inaccurate predictions. These analyses were done 

with a FEI QUANTA 400 FEG (FEI Company, Hillsboro, OR, USA) with and energy-dispersive 

detector (EDS) and energy dispersive spectroscopy (EBSD).~ 

3.5 Hardness Test 

Vickers low force hardness tests with a load of 0.3 KgF with a dwell time of 15 seconds 

were performed. The indentations were made in a profile setting with a 1 mm step, in 

order to understand the hardness variation from the whole of the clad, interface and 

substrate material. The hardness values were obtained with a Innova Test, Falcon 400 

Vickers hardness. 

 

Figure 8. Heat treatment cycle. 
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3.6 Tensile Test 
Tensile tests were performed to perform a mechanical characterization of specimens 

obtained from a deposited Inconel 718 block with and without heat treatments. The 

specimens were taken both horizontal, vertical and diagonal directions. The tests were 

performed with a Instron 5900 using a 100KN load cell, with a speed rate of 1 mm/s. The 

measurements were made via image correlation with the software VIC 2D. The dimensions 

of the specimens are specified in Figure 9. 

 

 

Figure 9. Tensile specimen. 
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4. Results and Discussion 
 

4.1 Digital Microscopy Analysis 

After an extensive analysis of the samples, Table 6 and Table 7, was constructed containing 

for each clad the following information: width (mm), height (mm), depth (mm), clad area 

(mm2), melt area (mm2), dilution %, contact angle (°) and defects. To understand which 

processing parameters achieved the best results and thus select samples for further 

analysis, a number of criteria were applied. These criteria were: a clad area >25 mm2, 

guarantying that there is a high deposition rate of material for the clads. A dilution (%) > 

14.5%, in order to guarantee a strong bonding between the clad and the substrate. An 

average contact angle <90º, while not having any angle >100º, ensuring a good wettability. 

Finally, all the defects were noted, and only small porosities, <150 micron, would be 

acceptable, meaning, any cracks or large porosities would exclude that clad. 

The analysis resulted in seven samples fulfilling all the criteria, three of 304L stainless 

substrate clads: SS [8.5 0.5 4 4] (plate 1, clad 1), SS [8.5 0.55 5 2] (plate 1, clad 8), SS [8.5 

0.55 5 2] (plate 1, clad 9), and four of S355 structural steel substrate clads: S [8.75 0.55 

4.5] (plate 5, clad 1), S [8.75 0.55 4.5 4] (plate 5, clad 2), S [9.6 0.6 4.75 4] (plate 5, clad 

9) and S [9.6 0.6 4.9 4] (plate 6, clad 5). These samples can be seen in Figure 10. 

From the data gathered, the best results of the clads deposited in the 304L Stainless Steel 

were the clads produced using a 8.5 KW laser power, 0.5 m/min laser speed, 4 m/min wire 

feed rate and 4 bar argon (SS [8.5 0.5 4 4] (plate 1, clad 1)), and the two clads produced 

using a 8.5 KW laser power, 0.55 m/min laser speed, 5 m/min wire feed rate and 2 bar 

argon (SS [8.5 0.55 5 2] (plate 1, clad 8) and SS [8.5 0.55 5 2] (plate 1, clad 9)). This 

suggests that, to produce clads on a 304L stainless steel, a laser power of 8.5 KW seems to 

be the most optimal, this laser power was the same used in every clad that met the 

criteria, while all clads using a higher power, 9KW failed to fulfil the criteria. The laser 

speed of 0.5 and 0.55 m/min both produced clads without major defects. All clads 

produced with a laser speed above 0.55 m/min presented defects, meaning that an interval 

between 0.5 and 0.55 m/min laser speed can produce good clads. A wire feed rate between 

4 and 5 m/min both produce good results, other speeds were not tested for the stainless 

steel subtract clads. The argon pressure was tested at 2, 3 and 4 bar, good results were 

obtained with both 2 and 4 bar but not at 3 bar. Although, it is more likely that an interval 

between 2 and 4 bar works, and the defects present in the sample SS [8.5 0.7 5 3] (plate 

1, clad 10) are due to the higher laser speed used, 0.7 m/min and not caused by the argon 

pressure. Despite sample SS [8.5 0.5 4 4] (plate 1, clad 1) not presenting any major defects 

and fulfilling the rest of the criteria, sample SS [8.5 0.5 4 4] (plate 1, clad 2), produced 

with the same parameters did not fulfil the wettability or the lack major defects criteria. 

On the other hand, samples SS [8.5 0.55 5 2] (plate 1, clad 8) and SS [8.5 0.55 5 2] (plate 

1, clad 9), both produced with the same parameters, fulfil all criteria. This leads to 

conclude that the parameters used to produce sample SS [8.5 0.5 4 4] (plate 1, clad 1) as 

defect free, are not always replicable, while for the parameters used to produce (SS [8.5 
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0.55 5 2] (plate 1, clad 8) and SS [8.5 0.55 5 2] (plate 1, clad 9) seem to result more 

consistently in samples that fulfil all criteria. 

For the reasons presented previously it is recommended that in order to produce Inconel 

clads on a 304L stainless steel, the parameters used are: 8.5 KW laser power, 0.55 m/min 

laser speed, 5 m/min wire feed rate and 2 bar argon. 

Moving to the clads deposited in the structural steel S355, the best results were achieved 

using an 8.75 KW laser power, 0.55 m/min laser speed, 4.5 m/min wire feed rate and 4 bar 

argon (S [8.75 0.55 4.5 4] (plate 5, clad 1) and S [8.75 0.55 4.5 4] (plate 5, clad 2). With a 

9.6 KW laser power, 0.6 m/min laser speed, 4.75 m/min wire feed rate and 4 bar argon (S 

[9.6 0.6 4.75 4] (plate 5, clad 9)). And also using a 9.6 KW laser power, 0.6 m/min laser 

speed, 4.9 m/min wire feed rate and 4 bar argon (S [9.6 0.6 4.9 4] (plate 6, clad 5). 

Opposite to what happened in the clads deposited on stainless steel, in which laser power 

above 8.5KW lead to defects, for the S355 substrate, both a laser power of 8.75KW and 

9.6KW produced clads fulfilling criteria. For the laser speed, both 0.55 and 0.6 m/min 

laser speeds resulted in good clads, the higher laser speed (0.6 m/min) was used for the 

higher laser powder (9.6KW). In terms of wire feed rate, 4.5, 4.75 and 4.9 m/min produced 

good results, being 4.5 m/min rate used for the 8.5KW, while a higher laser power was 

matched with higher wire feed rates, 4.75 and 4.9 m/min. An argon pressure of 4 bar was 

common to all good clads, only for plate 2, a different argon pressure was tested, 3 bar, 

and any clad met the criteria. An overall analysis shows that besides S [8.75 0.55 4.5 4] 

(plate 5, clad 1) and S [8.75 0.55 4.5 4] (plate 5, clad 2), two other clads produced with 

an 8.75 KW laser power, 0.55 m/min laser speed, 4.5 m/min wire feed rate and 4 bar 

argon, S [8.75 0.55 4.5 4] (plate 4, clad 9) and S [8.75 0.55 4.5 4] (plate 5, clad 3) did not 

met the criteria, meaning these parameters led to 50% acceptable clads. For a 9.6 KW 

laser power, 0.6 m/min laser speed, 4.9 m/min wire feed rate and 4 bar argon, used in S 

[9.6 0.6 4.9 4] (plate 6, clad 5), there was another clad produced with these properties 

that did not met the criteria, S [9.6 0.6 4.9 4] (plate 6, clad 1), resulting also in a 50% rate 

of fulfilling all the criteria with these parameters. Only with a 9.6 KW laser power, 0.6 

m/min laser speed, 4.75 m/min wire feed rate and 4 bar argon S [9.6 0.6 4.75 4] (plate 5, 

clad 9), resulted in 100% rate of achieving all criteria. This might indicate that a slightly 

lower wire feed rate of 4.75 m/min instead of 4.9 m/min might be optimal. However, only 

one clad was produced with these parameters and it is necessary to produce more to 

understand if all clads would continue to meet the criteria. 

For the reasons exhibited previously it is recommended that in order to produce Inconel 

718 clads on a S355 structural steel, the parameters used are: 9.6 KW laser power, 

0.6 m/min laser speed, 4.9 m/min wire feed rate and 4 bar argon. 
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a)  b)  

c)   

d)  e)  

f)  g)  
Figure 10. Digital microscopy samples; a) SS [8.5 0.5 4 4] (plate 1, clad 1); b) SS [8.5 0.55 5 2] (plate 1, clad 

8); c) SS [8.5 0.55 5 2] (plate 1, clad 9); d) S [8.75 0.55 4.5 4] (plate 5, clad 1); e) S [8.75 0.55 4.5 4] (plate 

5, clad 2); f) S [9.6 0.6 4.75]. 

 



Chapter 4: Results and Discussion 

 

Optimization of Inconel 718 Claddings for High Performance via Wire Laser Additive Manufacturing 

22 

Table 6. Inconel 718 deposited on stainless steel 304L samples measurements. 

Measurements 
Selec 
tions Plate Clad 

Width 
(mm) 

Height 
(mm) 

Depth 
(mm) 

Clad 
Area 

(mm2) 

Melt 
Area 

(mm2) 

Dilution 
% 

Contact 
Angle (°) 

Defects 

1 

1 10.20 3.05 1.51 25.60 11.38 30.8% 96/73.9 sp x 

2 9.91 3.17 1.35 26.108 8.87 25.4% 105.5/71.4 c(l)/lp(l)/sp  

3 8.92 2.71 0.96 17.57 5.17 22.7% 62.9/ 87.6 lp(u)/sp  

4 9.98 3.66 1.10 32.05 7.01 17.9% 101.6/101.3 lp(u)/sp  

5 8.47 3.30 0.69 22.59 3.86 14.6% 92/75.8 sp  

6 8.77 3.56 1.01 22.36 5.58 20.0% 55.7/69.2 sp  

7 8.54 2.97 1.54 14.86 8.17 35.5% 36.9/55.9 sp  

8 9.74 4.07 0.85 28.41 6.51 18.6% 63.2/70.5 sp x 

9 9.49 3.78 0.84 25.68 4.42 14.7% 52.8/70.3 sp x 

10 8.98 3.60 0.80 23.85 4.41 15.6% 59.2/73.3 sp  

Table 7. Inconel 718 deposited on structural steel S355 samples measurements. 

Measurements 
 Selec 
tions  Plate Clad 

Width 
(mm)  

Height 
(mm) 

Depth 
(mm) 

Clad 
Area 

(mm2) 

Melt 
Area 

(mm2) 

Dilution 
% 

Contact 
Angle (°) 

Defects 

2 

1 9.05 3.07 0.21 16.53 0.79 4.6% 44.2/56.2  c(l)/lp(l)/sp   

2 9.26 4.03 0.48 26.63 1.78 6.3% 61.8/69.8  c(l)/lp(u,l)/sp   

3 8.64 4.39 0.73 28.55 4.08 12.5% 63.9/77.6  lp(u)/sp)   

4 8.31 3.76 0.65 20.90 4.28 17.0% 61.1/61  lp(u)/sp   

5 8.90 3.48 0.44 20.29 2.33 10.3% 58.7/54.4  sp   

6 9.69 2.83 0.37 18.81 1.64 8.0% 42.3/40.5  lp(u)/sp   

7 9.89 3.27 0.34 21.53 1.25 5.5% 56.9/40.8  c(l)/lp(u)/sp   

8 9.90 3.03 0.43 20.02 2.74 12.0% 52.8/48.6  sp   

9 9.84 3.17 0.55 20.88 3.57 14.6% 58.4/48.35  sp   

3 

1 9.84 3.97 0.66 24.97 3.51 12.3% 45.7/74.3  c(l)/sp   

2 9.11 3.93 0.88 25.31 4.75 15.8% 67.0/73.1  c(l)/sp   

3 8.57 3.84 0.70 23.76 4.01 14.4% 85.9/69.9  c(l)/sp   

4 9.96 3.65 0.68 27.61 3.17 10.3% 78.5/101.5  lp(u)/sp   

5 10.41 3.84 0.57 30.26 2.99 9.0% 67.9/85.4  lp(l)/sp   

6 10.36 3.12 0.58 24.08 2.27 8.6% 68.5/59.7  sp   

7 10.60 3.11 0.49 25.20 2.04 7.5% 76.5/68.5  sp   

8 10.16 3.28 0.47 26.58 1.97 6.9% 73.0/87.7  sp   

9 10.22 3.15 0.56 23.80 1.79 7.0% 91.2/87.1  lp(l)/sp   

 

 



Chapter 4: Results and Discussion 

 

Optimization of Inconel 718 Claddings for High Performance via Wire Laser Additive Manufacturing 

  23 

Table 7. Inconel 718 deposited on structural steel S355 samples measurements (continuation). 

Measurements 
 Selec 
tions  Plate Clad 

Width 
(mm)  

Height 
(mm) 

Depth 
(mm) 

Clad 
Area 

(mm2) 

Melt 
Area 

(mm2) 

Dilution 
% 

Contact 
Angle (°) 

Defects 

4 

1 9.82 3.41 0.43 26.64 2.51 8.6% 70.3/77.7  sp   

2 9.56 3.08 0.56 23.07 2.82 10.9% 68.7/70.1  sp   

3 9.14 2.93 0.41 20.34 1.68 7.6% 72.3/67.9  sp   

4 9.96 3.34 0.64 26.46 3.95 13.0% 77.8/76.1  lp(u)/sp   

5 9.78 3.38 0.26 25.83 0.92 3.4% 75.8/75.6  sp   

6 9.39 3.28 0.77 24.42 3.82 13.5% 79.9/73.9  sp   

7 9.58 3.43 0.74 25.03 4.30 14.7% 76.2/72.2  lp(l)/sp   

8 9.76 3.50 1.10 28.10 6.49 18.8% 79.2/82.5  lp(u)/sp   

9 9.77 3.27 0.55 26.09 2.63 9.1% 78.0/79.3  lp(u)/sp   

5 

1 9.38 3.54 1.02 26.16 5.05 16.2% 75.8/84.8  sp x 

2 9.28 3.44 0.83 26.01 4.61 15.1% 79.4/82.6  sp x 

3 10.24 3.39 0.15 24.68 0.18 0.7% 66.5/73.0  c(l)/lp(l)/sp   

4 9.29 3.52 0.36 27.14 2.13 7.3% 87.2/85.0  sp   

5 10.91 3.50 0.25 27.60 0.07 0.2% 134.5/79.7  c(l)/lp(l)/sp   

6 9.71 3.35 0.84 26.41 4.15 13.6% 82.9/76.3  sp   

7 9.65 3.35 0.70 26.34 3.73 12.4% 80.3/71.3  lp(u)/sp   

8 9.05 3.14 0.64 23.31 3.62 13.4% 79.4/97.9  lp(u)/sp   

9 9.34 3.34 0.71 25.75 4.68 15.4% 79.4/80.6  sp x 

6 

1 8.86 3.57 0.79 26.72 5.20 16.3% 98.1/101.3  lp(u)/sp   

2 8.88 2.75 1.89 17.42 9.83 36.1% 56.4/70.9  c(l)/lp(u)/sp   

3 8.15 2.93 1.76 17.66 7.76 30.5% 70.9/77.3  sp   

4 8.88 3.76 0.94 27.48 5.09 15.6% 83.1/101.0  lp(l)/sp   

5 9.03 3.48 0.75 25.76 4.78 15.7% 78.5/94.1  sp x 

 

4.2 SEM/EDS and EBSD Analysis 

Seven samples, three stainless steel samples, SS [8.5 0.5 4 4] (plate 1, clad 1), Figure 11, 

SS [8.5 0.55 5 2] (plate 1, clad 8), Figure 12, SS [8.5 0.55 5 2] (plate 1, clad 9), Figure 13, 

and four of S355 structural steel substrate clads: S [8.75 0.55 4.5] (plate 5, clad 1) Figure 

14, S [9.6 0.6 4.75 4] (plate 5, clad 9), Figure 15, S [9.6 0.6 4.9 4] (plate 6, clad 5) Figure 

16, and S [9.6 0.6 4.9 4] (plate 6, clad 5) heat treated Figure 17, were analysed with SEM, 

SEM/EDS and EBSD to perform a microstructural characterization. 

The EBSD and SEM analyses revealed that the grain morphology throughout the as built 

clads is predominantly columnar, covering several millimetres in length. These columnar 

grains are oriented parallel to the build direction, extending from the substrate, clad 

interface toward the top surface of the deposited layer. Near the interface, grains appear 
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more elongated and thinner, indicative of a high thermal gradient and directional 

solidification conditions imposed by the rapid heat extraction into the relatively cooler 

steel substrate. As solidification progresses upward, the grain width increases significantly. 

This grain coarsening toward the top of the clad is consistent with a reduction in the 

thermal gradient and slower cooling rates near the free surface. 

Such microstructural evolution is typical of Inconel 718 fabricated via WLAM, where the 

solidification front follows the isotherms shaped by the heat source and substrate 

geometry. According to Seow et al. the formation of large columnar grains is driven by 

epitaxial growth from the substrate or previous layers, a mechanism favoured by the 

relatively low nucleation undercooling associated with the high thermal conductivity of 

steel substrates. Additionally, the competitive growth of grains aligned with the maximum 

thermal gradient results in the suppression of equiaxed grains, further promoting a 

columnar structure. 

To further assess crystallographic orientation and texture development, Inverse Pole 

Figure (IPF) maps were generated from the EBSD scans for each of the six cladding 

samples. Despite the clear presence of columnar grains observed in the microstructure, 

the IPF maps do not reveal a strong preferential crystallographic orientation along the 

build direction. In other words, no dominant texture component was detected across the 

clads, and the orientation of grains appeared relatively random within the columnar 

structure. 

This absence of strong crystallographic texture may be attributed to multiple factors. 

First, in wire laser additive manufacturing of Inconel 718, the direction of solidification 

tends to follow the heat flow path, which is generally upward and slightly outward from 

the substrate. However, due to layer-wise thermal cycling and localized remelting, 

epitaxial grain growth can be interrupted or redirected between successive layers, leading 

to misaligned grain orientations across the height of the clad. 

Moving to the analysis of sample S [9.6 0.6 4.9 4] (plate 6, clad 5) heat treated, after 

solution treatment and aging, the once prominent columnar grains became notably smaller 

and more equiaxed. This grain evolution enhances isotropy, reduces texture intensity, and 

often leads to superior toughness and fatigue resistance in Inconel 718 components. 



Chapter 4: Results and Discussion 

 

Optimization of Inconel 718 Claddings for High Performance via Wire Laser Additive Manufacturing 

  25 

 

 

a) b) 

c) 

Figure 11. Inverse pole figure map a); grain map b); phase map c); of sample SS [8.5 0.5 4 4] (plate 1, 
clad 1). 

Build 

direction 
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a) b) 

c) 

Figure 12. Inverse pole figure map a); grain map b); phase map c); of sample SS [8.5 0.55 5 2] (plate 1, 
clad 8). 

Build 

direction 
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a) 

b) 

c) 

Figure 13. Inverse pole figure map a); grain map b); phase map c); of sample SS [8.5 0.55 5 2] (plate 1, 
clad 9) 

Build 

direction 
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a) b) 

c) 

Figure 14. Inverse pole figure map a); grain map b); phase map c); of sample S [8.75 0.55 4.5] (plate 5, 
clad 1). 

Build 

direction 
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a) 

b) 

c) 

Figure 15. Inverse pole figure map a); grain map b); phase map c); of sample S [9.6 0.6 4.75 4] (plate 5, 
clad 9). 

Build 

direction 
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a) b) 

c) 

Figure 16. Inverse pole figure map a); grain map b); phase map c); of sample S [9.6 0.6 4.9 4] (plate 6, 
clad 5). 

Build 

direction 
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a) b) 

c) 

Figure 17. Inverse pole figure map a); grain map b); phase map c); of sample S [9.6 0.6 4.9 4] (plate 6, 
clad 5) heat treated. 

Build 

direction 
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To investigate the influence of substrate material on dilution behaviour, elemental 

segregation, and microstructural development in Inconel 718 clads produced by Wire Laser 

Additive Manufacturing (WLAM), two representative samples were analysed: one deposited 

on 304L stainless steel, SS [8.5 0.5 4 4] (plate 1, clad 1) and the other on S355 structural 

steel, S [9.6 0.6 4.9 4] (plate 6, clad 5). Backscattered electron (BSE) imaging and energy-

dispersive X-ray spectroscopy (EDS) were used to examine four distinct zones in each 

sample, Figure 18 and Figure 19, with the zones chemical composition represented in Table 

8 and Table 9, covering the substrate–clad interface up to the clad region. These zones 

provide insight into the metallurgical transition, dilution extent, and solidification 

dynamics across the dissimilar material systems. 

In the clad deposited on 304L stainless steel, sample SS [8.5 0.5 4 4] (plate 1, clad 1), the 

dilution zone near the interface (Z1) showed a typical stainless steel 304L composition. As 

the analysis moved into the clad (Z2 and Z3), Ni increased steadily, reaching 36.96 wt.% Ni, 

while Fe decreased to 39.66 wt.%. This progressive compositional shift indicates a smooth 

transition into the Inconel matrix. Z4 composition, is consistent with the formation of Nb-

rich Laves phase—a brittle interdendritic constituent common in additive manufactured 

Inconel. The presence of this phase is associated to localized elemental enrichment during 

solidification and is detrimental to ductility if not dissolved during post-processing. 

In the sample deposited on S355 structural steel, S [9.6 0.6 4.9 4] (plate 6, clad 5), the 

compositional gradient was more abrupt. Z1, located in the substrate, exhibited extremely 

high Fe content (97.84 wt.%) with negligible alloying elements, confirming minimal dilution 

at that depth. In Z2, the transition region showed a sharp drop in Fe (52.95 wt.%) and a 

rise in Ni (32.58 wt.%), indicating a metallurgical fusion zone with partial substrate mixing. 

As with the 304L-based clad, Z4 in this sample also revealed the presence of a strongly 

segregated Laves phase, with Nb maximum of 58.83 wt.%. The elemental composition and 

bright BSE contrast confirm this as an interdendritic Nb-rich phase—typical of Laves-type 

segregation in unrefined as-deposited Inconel 718. 

Comparing the two systems, it is evident that the 304L substrate promoted a more gradual 

dilution gradient due to its similar thermal and metallurgical characteristics relative to 

Inconel 718. In contrast, the S355 substrate, with its ferritic–pearlitic structure and lower 

thermal conductivity, produced abrupt transitions and more severe segregation. 
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Table 8. Wt.% chemical composition of zones Z1, Z2, Z3 and Z4 obtained by EDS from sample SS [8.5 0.5 4 
4] (plate 1, clad 1). 

Element Z1 (Wt.%) Z2 (Wt.%) Z3 (Wt.%) Z4 (Wt.%) 

C 0.38 0.43 0.54 0.42 

Al  0.37 0.35  

Nb  1.84 1.80 27.78 

Mo  1.72 2.12 5.33 

Ti  0.42 0.53 2.49 

Cr 18.50 17.68 17.77 10.98 

Fe 72.12 47.04 39.66 19.61 

Ni 8.59 30.00 36.96 32.69 

Si 0.42 0.51  0.69 

Mn 1.48    

Figure 18. SS [8.5 0.5 4 4] (plate 1, clad 1) interface SEM backscattered electron imaging with zones Z1, Z2, 
Z3 and Z4 analysed by EDS. 

Build 

direction 
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Table 9. Wt.% chemical composition of zones Z1, Z2, Z3 and Z4 obtained by EDS from sample S [9.6 0.6 4.9 
4] (plate 6, clad 5). 

Element Z1 (Wt.%) Z2 (Wt.%) Z3 (Wt.%) Z4 (Wt.%) 

C 0.39 0.41 0.58 4.68 

Al  0.36 0.33  

Nb  1.34 1.71 58.83 

Mo  1.65 2.32  

Ti   0.47 4.97 

Cr  0.28 12.68 6.10 

Fe 97.84 52.95 43.38 15.12 

Ni  32.58 38.44 15.30 

Si 0.29    

Mn 1.48    

All the oxide inclusions observed by SEM-EDS in the nickel-based alloy are mainly the 

inclusions of MgO·Al2O3 spinel core surrounded by (Nb,Ti)CN layer. These oxides can be 

seen in Figure 20, matching with zones Z9 and Z10 having a chemical composition, 

presented in Table 10. 

Figure 19. S [9.6 0.6 4,9 4] (plate 6, clad 5) interface SEM backscattered electron imaging with zones Z1, 
Z2, Z3 and Z4 analysed by EDS. 

Build 

direction 
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Table 10. Wt.% chemical composition of zones Z9 and Z10, obtained by EDS from sample S [9.6 0.6 4.9 4] 
(plate 5 clad 9). 

Element Z9 (Wt.%) Z10 (Wt.%) 

C 0.66 1.24 

N  6.06 

O 9.05 4.14 

Al 7.75 1.34 

Nb 21.89 29.73 

Mo 2.77  

Ti 17.69 25.48 

Cr 7.87 6.34 

Fe 14.43 11.45 

Ni 16.19 13.93 

Mg 1.69  

Laves phase in WLAM Inconel alloys typically precipitates in interdendritic regions due to 

the segregation of niobium (Nb), molybdenum (Mo), and titanium (Ti) during solidification. 

These elements are rejected from the solidifying dendrite cores and concentrate in the 

last regions to solidify, forming localized, solute-enriched zones. As a result, the Laves 

phase tends to appear along cellular or dendritic boundaries in the as-built microstructure. 

This is quite visible in Figure 21. 

 

Figure 20. MgO·Al2O3 spinel core surrounded by (Nb,Ti)CN layer, from sample S [9.6 0.6 4.75 4] (plate 5, 
clad 9). 
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4.3 Hardness Results 

Starting the analysis of the hardness results for the samples SS [8.5 0.5 4 4] (plate 1, 

clad 1), displayed at Table 11 and Figure 22, the clad had an average hardness of 

201 HV 0.3, showing small variations throughout the clad, without any hardness variation 

trend. The substrate had a 192 HV 0.3 average hardness, also without any noticeable trend. 

As expected, no hardness change was noticed in the HAZ due to SS304L, an austenitic 

stainless steel with higher thermal stability and corrosion resistance, forming a more stable 

HAZ with less pronounced microstructural transformations. 

Table 11. SS [8.5 0.5 4 4] (plate 1, clad 1) hardness results. 

 

 

 

SS [8.5 0.5 4 4] 

(plate 1, clad 1) 

Clad 201 HV 0.3 

Substrate 192 HV 0.3 

Figure 21. Laves phase distribution in sample S [9.6 0.6 4.9 4] (plate 6, clad 5). 
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Moving to the analysis of structural steel S355, sample S [9.6 0.6 4.75 4] (plate 5, clad 9), 

results present in Table 12 and Figure 23, had an average hardness of 225 HV 0.3, also 

without presenting wide variations or a trend. Different to the 304 stainless steel 

substrate, S355, a ferritic–pearlitic low-alloy structural steel, exposed to high thermal 

inputs can lead to grain coarsening, carbide precipitation, and the formation of brittle 

martensitic or bainitic phases depending on the cooling rate, increasing hardness in the 

HAZ. This hardness increase was significant, resulting in an increase of 63 Vickers hardness 

points, in comparison to the substrate with an averaged hardness of 201 HV 0.3. Some 

effects from the HAZ might still be possible due to the slight negative trend from the 

hardness of substrate, however, other random harness measurements were performed in 

the substrate, with similar results to the ones obtained with the hardness profile. 

The results of sample S [9.6 0.6 4.75 4] (plate 5, clad 9) with heat treatment, 

homogenization treatment at 1200 ºC for 15 minutes followed by double aging at 720 ºC 8 

hours and 625 ºC 8 hours, are displayed in Table 13 and Figure 24. The most notable was 

the hardness of the clad, 379 HV 0.3, which is 68% harder than the sample without heat 

treatment. This could be resulted from precipitation hardening and grain refining. Another 

change with the heat treatment was the elimination of the brittle HAZ. After heat 

treatment no harder areas were found near the interface. The harness of the substrate 

was slightly lower compared to pre heat treated sample, with a hardness of 187 HV 0.3. 

The hardness 379 HV 0.3 for the heat treated Inconel 718 and 187 HV 0.3 for S355 are 

within expected values of AMS 5596 (Sheet, Strip, & Plate), and around the limit for S355 

expected hardness. 

 

 

 

 

Figure 22. SS [8.5 0.5 4 4] (plate 1, clad 1) hardness profile. 
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Table 12. S [9.6 0.6 4.75 4] (plate 5, clad 9) hardness results. 

S [9.6 0.6 4.75 4] 

(plate 5, clad 9) 

Clad 225 HV 0.3 

HAZ 264 HV 0.3 

Substrate 201 HV 0.3 

 

 

Figure 23. S [9.6 0.6 4.75 4] (plate 5, clad 9) hardness profile. 

S [9.6 0.6 4.75 4] 

(plate 5, clad 9) HT 

Clad 379 HV 0.3 

Substrate 187 HV 0.3 

Table 13. S [9.6 0.6 4.75 4] (plate 5, clad 9) heat treated hardness results. 
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Figure 24. S [9.6 0.6 4.75 4] (plate 5, clad 9) heat treated profile. 

Continuing with structural steel S355 substrate, sample S [9.6 0.6 4.9 4] (plate 6, clad 5), 

displayed at Table 14 and Figure 25, the clad has a hardness of 224 HV 0.3, not presenting 

major variations or a trend. As for sample S [9.6 0.6 4.75 4] (plate 5, clad 9), a brittle 

harder HAZ was observed with a hardness of 248 HV 0.3, 54 Vickers hardness points higher 

than the base material (194 HV 0.3). This harness increased are explained by the reasons 

explained previously for sample S [9.6 0.6 4.75 4] (plate 5, clad 9). 

Sample S [9.6 0.6 4.9 4] (plate 6, clad 5) heat treated, homogenization treatment at 

1200 ºC for 10 minutes (5 minutes shorter than in sample S [9.6 0.6 4.75 4] (plate 5, clad 

9), followed by double aging at 720 ºC 8 hours and 625 ºC 8 hours, displayed at Table 15 

and Figure 26, resulted in a clad with a hardness of 412 HV 0.3, an 84% increase. Due to 

the homogenization treatment time being shorter than in sample S [9.6 0.6 4.75 4] (plate 

5, clad 9), this hardening was more amplified. In this sample, the heat treatment also 

allowed for the elimination of the brittle.e HAZ. The hardness of the substrate decreased 

further, from 194 HV 0.3 to 121 HV 0.3. 

Table 14. S [9.6 0.6 4.9 4] (plate 6, clad 5) hardness results. 

 

 

 

S [9.6 0.6 4.9 4] 

(plate 6, clad 5)  

Clad 224 HV 0.3 

HAZ 248 HV 0.3 

Substrate 194 HV 0.3 
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Figure 25. S [9.6 0.6 4.9 4] (plate 6, clad 5) hardness profile. 

 

Table 15. S [9.6 0.6 4.9 4] (plate 6, clad 5) heat treated hardness results. 

 

 

 

 

 

Figure 26. S [9.6 0.6 4.9 4] (plate 6, clad 5) heat treated hardness profile. 

 

 

S [9.6 0.6 4.9 4] 

(plate 6, clad 5) HT 

Clad 412 HV 0.3 

Substrate 121 HV 0.3 
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4.4 Tensile Test Results 

With the goal of performing a mechanical characterization of the Inconel 718 block 

produced with the same parameters of S [9.6 0.6 4.9 4] (plate 6, clad 5), this block was 

cut in half, and three specimens were cut from half of the block in each direction: 

horizontal, vertical and diagonal. 

The remainder half of the block was submitted to the treatment described in section 3.3, 

in order to access the effect of the heat treatment on the mechanical properties the 

Inconel block. 

An example of a specimen post tensile testing can be seen in Figure 27. 

 

Figure 27. Tested tensile specimen. 

Starting the analysis with the specimens taken from the block in the horizontal direction, 

represented in Figure 28, it can be stated that in the as built specimens, the mechanical 

behaviour was almost identical, the horizontal as built specimens had an RP0.2 of 

447 ± 9 MPa, Rm of 824 ± 6 and a A of 41 ± 2%. These specimens showed very high ductility 

but lower mechanical strength, comparable to the annealed properties of Inconel 718, 

according to ASTM B637 (Rm ~ 860–930 MPa, Rp0.2 ~ 415–480 MPa and A ≥ 30%). 

Moving to heat treated specimens taken from the block in the horizontal direction, the 

mechanical properties were not as uniform in comparison to the as built specimens, 

especially specimen H2_TT which had a A of 13%, while the other two specimens had 28% 

and 33%. This major difference in A was most likely justified by the presence of a major 

defect where crack propagation becomes critical. The horizontal heat treated specimens 

had an RP0.2 of 853 ± 66 MPa, Rm of 1057 ± 33 and a A of 25 ± 8%. These specimens did not 

meet all the mechanical strength requirements of ASTM B637, as a Rm ≥ 1240 MPa and 

Rp0.2 ≥ 1035 MPa would be expected. As for the A values, the average value was above the 

12% specified in ASTM B637, and even the specimen with a subpar result, still fulfilled this 

criteria. The heat treatment caused an 91% strength increase in Rp0.2, 28% in Rm and 39% 

decrease in elongation for the horizontal direction. 
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Figure 28. Stress strain curves of horizontal direction specimens. 

In the vertical direction, with the tensile tests represented in Figure 29, the as built 

specimens like in the horizontal direction, showed slight discrepancy. The vertical as built 

specimens had an Rp0.2 of 488 ± 8 MPa, Rm of 836 ± 10 and a A of 38 ± 1%. These specimens 

also showed very high ductility with lower mechanical strength, similar to the annealed 

properties of Inconel 718, according to ASTM B637. 

For the heat treated specimens taken from the block in the vertical direction, the 

mechanical properties showed only marginal differences. Only two curves are shown for 

this condition due to one specimen slipping during the tensile test and its removal from 

the data. The vertical heat treated specimens had an Rp0.2 of 960 ± 40 MPa, Rm of 

1090 ± 33 and a A of 22 ± 0.5%. These specimens also did not meet the mechanical strength 

requirements of ASTM B637 (Rm ≥ 1240 MPa and Rp0.2 ≥ 1035 MPa). The elongation values 

were 83% higher than the 12% specified in ASTM B637. The heat treatment caused an 97% 

increase in Rp0.2, 30% in Rm and 42% decrease in elongation for the vertical direction. 
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Figure 29. Stress strain curves of vertical direction specimens. 

Finally for the diagonal direction, with the tensile curves showed in Figure 30, the as built 

specimens unlike in the horizontal and vertical direction, there was discrepancy. The curve 

corresponding to specimen D1_AB had a considerably higher RP0.2 of 700 MPa, while D2_AB 

and D4_AB had an Rp0.2 of 490 and 510 MPa, respectively. One possible reason for this 

behaviour can be the position from where the specimen was cut from the block, and if this 

was one of the first specimens to be cut due to being close to one of the walls of the block, 

where the cooling is faster, resulting in a more refined grain. Other probable cause is the 

accumulation of internal stress in the specimen, due to handling, exacerbated by the very 

thin section of the specimens. The diagonal as built specimens had an average Rp0.2 of 567 

± 95 MPa, Rm of 883 ± 12 and a A of 28 ± 1%. These specimens also showed high ductility, 

however lower in comparison to the horizontal and vertical direction specimens. 

For the heat treated specimens taken from the block in the diagonal direction, the RP0.2 

and Rm values comparable between the three specimens, however that was not the case 

for the elongation, varying from 10% to 19%, to be noted that specimen D1_TT was the 

only one not fulfilling the 12% elongation required by ASTM B637. The diagonal heat treated 

specimens had an average Rp0.2 of 957 ± 2 MPa, Rm of 1116 ± 22 and a A of 14 ± 3%. These 

specimens also did not meet the mechanical strength requirements of ASTM B637 

(Rm ≥ 1240 MPa and Rp0.2 ≥ 1035 MPa). The elongation values are barely above the 12% 

specified in ASTM B637. The heat treatment resulted in an 69% increase in Rp0.2, 26% in Rm 

and 50% decrease in elongation for the vertical direction. 
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Figure 30. Stress strain curves of diagonal direction specimens. 

Table 16 and Table 17 had a summary of the average values of Rp0.2, Rm, and A (%) for all 

three directions, for as built and heat treated specimens. Figure 31 contains a 

representative curve from each condition in order to give a visual representation of the 

effects of each conditions on the mechanical properties. 

In WLAM, mechanical anisotropy is a common and expected characteristic due to the layer-

by-layer deposition, thermal history, and epitaxial grain growth that occur during 

fabrication. One notable manifestation of this anisotropy is the variation in elongation at 

fracture across different build orientations [76,77]. 

Specifically, specimens extracted in the horizontal direction (parallel to the layers) 

typically exhibited higher elongation, while those in the vertical direction (build direction) 

showed moderate values, and diagonal specimens often performed the worst in terms of 

ductility. The underlying cause lies in the columnar grain structure that forms during 

solidification. These grains are aligned along the build direction, growing epitaxially from 

the substrate through each deposited layer. When tensile loading is applied horizontally, 

across the grain columns, plastic deformation is better accommodated by dislocation 

motion and grain boundary sliding. In contrast, vertical loading aligns with the grain 

direction, making the material more prone to intergranular cracking and less capable of 

deforming plastically. This is visible by checking that both in as built and heat treated 

specimens, the highest elongation values are obtained from the horizontal direction 

[76,77]. 

The lowest elongation in diagonal specimens likely resulted from a combination of stress 

orientation and complex grain boundary interactions. Since these specimens are loaded at 
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an angle to the grain structure, they are more likely to encounter mixed-mode failure 

mechanisms, including both intergranular and transgranular cracking, leading to earlier 

onset of necking and failure. From the values obtained this point is clear, for both as built 

and heat treated conditions, the diagonal direction had a substantially lower elongation 

[76,77]. 

Table 16. As built tensile results. 

 

 

 

 

Table 17. Heat treated tensile results. 

 

 

 

 

 

Figure 31. Representative tensile results. 
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Vertical HT 960 1090 22 

Diagonal HT 957 1116 14 
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5. Conclusions  

This study comprehensively investigated the optimization of Inconel 718 clads produced 

via Wire Laser Additive Manufacturing (WLAM) on stainless steel 304L and structural steel 

S355, and, elucidating critical relationships between process parameters, microstructural 

evolution, mechanical performance, and the effectiveness of targeted post-processing 

heat treatments. 

An extensive parametric investigation was carried out, systematically examining 

combinations of laser power, laser scanning speed, wire feed rate, and shielding gas 

pressure. For the 304L stainless steel substrate, clads produced at laser powers above 

8.5 kW consistently exhibited higher porosity and cracking, suggesting a critical threshold 

where excessive energy input compromises clad quality. Laser scanning speeds above 

0.55 m/min similarly led to increased defects, emphasizing that moderate scanning 

speeds are crucial to achieving balanced dilution and minimized porosity. Among shielding 

gas pressures tested (2, 3, and 4 bar), both 2 bar and 4 bar yielded favourable results, 

indicating a flexible operational window, although 3 bar produced inconsistent outcomes, 

likely influenced by other overlapping factors like laser speed. 

For S355 structural steel substrates, higher laser powers around 9.6 kW combined with 

slightly faster laser speeds (0.6 m/min) and elevated wire feed rates (4.75–4.9 m/min) 

resulted in better clad integrity, demonstrating the necessity of higher thermal inputs to 

adequately melt and fuse with this substrate. However, the reproducibility of optimal 

conditions required fine-tuning; notably, subtle variations such as decreasing the wire feed 

rate from 4.9 to 4.75 m/min were shown to improve reliability and consistency of results. 

Conversely, moderate laser powers (around 8.75 kW) produced acceptable clads but 

showed a 50% success rate regarding defect formation and wettability, highlighting the 

sensitivity of this substrate to small parameter deviations. Shielding gas pressure at 4 bar 

proved consistently beneficial for S355, with lower pressures failing to maintain proper 

melt pool protection and higher dilution consistency. 

Detailed microstructural characterization via SEM, EBSD, and EDS analyses provided 

scientific validation for observed trends. The stainless steel 304L substrate demonstrated 

smoother dilution gradients due to improved metallurgical compatibility with Inconel 718, 

facilitating more homogeneous interdiffusion of elements. In contrast, structural steel 

S355 exhibited sharper dilution interfaces, attributed to substantial thermal conductivity 

differences and alloying incompatibilities, which resulted in pronounced hardness 

increases (up to 264 HV 0.3) in the Heat-Affected Zone (HAZ). These findings emphasize 

the necessity of precise control over thermal gradients during WLAM deposition on 

structural steels. 

The inherent microstructural anisotropy induced by the WLAM process manifested through 

pronounced columnar grain structures, accompanied by Nb-rich Laves phase segregation 

in interdendritic regions, significantly compromising ductility and toughness. A post-

deposition heat treatment—homogenization at 1200°C followed by double aging at 720°C 
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and 620°C was performed to address these issues, dissolving detrimental Laves phases, 

refining grain morphologies, and notably reducing brittleness in the HAZ. Consequently, 

the hardness of clads significantly increased from approximately 225 HV 0.3 to 412 HV 0.3, 

representing an 84% improvement. 

Mechanical evaluations through tensile testing underscored the efficacy of the applied 

heat treatments, with substantial increases in RP0.2 observed across all tested directions: 

horizontally (447 MPa to 853 MPa), vertically (488 MPa to 960 MPa), and diagonally 

(567 MPa to 957 MPa). Tensile strength (Rm) similarly improved, increasing horizontally 

(824 MPa to 1057 MPa), vertically (836 MPa to 1090 MPa), and diagonally (883 MPa to 

1116 MPa). However, significant anisotropy persisted, particularly evident in elongation 

(A) reductions after heat treatment—horizontally (41% to 25%), vertically (38% to 22%), 

and diagonally (28% to 14%)—highlighting the strong dependency of mechanical properties 

on grain orientation and build direction. 

These comprehensive findings hold substantial implications for industrial sectors requiring 

high-performance materials, such as aerospace, energy-generation systems, like nuclear, 

and petrochemical equipment. Through detailed optimization of deposition parameters 

and tailored heat treatments, this research demonstrates clear pathways for enhancing 

cladding integrity, prolonging service life, and reducing manufacturing costs. 

In summary, this thesis provides a scientifically robust foundation and practical guidelines 

for the successful implementation and industrial integration of WLAM processes for Inconel 

718 clads, emphasizing meticulous control over deposition parameters, careful substrate 

selection, targeted microstructural manipulation, and effective heat-treatment protocols 

to achieve reliable, high-performance coatings suitable for demanding applications. 
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6. Future Work 

To build upon the findings of this study, future work should include a more detailed analysis 

across the depth of the cladding, to have a full understanding along the length of the clad. 

Additionally, post-deposition heat treatments should be performed in vacuum or 

controlled atmospheres , as some defects may be attributable to oxidation or uncontrolled 

gas interactions during furnace exposure. Implementing an inert or reduced-oxygen 

environment could minimize surface contamination and improve the effectiveness of 

homogenization and phase precipitation. 

Finally, there is strong potential for the development of machine learning frameworks 

trained on experimental datasets—including process parameters, geometry metrics, 

microstructural features, and mechanical properties—to accelerate the optimization of 

WLAM cladding conditions. By integrating such models with real-time process monitoring 

data, future systems could autonomously predict defect formation, adapt deposition 

strategies on-the-fly, and ensure consistent quality in complex geometries or dissimilar 

material systems. These data-driven approaches represent a critical step toward the 

industrial-scale deployment of WLAM. 
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