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Abstract 

This thesis presents a comprehensive computational investigation into the mechanical behavior of 

multi-material components fabricated by Wire Arc Additive Manufacturing (WAAM). The study 

focuses on the combination of two widely used materials—ER70S-6 (a high-strength carbon steel) 

and SS316L (a corrosion-resistant stainless steel)—to explore the influence of stacking sequence, 

material interfaces, and transition zones on the tensile properties of bimetallic structures. Finite 

Element Analysis (FEA) simulations were conducted using Abaqus to evaluate force-displacement 

and stress-strain responses of both single-material and multi-material specimens.  

Nine different multi-material specimens were modeled with varying material stacking 

configurations, with and without transition zones. The simulations revealed that symmetric stacking 

with strategically placed transition layers significantly enhances tensile performance by promoting 

uniform stress distribution and delaying fracture initiation. Specimens with abrupt or asymmetric 

interfaces exhibited higher stress concentrations, leading to premature failure. Fracture typically 

initiated near interface regions, highlighting the critical role of interfacial design in structural 

integrity. The study also established a robust simulation workflow on CSC Puhti, enabling high-

performance computation for complex WAAM geometries. The results provide valuable insights 

into optimizing material arrangements for tailored mechanical behavior in additive manufacturing. 

This research lays the foundation for future experimental validation and advanced modeling of 

functionally graded materials, residual stress, and fatigue behavior in multi-material WAAM 

components. 

Key words: Additive Manufacturing, Wire Arc Additive Manufacturing, Finite element analysis, multi-

material, computational study, high performance computing, Stainless steel, high carbon steel.  
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1 Introduction:  

Additive Manufacturing (AM) is a technology that produces three-dimensional (3D) components 

directly from digital models by building them layer by layer. This process typically involves the 

deposition of polymers, ceramics, or metallic materials in successive layers. AM has gained 

widespread adoption across the global manufacturing industry due to its capability to produce large-

scale parts with high deposition efficiency. Metal-based additive manufacturing processes are 

generally classified into four main categories: sheet lamination, powder bed fusion, binder jetting, 

and directed energy deposition [1]. The recent introduction of metal additive manufacturing into the 

construction industry has attracted significant attention from architects and structural engineers. 

Among the various techniques, wire-arc directed energy deposition (DED) commonly known as 

wire-arc additive manufacturing (WAAM) utilizes traditional welding processes combined with 

advanced robotics to fabricate components layer by layer. Unlike other metal 3D printing methods, 

WAAM is particularly advantageous for producing large-scale structures efficiently and cost-

effectively, making it a promising solution for structural engineering applications [2] Directed 

Energy Deposition (DED), as defined by the ISO/ASTM 52900 standard, is an additive 

manufacturing (AM) process that utilizes concentrated thermal energy—such as an electric arc—to 

melt filler wire and build components. In this study, the process is specifically referred to as DED-

ARC. This technique offers a competitive manufacturing solution for producing end-use parts that 

require high stiffness-to-mass ratios, complex and large-scale geometries, and are suited to low 

production volumes. One of the key advantages of DED-ARC is its wide material compatibility, as 

virtually any weldable metal can be processed. Moreover, integrating a welding torch with a robotic 

system allows for the fabrication of parts with minimal size constraints. With its ability to 

efficiently produce large, complex, and multifunctional structural components, DED-ARC is 

rapidly becoming a practical and appealing solution across various industries, including aerospace, 

automotive, marine, energy, defense, and other high-performance engineering sectors [3]. 

Multi-material 3D printing, particularly in WAAM, is gaining significant attention due to its ability 

to combine materials with different mechanical, thermal, and corrosion properties within a single 

component [4]. This approach allows for tailored performance, where specific regions of a structure 

can be optimized for strength, wear resistance, flexibility, or corrosion resistance. It also enables the 

fabrication of functionally graded materials (FGMs), improving overall component efficiency by 
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reducing weight while maintaining mechanical integrity [5]. In industries like aerospace, 

automotive, and marine, multi-material WAAM is particularly valuable for manufacturing 

lightweight, high-strength, and corrosion-resistant components at reduced costs compared to 

traditional multi-part assembly methods [6]. Combining ER70S-6 and SS316LSi enables the 

fabrication of functionally graded material (FGM) structures with tailored mechanical properties—

such as enhanced strength, ductility, and corrosion resistance—that are unattainable using either 

material on its own. Their integration in WAAM processes presents a compelling solution due to 

the complementary nature of their properties, offering a balance of performance, cost-efficiency, 

and printability. This makes the ER70S-6 and SS316LSi pairing particularly suitable for industrial 

applications that demand both structural integrity and corrosion resistance without compromising 

on affordability or manufacturing flexibility [6]. 

The ability to layer different materials in WAAM provides several advantages as it improved 

Mechanical Properties – Combining materials with different strength and ductility characteristics 

enhances structural integrity, Optimized Cost and Performance – High-performance materials can 

be used only where needed, reducing material costs while maintaining functional requirements, 

Corrosion and Wear Resistance – Multi-material structures can have corrosion-resistant outer layers 

(e.g., SS316L) and high-strength inner layers (e.g., ER70S-6) for durability, Repair and 

Reinforcement Applications – Multi-material deposition enables in-situ repair of worn-out parts, 

extending their lifespan, Reduction in Post-Processing – Unlike traditional manufacturing, multi-

material WAAM eliminates the need for complex joining techniques (e.g., welding or bolting). 

Over the past several years, numerous researchers in the engineering field have employed finite 

element method (FEM)–based numerical simulations to investigate the behavior of the WAAM 

process [7], [3], [8], [9]. Engineering research has been conducted to present a comprehensive 

design study of the WAAM process using a finite element method (FEM) computational model, 

with a particular focus on evaluating the process capabilities for manufacturing complex 

components. The study specifically investigated the influence of inter-pass temperature on the 

thermal and structural behavior of the fabricated part [10]. In parallel, research efforts have also 

focused on optimizing the computational efficiency of WAAM simulations, emphasizing the 

significance of using finite element analysis (FEA) to model the WAAM process in a time-effective 
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manner. These studies underline the need for balancing simulation accuracy with reduced 

computational time to enable practical and scalable modeling approaches [7]. 

The high deposition rate of WAAM enables the rapid and flexible fabrication of complex metal 

components. However, this same flexibility can lead to significant thermal gradients within the 

workpiece, often resulting in distortion. To address this, the application of Finite Element Method 

(FEM) has become increasingly essential for predicting distortion levels and residual stresses in 

WAAM-produced parts. Incorporating FEM simulations into the pre-manufacturing phase allows 

for the optimization of process parameters and build strategies, reducing the need for costly 

physical trials and enhancing overall process reliability [8]. Advanced numerical simulations using 

FEM software have been conducted to investigate distortion behavior and assess the impact of 

cooling time between successive layer depositions in the WAAM process. These simulations 

provide valuable insight into how thermal cycles influence residual stresses and deformation, 

enabling more accurate prediction and control of the final component geometry [11]. Distortion 

prediction in the WAAM process has been carried out using numerical computational modeling, 

allowing for the analysis of thermal and mechanical responses during fabrication. This approach 

enables early identification of potential deformation issues and supports the development of 

optimized process strategies to minimize distortion in the final component [12]. A thermo-

mechanical modeling study of the WAAM process was performed using commercial simulation 

software to analyze a semi-finished component. The investigation focused on the effects of wire 

feed speed and resulting temperature distribution during deposition. The findings revealed that the 

orientation and positioning of the deposited beads significantly influenced both the thermal profile 

and the final geometry of the component, highlighting the importance of deposition strategy in 

achieving dimensional accuracy and structural integrity [13]. 

 

1.1 Background of the thesis: 

Conventionally, metal components have been manufactured through methods such as machining, 

casting and forging. However, these processes often involve extensive material removal and are 

increasingly unable to meet the growing demands for cost-efficiency, sustainability, and 

environmental responsibility in modern manufacturing. As a result, Additive Manufacturing (AM) 

has emerged as a key technology for producing custom-made metal components with reduced waste 
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and improved design flexibility. Out of different AM techniques, Wire Arc Additive Manufacturing 

(WAAM) stands out for its ability to fabricate large, low-volume metal parts efficiently, thanks to 

its huge deposition rate and adaptability [7], [14], [15]. However, the non-uniform expansion and 

contraction of material during the thermal cycles inherent to the WAAM process lead to the 

development of residual stresses and distortions within the fabricated component [14]. In large-

scale WAAM processes, controlling residual stress and distortions is critically important to ensure 

dimensional accuracy and structural integrity. Drawing from the field of welding, several mitigation 

techniques have been developed to address these challenges, including pre-bending, thermal 

tensioning, and mechanical tensioning. These methods aim to balance or relieve internal stresses 

during fabrication and can be effectively adapted to WAAM to reduce deformation in large and 

complex components [16]. 

To identify optimal control strategies for managing residual stress and distortion, Finite Element 

(FE) modeling is widely employed. The most common approach involves sequentially coupled 

transient FE models that incorporate a moving heat source and simulate material deposition using 

the element birth technique. While this method offers high accuracy, the transient nature of the 

simulation combined with the nonlinear behavior of materials leads to extensive computational 

demands. As a result, these models are typically limited to small-scale components. When dealing 

with large-scale WAAM structures—often spanning several meters the conventional transient FE 

approach becomes impractical. Therefore, a more computationally efficient modeling method is 

required to enable rapid and reliable estimation of residual stresses and distortions in large WAAM 

builds [17]. An alternative approach employs a steady-state model using a Eulerian frame attached 

to the welding torch, allowing the material to “flow” through the finite element mesh. This 

formulation enables the thermal problem to be solved in a single time step, significantly reducing 

computational effort compared to conventional transient models. However, in many cases, the 

mechanical simulation remains time-dependent and is still solved using a transient approach, which 

continues to demand substantial computational resources. To further improve efficiency, the 

mechanical response can be approximated using static analyses, offering a practical solution for 

reducing simulation time while still capturing the essential effects of residual stress and distortion 

[7]. 
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The prevailing literature on WAAM of stainless steels and ER70S6 specifically focuses on thermal 

and mechanical properties experimentally. Several research and review papers have examined the 

finite element analysis of austenitic stainless steel manufactured through WAAM but there are very 

few which focused on FEA of multi-material WAAM. Figure 1 shows the rising interest in FEA of 

WAAM over the years in the scientific community, suggests that research in this domain is still in 

its initial stages. By searching for keywords “Finite element analysis” and “wire arc additive 

manufacturing” in Scopus, in total 64 documents were received showing an increase in trend in 

recent years.  

                    

Figure 1 The publication trend of articles retrieved from the Scopus database using the keywords "finite 

element analysis" and "Wire arc additive manufacturing" 

WAAM of multi-material is gaining significant attention due to its ability to combine materials with 

different mechanical, thermal, and corrosion properties in a single component, enabling the creation 

of functionally optimized structures. The ability to layer different materials allows for enhanced 

mechanical performance, cost efficiency, and tailored material properties for specific applications. 

By strategically placing materials based on their strengths, WAAM reduces the reliance on 

traditional joining techniques like welding or bolting while minimizing material waste and post-

processing requirements. The selection of SS316L and ER70S-6 for multi-material WAAM is based 

on their complementary properties. SS316L, a stainless steel, provides excellent corrosion 

resistance, high ductility, and superior weldability, making it suitable for the outer layers of 
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structure exposed to harsh environments. On the other hand, ER70S-6, a mild steel welding wire, 

offers higher strength, good stiffness, and cost-effectiveness, making it ideal as a core material for 

structural applications.  

The combination of these two materials allows for an optimal balance of mechanical performance 

and corrosion resistance, making it beneficial for industries like aerospace, marine, and structural 

engineering. However, understanding the behavior of multi-material interfaces is crucial, as 

differences in thermal expansion, bonding strength, and mechanical properties may influence failure 

modes. 

Finite Element Analysis (FEA) plays a crucial role in evaluating the mechanical response of multi-

material components, especially in our case where experimental testing is costly, time-consuming, 

and challenging. In multi-material WAAM, factors such as stress distribution, interfacial bonding 

strength, and fracture mechanisms need to be analyzed to ensure structural reliability. Through 

FEA-based simulations in Abaqus (Abaqus modelling and simulations explained step by step in 

appendix), it becomes possible to predict stress-strain behavior, force-displacement responses, and 

potential failure zones before physical testing. This computational approach allows for optimization 

of layer thicknesses, material deposition strategies, and process parameters, reducing trial-and-error 

in experimental fabrication. Additionally, FEA provides insights into residual stresses and thermal 

effects, which are crucial in multi-material structures where differences in thermal expansion can 

lead to warping or delamination. By using FEA in WAAM research, engineers can develop robust 

multi-material structures with improved performance while minimizing manufacturing defects and 

inefficiencies. 

 

1.2 Aim and research questions:  

The aim of this thesis is to computationally investigate the mechanical properties of multi-material 

components fabricated using Wire Arc Additive Manufacturing (WAAM), specifically focusing on 

the combination of SS316L and ER70S-6. The study aims to develop and validate finite element 

models in Abaqus to analyze the stress-strain behavior, force-displacement characteristics, and 

fracture mechanisms of these materials in both single-material and multi-material configurations. 

By optimizing layer thicknesses and studying interfacial bonding effects, this research seeks to 
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provide a deeper understanding of the mechanical performance and failure behavior of multi-

material WAAM components. Additionally, the thesis will explore the implementation of a 

simulation workflow on CSC Puhti, optimizing computational efficiency for large-scale finite 

element simulations. 

This study addresses the following key research questions: 

• How accurately can finite element simulations replicate the tensile behavior of SS316L and 

ER70S-6? 

• How do stress-strain relationships and force-displacement responses compare between 

computational results and experimental data of individual material specimens? 

• What is the effect of material stacking variation on the mechanical performance of multi-

material WAAM specimens? 

• How does the interface between SS316L and ER70S-6 influence stress distribution, fracture 

behavior, and overall strength? 

• Which material exhibits early failure in a multi-material configuration, and what are the 

dominant failure mechanisms? 

• What computational challenges arise in multi-material WAAM modeling, and how can the 

simulation workflow be optimized on CSC Puhti for efficient and accurate analysis? 

These research questions guide the investigation into mechanical performance, failure analysis, and 

computational modeling of multi-material WAAM structures, contributing to the broader 

understanding of multi-material additive manufacturing applications. 

 

1.3 Outline of the thesis:  

The thesis begins with a comprehensive literature review that lays the groundwork for the study by 

discussing key concepts related to Additive Manufacturing, particularly focusing on Wire Arc 

Additive Manufacturing (WAAM). It explores the fundamentals of finite element analysis (FEA), 

as well as the mechanical behavior of the base materials used in this study: ER70S-6 and SS316L 

stainless steel. The review also highlights prior research on multi-material additive manufacturing 
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and identifies existing gaps, particularly in computational modelling of mechanical properties in 

bimetallic structures. 

Following the literature review, the thesis moves into the computational phase, where individual 

material models for SS316L and ER70S-6 are developed using finite element simulations in 

Abaqus. These models are validated by comparing the simulation outputs with available 

experimental data, ensuring the accuracy of the stress-strain and force-displacement responses of 

each material. Once validated, the study progresses to modeling multi-material specimens, with 

various stacking configurations of ER70S-6 and SS316L. Both simple bimetallic models without 

transition layers and more complex specimens with thin interface zones are created to evaluate how 

interface design affects mechanical behavior. 

The results of these simulations are analyzed in detail by examining stress-strain curves, force-

displacement responses, and tensile properties such as ultimate tensile strength (UTS), ductility, and 

fracture strain. Particular attention is given to the role of the interface in transferring stress and 

delaying failure, as well as the effect of stacking symmetry and material arrangement. A 

comparative study of nine different multi-material specimens is conducted to identify which 

configurations exhibit optimal combinations of strength and ductility. 

Finally, the thesis presents a detailed discussion of the findings, drawing conclusions about the 

influence of material sequencing and interface behavior on the overall performance of multi-

material WAAM components. The study concludes by summarizing the key outcomes and 

contributions, while also recommending directions for future work, such as incorporating residual 

stress modeling, exploring functionally graded materials, and experimentally validating the 

computational results. 
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Figure 2 Research Plan for thesis 
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2 Literature review: 

2.1 Additive manufacturing:  

Additive Manufacturing (AM), also known as 3D printing, is a manufacturing process that creates 

components by layer-by-layer deposition of material, enabling the fabrication of complex 

geometries that are difficult or impossible to achieve with conventional subtractive methods [15]. 

Metal Additive Manufacturing (AM) encompasses several technologies that enable the fabrication 

of complex metallic components through layer-by-layer deposition. These processes vary in their 

energy sources, feedstock materials, and manufacturing applications. The most common metal AM 

techniques include Powder Bed Fusion (PBF), Directed Energy Deposition (DED), Binder Jetting 

(BJ), and Sheet Lamination (SL), each with distinct advantages and limitations  [18].  

Powder Bed Fusion (PBF) processes, such as Selective Laser Melting (SLM) and Electron Beam 

Melting (EBM), use a high-energy laser or electron beam to selectively melt and fuse metallic 

powder in a controlled atmosphere. SLM operates with a high-powered laser, making it ideal for 

high-precision applications such as aerospace and medical implants, but it requires inert gas 

environments to prevent oxidation. In contrast, EBM utilizes an electron beam under vacuum 

conditions, reducing residual stresses but with slightly lower resolution than SLM [19]. 

Directed Energy Deposition (DED) processes, including Laser Metal Deposition (LMD) and Wire 

Arc Additive Manufacturing (WAAM), use a directed energy source (laser, electron beam, or 

electric arc) to melt and deposit metal in the form of powder or wire. LMD employs a laser to melt 

powder as it is deposited, providing good precision but requiring extensive post-processing [20]. 

WAAM, which utilizes an electric arc and wire feedstock, is particularly suitable for large-scale 

metallic structures, offering high deposition rates and cost efficiency but lower resolution compared 

to PBF methods [19]. 

Binder Jetting (BJ) is a metal AM technique where a binding agent selectively bonds layers of metal 

powder, which are later sintered or infiltrated to achieve final mechanical properties. This process 

does not involve melting, allowing for high-speed production of complex geometries, but requires 

secondary sintering or infiltration steps to enhance mechanical strength [21]. 
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Sheet Lamination techniques, such as Ultrasonic Additive Manufacturing (UAM), join thin metal 

sheets using ultrasonic vibrations and localized plastic deformation without melting the material. 

While UAM allows embedding of sensors and dissimilar materials, it is limited by the need for 

post-processing to achieve full density [2]. 

 

2.2 Wire Arc Additive Manufacturing:  

Wire Arc Additive Manufacturing (WAAM), a directed energy deposition (DED) technique, 

utilizes an electric arc to melt metal wire feedstock, depositing it layer-by-layer to form near-net-

shape components. Integrating arc welding principles with robotic automation, WAAM is adept at 

fabricating large-scale structures, as leveraged in this study for multi-material SS316L and ER70S-6 

specimens. The process begins with a substrate (e.g., steel plate), where a welding torch—typically 

gas metal arc (GMAW) or plasma arc (PAW)—generates an arc between the wire tip and the 

substrate, melting the wire into a molten pool (Figure 6). The torch, guided by a robotic arm, 

follows a programmed path, solidifying each layer as it cools, with deposition rates ranging from 1–

10 kg/h depending on wire diameter (typically 0.8–1.2 mm) and arc current (100–300 A) [22]. 

The WAAM system comprises a power source, wire feeder, and shielding gas (e.g., argon-CO₂ 

mix), ensuring stable arc formation and minimal oxidation (Figure 6). Multi-material capability is 

achieved by switching wire feedstock mid-process—e.g., transitioning from ER70S-6 to SS316L—

enabling tailored properties like corrosion resistance atop high strength. Unlike powder-based 

methods, WAAM operates in an open environment, supporting large builds (up to meters in scale), 

though thermal cycles induce residual stresses (50–200 MPa) and distortions (0.5–2 mm/m), as 

reported in steel WAAM studies [13]. 

This process’s mechanics—arc stability, layer stacking, and material transitions—directly influence 

the tensile properties under investigation here. Understanding these dynamics is essential for 

accurate FEA modeling in Abaqus, as explored later, making WAAM’s operational principles 

foundational to this research. 
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2.3 Properties and applications of materials used:  

2.3.1 Stainless steel:  

SS316L is a low-carbon austenitic stainless steel, distinguished by its superior corrosion resistance, 

high ductility, and excellent mechanical properties, making it a preferred material for marine, 

biomedical, and aerospace applications [23]. Stainless steels, alloys primarily composed of iron, 

chromium (16-18%), and nickel (10-14%), form a protective oxide layer that enhances oxidation 

resistance and durability [13]. The low carbon content (≤0.03%) in SS316L minimizes carbide 

precipitation during welding, preventing intergranular corrosion and ensuring high-temperature 

stability [2]. Mechanically, SS316L has a yield strength of approximately 290 MPa and an ultimate 

tensile strength of around 550 MPa, making it moderately strong but highly ductile, with a fracture 

strain ranging from 45% to 60%. Compared to carbon steels like ER70S-6, SS316L has a lower 

stiffness (Young’s modulus ~190 GPa) but greater toughness, allowing it to withstand impact and 

cyclic loading [19]. In tensile loading, SS316L exhibits a high degree of plasticity, allowing it to 

absorb energy before failure. The presence of nickel (Ni) and molybdenum (Mo) enhances its 

ability to withstand high temperatures, oxidation, and chloride-induced pitting corrosion. However, 

SS316L is softer compared to ER70S-6 and has lower stiffness, which may affect its compatibility 

in multi-material structures where high rigidity is needed. Their application include marine and 

offshore structures, where corrosion resistance is critical, aerospace components, due to its excellent 

strength-to-weight ratio and oxidation resistance, biomedical implants and surgical instruments, 

where biocompatibility is essential, food processing equipment, benefiting from its resistance to 

acidic and high-moisture environments, additive manufacturing, particularly in multi-material 

WAAM applications, where a balance of corrosion resistance and strength is required.  
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Figure 3 Fields of application of SS 316L [24] 

2.3.2 ER70S-6 

Each digit in the ER70S-6 classification carries specific information about the filler wire's 

characteristics. The prefix ‘ER’ stands for Electrode Rod, indicating that the wire is suitable for 

TIG or MIG welding processes. The number ‘70’ represents the minimum tensile strength of the 

deposited weld metal, expressed in ksi (70 ksi or approximately 483 MPa). The ‘S’ denotes that the 

wire is a solid (non-flux-cored) wire. The final digit, ‘6’, specifies the wire’s chemical composition, 

shielding gas compatibility, and recommended polarity, as defined by the ASME Section IIC, SFA 

5.18 standard [25].  

ER70S-6 is a low-carbon steel welding wire, widely used in gas metal arc welding (GMAW) and 

Wire Arc Additive Manufacturing (WAAM) due to its high strength, good ductility, and excellent 

weldability. Mild steel, classified as a carbon steel with a carbon content ranging from 0.05% to 

0.32%, provides an optimal balance of mechanical strength and cost-effectiveness, making it ideal 

for structural applications, automotive frames, and heavy machinery components [19]. The presence 

of manganese (1.4-1.85%) and silicon (0.8-1.15%) in ER70S-6 enhances deoxidation, allowing for 

cleaner welds with fewer inclusions, which is particularly beneficial in WAAM layer deposition 

[18]. The yield strength of ER70S-6 ranges from 400 to 500 MPa, while the ultimate tensile 
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strength (UTS) lies between 480 and 600 MPa, making it suitable for load-bearing applications [2]. 

The material exhibits a moderate fracture strain (~25-30%), ensuring sufficient plastic deformation 

before failure, though it lacks the corrosion resistance of stainless steel. In multi-material WAAM 

applications, when paired with stainless steel SS316L, ER70S-6 serves as a strong base material, 

contributing to structural integrity and cost efficiency, but requires careful interface control to 

prevent galvanic corrosion and brittle interfacial failures [26]. In tensile loading, ER70S-6 

undergoes elastic deformation up to its yield point (~400 MPa), followed by plastic deformation 

until failure. It has a moderate strain-hardening capacity, meaning it strengthens slightly before 

failure, but it is prone to brittle fracture under high strain rates. Its applications include structural 

steel components in buildings and bridges, heavy machinery parts that require high strength and 

good weldability, automotive applications, including chassis and frames, repair and maintenance of 

industrial equipment, wire Arc Additive Manufacturing (WAAM) applications, where cost-effective 

and high-strength materials are needed. 

Table 1 Chemical composition of ER-SS316L and ER70S-6 wire (mass fraction/%) [27]. 

Element Cr Ni Mo Mn Si C P S Fe 

SS316-L 18.57 11.72 2.57 1.72 0.54 0.015 0.024 0.008 Bal. 

ER70S-6 0.068 1.4 0.8 - - - - - Bal. 

 

The combination of ER70S-6 and SS316L in WAAM provides a promising balance of strength, 

ductility, and corrosion resistance. However, interface properties, stress distribution, and thermal 

expansion mismatches must be carefully analyzed to ensure structural integrity. The FEA 

simulations in this study aim to predict stress-strain behavior, fracture mechanisms, and failure 

modes to optimize the stacking strategy and enhance mechanical performance in multi-material 

WAAM applications. By understanding the interaction between these materials, this research 

contributes to the development of functionally graded structures, which can be applied in industries 

requiring lightweight, high-strength, and corrosion-resistant components. In multi-material WAAM, 

SS316L is often stacked over mild steel to provide an outer corrosion-resistant layer, ensuring 

durability in harsh environments while leveraging the strength of ER70S-6 as a core material [20]. 

However, joining SS316L and ER70S-6 presents challenges due to differences in thermal expansion 
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and the potential formation of brittle intermetallic phases, requiring careful process optimization to 

achieve a strong metallurgical bond [28]. 

 

2.4 Mechanical properties of materials:  

Mechanical properties define a material’s response to external forces, guiding the selection and 

design of engineering components. In the context of Wire Arc Additive Manufacturing (WAAM), 

these properties are critical due to the process’s layer-by-layer deposition, which introduces thermal 

gradients, residual stresses, and potential anisotropy—factors that differentiate WAAM components 

from conventionally manufactured ones. Key mechanical properties include: 

Strength: The ability of material to withstand applied forces without failure, critical for load 

bearing WAAM structures like those using ER70S-6. Standard unit used for measuring strength is 

Pa or Mpa [29]. 

Hardness: The ability of material to resist surface deformation or penetration. Hardness has no SI 

unit, its measured in scales such as Brinell, Rockwell, Vickers  [30]. 

Ductility: Ability of material to undergo plastic deformation before breaking, vital for SS316L’s 

toughness in multi-material applications. Percentage or strain (unitless) used for measuring ductility  

[31]. 

Toughness: Ability of material to absorb energy before fracturing, influencing failure resistance at 

material interfaces. Standard unit used for measuring toughness is J/m^3  [32]. 

Elasticity: Ability of material to return to its original shape after deformation. Standard unit used 

for measuring elasticity is Pa or GPa [33]. 

Plasticity: Ability of material to permanently deform under load, shaping the post-yield behavior in 

tensile loading. It has no standard unit [34]. 

Fracture Toughness: Ability of material resist crack propagation, particularly relevant at SS316L-

ER70S-6 interfaces where thermal mismatch may initiate flaws. Standard unit used for measuring 

fracture toughness is MPa·√m  [35]. 
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Stiffness: Stiffness refers to a material's or structure's ability to resist deformation under applied 

forces such as bending, twisting, or stretching. It is primarily governed by the material’s elastic 

modulus (also known as Young’s modulus), which quantifies its tendency to return to its original 

shape after being deformed. A higher elastic modulus indicates a stiffer material. In multi-material 

designs, stiffness plays a key role in balancing rigidity and flexibility. The standard unit for 

measuring stiffness is newtons per meter (N/m) [36]. 

In WAAM, these properties are influenced by process parameters (e.g., heat input, cooling rates) 

and material interactions, especially in multi-material components where SS316L’s corrosion 

resistance and ER70S-6’s strength must be harmonized. For instance, residual stress from thermal 

cycles can reduce effective strength, while interfacial bonding affects toughness and fracture 

behavior—challenges that finite element analysis (FEA) in Abaqus aims to address in this study. 

Although all properties are relevant, this research focuses on tensile properties—strength, ductility, 

and elasticity—measured through stress-strain and force-displacement responses. These are pivotal 

for understanding how SS316L and ER70S-6 behave individually and in combination under tensile 

loading, particularly at interfaces where failure may initiate. Tensile testing, simulated 

computationally, thus forms the cornerstone of this investigation, as detailed in the following 

section. 

 

2.5 Tensile properties of materials:  

Tensile properties quantify a material’s response to uniaxial loading, critical for assessing the 

mechanical performance of Wire Arc Additive Manufacturing (WAAM) components in this study. 

These properties, derived from stress-strain curves in tensile testing, are pivotal for validating finite 

element (FE) models of SS316L and ER70S-6, both individually and in multi-material 

configurations, using Abaqus. The key tensile properties relevant to this research include: 

Young’s Modulus, E (GPA): is a type of Elastic Modulus that measures the stiffness of a material 

under tensile and compressive forces. It exhibits the ratio of stress to strain in the linear elastic 

region of a material's stress-strain curve. 

𝐸 =  𝛔/𝜀 
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where σ is stress and ε is strain [37]. 

For WAAM materials like SS316L and ER70S-6, with E ≈ 190–200 GPa, it governs initial 

deformation under load, essential for predicting force-displacement behavior. 

Yield Strength σy (Mpa): The stress at which a material begins to undergo plastic deformation 

instead of elastic deformation is known as yield strength. The yield point in stress strain curve is a 

mid-point between elastic and plastic regions (Figure 4 ‘3’). Before this point curve is straight and 

in elastic region, after this point plastic regions begins, and material start to deform [38]. In 

WAAM, yield strength varies with deposition direction and thermal history, influencing the 

structural integrity of multi-material specimens [39].  

Ultimate Tensile Strength UTS (Mpa): A material’s ultimate tensile strength (UTS), also referred 

to simply as tensile strength, represents the maximum stress a material can withstand while being 

stretched or pulled before it breaks. It is the peak value on a stress-strain curve and marks the point 

just before complete failure occurs. UTS is a critical property for assessing how a material or 

component will perform under load, providing insight into its capacity to resist tension. This 

characteristic is essential for structural design and failure prediction (see Figure 4, points ‘1 & 2’) 

[40]. UTS is a key metric for comparing single-material benchmarks to multi-material performance 

in this study. 

True Stress (Pa) and True Strain (unitless):  

True stress (σᵗ) refers to the applied force divided by the cross-sectional area of a material at any 

given point during deformation. Unlike engineering stress, which is based on the material's original 

cross-sectional area, true stress accounts for the continuous reduction in area as the material 

stretches and thins under load. As deformation progresses, the decreasing area leads to an increase 

in true stress, making it a more accurate measure of the material’s resistance to deformation. True 

stress offers a realistic representation of material behavior under tensile loading, especially beyond 

the yield point. While engineering stress data is typically obtained from tensile tests, it is often 

converted to true stress for accurate analysis.  

                                                                True Stress (σᵗ) = σ (1+ ε) 

where σ is engineering stresses and ε is engineering strain [41]. 
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True strain (εᵗ) quantifies the deformation or elongation of a material relative to its instantaneous 

length, rather than its original length. Unlike engineering strain, which is based on the initial 

dimensions, true strain continuously accounts for the material's changing length during deformation. 

It is calculated as the natural logarithm of the ratio between the current length and the original 

length. This approach provides a more accurate and continuous representation of the material's 

elongation, especially in cases of large or non-uniform deformation. True strain is particularly 

useful for analyzing material behavior beyond the elastic region                                                        

    True Strain (εᵗ) = ln(1+ε) 

where ε is engineering strain [41]. 

 

Figure 4 Understanding Stress strain curve [29].  

 

Figure 5 Indicating tensile properties from self-generated stress strain curve 
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In WAAM, tensile properties are influenced by process-induced factors such as residual stresses 

and anisotropy, which can alter stiffness, yield behavior, and failure modes—particularly at multi-

material interfaces where thermal expansion mismatches between SS316L and ER70S-6 may 

concentrate stresses. This study leverages these properties to validate FE models against 

experimental data for single materials, then extends the analysis to multi-material specimens with 

varying layer arrangements. By simulating stress-strain and force-displacement responses, the 

research aims to identify optimal configurations and understand interfacial failure mechanisms, 

addressing the tensile behavior questions outlined earlier. 

 

2.6 Computational Modeling in Additive Manufacturing 

Finite Element Analysis (FEA) has become an indispensable tool for investigating the mechanical 

behavior of components produced by Wire Arc Additive Manufacturing (WAAM), a directed 

energy deposition (DED) process highlighted in this thesis for its high deposition rates and 

suitability for large-scale multi-material structures. As noted earlier, WAAM’s thermal cycles 

induce residual stress and distortions, necessitating predictive modeling to optimize process 

parameters and material arrangements. Abaqus, a commercial FEA software, is widely employed in 

WAAM research due to its robust capabilities in simulating nonlinear material behavior, coupled 

thermal-mechanical interactions, and complex geometries—key aspects for analyzing tensile 

properties of SS316L and ER70S-6 in single and multi-material configurations, as pursued in this 

study. 

Prior FEA studies on WAAM have primarily focused on single-material systems to establish 

simulation reliability. [14] utilized Abaqus to develop a thermo-mechanical model for WAAM of 

low-carbon steel (akin to ER70S-6), simulating residual stress and distortion in wall structures. 

Their model, incorporating a moving heat source and element birth technique, accurately predicted 

stress fields (within 12% of X-ray diffraction data), highlighting FEA’s ability to capture 

deposition-induced effects. Similarly, [42] applied FEA to analyze the mechanical behavior of 

WAAM SS316L, focusing on thermal and stress evolution during deposition. Their simulations, 

validated against experimental data, showed good agreement in stress distribution, emphasizing the 

importance of process parameter optimization—a foundation for this thesis’s validation phase. 
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For multi-material WAAM, which is central to this research, FEA studies have explored interfacial 

mechanics and mechanical performance. [43] used Abaqus to model a WAAM bimetallic structure 

transitioning from mild steel to stainless steel, simulating tensile loading to assess stress distribution 

across the interface. Their findings indicated that gradual material transitions reduced stress 

concentrations by up to 25% compared to abrupt interfaces, aligning with this study’s aim to 

investigate SS316L-ER70S-6 arrangements. [44] further advanced this by simulating a steel-nickel 

alloy WAAM component in Abaqus, revealing interfacial weakening due to thermal mismatch—

insights critical for predicting failure modes in multi-material tensile specimens here. 

Abaqus’s user-defined material (UMAT) is a custom material model that allows users to define 

their own constitutive behavior of a material using a Fortran subroutine. This is especially useful 

when the built-in material models in Abaqus do not accurately represent the material behavior being 

studied. This have further enhanced WAAM modeling precision. [45] implemented a UMAT to 

account for anisotropic tensile properties in WAAM ER70S-6, reflecting microstructural variations 

from arc deposition. Their simulations, validated with experimental data, showed a 10-15% yield 

strength increase along the deposition direction, informing this study’s single-material modeling 

approach before multi-material extension. Additionally, researchers have addressed computational 

efficiency, a concern noted in this thesis background. Ding et al. [14] optimized Abaqus simulations 

by simplifying transient analyses, reducing computation time for large-scale WAAM parts—an 

approach this thesis adapts via CSC Puhti workflows. 

Despite progress, FEA of multi-material WAAM remains underexplored, as this document’s 

Scopus trend (Figure 1) suggests. Existing studies often assume perfect interfacial bonding, 

neglecting defects like porosity or lack-of-fusion common in WAAM [4], a limitation 

acknowledged in this study’s scope. Moreover, while thermal effects are critical, many models 

simplify these, potentially underestimating residual stress impacts on tensile behaviour, a gap this 

research partially addresses through elastic-plastic modelling, though microstructural effects are 

excluded. 
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3 Methodology:  

This chapter presents the computational methodology adopted to investigate the tensile behavior of 

multi-material components fabricated via Wire Arc Additive Manufacturing (WAAM), with a focus 

on SS316L and ER70S-6. The study primarily employs finite element analysis (FEA) in Abaqus to 

simulate uniaxial tensile tests, beginning with individual material modeling and subsequently 

extending to multi-material configurations with varied stacking arrangements. The simulation 

workflow is structured into distinct phases: material property definition, specimen design, FEA 

model setup, and post-processing. All simulations were executed on the CSC Puhti supercomputing 

platform to ensure computational efficiency and scalability. 

The initial phase of the study involved modeling the tensile behavior of individual materials—

SS316L and ER70S-6. To validate the reliability of the computational model, simulation results 

were compared with available experimental tensile test data. This step was critical to ensure that the 

material responses captured in the FEA matched the experimentally observed stress-strain and 

force-displacement behavior. The material models were built using input parameters derived from 

literature, including density, Young’s modulus, Poisson’s ratio, plastic stress-strain curves, as well 

as ductile damage initiation and damage evolution parameters. These inputs were essential for 

accurately simulating material nonlinearity and fracture behavior. 

One limitation during this phase was the availability of experimental data: while tensile data was 

available for multi-material specimens, specific data for individual materials was limited. This 

posed a challenge in validating single-material simulations, as the available experimental curves 

were derived from composite specimens. Despite this, the comparison demonstrated good 

agreement in the elastic and plastic regions, validating the FEA model's credibility for both 

materials. 

Following the validation of individual material models, the study progressed to simulating multi-

material tensile specimens. These were designed with various stacking arrangements of SS316L and 

ER70S-6 within the gauge length to analyze how material configuration affects mechanical 

response. The objective was to explore the effect of interface placement, material orientation, and 

transition layers on the tensile behavior of the composite structure. Unlike the single-material 

simulations, direct experimental comparison for these configurations was not feasible due to a lack 
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of specimen-specific test data. Nevertheless, the study provides valuable predictive insights into 

stress distribution, fracture patterns, and material synergy in multi-material WAAM structures. 

 

Figure 6 Adopted workflow for multi-material optimization and DED arc AM 

 

3.1 Experimental setup:  

The fabrication of multi-material tensile specimens was carried out using a Wire Arc Additive 

Manufacturing (WAAM) system, as illustrated in the first image. The setup includes a 6-axis 

robotic arm equipped with a GMAW welding torch, which enables automated and precise 

deposition of material layers. The robotic system is controlled via a dedicated control cabinet, while 

the welding process itself is powered by a welding machine capable of handling both ER70S-6 and 

SS316L feedstock wires. A filler wire spool continuously supplies material to the nozzle, where the 

arc is generated between the wire and the substrate. The working table, upon which the metal 

substrate is mounted, provides a stable base for deposition and allows for rotational movement if 

needed. 
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During the deposition process, the filler wire is melted by the electric arc and deposited layer by 

layer onto the substrate. Shielding gas is supplied through the nozzle to prevent oxidation and 

ensure a clean, defect-free weld pool. The robot follows a pre-programmed tool path to deposit 

successive layers of either ER70S-6 or SS316L in a controlled manner, enabling the creation of 

vertically built, multi-material walls. In the case of material transitions, the welding process is 

briefly paused, and the feedstock wire is manually switched to introduce a transition zone between 

the two materials. This zone is critical for promoting metallurgical bonding and reducing abrupt 

property mismatches. 

 

Figure 7 Experimental setup of WAAM at KTK Lab, UTU 

Figure 6 shows a detail experimental set-up that is installed in UTU where WAAM experimentation is 

normally performed.  

The second image provides a schematic representation of the printed wall structure, tensile 

specimen geometry, and corresponding simulation model. The structure comprises alternating 

layers of WAAM-deposited ER70S-6 (top, in blue) and SS316L (bottom, in yellow), separated by a 

narrow transition region (highlighted in green). The tensile specimens were extracted from this bi-

material wall, with the gauge length (32 mm) positioned to encompass the transition region to 
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investigate interfacial behavior. The simulation model replicates this configuration to analyze stress 

distribution, damage evolution, and fracture behavior under tensile loading. 

Together, these figures demonstrate the complete workflow from material deposition to tensile 

specimen design, emphasizing the importance of controlled stacking, interface placement, and 

WAAM process stability in achieving reliable mechanical performance in multi-material 

components. 

 

 

 

3.2 Computational setup: 

The computational modeling in this study was conducted using Abaqus/CAE and Abaqus/Standard, 

a powerful finite element analysis (FEA) platform widely used in engineering and research. Abaqus 

was selected due to its robust capabilities for nonlinear simulations, especially in capturing large 

deformation, plasticity, and damage evolution—all of which are critical for accurately modeling the 

fracture behavior of WAAM-fabricated multi-material structures. Its built-in support for ductile 

damage models, coupled with user-friendly preprocessing tools and solver stability, made it a 

Figure 8 Schematic representation of WAAMed multimaterial part, specimen dimension and 3D model 
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suitable choice for simulating the complex mechanical response of bimetallic specimens under 

tensile loading. 

To analyze the mechanical behavior of the WAAM-fabricated multi-material specimens, a detailed 

finite element modeling approach was employed using Abaqus CAE. The simulations aimed to 

replicate the tensile testing process under uniaxial loading and to capture critical mechanical 

responses such as stress distribution, plastic deformation, and fracture behavior. The computational 

setup involved defining accurate geometry, assigning material properties, setting boundary 

conditions, and implementing damage mechanics to simulate failure initiation and propagation. 

Each tensile specimen was modeled in 3D using deformable solid elements with a refined mesh in 

the gauge region to ensure accurate stress and strain predictions. Separate material sections were 

assigned for ER70S-6 and SS316L, with a transition zone introduced to replicate the interface 

between materials. The elastic-plastic material behavior was defined using experimentally informed 

stress-strain data, and advanced material models incorporating ductile damage initiation and 

evolution were applied to predict fracture. Key input parameters included density, Young’s 

modulus, Poisson’s ratio, true plastic stress-strain curves, damage initiation criteria, and damage 

evolution laws. 

Boundary conditions were applied by fixing one end of the specimen and applying a displacement-

controlled load at the other end to simulate tensile loading. A symmetric approach was followed 

wherever applicable to reduce computational effort without compromising accuracy. The general 

static step in Abaqus was used with nonlinear geometry enabled to account for large deformation 

effects. 

All simulations were performed on the CSC Puhti supercomputer, leveraging parallel computing 

resources to handle the computational demand, especially for multi-material models with complex 

interfaces. The use of high-performance computing significantly reduced the simulation time and 

allowed for batch processing of all nine stacking configurations. The output data, including reaction 

forces, displacements, and damage evolution, were post-processed to extract force-displacement 

and stress-strain curves, which were then used for comparative analysis across all specimen types. 

In total, two individual material specimens—one of ER70S-6 and one of SS316L—were modeled 

and simulated to validate the tensile behavior of each material against available experimental data. 
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For these validation models, simple rectangular specimens were created to replicate standard tensile 

test conditions. The simulation results for both materials, including stress-strain and force-

displacement curves, were compared with experimental data (as shown in Figure 8) to confirm the 

accuracy of the finite element model and material definitions used in Abaqus. 

Once the individual material models were validated, the study was extended to include nine multi-

material specimens, each with a unique stacking arrangement of ER70S-6 and SS316L within the 

gauge length. These configurations were designed to explore how different material distributions, 

symmetry, and transition zones affect the mechanical response under uniaxial tensile loading. The 

models included both sharp and gradual transitions between materials, allowing for an in-depth 

investigation of stress concentration zones and fracture initiation at the interfaces. Each 

configuration was subjected to the same loading conditions and meshing strategy to ensure 

consistency across the simulations and to enable direct comparison of results. 

 

3.3 Individual materials:  

A 12 mm block with 3mm thickness has been modelled for tensile testing and mechanical 

properties of SS316L and ER70S-6. These FEA results were compared with experimental results to 

validate. Simulations were conducted in Abaqus/Standard (version 2022) using a static, general 

solver. 3D solid models were meshed with C3D8R elements, refined near interfaces (element size 

~0.5 mm) for accuracy. Material models used elastic-plastic behavior with isotropic hardening, 

incorporating ductile damage initiation based on equivalent plastic strain and damage evolution via 

linear softening, with parameters. Boundary conditions fixed one end, with the other displaced at 

0.002 s⁻¹, executed on CSC Puhti for efficiency. 
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Figure 9 Individual specimen modelling 

3.4 Multi-materials:  

The objective is to investigate the mechanical properties of multi-material WAAM components, 

specifically SS316L and ER70S-6, under tensile loading. This setup extends from validated single-

material models, aiming to predict stress distribution, force-displacement responses, and failure 

mechanisms in configurations like abrupt, layered, and graded transitions. The process is critical for 

understanding interfacial effects and optimizing multi-material designs, addressing research 

questions on stress concentration and failure behavior. 

The multi-material tensile specimens are designed based on ASTM E8 standards, with dimensions 

of 32 mm gauge length, 6 mm width, and 3 mm thickness can be seen in figure 7, adapted for 

WAAM's layer-by-layer deposition. The arrangements modeled include: 

Abrupt Transition: A sharp interface at the mid-length of the gauge, simulating a sudden change 

from SS316L to ER70S-6 (Figure 9). 

Graded Configuration: A gradual transition reflecting functionally graded material (FGM) 

concepts to reduce stress concentrations. 

The 3D geometry is created in Abaqus, meshed using 8-node linear brick elements (C3D8R) for 

their robustness in capturing nonlinear behavior. The mesh is refined near interfaces to an element 

size of approximately 0.3 mm and in gauge area it is 0.5m to accurately capture stress 
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concentrations, while coarser elements (2 mm) are used in regions with lower stress gradients to 

optimize computational efficiency.  

As an initial trial, a simple bi-material specimen was modeled with ER70S-6 stacked directly on top 

of SS316L, without introducing any intermediate or transition layer. This configuration was used to 

identify stress concentration zones and observe the fracture mechanism under abrupt material 

transition. 

As illustrated in Figure 9, the simulation of the specimen without a transition zone revealed a 

pronounced stress concentration at the material interface, acting as a weak point that led to 

premature failure. This outcome highlighted the critical role of the transition zone in enabling a 

smoother stress transfer between materials with differing mechanical properties. The transition 

region mitigates abrupt stiffness changes and helps reduce localized stress peaks at the interface. 

 

 

 

 

 

 

 

 

 

 

Figure 10 Tensile specimen without transition zone 

In response to these findings, the study proceeded to develop and simulate nine different multi-

material stacking configurations, each incorporating varied layering sequences and, in some cases, 

transition zones. These configurations were developed to systematically investigate how material 
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stacking sequence, interface behavior, and material distribution affect the tensile performance of 

WAAM-fabricated multi-material components. The design of the specimens was carefully 

structured to include variations in the number of layers, placement of transition zones, and material 

combinations, all within a consistent gauge length of 32 mm. 

Some specimens, such as Specimen 7, consist of a simple two-material configuration, where 

ER70S-6 and SS316L each occupy 15 mm of the gauge length, with a 2 mm thick transition zone in 

between. The reason certain configurations appear as pairs under the same number (e.g., Specimen 

7) is because they are mirror images of each other—the material stacking order is reversed, but the 

structure and dimensions are otherwise identical. These mirrored pairs help assess the impact of 

vertical material orientation on tensile behavior. 

Specimens 1 and 2 involve a three-layer arrangement, with each layer approximately 10 mm thick 

and separated by 1 mm transition zones. Specimens 3 and 4 also feature three layers, but in some 

cases, like Specimen 3, the same material (e.g., SS316L) appears in adjacent layers. While this 

might visually suggest a two-layer structure, it is in fact a three-layer specimen—only the adjacent 

layers are composed of the same material. 

Specimens 5, 6, 8, and 9 are designed with four layers, each approximately 7.25 mm thick, along 

with three 1 mm transition zones to maintain the total 32 mm gauge length. In configurations where 

two or more adjacent layers use the same material such as in Specimens 6, 8, and 9—the transition 

zones between these similar layers are effectively merged into the same material, eliminating any 

mechanical discontinuity at those interfaces. 
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Figure 11 9 specimens with different stacking of materials 

Both SS316L and ER70S-6 are modeled using elastic-plastic material models with isotropic 

hardening, reflecting their nonlinear behavior under tensile loading. The material properties, 

sourced from literature and summarized in Table: 

Table 2 Mechanical properties of ER70S6, SS316L & Transition zone used as Input in Abaqus 

Material young 

modulus 

(Mpa) 

poison 

ratio 

yield 

strength 

(Mpa) 

ultimate 

tensile 

strength 

(Mpa) 

fracture 

strain 

stress 

triaxiality 

strain rate displacement 

at failure 

ER70S-6 210000 0.3 400-

500 

480-

600 

0.34 1.2 1 0.136 
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SS316-L 190000 0.3 270-

300 

550-

620 

0.35 1.2 1 0.144 

Transition 

zone 

200000 0.3 360 500-

550 

0.36 1.2 1 0.14 

 

True stress and true strain are calculated from engineering values to account for large deformations, 

using the equations σᵗ = σ(1 + ε) and εᵗ = ln(1 + ε), ensuring accuracy in the plastic region. 

To simulate failure, a ductile damage model is implemented, with damage initiation based on 

equivalent plastic strain and damage evolution following a linear softening law. The parameters for 

damage initiation and evolution are derived from literature, acknowledging the challenge of limited 

experimental data for WAAM-specific conditions. This approach allows for predicting crack 

initiation and propagation, particularly at interfaces, enhancing the model's ability to capture failure 

mechanisms. 

The tensile test simulation is set up to replicate experimental conditions. One end of the specimen is 

fully constrained (all displacements U1, U2, U3 set to zero), while the other end is subjected to a 

displacement of 15 mm-20mm, corresponding to a strain rate of approximately 0.002 s⁻¹. This 

loading rate is chosen to match typical experimental tensile testing protocols, ensuring 

comparability with validation data. 

The simulations are conducted using Abaqus/Standard (version 2022) with a static, general solver, 

focusing on the mechanical behavior under room temperature conditions post-manufacturing. The 

multi-material setup involves assigning different materials to regions within the model, achieved by 

defining material sections or element sets. For instance, the abrupt transition model assigns SS316L 

to one half and ER70S-6 to the other, while the graded configuration uses a spatially varying 

material property field to simulate the transition. 

The interface between SS316L and ER70S-6 is assumed to have perfect bonding, meaning no 

relative motion or separation is allowed, simplifying the contact definition. This assumption is made 

to focus on mechanical behavior, recognizing that real-world interfaces may exhibit defects or 

incomplete bonding due to WAAM's thermal cycles 
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3.5 Development of Platform/Environment for Abaqus Simulations on CSC Puhti 

CSC Puhti is a high-performance computing (HPC) cluster that offers significant advantages for 

running computationally intensive Abaqus simulations. Using Puhti instead of a local Abaqus 

installation provides enhanced computational power, reducing simulation times and enabling larger, 

more complex analyses. HPC systems like Puhti are designed for parallel processing, allowing users 

to leverage multiple CPU cores and greater memory resources efficiently. Compared to local 

machines, these resources help achieve higher accuracy and faster execution. This section explores 

the computational benefits of using Puhti, including resource allocation, CPU usage, and overall 

efficiency in running Abaqus simulations. 

The implementation of Abaqus on CSC Puhti requires users to first establish access by creating an 

account and logging into the system via a secure shell (SSH) connection. Once access is granted, 

the Abaqus module must be loaded using the command module load abaqus/2022, which ensures 

that the appropriate version of the software is available for execution. Unlike local installations, 

Puhti relies on the Slurm job scheduler for managing computational workloads. Users must prepare 

a batch script specifying key parameters such as the number of CPU cores, memory allocation, and 

execution commands for Abaqus. An example batch script is provided in figure 11 to illustrate best 

practices for resource allocation. Once a job is submitted, it runs in the background, and its progress 

can be monitored remotely. Upon completion, the results are retrieved from Puhti for further post-

processing and analysis. 
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Figure 12 script for CSC Puhti simulations 

 

This SLURM batch script is designed to submit and execute an Abaqus job on a high-performance 

computing (HPC) cluster using the 2022 version of Abaqus. It specifies resource allocation (e.g., 

number of nodes, tasks per node, memory, partition, and wall time), loads necessary modules, sets 

up the working directory, and prepares the environment file (abaqus_v6.env) with MPI 

configuration for parallel processing across multiple nodes using IMPI. It dynamically generates a 

list of hostnames for MPI execution and launches the Abaqus simulation with the specified input 

file, utilizing all allocated CPU tasks and storing intermediate files in the scratch directory for 

improved performance. 

A comparative analysis of CSC Puhti and a local Abaqus installation provides valuable insights into 

the computational efficiency of HPC resources. A primary performance metric is computation time, 

where Puhti demonstrates superior capabilities by executing simulations significantly faster than a 

local workstation. The extent of performance improvement depends on factors such as the number 
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of CPU cores utilized and the memory allocated to the simulation. Additionally, CPU and memory 

utilization play a crucial role in determining the efficiency of Abaqus simulations. By leveraging 

multiple processing cores and allocating sufficient memory, Puhti optimizes computational 

performance and minimizes execution time. 

Another important consideration is the scalability of simulations. The ability to increase the number 

of CPUs directly impacts computational efficiency and solution accuracy. While additional 

processing power generally leads to reduced simulation times, it is essential to assess the 

diminishing returns associated with excessive parallelization. Furthermore, managing disk space is 

critical, particularly for large output files such as. odb result files. 

 

3.6 Limitation of the study 

While this study offers meaningful insights into the mechanical behavior of multi-material 

components produced via Wire Arc Additive Manufacturing (WAAM), there are certain limitations 

that must be acknowledged.  

The finite element models (FEA) developed in Abaqus are based on simplified assumptions 

regarding material homogeneity, perfect bonding at interfaces, and uniform material deposition. 

These assumptions may not fully replicate the complex, real-world conditions inherent to the 

WAAM process. Factors such as thermal effects, residual stresses, and microstructural variations 

that naturally arise during additive manufacturing are not explicitly incorporated into the 

simulations, which may influence the accuracy of the predicted mechanical responses. 

Moreover, the adopted elastic-plastic material models provide a general representation of 

mechanical behavior but may fall short in capturing detailed damage evolution, phase 

transformations, or anisotropic behavior often observed in WAAM-fabricated structures. 

Specifically, the interface between SS316L and ER70S-6 is assumed to exhibit perfect metallurgical 

bonding. However, in practical scenarios, this interface may be subject to incomplete diffusion, 

micro-defects, or intermetallic compound formation, all of which could significantly impact 

mechanical integrity and fracture behavior. 
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Additionally, the study primarily utilizes literature-based experimental data for validation purposes. 

While this approach is useful for benchmarking, it may introduce discrepancies due to variations in 

material sourcing, processing parameters, and testing standards used in other studies. This could 

potentially affect the consistency and direct comparability of the results. 

Finally, the scope of mechanical evaluation in this research is limited to tensile testing. Other 

important performance aspects such as fatigue resistance, impact behavior, and thermal stability 

remain unexplored. Likewise, the influence of key WAAM process parameters—including 

deposition speed, heat input, and cooling rate—on the final mechanical properties has not been 

explicitly investigated. These aspects represent important directions for future research to enable a 

more comprehensive understanding of multi-material WAAM performance.  
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4 Results and discussion:  

4.1 Mesh sensitivity Analysis 

Mesh sensitivity analysis was conducted to ensure the accuracy and numerical stability of the finite 

element simulations while optimizing computational cost and resource utilization. In finite element 

modeling, mesh density directly influences the resolution of stress and strain gradients, especially in 

regions experiencing high deformation such as the gauge section and material transition zones. A 

coarser mesh may reduce simulation time but can result in inaccurate predictions, while an 

unnecessarily fine mesh increases computation time without significant gains in accuracy. Hence, 

performing a mesh sensitivity study is a critical step to strike the right balance between solution 

accuracy and computational efficiency. 

 

 

Figure 13 Mesh sensitivity analysis 

 

To perform this analysis, a series of simulations were run using progressively refined mesh sizes 

applied to a representative single-material tensile specimen. The primary evaluation metric was the 

maximum stress value recorded in each simulation. A comparison plot of mesh size versus 

maximum stress (Figure 12) was generated to assess the convergence behavior. As the mesh was 
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refined, the changes in stress values began to diminish, indicating that the solution was approaching 

a mesh-independent result. 

The results indicated that convergence began at a mesh size of approximately 3 mm, with further 

refinement producing only marginal changes in maximum stress values. Based on this trend, a mesh 

size of 0.5 mm was selected for the gauge region of the multi-material specimens to ensure accurate 

stress-strain predictions, particularly around the onset of yielding and necking. 

Furthermore, a finer mesh of 0.3 mm was applied specifically in the transition zones between 

ER70S-6 and SS316L, where stress concentrations and localized deformation were anticipated due 

to material mismatch. This localized mesh refinement allowed better resolution of interface 

behavior, which was critical for capturing damage initiation and fracture propagation in the multi-

material configurations. 

 

4.2 Individual Material Modeling and Simulations: 

4.2.1 ER70S-6 

The mechanical and tensile properties of the ER70S-6 WAAM (Wire Arc Additive Manufactured) 

specimen were analyzed using finite element analysis (FEA) and experimentally validated. For this 

analysis, a rectangular block of 12 mm height, 6 mm width, and 3 mm thickness were modeled and 

subjected to uniaxial tensile testing in Abaqus to investigate its stress-strain behavior, force-

displacement response, fracture and failure characteristics, damage evolution, and plastic strain 

displacement. 

Figure 1 presents the Von Mises stress distribution in the ER70S-6 block under tensile loading 

conditions. The stress concentration regions are evident, highlighting the localized deformation 

zones and the onset of failure. The transition from elastic to plastic deformation is clearly observed, 

with maximum stress localized at the    
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 Figures 2 and 3 compare the force-displacement and stress-strain curves obtained from FEA 

simulations with experimental data. The force-displacement curve (Figure 2) illustrates that the 

simulated response closely follows the experimental trend, capturing the initial elastic behavior, yield 

point, strain hardening region, and post-necking softening behavior. A similar correlation is observed 

in the stress-strain curve (Figure 3), where the ultimate tensile strength (UTS), yield stress, and strain-

hardening characteristics are well represented in the FEA results. 

The damage modeling results confirm that the failure behavior is accurately captured in the 

simulation. The element deletion approach was employed to model material degradation and crack 

propagation. Figure 4 displays the fracture process in the ER70S-6 specimen, showing a progressive 

failure mechanism that corresponds well with the experimental fracture behavior. 

The comparative evaluation of FEA and experimental results demonstrates a high level of 

agreement in predicting the mechanical properties of ER70S-6 WAAMed specimens. The slight 

deviations observed in the post-UTS region could be attributed to material anisotropy, 

microstructural inhomogeneities, or simplifications in the constitutive damage model. Nevertheless, 

                                              Figure 14 ER70S-6 specimen simulations result 
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the overall correlation between the numerical and experimental data validates the reliability of the 

FEA approach in replicating the tensile behavior of ER70S-6. 

4.2.2 SS316L:  

For the stainless steel SS316L specimen, tensile testing was simulated in Abaqus to assess its stress-

strain response, force-displacement behavior, and fracture characteristics. The finite element 

analysis (FEA) results were compared with experimental data to validate the model and ensure 

accurate representation of the material's mechanical properties. 
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Figure 16 SS316L specimen simulation results 
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The von Mises stress distribution for the SS316L specimen under tensile loading is shown in the 

simulation images in figure 15. Initially, stress is evenly distributed across the gauge section, but as 

the deformation progresses, stress concentrations develop near the center of the specimen. The final 

stage shows localized necking and failure, which aligns well with the observed experimental 

behavior. 

The force-displacement curve in figure 16 shows a strong correlation between experimental and 

FEA data. The initial linear elastic region closely matches, indicating that the elastic modulus was 

accurately modeled. As the displacement increases, the FEA curve maintains close agreement with 

experimental data, showing a gradual increase in force until reaching the peak load. 

 

The ultimate tensile strength (UTS) is captured effectively in the simulation, though minor 

differences are observed in the softening region due to the limitations in damage evolution 

modeling. 

Similarly, the stress-strain curve in figure 16 provides insights into the strain-hardening behavior of 

SS316L. The yield stress is well captured, and the simulation successfully represents the work-

hardening phase, where stress increases with strain before reaching a plateau. However, the post-
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peak behavior in the FEA model shows a slightly sharper drop compared to the experimental data. 

This discrepancy may be due to the damage evolution parameters or element deletion criteria applied in 

the simulation. Adjustments in damage evolution law, such as refining the fracture energy or 

adjusting softening parameters, could improve agreement with experimental results. 

In conclusion, the FEA model for SS316L effectively replicates the elastic, plastic, and fracture 

response of the material under tensile loading. The force-displacement and stress-strain curves 

indicate strong agreement with experimental data, confirming the validity of the simulation 

approach. Minor deviations in the post-peak region suggest further refinement of damage and 

fracture criteria could enhance the accuracy of failure predictions. 

4.2.3 Comparison of individual materials: 

The comparative analysis of ER70S-6 and SS316L as an individual specimen under tensile loading 

reveals significant differences in their mechanical behavior, as seen in the force-displacement and 

stress-strain curves. ER70S-6, a carbon steel used in WAAM applications, exhibits a higher initial 

yield strength but a relatively lower strain-hardening capacity compared to SS316L, a stainless steel 

known for its superior ductility. The force-displacement curves for both materials show a close 

agreement between FEA and experimental results, with ER70S-6 displaying a steeper elastic region 

and a sudden drop post-ultimate tensile strength, indicating a more brittle fracture behavior. On the 

other hand, SS316L demonstrates a more gradual transition from yielding to fracture, which aligns 

with its higher ductility and strain-hardening ability. 

The stress-strain curves further highlight these distinctions, where ER70S-6 reaches its ultimate 

tensile strength (UTS) at a lower strain level compared to SS316L, which continues to sustain stress 

over a wider strain range. This suggests that SS316L can accommodate higher plastic deformation 

before failure, making it more suitable for applications requiring enhanced formability and energy 

absorption. Additionally, the fracture behavior in the FEA simulations indicates that ER70S-6 

undergoes localized failure with a sharp drop in stress, while SS316L exhibits a more distributed 

necking before failure, further confirming its higher ductility. Overall, ER70S-6 provides higher 

strength but lower ductility, making it suitable for structural applications where rigidity is 

prioritized. In contrast, SS316L offers a more balanced combination of strength and ductility, 

making it preferable for applications requiring high toughness and resistance to fracture.  
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4.3 Multi-material tensile specimen modelling and simulation:  

Multi-material tensile specimen without Transition Zone:  

As discussed in the methodology, multi-material tensile modeling was carried out using different 

stacking strategies to evaluate how interface design affects stress distribution and fracture behavior. 

In this initial trial, a multi-material specimen was created in which ER70S-6 and SS316L were 

stacked directly—without any gradual transition layer—resulting in a sharp material boundary at 

the interface. This configuration was purposefully chosen to assess the mechanical consequences of 

abrupt changes in material properties, particularly the effects on stress concentration and fracture 

initiation. 

The simulation aimed to replicate the behavior of a tensile test specimen in which two dissimilar 

materials meet at a well-defined, stepwise interface, with no smooth blending of mechanical 

properties. From a mechanical standpoint, such discontinuity introduces a mismatch in stiffness and 

plastic behavior, which is expected to manifest as stress concentration at the interface during 

loading. This design serves as a control case, helping to justify the necessity of introducing a 

transition zone in later models. 

 

Figure 18 Simulation results of multimaterial specimen without transition zone 
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As shown in Figure 17, the simulation results clearly demonstrate the development of localized 

stress concentration exactly at the interface between the two materials. The contour plots of 

equivalent plastic strain and damage evolution reveal that this region experiences premature failure, 

even though the surrounding material remains structurally stable. The high-stress gradient is a direct 

result of discontinuity in Young’s modulus and yield strength across the ER70S-6 and SS316L 

boundary. 

Notably, the simulation predicts early crack initiation and propagation starting at the interface, 

which validates the assumption that stacking two materials without a transition region leads to 

mechanical instability. This behavior is not just theoretical—it aligns with physical observations in 

welded and additively manufactured joints, where similar mismatches result in interface-driven 

failure. The results support the decision to introduce transition layers in subsequent multi-material 

specimens to allow a gradual transfer of load, reduce stress singularities, and enable better 

mechanical synergy between dissimilar alloys. 

 

4.4 Multi-material specimens with 9 different material stacking arrangements:  

The mechanical response of nine different multi-material specimens, each composed of various 

stacking arrangements of ER70S-6, SS316L, and transition interface layers, was evaluated under 

uniaxial tensile loading. These configurations were strategically designed to investigate how the 

sequence, symmetry, material dominance, and number of transition zones influence the stress 

distribution, plastic deformation, and fracture behavior of WAAM-fabricated components. 

Each specimen featured a unique layout in the gauge region: some with symmetric stacking, others 

with alternating layers, and a few with mixed sequences that intentionally varied the stress path 

across the specimen cross-section. The transition zones between materials were included to simulate 

a realistic WAAM build, where partial fusion or metallurgical blending can occur at interfaces. 

These layers play a critical role in facilitating gradual stress transfer between dissimilar materials 

and in suppressing premature interface failure, as observed in the non-transition model. 

During the simulations, the same boundary conditions and meshing strategies were applied to all 

specimens to ensure consistency and comparability. Each model was subjected to displacement-
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controlled tensile loading until fracture. Key outputs such as reaction force, strain localization, 

equivalent stress, and damage evolution were monitored to analyze the mechanical performance. 

 

4.4.1 Specimen 01:  

 

 

 

Specimen 1 features a symmetric stacking sequence with ER70S-6 at the outer layers, SS316L at 

the core, and thin transition zones in between. This configuration was designed to promote gradual 

stress transfer and balanced mechanical response. The force-displacement curve shows a high initial 

stiffness and a broad plastic region, reaching a peak load of ~26,800 N at 5.1 mm displacement. The 

0

5000

10000

15000

20000

25000

30000

0 2 4 6

fo
rc

e 
N

displacement mm

force displacement curve

ER70S 6

SS316L

Specimen 1

0

200

400

600

800

1000

1200

1400

1600

0 0,05 0,1 0,15 0,2

st
re

ss
 M

pa

strain mm

stress strain curve

ER70S 6

SS316L

Specimen 1

a 

c 

b 

Figure 19 Specimen 1 a) force displacement curve b) stress strain curve c) simulation results 
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stress-strain curve reveals a UTS of ~1475 MPa and a fracture strain of ~0.175, indicating excellent 

strength with moderate ductility. 

Compared to both base materials, this specimen shows a 2.5× increase in strength over SS316L and 

greater ductility than ER70S-6. The transition zones effectively minimize stress concentration, 

enabling stable load transfer. Fracture initiates near the interface or in the ER70S-6 region after 

brief necking, suggesting room for further interface optimization. Overall, Specimen 1 demonstrates 

a well-balanced performance, combining high strength with controlled plastic deformation. 

 

4.4.2 Specimen 2: 

 

Figure 20 Specimen 2 a) force displacement curve b) stress strain curve c) simulation results 
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Specimen 2 consists of alternating vertical layers of ER70S-6 and SS316L without clear symmetry. 

It achieved a UTS of ~1480 MPa and a fracture strain of ~0.145, slightly lower in ductility than 

Specimen 1. The force-displacement curve shows a steep rise and an earlier drop post-peak, 

indicating higher stiffness but reduced deformation capacity. 

Although stronger than both base materials, the frequent interfaces likely introduced stress 

mismatches, leading to earlier crack initiation and a more brittle-like fracture. Compared to 

Specimen 1, the performance trade-off here is clear: strength is retained, but ductility is 

compromised. This specimen highlights the effect of interface density on limiting strain capacity 

despite high load resistance. 

4.4.3 Specimen 3:  

 

Figure 21 Specimen 3 a) force displacement curve b) stress strain curve c) simulation results 
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Specimen 3 features an asymmetric stacking configuration, with vertically split regions of ER70S-6 

and SS316L and no mirrored symmetry across the gauge section. The specimen reaches a UTS of 

~1450 MPa and a fracture strain of ~0.145, comparable in strength to Specimen 2 but with a more 

abrupt post-peak stress drop. The force-displacement curve indicates early softening after peak load, 

suggesting that stress was not uniformly distributed. The asymmetric layout likely caused non-

uniform strain localization, promoting earlier crack initiation near the interface. 

Compared to the base materials, this specimen delivers substantially higher strength and improved 

ductility but falls short of the smoother performance observed in symmetric designs like Specimen 

1. It reinforces that material orientation and stacking symmetry are critical for achieving stable 

deformation and enhancing fracture resistance in multi-material structures. 

4.4.4 specimen 4:  

 

Figure 22 Specimen 4 a) force displacement curve b) stress strain curve c) simulation results 
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Specimen 4 features a vertically stacked configuration, with ER70S-6 as the dominant material 

occupying the majority of the gauge length, and SS316L at the bottom, separated by a thin 

transition zone. While the material sequence mirrors that of Specimen 3 (ER70S-6 on top, SS316L 

below), the two differ significantly in mechanical response due to the inverted material dominance. 

This specimen records a UTS of only ~500 MPa, which is substantially lower than Specimen 3 

(~1450 MPa), and maintains a fracture strain of ~0.18, indicating a more ductile but weaker 

behavior. 

The force-displacement curve of Specimen 4 shows a broad, nearly plateau-like plastic region 

followed by a delayed but sudden failure. Meanwhile, the stress-strain curve displays a gradual 

hardening response with no sharp peak, followed by a soft and unstable drop. This indicates that the 

dominance of the softer ER70S-6 material governs deformation, allowing the specimen to stretch 

significantly but failing to carry high tensile loads. Despite the presence of a transition zone, the 

high proportion of ER70S-6 reduces the overall stiffness and strength of the specimen. 

Additionally, the unnatural flatness observed in the post-yield region may arise from progressive 

damage accumulation in ER70S-6, which fails slowly and spreads across the gauge section. This 

behavior aligns with ductile tearing rather than abrupt fracture, particularly as the harder SS316L at 

the base does not control the fracture path. The transition zone remains intact longer, and failure is 

not interface-driven but rather dictated by bulk yielding of the ER70S-6 region. 

In conclusion, Specimen 4 illustrates how the position and volume of each material within the 

stacking sequence drastically influences tensile behavior. Even with a transition zone, placing 

ER70S-6 as the dominant stress-bearing material limits the peak strength while promoting 

elongation. The resulting behavior is ductile, energy-absorbing, but structurally weak, making this 

configuration less suitable for high-strength applications but potentially useful where flexibility is 

critical. 
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4.4.5 Specimen 5:  

 

Figure 23 Specimen 5 a) force displacement curve b) stress strain curve c) simulation results 
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shows a high peak load with a smoother post-UTS decline than other alternating configurations, 

indicating improved stress continuity. 
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moderately ductile configuration. This specimen demonstrates that alternating stacks can perform 

well if transitions are gradual and layer thickness is well balanced. 

4.4.6 Specimen 6:  

 

 

Figure 24 Specimen 6 a) force displacement curve b) stress strain curve c) simulation results 

Specimen 6 incorporates a symmetric, ER70S-6-dominant stack, with SS316L layers placed near 

the interfaces and thin transition zones between materials. This configuration delivers the best 

overall performance, with a UTS of ~1480 MPa and the highest fracture strain among high-strength 

specimens (~0.195). The stress-strain curve shows a long strain-hardening region and a stable post-

peak decline, indicating excellent energy absorption and delayed failure.  
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Compared to both base materials, Specimen 6 exhibits over 2.5× the strength of SS316L and 

superior ductility. Its symmetrical design ensures uniform stress flow and minimizes localization. 

The effective use of transition zones contributes to smooth load redistribution, making this 

specimen a model example of optimal multi-material design for structural performance. 

4.4.7 Specimen 7:  

 

 

Figure 25 Specimen 7 a) force displacement curve b) stress strain curve c) simulation results 
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fracture strain (~0.18). The force-displacement curve shows a long plastic region and a gradual 

decline, indicating excellent ductility but limited strength. 

Compared to the base SS316L, the specimen behaves similarly in strength and surpasses it in 

elongation. This contrast with Specimen 6 demonstrates that material dominance in the stress-

bearing region critically affects performance. While symmetric in geometry, the reduced strength 

highlights that stacking layout alone is not sufficient—material positioning must also be optimized 

for desired outcomes. 

4.4.8 Specimen 8:  

 

Figure 26 Specimen 8 a) force displacement curve b) stress strain curve c) simulation results 
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and achieves the highest fracture strain (~0.41) among all specimens. The stress-strain curve 

features a long, smooth hardening phase and a stable post-peak drop, indicating high energy 

absorption and excellent deformation capacity. 

This specimen far exceeds both base materials in ductility and significantly improves strength 

compared to SS316L. Stacking effectively leverages the strength of ER70S-6 while relying on the 

ductility of SS316L to control crack propagation. Specimen 8 is ideally suited for flexibility-

dominant applications, proving how hybrid stacking can be tailored to meet high-strain 

requirements without sacrificing strength completely. 

4.4.9 specimen 9 
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Figure 27 Specimen 9 a) force displacement curve b) stress strain curve c) simulation results 
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Specimen 9 is designed with a multi-layered stacking configuration, where alternating blocks of 

ER70S-6 and SS316L are arranged symmetrically along the gauge length, separated by multiple 

transition zones. This layout aims to evenly distribute mechanical properties along the tensile axis, 

but introduces a high density of interfaces, which significantly affects the fracture mechanism. The 

specimen reaches a UTS of ~1000 MPa, and a fracture strain of ~0.16, indicating moderate strength 

and good ductility. However, the post-UTS behavior is notably abnormal, as seen in both the force-

displacement and stress-strain curves, which display a brief force resurgence or rebound after initial 

load drop. 

This behavior suggests the occurrence of multi-stage failure. As damage initiates and local fracture 

begins near one interface, other material segments continue to carry load, causing non-uniform 

stress redistribution across adjacent layers. This may momentarily stabilize the structure or shift the 

load path to another segment, resulting in the observed “bump” or fluctuation in the force curve. 

The simulation results confirm this, showing stress concentration spread across multiple interfaces 

instead of a single dominant failure zone. 

Although the configuration delivers a better ductility-to-strength balance than the individual base 

materials, the abundance of transitions likely delays but complicates the fracture process. The curve 

does not show a clean drop post-UTS, as seen in Specimens 1–6, but instead reflects unstable crack 

progression and delayed element deletion in Abaqus due to the layered design.  

Table 3 Tensile properties of all 9 specimens 
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1 9300 1100 0.002 1475 0.155 1.34 77.5 1300 0.175 

2 8700 1100 0.002 1480 0.125 1.34 62.5 1300 0.145 
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3 8500 1080 0.002 1450 0.125 1.34 62.5 1250 0.145 

4 4000 360 0.002 500 0.16 1.39 80 450 0.18 

5 8600 1100 0.002 1475 0.14 1.34 70 1350 0.155 

6 9000 1120 0.002 1480 0.175 1.32 87.5 1400 0.195 

7 3800 350 0.002 500 0.16 1.43 80 450 0.18 

8 7000 680 0.002 1000 0.12 1.47 60 850 0.155 

9 7200 700 0.002 1000 0.155 1.43 77.5 850 0.18 

 

4.5 Comparison of force displacement curves of all 9 specimens:  

 

 

Figure 28 Comparison of force displacement curves of all 9 specimens and base materials 
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The force-displacement curves of the nine WAAM-fabricated multi-material tensile specimens 

exhibit three distinct mechanical response groups, shaped by stacking arrangement, material 

dominance, and transition zone placement. Despite using the same base materials—ER70S-6 and 

SS316L—each specimen's behavior is uniquely governed by how these materials are distributed 

and interact during loading. 

Specimens 1, 2, 3, 5, and 6 form the high-strength group, each achieving peak forces above 26,000 

N. Among them, Specimen 6 demonstrates the best mechanical performance, with the highest load 

(~26,900 N) and the longest displacement (~6 mm). Its symmetric ER70S-6-dominant stacking with 

well-placed transition zones ensures smooth load transfer, broad plasticity, and delayed failure. 

Specimen 1 follows closely, offering balanced strength and ductility with minimal post-peak 

instability—evidence of effective stress sharing across the gauge section. 

 

Specimen 2 matches the strength of the top performers but exhibits a sharper post-UTS drop, likely 

due to stress accumulation at frequent vertical interfaces. Specimen 3, though structurally similar to 

Specimen 4, benefits from SS316L dominance and achieves a high peak force (~1450 MPa) but 

with earlier failure, reflecting limited ductility. Specimen 5, featuring alternating layers with 

controlled transitions, delivers stable force buildup but slightly reduced elongation—its earlier post-

peak drop suggests stress localization from microcrack accumulation across multiple interfaces. 

In contrast, Specimens 4, 7, 8, and 9 show lower peak forces (ranging from ~8,900 N to ~18,000 N) 

but relatively higher displacements, prioritizing ductility and energy absorption. Specimen 8 stands 

out among them, exhibiting the smoothest post-peak behavior and the highest fracture strain 

(~0.41). Its layered structure effectively blends ductility and strength, allowing stable yielding 

throughout the gauge length. Specimen 7 also features prolonged displacement and good flexibility, 

though its load capacity remains limited. Specimen 4, despite having the same stacking as Specimen 

3, underperforms due to ER70S-6 dominance. The weaker material governs the tensile response, 

limiting strength but supporting elongation—its post-peak instability reflects a sudden failure 

following necking. 



   

 

57 

 

Specimen 9 displays unique fluctuations in the post-UTS region, suggesting unstable crack 

propagation across its multiple transitions. Although its strength and ductility are moderate, the 

force rebound indicates complex multi-site failure behavior, reducing predictability and making it 

less suitable for critical applications. 

Despite their differences, the specimens reveal important design trends. Symmetric stacking with 

appropriate transitions (e.g., Specimen 6) leads to enhanced energy absorption and stable failure. 

Dominant placement of the stronger material within the stress path (as in Specimen 3) increases 

peak force, while excess interfaces (as in Specimen 9) compromise fracture stability. These insights 

emphasize that performance is not simply defined by material type but by how those materials are 

architecturally integrated. 

In summary, Specimen 6 is ranked highest for its overall mechanical efficiency, followed by 

Specimens 1 and 5 for their strong and balanced responses. Specimen 8 leads in ductility but with 

lower strength, while Specimen 9, though moderate in performance, suffers from instability. 

Specimen 4 ranks lowest due to its reduced strength and sudden fracture, despite good elongation. 

These comparisons underscore the critical role of multi-material design in tailoring tensile behavior 

through WAAM stacking strategies. 
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4.6 Comparison of stress strain curves for 9 specimens:  

 

Figure 29 Comparison of stress strain curves for 9 specimens and base materials 
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with similar strength but lower strain (~0.135), demonstrates that SS316L dominance contributes to 

earlier failure despite strong initial performance. Specimen 5 also reaches high strength (~1475 

MPa) and moderate ductility (~0.155), but its multiple transitions appear to concentrate stress, 

triggering faster post-UTS decline. 

In contrast, Specimens 4, 7, 8, and 9 prioritize ductility over peak stress. Specimen 8 stands out 

with the highest fracture strain (~0.41), a long plastic region, and a smooth post-UTS decline, 

making it ideal for energy-absorbing applications. Specimen 7, though low in strength (~500 MPa), 

shows good ductility (~0.38 strain) and a flat, stable curve, reflecting excellent deformation 

tolerance. 

Specimen 4, despite matching the stacking of Specimen 3, shows a UTS of only ~500 MPa due to 

ER70S-6 dominance, though it maintains a stable yielding phase and fracture strain of ~0.18. 

Specimen 9, with moderate UTS (~1000 MPa) and strain (~0.34), displays erratic post-peak 

behavior, likely due to its many interfaces causing multi-site crack propagation and unstable stress 

redistribution. 

These results highlight key design insights: symmetric stacking and strong transition zones 

(Specimens 1 and 6) enhance both strength and ductility. Material dominance directly affects 

performance—SS316L improves UTS (Specimen 3), while ER70S-6 improves ductility (Specimen 

4). Meanwhile, excessive layering (Specimen 9) compromises fracture stability. 

In summary, Specimen 6 ranks highest for combined strength and ductility, followed by Specimens 

1 and 5 for their balanced performance. Specimen 8 is the most ductile, while Specimen 9 offers 

moderate values but unstable fracture. Specimen 4, though stable, ranks lowest in strength. 

Together, these findings reinforce the role of stacking architecture in controlling mechanical 

behavior of WAAM-fabricated multi-material specimens. 
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Table 4 Summarize properties of 3 groups of curves 

Group Specimens Performace highlights Fracture behavior 

Group 1: High 

Strength + 

Moderate 

Ductility 

1, 2, 3, 5, 6 UTS > 1450 MPa; best 

performer: Specimen 6 with 

smooth load transfer and 

broad plastic zone. 

Specimens 2 and 3 showed 

earlier failure due to abrupt 

transitions. 

Fracture occurred after 

moderate strain; strong but 

slightly brittle in specimens 

with asymmetric layouts. 

Group 2: 

Moderate 

Strength + High 

Ductility 

8, 9 UTS ~1000 MPa; high 

fracture strain (~0.34–0.41); 

Specimen 8 had highest 

strain at failure with stable 

plastic deformation. 

Gradual and stable fracture; 

capable of dissipating stress 

evenly despite moderate 

strength. 

Group 3: Low 

Strength + 

Maximum 

Ductility 

 

4, 7 UTS ~500 MPa; maximum 

elongation and energy 

absorption. Suitable for 

applications demanding 

high toughness rather than 

strength. 

 

Very stable fracture with 

wide plastic zones; necking 

and failure occurred 

smoothly without stress 

spikes. 
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5 Conclusions:  

This thesis presented a comprehensive computational investigation of the mechanical behavior of 

multi-material components fabricated by Wire Arc Additive Manufacturing (WAAM), focusing on 

tensile performance under varying stacking configurations of ER70S-6 and SS316L. Using Abaqus-

based finite element simulations, nine unique multi-material tensile specimens were designed to 

explore the effects of material arrangement, interface positioning, and transition zone design on key 

mechanical properties such as ultimate tensile strength, ductility, strain-hardening behavior, and 

fracture stability. 

Despite using only two base materials, the simulation results revealed that internal stacking 

architecture dramatically alters mechanical response. Three distinct behavioral groups were 

identified: high-strength (Specimens 1, 2, 3, 5, 6), high-ductility with moderate strength (Specimens 

8 and 9), and low-strength with maximum elongation (Specimens 4 and 7). These groupings were 

governed by how material dominance, stacking symmetry, and interface continuity influenced stress 

flow and failure modes. 

Among all configurations, Specimen 6 emerged as the most mechanically efficient design, 

combining the highest UTS (~1480 MPa) with excellent ductility (~0.195 strain). Its symmetric 

ER70S-6-dominant layout and well-placed transition zones provided smooth load transfer, broad 

plastic deformation, and stable post-yield behavior. Specimen 1 followed closely, offering slightly 

lower ductility but similar strength, while Specimen 5 demonstrated consistent strength with 

moderate strain-hardening—though earlier post-UTS decline hinted at stress localization due to 

multiple interfaces. Specimens 2 and 3, despite achieving high UTS, fractured earlier due to their 

interface-rich or asymmetric designs, leading to reduced elongation and more abrupt post-peak 

behavior. 

On the opposite end of the spectrum, Specimens 8 and 9 prioritized ductility over strength, with 

fracture strains above 0.34. Specimen 8, in particular, achieved the highest ductility (~0.41) while 

maintaining a smooth yielding profile. However, Specimen 9 exhibited post-UTS instability due to 

its complex layered architecture, where stress redistribution across closely spaced interfaces led to 

fluctuating fracture progression. 
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Specimens 4 and 7, both governed by ER70S-6 dominance, recorded the lowest UTS (~500 MPa) 

but demonstrated consistent and gradual strain hardening up to failure. These configurations 

highlight the trade-off between load-bearing capacity and energy absorption—emphasizing that 

stacking decisions can be tailored to application-specific mechanical demands. 

A critical observation was that stacking symmetry and number of interfaces alone did not determine 

performance. For instance, although Specimens 6 and 7 shared a similar symmetric structure and 

transition layout, their tensile responses diverged significantly due to material dominance. This 

reinforces the conclusion that interface placement within the gauge region and the directional role 

of each material in load transfer are key to tuning performance. 

Compared to base materials, all hybrid specimens offered significant improvements—up to 3× 

higher tensile strength and over 5× greater ductility. The addition of transition zones proved 

essential, consistently reducing stress concentrations and preventing premature interface failure. 

Most fractures initiated near the interface, reaffirming the need for careful transition design in 

WAAM-fabricated parts. 

Finally, the simulation framework developed on CSC Puhti enabled high-fidelity modeling of 

complex geometries, validated against available experimental data. The approach proved effective 

in predicting both global mechanical behavior and local fracture phenomena without relying solely 

on costly multi-material testing. 

In conclusion, this work confirms that multi-material design in WAAM can be strategically 

leveraged to tailor tensile behavior by manipulating material distribution alone. The study provides 

practical guidelines for optimizing strength, ductility, or a desired balance through stacking 

strategies, offering valuable insight for the development of next-generation components with 

spatially engineered properties—without changing the base materials. 

  



   

 

63 

 

6 Future work and recommendations:   

While the finite element simulations conducted in this study provided detailed insights into the 

tensile behavior of WAAM-fabricated multi-material specimens, future research should extend into 

experimental validation. Physical fabrication and tensile testing of the nine stacking configurations 

will be crucial for confirming the computational findings. This includes characterizing the actual 

fracture locations, load-displacement response, and failure mechanisms, especially in and around 

the transition zones. Additionally, the microstructural characteristics of the interfaces—such as 

bonding quality, grain continuity, and local hardness—should be analyzed through methods like 

SEM, EDS, or EBSD to bridge the gap between computational assumptions and real-world material 

behavior. 

The current simulations assume ideal bonding conditions between materials and exclude the 

influence of thermal effects. In reality, the WAAM process introduces thermal gradients and 

residual stresses, which can significantly impact mechanical behavior, especially at material 

interfaces. Future studies should incorporate coupled thermal-mechanical simulations to capture 

heat input, cooling rates, and the resulting residual stress fields. This would allow for more accurate 

predictions of distortion, warping, or early failure due to thermal mismatch—factors that are 

especially critical when dissimilar materials are used. 

To further explore fracture mechanisms, advanced modeling technique’s such as the Extended 

Finite Element Method or Cohesive Zone Modeling should be employed. These methods can 

simulate crack initiation, propagation, and potential delamination across transition interfaces under 

both monotonic and cyclic loading. Such approaches would enhance understanding of interfacial 

fracture toughness and provide insight into local damage evolution—something not fully captured 

by the current ductile damage models. 

Considering that WAAM components are often subjected to cyclic or dynamic loads in service, it is 

important that future work investigates the fatigue performance of these multi-material specimens. 

Understanding how stacking arrangement, transition design, and material dominance affect crack 

initiation and growth under repeated loading will be key to ensuring long-term durability of such 

structures. 
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Moreover, future research should aim to develop micromechanical models that account for 

heterogeneous interfacial behavior. Material models that reflect actual interfacial gradients in 

strength, stiffness, or ductility would improve prediction fidelity, especially under complex loading 

scenarios. This could be achieved through localized nanoindentation and microstructure-informed 

simulations. 

To enhance design efficiency, integration of optimization tools—such as genetic algorithms or 

machine learning—should be explored to identify optimal stacking sequences, transition 

thicknesses, and material distributions for targeted performance metrics. Automated optimization 

frameworks could significantly accelerate the design of high-performance multi-material structures. 

Finally, the scope of mechanical testing should be expanded beyond uniaxial tension to include 

shear, biaxial, and impact loading conditions. Real-world components often experience multi-axial 

stress states or sudden load events such as crash, blast, or pressure cycling. Studying the 

performance of multi-material WAAM components under such conditions would provide a more 

holistic understanding of their structural integrity and practical applicability. 
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8 Appendix:  

This appendix provides a brief explanation of the simulation modeling procedure followed in 

Abaqus, demonstrated here for a single tensile specimen. The same method can be applied to all 

other specimens. The modeling process involves eight main steps, starting from the creation of the 

3D model to the analysis of results. The first step is carried out in the part module, where the 3D 

geometry of the specimen is created. In this study, the part being modeled is a tensile specimen. At 

this stage, the part appears white in color, as shown in Figure a, indicating that no material 

properties have been assigned yet. Moving to the next step, which takes place in the property 

module, the material definitions are created by specifying elastic, plastic, and damage behavior as 

required. After defining the material, it is assigned to the part. Once the material assignment is 

complete, the color of the 3D model changes—typically to green—indicating that the section has 

been properly applied, as seen in Figure b. This marks the successful transition from geometry 

creation to the initial stage of material setup, forming the basis for the subsequent modules in the 

simulation workflow. 
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The third module in the Abaqus simulation process is the assembly module, which in this case does 

not require significant modifications since the model consists of a single part and does not involve 

multiple components. The fourth module, known as the step module, is one of the most important 

and sensitive stages in the simulation. It involves the use of the step manager, where incrementation 

settings are defined. These settings control how the solver progresses through the analysis, and 

incorrect values can lead to non-convergence, causing the simulation to fail or abort. Therefore, it is 

essential to define them carefully to ensure numerical stability. Additionally, this module is where 

field outputs and history outputs are specified, which determine the simulation results and 

parameters that will be available for post-processing and analysis. The next module is interaction, 
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where the coupling conditions of the model are defined. Specifically, in this study, the upper end of 

the tensile specimen is kinematically coupled to a reference point, which acts as the location where 

the external load is applied during the simulation as shown in figure c. This coupling ensures that 

the load is evenly distributed across the specimen’s surface. 

Following the interaction module, the next stage is the load module, which is also of significant 

importance in the simulation process. In this module, boundary conditions and external loads are 

applied to the model. For the tensile specimen used in this study, the lower end is fully constrained 

using an encastre boundary condition, meaning all degrees of freedom are fixed at that end. At the 

same time, a displacement load is applied to the reference point at the upper end of the specimen. 

This load is applied in the Y-direction and is defined as a prescribed displacement of 15 mm. This 

setup simulates a tensile test by stretching the specimen upward under controlled displacement, 

allowing for accurate analysis of stress-strain behavior throughout the gauge section. It can be seen 

in figure d of appendix.  

The next module in the simulation workflow is the mesh module, where the finite element mesh is 

generated for the model. In this study, both global and local meshing strategies were employed to 

balance computational efficiency with accuracy. A global mesh with relatively coarser elements 

was applied to the less critical regions of the specimen where stress gradients are minimal. In 

contrast, local mesh refinement was used in the gauge area, the region where mechanical behavior 

is of primary interest—and more specifically in the transition zone between the two materials 

shown in figure e and f. This zone is expected to experience complex stress distribution, and 

therefore a finer mesh was essential to accurately capture the stress concentration and deformation 

patterns in this critical region. 
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The final steps in the simulation process include the optimization module and job submission. In 

the optimization module, although not always required, users have the option to perform design 

studies or refine parameters to improve model efficiency or performance. Once all setup steps are 

complete, the model is submitted through the job module, where a new job is created and the 

analysis is launched. The simulation then runs based on the defined settings and may take varying 
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amounts of time depending on model complexity, mesh density, and computational resources. Upon 

successful completion, the results can be viewed in the visualization module, where outputs such 

as stress distribution, strain fields, and deformation shapes can be examined. This module provides 

graphical and numerical insights that are critical for interpreting the mechanical response of the 

specimen under the applied loading conditions. Results of von mises stress propagation and failure 

can be seen in figure g,h,i and j.  
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