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Abstract

:

The wire and arc additive manufacturing (WAAM) process enables the creation and repair of complex structures based on the successive deposition of fed metal in the form of a wire that is fused with an electric arc and then solidifies. The high number of depositions required to create or repair parts increases the likelihood of defect formation. If these are reliably detected during manufacturing, timely correction is possible. However, high temperatures and surface irregularity make inspection difficult. Furthermore, depending on the size, morphology, and location of the defect, the part can be rejected. Recent studies have shown that non-destructive testing (NDT) based on different physical phenomena for the timely, reliable, and customized detection of defects can significantly reduce the rejection rate and allow in-line repair, which consequently reduces waste and rework. This paper presents the latest developments in NDT for WAAM and its limitations and potential.
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1. Introduction


Wire and arc additive manufacturing (WAAM) makes use of fusion welding technologies (e.g., metal inert gas (MIG), metal active gas (MAG), tungsten inert gas (TIG), plasma, laser) and, similarly to these, consists of the successive deposition of metal fed in the form of a wire that is fused with an electric arc and then solidified. This technique excels in the production of parts with complex geometries that difficult to obtain by other means with a high deposition rate, resulting in faster product delivery with less material waste and often dispensing with post-processing of the part. All these factors lead to a more economical production line than today for a wide variety of metal products.



WAAM is gaining an important position in the 4.0 industry and, although it is a manufacturing method on which current research efforts worldwide are focused, its production potential lacks studies that bring quality assurance and structural integrity to large-scale parts produced with WAAM [1].



Non-destructive testing (NDT) has emerged as a solution to meet the need to ensure the quality of a product produced with WAAM, because it does not cause damage to the inspected part and can be performed during or after the deposition of all layers. There are a wide variety of ways to perform NDT, depending on the physical phenomenon used.



The Scopus platform [2] was used to verify how deficient the WAAM research is in guaranteeing the structural quality of parts through NDT. Initially a key term (“wire arc additive manufacturing”) was defined to identify how many papers on the WAAM topic had been published. Then, the search was limited with the expression (“non-destructive testing” AND “wire arc additive manufacturing”) in order to check how many of the WAAM papers dealt with NDT as the main topic or indirectly and even as brief citations. It was found that, in 2019, only 14 papers (3.9%) addressed NDT out of a total of 362 studies on WAAM. However, already in the year 2022, NDT was present in 62 papers (3.6%) in a group of 1707 studies on WAAM. This presented scenario points to a more accelerated evolution of this technology on other fronts, finding new applications and overcoming other challenges. However, this scenario also points to a future strong dependence on NDT studies applicable to this process, whose lack may become a hindrance to the evolution of this technology on many study fronts. Far more effective and faster ways of performing NDT will be needed to validate new research and ensure industrial-scale production.



Some studies are currently underway to enable NDT to be performed in-line during WAAM. This implementation faces great challenges, as parts with complex geometries will require the NDT system to be adapted to the region where the material is being deposited. In addition, the high temperatures involved in the process can damage equipment and prevent some NDT techniques from being used. Other factors such as the roughness, waviness, and location of defects must also be taken into consideration to achieve a successful implementation.



In-line NDT of WAAM refers to the process of inspecting and evaluating the quality of WAAM-produced parts while the parts are still being manufactured. This contrasts with off-line NDT, where parts are inspected after they have been fully manufactured. In-line NDT allows for real-time monitoring of the manufacturing process, which can help to identify and correct any issues that may arise.



In-line NDT of WAAM is important to ensure that the final product meets the required quality standards and to minimize the risk of failure in service. Additionally, WAAM is a relatively new technology and as such, NDT methods for WAAM are still being developed and refined. In-line NDT can also provide feedback to the manufacturing process, allowing for adjustments to be made in real time to improve the quality of the final product.




2. Defects in WAAM: Causes, Characteristics, and Consequences


As with welding, defects can arise during the WAAM process. These defects can bring major financial and safety complications, even calling into question the manufacturer’s ability to manufacture. As a way to solve these important issues, it is necessary to understand how these defects occur and then monitor them in real time through non-destructive testing.



These defects can result in a reduced performance of the manufacturing process, wasted material, additional repair time, increased process costs, delays in the delivery of manufactured parts, and product structural integrity. In addition, defects increase the risk of the part failing while in service, potentially causing accidents and putting lives at risk.



Therefore, it is necessary to understand the causes and consequences of these defects to improve the process, As well as, from this, make it possible to identify them from NDT performed during the additive manufacturing (AM) process. Thus, with a timely identification of the defect appearance, it makes it possible to avoid errors, propose feasible solutions for in-line correction, and deliver reliable products, speeding up production and avoiding financial complications.



Most of the possible defects in the WAAM process are somehow connected to parameters such as the power, deposition speed, wire feed rate, and correct choice of material. Other factors such as the cleanliness and maintenance of the equipment prevent the appearance of some defects, such as the inclusion of impurities, for example. These are the most recurrent causes that may lead to the appearance of defects.



The most common defects in WAAM will be discussed throughout this section.



2.1. Porosity


Porosity defects in WAAM are small holes, voids, or pores throughout the structure, as shown in Figure 1.
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Figure 1. Examples of porosity: (a) Stainless steel piece produced using additive manufacturing indicating the presence of pores (on surface and inside the part) and lack of fusion, adapted from [3]. (b) Pores in a weld bead identified with an X-ray test, adapted from [4]. 
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These defects can be caused by a variety of factors. Some of the main causes include:




	
Improper process parameters [5,6]: If the deposition current or voltage is too high, the wire electrode can melt too quickly, leading to poor fusion and porosity defects. On the other hand, if the welding current or voltage is too low, the wire electrode may not melt completely, resulting in poor material deposition and porosity defects.



	
Inadequate wire feeding [7]: If the wire feeder is not properly adjusted, the wire electrode may not be fed into the welding torch at the correct rate, resulting in poor material deposition and porosity defects.



	
Improper cooling of the deposited material [6]: If the printed part is not cooled quickly enough, the material may not solidify properly, resulting in porosity defects.



	
Inadequate shielding gas [5,8]: If the shielding gas flow is not sufficient or not properly directed, the deposited material can be exposed to the atmosphere, resulting in porosity defects.



	
Contamination [9]: If the wire electrode or the workpiece is contaminated with oil, dirt, or other impurities, it can cause porosity defects.



	
Poor wire quality [6]: Using a low-quality wire electrode that contains impurities or has an inconsistent diameter can cause porosity defects.



	
Inadequate cleaning [9]: Lack of cleaning of the welding torch and the workpiece can cause porosity defects.








It is important to note that more than one of these causes can occur at the same time and that the specific causes of porosity defects can vary depending on the particular WAAM system and the material being used.



Porosity defects in WAAM can have significant consequences for the final printed part. Some of the main consequences include:




	
Reduced strength and durability [3]: Porosity defects can weaken the structural integrity of the printed part, making it less durable and more susceptible to failure under load. This can be particularly problematic for parts that are intended to be used in high-stress or high-load applications.



	
Reduced corrosion resistance [3]: Porosity defects can also make the printed part more susceptible to corrosion, as the voids and holes in the material provide a pathway for moisture and other corrosive agents to penetrate the part.








To prevent porosity defects in WAAM, it is important to ensure that the welding parameters are properly set, the wire feeder is adjusted correctly, and the printed part is cooled quickly enough. Additionally, properly maintaining the welding torch can also help to reduce the occurrence of porosity defects.



In conclusion, porosity defects are a major challenge in wire and arc additive manufacturing. Improper welding parameters, poor wire feeding, and inadequate cooling of the deposited material are the main causes of porosity defects in this process. To prevent porosity defects, proper welding parameters, wire feeding, cooling, and maintenance should be implemented and high-quality wire electrodes should be used.




2.2. Inclusion


Inclusion defects are caused by particles such as oxides or other impurities that are trapped in the weld metal. Figure 2 presents two cases of inclusions in deposited material.
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Figure 2. Impurities inclusions (a) in an optical micrograph sample of a welded plate, adapted from [10], and (b) as slags on the surface of a weld bead, adapted from [11]. 
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Some common factors that contribute for the presence of inclusions are:




	
Contaminated wire feedstock [12]: If the wire used in WAAM contains impurities such as oils, lubricants, or other contaminants, they can be incorporated into the final product and result in inclusion defects.



	
Improper cleaning of the equipment [12]: If the wire feeder or the welding torch is not properly cleaned before use, debris can accumulate and be incorporated into the final product, resulting in inclusion defects.



	
Improper process control [5,13]: Incorrect combination of welding setting parameters can result in the inclusion of unwanted materials in the final product.



	
Insufficient gas shielding during the welding process [5,12,13]: Gas shielding is used to protect the weld pool and the surrounding area from oxidation and other forms of contamination. If the gas shielding is not sufficient, inclusion defects can occur.



	
Excessive spatter during the WAAM process [11]: Excessive spatter can result in the inclusion of unwanted materials in the final product.



	
Improper layer-to-layer adhesion [12]: If the layers of the final product do not properly adhere to one another, inclusion defects can occur.



	
Inadequate post-processing [13]: Insufficient cleaning or heat treatment can result in inclusion defects.








Inclusion defects in WAAM can have a significant detrimental impact on the final product’s properties and performance. Some of the consequences of inclusion defects include:




	
Reduced mechanical properties [10]: Inclusion defects can result in a reduction in the product’s strength, ductility, and toughness, which can make the final product less suitable for its intended use.



	
Increased risk of failure [10]: Inclusion defects can result in a higher risk of failure during use, which can lead to costly repairs or replacements.








To prevent inclusion defects, it is important to use high-quality, clean wire feedstock and to properly clean the wire feeder and the welding torch before use. Additionally, proper process control, including the use of proper welding parameters, can also help to prevent inclusion defects. These defects can have a significant impact on the final product’s properties.




2.3. Crack


Crack defects are fissures that grow along the weld bead. These linear-like defects in WAAM can occur for several reasons. The aspect of this defect is shown in Figure 3.



Some of the main causes of crack defects include:




	
High thermal stress [3,5,12]: The welding process generates high thermal gradients as the wire melts and solidifies. These gradients can cause the material to expand and contract at different rates, leading to the formation of stress concentrations and cracking.



	
Porosity [3]: Porosity is caused by trapped gases or other contaminants that are present in the weld pool. As the metal solidifies, these trapped gases can cause the material to form small voids or bubbles, which can lead to weak spots in the final product and cracks.



	
Poor-quality wire surface [14,15]: A wire with a rough or uneven surface can cause the welding process to become unstable, leading to the formation of cracks.



	
Inadequate process parameters [5,12,15]: Insufficient welding speed, current, or voltage can cause the wire to become unstable, leading to cracks in the final product.



	
Inadequate post-processing [3,12]: Improper post-processing such as insufficient cooling or heat treatment can cause the material to cool unevenly and lead to cracking.



	
Inadequate material selection [3,12]: using an inappropriate material for the WAAM process can cause cracking and other defects.








It is important to note that multiple factors can contribute to the formation of crack defects in WAAM, and it can be a combination of more than one cause. To prevent and address crack defects, it is important to understand the underlying causes and take appropriate measures to address them.



Crack defects in WAAM can have many consequences, including:




	
Reduced structural integrity [3]: Cracks in the final product can weaken the structure and make it more susceptible to failure under load. This can be particularly problematic for components that are subjected to high stress or impact.



	
Reduced fatigue resistance [16]: Cracks in the final product can also reduce its resistance to fatigue, which is the ability of a material to withstand repeated loading and unloading cycles. This can be a problem for components that are subjected to cyclic loading, such as gears or shafts.



	
Reduced safety: if the product is used in a safety-critical application, crack defects can lead to serious safety hazards.








It is important to note that crack defects can also be difficult to detect, especially if they are located in internal regions of the component [12]. This can make it difficult to identify and address the problem, further exacerbating the consequences.



Overall, crack defects in WAAM can have a significant impact on the structural integrity, fatigue resistance, scrap rate, cost, efficiency, and safety of the final product. Therefore, it is important to take measures to prevent and address these defects in order to produce high-quality components.



To mitigate these problems, several strategies have been proposed. One approach is to use a preheat process before welding, which can help to reduce the thermal stress generated during the WAAM process [12]. Another manner to do so is through grain refinement or using a wire chemical composition that fits better with the part being built.




2.4. Burn-Through


Burn-through is a type of defect that occurs when the wire electrode melts through the bottom of the part being built, resulting in a hole in the finished product. Generally, in WAAM it happens during the deposition of the first layers and the burn-through affects principally the base metal. Figure 4 presents an example of these defects.



These defect can be caused by a number of factors, including:




	
Process parameters [5,12]: A high current can cause the wire electrode to melt more quickly, which can increase the risk of burn-through. A Low wire feed speed can cause the wire electrode to be in contact with the bottom of the part for a longer period of time, which can increase the risk of burn-through. In addition, if the metal deposition is not sufficient, it can cause the part to be structurally weak, leading to burn-through. A high travel speed can cause the wire electrode to be in contact with the bottom of the part for a shorter period of time, which can increase the risk of burn-through.



	
Inadequate shielding gas [12]: The shielding gas plays an important role in protecting the arc from the ambient air. If the shielding gas is inadequate, it can cause the arc to become unstable and increase the risk of burn-through.








It is important to note that burn-through can be caused by a combination of factors, and it is important to carefully monitor the process and adjust the parameters as needed to minimize the risk of burn-through. The consequences of these defects include:




	
Reduced part quality: Burn-through can result in a hole in the finished product, reducing its overall quality and structural integrity.



	
Increased production costs: If burn-through occurs, it may require the part to be scrapped, which can increase production costs. Additionally, if the burn-through is not noticed until later in the manufacturing process, it can result in additional costs from having to redo work that has already been completed.



	
Delays in production: Burn-through can cause delays in production as the part needs to be scrapped and reworked or remade.








One way to prevent burn-through is by using a lower current and wire feed speed, which can help to reduce the heat generated by the arc [12]. Additionally, increasing the travel speed can help to reduce the amount of time that the wire electrode is in contact with the bottom of the part, which can also help to reduce the risk of burn-through [12].



By understanding the causes of burn-through defects and implementing preventative measures, it is possible to reduce the occurrence of this defect and improve the overall quality of the finished product.



It is also important to note that the consequences of burn-through can be minimized by implementing preventative measures and monitoring the process closely to minimize the occurrence of this defect and improve the overall quality of the finished product.




2.5. Undercutting


The undercutting defect occurs when the molten metal does not fully adhere to the previous layer, leaving a gap or hole. The causes of undercutting defects in WAAM can be grouped into three main categories:




	
Process-related causes [5,12]: These include improper control of the electric arc, which can lead to an insufficient amount of heat being delivered to the wire, resulting in the metal not fully melting and sticking to the previous layer. In addition, improper wire feeding, such as an inconsistent wire-feeding rate or angle, can also lead to undercutting.



	
Material-related causes [5,12,17]: The properties of the metal wire used in the WAAM process can also affect the likelihood of undercutting. For example, if the wire has a low melting point or poor thermal conductivity, it may not fully melt or adhere to the previous layer, leading to undercutting.



	
Geometry-related causes [17]: The complex geometry of some parts can also contribute to undercutting. For example, overhangs, sharp corners or narrow features can pose a challenge for the WAAM process, as the molten metal may not fully adhere to these areas, resulting in undercutting.








It is worth noting that undercutting can also be a result of a combination of these factors. It is essential to understand the root cause of undercutting to develop appropriate mitigation strategies. Figure 5 presents examples of these defects.



Undercutting defects in WAAM can have a significant impact on the quality and performance of the final component. Some of the consequences include:




	
Reduced strength [17]: Undercutting can weaken the component, making it less durable and more susceptible to failure under stress.



	
Decreased surface quality [12]: Undercutting can create gaps or holes in the surface of the component, which can negatively impact the overall surface finish and aesthetic appearance of the part.



	
Reduced accuracy [5,12]: If undercutting occurs in certain areas of the component, it can lead to inaccuracies in the final dimensions of the part, making it difficult to meet tolerances and specifications.








There are several ways to prevent and mitigate undercutting in WAAM. One approach is to optimize the arc parameters, such as the current, voltage, and travel speed, to ensure that the wire is melted and deposited with the correct amount of heat. Additionally, proper wire-feeding techniques, such as using a wire guide, can help to prevent improper wire feeding and reduce the risk of undercutting.



Another approach is to use a filler material, such as a paste or powder, to fill in any gaps or holes that may occur as a result of undercutting. This can help to improve the overall surface finish and strength of the component.



In conclusion, undercutting is a defect that can occur in WAAM processes caused by improper control of the arc or wire feeding or insufficient heat input. However, by optimizing the arc parameters, proper wire-feeding techniques, and using filler materials, it is possible to prevent and mitigate this defect and produce high-quality components.




2.6. Spatter


Spatter are the small droplets of metal that are expelled from the welding torch during the WAAM process. These droplets can stick to the surface of the component being created and create unsightly defects. This defect is represented in Figure 6.
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Figure 6. Spatter and collapse defects in WAAM, adapted from [18]. 
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The causes of spatter defects in WAAM can be attributed to:




	
Improper feedstock wire [3,18]: Using a welding wire with high levels of impurities or that is of poor quality can produce more spatter than a high-quality wire.



	
Incorrect welding parameters [12,19]: The welding parameters such as the welding speed, current, and voltage can also affect the formation of spatter. If these parameters are not set correctly, it can lead to an increase in spatter formation.



	
Insufficient shielding gas [19]: In WAAM processes, a shielding gas is used to protect the weld pool from the surrounding atmosphere. Insufficient or the wrong type of shielding gas can lead to the formation of spatter.



	
Improper technique [20]: Improper deposition technique can also cause spatter defects. For example, if the torch is held too close to the workpiece, it can cause an increase in spatter formation.








The consequences of spatter defects in WAAM can negatively impact the quality and functionality of the finished product. Some of the consequences include:




	
Reduced surface quality: Spatter can stick to the surface of the component and create unsightly defects, reducing the overall surface quality of the finished product.



	
Reduced strength and durability: Spatter can also reduce the overall strength and durability of the finished product by creating weak spots or porous areas in the metal.



	
Reduced functionality: Spatter defects can make the finished product less suitable for use in certain applications, such as those that require high precision and quality.








To reduce the occurrence of spatter defects, it is essential to use high-quality welding wire and to properly set the welding parameters [3,18]. Additionally, using anti-spatter agents, which are hydrophobic chemicals that are applied to the surface of the workpiece before welding to prevent spatter from sticking, can also be effective in reducing spatter defects.



In summary, it is essential for manufacturers to minimize the occurrence of spatter defects to produce high-quality and functional products and reduce production costs.




2.7. Collapse


Collapse defects occur when the molten material cools and solidifies too quickly, causing the structure to collapse in on itself. The main cause of it is the overlapping process and excessive heat input [18]. This defect is shown in Figure 6 with spatter defects. Some of the main causes of collapse defects include:




	
Improper welding parameters [18]: If the welding parameters such as the welding speed, wire feed rate, and current are not set correctly, it can cause the molten material to cool and solidify too quickly, resulting in collapse.



	
Poor design [18]: Certain shapes and geometries may be more prone to collapse than others. If the design of the structure is not optimized for WAAM, it can increase the likelihood of collapse defects.



	
Inadequate overlap [18]: Inadequate overlap of the welding gun can also cause collapse defects.








Collapse defects can have a number of negative consequences. Some of the main consequences include:




	
Reduced mechanical properties: Collapse defects can lead to a reduction in the strength and stiffness of the final product, which can make it less suitable for its intended application.



	
Increased surface roughness: Collapse defects can also lead to increased surface roughness, which can make it more difficult to achieve a smooth finish and can make it more difficult to achieve good adhesion in further processing or coating.








To prevent collapse defects, it is important to carefully control the welding parameters, such as the welding speed and wire feed rate [18]. The design of the structure can also play a role, as certain shapes and geometries may be more prone to collapse than others.



Another solution is to use a technique called “overlap welding” [18], which helps to avoid collapse by moving the welding gun to an overlap area.



In conclusion, collapse defects can significantly impact the quality and strength of the final product. Careful control of the welding parameters, proper design, and material choice can help to reduce the likelihood of collapse defects.




2.8. Unmelted Wire


Unmelted wire defects in WAAM implies that the wire is not being melted totally or partially, as shown in Figure 7.



It can occur due to several different factors, including:




	
Wire feed rate [21]: If the wire feed rate is too high, the arc may not have enough time to melt the wire before it is deposited on the substrate, resulting in unmelted wire segments or droplets.



	
Arc power [18]: If the arc power is not sufficient, the wire may not be heated enough to melt completely, resulting in unmelted wire defects.



	
Wire-to-arc distance [21]: If the distance between the wire and the arc is too much, the wire may not be heated enough to melt properly, resulting in unmelted wire defects. In addition, the composition of the wire being used can also play a role in the formation of unmelted wire defects. Some wire types may be more prone to forming unmelted wire segments or droplets due to their chemical composition, size, or shape.



	
Welding conditions [18]: The welding conditions, such as the size and shape of the welding torch, the position of the torch, and the type of shielding gas used, can also affect the formation of unmelted wire defects.








It is important to note that unmelted wire defects can be caused by a combination of these factors, and that the specific cause may vary depending on the specific process and materials being used. This can results in different consequences including:




	
Reduced strength and durability [18]: Unmelted wire defects can result in a weaker and less durable finished product, as the defects can act as stress concentrators that can lead to premature failure.



	
Surface defects [18,21]: Unmelted wire defects can result in surface defects, such as protruding wire segments or droplets, which can affect the cosmetic appearance of the finished product and make it difficult to achieve a smooth surface finish.



	
Reduced accuracy: Unmelted wire defects can affect the accuracy of the finished product, as the defects can result in variation in the thickness or shape of the deposited layers.



	
Increased material consumption: Unmelted wire defects can lead to increased material consumption, as more wire may need to be used to achieve the desired thickness or shape of the finished product.








To address unmelted wire defects, one approach is to adjust the wire feed rate to a slower speed, which allows the arc to melt the wire more effectively [18]. Another approach is to increase the power of the arc, which can make it hotter and more capable of melting the wire. Additionally, reducing the distance between the wire and the arc can also help to melt the wire more effectively [18,21].



Another solution is to use a different type of wire feeder, such as one that uses a laser beam to melt the wire, which can also help to avoid unmelted wire defects.




2.9. Delamination


Delamination is a significant issue in the field of WAAM, where metal layers in a 3D printed part can separate from one another. The presence of delamination in the final product leads to significant financial and safety consequences. Figure 8 presents a delamination defect between the layers of metal deposited in the additive manufacturing process.



The causes of delamination in WAAM can be attributed to:




	
Incorrect wire-feeding speed [20]: If the wire-feeding speed is too fast or too slow, it can result in delamination.



	
Low heat input [5]: Low heat input during the welding process can result in inadequate welding and a low bond strength between the metal layers, leading to delamination.



	
Improper cooling [22]: Improper cooling during the WAAM process can result in residual stresses and a decreased bond strength, leading to delamination.



	
Poor process control [5]: If the process parameters are not controlled and monitored correctly, it can result in delamination.



	
Material properties [3]: The properties of the metal being used can also affect the likelihood of delamination, including the composition, purity, and microstructure of the metal.








The consequences of delamination can be significant, including:




	
Reduced strength and durability [23]: Delamination can result in reduced strength and durability of the final product, making it more likely to fail during use.



	
Increased risk of failure [3]: The presence of delamination increases the likelihood of failure during the use and life of the part, leading to significant financial and safety consequences.








The wire-feeding speed is an essential process parameter in WAAM that can have a significant impact on the final product. If the wire-feeding speed is too fast or too slow, it can result in delamination and a lower-quality final product [3]. A low heat input can also result in inadequate welding and a low bond strength between the metal layers, leading to delamination. Improper cooling during the WAAM process can also result in residual stresses and decreased bond strength, leading to delamination [5].



To minimize the occurrence of delamination in WAAM, the heat input should be controlled to prevent low bond strength and inadequate welding, and the arc voltage should be adjusted to prevent metal vaporization. Proper cooling is also essential to reduce residual stresses and increase the bond strength between the metal layers.




2.10. Uneven Bead Height


The uneven bead height defect is characterized by variation in the height of the deposited beads, resulting in a non-uniform surface finish and potentially affecting the structural integrity of the built part, as presented in Figure 9.



The causes of uneven bead height defects in WAAM can be attributed to:




	
Variation in welding parameters [5]: An uneven bead height can occur if the welding parameters, such as the wire feed rate and arc current, are not properly controlled. Small variations in these parameters can result in variation in the size and shape of the deposited beads, leading to an uneven surface finish.



	
Wire feeder issues [5]: If the wire feeder is not working properly or is not adjusted correctly, it can cause variation in the wire feed rate, leading to an uneven bead height.



	
Robot arm issues: The robotic arm used to guide the wire during the WAAM process can also cause an uneven bead height if it is not functioning properly or is not calibrated correctly.



	
Improper weld-path planning [17]: If the weld path is not planned properly, it can cause unevenness in the bead height, as the robot arm may not be able to deposit the material in a consistent manner.








By identifying the root cause of the problem and implementing corrective measures, it is possible to overcome this issue and produce high-quality parts using WAAM, thus avoiding consequences such as:




	
Non-uniform surface finish [17]: An uneven bead height can result in a non-uniform surface finish, which can affect the aesthetic appearance of the built part.



	
Reduced accuracy: An uneven bead height can also affect the dimensional accuracy of the built part, as the variation in the bead height can result in deviations from the intended shape and size of the part.



	
Increased material waste: An uneven bead height can also lead to increased material waste, as more material may be required to correct the defect or rework the part.








To address an uneven bead height defect, it is important to first identify the root cause of the problem. This can be achieved by analyzing the welding parameters and the process itself, as well as inspecting the equipment used in the process. Once the cause of the defect has been identified, steps can be taken to correct it, such as adjusting the welding parameters, maintaining or replacing equipment, or implementing process controls.



Overall, uneven bead height defects can have a significant impact on the quality and performance of the built parts, and it is important to take steps to address this issue in order to produce high-quality parts using WAAM.




2.11. Geometric


Geometric defects in WAAM can take various forms, including the most common ones such as porosity, undercuts, and uneven bead height. Some of the other types of geometric defects in WAAM, beyond these three mentioned, include:




	
Overlap [13]: Overlap is a geometric defect that occurs when the deposited material builds up on top of itself, forming a thick layer that can weaken the part. This defect can occur due to incorrect process parameters or poor part design.



	
Distortion [3,24]: Distortion is a geometric defect that occurs when the deposited material cools and shrinks unevenly, causing the part to change shape. This defect can occur due to poor part design or incorrect process parameters.



	
Misalignment [24]: Misalignment occurs when the deposited material is not properly aligned with the part, causing the part to be out of shape or not fit properly. This defect can occur due to improper wire feeding or incorrect process parameters.



	
Distortion can happen in many different forms. One of its ways is shown in Figure 10.








These defects can occur due to a variety of factors and can be interrelated. Some of the causes of geometric defects are improper wire feeding, incorrect process parameters, poor part design, poor surface preparation, improper shielding, lack of process monitoring, material properties, and environmental conditions [3,13,24,25,26].



To mitigate the occurrence of geometric defects in WAAM, it is essential to carefully control the process parameters and ensure proper wire feeding. Additionally, proper part design, such as designing in larger radii and avoiding small features, can also help reduce the occurrence of defects. It is also important to regularly inspect and monitor the part during the manufacturing process to identify and address any defects that do occur.



The consequences of a geometric defect could be:




	
Reduced strength and integrity of the part: Voids, porosity, and incomplete fusion can weaken the overall integrity of the part and make it more prone to failure.



	
Functional failure: Undercuts, misalignment, and warping can cause the part to not fit properly or function as intended.



	
Reduced accuracy: Distortion can cause the part to be out of shape [26], reducing its accuracy and making it difficult to use.



	
Reduced aesthetic quality: Warping and distortion can cause the part not to have a smooth finish and can affect the overall aesthetic quality of the part.








In conclusion, geometric defects are a common issue in WAAM. These defects can have a significant impact on the structural integrity of the part and can be caused by a variety of factors. However, by properly controlling the process parameters, ensuring proper wire feeding, and designing parts with consideration for the manufacturing process, the occurrence of geometric defects can be greatly reduced.




2.12. Overview of WAAM Defects


As previously mentioned, defects in WAAM can result from various factors including incorrect process parameters, material characteristics, poor control of the feed rate, improper toolpaths, and inadequate post-processing. The presence of defects can negatively impact the mechanical properties and overall performance of the manufactured parts. It is crucial to identify and address the root cause of defects to ensure consistent and reliable output in WAAM processes. Table 1 presents an overview of the main defects in WAAM.



It is important to keep in mind that these consequences can vary depending on the specific process and materials being used and the severity of the defects. It is important to identify and address the root causes of the defects in order to minimize their impact on the finished product and the manufacturing process.



Due to this enormous possibility of defects occurring, NDT is necessary to determine the possible failures that may occur during the process. Those tests performed in real time have the advantage of allowing the timely correction of errors during manufacturing.





3. Non-Destructive Testing Methods


Non-destructive testing (NDT) is testing methodologies for material characterization and defect detection without harming the tested material or changing its original properties. With the increasing technological transfer of the WAAM process to industry, the creation and development of customized NDT for the application in these types of components, namely in surfaces with high waviness/roughness [1] inspected at high temperature, is fundamental.



NDT is divided by physical phenomenon, these being ultrasonic, electromagnetic, radiographic, thermographic, and others (penetrating liquids and acoustic emission) [27]. Among these methods, those most widely employed are visual, ultrasonic, radiographic, infrared thermography, and liquid penetrant testing [28,29]. However, the use of some of these tests adapted specifically for WAAM is still low. In addition, there is the possibility of performing some of these NDTs during the deposition of the material, in an in-line manner, which is the goal of this paper.



There are several different techniques that can be used for in-line NDT of WAAM. One of the most common methods is X-ray imaging, which can be used to detect internal defects such as porosity, inclusions, and lack of fusion.



Another method of in-line NDT for WAAM is ultrasonic testing, which uses sound waves to detect internal defects. This can be carried out by transmitting ultrasonic waves into the part and capturing the reflections on a detector.



The constraints encountered when implementing in-line NDT in WAAM processes are due to the undulation and roughness of the surface, as well as the existence of other equipment, such as gas nozzles, material feeder, and cables, which create constraints on the arrangement of NDT probes and can cause significant interference [30]. These difficulties, combined with the characteristics of the defects generated during WAAM, such as their small size [1], heterogeneous morphology, and potential location deep in the part, can cause significant disturbances in NDT signals that must be overcome for wider adoption of WAAM technology in industry [30].



Some methods are not possible to adapt for in-line inspection of WAAM because of their dynamic operation. Some of these are liquid penetrant and magnetic particle testing [31,32], where the part must be ready for the particles, or dye-penetrant, to interact with the defects and detect them. Conventional and immersion ultrasonic methods cannot be used either, as one depends on the transducer making contact with the analyzed object, while the other depends on the part being immersed in a fluid, respectively [1,31]. Conventional radiographic inspection also cannot be used because it does not generate digital data during the penetration of the X-ray beam into the part [1,32]. Visual inspection by the naked eye is not possible [31] because it is limited to surface defects and the energy generated by the electric arc can damage eyesight, and finally, computed tomography cannot be used in-line because you need a finished part to generate a 3D model from 2D images [31,32].



Adapting NDT for WAAM is essential but it requires further research. Therefore, the main available in-line NDT techniques applicable to WAAM will be covered in the following subsections.



3.1. Phased-Array Ultrasonic Testing


Phased-array ultrasonic testing (PAUT) uses ultrasonic waves, but instead of using a single transducer, it uses a phased array of transducers that can be electronically focused and scanned to inspect a specific area. Figure 11 presents a comparison between PAUT and conventional ultrasonic testing.
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Figure 11. Comparison between phased-array (PA) transducer used in PAUT and a single-element (SE) transducer used in conventional ultrasonic testing, adapted from [33]. 
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PAUT has several advantages over conventional ultrasonic testing, including improved resolution and the ability to change the focal point and angle of the ultrasonic beam. It also allows for the inspection of components with complex geometries and can detect a wide range of defects, including planar and volumetric defects [33].



Among the NDT methods that must be adapted to WAAM, ultrasonic is routinely used to evaluate welded structures and has proven useful even for high-dimensional structures [1]. The technique with the best use is phased-array ultrasonic testing (PAUT) [34], because it makes use of multi-element transducers that can transmit/receive independently and at different times, allowing a reduction in inspection time and increasing reliability and sensitivity, and can also be applied to high-dimensional structures [35,36]. However, the surface conditions on which the ultrasound test is performed significantly affect the detection of defects, since contact must be established between the ultrasonic and the surface of the component under analysis [37,38]. This is usually accomplished with the use of some couplant, such as gel, for example, but requires at least a surface with low roughness.



During the in-line PAUT of WAAM processes, the phased-array probe is placed in contact with the surface of the material as it is being built. The probe emits and receives ultrasonic waves, which are used to create an image of the internal structure of the material. The image is analyzed to detect any defects, such as porosity, inclusions, or lack of fusion, that may have occurred during the manufacturing process.



The in-line PAUT process can be performed in a variety of ways, including pulse–echo, through-transmission, and total focusing method (TFM). Pulse–echo is used to find surface breaking and near-surface defects, through-transmission is used to detect subsurface defects, and TFM is used to detect small, deep defects [39].



In general, the results presented in the literature [40,41] show that proper selection of the transducer frequencies should be taken into consideration when inspecting rough surfaces. Using PAUT on WAAM-manufactured parts involves two issues, the first concerning the unknown response to the internal structure of the components and the second, the morphological variation of the surface, which influences the interaction between the emitted ultrasonic beam and the component [40].



Overall, in-line phased-array ultrasonic testing of wire and arc additive manufacturing is an advanced NDT technique that provides real-time monitoring and detection of defects during the manufacturing process, allowing for adjustments to be made to improve the quality of the final product.




3.2. Electromagnetic Acoustic Transductor


An electromagnetic acoustic transducer (EMAT) is a type of non-contact transducer that is used to generate and detect ultrasonic waves in metal materials. It works by using an electromagnetic field to generate and detect the ultrasonic waves, which can be used for a variety of applications, such as metal thickness measurement, material characterization, and weld inspection [31,42,43].



EMATs are typically composed of two main components: a coil and a permanent magnet. The coil is used to generate the electromagnetic field, while the magnet is used to focus the field onto the metal surface. When an alternating current is passed through the coil, it creates an oscillating magnetic field that induces eddy currents in the metal surface, resulting in the generation of ultrasonic waves [43] due to the Lorentz force that the material experiences. These ultrasonic waves can then be detected with the EMAT, allowing the analysis of the material. Figure 12 shows the EMAT probe and the induced eddy currents.



EMAT have several advantages over other types of transducers, such as contact transducers, including:




	
They do not require physical contact with the material, which makes them well-suited for use on surfaces that are difficult to access or that are sensitive to damage [1,43].



	
They can be used on a wide range of metal materials, including ferromagnetic and non-ferromagnetic materials [43].



	
They can be used to generate and detect both longitudinal and shear waves [42].



	
They can be used in harsh environments, such as high-temperature or corrosive environments [1,31].








In WAAM, an in-line EMAT generates ultrasonic waves that are sent through the material, and the reflections of these waves are then detected by the system. The data obtained from the EMAT can be used to monitor the quality of the welds in real time, which can improve the overall quality and efficiency of the WAAM process.



The use of in-line EMATs in WAAM has some advantages over other non-destructive testing methods, such as X-ray or ultrasonic testing, including:




	
It allows for real-time monitoring of the weld quality, which can improve the overall efficiency of the WAAM process [31].



	
It does not require any physical contact with the material [1,43] and it can be used on a wide range of metal materials [43].








In-line EMATs can be used for various purposes in WAAM process, such as:




	
Monitoring the weld pool and wire feed in order to detect and correct any issues before they become major problems [44].



	
Detection of defects, such as porosity, in the welds [1,42].



	
Measuring the thickness of the deposited layers in order to ensure that they meet the desired specifications [1,44].



	
Detection of incomplete fusion, a common problem in WAAM processes [1,44].








EMAT also presents several limitations, namely, a high sensitivity to lift-off changes, limitations to detect sub-millimeter defects, and being limited to low frequencies compared to piezoelectric US probes.




3.3. Laser-Ultrasonic Testing


Laser-ultrasonic testing (LUT) is a NDT method that uses laser beams to generate and detect ultrasonic waves in a material. The technique is used to evaluate the properties of a material, such as the thickness, elastic modulus, and defects. The LUT setup is presented in Figure 13.



The in-line LUT system can be integrated into the WAAM equipment, and the laser beam is directed at the surface of the material being built. The laser beam heats the surface, causing thermoelastic expansion and generating ultrasonic waves. These ultrasonic waves propagate through the material and are detected using a sensor, such as a piezoelectric transducer. The sensor converts the ultrasonic waves into an electrical signal, which is then analyzed to determine the properties of the material [1,45,46].



In-line LUT of WAAM offers several advantages over other NDT methods, including high resolution, good penetration depth, and the ability to test materials in situ [1]. It can also provide information on the elastic modulus, density, and thermal diffusivity of the material, which can be used to detect subsurface defects [47].



LUT can be divided into two types: contact and non-contact LUT. Contact LUT requires direct contact between the laser and the material surface, while non-contact LUT uses a laser to generate ultrasound waves through the air. In non-contact LUT, the laser beam is focused on a small area of the material surface, and the resulting heat causes thermoelastic expansion of the material, which generates ultrasonic waves. For in-line NDT from WAAM the non-contact option of LUT should be used due to the process dynamics and high temperatures. However, the in-line LUT of WAAM systems has some limitations. It requires direct access to the surface of the material being built and is not suitable for testing materials that are opaque to laser beams or for testing buried or internally located defects [45,46,47]. Additionally, LUT requires specialized equipment and trained personnel to operate, which can be costly.




3.4. Real-Time Radiography


During a real-time radiography (RTR) inspection, the object or structure being inspected is placed between the X-ray or gamma-ray source and the detector. The radiation passes through the object and is captured using the detector, which converts it into an image. The system is positioned close to the WAAM process, and the images are taken from different angles [32,48]. The image is then displayed on a computer screen, allowing the inspector to analyze it in real time and also immediate identification and correction of any issues that may arise.



In-line RTR NDT can be used to inspect for defects such as porosity, lack of fusion, and inconsistencies in the internal structure of the part [48]. This can help to improve the overall quality and reliability of the finished product. The in-line RTR NDT system is typically integrated into the WAAM process, allowing for real-time monitoring and analysis without interrupting the manufacturing process.



In-line RTR NDT can also be used to verify the internal structure of the WAAM part against the design specifications, ensuring that it meets the required standards. This method can also be used to track the build process and monitor the quality of the finished product.



It is important to notice that this method of inspection require specific safety measures, as the radiation emitted by the X-ray or gamma-ray sources can be harmful to human health.




3.5. X-ray Backscatter


In-line X-ray backscatter testing is an NDT method that uses low-energy X-rays to inspect the internal structure of a 3D-fabricated object during the WAAM process. This method detects the radiation that reflects from the target and uses the spatial density distribution of an object to measure the intensity of the distribution of scattered X-rays [31].



The X-ray source is typically positioned at one side of the build chamber, and the X-rays pass through the object being printed and are detected with sensors that do not necessarily need to be on the opposite side [31,49,50], as presented in Figure 14. X-ray backscatter NDT uses X-rays to penetrate the material and scatter off the internal structures, creating an image that can be analyzed for defects. This method has been used to inspect the quality of welds and identify any deviations from the intended design or internal defects, such as porosity, incomplete fusion, and cracking [31,49,50].



In a study [51], X-ray backscatter NDT was used to detect artificial subsurface cracks in stainless steel pieces. The samples were prepared using weld-deposited cladding with the same material. The results showed that X-ray backscatter NDT was able to detect internal cracks with a 0.05 mm width. However, it could detect a defect of 0.025 mm width if the X-ray intensity was increased [32,51].



The results of this study [51] demonstrate the potential of X-ray backscatter NDT as a reliable method for inspecting the internal structure of WAAM-produced samples. Additionally, the results of this study [51] should be verified with further studies on different materials, welding conditions, and X-ray parameters.



One of the main advantages of in-line X-ray backscatter NDT is the ability to detect and correct defects in real time. This can help to improve the overall quality and reliability of the final product and can also help to reduce the manufacturing costs by reducing the need for post-manufacturing inspection and repairs. Additionally, in-line X-ray backscatter NDT can be used to optimize the manufacturing process by providing feedback on the performance of the WAAM system and identifying areas for improvement. Furthermore, X-ray backscatter NDT is capable of inspecting the entire volume of the material, rather than just a surface layer, making it possible to identify defects that may be hidden below the surface [31,52]. However, in-line X-ray backscatter NDT also has some challenges. One of the main challenges is the time consumption [51] of the process associated with the high cost. Additionally, the results of the in-line X-ray backscatter NDT may be affected by factors such as the thickness of the material, the density of the material [31], and the angle of incidence of the X-rays [49,50,51].



In conclusion, X-ray backscatter NDT is a powerful tool for evaluating the internal structure of materials and identifying defects that may not be visible to the naked eye. In the context of WAAM, X-ray backscatter NDT can be used to inspect the quality of the welds and identify any internal defects such as porosity, incomplete fusion, or cracking. However, it is important to consider the cost and complexity of the equipment required and the specific requirements of each application before deciding to use X-ray backscatter NDT.



It is important to note that, like any other X-ray technology, in-line X-ray backscatter testing uses ionizing radiation, which can be harmful to the human body in high doses. Therefore, it is important to follow safety protocols and guidelines when using this technology.




3.6. Eddy Current


Eddy current testing (ECT) is a phenomenon where an electrical current is induced within a conductor when it is exposed to a changing magnetic field. If a helicoidal cylindrical winding probe is used, the current flows in circular loops within the conductor and creates its own magnetic field that opposes the change in the external magnetic field [31,53]. Any flaws or discontinuities in the material, which can be detected and analyzed using specialized instruments, will affect the resulting eddy currents [1]. Figure 15 presents the eddy current method.



The in-line ECT system is typically integrated into the WAAM process and uses a probe that is contactless, but needs proximity [1,31]. The probe generates an alternating magnetic field, which induces eddy currents in the deposited layer. These eddy currents are affected by any variation or defects in the material, and the resulting signal can be analyzed to detect these issues [1,31,53].



The in-line ECT system can detect a variety of defects, including porosity, inclusions, lack of fusion, and cracking [1].



It is advantageous to use ECT because it allows the analysis of ferromagnetic and non-ferromagnetic material during a high-speed layer deposition and it is contactless [53]. However, it presents difficulties when used as NDT for in-line WAAM due to lift-off fluctuations caused by the surface roughness, high temperatures of the process, and detection of internal flaws [53].




3.7. Infrared Thermography


Infrared thermography, also known as thermal imaging, is a technique that uses infrared radiation to create images of objects. These images show the temperature distribution of the object, allowing for the detection of temperature differences and variations [54].



The main purpose of in-line infrared thermography testing is to detect and monitor any potential thermal issues that may occur during the WAAM process. This includes detecting hot spots, which can indicate the presence of a welding defect or a problem with the wire feed [31,55].



In-line infrared thermography testing is carried out using an infrared camera that is mounted near the WAAM process. The camera captures images of the wire and metal being welded, detecting the infrared radiation emitted by objects and converting it into an electrical signal, which is then used to create an image. The temperature information is then analyzed by the machine or a human operator to detect any issues. This system is shown in Figure 16.
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Figure 16. Thermographic analysis of the deposited layer, adapted from [56]. 
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Some advantages of in-line infrared thermography testing is that it allows for real-time contactless monitoring of the WAAM process, detects subsurface defects, uses no radiation, and has a fast response, large detection range, and intuitive results [1,55].



The disadvantages of infrared thermography include qualitative results, which implicate the need of another NDT method to quantify [31]. Moreover, it needs to be used during the deposition of material, because it is necessary for the temperature differences in the material to identify possible flaws [1].



It is important to note that in-line infrared thermography testing is not a substitute for other quality control and inspection methods that are used in the WAAM process. It should be used in conjunction with other, more established NDT techniques to produce significant results for industrial application [31].



In summary, in-line infrared thermography testing is a technique used to monitor the temperature of the wire and the metal being deposited during the wire and arc additive manufacturing process. It allows for real-time monitoring of the process, detecting and correcting issues, and improving the quality and consistency of the final product.




3.8. Laser Thermography


Laser thermography is an NDT method that utilizes a thermal imaging camera and a laser to measure the surface temperature of an object. The camera captures infrared radiation emitted by the object, which is then converted into a visual image that shows any variation in temperature. It is presented in Figure 17.



In-line laser thermography testing involves shining a laser onto the surface of the WAAM part while it is being built. The laser heats the surface, causing it to emit infrared radiation [57]. A thermal imaging camera is then used to capture the emitted radiation and create a thermal image of the object. By analyzing the thermal image, it is possible to detect areas of the object that are hotter or cooler than others, which can indicate the presence of defects or inconsistencies in the WAAM part [31,57].



The main advantage of in-line laser thermography testing is that it can detect defects in the WAAM part in real time and it can help to reduce the overall cost of manufacturing. Besides being a contactless NDT, it can detect subsurface defects and requires no surface preparation [1,31]. However, laser thermography may face some difficulties such as disturbance in the heat flow due to the presence of deep scratches or indentations [31]. In addition, surfaces with a high reflectance impede the use of this NDT technique, as only a small amount of the applied energy is absorbed and can heat up the specimen. At the same time, the low emissivity significantly reduces the amount of emitted IR radiation, which further handicaps the crack detection [58].



In-line laser thermography testing can be used to detect a variety of defects in WAAM parts, including porosity, incomplete fusion, and lack of penetration [1]. It can also be used to monitor the temperature of the wire and the arc during the manufacturing process, which can help to improve the process efficiency.




3.9. Others


There are other ways to perform in-line NDT of WAAM, but they are not as explored as those described earlier in this paper. Some of these are optical emission spectroscopy (OES) and the use of machine learning to analyze the welding parameters in real time.



OES is a technique used to analyze the composition of a sample by measuring the wavelengths and intensities of light emitted by the sample when it is excited with an external energy source. The light emitted by the sample is passed through a spectrometer, which separates the light into its individual wavelengths, creating a spectrum that can be analyzed to determine the elements present in the sample.



The in-line OES technique can be used in conjunction with other monitoring techniques, such as process-monitoring cameras, to provide a complete picture of the WAAM process and to detect any potential issues. Additionally, the OES data can be used in conjunction with other data, such as the process parameters and thermal history, to provide a comprehensive understanding of the WAAM process.



The advantages of OES include its high sensitivity, fast analysis time, ability to detect a wide range of elements, being contactless, immunity to high brightness of light, and ability to diagnose the electrical arc effectively [59,60]. The main advantage of using in-line OES testing for WAAM is that it can provide real-time feedback on the composition of the material being deposited [61]. Therefore, it can detect impurities in the sample in real time, which can help to prevent defects in the final product. However, OES also has some limitations, such as the difficulty in obtaining accurate results in a high-temperature, high-speed process such as WAAM [59]. Nevertheless, it has also been shown to be unable to detect issues such as trajectory deviation, lack of shielding gas, and lack of penetration [31]. On the other hand, it was able to detect with 86% accuracy defects such as excessive penetration, misalignment, and different thickness [31], thus showcasing its relevance as an NDT technique.



In summary, in-line OES testing is a technique used to analyze the composition of WAAM samples in real time. This technique involves using a spectrometer to measure the wavelengths and intensities of light emitted by the sample while it is being deposited during the process, which can be used to ensure that the correct alloy is being used and to detect impurities in the sample. This is important as it helps to ensure the quality of the final product. However, there are also some limitations to the in-line OES technique; for example, it can be difficult to obtain accurate results in a high-temperature and high-speed process.



Regarding the monitoring of welding parameters, in-line voltage and current evaluation is a method used to monitor the electric parameters during the wire and arc additive manufacturing process, based on machine learning. This type of evaluation is important for ensuring consistent and high-quality parts, as well as for understanding the process.



During the wire and arc additive manufacturing process, an electric arc is used to melt a wire feedstock, which is then deposited onto a substrate to form a 3D object. The voltage and current applied to the wire feedstock play a critical role in the quality and consistency of the resulting parts.



This technique is based on the statistical analysis of known electrical signals from problems such as porosity, lack of fusion, cracks, and others. These signals are used so that the computer can calculate the current and voltage variation that occurred during that previously known deposition error [62,63]. Thus, the software will analyze in real time the deposition of WAAM layers and statistically point out the probability of a certain deposition error having occurred and when [62,63]. This methodology has been shown to be able to identify or avoid more than 90% of the failures in the cases [62,63,64].



The data acquired from in-line voltage and current evaluation can be used to adjust the manufacturing process in real time to ensure consistent and high-quality parts. For example, if the current is too low, there may be a lack of fusion, resulting in poor bonding between the deposited layers. Conversely, if the current is too high, the wire feedstock may overheat and cause porosity or other defects in the final part.



Additionally, the data acquired from in-line voltage and current evaluation can be used to improve the manufacturing process for specific materials or applications. This can be achieved by analyzing the relationship between the electric parameters and the resulting microstructure, mechanical properties, and geometrical accuracy of the parts.




3.10. Overview of NDT in WAAM


In-line NDT in WAAM refers to the process of performing NDT techniques during the actual printing process to monitor the quality and integrity of the parts being produced. The aim of in-line NDT is to detect and prevent defects or anomalies in real time, thereby reducing the need for post-processing inspection and increasing the overall efficiency and productivity of the manufacturing process. In-line NDT helps ensure the quality and reliability of the final product and also enables the rapid identification and correction of issues during the manufacturing process, leading to an improved overall performance and reduced costs.



Table 2 presents the advantages and limitations between those NDT methods presented. The advantage of being used in real-time during the production of a part is common to all methods. In addition, a common limitation is that these methods require specialized equipment and trained personnel to operate, which can be a costly.





4. Challenges and Solutions: Eddy Current Case Study


The authors have been undertaking developments on the application of eddy current testing (ECT) for the in-line inspection of parts produced using WAAM. There are significant difficulties and challenges associated with using this NDT technique to inspect WAAM parts. Despite the advantages of using ECT, such as its ability to detect surface and sub-surface defects in conductive materials and its non-destructive nature, there are several specificities and limitations of ECT that make it challenging to use for WAAM part inspection. These include the sensitivity of ECT to the surface roughness and waviness of the part, the morphology of WAAM parts, and the difficulty of detecting deep defects.



4.1. Why In-Line?


First, it allows for real-time monitoring of the manufacturing process, which can help to detect and correct any issues as they occur. This can help to improve the overall quality of the final product and reduce the likelihood of defects or non-conformities [65].



Second, in-line inspection allows for the early detection of defects, which can minimize the impact of those defects on the final product [66,67]. For example, if a defect is detected early in the manufacturing process, it can be corrected before it becomes more severe or affects more layers. This can help to reduce the need for rework or scrap and ultimately decrease the costs associated with those.



Third, in-line inspection allows for the collection of data on the manufacturing process, which can be used to improve the process and optimize the manufacturing parameters [68]. This can help to improve the overall efficiency of the manufacturing process and improve the production yield [65].



Finally, in-line inspection of WAAM parts layer by layer allows for the detection of internal defects such as porosity, inclusions, and voids that are not visible from the surface. These defects can be detected early and can be addressed, which can improve the mechanical properties of the part and its performance.




4.2. ECT Advantages—Suitability to In-Line WAAM Inspection


One of the main advantages of using ECT is its ability to detect surface and sub-surface defects in conductive materials [69]. This makes it an attractive option for inspecting WAAM parts, which are typically made of metals such as aluminum, steel, and titanium.



As mentioned, the layer-by-layer inspection approach allows for the detection of defects that occur deep within the material. Defects that occur deep within the material, such as internal porosity, can be difficult to detect using other methods. However, by inspecting each layer individually, it is possible to detect these defects and address them before they affect the final product, since each WAAM layer has, typically, a 2 to 5 mm thickness. Performing in-line inspection of WAAM parts layer by layer with ECT could be an effective method for detecting both surface and sub-surface defects. By inspecting each layer individually, potential defects will be located either on the surface or just below the surface of the material, depending on the layer height, which are the target defects of ECT.



Furthermore, by inspecting each layer individually, it may be possible to detect any issues that may have occurred during the manufacturing process, such as variation in the layer thickness or inconsistencies in the material composition. This can help to improve the overall quality of the final product and reduce the likelihood of defects or non-conformities.



Additionally, ECT is a relatively fast and efficient method of inspection [70], making it suitable for use in production environments where parts need to be quickly and accurately inspected before they are assembled or during short maintenance periods. This can help to reduce production downtime and increase the overall efficiency of the manufacturing process. Moreover, ECT is a versatile method of inspection, as it can be used to inspect a wide range of parts and components, including those with complex geometries and irregular shapes [71]. This makes it well-suited for inspecting WAAM parts, which often have complex shapes and geometries that can be difficult to inspect using other techniques. However, there are also several specificities and limitations of ECT that can make it challenging to use for WAAM part inspection.




4.3. ECT Disadvantages—Suitability to In-Line WAAM Inspection


One limitation is that ECT is very sensitive to the surface roughness and waviness of the part. WAAM parts often have a high degree of surface roughness and waviness, which can make it difficult to obtain accurate inspection results. Surface roughness and waviness cause variation in the lift-off, which is the distance between the ECT probe and the surface of the material. It is an important parameter in ECT as it affects the penetration depth of the eddy currents and thus, the sensitivity of the probe, which will affect the accuracy of the results [72].



Additionally, variation in the lift-off can make it difficult to interpret the ECT measurements, as variation in the lift-off can cause variation in the signal amplitude and make it difficult to distinguish between defects and variation in the surface finish [73].



Another issue concerns the edge effect, which occurs when the probe is placed close to the edge of the material. This also causes variation in the eddy currents and affects the accuracy of the results.



If the WAAM part had no waviness or roughness (e.g., after machining), the layer width would not vary, and the fact that the probe is close to the border and therefore subjected to the edge effect would not be detrimental to the inspection. This is because the edge effect would be consistent throughout the length of the part and would not vary significantly. However, due to the presence of waviness and roughness in the layer surface, the edge effect will become an issue, as it will cause variation in the eddy currents, which will affect the accuracy of the inspection results. Additionally, the edge effect can be amplified for complex geometries. In summary, the surface roughness and waviness of WAAM parts have a significant impact on the accuracy of ECT results, as they cause variation in the lift-off and contribute to the edge effect.



Another limitation of ECT is that it is not able to detect defects that are located deep within the material. As mentioned before, ECT is adequate to surface and sub-surface defects only. This is due to the eddy current (EC) skin effect. The skin effect is caused by the fact that the eddy currents generated by the ECT probe are mostly confined to the surface of the material, and as the depth increases, the intensity of the eddy currents decrease. It depends mostly on the frequency of the eddy currents and the electrical conductivity and magnetic permeability of the material. In general, the penetration depth decreases when high frequencies are used and in materials with high conductivity and high magnetic permeability. This means that the sensitivity of the probe to detect deeper defects is reduced in materials with high conductivity, such as copper, aluminum, and titanium alloys, which are commonly used in WAAM parts. In the case of steel, the low penetration depth is due to its usually higher magnetic permeability. However, it is important to take into account the height of the layer; lower heights may not present this issue.



Another challenge is that WAAM parts can have a complex microstructure, which can make it difficult to interpret the ECT results. The complex microstructure can cause variation in the electrical conductivity of the material, which can affect the accuracy of the inspection results.



The temperature can be an important factor to consider when performing an in-line ECT inspection. As the part is being manufactured, the temperature of the material can vary significantly. This can affect the electrical conductivity of the material, which can in turn affect the reliability of the ECT results.



Furthermore, the heat generated by the WAAM process can cause thermal expansion of the material, which can affect the accuracy of the ECT results by changing the distance between the probe and the surface of the part. One way to try to guarantee a consistent lift-off is by using the zero-lift-off technique, where the probe is brought into contact with the surface of the material. This approach can help to minimize the effects of thermal expansion and ensure a consistent lift-off. However, it is important to note that the waviness and roughness of the surface of the WAAM part can still affect the accuracy of the ECT results, even with the use of the zero-lift-off technique. The waviness and roughness will inevitably cause variation in the lift-off, which will affect the results.



Additionally, it is important to use ECT probes with proper thermal barriers and cooling systems to prevent overheating caused by the contact/proximity to the high-temperature part layer. This can be achieved by encapsulating the probe and using forced water cooling. However, the capsule must have insulating capabilities and must not be an electrical conductor, otherwise the ECT would not be possible. This approach can help to prevent the probe overheating. However, the lift-off will have to increase to accommodate the capsule thickness and the sensitivity of the ECT will decrease [74].



Despite these challenges, there are some ways to overcome them and obtain accurate inspection results using ECT. One approach is to use advanced signal processing techniques to filter out the effects of surface roughness and waviness on the ECT results. Another approach is to use specialized ECT probes that are designed to consider the unique properties of WAAM parts. Additionally, using ECT in combination with other non-destructive testing methods, such as ultrasonic testing or X-ray fluorescence, can also help to improve the accuracy of the inspection results.




4.4. ECT Probe Considerations for WAAM Parts


Considering the exposed advantages and disadvantages, the authors focused on the development of specialized ECT probes that are designed to take into account the unique properties of WAAM parts.



Several factors were taken into consideration: one important consideration is the probe geometry and how it relates to the top curvature of the part. The probe should be designed to closely follow the contours of the part to ensure an accurate and complete inspection. Additionally, the probe should be designed to minimize the effects of surface roughness and waviness.



Another important consideration is the size and shape of the probe’s coils. Coils with large surface areas and unique shapes can help to improve the signal-to-noise ratio and increase the accuracy of the inspection results.



It is also important to consider how the probe will be used in practice. For example, the probe should be designed to be easy to maneuver and position accurately on the part, and it should be able to withstand the demands of industrial use.



The operation mode must be taken into consideration as well. This refers to the different ways that the coils that compose the ECT probe can be configured. The most common operation modes include:




	
Absolute mode: in this mode, the same coil operates as an exciter and sensor simultaneously. The probe typically consists of one or more coils, which are placed in close proximity to the part surface. It is often used for surface inspections because it is relatively simple and easy to implement, and it can provide good sensitivity for surface-breaking defects. However, absolute mode has some limitations: it is less sensitive to subsurface defects, and it is also sensitive to the surface roughness, waviness, and other external factors. Therefore, it should be avoided for the inspection of WAAM parts.



	
Reflection mode: at least two coils are used, one to generate eddy currents in the part and one to measure the response. The excitation typically consists of one or more coils, which are placed in close proximity to the surface of the part. The detection coil, also known as the pick-up coil, is placed on the same side of the part as the excitation probe, but at a different location. It is used to measure the response generated. It is sensitive to surface-breaking defects, but it is less sensitive to subsurface defects. It is also less sensitive to the surface roughness, waviness, and other external factors than absolute mode. Therefore, it is often used in combination with other operation modes, such as differential mode, to improve the reliability of the inspection and increase the detection of subsurface defects.



	
Differential mode: the response is measured between two or more coils while the excitation can be performed by the same coils or others. The differential mode can be used to reject unwanted signals and noise and to improve the sensitivity of the inspection. It can also help to locate subsurface defects that might be missed using absolute or reflection mode alone. Differential mode can be combined with reflection mode. It uses one or more coils exclusively for the excitation and two or more coils to measure the differential response between two points on the surface of the part. This mode can improve the accuracy and sensitivity of the inspection by rejecting unwanted signals and noise and maintaining its sensitivity to surface-breaking defects. It is important to note that, while differential mode can provide a more accurate and sensitive inspection, it may be more complex to implement than other operation modes.








Finally, it is also important to take into account the specific material properties of WAAM parts, such as the conductivity and resistivity. These properties may affect the way the probe interacts with the part and may require specific adjustments in the probe design.




4.5. Eddy Current Probe Design


Keeping in mind the previous considerations made, the performed probe design began by designing a set of five probes. The probes designed share the following features: they comprise an exciting coil and two sensitive coils with windings in opposite directions in order to act in reflection mode and work in differential mode; and the coils follow the curvature of the WAAM part layer. To understand which of the configurations could present the best potential for the application, numerical simulations were carried out for the five probe concepts using ANSYS Electronics. The geometry of the excitation and the sensitive coils were evaluated. In order to be able to make a fair and valid comparison between the probe concepts, the same parameters were used in all simulations, such as the excitation current, frequency, and number of turns of the excitation and sensing coils; a standard wall with 60 × 12 × 36 mm made of aluminum alloy, with parameters (dimensions and material properties) the same in all simulations; an inspection length to be able to obtain a reasonable and sufficient amount of data to understand and observe the behavior of the probes; the type of defects, with equal dimensions and locations for all simulations; a simulation element mesh for all probes with 1 million tetrahedral elements. Figure 18 presents the output of one of the simulations performed, which was targeting the evaluation of the excitation strength and distribution.



It is also important to mention the assumptions and simplifications made, namely: only the top layer of the wall is intended to be studied and analyzed, that is, the last layer executed. For this purpose, it is assumed that the respective bead corresponds, approximately, to half a cylinder whose dimensions of radius and length are, respectively, 6 mm and 80 mm. It is therefore necessary to study and analyze the wall to a depth of approximately 6 mm. The top surface of the wall was considered smooth and circular.



The probe that demonstrated the best performance was the probe represented in Figure 19. This probe comprises a “square” exciting coil, which follows the semicircular geometry, characteristic of the top of the WAAM part, along the perimeter of the surrounding area of the sensing coils. The probe also contains two “semicircular–triangular” sensing coils that are symmetrical, but whose symmetry plane is misaligned and oblique to the symmetry plane of the wall to the travel direction of the probe. They have opposite winding directions in order to obtain a probe with differential reading.




4.6. Customized Probe Production and Experimental Results


With the main geometric parameters improved with the numerical simulations, a probe was assembled. To produce the probe, a structure was designed to serve as a support and mold for the coils of the probe, as they are not simple coils. The windings must follow the curvature of the top layer. The structure was produced using fused filament fabrication (FFF) in polylactic acid (PLA). The parameters of the probe were the same as those obtained in the numerical simulations in terms of the number of windings, geometry, and dimensions of each coil and lift-off. The probe was produced with 48 windings in the excitation coil and 30 windings in each of the sensing coils. The lift-off in this case corresponds to the thickness of the coil support, which is 0.5 mm. In Figure 20a, the model of the support used is presented. The windings were performed with a 0.1 mm diameter copper wire, which allowed the coils to occupy the same space as in the simulation, guaranteeing the same geometry and dimensions and at the same time having an improved number of windings. In Figure 20b, the produced and assembled probe can be found.



The coils were connected to a four-pin LEMO connector, which allows for connection to an impedance analyzer for differential reflection mode operation. The equipment used was a commercial Olympus impedance analyzer, the Nortec 600D. The probe was attached to an XYZ scanning table through a linear bearing that allows for free movement in the vertical direction, which allows contact between the probe and the material during the test and ensuring a lift-off as constant as possible.



Figure 21a shows the results from a scan of an aluminum WAAM sample with a drilled hole with a diameter of 1 mm that is 2 mm below the surface. The presented result was obtained with the probe operating with a frequency of 1.5 kHz. The defect causes a change in the impedance measured, but the noise generated from the waviness of the surface is significant. Other frequencies were tested but did not generate improved results.



Another type of defect morphology was studied, characterized by being narrower and elongated, created using wire electrical discharge machining (WEDM). The WEDM slot, as illustrated in Figure 21b, has a thickness of approximately 350 µm and a length of 5 mm. The slot’s upper surface is located 2 mm beneath the top surface of the sample and extends across the width of the bar. The test was performed at 1.5 kHz and the defect was detected with a clear SNR, although not consistent from test to test.



Manually wound eddy current probes can have several disadvantages, including a lack of repeatability and reproducibility, as well as a lack of precision in the winding process. Additionally, manually wound probes are often less robust and can be prone to damage during use.



One solution to these issues is the use of printed circuit board (PCB) technology for the production of eddy current probes [69]. PCBs offer a number of advantages over manually wound probes, including a high degree of repeatability and reproducibility, as well as the ability to incorporate multiple layers and other advanced features.



PCB-based ECT probes often have planar coils, which can result in sensors with greater areas. Coils covering a greater area and in close proximity to the test piece have several advantages. One of the main advantages is that it improves the sensitivity of the measurement.



Flexible PCBs, in particular, offer a number of benefits for ECT applications, such as the ability to conform to the shape of the test specimen and the ability to withstand a high degree of bending and flexing without damage [75]. This solution allows it to conform to the shape of the top WAAM layer, making it possible to maintain the proximity of the coils with to part during the inspection.



One of the limitations of using PCBs for ECT probes is the lack of space to include a high number of windings in the coils. This is because the coils must be disposed in a planar manner on the PCB and increasing the number of turns will increase the area of the coil. This can be a problem as it may not be possible to fit a large number of turns on a single PCB, which can limit the sensitivity of the test.



One solution to this problem is the use of multiple-layer PCBs [70]. By using multiple layers, it is possible to increase the number of turns in the coils without increasing the overall area of the probe. This is because the additional layers can be used to stack the coils, providing more space for additional turns.



Additionally, the use of multiple-layer PCBs also allows for more compact designs, as the stackable layers can reduce the footprint of the probe.



Thus, to improve the probe reliability, reproducibility, and performance, a multi-layered flexible PCB probe was designed, produced, and tested.



Figure 22a shows the PCB produced with the respective dimensions. In order to adapt to flexible PCB technology, the previously developed probe characteristics were taken into consideration. The PCB was designed to have 48 turns in the excitation coil and 30 turns per sensing coil. The coils were distributed over six layers, each with a thickness of 25 µm, a width of 100 µm, a spacing of 100 µm between turns.



To take advantage of the flexible properties of the PCB, a chassis was produced using flexible filament thermoplastic polyurethane (TPU) with FFF. The TPU chassis morphology was designed considering the curvature of the WAAM part. This way, during the test, the flexible chassis will adapt to the irregular geometry of the WAAM part, keeping the flexible PCB in contact with the material to be inspected, as can be seen in Figure 22b. The flexible chassis will be supported by a rigid PLA chassis, designed to allow the implementation of a self-compensating system. Figure 22c shows the complete system.



In Figure 23a, the experimental tests are depicted regarding the inspection of an aluminum specimen with a 1 mm diameter defect at a depth of 2 mm with the developed PCB probe operating at a frequency of 1.5 kHz. The obtained result allows the detection of the defect through a peak in the impedance value represented at the location of the defect, although it contains elevated noise in the results. The performance of the same probe in an aluminum specimen with a 1.5 mm diameter defect and 2 mm depth is shown in Figure 23b. Similarly to the previous case, it is possible to observe that there is an oscillation of the impedance value with a differential characteristic when the probe passes through the defect. The detection of the defect is achieved despite the noise, due to the roughness of the specimen, since the magnitude of the signal regarding the defect is vastly superior to the noise captured.



The results presented were selected as the best from a series of tests that were conducted on different specimens. However, it is important to note that the probes used in these tests did not consistently produce reliable results. This is due to the fact that the waviness and roughness of the specimens resulted in high amounts of noise that interfered with the defect signal.



Additionally, it is worth mentioning that these tests were performed on finished WAAM walls at room temperature. If the tests were conducted in-line, meaning during the manufacturing process at high temperatures, it would require proper insulation of the probes to prevent damage and therefore increased lift-off. The increase in lift-off would further decrease the reliability of the inspection. Therefore, it is important to consider these limitations when evaluating the results and esspecially when considering in-line ECT inspection.




4.7. Hot-Forging WAAM Variant


Hot-forging WAAM is a new variant of the WAAM process that uses a small hammer to forge the material deposited. This forging process is carried out while the material is still hot and in a viscoplastic regime immediately after the deposition process. The forging force deforms the material, refines the grain, and collapses porosities, improving the mechanical properties of the final product [56].



The layer surface in hot-forging WAAM is significantly different from that of the traditional WAAM process. The deposited layers are characterized by a near-planar surface, which is a result of the forging action on the material during the building process [76].



This near-planar surface can be beneficial for the inspection of the part using ECT as it no longer requires curved or flexible ECT probes. Additionally, the forging process also results in thinner layers, which is beneficial for the ECT inspection. Thinner layers mean shorter penetration depths required, which allow higher ECT frequencies [71]. This opens a door for in-line inspection with ECT.



To assess the apparent advantages of the variant for ECT and evaluate its applicability, several commercial and customized planar probes were used on WAAM parts produced with this variant.



For the experimental tests, an AISI 316L steel specimen with a 3 mm diameter hole defect at a depth equivalent to the thickness of the last deposited layer was used. Figure 24a shows the specimen produced with the defect. It should be noted that, despite the surface being flatter than in conventional WAAM, it still presents many irregularities. It should also be noted that the width of the planar zone varies with the length. In Figure 24b, a result obtained with an Olympus pencil probe optimized to operate at 50–100 kHz is presented. The defect causes a small disturbance in the signal, but the noise covers it. Figure 24c presents the output signal obtained with the IOnic probe developed in the scope of another work [77]. The performance is much superior; it is possible to clearly identify the typical differential signal of these probes. Again, the results presented were selected as the best from a series of tests that were conducted on different specimens.



In conclusion, hot-forging WAAM is a variant of WAAM that has the potential to provide benefits for ECT inspection. The near-planar surface of the layers can eliminate the need for curved or flexible ECT probes, and the thinner layers can allow the use of higher frequencies. However, it is important to note that the hot-forging process still shows a lack of consistency in the WAAM parts, which affects the ECT negatively. The irregular surface of the layers and the lack of consistency in the width of the planar region can lead to high levels of noise in the ECT signal due to the edge effect, making it difficult to detect defects. Therefore, it is important to continue researching and developing new techniques to improve the consistency of the hot-forging WAAM process and to optimize the ECT probes to be used with this variant.





5. Discussion


In-line NDT is a crucial aspect of the WAAM process because it allows real-time monitoring of the quality of the parts being produced. This testing method involves the use of various techniques, such as ultrasonic testing, X-ray imaging, eddy current testing, and many others to inspect the parts during the manufacturing process without causing any damage. Implementing in-line NDT in the WAAM process has several benefits, including the early detection of defects and inconsistencies, improved quality control, and reduced post-production inspection time and costs.



In reviewing the in-line NDT methods for WAAM, it is observed that each of the techniques has different advantages and challenges to overcome in order to be implemented. Thus, it can be stated that a multi-parametric implementation of non-destructive testing is the best option for performing non-destructive testing in-line during WAAM. This guarantees greater security in the identification of flaws in the manufactured part.



A multi-parametric in-line NDT approach for WAAM involves using multiple techniques and sensors to evaluate the quality of the parts being produced in real time. This approach is more comprehensive and can provide a more accurate assessment of the parts’ quality compared to using a single NDT method.



One example of a multi-parametric in-line NDT approach is the use of a combination of ultrasonic testing and X-ray backscatter. This combination can provide a more comprehensive assessment of the parts’ quality. Ultrasonic testing can detect surface defects and subsurface defects that are located close to the surface, while X-ray backscatter can detect subsurface defects that are located deeper within the parts.



Another example is the use of a combination of eddy current testing and thermography. Eddy current testing can detect surface and subsurface defects, while thermography can provide information on the thermal history of the parts. By using a combination of these techniques, manufacturers can obtain a more complete assessment of the parts’ quality.



A multi-parametric in-line NDT approach can also be extended using sensors that can monitor the process parameters such as the current, voltage, wire feed rate, and speed of the motion. This can provide valuable information on how these parameters are affecting the quality of the parts and can help to optimize the manufacturing process.




6. Conclusions


In-line non-destructive testing (NDT) of wire and arc additive manufacturing is a vital step in ensuring the quality, safety, and reliability of parts produced using this technology. It enables real-time monitoring of the manufacturing process and the early detection of defects, which ultimately results in the production of parts that meet the required standards and specifications. It is a cost-effective and efficient method that allows manufacturers to improve the production while reducing the need for post-production inspections.



In addition, in-line NDT can also play an important role in ensuring that parts produced using WAAM are safe. WAAM is a relatively new and emerging technology, and it is important to ensure that parts produced using this method meet the required standards and specifications. In-line NDT can help identify any problems with parts early in the manufacturing process, which can prevent the production of parts that are not fit for purpose.



A multi-parametric in-line NDT approach for WAAM offers several benefits over using a single NDT method. It provides a more comprehensive assessment of the parts’ quality and can detect defects and inconsistencies that may not be identified using a single technique. Additionally, it can help to optimize the manufacturing process by providing valuable information on the process parameters. This approach can ultimately lead to the production of higher-quality parts, improved safety and reliability, and a reduction in the post-production inspection time and costs.
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Figure 3. Weld crack adapted from [12]. 
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Figure 4. Burn-through defects (a) in a plate, adapted from [12], and (b) identified in an X-ray test of a weld bead, adapted from [4]. 
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Figure 5. Undercut defects (a) beside a weld bead, adapted from [11], and (b) internal and external identified using X-ray non-destructive testing, adapted from [4]. 
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Figure 7. Unmelted wire in WAAM, adapted from [18]. 
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Figure 8. Delamination in WAAM, adapted from [21]. 
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Figure 9. Uneven bead height, adapted from [17]. 
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Figure 10. Geometric distortion, adapted from [24]. 
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Figure 12. EMAT transducer on the left as it is, and on the right with heat protection, adapted from [31]. 
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Figure 13. LUT system, adapted from [31]. 
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Figure 14. X-ray backscatter testing system, adapted from [31]. 
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Figure 15. Eddy current system. 
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Figure 17. Infrared thermography system, adapted from [31]. 
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Figure 18. Example of a numerical simulation performed to compare the performance of the five ECT probe concepts. The evaluation of the excitation strength and distribution were the target of this specific simulation. 
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Figure 19. Concept probe with the best performance simulated. (a) Top view of the probe with the excitation coil represented in red and the sensing coils in green; (b) Probe modeled in Ansys Electronics used for the simulations. 
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Figure 20. Probe production; (a) Coil support CAD model; (b) Probe assembled, front and side view. 
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Figure 21. Manually wound customized ECT probe impedance output obtained from the inspection of an aluminum sample at a frequency of 1.5 kHz with: (a) a 1 mm diameter defect; (b) WEDM slot defect. The red circle and rectangle indicate the defects in the WAAM parts. 
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Figure 22. Multi-layer flexible PCB probe; (a) PCB; (b) PCB assembled in the TPU chassis mounted over a WAAM wall specimen; (c) complete probe set-up system. 
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Figure 23. Multi-layer flexible PCB probe impedance output obtained from the inspection of an aluminum sample at a frequency of 1.5 kHz with: (a) a 1 mm diameter defect; (b) a 1.5 mm diameter defect. 
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Figure 24. ECT inspection of hot-forging WAAM parts: (a) AISI 316L steel specimen with a 3 mm diameter hole defect, top and side view; (b) impedance output obtained at a frequency of 100 kHz with a commercial pencil probe; (c) impedance output obtained at a frequency of 100 kHz with an IOnic probe. 
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Table 1. Overview of the most common WAAM defects.
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	Defect
	Characterization
	Causes
	Consequences





	Porosity
	Small voids or holes in the final printed part.
	Improper welding parameters, poor wire feeding, inadequate shielding gas, and/or contamination.
	Reduced strength, durability, and corrosion resistance.



	Inclusion
	Particles such as oxides or other impurities that are trapped in the weld metal.
	Contaminated wire feedstock and wire feeder or the welding torch not properly cleaned.
	Reduction in the product’s strength, ductility, and toughness.



	Crack
	Fissures that grows along the weld bead.
	High thermal stress, porosity, poor wire surface, inadequate process parameters, material selection, and/or post-processing.
	Reduced structural integrity, fatigue resistance, and safety.



	Burn-through
	Excessive heat input that melts through the base metal, creating a hole in the material.
	High current, low wire feed speed, high travel speed, improper alignment, and/or inadequate shielding gas.
	Reduced part quality, increased production cost, and delays in production.



	Undercutting
	A groove that is melted along the edges of the base metal.
	Improper control of the electric arc, improper wire feeding, material properties, and/or complex geometry.
	Reduced strength, decreased surface quality, and reduced accuracy.



	Spatter
	Small droplets of weld metal that are expelled from the weld during the WAAM process.
	Improper welding wire, incorrect welding parameters, insufficient shielding gas, dirty workpiece, lack of proper maintenance, and/or improper technique.
	Reduced surface quality, strength, durability, and functionality.



	Collapse
	The molten material cools and solidifies too quickly, causing the structure to collapse in on itself.
	Improper welding parameters, poor design, poor material choice, inadequate overlap and/or stress concentration.
	Reduced mechanical properties, increased porosity and surface roughness.



	Unmelted wire
	Incomplete melting of the wire metal.
	Wrong wire feed rate, insufficient arc power, great wire-to-arc distance, wire composition, welding conditions, and/or substrate preparation.
	Surface defects, reduced accuracy, increased material consumption, and reduced strength and durability.



	Delamination
	Metal layers separate from one another.
	Incorrect wire-feeding speed, low heat input, high arc voltage, improper cooling, inadequate preparation of surface, poor process control, and/or material properties.
	Reduced strength and durability, increased risk of failure, and decreased reliability.



	Uneven bead height
	Unevenness in the height of the weld beads produced.
	Wire feeder or robot arm issues, surface conditions, improper weld path planning, and/or material properties.
	Non-uniform surface finish, increased stress concentration, reduced accuracy, and increased material waste.



	Geometric
	It is a group of defects that affects the geometric aspect of the part. For example, overlap, distortion, and misalignment.
	Improper wire feeding, incorrect process parameters, poor part design, poor surface preparation, improper shielding, lack of process monitoring, material process, and/or environmental conditions.
	Reduced strength and integrity, functional failure, reduced accuracy, and reduced aesthetic quality.
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Table 2. Overview of in-line NDT in WAAM.
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	Non-Destructive Test
	Advantages
	Limitations





	Phased-Array Ultrasonic Testing
	Has the capacity to detect, locate, and measure the flaw, increased inspection speed, real-time imaging, precise, able to penetrate thick sections [1,31].
	Suitable for defects bigger than 600 μm [32], cannot work at high temperatures, requires coupling, may require several probes [1,31], defect direction influences the results [48].



	Electromagnetic Acoustic Transductor
	Can be used for defect detection, location, and measurement [1], can be used for surface and subsurface flaw detection, contactless and couplant-independent but requires proximity, suitable for high temperatures [1].
	More accurate for identifying defects larger than 500 μm [32], hard to inspect complex shapes [31], low sensibility for small defects [1], clean and smooth enough surface required [48].



	Laser-Ultrasonic Testing
	LUT can be used for flaw detection, location, and measurement [1], also can be used at very high temperatures, complex geometries, areas of difficult access, contactless and couplant-independent [1,31].
	Smallest flaw detected size is 400 μm [32], more expensive than ultrasonic testing, optical detection techniques generally offer lower sensitivity than contact transducers, knowledge of the internal geometry of the flaw is required in order to obtain an accurate depth profile [31].



	Real-Time Radiography
	Digital data are generated during X-ray inspection [32], reliability and no special specimen preparation is required [31], detects deep and embedded defects [1].
	RTR flaw size detection is limited to those larger than 250 μm, in the case of the use of the microfocus mode it is possible to identify flaws with more than 50 μm size [48], difficulties in detection may be associated with the angle between the crack and the radiation [1,31], poor sensibility for small defects compared to the sample dimension [1].



	X-Ray Backscatter
	Large structures are easily tested, not susceptible to surface roughness [31], detects deep and embedded defects, can operate even if only one side of the target is available [1].
	Capable of finding defects bigger than 20 μm [1], limited availability of tailored X-ray sources, challenges in developing standards and procedures [31], long inspection duration [1,31].



	Eddy Current Testing
	Improved sensitivity [31], can be used for surface and subsurface flaw detection, very sensitive to small defects, contactless but requires proximity [1].
	The size of smallest detected defect is 350 μm [53], surface finish and grain structure influence the results, penetration depth of few millimeters [31], limited to conductive materials [1,39].



	Infrared Thermography
	Large areas can be scanned fast, free of radiation [1,31], can detect subsurface defects [1].
	Detects flaws larger than 400 μm [32], not possible to penetrate in extended depths, environmental conditions may limit use if outdoors [31], elevated temperature is necessary at the analyzed part [1,31].



	Laser Thermography
	Contactless and no surface finishing is required [1,31], can detect surface and subsurface defects [1], does not require surface finishing [31].
	Smallest flaw size detected is 400 μm [32], deep scratches or indentations can perturb heat flow in a similar manner to a crack [31].
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