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Wire Arc Additive Manufacturing (WAAM) can produce a near-net shape of an object within a short period due to its capability of high deposition rate compared with other metal Additive Manufacturing (AM) processes. The recent developments in the WAAM have increased its efficiency and cost-effectiveness in producing viable products. However, poor surface quality, porosities, residual stresses, distortions, and anisotropic mechanical properties are a few inherent challenges still associated with the WAAM, which necessitates the hybridization of this process. Hybrid-WAAM is a synergic integration of one or more deposition processes, manufacturing processes, layering strategies, raw stock materials, and machine tool kinematics that are fully coupled and affect part quality, functionality, and process performance. This paper comprehensively reviews different levels of hybridization in the WAAM to eliminate its associated challenges. These levels of hybridizations are classified into five categories: hybrid-deposition processes, hybrid-manufacturing processes, hybrid-layering strategies, hybrid-machine tools, and hybrid-raw stock. Furthermore, these levels of hybridization are mapped to eliminate the associated defects/challenges in the WAAM, which will help the readers select an appropriate level of hybridization.
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1 INTRODUCTION
Wire Arc Additive Manufacturing (WAAM) is a disruptive process for fabricating metal 3D objects layer-by-layer. The history of WAAM can be traced from a patent filed in 1925 claiming the use the welding for fabricating decorative 3D objects (Baker, 1925). However, the progressive development of WAAM for metal object fabrication started in the 90s when several research groups started focusing on this topic. Since then, several innovations have been associated with WAAM for metal parts fabrications (Derekar, 2018). Among seven AM processes by ASTM 2009 (Zhang et al., 2002), WAAM is one kind of DED process known for its capability of fabricating large metallic objects with lower built time. In any WAAM setup, three primary units are used: 1) Deposition Unit, 2) Motion Kinematics Unit, and 3) Control Unit. A deposition unit retrofitted with the motion kinematic unit deposit the molten metal in the desired area of the substrate. A control unit manipulates all the synergic motion between deposition unit substrate. In previous studies, several arc welding processes such as Metal Inert Gas (MIG), Tungsten Inert Gas (TIG), Plasma Arc Welding (PAW), etc., (shown in Figure 1), have been explored and retrofitted with different kinds of motion kinematics units such as CNC or Robotic Arms, etc. A classification for WAAM can be drawn based on the primary unit being used, as demonstrated in Figure 2. In recent years, the development of the MIG-WAAM setup with a high degree of freedom provides ease of control during the layer-by-layer manufacturing process (Kapil et al., 2018b; Warsi et al., 2022; Kozamernik et al., 2020; Artaza et al., 2020a; Kapil et al., 2018a). Xiong et al. (2017a) conducted experiments to investigate the impact of inclination angle on the wire feed rate, travel speed, and offset distance during MIG-WAAM and observed that the inclinational angle is directly proportional to travel speed and wire feed rate, respectively. Cold Metal Transfer (CMT), reciprocation of the consumable wire feed, is used to have control and efficient heat transfer during the deposition. Shukla et al. (2020) observed that the plasma distribution width is directly proportional to the welding current during the CMT responsible for the widening of the arc. Similarly, TIG-WAAM offers precise control over the bead and stable arc compared with other WAAM setups (Geng et al., 2017; Zhang et al., 2019a; Xiong et al., 2019; Negi et al., 2020; Veiga et al., 2020). Dinovitzer et al. (2019) performed experiments to analyze the impact of the process parameters during the TIG-WAAM and observed that the surface roughness and the melting depth during the deposition primarily depend on the current applied and are independent of the wire feed rate. However, the Omni directionality issues restrict its application in robotic cells. Therefore, limited literature has been found on TIG-WAAM setups (Bai et al., 2018) (Suárez et al., 2021). For the same reason, works utilizing PAW-based WAAM setup are also minimal (Zhang et al., 2021a) (Artaza et al., 2019). The scope of any WAAM process depends on its primary units, and the classification of WAAM based on the heat source is illustrated in Figure 3. For example, compared to TIG and PAW, MIG is considered for high deposition but low surface finish. In addition to this, CNC kinematics is known for the limited size of an object compared to robotics motion kinematics. The automated WAAM process involves a sequence of steps for obtaining the required build characteristics. Initially, the CAD model for the final build is made, followed by its layer-by-layer slicing; each layer is deposited with the assistance of a selective deposition unit, adjusting the orientation and position of the substrate till the final part is fabricated. WAAM is characterized by high deposition rates, capacity to manufacture larger geometries, compatibility with different arc heat sources, as well as weld torch movements and alignments.
[image: Figure 1]FIGURE 1 | Working principle of (A) Metal Inert Gas (MIG) Welding, (B) Tungsten Inert Gas (TIG) Welding, and (C) Plasma Arc Welding (PAW).
[image: Figure 2]FIGURE 2 | Classification of WAAM setups.
[image: Figure 3]FIGURE 3 | Classification based on different heat sources utilized in WAAM.
Poor surface quality, porosities, residual stresses, distortions, and anisotropic mechanical properties are a few inherent challenges still associated with the WAAM, which necessitates the hybridization of this process. In the WAAM process, precise material deposition is difficult due to its quality of high deposition rate. Furthermore, residual stresses are a significant issue associated with the WAAM process due to the thermal cycle of heating and cooling before and after deposition, respectively. Moreover, the porosities are generated due to raw material or the process itself. Any kind of contamination such as moisture, grease, or any other hydrocarbon associated with raw material wire or substrate may lead to porosity. However, the parts produced by WAAM have anisotropic material properties. For example, the strength of the WAAM parts is typically lower in the build direction than in the other directions. Hybrid Wire Arc Additive Manufacturing (hybrid-WAAM) is synergic and fully coupled conventional WAAM with other processes to enhance part functionality, quality, and performance. These key hybridization features are illustrated in Figure 4A. Fully coupling the processes with WAAM is labeled as the first key feature of hybrid-WAAM. Post and pre-processes of WAAM are not considered coupled, e.g., heat-treatment of the parts fabricated by WAAM to enhance the mechanical properties is a post-processing technique and will not be considered a hybrid process. The next feature of the hybrid-WAAM defines the synergistic nature between the two or more processes. The synergic action must lead to an increase in the output unattainable by an individual process. For example, WAAM can produce parts with less material wastage but bad surface quality; conversely, a CNC machining process can fabricate parts with excellent surface quality but high material wastage. A hybridization between CNC machining and WAAM can eliminate the limitations and unify the advantages associated with each other. The last feature of this definition relates to the effect of the hybridization on the part functionality, process quality, and performance. For example, hybridizing WAAM and laser shock pinning will enhance the fatigue life of the produced parts. The improved quality of the fabricated parts leads to a decreased time to market (Williams et al., 2016). Furthermore, Hybrid-WAAM is a promising alternative for fabricating components made of expensive materials such as titanium and nickel in the aerospace industry, where such components often suffer a highly high buy-to-fly ratio (Ding et al., 2015a). Moreover, the large-scale metallic structures can be easily fabricated through the Hybrid-WAAM, enhancing manufacturing efficiency and reducing material waste (Marinelli et al., 2019).
[image: Figure 4]FIGURE 4 | (A) Features and (B) levels of hybrid-WAAM.
Over the period, several research groups have utilized the benefits of hybridization in WAAM. However, little literature is available discussing the evolution and levels of hybridization in WAAM. Therefore, this paper uniquely categorizes the levels of hybridization into five groups: hybrid-deposition processes, hybrid-manufacturing processes, hybrid-layering strategies, hybrid-machine tools, and hybrid-raw stock. These levels of hybrid-WAAM are shown in Figure 4B. These levels of hybridization can eliminate the associated defects/challenges in the WAAM, which will help select an appropriate level of hybridization. Therefore, the primary defects/challenges associated with WAAM are discussed in the next Section 2, and different levels of hybridization are addressed in Section 3. Finally, in Section 4, a discussion has been provided to select an appropriate level of hybridization to eliminate the challenges of WAAM.
2 CHALLENGES IN WIRE ARC ADDITIVE MANUFACTURING
2.1 Productivity
Owing to the higher deposition rate, WAAM is taking over the metal AM industry for the realization of medium to larger-scaled metallic components. The associated welding process primarily governs the deposition rate. MIG-WAAM has been observed to yield a deposition rate varying from 1 kg/h to 4 kg/h (Williams et al., 2016) (Paskual et al., 2018). However, this leads to poor geometrical accuracy of the deposited part. The issue can be eliminated by adopting TIG-WAAM with a deposition rate of 1.5–2 kg/h. The selection of optimized process parameters yields bridge transfer resulting smooth bead profile in the case of TIG-WAAM. Moreover, spatters in the deposited bead were also reduced because of the improved stability of the arc. PAW-based WAAM reports a deposition rate of 3.5–4 kg/h (Artaza et al., 2020b), which can be further improved using higher diameter feedstock (Wang et al., 2021a). Many researchers have attempted to enhance the deposition rate of WAAM further. Using two electrodes in one molten pool has resulted in a higher deposition rate. However, the interfacial arc between the two electrodes leads to the induction of magnetic force (Kim et al., 2021). This induced magnetic force affected the stability of the molten pool causing poor bead morphology and increased spatters. The issue can be overcome by adding additional filler wire between trailing and leading electrodes with reverse polarity (Arita et al., 2009). So it can be noted that the higher deposition, with better geometrical accuracy, is one of the biggest challenges to achieve in WAAM.
2.2 Surface roughness
In the WAAM process, precise material deposition is difficult due to its quality of high deposition rate. Similar to other AM processes, poor surface roughness is a major challenge for the WAAM. The surface irregularities produced due to the staircase effect predominate as the thicker layer deposition of about 1–3 mm (Zhang et al., 2002; Nilsiam et al., 2017; Derekar, 2018; Wu et al., 2020; Jafari et al., 2021) is attained during WAAM. Heat input during the deposition of the material affects the bead geometry, so achieving the required dimension becomes difficult. Wu et al. (2017) have shown in their study that heat accumulation during multilayer deposition width of the deposited wall varies along the deposition direction. Dimensional accuracy in WAAM is also affected by distortion of the part due to poor heat management, as shown in Figure 5A. In addition, deposited height is different at start and end conditions as more heat sink is available at the start, and molten material tends to flow at the end, as illustrated in Figure 5B. So it can be noted that the WAAM systems, capable of producing parts with better surface finish, are required.
[image: Figure 5]FIGURE 5 | Challenges in the WAAM process: (A) Variation in the width of a wall deposited by TIG (Wu, 2017), (B) variation in height at start and end due to difference in heat dissipation, (C) porosities due to poor path planning (Liu et al., 2020), (D) porosity and crack (Gu et al., 2016) (E) distortion (Jafari (2021).
2.3 Residual stresses and distortion
Residual stresses are a significant issue associated with the WAAM process due to the thermal cycle of heating and cooling before and after deposition, respectively. Subsequently, distortion after unclamping the part due to the release of these residual stress occurs, as shown in Figure 5E. Typically, this distortion is quantified from the out-of-plane distance from the deposited layer (Colegrove et al., 2013; Busachi et al., 2015; Wu et al., 2015; Ning and Cong, 2016; Zhou et al., 2017). Several studies have concluded that residual stress in deposited layers and baseplate are tensile and compressive, respectively (Colegrove et al., 2013; Szost et al., 2016; Srivastava et al., 2020). The amount of residual stress depends on the type of material being deposited and can be 60% or sometimes 100% to yield the strength of the materials (Srivastava et al., 2020). Szost et al. (2016) reported tensile residual stress of about 480 MPa and out-of-plane distortion in the range of 7 mm for Ti6Al4V material built from a TIG- WAAM system. Similarly, Colegrove et al. (2013) reported residual stress of about 600 MPa for Steel parts made from MIG. Such a high amount of residual stress can result in distortion, crack, or delamination initiations between the layers, which affect the final mechanical properties of the build parts, as shown in Figure 5E (Xiong et al., 2017b; Nilsiam et al., 2017; Wu et al., 2020; Jafari et al., 2021). So it is desirable to produce residual stress-free objects by WAAM.
2.4 Mechanical and microstructure properties
The various defects, including anisotropy, porosity, cracks, delamination, etc., produced during the fabrication of parts through WAAM is a major limitation. The parts produced by WAAM have anisotropic material properties. For example, the strength of the WAAM parts is typically lower in the build direction than in the other directions. However, the hardness increases as grain size decrease along the build direction. The hardness is lower in the bottom region of the deposited material (nearer to the substrate) compared with the top layer (a few last deposited layers). It is because the newly deposited layer reheat the previous layers, and hence the bottom layers undergo multiple thermal cycles (heating and cooling). Therefore, due to the involvement of multiple thermal cycles, the grains of the bottom layers increase in size. A similar phenomenon was reported by Surya et al. (Suryakumar et al., 2013) in the case of the wire arc additive manufacturing of mild steel. However, the grain structures highly depend upon the thermal cycle’s complexity and material properties; hence, this variation may not follow the same trend (Ahsan et al., 2020). Hence, it can be concluded that most of the products fabricated by WAAM are subjected to a variation in hardness in the build direction.
The porosities are generated due to raw material or the process itself. Any kind of contamination such as moisture, grease, or any other hydrocarbon associated with raw material wire or substrate may lead to porosity, as illustrated in Figures 5C,D (Busachi et al., 2015; Fang et al., 2018; Li et al., 2019; Derekar et al., 2020; Fu et al., 2021; Hauser et al., 2021). In addition, inappropriate process parameters can result in the poor formation of the molten pool and eventually results in porosity in build parts. Another source of porosity can be due to poor path planning. Among several materials such as Ti6Al4V, steel, Inconel, etc. Aluminum is more susceptible to gas porosities due to hydrogen contamination (Guo et al., 2022). In a study by Cong et al., round shape gas porosities of 10–50 µm size were observed in the Aluminum part build of the TIG-WAAM process (Cong et al., 2014). Porosity leads to a decrease in the mechanical strength and fatigue properties through the propagation of microcracks. Porosity may induce from either the raw materials or the deposition process. Porosity induced from the raw material result from the surface contamination of the raw materials (Wire and substrate), such as moisture, oils, and lubricating fluids, which are difficult to remove completely. These impurities get trapped in the 12 molten metal pools resulting in porosity after solidification. Process-induced porosities have resulted from poor path planning and an unstable deposition process. Inadequate fusion or spatter injection is formed in case of a complex deposition path which leads to a void or gap in that influenced region.
Similarly, cracks and delamination occur in the WAAM fabricated parts due to the deposited metals’ thermal stress and material characteristics (Yuan et al., 2016a; Dong et al., 2017; Gu et al., 2018). Cracks may be classified into solidification and grain boundary cracks (Sames et al., 2016). Solidification cracks occur because of the solidified grain flow obstacle or the melt pool’s high strain. On the other hand, grain boundary cracks occur due to the difference between the grain boundary morphology and potential precipitate formation along the grain boundaries (Davis, 2004). At the same time, the delamination of the layers results from the inadequate melting of the underlying layers. Furthermore, removing porosity, cracks, and anisotropy from the deposited material enhances the functionality of the WAAM object.
2.5 Multi-material objects
Multi-material objects are appropriate for high-performance multi-functional applications and are also known as Functionally Graded Materials (FGMs). In continuous and discontinuous multi-material objects, the material composition or microstructure changes occur gradually and stepwise in one or more preferred directions. In discontinuous multi-material objects, the discontinuity at the interface of the material often leads to premature failure of the component because of the sudden differences in the mechanical properties. In contrast, the continuous multi-material objects show higher toughness and lower residual stress due to the change in the material and microstructure that occurs gradually (Kulkarni et al., 2021). Hence, continuous multi-material objects are widely used in aerospace, chemical, and other engineering fields. However, continuous multi-material objects are challenging to fabricate through WAAM as they require synergistic feeding of multiple wires into the melt pool to create the engineered alloys.
3 DIFFERENT LEVELS OF HYBRIDIZATION IN WIRE ARC ADDITIVE MANUFACTURING
The hybridization of two processes brings out the strength of one to eliminate the limitation of another. In other words, different processes together can complement each other and make a better manufacturing system. The primary levels of process hybridization, particularly in the WAAM process, are explained in the following sections.
3.1 Hybrid-deposition processes
This level of hybridization utilizes a hybrid Arc–welding technique to enhance the overall process capability, known as the “Hybrid-Deposition Process” Some of the feasible combinations of deposition processes are discussed in the following sections:
3.2 The metal inert gas-Laser hybrid-deposition
A MIG-laser hybrid-deposition process utilizes the benefits of Metal Inert Gas (MIG) welding and Laser welding. It can be achieved in two ways, viz., 1) laser-assisted MIG deposition and 2) feature-based laser and MIG deposition. A MIG deposition head deposits material in the first category, and a laser adds a secondary fusion energy source applied simultaneously at the same location. A low-power laser beam assists the build process, improves process stability, reduces spatter, and enhances the accuracy of the deposited bead (Pardal et al., 2019) (Zhang et al., 2018a). The schematic of the laser-assisted MIG deposition process is shown in Figure 6A. In the second category, MIG and laser deposition processes are selectively used for specific locations. The laser deposition can deposit precise beads but with a very low deposition rate; on the other hand, MIG deposition is capable of depositing material with a very high deposition rate with compromise in accuracy. Therefore, laser deposition can be used for precisely realizing the exterior boundaries of a layer, and MIG deposition can be used for realizing the interior of the layers. The schematic of this feature-based laser and MIG deposition is shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Laser-MIG hybrid-deposition (A) laser-assisted MIG deposition and (B) feature-based laser and MIG deposition.
3.3 Tungsten inert gas/plasma-laser hybrid-deposition
A TIG/plasma-laser hybrid-deposition method utilizes the benefits of TIG/plasma and Laser deposition processes. It can be achieved in two ways, viz., 1) laser-assisted TIG/plasma deposition and 2) feature-based laser and TIG/plasma deposition. In the first category, a TIG/plasma deposition head deposits material, and a laser adds a secondary fusion energy source applied simultaneously at the same location. A low-power laser beam assists the build process and improves process performance and part quality. The energy density of the plasma arc can be improved, and the plasma arc diameter favorably decreased, which enhances the accuracy of the part (Wang et al., 2014; Gong et al., 2020; Wang et al., 2021b). At the same time, arc igniting became easier because of plasma induced by the laser. With more energy, the depth of the melt pool increases, the microstructure improves, and the porosities decrease (Branco et al., 1999). The laser-assisted Plasma deposition process schematic is shown in Figure 7A; a similar representation can be extended for laser can TIG deposition. In the second category, TIG/plasma and laser deposition processes are selectively used for specific locations. The laser deposition can deposit precise beads but with a very low deposition rate; on the other hand, TIG/plasma deposition is capable of depositing material with a relatively high deposition rate with a relative compromisation in accuracy. Therefore, laser deposition can be used to precisely realize a layer’s exterior boundaries, and TIG/plasma deposition can be used to realize the layers’ interior. The schematic of this feature-based laser and plasma deposition is shown in Figure 7B; a similar representation can be extended for feature-based laser and TIG deposition.
[image: Figure 7]FIGURE 7 | Laser-Plasma hybrid-deposition (A) laser-assisted TIG deposition and (B) feature-based laser and plasma deposition.
3.4 Metal inert gas-tungsten inert gas/plasma hybrid-deposition
A MIG-TIG/plasma hybrid deposition utilizes the benefits of MIG and TIG/plasma deposition processes. It can be achieved in three ways, viz., 1) plasma and MIG-based micro-casting deposition, 2) plasma-assisted MIG deposition, and 3) feature-based TIG/Plasma and MIG deposition. Prinz and Weiss (Beck et al.), and Amon et al. (1998), proposed a plasma and MIG deposition-based micro-casting process for Shape Deposition Manufacturing (SDM). In this hybrid-deposition process, a plasma arc is established between the tungsten of a plasma deposition head and the wire of a MIG deposition head, as shown in Figure 8A. The wire melts in the plasma arc and accumulates the weight to further detach from its tip in the form of super-heated droplets. The droplet falls from the wire, accelerated by gravity, and flattens upon impact with the substrate. Ono et al. (2009) proposed a coaxial plasma-assisted MIG welding process to improve deposited beads and reduce spatter and fume generation, as shown in Figure 8B. This hybrid-deposition process is being implemented now in Additive Manufacturing (AM) to produce fully functional metallic objects. In the third category, MIG and TIG deposition processes are selectively used for specific locations. The TIG deposition can deposit precise beads but with a very low deposition rate; on the other hand, MIG deposition is capable of depositing material with a very high deposition rate with compromise in accuracy. Therefore, the TIG deposition can be used for precisely realizing the exterior boundaries of a layer, and MIG deposition can be used for realizing the interior of the layers. The schematic of this feature-based TIG and MIG deposition is shown in Figure 8C. By replacing TIG with Plasma deposition, a similar correlation can be extended for feature-based Plasma and MIG deposition. It can be noted that this hybridization will be cheaper than the feature-based laser and MIG deposition because of the low cost of TIG/plasma as compared to laser.
[image: Figure 8]FIGURE 8 | MIG-TIG/Plasma hybrid-deposition (A) plasma and MIG-based micro-casting, (B) plasma-assisted MIG deposition, and (C) Feature-based TIG and MIG deposition.
3.5 Hybrid-manufacturing processes
Owing to the differences between the type of arc (MIG/TIG/Plasma), in terms of precision/quality, speed, and cost, each energy source has its domain of applications. Several processes have been synergically hybridized with WAAM to overcome its limitation. In this context, arc welding with the milling process is the most common hybridization for layer consolidation. In this kind of hybrid-WAAM process, milling is used after the deposition of each layer to get the required layer thickness. After completion of the part, milling is also utilized for the final finishing of the part (Song et al., 2005; Karunakaran et al., 2010; Zhang et al., 2019b; Zhang et al., 2021b). In the studies by Song et al. (2005) apart from the surface finish and dimensional accuracy, a hybrid system of welding and milling was reported to fabricate parts with homogeneous microstructures with lower porosities, as shown in Figure 10E. The use of milling after each layer deposition can remove porosities, and coarser grains occur on the upper side of the layers (Prado-Cerqueira et al., 2017; Zhang et al., 2019b; Reisch et al., 2020). To understand residual stress generation in the WAAM, two models are generally used, viz., Thermal Gradient Model and the cool down phase model. In the case of the thermal gradient model, the inclusion of residual stress is caused by differential thermal expansion and contraction of the deposited metal and parent material. It has been reported that the nature of these residual stresses is tensile. In the cool down phase model, when the material is deposited over the substrate, it is in the molten state. The expansion of the deposited material generates compressive stress on the nearby area, as represented by the red color in Figure 9A. After a certain time, the deposited material starts to cool down and gets shrink; The phenomenon leads to pulling its nearby material, and hence tensile stress is generated in the workpiece and is represented by the green color in Figure 9B. Finally, after completion of the process, tensile residual stresses remain in part. Compressive residual stresses are generally desirable as they result in high fatigue life of the manufactured objects.
[image: Figure 9]FIGURE 9 | Residual stresses generated in substrate during cool down phase model during (A) heating and (B) cooling.
Different processes are used combined with WAAM to provide compressive stress on the deposited layer, such as cold rolling (Hönnige et al., 2018), laser peening (Sun et al., 2018), vibrational peening (Yang et al., 2018), shot peening (Casarin et al., 2021), etc. The working principle of the different peening methods, along with cold rolling, are illustrated in Figures 10A–D. Furthermore, the impact of the different peening methods is listed in Table 1.
[image: Figure 10]FIGURE 10 | Peening (A) shot, (B) ultrasonic, (C) laser. (D) cold rolling, and (E) milling along with WAAM.
TABLE 1 | Benefits associated with different post-processing techniques.
[image: Table 1]3.6 Hybrid-layering strategies
It can be noted that WAAM cannot utilize a support structure to fabricate the overhanging/undercut features, and hence several layering strategies are developed over the period. In WAAM, a layer can be realized in two ways: 1) Horizontal or Conformal deposition and 2) Uniform or Adaptive layer thickness. These layering strategies are summarized in Figure 11. If two or more of these strategies are used to realize a component, it will be called a hybrid-layering strategy. Typically, parts fabricated by WAAM are horizontal deposition with uniformed layer thickness (Cunningham et al., 2018) (Kapil et al., 2020). However, using multi-axis kinematics for the motion has given scope for conformal deposition by WAAM.
[image: Figure 11]FIGURE 11 | Hybrid-layering strategies.
3.7 Horizontal-conformal hybrid-layering strategy
Horizontal and conformal layering strategies are demonstrated for realizing a spherical object in Figures 12A,B, respectively. If an object is realized optimally using horizontal and conformal layering strategies, it is called a ‘Horizontal-conformal hybrid-layering strategy. Usually, such hybrid-layering strategies are used to eliminate the need for a support mechanism; One can also use this hybridization to produce near-net shapes of the objects more accurately and efficiently with less staircase effect during deposition.
[image: Figure 12]FIGURE 12 | Layering strategies based on the geometry of the object (A) Horizontal, (B) Conformal, and (C) horizontal-conformal slicing.
An example of the horizontal-conformal hybrid-layering strategy is shown in Figure 12C. In this illustrative example, “horizontal layers” produce the center part of the object, and “conformal layers” create an annular volume of the object on the periphery of the first volume. Many researchers have adopted this hybridization in the past (Alkadi et al., 2020; Sarma et al., 2021; Huang et al., 2022).
3.8 Uniform-adaptive hybrid-layering strategy
Adaptive layer thickness is a common strategy in AM to eliminate the need for a support mechanism and produce a more accurate near-net shape of the objects. However, optimal use of uniform and adaptive layers can save time and cost involved in manufacturing. An illustrative example of a uniform-adaptive hybrid-layering strategy for WAAM is shown in Figure 13. This object has been divided into two regions. There is no overhanging/undercut feature in Region-I; therefore, it can be realized using maximum uniform layer thickness. On the other hand, Region-II has an overhanging feature; hence it has to be realized by adaptive layer thickness to maintain constant overhang so that the support mechanism can be avoided.
[image: Figure 13]FIGURE 13 | Uniform-adaptive hybrid-layering strategy.
The above-given example is for the horizontal layer; however, a similar analogy can be extended for a conformal uniform-adaptive hybrid-layering strategy. Hybrid layer strategies are primarily for enhancing the geometric capabilities and dimensional accuracy of WAAM and may not contribute significantly to eliminating the residual stresses.
3.9 Hybrid-machine tools
In the WAAM machine tool, multi-axis kinematics is required to eliminate the need for support material. The involvement of different kinematics makes the process more efficient and promising. Also, to add and remove the material optimally, a multi-axis machine tool is essential for WAAM. In a typical multi-axis machine tool, serial and parallel kinematics are two popular methods in the industry. In serial kinematics, every additional axis is mounted on the previous one, for example, a typical 5-axis CNC machine and robot arms. While in the case of parallel kinematics, several serial kinematic chains are used to support a single platform or end-effector. The most popular example of parallel kinematics is known as the Stewart Platform (Song et al., 2015). It has six linear actuators to move a platform in the desired position. Scissor lift is another example of parallel kinematics where two degrees of freedom can be achieved within a very compact area (Islam et al., 2014). In WAAM setup, CNC machines and robotics arms are popular for motion kinematics (Karunakaran et al., 2012; Bandari et al., 2015; Ding et al., 2015c; Prado-Cerqueira et al., 2017; Wu et al., 2017; Paskual et al., 2018). Robotic arms have better flexibility and work envelope with a compromisation in accuracy and stiffness. On the other hand, CNC machine tools can give microns of accuracy with higher stiffness. It is designed with massive structures and wide beds, which eliminates the flexibility that is significant in the case of robotic arms. Hybrid-machine tools such as a combination of serial and parallel kinematic or CNC and robotic arms utilize the advantages and eliminate the disadvantages, hence improving the process performance.
WAAM is the deposition technology utilized in LSIMM. It can be noted that LSIMM Large Additive Subtractive Integrated Modular Machine (LASIMM) is a hybrid WAAM system that utilizes two levels of hybridization, 1. Hybrid-manufacturing process (i.e., Additive + Subtractive) and 2. Hybrid-machine tool (i.e., the robotic arm (serial-kinematics) for deposition and Stewart platform (parallel-kinematics) for machining and inspection) as shown in Figure 14 (Assunção et al., 2018). Therefore, this system finds its application in realizing large and complicated metallic structures with significantly high dimensional accuracy.
[image: Figure 14]FIGURE 14 | Uniform-adaptive hybrid-layering strategy Large Additive Subtractive Integrated Modular Machine.
3.10 Hybrid-raw stock
The hybrid-raw stock utilizes different materials during the deposition to fabricate high-performance multi-functional objects, also termed as Functionally Graded Materials (FGMs). It can be noted that it should be considered a hybrid-raw stock if using multiple raw stocks enhances the part quality, functionality, or process performance. A brief discussion on the utilization of hybrid-raw stock in WAAM is discussed in the subsequent section.
3.11 Hybrid-raw stock material
In this level of hybridization, two or more wires of different chemical compositions are used to fabricate high-performance multi-functional objects.
TIG-WAAM is widely preferred for the fabrication of high-performance multi-functional objects. In this process, multiple wires of different compositions can be simultaneously fed into the melt pool created by the arc (Yu et al., 2021). The federates of different wires can be varied to obtain a desirable spatial composition. As using multiple wires in WAAM can help realize components with varying metallurgical properties to improve the part’s performance, this can be considered a level of hybridization in WAAM. Many researchers have fabricated such high-performance multi-functional objects using TIG-based WAAM (Busachi et al., 2015), (Gu et al., 2018), (Rodrigues et al., 2022), (Wang et al., 2018a), (Yu et al., 2021), (Dong et al., 2017), (Huang et al., 2020). The schematic of the TIG-based WAAM for fabricating multi-material objects is shown in Figure 15A.
[image: Figure 15]FIGURE 15 | Hybrid-raw stock material in (A) TIG-WAAM, (B) tandem wire-based deposition system, (C) MIG-WAAM, and (D) hybrid-raw stock type in MIG-WAAM (powder + wire).
MIG-WAAM is merely used to fabricate objects with continuously varying metallurgical properties due to the difficulty in synergistic integration between the secondary wire feeder and the MIG module. However, certain literature can be found on the realization of the objects with stepwise variation in metallurgical properties using MIG-WAAM (Chandrasekaran et al., 2020; Senthil et al., 2021; Ahsan et al., 2021; Rodrigues et al., 2021; Rodrigues et al., 2022). In this level of hybridization, the first few layers are deposited using one material, followed by depositing the subsequent layers of another material, as shown in Figure 15C. Chandrasekaran et al. (2022) have used MIG-WAAM to fabricate marine risers that can sustain the high-temperature environment. The build time in this process is inherently high due to the requirement of changing feedstock wire during deposition. However, this issue can be overcome by adopting a tandem wire-based MIG-WAAM (Gu et al., 2018), (Adinarayanappa and Simhambhatla, 2015). This will also help in fabricating continuous bimetallic objects. The schematic representation of the process is illustrated in Figure 15B.
3.12 Hybrid-raw stock type
Wires and powders as raw stock are widely used in metal-AM; the former is cost-effective and produces parts with high material integrity, while the latter is flexible to use and produces parts with better accuracy (Paskual et al., 2018) (Karunakaran et al., 2012). Hybridization between two can utilize the advantages of both and eliminate the disadvantages. Therefore, this level of hybridization is known as hybrid-raw stock type and has been explored by researchers to fabricate high-performance multi-functional objects. Sun et al. (2022) developed Wire Arc Powder Additive Manufacturing (WAP-AM) system, as shown in Figure 15D; The ceramic particles are injected into the melt pool of the aluminum to fabricate Aluminium Matrix Composite (AMC) structures. As a class of advanced structural materials, AMC is suitable for industrial applications because of its low densities, high specific strengths, good thermal conductivities, and high wear resistance (Surappa, 2003).
Furthermore, apart from these hybrid technologies, the defects can also be reduced through the wire feed and its oscillation which is discussed in the next section.
3.13 Wire feed and its oscillation
The property of the fabricated parts can be further improved by applying certain in situ oscillation-based processes. These processes yield the disintegration of dendrites from the mushy zone of the weld pool due to the weld pool stirring effect (Kou, 2002). Since these particles are swept into the center of the melt pool, nucleation is initiated from these sites only. This also helps in obtaining refined microstructures due to increased stirring within the melt pool (Biradar and Raman, 2012; Hua et al., 2017; Wang and Xue, 2017). The crack resistance and surface roughness were found to be increased for nickel-based filler metal (Wu and Kovacevic, 2005) (Yu et al., 2014). Moreover, other materials such as magnesium alloy, aluminum, low carbon steel, titanium alloy, stainless steel, etc. There are broadly two methods for the generation of oscillations in the melt pool: 1) Torch-based oscillation, 2) wire feeder-based oscillation, and 3) workpiece-based oscillation. The first one can be achieved through modulation of power supply, shielding gas modulation, and weld torch and electrode oscillations. The power supply modulation helps in achieving different current zones for arc stability and material detachment. This, in turn, reduces the cooling rate of the molten metal resulting formation of different phases. Power supply modulation generally involves pulse waveform, double pulse waveform, variable polarity, and double pulse method (Wang et al., 2018b).
The composition of shielding gas has a significant effect on the geometry of the arc. The transition from argon to CO2 results in a constricted arc. This yields a strong stirring of the melt pool. The refinement in the grain and improved ductility in the case of GTAW-based WAAM of Al 6061 has been reported in the literature due to weld torch vibration with an amplitude of 1.4 mm. The basic method of wire feeder-based oscillation involves ultrasonic wire oscillation. The improvement in mechanical properties and stable and rapid droplet transfer has been claimed in literature (Watanabe et al., 2010). The cold metal transfer-based GMAW method combines pulse and wire oscillation to synchronize the short circuit-based metal transfer. This process has been proved to yield higher hardness and better geometrical accuracy as compared to traditional GMAW (Wu and Kovacevic, 2005) (Queguineur et al., 2018) (Zhang et al., 2018b). Similarly, it is also possible to oscillate the substrate with the help of an external force (Wen et al., 2015) (Yuan et al., 2016b). However, this method is limited to small-scaled WAAM fabricated components. Likewise, an electromagnetic force-based direct stirring of the weld pool can also be observed in the literature. (Zhang et al., 2019a). The aforementioned methods help in eliminating the defects such as columnar grains, porosity, surface roughness, etc. resulting significant improvement in the mechanical and geometrical properties.
4 CONCLUSION
To compete with traditional manufacturing technologies and comply with the qualifying requirements for industrial applications, Wire Arc Additive Manufacturing (WAAM) should be able to produce fully functional and defect-free parts with a significantly high deposition rate. Hybridization in WAAM systems can produce parts free from residual stresses, porosities, anisotropies, and cracks while maintaining a high deposition rate and an excellent dimensional accuracy. The benefits of the hybrid-WAAM increase its demand in the manufacturing sector with an enormous scope of material that can be fabricated.
This paper takes readers on a journey that starts with the history, classification, and working principles of WAAM and ends with an overview of the hybrid-WAAM developed in the last decade. This paper proposed different levels of hybridization in WAAM, viz., hybrid-deposition processes, hybrid-manufacturing processes, hybrid-layering strategies, hybrid-machine tools, and hybrid-raw stock. The authors’ unique perspectives are some of these levels of hybridization in WAAM. However, it can be noted that any of the proposed levels of hybridization in WAAM are intended to be fully coupled, synergetic, and improve the part’s functionality and process performance. This paper will help the reader identify a particular level of hybridization in WAAM based on their objectives. For example, the hybrid deposition processes must be targeted to increase the deposition rate. The features associated with the different Hybrid-WAAM processes are listed in Table 2. Furthermore, the benefits associated with proposed different levels of a hybrid-WAAM are summarized in Figure 16.
TABLE 2 | Features associated with different Hybrid-WAAM processes.
[image: Table 2][image: Figure 16]FIGURE 16 | Benefits associated with different hybrid-WAAM methods.
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Material

Ti alloy (Ti-6Al-4V)
$S (304)
Mg alloy (AZ31)

Al alloy (7075)

Duplex §S

$S (316L)

Ti alloy (Ti-6Al-4V)
Al alloy (AI2325)

Method

Shot peening
Shot peening

Ultrasonic
peening

Ultrasonic
peening

Laser peening
Laser peening
Cold rolling
Milling + WAAM

Benefits

Fatigue life enhanced by 34%, with decreased short crack propagation rate by 34-60%
Increase of 52, 14, and 18% in the microhardness, strength, and fracture toughness

141% enhancement in the microhardness with the reduced wear rate and improved coefficient of
friction

Reduced corrosion rate with refined grain structure

74.2% reduction in corrosion rate with 39% reduction in wear volume
35% improvement in hardness with reduced corrosion rate
A small grain of 0.62 um with improved strength

Material utilization increased from 34 to 91%.

References
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Hybrid-WAAM
process

WAAM + Milling

WAAM + Rolling

WAAM + Ultrasonic
peening

WAAM + Laser peening
Steel + Copper

Stainless Steel +
Inconel 625

Aluminium + Titanium

LCS + SS

Raw stock
Robot + CNC

Conformal + Horizontal

Uniform + Adaptive

Adaptive + Conformal

Laser + GMAW

Laser + GTAW

GMAW + GTAW

Features

Surface Roughness improves by 31.6% as compared to traditional WAAM.

A maximum of 93% reduction in surface residual stress can be achieved as compared to
WAAM.

A maximum of 71.02% of material wastage can be minimized
Columnar dendrites change to finer equiaxed grains of 16.4 um for Inconel 718
57% reduction in anisotropy coefficient as compared to traditional WAAM.

Around 50% reduction in grain diameter has been reported in the literature

A maximum of 19% improvement in the hardness of the titanium alloy

‘The interface zone shows higher strength and clongation (690MPa and 16.6%) as compared
to the copper only region

Reduction in the overall cost of the product
Gradual variation in mechanical properties such as microhardness (260HV to 120HV)

The gradual transition of microhardness (from 226HV to 272HV) demonstrates its
application to two

ifferent wear environments
‘The produced FGM can be used in powerplant and nuclear water reactors
$5316L with Inconel 625 shows an 18% improvement in UTS as compared to pure SS.

‘The oxidation reduction rate decreases with a decrease in aluminium content resulting this
face exposure to a less oxidant environment

A gradual transition in hardness and tensile strength can be observed in the component
along the build direction

124% improvement on average hardness on the LCS side

“Tensile strength has been observed to be increased by 46 and 40% as compared to LCS and
S8 respectively

A maximum of 9.5 kg/h deposition rate can be achieved

Improved accuracy and reduced cost of production

Larger work envelop can be achieved with a hybrid robot + CNC setup
A maximum error of 1.6 mm has been reported in the literature

Better dimensional accuracy and surface finish are obtained as compared to horizontal
slicing

Issues such as staircase error can be avoided, along with improved material bonding in the
curvature

Significant reduction in built time and staircase effect
etter geometrical accuracy and part performance have been reported in literature

Adaptive slicing yields reduced built time, while conformal slicing results in better
geometrical accuracy leading to reduction in built time

20% improvement in surface roughness

34% improvement in the elongation along with reduced anisotropy. The yield strength has
been reported to be enhanced by 15%

‘The content of bad {001} <100 > -cube texture was reduced by 11.8% as compared to pure
WAAM.

‘The UTS and YS is enhanced by 11.4 and 29.9% as compared to WAAM.
Significant reduction in residual stress

‘The small angle grain boundary is reduced by 70% in the case of Hybrid Laser-based
WAAM.

Refined grains and improved nanoscale precipitates lead to improvement in mechanical
properties

An improvement of 20% in UTS and 17% improvement in hardness as compared to
traditional WAAM

Significant reduction in heat input resulting in reduced warpage of the substrate
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