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Abstract 

Included in the broad objective of the Non-Destructive Testing (NDT) of large Wire Arc Additive 
Manufacturing (WAAM) parts there is the main goal of this work: online detection of defects in aluminium 
WAAM samples using Eddy Current Testing (ECT). 

Additive Manufacturing (AM) has been developing and now even metal parts can be produced using 
innovative technologies such as WAAM. This revolutionizing process takes advantage of easy 
manipulated off the shelf welding equipment in order to accomplish high deposition rates and, thereby, 
decrease production time while still be able to reduce material waste and save production costs. WAAM 
will certainly be part of the 4th Industrial Revolution. However, there are still no standards available to 
label the quality requirements of the parts produced by WAAM. Therefore, it is not yet industrially and 
commercially available. 

A crucial step towards the standardization and quality assurance of WAAM parts will be the development 
re ECT have a say, by permitting the 

inspection of both ferromagnetic or non-ferromagnetic materials, with high speeds and without contact 
with the test sample surface. However, commercially ECT is only established at the inspection of surface 
and sub surface defects.  

With the development of customized EC probes dedicated for this application it was possible to locate 
defects: at depths up to 5 mm; with diameters as small as 1mm; with the probe up to 5 mm away from 
the surface of the inspected sample.    
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Introduction 

Additive Manufacturing (AM) is defined jointly by 
the International Organization for Standardization 
(ISO) and by the American Society for Testing 
and Materials (ASTM)  ISO/ASTM 52900  as a 

3D model data, usually layer upon layer, as 
opposed to subtractive and formative 

 [1]. With the 
development of AM even common consumers 
can have their own low-cost polymeric extruder 
machine at home [2]. 

Like any other manufacturing process, AM has 
certain advantages and limitations [3  5], 
therefore its application is not supposed to 
replace all the other techniques available but its 
position in the market has been increasing [6  8] 
and it is gaining a place in the 4th Industrial 
Revolution [9]. 

Now, even metal parts can be additively 
manufactured using innovative technologies such 
as Wire Arc Additive Manufacturing (WAAM). 

WAAM is a wire-Direct Energy Deposition(DED) 
technology in which an electric arc forms between 
a wire electrode, consumable or not, and the 
metal substrate [10  12]. This revolutionizing 
process takes advantage of easy manipulated off 
the shelf welding equipment in order to 
accomplish high deposition rates and, thereby, 
produce larger metal parts with faster production 
times while still be able to reduce material waste, 
sometimes mentioned as buy-to-fly ratio (BTF), 
and save production costs when compared to 
other metal additive manufacturing (MAM) 
technologies [13  16]. The challenges and 
benefits of various MAM processes are illustrated 
in Figure 1 and a comparison of their 
characteristics is made in Table 1.  

A crucial step towards the standardization and 
quality assurance of WAAM parts will be the 
development of a Non-Destructive Testing (NDT) 
system capable of pick out flawed samples, which 
are usually caused by porosity or lack of fusion 
between layers [27].  



Figure 1  Challenges and benefits of various MAM 
processes [16] 

 

Table 1   

According to ISO/TC 18173, NDT is the 

methods to examine materials or components in 
ways that do not impair their future usefulness 
and serviceability, in order to detect, locate, 
measure and evaluate flaws, to assess integrity, 
properties and composition, and to measure 

 [28]. 

An online inspection of the deposited layers 
seems to be a viable approach in order to access 
the quality of every single layer and, when not 
meeting the requirements, an immediate 
elimination of the localized defects could be 
arranged by a complementary subtractive 
process followed by further metal deposition in 
order to fill up the portion removed. A control 
system will be always required to give real-time 
feedback to all the machines involved in the 
manufacturing process using the information 
acquired not only from the NDT system but also 
from the monitoring of the process variables, 
such as welding parameters.  

The Large Additive/Subtractive Integrated 
Modular Machine (LASIMM) project combines the 

WAAM capabilities, with a Parallel Kinematic 
Machine (PKM) to employ the subtractive step 

and, thereby, complete a hybrid manufacturing 
environment which aims to produce quality 
assured finished parts directly from a CAD 
drawing. This highly ambitious project also 
pretends to add innovative ancillary processes to 
enhance the multiple goals of high productivity, 
flexibility, structural integrity and superior 
performances. Those processes include sensing, 
metrology, cold-working and NDT [29]. The 
envisaged placement of the LASIMM 
components is demonstrated in Figure 2. 

Eddy Current Testing (ECT) presents benefits 
compared to other NDT methods, hence that 
made it an option to explore within this project. 
Eddy Currents (EC) probes permit the inspection 
of both ferromagnetic or non-ferromagnetic 
materials, with high speeds and without contact 
with the test sample surface [30  31]. On the 
other hand, a huge development is required to 
overcome t
application conjugated with the difficulties raised-
up by the online inspection needs of WAAM 
samples. Namely the detection of internal flaws, 
due to the skin effect, lift-off fluctuations caused 
by the surface roughness of the WAAM parts and 
high temperatures involved in the deposition 
process. 

ECT is one of the NDT methods based on the 
principle of electromagnetic induction discovered 
by Michael Faraday in 1831. This law states that: 
when an alternating current (AC) energizes a coil, 
it creates a time-varying magnetic field on the 
surroundings of the coil, which, in turn, induces a 
varying electromotive force around a conductor 
and, consequently, an electric current will flow 
through a closed path in this conductor  the 
fundamental operating principle of transformers 
and inductors (coils). By its turn, the EC in the 
material generate a secondary magnetic field that 
affects the one created by the coil. Then, it 
causes an alteration in the coil impedance if the 
EC in the material are perturbated by a defect [31 
 32]. 

Known applications for ECT are: the detection of 
defects, for example, in welds [32] and tubular 
geometries [33]; the gathering of information 
about the test material, such as the electrical 
conductivity [30], grain size [34] or hardness [35]; 
the measurement of coating thicknesses, 
corrosion detection and bolt hole inspection [36]; 
hot wire inspection [37]; the online monitoring of 
the material microstructure during heat treatment 
[38]; the measurement of stress on steel bars in 
concrete with a giant magnetoresistive (GMR) 
sensor and an EC sensor [39].



Figure 2  Envisaged LASIMM featuring parallel processing and multi-head deposition [29]

The IOnic Probe was invented in 2007 [40] with 
the main objective of overcoming or lessen the 
limitations of the ECT method when using 
conventional probes, commercially known as 
pencil or right angle probes. The innovative IOnic 
Probe is more adequate for the required 
application since it increases the capability to 
detect flaws with sizes or shapes that are usually 
hard to locate using the conventional ones, since 
the IOnic probe: induces EC on several directions 
into the material, as demonstrated in Figure 3; 
increases the proximity of the probe with the test 
piece; removes of the noise source from the 
planar lift-off effect; and reduces the noise 
created by edge effect [32]. 

Figure 3  Exhibtion of the magnetic field and consequent 
EC of the IOnic and conventional/commercial probes [32] 

The roles for generating the EC in the test piece 
and sensing the changes caused by 
perturbations on that EC flow are designated for 
separate coils, hence the probe works on 
reflection mode. The IOnic Probe, illustrated in 
Figure 5, is composed by a toroidal excitation coil 
(1) which is perpendicular to the surface of the 
tested material; a planar spiral sensitive coil (2) 
subdivided in two semicircles wound in opposite 
directions that are perpendicular to the excitation 
coil and parallel to the inspected surface; a 
substrate that supports the whole probe (3); a 
support to hold the excitation coil (4); and the 
terminals of the sensitive coil (5). 

The special winding of the sensitive coil causes 
the magnetic field flux to have two inverted 
intensities and, therefore, it has two opposite 
contributions to the global current induced in the 

spiral sensitive coil. Hence, the EC on the left half 
is nulled by the EC on the right half, which, along 
with the comparison of the impedance variations 
between the two halves of the sensitive coil 
(differential mode), results in a null value for the 
total current and consequently a difference of 
potential also null on the terminals of the planar 
spiral sensitive coil. The difference in the potential 
only modifies if the EC on one of the halves of the 
sensitive coil gets perturbated, for example by the 
detection of a defect. 

The IOnic Probes are possible to be produced 
using a Printed Circuit Board (PCB) as substrate, 
Figure 4. However, the toroidal excitation coil was 
replaced by a single excitation planar driver. 
These probes are shielded to restrict the 
magnetic field produced by the driver to the 
physical size of the probe resulting in a stronger 
magnetic field in a concentrated area. 

Figure 4  Planar IOnic Probe with a PCB substrate [41] 

To reach the goal of the online detection of 
defects in aluminium WAAM samples using ECT 
the following steps must be accomplished within 
this work: 
 Must be developed a way of surpassing the 

the inspection of WAAM samples without 
compromising its beneficial fundamental 
principles; 

 Evaluate the capabilities of the ECT method 
to clearly detect defects located at least 2 mm 
inside the inspected samples; 

 Execute the first step towards the 
transitioning between an offline analysis and 
an online inspection performed parallelly to 
the deposition process.             



Figure 5  IOnic Probe [33] (a) 3D CAD of the IOnic 
sample of an IOnic Probe prototype; (c) Top view of an IOnic probe prototype

Methods 

Each deposited layer or weld bead has a 
significant curvature, which is characteristic of the 
welding deposition process, therefore not only the 

equally distant from it. Hence, the IOnic Probe 
loses its improved proximity between the coils 
and the inspected material and also the 
advantage to be insensible to planar lift-off 
fluctuations. 

In fact, when the surface roughness of the WAAM 
parts is added to the equation, not even can be 
assured that, for example, the distance of one of 
the halves of the sensitive coil is equally distant 
from the surface as the other half. This happens 
because the rigid PCB substrate, when in contact 
with the surface, will tend to create an oblique 
angle between the material and the probe and, 
thereby, induce an angular lift-off variation. Other 
of the advantages of the IOnic probe related to 
the lessen noise cause by the edge effect can 
also be affected if the weld bead width is smaller 
than the diameter of the probe itself. 

To regain all the advantages of the IOnic Probe 
while inspecting WAAM parts and at the same 
time manage to keep the beneficial working 
principle of the IOnic Probes it was required to 
adapt the shape of the IOnic Probes to the weld 
bead curvature. Once finished this adaptation the 
capabilities of the IOnic Probe were restored by 
re-achieving the proximity with the inspected 
material, as it is shown in Figure 6.  

With this modification in the shape of the IOnic 
Probe, it re-obtains the insensitivity to the edge 
effect caused by the borders perpendicular to the 
excitation coil, since the two halves of the 
sensitive coil, or in this case two separate 
sensitive coils that are later linked together, 
experience the same variations and, therefore, 
the difference calculated between them is null. 
The noise caused by the lift-off fluctuations is also 
decreased but the surface roughness is still hard 
to fight against. 

The adaptation of the IOnic Probes to the weld 
bead curvature requires the design and 
production of custom probes which demand 
specially modelled supports for the coils. The AM 
of these supports hugely accelerates the 
production of the prototype probes. The positive 
mold of the excitation coil was printed in PLA 
while the molds for the sensitive coils were made 
of PVA, a water-soluble polymer that is dissolved 
after the sensitive coil winding is completed 
around them and the glue used to fix the coils in 
place and keep their shape dries. The resultant 
customized IOnic probe can be seen in Figure 6. 

All the decisions behind the adaptation of the 
IOnic Probes were backed-up with a numerical 
simulation software based on finite element 
analysis (FEA) to solve and illustrate the 
electromagnetic phenomena of the EC probes. 
The software used was ANSYS® Electronics  
ANSYS® Maxwell 3D. 

The simulation model was composed by the 
imported CAD of the customized IOnic probe, but 

simulation since the polymeric materials used can 

magnetic and, therefore, the probe can be treated 
as a simpler air-core probe. The coils are made 
of copper and through the 50 turns of the 
excitation coil is transmitted a current of 1A with 
a frequency of 2 kHz while the sensitive coils 
have 20 turns each (without current as initial 
condition) and are wound up in opposite 
directions. 

Figure 6  First prototype of the IOnic Probe adapted to the 
weld bead curvature. Front view (a) and side view (b) of the 

probe and the WAAM walls 



The inspected material is an aluminium bar, 
namely 6082-T6, with high electrical conductivity 
(  S/m) which has a curvature similar to 
the weld beads in WAAM parts. The defect, a hole 
throughout the width the bar (6 mm in the Y 
direction) with a diameter of 3mm, is located in 
the centre of the bar (X direction) and the top of 
the hole is 4mm below the surface of the bar. 

On Figure 8 is illustrated the behaviour of the 

vector field of the magnetic induction  on the XZ 
plane when the probe is located over the defect. 
It is demonstrated that the magnetic field created 
by the probe penetrates even beyond the defect. 
And, on Figure 9 is shown the vector field of the 

current density  of the EC in the top surface of 
the inspected sample. The black arrow 
represents the direction of the excitation current 
in the coil. 

The modifications made to the IOnic Probes allow 
their application on the ECT of WAAM parts and 
led into a study with the objective of identifying 
how to enhance the detection of defects with 
those probes. The first prototyped produced was 
named probe IOnic #1 and the probes that forth 
came were all based in this first handcraft 
prototype and were either created with the aim to 
minimize it or increase the inductance of a coil. In 
total there were created five different prototypes 
of these IOnic Probes adapted to the weld bead 
curvature and the features of each one of them 
and their differences are expounded in Table 2.  

Each one of probes has an objective for the 
alterations made compared with the IOnic #1. As 
a way to protect the probe IOnic #2 without 
influencing the electromagnetic fields created by 
it, the probe was surrounded with a 
nonconductive and nonmagnetic epoxy resin. 
This also proves that, as long as the material 

impregnated within some kind of resin resistant to 

high temperatures, hence, be more protected 
from the effect of external heat sources. 

To perform the experimental analysis with ECT it 
is required some external elements in addition to 
the EC probes. In the Figure 7, all the 
components of the experimental ECT setup used 
are identified: 
1: electronic equipment responsible for 
generating, acquiring and conditioning the signal, 
in this work an Olympus Nortec® 500C was used.  
2: Data Acquisition (DAQ) board, which connects 
the signal generator to the computer and 
transfers the data acquired.  
3: XYZ table  handles the positioning of the EC 
probe and its autonomous movement in order to 
perform the ECT.  
4: Connection between the XYZ table and the EC 
probe.  
5: EC probes of any.  
6: Test samples, which on this work were either 
the aluminium 6082-T6 bars or aluminium WAAM 
walls. 

Both the DAQ and the XYZ table are connected 
to a computer with a dedicated LabView® 
software which controls the probe movement and 
improves the output signal processing and 
visualization. 

Figure 7  Experimental setup used 

Figure 8  Vector field of the magnetic induction  on the XZ plane 



Figure 9  Top view of the vector  (current density of the EC) in the surface of the bar

Table 2  Features of each customized IOnic Probe and the differences between them 

Results and Discussion 

ECT is used in the industry to evaluate the 
surface of finished products. So, in order to 
accomplish the objective of detecting internal 
flaws while the inspected part is still being 
manufactured, an immense uplift had to be 
executed in the EC probes used. 

The first limitation to be addressed was the skin 
effect characteristic of ECT. It was used an 
aluminium alloy with high electrical conductivity, 
AA 6082-T6 with 49 % IACS. The limitation 
inherent to the surface roughness of the WAAM 
parts was neglected in a first approach in order to 
simplify the detection of internal defects. Hence, 
these first tests were made on aluminium bars 
with a smooth surface finish comparable to a 
post-machined aluminium WAAM part. 

First it was tested the detection of a circular hole 
with a diameter of 3 mm, the top of it was located 
just 1 mm below the surface of the bar and it went 
throughout the whole width of the bar (6 mm). 
After that only the distance from the surface was 
changed on 1 mm increments till the hole was 5 
mm below the surface. While the commercial 
probe was only able to detect the hole when the 

top of it was 1 mm below the surface, some of the 
customized IOnic probes, IOnic #3, #4 and #5, 
were able to detect the same defect in the same 

deeper with any probe since the goal of 2 mm was 
already widely surpassed. 

In this work, a comparison was made between 
the results obtained in the experimental 
evaluation and the numerical simulation with the 
probe IOnic #3 when inspecting the AA 6082-T6 
bar with the top of the hole 4 mm below the 
surface. 

In Figure 10 (a) it is possible to see the positioning 
of the probe and the defect within the material, 
while in Figure 10 (b) the same configuration is 
shown from simulation stand point, illustrating the 
behaviour of the EC by demonstrating how the 

electric current density  flows through the 
material. At the position X=0, the probe is still too 
far from the defect location, therefore the EC in 

detected. From the results shown in Figure 10 (c), 
it is possible to understand that the difference 
from the raw data collected on the experimental 



analysis (black line) and the numerical simulation 
(blue line) is small. The spatial resolution of the 
probe in both cases is similar, roughly between 
the positions X=19 and X=41 (delimited by 
dashed light blue lines), and the peaks values are 
identical. When a filter is added to the 
experimental results (red line), the peaks values 
get even closer, however the spatial resolution of 
the probe is deturpated (delimited by the dashed 
red lines) due to the delay caused by the filtering 
and that also causes the loss of some of the data 
from the end of the inspection. In the three cases, 
the main goal is achieved and the defect is 
correctly located at the position X=30. The 
frequency used on both the experimental 
evaluation and numerical simulation is 2 kHz. 

It is possible to comprehend the effects of the 
surface roughness and the electrical conductivity 
by comparing the results obtained in the 
aluminium 6082-T6 bars with the ones from the 
inspection of WAAM samples, which have an 
electrical conductivity of 26 % IACS. For that to 
be possible, the results are compared between 
samples with holes located at the same depth 
and with the same diameter. 

Figure 11 compares the results from the scan of 
the wall WAAM 1 that has a hole with a diameter 

of 1 mm which is 2 mm below the surface and an 
identical aluminium bar. In this case the results 
were obtained with the probe IOnic #5 and the 
optimum parameters used in the test were a 
frequency of 2 kHz, gain of 90 dB and the probe 
drive on high. 

It can be visualized, in Figure 11, that the peak 
amplitudes on the WAAM sample (red line) is 
higher. That happens due to the lower electrical 
conductivity of the WAAM wall compared to the 
AA 6082-T6 bar (black line). When the 
conductivity is lower the EC are able to penetrate 
deeper into the material and reach internal 
defects easier. However, the defect is also clearly 
detected in the aluminium bar.  

All the results obtained using filters had the noise 
hugely reduced. For the results at the aluminium 
bars the 
WAAM walls their surface roughness is 
troublesome. In Figure 11 the signal-to-noise 
ratio (SNR) of the red line is extremely reduced 
due to the noise source. The difference in the 
results obtained through all the experiments show 
that as the defects get smaller, harder is to filter 
the noise created by it because the difference in 
sizes between the surface roughness and the 
defects gets diminished.

Figure 10  Comparison between the results obtained on the experimental analysis and numerical simulation



There are high temperatures involved in the 
deposition and production of WAAM parts, 
therefore, those temperatures might be 
prejudicial to an online layer by layer ECT of the 
parts. If the probe is in constant contact with the 
parts during their manufacturing, then its 
temperature will rise significantly, which will 
cause undesired impedance changes in the 
probe that perturbate the detection of flaws. The 
easiest way to attenuate this effect is to perform 
a non-contact inspection between the probe and 
the tested material. 

On the other hand, by setting the probe away 
from the surface of the material the magnetic 
induction on a point  decreases with the square 
distance from the current element, in this case the 
excitation coil, to . If the magnetic field 
decreases in a point  inside the material, then 
the EC in the material will also decrease and the 
detection of a flaw will be more difficult. 

The results from the experimental analysis of the 
lift-off influence on the detection of deep defects 

are shown in Figure 12. For this evaluation it was 
used the probe IOnic # 4 and the inspected 
sample was an AA 6082-T6 bar with a hole with 
3 mm of diameter, whose top is 2 mm below the 
surface. The inspection parameters were kept 
constant while the lift-off was modified and they 
were: a frequency of 5 kHz, a gain of 90 dB and 
the probe drive on high. The same filter was used 
in all the results. 

From the results shown in Figure 12 is possible to 
understand that the customized IOnic Probes 
were able to locate deep defects even when the 
probes were 5 mm away from the surface of the 
material but the SNR gradually reduces. This 
proves that the non-contact inspection with EC 
probes is possible and that, if needed to protect 
the EC probe for high temperatures, a layer of an 
insulator material might be applied between the 

enough to keep a low temperature of the probe, it 
can be cooled down by a water or air refrigeration 
system. 

Figure 11  Comparison between the results obtained on the inspection of WAAM 1 and an identical AA 6082-T6 bar 

Figure 12  Results of lift- -depth defect detection capability 



Conclusions 

The results obtained during the experimental 
work using the AA 6082-T6 bars with a smooth 
surface and a high electrical conductivity can be 
summarized in the Table 3. The conventional 
probe is the one with the worst results proving 
that this probe configuration and shape are not 
adequate for the detection of internal deep flaws 
in the material. The commercial probe done 
better by being able to detect the flaw 1 mm below 
the surface without the use of any filters but it 

the customized IOnic Probes totally 
revolutionized the obtained results and made it 
possible to locate defects at depths up to 5 mm. 

For the aluminium bars it is possible to 
understand that the results got clearer with the 
increasing of the coils inductance, first by 
increasing the copper wire diameter, from probe 
IOnic #2 to #1, and after by increasing the 
number of turns in the coils [42]. In end, probes 
IOnic #3, #4 and #5 were the only ones capable 
of detecting all the defects in the high conductive 
AA 6082-T6 bars. 

Relatively to the results obtained by inspecting 
the WAAM walls, both the conventional and the 

of 
the defects located in the WAAM samples. This 
implies that the results obtained with these 
probes are too influenced by the lift-off 
fluctuations caused by the noisome surface 
roughness of the walls. The only probe that was 
able to detect all the defects, including in the wall 
WAAM 1 that has a hole with a diameter of 1 mm 
which is 2 mm below the surface, was IOnic #5 
due to its increased inductance on the sensitive 
coils. 

Last but not least, in aluminium bar with a defect 
2 mm below the surface and a diameter of 3 mm, 
one of the customized IOnic Probes was still able 
to locate it with a lift-off of 5 mm. 

There are still many possibilities available to 
improve the performance of the customized IOnic 
Probes developed within this work. The most 
significant ones will be listed below: 

 Continue the analysis of the influence of the 
coils inductance in the detection of smaller 
and deeper defects. The target are defects 
smaller than 1 mm up till 2 mm below the 
surface in WAAM samples. 

 It is important to inspect localized defects that 
 

 The possibility of rotating the customized 
IOnic Probes. 

 
must be tested.  

 A way to ensure a faster and more viable 
method of production of the customized IOnic 
Probes should be found. 

Now regarding further steps towards an online 
inspection parallelly to the deposition of the 
WAAM layers: 

 The same analysis of the lift-off influence on 
the defect detection capabilities should be 
performed in WAAM samples and with 
smaller defects. 
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