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Resumo 

O presente trabalho tem como objectivo identificar as técnicas não destrutivas aplicáveis para 

inspeção e caracterização de materiais no fabrico aditivo de peças por arco eléctrico. Uma vez 

que a produtividade global do processo é incrementada com o aumento da taxa de aprovação 

das peças, o que por sua vez, está relacionado com a inspeção e caraterização durante o 

processo, procurou-se avaliar a capacidade de detectar defeitos associados com fabrico aditivo 

por arco eléctrico. As técnicas não destrutivas como a radiografia, líquidos penetrantes, 

ultrasons, termografia por infravermelhos, correntes induzidas e diferença de potencial foram 

usadas em provetes de teste para detectar os defeitos, assim como a sua localização. A 

caracterização de material foi também realizada usando metalografia, ensaios de dureza e 

condutividade eléctrica. Os resultados experimentais foram analisados por forma a perceber o 

potencial de cada uma das técnicas para inspeção nos diferentes cenários propostos, 

monotorização, durante o processo e pós-processo.  
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Abstract 

The present work addresses the challenges of identifying applicable non-destructive-testing 

techniques suitable for inspection and materials characterization techniques for Wire and Arc 

Additive Manufacturing (WAAM) parts. The overall manufacturing process productivity will be 

increased by increasing the yield, driven by the reduction in scrap rate, enabled by in-process 

inspection and material characterization. Thus, the main objective of this work is to evaluate the 

capability for detecting the potential defects that are associated with WAAM. During this study, 

radiography, liquid penetrant inspection, ultrasonic testing, IR thermography, eddy currents and 

potential drop techniques were applied on reference specimens in order to detect the defects and 

its location. Metallographic, hardness and electrical conductivity field analysis were also applied 

on the same specimens for material characterization. Experimental outcomes are analysed in 

order to reflect the potential of each technique for inspection either in a monitoring, in-process or 

post-process scenario.  
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1. Introduction 

1.1 Motivation 

Additive Manufacturing (AM) is a manufacturing technique in which components are built by 

depositing materials layer by layer. This technique is increasingly gaining a relevant place in the 

manufacturing industry, in different areas and materials. Printing of parts in plastic, metal and 

ceramics, as well as developments in biomaterials, clothing and cement, make manufactured by 

additive techniques very promising. Regarding metals, laser based AM is already used in industry, 

particularly for small parts in high value materials like titanium and its alloys. However, the 

potential of AM processes to produce large parts is still requiring significant research to reach a 

reliable industrial implementation. 

Recently, Wire and Arc Additive Manufacturing (WAAM) proved to have potential for the 

production of large scale engineering structures. This manufacturing technique involves the 

layered design of a component and subsequent welding deposition of the multilayer structure to 

produce parts, by using the same technologies and equipment as in welding. 
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WAAM technology is receiving considerable attention due to the capability of producing 

customized large parts at lower cost, in comparison with other additive manufacturing processes 

(1). However, an important aspect where research needs to be focused in order transfer of WAAM 

to the industry is to develop or adapt methods to ensure the components’ structural integrity. This 

goal can be reached by allowing in-process non-destructive testing and repair of defects by layer 

machining. With the view of qualifying WAAM for applications such as structural components, 

Non-Destructive Testing (NDT) systems must be developed, in order to detect porosity levels, 

lack of fusion between layers (2) as well as other type of defects. 

In summary, WAAM manufacturing technique has already proven to be successful for the 

production of large scale engineering structures and it application is expected to grow over the 

next decades. However, research needs to be developed before the WAAM technologies become 

standard, and one of the aspects to address is non-destructive techniques to assure the quality 

of the parts produced.  

1.2 Contributions 

Research in the field of NDT for WAAM is almost nonexistent due to WAAM being a fairly recent 

manufacturing system. However, it has been growing and its implication on the manufacturing 

industry asks techniques and methodologies to assure the quality of the parts produced. 

Therefore, this thesis intends to contribute with a complete review on NDT existent today as well 

as an analysis based on pros and cons of each process, followed by an experimental evaluation 

to map the potential techniques used as well as their inspection strategy.    

1.3 Thesis Outline 

This thesis is divided into six chapters. In Chapter 2, a deeper presentation into AM and WAAM 

is made, followed by the variables that will influence the inspection procedures, geometry and 

types of defects. A review of different NDT techniques is then presented and explained as well as 

some brief results in the field of AM. The basic concepts of each method as well as their pros and 

cons will result in a global analysis and a discussion of where the techniques are most suitable to 

being deployed.  

Chapter 3 goes through the manufacture and characterization process of the samples prior to the 

evaluation of NDT.  

Chapter 4 is where we take the first approach to NDT techniques that are commonly used and 

easily available in the market. Chapter 5 is the second chapter tackling NDT, more specifically 

Eddy Currents and Potential drop, which due to their customization required the manufacture of 

an inspection system to evaluate the type of probe that could be deployed as well as the arrange 

of the four points in the potential drop technique. The approach taken to the design of this system, 

together with brief results of the techniques is presented. 
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Finally, in Chapter 6 some conclusions were drawn based the reviewed literature and the 

experimental results by evaluating the pros and cons of each approach as well as assigning the 

best inspection approach of each technique. 
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2. Background 

In order to determine which Non-destructive testing (NDT) technologies have the highest potential 

of being implemented on a wire arc additive manufacturing production line, one should be 

acquainted with the production methods and the NDT technologies available today.  Along with 

the mapping of technologies a review on the Standards for Quality levels of imperfections in fusion 

welding will be made, with the purpose of establishing a benchmark.  

This chapter has the following structure: Section 2.1 introduces Additive Manufacturing and its 

potential to change the world; Section 2.2 takes in account the different types of geometry 

manufactured by AM; Section 2.3 reviews the types of defects produced by welding process; 

Section 2.4 goes through NDT technologies and brief results already published regarding 

inspection of AM parts; and finally Section 2.5 summarizes the main ideas of this chapter. 

2.1 Additive Manufacturing 

Additive Manufacturing, more commonly known as three-dimensional (3D) printing is a 

technological process that allows the manufacture of an object, by successive deposits of material 

using data from a 3D model, as opposed to subtractive methodologies. It has the potential to 

change the outlook on manufacturing due to cost and operational characteristics.  

Although AM has been around for more than 25 years, being used by only a short amount of 

companies for prototyping purposes, it has now gathered the deserved attention of a broader 



21 

 

audience due to its abilities to dramatic change the manufacturing industry. The current hype can 

be easily identified by its economical footprint, in 2013, the AM market, including all products and 

services worldwide, grew to $3.07 billion with a compound annual growth rate of 34.9 % and 

experts estimate the market size in 2021 will have reached the $10.8 billion (3).  

The high expectations regarding the future impact of 3D printing are based on some fundamental 

differences between AM and traditional forms of manufacturing. AM solutions offer a wide range 

of benefits when compared to conventional manufacturing processes. One of the major 

advantages is the ability to create geometries that were previously impossible to produce due to 

the nature of machining techniques, allowing for greater freedom of part design. This is because 

AM does not have the requirement for tool access that hinders most machining techniques (4). 

The requirements for tool access could represent a significant problem when creating tooling for 

injection moulding applications, as the construction of conformal cooling channels was previously 

prevented by the straight line limitations of drilling operations (5). A further and detailed review on 

the geometries is discussed in the next chapter. AM is set to be also more economically viable 

depending on the scale of the operation, due to savings in the material required as well as no 

tooling costs associated with producing new parts when compared to technologies such as 

casting. (4).  

As AM is still a relatively recent technology when compared to other manufacturing processes, 

several limitations exist, but the increasing research in the field has focused in addressing them 

in order to make it as competitive as possible. For manufacture of bulk components, currently one 

of the major drawbacks is the time it takes for AM to produce a part, significantly higher than 

casting or computer numeric control (CNC) machining. While casting, a procedure ideal for 

fabrication of a high number of parts, requires merely seconds, AM would take hours. As for high-

speed CNC, comparing the rates of removal with the rates of additive techniques these are 

significantly faster. To contextualize the rise of AM and its impact in industry, an Efficiency-

Figure 1 - Impact of 3D printing on manufacturing systems (source: Economic Implications of Additive 
Manufacturing and the Contribution of MIS Economic Implications of Additive Manufacturing) 
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Flexibility analysis was made to indicate how AM has opened opportunities for manufacturing 

companies in three regards. 

1. AM offers higher levels flexibility then current production solution when it comes to 

geometry complexity, previously difficult to fabricate.  

2. The flexibility offered by AM allows for an increase in efficiency, especially when a context 

of job shop manufacturing, where automation technology can substitute human labor and 

reach higher quality standards. 

3. AM comes at time where traditional mass production is switching to mass customization 

(nowadays markets do not accept a one size fits all approach). Therefore, companies can 

take AM for purposes of offering customers a broader range of individualized offers. 

2.1.1 The Potential of AM 

The ability of AM to produce parts without needing special sets of tools and major setups allows 

for saving in time and money. High capital expenditures in specific production facilities and 

production specialists can be reduced to a minimum, in certain cases manufacturing know-how 

can be made almost obsolete. These key aspects allow for manufacture to become independent 

of location, time and know-how therefore making AM a ‘Print on Demand’’ service. This results in 

the possibility of an almost independent product development and production, leading to new 

business models that focus either on services within product development or on offering 

manufacturing resources. The ability to individually design products with fewer limitations leading 

to innovative approaches in product development, can be proven by looking at multifaceted 

examples, robotic arms with bionically designed joints, components with cavities to isolate and 

reduce material (aerospace), internally cooled turbine blades and others. This changes in product 

development results in the increasing understanding of products as individual solutions which will 

open up a completely new quality of functional products. (6) 

Resource efficiency is also a key advantage of AM, utilising the principle that only the areas 

making the part will have material deposition, material waste is virtually inexistent. According to 

experts, material and weight savings of over 70 % may be possible regarding components in 

aviation and automotive industries. Logistics no longer have impact in production allowing for 

significant transportations savings, as well and an environmental positive impact. 

This new future where Digital Fabrication will have major impact economically and socially, 

McKinsey & Co. (7) estimates that 3D printing will reach a total economic impact of over 500 

billion euros by 2025. Digital Fabrication will allow for greater innovation and opportunities for 

entrepreneurs, transforming ideas into reality will no longer take weeks or months, but rather days 

or hours.  

2.1.2 Metal and Direct Energy Additive Manufacturing 

Among the many materials AM can work on, metals are potentially the ones with the most overall 

impact. There are a number of different technologies used in today’s systems of Metal Additive 
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Manufacturing. They can be classified by the energy source or the way the material is put 

together. The pre-processing work is common across all processes, a CAD model must be sliced 

into layers, which are then processed and built into a physical part. 

The processes for metallic AM can be sorted by Powder bed fusion (PBF) or Directed energy 

deposition (DED).  

Powder bed fusion (PBF) utilises a platform where a powder bed is created by coating powder 

across the work area. An energy source either laser or electron beam is used to melt the powder 

and fusing it with the previous layer, additional powder is then raked across, and the cycle 

repeated to create a solid three dimensional component. These two energy sources require 

controlled atmospheres to work. The laser based systems use an inert atmosphere, usually 

nitrogen or argon while the electron beam process operate in a near vacuum (8). The final quality 

of parts manufactured by PBF processes is greatly affected by the great number of input 

parameters, research has listed over fifty, such as energy density, traverse speed and hatch 

spacing (9). 

 

The advantages this system include its ability to produce high resolution features, internal 

passages, and maintain dimensional control.  

Directed Energy Deposition (DED) uses a different principle of material delivery than PBF and 

can be used complex geometries as well as for as in-service repair operations. The focused 

energy beam is not melting a powder onto a bed, but rather delivering a powder or wire into a 

molten pool (10) (11). Both the energy source and the material delivery system must be in sync 

to successfully create the layers that form the designed part. For Powder-DED a representation 

of the procedure can be analysed in figure 3.  

Figure 2 – PBF setup  
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Figure 3 - Powder-DED setup (on the left) and picture of the system in operation (on the right). 

Wire-DED uses a feedstock of material in form of wire with an energy source such as electron 

beam, laser beam or arc. Wire feed systems are well suited for high deposition rate processing 

and have large build volumes making them perfect to manufacture larger parts. However, they 

usually requires more extensive machining than the powder bed or powder fed systems do to the 

surface’s finishing. 

In summary, there are a large number of diverse AM pieces of equipment commercially available. 

These may be broadly characterized as powder bed, powder fed, and wire fed systems. There 

are distinct advantages to each type of system dependent upon the intended applications, e.g., 

repair and refurbishment, small part fabrication, large part fabrication. 

Classification Type Technology 

Power bed fusion (PBF) Laser-PBF Direct metal laser sintering (DMLS) 

  Selective laser melting (SLM) 

  Direct metal production (DMP) 

  Laser metal fusion (LMF) 

 Electron beam-PBF Electro beam melting (EBM) 

Directed energy deposition (DED) Powder-DED Direct Metal deposion (DMD) 

  Laser engineer net shaping (LENS) 

  Laser consolidation 

  Laser deposion 

 Wire-DED Electon beam direct melting (EBDM) 

  Shape metal deposion (SMD) 

    Wire Arc AM (WAAM) 

 

Table 1 – Mapping of different commercial technologies by type of metal AM. Source: (22) 
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2.1.2.1 WAAM 

Wire+Arc Additive Manufacturing (WAAM) is a promising wire-DED methodology for solid 

freeform manufacturing aiming at reducing the time needed to go from a concept product to a 

manufactured one. The process uses a combination of an electric arc as heat source and a wire 

and has been investigated for AM purposes since the 1990’s (12). A great advantage of WAAM 

is the use of standard hardware, a welding power source, torches and wire feeding systems, all 

of which are available off the shelf. The motion will then be provided by robotic systems or 

computer numerical controlled equipment such as an adapted friction stir welding machine (7) . 

Nowadays there are three main techniques for WAAM: 

• Gas Metal Arc Welding (GMAW)  

• Gas Tungsten Arc Welding (GTAW)  

• Plasma Arc Welding (PAW)  

Gas metal arc welding (GMAW) is the process typically used which results in an easier tool path, 

the consumable electrode is the wire, and the welding torch is aligned coaxially. 

 

Figure 4 - Robotic setup (left) and a CNC setup (right). 

WAAM has been mainly applied to materials like titanium, steel and aluminium, easily seen by 

the available research in the field of metal AM. The reason behind it is that WAAM focuses on 

producing large parts for high demanding industries such as aerospace and transportation. It 

offers rapid processing times, materials-saving, flexibility in materials and easy adaptability to 

automation (13). 

Although the welding procedure referenced previously is the standard and is still used for steel 

and aluminum, when it comes to titanium this process is affected by arc wandering and needs a 

protecting atmosphere during the process otherwise the results are increased surface roughness 

(14). Therefore for titanium deposition tungsten inert gas (TIG) welding or plasma arc welding are 

used, however, they rely on external wire feeding for deposition consistency. This process has a 

greater level of complexity because as the wire is fed in the same direction, the torch requires 

rotation, therefore needing additional programming of the robot (7).  
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The high heat input involved in WAAM operations can affect the part manufactured in terms of 

residual stresses and distortion, therefore reducing the part’s mechanical properties and leading 

to difficulties in reaching the required tolerances. Several strategies have been studied in order 

to mitigate this issues. Firstly while setting the operation, optimisation of the parameters, clamping 

and optimisation of building strategy are key to ensure the part suffers as less distortion as 

possible (15). During operation the optimisation of cooling time, in order to use the existing heat 

to pre-heat the following layer and avoid excessive heating of the piece, results in a reduction of 

residual stress (16). Meanwhile the process that has seen greater influence on residual stresses 

is online rolling, the method of rolling consists in applying pressure to the layer through a cylinder 

which pushes a roller (Figure 5). The rolling process has great impact microstructural refinement, 

residual stresses and discontinuities (17).  

 

Figure 5 - Rolling process applied to WAAM (18) 

Post processing strategies also need to be taken in account, such as traditional heat treatments 

and post-deposition rolling. 

2.1.2.2 Business Analysis  

To make a business analysis for WAAM one has to take in account both the setup costs and the 

production costs, as well as the nature of the operation. The other comparable manufacturing 

processes are Metal Injection Moulding (MIM) and CNC machining for manufacture of bulk parts.  

For a WAAM setup a six-axis robot (€50k), a power source and torch (€30k) and the clamping 

tooling (€10k) constitute the basic hardware, totalling a €90k. MIM tooling can cost more than 

€30,000 while a CNC machine of five axes for medium-large size parts from international 

manufacturer such as DMG Mori, GF+, Makino, Mazak can take €300k to €650k.  

The nature of the operation has also to be taken in account. MIM is best suited for small and 

lightweight parts, significant production is required to amortize tooling costs and each mould limits 

itself exclusive to one geometry. Meanwhile a CNC machine will take upon a significant setup 

investment 300% to 600% higher than WAAM, the production of parts will still face several 

geometric constraints non-existing in WAAM.  
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For operating costs, let us neglect the energy consumption due to its marginal size and focus on 

the material utilized. AM operations built the part ground up, meanwhile CNC operations use a 

block material and machine it down until the part is obtained, this method is estimated to require 

70% more material than AM. Estimating steel prices between €2/Kg and €15/kg, aluminium 

between €6/kg and €100/kg and Ti–6Al–4V between €100 /kg and €250 /kg (price variation 

depends on the form they are provided (Bulk, wire, etc) and the type of alloy), it is easy to conclude 

there is an enormous need to save as much material as possible in the manufacturing processes. 

This information can also relate to why titanium driven research was on the frontline as to the 

other materials. 

To conclude WAAM has significant advantages over conventional manufacturing processes for 

large parts manufacture, design requirements and adaptability, where MIM is still the most eligible 

technology for repeated manufacture of the same part (big volumes).  

2.2 Geometry Complexity of metallic AM parts 

Prior to discussing the NDT technologies available and suitable for AM, one key aspect to take in 

account is the geometry of the parts manufactured. AM brings to the table new designs not 

available with more conventional manufacturing technologies. Todorov et al. (19) studied the 

complex metallic AM structures and divided them in five categories, of increasing part complexity.  

Group 1 can be classified as simple structures usually fabricated by conventional machining, 

where AM does not bring a key advantage in manufacturing due to not being economically viable. 

These parts are characterized by easy accessibility to its features, where traditional non-

destructive techniques can be applied.   

Group 2 is characterized by parts that take advantage of the AM capabilities to optimize parts 

that would require complex tooling processes, therefore not only creating parts with higher 

performance but also contributing to cost savings due the fewer material needed. On table 2 

shows an example of optimization done to an engine mounting bracket made of titanium, which 

lead to an 84% reduction in weigh while maintaining performance (20). Despite the increase in 

geometry complexity it is considered current technologies for NDT are capable of conducting the 

inspection despite few challenges.   

Group 3 is the group of components that are restricted to AM has conventional subtractive 

manufacturing is no longer applicable. However, the design of internal features such as channels 

that would require multiple components if manufactured through traditional methods, represent a 

significant challenge for NDT inspection procedures. Due to the limitations presented the 

available NDT techniques for post-process inspection are reduced to the ones based on imaging. 

Group 4 represents structures that are focused on performance and do not take in account 

manufacturing techniques or costs, although potentially produced by conventional methods they 

are designed for AM. The features incorporated are impossible to produce without the need for 
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traditional “line of sight”. NDT inspection is now a tricky and complicated task needing new 

developments in inspection approaches.  

Finally Group 5 structures are of extreme complexity and almost entirely produced by AM, as no 

subtractive technology can produce them. The so called lattice structures are very attractive due 

the strength to weight ratio, these components made of thousands of nodes can be optimized to 

very specific needs. The result of all these complexity is the lack of NDT technology available for 

inspection. Both group 4 and 5 face great challenges when tackling quality assurance.  

Table 2 - Geometry Complexity of metallic AM parts 

Group Type of Geometry Illustration 

1 Simple Structure  

2 Optimized Structure 

 

3 Embedded Features  

4 AM Designed  

5 Lattice Structures 
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2.3 Defects in Additive Manufacturing 

The defects detected in additive manufacturing can be very easily related to the ones found in 

welding and joining processes as the production principle is the same.  

Nowadays when an approach for Quality Assurance (QA) in additive manufacturing is made, the 

first issue is the inexistence of  international standards, and the ones being developed are focused 

on more established AM technology such as plastics based AM and PBF. Regarding WAAM the 

current QA tests are neutron diffraction and contour method to measure residual stress and X-

ray and ultrasound for defects (1). Nonetheless despite the few tests there is no reference to the 

approval criteria of defects.  

In order to establish some criteria for the defects and due to similarities between AM and welding 

procedures the International Standard ISO 65201 was used. The following table reviews the type 

of defects sorted by its location (Surface or Internal). 

Table 3 – Mapping of Defects based on ISO 65201 

 
Designation Referance to ISO 65201 

S
u
rf

a
c
e

 

Crack 100 

Lack of Fusion 401 

Continous under cutting 5011 

Intermitent undercut 5012 

Excess weld metal (Humping) 502 

In
te

rn
a

l 

Cracks 100 

Micro-crack 1001 

Gas Pore 2011 

Uniformly distributed Porosity 2012 

Clustered Porosity 2013 

Linear Porosity 2014 

Lack of Fusion 401 

 

From this review the defects can be grouped in the following categories: 

• Porosity can be caused by trapped gas or by lack of fusion between layers. Gas porosity is 

thought to occur due to high material delivery rate which results in the shielding gas to become 

entrapped within the melt pool (example figure 6). 
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• Cracking typically results either by contamination or by a difference in the materials 

coefficients of thermal expansion. (21) 

• Undercutting is not a common defect in metal AM, but in specific processes such as WAAM 

it can occur, although highly unlikely, between the first layer and the substrate due to 

excessive current or very slow speeds.  

• Lack of fusion happens when there is insufficient energy density in the melting pool (22) or 

poor wire quality.  

• Excess weld metal or more commonly referred as Humping is the uneven deposition of 

material, leading to excess or lack of it. The main cause is an imbalance in the wire feed 

speed/travel speed ratio. 

 

 

 

 

 

As referenced in the causes of each type of defect, it is easy to deduce that the primary reason 

for their existence is the improper selection and control of processing parameters.  

Defects present in an AM produced parts will require rectification or they result on a discarded 

part. Correcting the critical discontinuities after the process is finished has a great impact in the 

final costs, therefore in-process elimination is the most seek solution. This elimination can be 

conducted through processes of mechanical deformation such as rolling or by in-process 

machining and further metal deposition 

Nowadays the current challenge is not the effective correction of the discontinuities but the 

previous step needed, correct identification of discontinuities and defect assessment. The first in-

process inspection methods studied and deployed were focused on controlling the geometry of 

Figure 6 – Example of porosity in a Al part. 

Figure 7 – Example of Humping  



31 

 

the manufactured part rather than the detection of flaws. Due to the lack of studies in the field of 

QA for AM and more specifically WAAM, in regards to discontinuities detection, a review on the 

existing non-destructive techniques will be conducted to further select the most suitable 

processes.  

2.4 NDT Techniques   

Non Destructive Tests (NDTs) can be referred to the techniques used to inspect parts for 

discontinuities and as a result evaluate their defects. Through these methods it is possible to 

obtain information related to the parts physical properties and imperfections in order to evaluate 

its quality and/or the fabrication process. Application of NDT must be conducted by specialized 

technicians in order to minimize errors such as failing to detect a defect or a false positive result. 

The incorrect application of this methods may ignore critical flaws and structure failure may 

happened. NDT have seen several developments over the years due to increasing rates of 

industrial requirements.  

Integrating NDT with AM faces many challenges such as geometry, surface finishing and others. 

Also the need for implementation during manufacture as opposed to post operation, in order to 

save time, is a key aspect when selecting the NDT techniques.   

Visual Inspection 

Visual inspection (VT) is the most common used method, although many are not aware of its use. 

VT can be considered as any type of analysis done by the naked eye or with help of simple optical 

instruments such as a magnifying glass.  

In many industrial applications the visual testing is the first deployed method allowing identification 

of problem areas, obtaining information also gathered by other NDT. VT allows for the user to 

immediately reject a part on obvious critical defects and/or identifying non critical irregularities 

that will otherwise appear on other NDT has false positives.  

VT should be performed by a skilled technician with deep understanding of visual mechanisms, 

illumination and its impact on the testing, perception theory and color identification as well as 

auxiliary visual inspection equipment (magnifying glass, TV system, etc). 

This method has the main objective determining among others, superficial conditional and 

alignment and finishing quality of a weld. (23) 
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Penetrant Testing 

Penetrant Testing (PT) is a non-destructive method that utilises a penetrant 

followed by the removal and the application of a developer, this will allow visible 

indication of surface irregularities.  

The method is based on capillary action, where low surface tension fluid penetrates 

into clean and dry surface-breaking discontinuities. This way when removing the 

excess penetrant off the surface only the remainder placed on the irregularities will 

stay allowing for a developer agent to reveal the discontinuities. The procedure for 

the PT test is shown on figure 8.  

As the main objective of this procedure is the detection of surface discontinuities by 

the introduction of a liquid penetrant it is important to be aware of the key factors 

influencing the test. The technician should be aware of existing obstructions to the 

absorption of penetrant, contaminates, defect geometry, temperature and pressure. 

PT can be deployed in any material with the condition that the application surface 

is in suitable conditions, which in AM/WAAM is not common unless some type of 

machining is applied. (23) 

Magnetic Particle Testing 

Magnetic particle testing (MT) takes advantage of the magnetic field effect in a 

ferromagnetic material and with the application of ferrous particles discontinuities can 

be identified by their accumulation. The magnetic field effect can be applied by direct 

or indirect magnetization. Direct magnetization occurs when an electric current is 

passed through the sample and a magnetic field is formed in the material while 

indirect magnetization occurs when a magnetic field is applied from an outside 

source, no electric current is passed through the test object.  

When a magnetic field is put into the sample discontinuities in the material will create 

distortion in the lines of the field. If the discontinuity is at the surface a leakage in the 

magnetic field will occur and the ferrous particles will be attracted to it and will indicate 

the trajectory of the irregularity. Although if the discontinuity is parallel to the filed lines 

then there will not be a build-up of particles. 

MT is a one of the fastest, most economical and with higher sensitivity NDT methods 

with applications during fabrication, machining, thermic treatment or in service. 

Nowadays its rage of application rages from the naval, auto to aeronautical and 

others. For implementation in an AM environment the application of this procedure would be 

restricted to a post-process evaluation. (23) 

Figure 9 – MT 
procedure 

Figure 8 – PT procedure 



33 

 

Eddy Currents 

Eddy Currents Testing (ECT) applies a magnetic field into the material sample with the purpose 

of establishing an evaluation. The primary focus is detecting surface and sub-surface defects, i.e. 

up to a few mm below surface, in a wide range of metals. Its application can also determine 

hardness of metals subjected to heat treatments and retrieve information about residual stresses 

close to the surface. 

The principle used for ECT is electromagnetic induction where a probe consisting of an 

electromagnetic coil is placed near the sample surface of a conductive material. An alternating 

current (AC) is applied to the coil producing a varying magnetic field. The variation in the magnetic 

field will induce circulating currents, also known as Eddy Currents. This type of currents is created 

as the material attempts to counter the coil’s primary magnetic field, they are closed loops of 

current circulating parallel to the sample’s surface and perpendicularly to the magnetic flux 

direction. A second magnetic field is then produced by the eddy currents that will interact by 

opposing the primary magnetic field and changing the impedance of the coil. A discontinuity can 

be detected by a distortion on the second magnetic field while scanning the sample, this change 

will impact the coil’s impedance, and using sensors to continuously monitor the impedance any 

irregularities affecting the eddy currents can be detect (24). The representation of this procedure 

can be seen on figure 10. 

The appied eddy current field on the sample’s surface as two main properties that change when 

irregularities in the test material appear, the field’s magnitude and phase as function of time. As 

reference previously the coil’s impedance is affected as well as the circuit resistance and the 

inductive reactance of the coil. As the circuit resistance and inductive reactance do not occur at 

the same time, they cannot be added together to determine the circuit’s impedance therefore 

instrumentation is needed to apply algorithms that calculate magnitude and phase angle 

associated with the impedance at the particular point. These data is computed in real time and 

can be stored to develop two-dimensional representation and analysis of the probe’s position in 

the sample material (25). 

Figure 10 – (a) Representation of the primary magnetic fied (blue) induced by the coil, (b) Eddy currents 
are induced (red), (c) second magnetic field (yellow) produced by the EC opposes de primary magnetic 

field. (source: olympus-ims.com) 
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In order to achieve consistent and reliable results, a variety of factors such as electrical 

conductivity, magnetic permeability and geometric properties of the test material, the operational 

frequency of the eddy current probe and proximity of the probe to the surface must be 

compensated. Eddy currents is directed correlated with electrical conductivity which measures 

the material’s ability to conduct electric current. The higher the conductivity the greater the flow 

of eddy currents, so factors such as material composition, ambient temperature, residual stresses, 

heat treatment, work hardening or conductive coatings will have impact on ECT. On the other 

hand, magnetic permeability characterizes the material’s ability to be magnetized, it is a ratio that 

compares two flux densities. Nonferrous metals (Aluminium, austenitic stainless steels, etc) are 

considered to have the same relative permeability to vacuum or air with the value of 1. Ferrous 

materials have orders of magnitude much greater than 1 and can have values between 100 and 

5000.  

The operating frequency is another key parameter in order to have optimal resolution allowing 

correct identification between signals derived from irregularities and noise produced. Frequency 

can be controlled by the operator and has significant effect in the relation between phase and 

signal strength of irregularities. Therefore correct frequency is mandatory to achieve acceptable 

results. Parameter such as detection sensitivity, probe size, and depth of penetration should 

always be taken in account while choosing frequency. (26) 

The American Society for Testing and Materials (ASTM) gives the eddy current density at a given 

depth, y, as: 

𝐽𝑦 = 𝐽0 𝑒𝑥𝑝 − 𝑦√𝜋𝑓𝜇𝜎 

𝐽𝑦 =  𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑎𝑚𝑝𝑠/𝑚2 

𝑓 =  𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐻𝑧)  

𝜇 =  𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝑦 =  𝑑𝑒𝑝𝑡ℎ 𝑓𝑟𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑚) 𝑎𝑙𝑠𝑜 𝑘𝑛𝑜𝑤𝑛 𝑎𝑠 𝑠𝑘𝑖𝑛 𝑑𝑒𝑝𝑡ℎ 

𝜎 =  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑚ℎ𝑜/𝑚 
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An induced eddy current field is denser closer to the surface and decreases as depth increases 

therefore a zone for reliable detection using such field must be calculated. For standard depth 

penetration Hagemaier (26) defined it has: 

𝛿 =
1

√𝜋𝑓𝜇𝜎
 

On figure 11 the relationship between the parameters and the impact on the eddy current depth 

of penetration is shown. The depth can also be considered the position where the density of the 

eddy current field is 37% of the surface. Figures 12 illustrates the depth penetration as function 

of frequency for a range of materials. 

 

 

 

 

 

 

 

 

During inspection it is important to take in account the geometry of the sample as the eddy 

currents can be affected by it. Along with geometry perpendicularity of the probe is also key as 

liftoff with influence the processed signal. The main adversity from AM parts as to do with the 

overall surface roughness of parts that has proven difficult to distinguish signals from cracked or 

scratched areas from signals of smooth surface where the noise was significant. Tests done by (27) on 

Figure 11 – Illustration of depth penetration (source: olympus-ims.com) 

Figure 12 – Depth penetration as function of frequency 
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a Selective laser melting valve showed just that, the scratched areas were not able to be 

distinguished from the crack areas.  

 

ECT has been applied worldwide over the past 50 years in diverse industries such as automotive, 

petrochemical, aviation, nuclear, and aerospace. Acceptance of this technique in such diverse 

fields of manufacturing, quality, and integrity assurance applications confirms its importance to 

the industry and therefore must be considered as one of the NDT for WAAM inspection.  

Potential Drop 

The Potential Drop inspection method is another NDT technique which has been proven helpful 

in identifying superficial and sub-surface cracks. The physical principle behind it relies on the 

measurement of the potential drop by an increase in the electric resistant between two 

measurement electrodes in a presence of a discontinuity. This method allows for the assessment 

of crack sizes and does no replace usual methods for crack detection.  

For the potential drop method the surface of the specimens must allow the electrodes to make 

good contact to ensure the current is induced correctly, differences in transition resistance can 

lead to false results. Meanwhile surface roughness also impacts the results by reducing accuracy 

of the sized cracks. Frequency will have an important role here has higher frequencies result in 

minor skin depth therefore requiring greater quality of surface finishing. PD testing has shown to 

have reliable results up to depths of 10 mm, however the type of material analysed and variations 

in the microstructure may influence the results. 

There are two approaches to the potential drop technique, Alternating current potential drop 

(ACPD) and Direct current potential drop (DCPD).  

Alternating current potential drop (ACPD)  

The ACPD method uses an alternating current (AC) passing throw the test specimen which due 

to the skin effect, already reviewed in the Eddy Current section, flows primarily close to the 

surface. An induction effect arises in the measurement circuit and the currents density will have 

a decrease as function of the distance below the metal surface. The principle for the measurement 

Figure 13 - SLM valve body inspected by ECT, smooth surface on the right and scratched area on the right 
(source: MSFC) 
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of the crack depth utilises two electrodes, perpendicular to the surface (A1 and A2), to induce a 

current flow in the specimen. Two other electrodes halfway between will measure the potential 

drop proportional to the currents path length, which is caused by the contouring of the crack by 

the current, as showed in figure 14 (28). Increasing the skin depth, means that the voltage 

readings and the sensitivity to changes in crack depth are both reduced, but will allow to determine 

the presence of subsurface flaws. (29) 

 

Figure 14 – Representation of Alternating current potential drop (23) 

Direct current potential drop (DCPD) 

The DCPD method although currently not a mainstream NDT is one of the oldest, and was used 

to measure specimens thickness, estimate crack depth and monitor crack initiation and 

propagation in a laboratory tests. As the name suggest the main difference from ACPD is that the 

electrical current injected is direct current (DC) as opposed to AC. The physical is very 

approximately the same as the previous one, one pair of electrodes inject the current with 

sufficient distance to ensure field uniformity in the inspection area while any discontinuities will 

reduce the cross-sectional area of the specimen increasing the resistance and ultimately the 

potential difference between the electrodes B.  

This method has the benefit of using a defect-free zone signal as a baseline to compare with 

defected areas, therefore despising disturbances such as changes in temperature, lack of stability 

of the input currents or other undesirable changes in instrumentation (30). 

 

Figure 15 – Representation of Direct current potential drop (23) 

For AM and WAAM the potential drop method can be combined with other NDT techniques for 

inspection purposes on and off line. 
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Acoustic emission 

Acoustic emission (AE) is an NDT method based on the detection of acoustic waves radiated by 

the material due to irreversible changes as a result of plastic deformation due to mechanical 

forces or temperature gradient. Therefore elastic or stress waves are produced by this 

displacement with frequency’s above the hearing range and can be detected with piezoelectric 

sensor of high reliability.  

During inspection the flow of energy must be generated by the material itself making this NDT 

method perfect during operation of the part while defects are being formed (microcracks, etc) due 

to the applied loads. The source can be detected through triangulation algorithms and analysis of 

the amplitude of the signal received.  

Process Compensated Resonance Testing  

Process Compensated Resonance Testing (PCRT) as similarities to AE but the main difference 

is that the part is excited by and external source as opposed to have the origin from within. In this 

method the part is excited to one or several resonance frequencies and upon the result the part 

can be accepted or discarded based on a shift in resonance frequency.  

This technology has be successfully used in testing complex parts such as engines blades. (31) 

The method has been extremely successful due to its reliability and fast deployment. Although as 

it is an overall inspection procedure (used in QA) it does not indicate the source of the defect, 

therefore additional NDT techniques are required. PCRT has a clear advantage over AE as it can 

be deployed for QA. 

Ultrasonic Testing 

Ultrasonic Testing (UT) is the method of inducing a sound wave into a working sample and 

receiving the respective reflection. The reflection will occur when the wave gets to the bottom of 

the sample or when it finds discontinuities. The analysis of this signals also known as echoes will 

provide the information needed to map the discontinuities and their size.  

This type of testing must be adjusted with standard specimens in order to make necessary 

corrections and therefore be capable of achieving correct results. Typical ultrasound 

instrumentation measures a waves amplitude’s as function of time. The probe is made by a 

piezoelectric element that when activated by an electrical signal will induce a sound wave on the 

part by means of a couplant (such as oil) or by water. 

https://en.wikipedia.org/wiki/Stress_wave
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UT is one of the most versatile NDT methods as it can be applied to any type of material (such 

as metal, plastic, wood, composites, etc) where their properties need to be taken in account in 

the setup.  

Phased Array Testing  

Phased array ultrasonic testing (PAUT) differs from conventional UT due the many piezolectrical 

elements as opposed to a single one. Each one of this elements is independently controlled which 

allows each set of individual waves to be put together making an ultrasonic beam. Each and every 

element is configured by the software algorithm called delay law or focal laws. The delay law will 

define the time delay for each element according to the beam steering and beam focusing [4], 

therefore guiding the acoustic energy to the interest area.  

 

 

Phased array testing allow for reduced times of inspection due to the elimination of “mechanical 

exploration” where a technician has to move the probe back and forward, as well as increase in 

reliability has no couplant is lost in the making of the movement. Different technics of inspection 

using passed arrays can be deployed manually on weld, but in order to save more time, line 

scanning should be used rather than raster scanning, increasing therefore productivity.  

Figure 16 – Example of a UT probe and instrumentation display 

FFigure 18 – Exemple of a phased array 
procedure. 

Figure 17 – Comparison between conventional UT 
and phased array (left) and example of a B-scan 
(right) 
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Despite the advantages indicated, there are limitations, phased array equipment tend to be 

significantly more complex than conventional instruments, making it hard to operate, requiring 

specific formal training and experience to ensure the full potential of the equipment is taken. Setup 

times may be very time consuming as the input parameters of inspection angle, focal distance 

and scan pattern, among others, must be determined and selected, in order to establish the focal 

laws. However once established they may be saved and quickly deployed for subsequent 

inspections. The test specimen’s surface can also be a key factor in good performance of phased 

array testing as maintaining good coupling is mandatory and may be proven difficult. 

 

Immersion Ultrasonic Testing 

Immersion Ultrasonic Testing (IUT) is and NDT ultrasonic method where a work piece is 

completely immersed in a liquid coupling medium, creating therefore optimal working conditions 

for an UT probe, as even the shortest dead zones will be covered. This technique may be 

operated remotely and although different types of coupling medium’s may be used, water is 

preferred for most operations. In IUT the visualization of the sound waves is slightly different, 

between the initial pulse and the back wall echo there will be an additional echo caused by the 

sound wave going from the water to the work piece. This additional echo can be ignored by setting 

up the instrumentation to show the first echo as the front wall one. Some energy is lost when the 

waves hit the test material, so the front wall echo is slightly lower than the one of the initial pulse. 

[5] For AM IUT could be deployed post-process but the amount of effort for the setup when 

compared to other NDT methods makes a non-preferable option. In WAAM can get further 

complicated has the process is designed to manufacture large parts which would require an even 

larger setup to immerse the part. 

EMAT  

Electro-magnetic acoustic testing (EMAT) is a method that utilises a magnet and an electrical coil 

to generate a sound wave in the work specimen. The physical principal uses a current passed 

through a coil, eddy currents are then induced in the component resulting in the static magnetic 

field exerting a force on the eddy currents. The alternating current passing through the coil, will 

enable that both the eddy currents and the force will change direction with the change in the 

current. The oscillating force causes the particles of the component to oscillate, generating an 

acoustic wave which then propagates through the component. 

Figure 19 – Raster scanning (left) compared to line scanning (right) 
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The EMAT resolved several market needs resultant of regular UT handicaps such as the need to 

inspect objects with high surface temperatures common in power plants, chemical and metallurgy 

industries. UT for this type of situations was faced with the absence or very expensive couplants, 

special protection for transducer form the high temperature of the object’s surface as well as for 

the technicians operating the probe. EMAT using ultrasound excitation and reception approved 

itself to the most reliable in this type of operations, due to being contactless and not needing 

couplant as it was described previously. Nowadays 

fully implemented in industry also due to its 

simplified construction (EMA traducer has less parts 

then a conventional piezo-electric) and the 

advantage of being contactless enables it to be 

protected from thermal impact with a heat-resistant 

material with low thermal conductivity (several types 

of composites are used) (32) (33). For WAAM EMAT 

shows itself to be a potential contender for on-line 

inspection, where very elevated temperatures are 

present. 

Laser Ultrasonic Testing 

Conventional UT methods make part of the most used NDT procedures and are widespread 

through several industries due to their reliability and cost effectiveness, nonetheless they have 

two major limitations. The first one was previously referenced when describing the need for EMAT 

and is also applicable in this case, the inspection of objects at elevated temperatures. The 

absence of coupling or the expensiveness of this and the need for thermal protection resulted in 

implementation of EMAT but still the need for close proximity makes this NDT method unsuitable 

to inspect parts in a conveyor since motion of the parts will not allow for a constant distance 

between the transducer and the object’s surface. 

The second limitation is the requirement for proper orientation of the transducer with respect to 

the surface when this is in the pulse-echo mode, which is of most interest since it requires single 

sided access and provides flaw depth information. This information cannot be obtained using a 

transmission mode, with transducers located at opposite sides of the specimen. Precise 

orientation requirements follow from the fact that the transducer is a phase sensitive device that 

emits or receives from its whole surface. Angular tolerance is about a few degrees or much less 

if the amplitude of the ultrasonic echoes has to be precisely monitored. Consequently the 

inspection of curved or contoured parts requires a surface contour following device, which will be 

very complex and difficult to implement, especially in the case of acute discontinuities of the 

surface. [6]  

Figure 20 – EMAT Probe – on the left the 
transducer as is, on the right with heat 
protection from fiberglass. 
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Laser ultrasonic testing (LUT) appears to resolve this two major handicaps present on other UT 

using lasers to generate and detect ultrasonic waves (34) (35). 

With LUT, transduction of ultrasound is performed at a distance ranging from several cm to 

meters, and utilises two lasers, one for the source of the ultrasound at the object’s surface and 

another for detection of ultrasonic motion off the same surface. This allows for examination at 

high temperatures and eliminates normalcy requirements. Since there is no requirement for the 

objects geometry, LUT is suitable to perform at greater speeds than robotic systems equipped 

with conventional UT. 

Jean-Pierre Monchalin has shown a laser-ultrasonic system can actually be used on-line in a steel 

mill and provide unique information, which can be used to improve production control. Donatella 

Cernigliaet al. 2013 focused on the ultrasonic technique, using a pulsed laser to generate acoustic 

waves on reference samples manufactured by Laser Melt Deposition (LMD) and a laser 

interferometric system to detect them. The use of scanning laser transmitter and receiver and the 

interaction of the incident ultrasonic wave with sub-surface and surface defects have also been 

widely investigated (36) (37). 

The reference samples manufactured by LMD and provided by TWI were analysed and defects 

with sizes ranging from 100 µm and depth up to 700 µm have been successfully detected with 

high sensitivity. The following proposed developments include noise reduction techniques, 

advancements in automatic selection of parameter values as well as additional analytical and 

statistical developments in automated defect detection. [7] 

LUT has EMAT did in the past, has gathered strong interest from researchers and industry for a 

new and better ultrasonic NDT method. Although not yet established in industry, current 

challenges such as reduced sensitivity compared to classical techniques, use of inappropriate 

detection methods, lack of adequate laser technology and high implementation cost are being 

tackled and further development hope to overcome them. 

In conclusion, LUT is suitable to be applied in some application of the industrial world however 

more research should continue to be published and results can lead this technology to be 

established alongside the ones already commercialized.  

Figure 21 – LUT setup 
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Radiographic Inspection 

Radiographic testing (RT) more commonly referred as X-Ray is an inspection methodology where 

a radiation source emits energy waves, usually X-Rays or Gamma-rays, through a test 

specimen’s into a film or detector. An internal representation of the part is therefore created due 

to differences in material density and thickness that have direct impact in the absorption rate. 

Typical industrial RT uses X-Ray equipment or radioactive isotopes such as 𝐼𝑟192 or 𝐶𝑜60 that will 

emit electromagnetic waves with lengths inferior to 10nm. The inspection object/structure 

properties as well as the source should always be taken in account, as crack type and positioning, 

object thickness, source power will influence the setup parameters and the operation’s time. Due 

to the radioactivity involved in this type of testing, it is of paramount importance to ensure that the 

safety rules are strictly adhered during operation. 

In industrial applications radiography can be one of the most reliable NDT methods due to its 

good results, good visual interpretation and application to a variety of materials and geometries.  

X-ray backscatter 

X-ray backscatter technology (XBT) can be considered an advanced form of X-ray application, in 

contrast to typical RT that evaluates variation in the X-ray intensity, XBT detects the radiation 

that reflects from the target. The physical method uses spatial density distribution of an object by 

measure of intensity distribution of scattered X-rays. 

XBT can be an attractive testing procedure for defect detection due to its ability to detect cracks 

below surface, the material properties other than density and surface roughness do not impact 

the test, the setup can be made to be contactless and the X-ray source and a detector can be 

located on the same side of the object, enabling testing of massive extended structures, such as 

the ones created by WAAM. 

 

Figura 22 - XBT setup 

Recent studies have shown optimal XBT results in sub surface crack detection, without requiring 

surface treatment and/or preparation but requiring significant amount of time to perform detection 

of micro cracks due to narrow pitch scanning of an object surface. Babot et. Al (38) showed 

experimentally that XBT can detect an artificial crack of 0.02 mm width located in steel at 3 mm 

https://en.wikipedia.org/wiki/Backscatter
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depth of near-surface cracks under weld-deposited cladding. The result should make XBT 

suitable for defect detection in AM although the operation’s time will require technologic advances 

to make it applicable in production.  

 

 

 

 

 

To tackle this issue S.Naito et Al (39) are studying a XBT using uncollimated X-ray irradiation 

(XBU), which enables to inspect a large area of an object surface at once by large area X-ray 

irradiation and X-ray 2D detection. This type of testing would be very interesting for WAAM due 

to the nature of fabricating large components.  

Computed Tomography 

X-ray computed tomography (XCT) is a method of forming three-dimensional (3D) representation 

of a specimen by taking a set of large set of X-ray images around an axis of rotation and using 

algorithms to reconstruct a 3D model. 

Different methods of data collection have been tested over time and with each new developed 

has decreased the operation’s time. The three main methods of XCT are represented in figure 

24, the first uses a pencil beam that translates linearly along with the respective detector capturing 

density data, the setup is the rotated in small increments until a full 3D model is created. The 

second method uses a two-dimensional (2D) fan of X-rays that are able to range the full width of 

the specimen, detecting the radiation with a 1D sensor. The third model is very similar to the 

previous one but now utilizes a full 3D cone of X-rays in a 2D detector, increasing dramatically 

the speed of data collection. 

 

Figure 24 – Representations of pencil, fan and cone XCT methods. (Source: Hsieh J 2009 Computed Tomography: 

Principles, Design, Artifacts, and Recent Advances (Bellingham, WA: SPIE Optical Engineering Press) 

Figure 23 –Image (11mm x 11mm) of XBT when using the pinhole of 1.0 mm diameter 

Artificial crack of 0.5mm with. 
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To construct a 3D model, all the data collected by means of one of the previous presented 

methods will be processed through an algorithm that that reads the x-ray intensities building up 

slices of images until a full model is presented (40). The resulting 3D reconstruction can then be 

used for a variety of applications, from simple visualisation purposes to direct measurement of 

geometries or conversion into an .STL (STereoLithography) file for AM production. XCT and AM 

were first combined for purposes of medical investigation to model and manufacture a real life 

replica of a skull in 1990 (41). Meanwhile the joint venture of this two technologies has seen 

increasing developments in producing complex human and animal models that can be afterword 

used to manufacture implants. When applied to analysis of AM parts XCT can be very useful to 

compare STL files in order to read tolerances and geometric standards. Nowadays there is not 

better method to evaluate and measure internal features then XCT due to its volumetric nature. 

Such features as pores are hard to measure with other NDT, as although detected the overall % 

of porosity is not achieved easily, authors have been able to do through calculation of the ratio of 

the number of voxels representing pores to the number voxels representing solid material in an 

XCT scan (42)  

In a study made by Jorge Mireles et Al.  (43) parts were fabricated using an EBM powder bed 

fusion system processed from Ti–6Al–4V. To analyse defects from the parts fabricated a CT 

scanning method, capable of detecting defects as small as ∼40 μm. To ensure CT results and 

evaluate its resolution, a part was manufactured by Electron Beam Melting (EMB) was design 

with internal defects. Different geometries such as spheres, triangular prisms, cylinders and cubes 

were made simulating porosity sized from 100 to 2000 μm. Defects with similar geometries were 

added occupying three and four layers in thickness to determine the effect from melting of 

subsequent layer. 

For the CT analysis a model was made using scan data of 60 μm slices of the part. After analysis, 

the defects found were no larger than 600 μm and the defects spanning three and four layers in 

thickness were still present. Defects smaller than 600 μm may not have been detected due to the 

accuracy of the EBM fabrication (±200 μm) that make it difficult to fabricate defects of similar size. 

This is yet again evidence of the high reliability of CT scanning.  

Figure 25 - Part designed with internal defects source: (19) 
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Neutron Imaging 

Neutron imaging also know has neutron radiography is a non-destructive testing method for 

material with both industrial and research application. It has been successfully used over the last 

few decades due to the special features of neutron interaction with matter making it possible to 

inspect bulk specimens and allowing characterization of light elements beneath a matrix of 

metallic elements. A neutron imaging setup’s performance will be based on the neutron source 

properties, the collimator design and on a fast and efficient detection system.  

Neutron radiography is used across many research centres but only few have the latest 

technology while most still use basic technology such as film based detection systems. 

Development in new types of radiation detectors and signal processing techniques increase 

efficiency and resolution therefor allowing application of low intensity neutron sources. Initiatives 

as the “Development of Improved Sources and Imaging Systems for Neutron Radiography” 

promoted by the International Atomic Energy Agency (IAEA) have focused on development of 

detection systems for fast neutron radiography and software for correction allowing this testing 

method to be more reliable and not restricted to state-of-the-art facilities. 

The principle behind neutron imaging is similar to that of the X-ray, a beam of neutrons passes 

through a sample and leaves and image on a film or detector. The way neutrons interact with the 

nuclei of the atoms of the sample and the absorption and scattering properties of the elements 

make it possible to produce images of components containing light elements, which cannot be 

easily done with conventional X ray radiography. Therefore neutron radiography has been used 

in applications requiring the identification of (light) materials inside solid samples. [2] Figure 26 

provides inception of the advantage of this method over X-rays, metallic parts become very 

transparent allowing liquids to be visualized with high precision. 

 

Fig. 26 – Neutron image of the injection nozzle for diesel engines.   

Conventional neutron imaging technique is based on the mapping of the attenuation function for 

a neutron beam transmitting through a sample and obtaining an image. This result as two main 

parameters, resolution and contrast. Resolution is influenced by the beam definition (collimation) 

and the detector system while the contrast is related to the interaction of the neutrons with the 
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matter. A limiting factor for the spatial resolution in imaging experiments is the detector system. 

[3]. Table 4 shows how different results of neutron imaging can be in relation to X-rays. 

Table 4 – Comparison of X-ray and neutron imaging of an equal sample. 

Sample X-Ray (450kV) Neutron Imaging (with magnified view) 

  

 

 

Neutron radiography has found its greatest applications in the examination of nuclear fuels, 

explosives, electronic components and engine turbines blades, with the advent of portable 

neutron sources, neutron radiography can also be employed away from reactors, opening up 

applications like WAAM. The lack of facilities for neutron sources is also the biggest disadvantage 

as getting neutron sources can prove to be a hard and expensive. 

Thermography 

Thermographic inspection is a method in which visual data about the thermal patterns of a 

specimen’s surface is analysed. The physical principle uses thermal radiation to map the 

temperature making this method contactless and able to be deployed in real time. It can be 

applied using passive or active techniques where in the first an external source of heat must be 

provided analysing the dissipation of heat at the surface. The second method refers to the cases 

where no heat source is needed due to the temperature of the sample itself, as in welding 

procedures or in disc brakes.  

Thermography has come a long way from a qualitative inspection technique, which required other 

analysis by more established NDT methods, to a viable industrial inspection tool capable of 

retrieving significant results. This development was mainly due to improvements in infrared 

camera technology and advanced signal analysis processes.  

The possibility to use this technology at a distance makes it able to inspect a relatively wide area 

in a short time, also the ability of being contactless provides a significant advantage over the 

conventional NDTs. Operational results can be accessed in real time or shortly after the inspection 

making the information available very short notice.  
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Jorge Mireles et al. (19) also evaluated IR imaging in his study (referenced on the XCT section), 

Figure 27 shows an IR image of the part (Figure 25 (presented in the XCT section)) with the 

designed defects that are evidenced by the spots within the rectangular melt area. Defects smaller 

than approximately 600 μm were either not detected by the IR camera or not properly fabricated 

by the EBM system. 

 

Comparing the results of the IR camera with the ones from a CT analysis the measurement of the 

defected area varied by 60%, where the IR images gave evidence of greater size flaws. The 

smaller defects of 600 μm were not detected either by the IR camera or the CT concluding that 

these may not have been fabricated.  

This along with other studies have demonstrated that IR imaging can be used in situ to positively 

identify porosity or defects during AM fabrication, making it one of the most prominent methods 

of non-destructive evaluation of AM-fabricated parts. Although Thermography has proven to be 

highly reliable and/or over achieving in detecting discontinuities, results of significant larger 

defected areas can be considered has false positives. Further developments in resolution 

technology will tackle this issue. 

Due to many NDT operations being performed in objects at room temperature or with lower 

ranges of temperatures than required for thermography the need for an external source of heat. 

The following methods provide different approaches to external excitation.  

Laser Thermography 

Laser spot thermography, or just Laser Thermography is one of the techniques of thermography 

that uses a high power laser source for external heat delivery. Energy can be delivered by short 

pulse, constantly or in a lock-in setup (44) once delivered it will diffuse in the specimens’ surface 

and discontinuities will be detect with the analysis of the temperature distribution near the laser 

spot. For isotropic materials, discontinuities will result in changes in thermal conductivity.  

Figure 27 - IR image for the part designed with intentional defects. (source: (19))  
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The scanning process can be point by point or performed in a continuous motion, laser 

thermography is uses a localized approach, where the IR camera could be placed close to the 

object allowing for greater resolution and therefore 

detection of smaller irregularities. This technique has 

the advantage of being contactless and requiring no 

surface preparation.   However, it is known that for the 

techniques to be successful, surfaces should be clean 

and free of deep scratches or indentations that would 

perturb heat flow in a similar manner to a crack.   

Vibro-Thermography 

Vibro-thermography is another type of thermography with a localized heat generation system, this 

one uses an ultrasonic transducer to generate elastic waves within the test specimen. This elastic 

waves will interact with the irregularities present in the object and due to the friction, energy will 

be dissipated in heat form and later detected by an IR camera. The detection process is similar 

to other thermography tests, the temperature distribution analysed will enable the detection of 

flaws (45).  

This technology is of simple setup, has very short 

measurement time (within seconds) making it a very 

suitable candidate for industrial operations. Although the 

need for contact in this type of testing constitutes a 

liability when compared to its “sister” technology laser 

spot thermography.  

Eddy Current Thermography 

Eddy current thermography is a combination of eddy currents and thermography to achieve a fast 

and efficient way of scanning the test specimen for irregularities. Eddy current thermography also 

known as induction thermography applies an electromagnetic wave on the inspection object and 

by Joule’s Law eddy currents will be transformed in heat. The combination of direct and diffused 

heating on the part with the presence of irregularities will result in changes in the thermal 

distribution pattern, detected by the IR camera. [11] This technique provides a way to inspect 

relatively large areas for surface and subsurface discontinuities in objects with complex geometry 

that would face inspection challenges with conventional NDT. Although potential disadvantages 

arise from reflected heat from the material under inspection which can interfere with the measured 

signal (increase in noise) as well as the difficulty to deposit enough amount of heat on the parts 

surface.  

Figure 28 - Laser Thermography setup (44) 

Figure 29 – Vibro-Thermography setup (45) 
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Optical Emission Spectrometry 

Optical Emission Spectrometry (OES) analysis the light emitted during welding processes and 

uses the emission lines in the spectra to retrieve the temperature profile (𝑇𝑒). This profile can then 

be correlated to defects (46). This correlation has been done with statistical analysis of the 

spectroscopic signals, but due to the high complexity task and to developments in the field of 

artificial intelligence (AI), solutions to automatically indicate whether a defect has appeared in the 

process have been developed (47). Directly related to spectroscopy monitoring are colorimetric 

approaches. In this case a color space, which can be defined as a completely specified scheme 

for describing the color of light, typically involving three numerical values or coordinates (48), is 

employed. A better understanding of this procedures can be analyses in figure 30 where two 

perturbations can be detected in a welding process, a variation in the stand-off distance between 

the electrode and the plates (t =3 s) and a protection gas shortage (t = 7 s).  

 

One of the most recent computational models is inspired in the human neocortex show great 

ability to map non-linear problems and the possibility of allowing an output classification in a non-

supervised manner. This features make this method highly suitable for on-line monitoring. Studies 

conducted in a setup of TIG welding process have shown mappings for 6 categories (0-correct 

welding, 1-lack of penetration, 2-excessive penetration, 3-misalignment, 4- different thickness, 5-

tajectory deviation and 6-protection gas shortage) where the classification rate reached the 86%, 

showing only problems between categories 2 and 4. (49) 

Figure 30 - Welding seam with two perturbations and their corresponding  𝑇𝑒 profiles (Boltzmann-plot: red 

line) and color temperature profile (blue line). (47) 
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2.5 Conclusion 

The main challenge for AM today and therefore for WAAM is the lack of QA standards and 

methods to ensure that the parts manufactured are suitable for the operation scenario they will 

be put through. Simple AM parts can be qualified by the same methodologies traditional parts are 

made, the big challenge arrives with the adoption of AM structurally critical components. The 

urgent need for AM standard has seen an unprecedented cooperation between two of the most 

established standards organizations, International Organization for Standardization (ISO) and 

ASTM, forming two joint groups for development of AM standards in the areas ranging from 

terminology to more importantly in this case NDT for AM parts (50). Although due to the timeline 

of the metallic AM technologies and being PBF the one with the most research done, priority has 

been given to this. Therefore, more research in WAAM NDT is needed to expedite the qualification 

of this type of parts.  

As previously seen, the increased manufacturing capabilities offered by AM allows for more and 

more complex designs, allowing for decreased weight but maintaining the expected performance. 

The parts ability to be inspected decreases, leading to the need of new technologies or application 

methods.  
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Figure 31 -Feasibility study of HTMs for welding on-line monitoring and defect classification. Results of the 
HTM output for categories: 0-correct welding, 1-lack of penetration, 2-excessive penetration, 3-misalignment, 
4- different thickness, 5-trajectory deviation and 6- protection gas shortage. (49) 

Figure 32 – Parts Inspectability 
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Upon review of the defects more frequently found in WAAM parts, the NDT technologies available 

and the restrictions due to geometry, several approaches can be taken when tackling this 

problem. Firstly, due to the majority of the defects being originated due to poor selection of 

operational parameters, developments and studies into monitoring technologies should be taken. 

Secondly AM and more specifically WAAM geometric complexity will not in certain situations allow 

for conventional NDT to reach target areas of inspection. To mitigate this problem, the inspection 

approach should be divided into in-line and off-line inspection where different NDT may interact.  

A review into the NDT methods as function of geometric complexity and type of application during 

the manufacturing phase, can be analysed in table 5: 

Table 5 - Review of NDT Techniques for Different Complexity Geometries (Legend: A = Applicable, P = 

Possible to apply technique given correct conditions, NA = Not applicable) 

NDT Method 
Geometry Complexity Group Type of 

application 
1 2 3 4 5 

VT A A P NA NA - 

PT A A P NA NA Off-line 

MT A A P NA NA Off-line 

ECT A A P NA NA On/off-line 

PD A A P NA NA On/off-line 

AE A A A A A Off-line 

PCRT A A A A A Off-line 

UT A A P NA NA On/off-line 

PAUT A A P NA NA On/off-line 

IUT A A P NA NA Off-line 

EMAT A A P NA NA On/off-line 

Laser UT A A P NA NA On/off-line 

RT A A P NA NA Off-line 

XBT A A P NA NA On/off-line 

XCT A A A A A Off-line 

Neutron Imaging A A P NA NA Off-line 

Thermography A A A A A On/off-line 

OES A A A A A On-line 

From the reviewed literature, the analysis upon geometry complexity and suitability to be 

implemented online or offline, an inspection approach can be deduced. There is no unique 

technique to be chosen but rather a set of NDT procedures should be combined.  
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For monitoring Thermography or and Optical Spectrometry are the most suitable candidates, 

which upon validation of their capabilities, can take part of the early detection system. 

Developments in AI technology can also be integrated creating an automatic detection systems 

and allowing for in-process rectification.  

Between the layers delivered by WAAM an on-line setup should be deployed (typically there 

should be a second robot arm for the NDT inspection). As reviewed UT and PAUT need couplants 

and are susceptible to high temperatures therefore they may not be the best approach to in-

process inspection, whereas EMAT or Laser UT can be a good approach. In the electromagnetic 

based NDTs PD or EC can be deployed but they have small depth of analysis which needs to be 

taken in account. The fairly new technologies Laser UT and XBT show prominent results and 

have a huge potential in this field, however they are still being developed and lack commercial 

setups.  Therefore, for on-line inspection PD, EC and EMAT (not studied in this work) are the 

most suitable candidates. Although due to the influence of the surface finishing in the process, 

rolling between steps may be required.  

For the off-line and post manufacture approach a broader set of NDTs can be applied, here costs, 

time for inspection and part size have to be taken in account. Easily XCT would be the best 

method, but due to the cost and the fact that WAAM focuses on the manufacture of large parts, 

size can be a restriction. XCT as well as X-ray have a handicap in finding some types of cracking 

defects. PT can be deployed to very easily identify surface discontinuities, the remainder methods 

referenced for on-line inspection including UT and PAUT can be also used, but surface machining 

may be required for reliable results.  

PCRT has shown to be a reliable inspection technology and can cover all type of geometries, 

nonetheless it only serves a QA method and taking in account WAAM focuses on large parts and 

is not designed for repeated construction of parts (although capable) this method will have to be 

considered case by case.  

To better understand the potential of NDT techniques work has been made in WAAM samples to 

validate and test their suitability and performance.  
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3. Manufacture and 

characterization of WAAM 

samples 

In order to establish a procedure for evaluation and inspection of WAAM parts, it has to be 

establish which techniques are viable, their advantages and handicaps. In this context WAAM 

samples had to be manufactured in both Steel and Aluminum.  

3.1 Steel Samples 

Steel samples were produced by Cranfield University. These samples were manufactured using 

Mild-steel (ER70S). Parameters were selected in order to produce WAAM parts with substantial 

defects. Therefore, the samples received are expected to have defects which can prove itself 

useful for NDT testing.  

 

 

 

 

 B  A  

30 mm 

Figure 33 – Steel Samples A and B 
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Figure 33 represents the samples produced at Cranfield University, in the present work samples 

A (34 mm X 24 mm) and B (44 mm X 16 mm) both with similar length were selected for further 

studies. 

3.2 Aluminium Samples 

The Aluminium samples were manufactured at Instituto Superior Técnico’s facilities. Sample C 

was manufactured by André C. (51) while sample D was manufactured with special purpose for 

this work. These geometries were produced with CMT (Cold Metal Transfer) arc welding process 

and the motion was provided by a six-axis Kuka Robot.  

The setup used had the following equipment: 

• Kuka 6-axis robot system;  

• Fronius CMT welding equipment + parameter controller;  

• Welding wire consumable ESAB ER5356, composition almost similar to Aluminium alloy 

AA5083 (Appendix A) and a diameter of 1mm;  

• Substrate plates of Aluminium alloy 5083 with the dimensions of 300mm x 50 mm x 

15mm;  

• Clamping system;  

• Argon shielding gas 99,9%;  

 

 

For the deposition strategy the samples geometry was drawn in the substrate in order to facilitate 

the robot programming. For the first Aluminum sample there were 15 lines representing the robot’s 

trajectory for each weld, the 15 welds would complete a full layer. Once a layer was completed, 

the sample would be cleaned and the process would repeat itself. For the Aluminum samples four 

total layers were completed, taking a total high of 30 mm. The parameters used to produce the 

parts are presented in table 6. 

Table 6 – Manufacture Parameters 

Current (A)  Voltage (V)  Wire Feeding Rate 
(m/min)  

Travel speed 
(mm/min)  

Gas Flow rate 
(L/min)  

Stick-out length 
(mm)  

130  17.6  11.4  600  17  15 -- 20  

Figure 36 – Kuka 6-axis robot Figure 35 – Fronius 
CMT VR 7000 

Figure 34 - Substrate setup 
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Upon the fabrication of the first sample, the geometry presented was not satisfactory, therefore a 

second iteration of the sample was made. This second iteration followed the same procedure and 

setup with the exception of the deposition strategy. A “Zigzag” deposition strategy was used as 

opposed to linear deposition used in the first samples, observed in figure 37. 

 

Figure 37 – Representation of “Zigzag” deposition strategy 

Once the first two layers were finished and approved in terms of geometry and finishing, four 

internal defects were manufactured for the purpose of testing the reliability of each NDT method 

in detecting such defects. The defects were introduced by drilling and filling the holes with chalk, 

in hopes that upon the next layering process they would not disappear simulating some type of 

inclusion.  

 

 

3.3 Material Characterization  

To fully characterize AM specimens several techniques are required, namely destructive, as 

hardness or metallographic testing. However, as stated above, the overall manufacturing process 

Figure 38 – Sample C (Top left), Sample C secioned (top right), manufacture of four defect upon the 
completion of the second layer in sample D (bottom left) and the complete sample D (bottom right) 

20 mm 

8 mm 10 mm 

15 mm 
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productivity will be increased by using non-destructive methods for materials characterization, 

preferably in-process. Electrical conductivity, based on the eddy-currents physical principle, has 

already proven a good correlation with the microstructure and hardness observed for Friction Stir 

Welding (52). The method was tested in the reference samples in order to correlate the electrical 

conductivity field and the microstructure and hardness observed for the WAAM process. 

3.3.1 Macrostructure & Microstructure 

From the macro analysis, it is possible to observe that the samples in study have defects. 

Specially, poor fusion between layers is presented in each sample and significant amount of 

porosity can be seen in the Aluminium, Figure 39 reveals the presence a significant number of 

pores on aluminium sample, and a clear example of lack of fusion between each layer on the 

mild-steel.  

The microstructure analysis was used to better understand the defects. A detailed look at the 

microstructure images, shows that the main defect observed is in fact the lack of fusion between 

layers. However, in the aluminum sample, in addition to the referred pores, some small cracks 

can also be seen. 

Aluminium Mild-steel 

  

Figure 39 - Examples of defects from the microstructure analysis of the samples 

 

3.3.2 Hardness  

Table 7 shows the indentation mark made during the hardness test. In the two samples exists a 

small deviation from the average hardness, however the difference between the highest value 

and the lowest value is not significant, allowing to conclude that the mechanical properties are 

homogeneous over each layer, despite variations of the involved temperatures.  

 

 

0.1 mm 

0.1 mm 
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Table 7 – Hardness Analysis (indentation marks on samples on the right and Vickers hardness tests 

results with 1 kg of indentation load) 

 

Mild-steel 

  

Aluminium 

 

 

From the results obtained it can be seen that generally the layers present average hardness lower 

than the substrate material, as expected. The hardness profiles allow to map the deposited layers 

since the variation of hardness in each layer follows the same trend. This is particularly clear in 

the case of mild-steel.  

3.3.2 Electrical Conductivity 

The measurement of the electrical conductivity field of the surface samples was performed by 

eddy currents to characterize and complement existing techniques as hardness measurements 

and micrographic analysis. The electrical conductivity of materials depends on the electronic 

mobility, on the crystalline structure of existing phases, as well as, on the crystal defect content, 

namely: point defects such as voids and interstitials; linear (dislocations) and surface defects 

(twins and grain boundaries) (52). 

Additionally, information related to the electrical conductivity field is crucial when NDT based on 

eddy currents is to be applied, since defects are detected based on a local change of the electrical 

conductivity in the material. Previous knowledge of the electrical conductivity field variation due 

to solid state processing is required in order to distinguish background material from eventual 

defects (53). 
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In order to identify porosities and other heterogeneities, a characterization of both samples was 

made using bi-dimensional analysis, as showed in Figures 40 and 41. 

Mild-steel 

  

Figure 40 - Bi-dimensional analysis of the electrical conductivity of the mild-steel.  

Aluminium 

 

  

 

Figure 41 - Bi-dimensional analysis of the electrical conductivity of the aluminium.  

The figures show that the measured values of electrical conductivity allow to identify the sections 

where significant variations can be observed. First, for both samples, a considerable difference 

of homogeneity from the substrate to the deposited material can be seen. This is in agreement 

with the hardness results, as these also reveal inconsistencies along each layer, in line with the 

hardness values for the substrate. 

Also, in Figure 40 a significant decrease of the conductivity can be seen between each layer, 

which may be explained by the lack of fusion effect. It is clear from the previous studies that no 

effective bonding between the layers has been achieved in the mild-steel sample, which 

represents greater resistance to the electronic mobility. The electrical conductivity results show 

great sensitivity to this fact. 

The aluminium results (Figure 41) are not so clear as the mild-steel, however the heterogeneities 

detected in both hardness and microanalysis can also be seen in by the electrical conductivity. In 

the heterogeneities zones, an increase in hardness and decrease in electrical conductivity is 

observed. 

6 mm 

12 mm 
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These results shown that the electrical conductivity can be seen as a complementary technique 

to hardness, under several aspects as the physical phenomena involved, higher test speed and 

less surface preparation requirements. Essentially, the technique revealed to be able to 

successfully identify the existence of defects, heterogeneities and lack of bonding between layers, 

in both samples. The parameters used for this procedure can be found on the following table: 

Tabela 8 – Parameters  

Sample Probe Frequency  Distance 

between points 

Gain 

Aluminium 100-500 kHz 250 kHz 0.125 mm 65 dB 

Steel 100-500 kHz 100 kHz 0.125 mm 48 dB 
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4. Experimental Evaluation of 

NDT Techniques for WAAM 

In this chapter eexperimental evaluation of the parts was conducted using the following NDT: IR 

thermography, radiographic testing, ultrasound, and phased array UT to detect the WAAM 

samples defects. Liquid penetrant testing was also conducted but in a destructive way in order to 

confirm results from other NDT.  

4.1 Thermography 

The first technique evaluated was Thermography which was 

applied during the manufacturing phase. As reviewed, this 

procedure has high potential to identify several types of defects 

in an early stage. Due to the nature of the WAAM process which 

involves high temperatures there is no need for an external 

heating source. 

For the setup a commercial thermographic camera Fluke TiS400 

® was mounted in a tripod facing the substrate. The infrared 

image sequence was acquired through an infrared sensor with 

320 x 240 resolution which contains 2000 frames with the 

frequency variation of 9 Hz. 

For the first sample the camera was set approximately at 

200 cm from the substrate which was found to be too far 
Figure 42 – IR Thermography setup 
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away from the manufacturing process.  For the second iteration the camera was set at 90 cm off 

the substrate.  

The camera was used to record the whole process of manufacturing.  Each layer was recorded 

and the SmartView® software was used for analysis and Reporting of the infrared images, 

The validation process was strategized to analyze the capabilities in detecting surface and internal 

defects. To do this, defects were manufactured and analyzed followed by adding an additional 

layer and evaluate the now internal flaws. As referenced on chapter 3, four defects were 

manufactured after the 2nd layer cooled down. The four holes drilled can be analyzed, prior to the 

deposition of the 3rd layer, on table 9. The table shows the thermographic image on the left with 

an analysis line (indicates maximum, average and minimum temperature), on the right a 

temperature profile along the line (mm) is shown. 

Table 9 - IR Thermography Analysis of the sample after cooling and manufacture of artificial defects.  

Recorded Image Temperature Graph 
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From the results obtained, it can easily be identified that each hole (defect) has a higher heat 

signature than the surroundings, it can probably be correlated to the dissipation of heat in the 

interior of the part, although reflectiveness may also impact this values and therefore must be 

taken in account in further trials.  For analysis of surface defects IR thermographic analysis shows 

some potential in detecting discontinuities.  

For the evaluation of this method in terms of its capability in detecting internal flaws, it was given 

continuity to the manufacturing process by depositing the third layer. Immediately after the 

deposition of this layer the same analysis previously done was conducted. 

Table 10 - IR Thermography Analysis of the sample, for internal defects, immediately after 3rd layer. 

Recorded Image Temperature Graph 

 

 

X
 

X
 

X 

X 

X 

X
 



64 

 

 

 

 

 

 

 

Prior to the analysis of this results radiographic testing was conducted to ensure that the designed 

defects remained in the part and did not disappear due to remelting. Through the analysis of these 

results it was verified that the defects closest to the camera and with greater depth show a slight 

peak fallowed by a decrease in temperature. However, further testing should be conducted to 

determine the process viability for the detection of internal defects. New experiments should 

include the variation of the cameras angle, the distance to the part should be decreased and 

optimally an IR sensor with higher resolution should be used. The SmartView® software has 

some limitations in terms of visualization and analysis so a better panoramic view can result in a 

better analysis.  
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The lack of results for internal flaws may be relate to the layer thickness (~5 to 8 mm) on which 

Thermography has been reported to have difficulties when it comes to thicknesses greater than 

3 mm (19) (54). As for the detection of surface defects IR Thermography as shown good results 

has expected (55). 

4.2 Radiographic Testing 

Radiographic Testing was the first non-monitoring type technique used due to the capabilities of 

rapidly mapping internal defects on the samples, this ability would allow to evaluate other NDT 

methodologies as to their capacity of detection. The method was deployed on both Aluminium 

and steel samples. For this procedure the parameters such as voltage, current and time of 

exposure had to be adjusted for each part as thickness and material have a major role in obtaining 

a good radiography. The X-Ray tube had also to be setup in order to guarantee a successful 

radiation absorption concerning the defects orientation. The equipment used for radiography was 

the SMART 583-1007, YXLON International AS. 

 

Table 11 provides the information and the result of RT inspection for each sample. All samples 

except sample C were conducted with the radiation source from the top, meanwhile sample C 

received radiation laterally to evaluate the different outcomes.  

Table 11 - Results of RT Inspection 

Sample Radiographich Testing Image Material Focus Defects 

A 

 

 

Mild-steel Top Porosity 

 

Figure 43 – RT setup at Insituto de Soldadura 
e Qualidade (ISQ) 

12 mm 
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B 

 

Mild-steel Top Porosity, 

inclusions 

and 

surface 

defects 

C 

 

Aluminium Lateral Porosity 

and Lack 

of Fusion 

D 

 

Aluminium Top Porosity 

and 

Inclusions 

From the images analyzed in table 11 porosity, inclusions and lack of fusion were detected. X-ray 

is a reliable test for parts in volume inspection, however it is not able to show the small defects in 

the same direction of the radiation incidence. Defects such as cracks and lack of fusion may not 

be detected due to the orientation of the radiation. Moreover, the technique allows to reliably scale 

the defects, however it does not locate them (ex: in the case of sample A, the depth of the 

inclusions is unknown). 

4.3 Liquid Penetrant Testing 

Liquid Penetrant Testing has the capability to reliably detect surface defects, but due to the high 

rugosity present in WAAM parts, this method is not successfully deployed unless surface 

machining is included as a step in the manufacturing process. 

15 mm 

12 mm 

15 mm 
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This process was therefore selected in order to confirm the results obtained by radiographic 

inspection. The samples were cut using a water cut metal saw and liquid penetrant testing was 

conducted. For the penetrants liquids, the fluorescent or colour contrast (dye) penetrant was 

applied followed by a developer and then a method of cleaning. For this study, the FLUXO P125 

red dye penetrant, FLUXO P175 developer and FLUXO S190 solvent cleaner were applied.  

A comparison between the test results of RT and LT are presented on table 12. 

Table 12 - Confirmation of RT result through LP testing. 

Aluminium Mild-steel 

  

  

 

The pink areas are coincident with the interface between the different deposits which indicate that 

no effective bonding between each layer has been attained.  

Apart from lack of fusion and in order to confirm the flaws detected through X-ray, Sample B was 

sectioned at A-A. On Figure 44, the A-A section can be seen and the elongated inclusion is 

confirmed.  

 

 

 

 

 

 Figure 44 – Comparison between RT (left) and LT (right) with the purspose of confirming inclusion flaws. 

Sectioned area  

A  

A  

A-A  

10 mm 

10 mm 

15 mm 12 mm 
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4.4 Ultrasonic Testing 

In order to understand the capability of Ultrasonic Testing in detecting the defects of WAAM and 

its limitations facing the following experiments were conducted.  

Firstly the probe must be calibrated and therefore a 40 x 40 x 500 mm Steel and Aluminum plates 

were used with three manufactured holes to simulate defects, each with a 5 mm spacing. The 

first step is necessary to set the Zero Offset, i.e. the numeric value of the time the wave takes 

before entering the material (𝑡0), to zero. Using ultrasonic velocities tables, the value for the 

respective material is set. Knowing the depth of the defects and the size of the plate calibration 

can be achieved.  

 

 

 

 

After calibration the ultrasonic NDT process was set to be conducted. The probe was positioned 

on the top surface, however this method suffers significant noise when applied to an irregular 

surface such as the ones produced by WAAM. Therefore the analysis and scan were made 

through the back of the plate.  

 

 

 

 

Using the A scan the results collected show the travel distance made by the emitted and reflected 

wave. In a flawless part there will not be any peak before the one indicating the total thickness of 

the part. Thus, if the peaks appear before it, this means that there is an interface that reflects the 

echo back to the probe, which is a defect. 

The results shown in Figure 47 represent zones that were the most relevant for the inspection of 

sample C (aluminium).  

 

 

 

 

Figure 45 - Scheme representing the time spends by the wave to travel trough matching layer and wedge 
material and the distances to two different reflectors. (59) 

Figure 46 - Scheme of UT testing 
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Specimen C - Aluminium 

   

Figure 47 – Conventional UT Analysis of Specimen C (Aluminium), zones A, B and C respectively ordered. 

The results obtained from the aluminum sample show three distinguished zones with three 

different UT spectres. The first spectre presents a no defect region (zone A) where the total 

thickness of the part can be read at 37.5 mm. The second one reveals a defect in a distance of 

13.38 mm from the substrate plate surface (zone B), and the third spectre shows another defect 

at 13.41 mm (zone C). Firstly this third defect was thought to be an echo of the previous one but 

as figure 47 indicates it was not.  

 

 

Through figure 48 it is easily visualized that the defect in spectre B is lack of fusion with a round 

shape. The spectre C represents a partial lack of fusion between layers, partial because otherwise 

if it were the entire width of the part no sound would go through and no peak would exist at the 

37.5 mm mark. 

When testing the method in a steel part, sample A was used. The mild-steel spectres only 

presented one defect, a lack of fusion between the tested part and the substrate plate, showed 

by the first echo at approximately 6 mm, which is the substrate thickness. The sample was tested 

with different UT probes (changing the contact diameters and frequencies), but the results were 

the same, as it can be seen in Figure 49. 

 

A B C A 

Figure 48 - Visualization of the application of the ultrasonic testing method by analyzing a part through LP (Al). 

10 mm 
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Specimen A - Mild-steel 

 
 

 

 

 

 

 

Figure 49 - Visualization of the application of the ultrasonic testing method by analyzing a part through LP 
(Steel) 

The LP testing shows the severity of the flaws detected. As opposed to the lack of fusions 

detected in sample C (aluminum) the ones found here do not allow the sound to travel, making 

this method not even suitable to detect the total thickness of the part.  

In summary, the tests confirm that UT is a reliable technique for detecting and scaling the WAAM 

defects, in both materials. However, the software data analysed provided the location of the defect 

but does not reveal the type of defect. The lack of a B and C scan also provides for an incomplete 

visualization of the flaws as well as the constant need to travel the probe back and forward. 

4.5 Phased Array Ultrasonic Testing 

As reviewed Phased array ultrasonic testing (PAUT) differs from conventional UT by the fact of 

using many piezolectrical elements instead of one. Therefore the ultrasonic beam will allow for a 

better visualization of the flaws and the need for “mechanical exploration” would decrease.  

The setup included an Olympus OmniScan MXZ and a probe at 5 MHz with 32 elements. The 

calibration procedure and inspection approach used were the same as the conventional UT. As 

it was impossible to conduct any test on the surface of the samples, the inspection was made 

from the substrate side. Samples A and B were analysed and to prove inspection directly on the 

part, the top of sample A was machined.  

12 mm 
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For the first sample A, which had already been inspected using conventional UT, it was found that 

the sound would not go through the extreme lack of fusion detected. Although due to the many 

elements, PAUT could provide other type of results.  

The results presented in the scan were the same as to the conventional UT results, the lack of 

fusion between the substrate and the sample, resulted in the visualization of the flaw and its 

repeated echo. It was also taken an inspection approach at the top of the part (machined) in which 

the result was very similar, the lack of fusion between the top layer and the following did not allow 

for the sound to go through. 

 

Figure 51 – A and B Scan of PAUT inspection of sample A (from the substrate side) 

For Sample B it was expected not to exist any lack of fusion throughout the part. From the X-Ray 

Imaging results many inclusion were found, which meant a perfect environment for the validation 

of PAUT. In table 13 an analysis between the results of both techniques can be found.  

Table 13 – Analysis of PAUT for sample B with comparison to X-Ray Imaging 

Phased Array UT (A-B Scan) Probe Location as to X-Ray Defect 

 

 Inclusion at 15 

mm form the 

substrate. 

Figure 50 – Sample A (left) and sample B (right) 
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 Inclusion at 12.5 

mm form the 

substrate. The 

echo is also 

visualised, as 

well as a nearby 

defect slighty 

above. 

 

 Inclusion at 20 

mm from the 

substrate. Near 

the top of the 

sample. 

From these results, PAUT was found as highly effective technique. Its great capabilities in flaw 

detection and flaw positioning (ex: depth) make it highly precise among NDT. Although the 

requirement for coupling, the need for surface finishing and low temperatures makes this 

technique not suitable for all inspection scenarios. For WAAM inspection PAUT would position as 

strong contender for post manufacture inspection where the part would have cooled down and 

where machining could occur. PAUT can also use adaptable or flexible arrays which are 

particularly suitable for complex components (56), together with the possibility to generate 

multiple visualizations of the examined area utilizing B and C scan make it highly reliable in flaw 

detection. 

 

Figure 52 – Example of a flexible matrix (56) 
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5. Design and evaluation of 

equipment for EC and PD NDT in 

WAAM 

In order to evaluate the potential of Eddy Current and four point Potential Drop testing, the setup 

on which the probes are carried as well as the way the probes are arranged needs to be taken in 

account. Therefore, prior to the test of EC or PD, a chassis where the probes would be carried 

had to be designed and manufactured. Several key factors had to be taken in account, such as 

geometry, surface roughness or moment the NDT would be deployed, during manufacture or post 

manufacture.   

5.1 Considerations 

To successfully design a system to inspect WAAM parts, one first has to understand the reach of 

the techniques used. From the review literature, for eddy currents, it is know that the penetration 

depth is related to the frequency used, the permeability and the electrical conductivity. The first 

step into evaluating the capabilities of EC testing is calculating the potential depth of penetration. 

From the material characterization the mapping of electrical conductivity found that the aluminum 

samples had approximated conductivity of 30 %IACS whereas the mild steel samples had 

approximately 5 %IACS.  
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For this type of Aluminum samples, considering that nonferrous metals take the same 

permeability of air, the value of 1 is assumed. The standard depth is shown in figure 53 in function 

of the frequency used.  

The aluminum presents a depth of up to 5 mm, the need for low frequencies means, an optimized 

probe will be required to take full potential of the maximal depth penetration.  

In regards to the mild steel samples, the decreased conductivity value is an advantage but the 

increase in permeability results in a lower depth of penetration. Permeability for mild steel will 

vary, the value of 2000 was used as reference. The standard depth for mild steel is seen in figure 

54. 

  

Mild Steel presents very low depth penetration, which comes as expected due to its ferromagnetic 

characteristics. EC are therefore not recommended for this kind of material. 
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Figure 53 – Chart with the standart penetration depth of Aluminium in function of the frequency used. 
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To tackle the lack of depth penetration the integration a four point potential drop in the inspection 

system was tested in order to obtain a more integrated solution which leans on EC for surface 

and near surface flaws and PD for higher depths. PD testing has shown to have reliable results 

up to depths of 10 mm, however the type of material analysed and variations in the microstructure 

may influence the results (29). The depths provided by four point PD will also depend in the setup 

of the electrodes.  

5.2 Design Approach 

Initially the approach taken to perform inspection through Eddy Currents and four point Potential 

drop testing was to develop a prototype that would be able to carry both. This prototype would 

have to be attached to the wall (representation sample of a partial part) and its system would 

move the probes up and down throughout the wall mapping the discontinuities found in a post 

manufacture scenario.   

The initial design and probe arrangement can be seen in Figure 55. Both approaches would 

position the EC probe sideways, but on the first design the 4 point PD technique would induce 

current from one side to another with the voltage being measured from the top. However with this 

option it would be hard to measure the drop when analyzing the bottom of the part. Therefore the 

second design would take the 4 points to the same side allowing to inspect the part throughout 

its height. 

 

 

However after evaluation, it was concluded that the system would not be suitable for a post 

manufacture scenario without previously machining the part. The high sensitivity of the probes 

and the need to avoid any kind of liftoff, which influences the results, was imperative.  

EC 

EC 

Figure 55 - Representation of the first (top) and second (bottom) approach to the probes arrangement 
(Eddy Current Probe, Injection of electrical current (Red), and measurement of the potential drop (Blue) 
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Therefore the system should be adapted for an in-process scenario where inspection in-between 

layering steps would occur. The probes would be positioned on the top of the weld where the 

rugosity is minimal, maximizing the performance of the system. The probe arrangement can be 

visualized in figure 56. 

 

 

 

 

For the construction and evaluation of the system, it was used the software SolidWorks® for 3D 

modelling and a 3D Printer for the prototype construction. The evaluation of the prototype will be 

conducted in an already manufactured sample. After validation of the system and the techniques 

a model suitable for inspection in a manufacture environment should be produced using high 

temperature resistant materials such as a machinable glass-ceramic (ex: Macor) able to 

withstand temperatures up to 1000 °C. 

The inspection system would be deployed through a robotic arm, would require the ability to 

constrain itself at the top of each layered weld, and provide continuous contact of the probes to 

the part to avoid any liftoff. The first design for the prototype can be seen in figure 57. 

 

 

 

 

 

 

 

 

E
C

 

Figure 56 – Representation of the probe arrangement for a in-process inspection scenario. (Eddy Current 
Probe, Injection of electrical current (Red), and measurement of the potential drop (Blue) 

Figure 57 – First design for the prototype.  

https://en.wikipedia.org/wiki/Machining
https://en.wikipedia.org/wiki/Glass-ceramic
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Upon review of the design it was concluded that the solution where the probes would all be carried 

by the same self-regulated platform would not provide enough flexibility to ensure minimal liftoff. 

With the need for incorporation of separated platforms, the lack of space within the chassis 

required a rearrangement of the wheels and an increase in length. It was also designed a 

secondary positioning system to allow for the electrodes to engage the sample laterally. 

 

With the assembly of the first prototype and preliminary motion testing, additional corrections had 

to be made. Regarding the wheels, the constrained required was not achieved, therefore another 

approach was taken, in which only the top two wheels would exist and where the lateral constrain 

would be provided by an outside source (ex: robot arm). This solution would allow for more space 

within the system. The assembly of the platforms had also to be reformulated, due to the lack of 

space. The assembly of the linear guide rails directly on the chassis, on which the platforms would 

move with a spring constrain, was impossible due to lack of tooling access. Therefore all this 

systems should be assembled in a secondary assembly prior to being attached to the chassis.  

 

The CAD drawings of the developed Prototype can be found in Appendix A. 

Figure 58 - Second Prototype Design with the secondary positioning system (left) and assembly (right). 

Figure 59 – Secondary Assembly (Left) and final Assembly (Right) with the EC and PD setup 
connected. 

15 mm 
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5.3 Experimental Results 

For experimental analysis the setup used included an Olympus Nortec 500C for Eddy Current 

analysis and a KEITHLEY 2450 SourceMetter® for potential drop testing, both signals would be 

acquired to be processed and analyzed through a computer in a LabView® designed program.  

Prior to the experiment designed defects were introduced on the samples through drilling. Figure  

60 and Table 14 provide a review of such flaws. 

 

 

 

 

 

 

 

 

 

 

Table 14 – Defect size and positioning. 

Sample 

Wall 

Defect 

Number 

Size (With x Length or 

diameter) 

Depth Distance to the top 

1 1 1.5 mm ø 2 mm  0.75 mm  

1 2 2.8 mm ø Throughout 2 mm 

2 3 1.5 mm ø 2 mm 0.5 mm 

2 4 1.5 x 6.6 mm Throughout 2.2 mm 

3 5 1.5 mm ø 4 mm 6 mm  

Initial experiments were conducted using a custom made eddy current probe with 20 wire 

windings, into a RFID antenna and a conventional PD setup (injection electrodes with ~40 mm 

distance). First inspection of sample wall 1 and 2 were conducted at frequency of 72 kHz, for the 

EC and with a 0.5 A current for PD. At this frequency it was expected to have not enough 

penetration for defect detection. Due to the defects present on sample wall 1 being at the very 

near surface a slight detection, both on EC and PD, was observed. In sample wall 2, despite 

Sample Wall 1 

Sample Wall 2 

Sample Wall 3 

3 

2 
1 

4 

5 

Figure 60 – Sample Walls and designed defects. 

12 mm 
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some results indicating the detection of the defects, the amount of noise in the analysis made it 

not optimal for validation. PD results can be considered to be inconclusive. The results can be 

analyzed in figure 61, on which the top 3 charts correspond to the real, the imaginary part of the 

axis and the magnitude of the vector, the bottom two chars measure the current (A) and the 

resistance on the part through the application of the PD technique. 

 

On sample wall 1 it is clearly seen that defect 2 is detected by EC despite the noise, while defect 

1 has no clear difference. PD shows an initial peak at the position of defect 1, although the noise 

in the remaining test does not allow to differentiate by itself. On sample wall 2 EC show a 

significant amount of noise, the initial and middle peak indicate defect 3 and 4 but again no clear 

difference from the remaining noise is seen. The results of the potential drop technique are 

inconclusive, possible due to the shallowness of the flaws. 

To increase depth and minimize the noise, the frequency used for EC was tested using values 

between 1 and 7 kHz. The lack of good results from PD testing led to the decision of removing it 

from the system pending further analysis. This may include computer simulation in order to 

Figure 61 – Analysis of sample wall 1 (left) and sample wall 2 (right), the red lines indicate the position of 
the defects (the test was conducted from the left to the right) 

1 2 3 4 
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optimize the probes arrangement (distance between electrodes, optimal location to measure the 

drop). 

 

The results at lower frequencies confirm the expected, all flaws were more clearly detected among 

frequencies between 1 and 7 kHz. To be able to provide this results with minimized noise, a 

second custom EC probe was made with 100 winding on the RFID antenna, which also provides 

a greater induction in the part. To test even lower frequencies, other trials were conducted among 

the range of 750 to 900 Hz, but the results were inconclusive. Further trials should be conducted 

using probes with higher number of windings to validate lower frequencies. Sample wall 3 

presented the deepest defect of all the samples, the flaw was unable to be detected across all 

examinations, which goes accordingly to the theoretical calculations for depth detection.   

The system was seen to be a first approach into validating Eddy Currents and Potential Drop 

testing for in-process applications. EC was able to detect the defects at lower frequencies but has 

the limitation when it comes to depth, which will depend on the weld thickness for a layer to layer 

in-process inspection. The added value of the Potential Drop testing was not seen, therefore 

further research such as computer simulation, to provide the best probe arrangement to maximize 

the test capabilities, must be conducted followed by experimental validation. Both techniques 

should be deployed together for which the limitations of one are complemented with the other.  

 

 

 

 

Figure 62 – Results from sample wall 1 at 5 khz (left) and sample wall 2 at 1 kHz (right) 

1 2 3 4 
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6. Conclusions 

 

6.2 Contributions 

The objective of this thesis was to contribute to the evaluation of parts produced by WAAM using 

nondestructive techniques. It started by exploring the state of the art, where firstly it was tackled 

the types of defects recurrent in this type of manufacture and the type of geometries produced. 

Knowing the goal of an inspection and how geometries influence the ability to deploy NDT, a 

broad review of different testing methodologies was made, to explore their advantages and 

limitations. A selection was made based on the suitability to deploy the NDT in the different 

manufacture phases and on the limitations regarding geometry. Prior to validation of NDT, existing 

and newly manufactured samples were analyzed and characterized.  

To validate the potential of the techniques selected in the present work, an experimental approach 

was taken. For monitoring the parts during processing, IR Thermography analysis was conducted 

during the manufacturing stage, which gave positive results in the detection of surface flaws. Sub 

surface flaws were unable to be clearly detected, indicating that further experimentation needs to 

be taken. In order to evaluate the integrity of the samples after being manufactured Radiographic 

inspection was deployed, which revealed good results. A wide range of defects were easily 

detected, although requirement for multiple radiographic imaging with different orientation will be 

needed to detect cracks and lack of fusion in a plane perpendicular to the radiation. Ultrasonic 

inspection produced good and reliable results with limitations relatively to inspection time and the 
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need for good surface finishing. However, Phased Array UT showed even better results as it can 

provide better visualization through B and C scan types, making the mapping of defects possible.  

Despite good results with some of the most commercial techniques deployed in a post-process 

environment, there is the need for an in-process solution. This would allow for corrections during 

manufacture in the advent of defects, allowing for savings of resources. Therefore, a solution in 

which Eddy Currents and 4 point Potential Drop technique would be combined (the limitations of 

one would complemented the other) into an inspection system for in-process analysis was 

designed. The preliminary approach to this system was set to validate the concept and the 

techniques. EC was able to detect surface and near surface flaws at low frequencies, with the 

major limitations being surface finishing (minimize liftoff) and penetration depth. The welds height 

should be taken in account into further consideration of this method for WAAM inspection. 

Potential Drop testing which should have tackled the question of depth, did not provide conclusive 

results. 

To tackle WAAM inspection there will not be a “one size fits all” solution. A system composed of 

different NDT should be designed. For monitoring IR Thermography and Optical Emission 

Spectrometry would be considered, together with the aid of advanced computer power and AI 

systems, it can allow for early detection of flaws. An in-process system should precede a final 

overall inspection but for both approaches limitations as geometric complexities and more 

critically roughness have to be considered. The latest is set to be the bigger obstacle in reliable 

NDT inspection. Therefore rolling or machining in-between steps or post manufacture must be 

highly though about. Several new technologies still in preliminary development and/or adoption 

phases such as Laser UT or Backscatter X-Ray may prove to overcome this obstacles, one must 

stay aware for new developments in the NDT field. 

6.3 Future Work 

There are a few possible future work directions this thesis can take. Considering the preliminary 

results of the techniques the following actions should be taken to keep developing an overall 

inspection solution for WAAM parts. 

• Implementing a monitoring solution: Further experiments should be taken into 

validating IR Thermography and its capability of detecting sub surface flaws; 

• Further development on an in-process solution: Development of the system 

composed of EC and PD should continue. Therefore a revision of the system design 

should be takes as well as simulation of the 4 point PD technique to validate its potential 

a find the optimal probe arrangement; 

• Port-process solution: Development of a post manufacture solution for part validation; 

• Impact of machining WAAM parts for NDT: As it was seen the major limitation for NDT 

inspection in WAAM is roughness, therefore an evaluation cost-benefit of this measure 

should be conducted. 
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