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Abstract: In this study, different eddy-current based probe designs (absolute and commercial reflec-
tion) are used to detect artificial defects with different sizes and at different depths in parts composed
of stainless-steel (316) and titanium (TI-64) made by Laser Additive Manufacturing (LAM). The
measured defect signal value using the probes is in the range of (20-200) millivolts. Both probes
can detect subsurface defects on stainless-steel samples with average surface roughness of 11.6 um
and titanium samples with average surface roughness of 8.7 um. It is found the signal reading
can be improved by adding a coating layer made of thin paper to the bottom of the probes. The
layer will decrease the surface roughness effect and smooth out the detected defect signal from any
ripples. The smallest subsurface artificial defect size detected by both probes is an artificially made
notch with 0.07 mm width and 25 mm length. In addition, both probes detected subsurface artificial
blind holes in the range of 0.17 mm-0.3 mm radius. Results show that the absolute probe is more
suitable to detect cracks and incomplete fusion holes, whereas the reflection probe is more suitable to
detect small diameter blind holes. The setup can be used for defect detection during the additive
manufacturing process once the melt pool is solidified.

Keywords: magnetic sensors; additive manufacturing; defects; eddy current; magnetic coil; non-
destructive testing; sensor designs; absolute probe

1. Introduction

The way parts made by additive manufacturing (AM) technology, where materials
are laid layer-by-layer, exhibits different types of defects such as cracks and porosities.
There are many physical phenomena such as keyhole, solidification cracking, oxidization,
lack of fusions, etc., during AM processes that cause porosities and cracks to form. The
existence of these defects will affect the quality of AM-made products. To ensure the
parts quality, integrity and reliability, non-destructive testing (NDT) should be carried out
on these parts for early detection of defects. There is a wide range of NDT techniques
that can be used in testing of AM-made parts. For example, acoustic emission testing,
thermography and photo-diode signal can be used for in-situ inspection in AM [1,2].
Some other non-destructive imaging techniques such as infrared thermography and laser
reflection technique were investigated in [3]. Each of these NDT techniques has its pros,
cons, and challenges during the testing process. In addition, techniques such as Eddy
current testing, X-ray, laser ultrasonic testing, and visual inspection can be used for the post
process NDT inspection. There are different classes of AM processes. The focus of this paper
is the powder bed fusion (PBF) process. In PBF, powder is sintered either by an electron
or a laser beam. The types of materials used in PBF are ferrous alloys, nylon, titanium
alloys, aluminum, etc. Non-destructive testing techniques such as eddy current testing,
radiography and ultrasonic testing are all suitable for in-situ and post process inspection
of parts made by PBF. The focus in this paper is using eddy current technique to detect
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subsurface defects in parts made by PBF technology. There are different challenges with
using eddy current technique for defect detection in PBF [4] such as detecting unwanted
signal which sometimes makes it difficult to interpret the measured signal.

Eddy current (EC) follows the electromagnetic induction law. Once a conductive
material is subjected to a changing electromagnetic field which is originally created by
passing an alternating current through a coil, eddy currents will start to flow in this part in
a circular path or a loop as shown in Figure 1. An additional secondary magnetic field (MF)
is produced by the eddy currents induced inside the material. The secondary magnetic
field will oppose the primary magnetic field created in the coil of the testing probe (Lenz’s
law) [5,6], and the total effect is a reduced magnetic flux linking the coil. A sensor is used
to measure the total MF near the part under test [5]. The existence of any crack or defects
will perturb the distribution of the eddy currents field causing variations in the phase and
the magnitude of it. These variations can be measured using another receiver coil [5].
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Figure 1. Schematic Eddy currents distribution under a coil on top of a stainless-steel plate; (a) shows
the distribution of eddy currents in case no defect, (b) shows the perturbation of eddy currents due
to an artificial surface crack in the plate.

Eddy current NDT technique is used for inspection in the nuclear [7], inspection of
the heat exchanger, bolt holes inspection, pipe inspection, testing of materials in aircraft
energy, transportation, and aerospace industries [8], and in high-speed rails. Eddy current
testing is applicable for any conductive material developed by any conventional or AM
technologies. The potential applications of eddy current non-destructive testing are:

o  Conductivity Testing—The ability of eddy current testing to measure conductivity
can be used to identify and sort ferrous and nonferrous alloys, as well as to verify
heat treatment.

e  Surface Inspection—Eddy current can easily detect surface cracks in machined parts
and metal stock. Inspection of the area around fasteners in aircraft and other critical
applications falls under this category.

e  Detection of Corrosion—Eddy current instruments can detect and quantify corrosion
on the inside of thin metals such as aluminum aircraft skin [8].

e Bolt Hole Inspection—Cracking inside bolt holes can be detected using bolt hole
probes, which are frequently used in conjunction with automated rotary scanners.

e  Tubing inspection—Common eddy current applications include in-line inspection of
tubing during the manufacturing process as well as field inspection of tubing such as
heat exchangers [7].
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There are some advantages and disadvantages for using the EC testing method [4,9,10].
It can be used to test parts with complex geometries where Eddy currents can go through
surface coating and allows detection for subsurface defects. Advantages of this study,
compared to other NDT methods are listed in [11,12]. The designed probe and the testing
devices are portable because of the way it designed which allows for outdoor inspection. It
is suited to detect all type of volumetric flaws such as corrosion, wear, cracks, and porosities.
It may provide good sensitivity to small flaws at or near the surface of the sample. The
part under inspection doesn’t require much preparation while testing using the eddy
current technique. As any other non-destructive techniques, there are some disadvantages
associated with eddy current technology.

The limitations with the eddy current testing technique are:

e  The technique is very susceptible to any changes in the magnetic permeability (p)
and conductivity (o) of the material.; any type of changes is shown as a false defect
signal because of the disturbance of the eddy currents distribution, especially in
ferromagnetic materials.

e  Due to the way eddy currents is created, this technique is only effective on conductive
material and the material must be able to support a flow of electrical current.

e Another constraint is that it won’t be able to detect defects that are parallel to the
surface since the flow of the eddy currents are always parallel to the surface, if there
is a planar defect that does not interface with the eddy current then the defect won’t
be detected.

e In addition, if the surface roughness of the test part is large, it will interfere with the
resultant signal [13,14]. The defect detection in parts made by AM processes using
eddy current technique depends on the grain structure and surface finish of the part
under test. There are some ways to filter any background noise or ripples in the result
signal by applying filters to it or by machining the surface of the test part to smooth it
out and arrive at a better detected signal.

The main tool used in eddy current testing is the probe used for the detection. Eddy
current probes are responsible for inducing the eddy current inside the material and in
the meantime detecting the defect signal. There are different types of eddy current probe
geometries. All types of probes can locate the defects but only certain probes with different
coil orientation can be used to give an estimation about the defect size. Most of the
available probes either has one coil which works in the absolute mode or two coils which
work in the reflection or differential mode. Figure 2. shows the geometrical difference of
absolute and reflection probes. The smaller the diameter of the probe the smaller size of the
detectable defect.
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Figure 2. Absolute and reflection probe geometry differences; (a) shows an absolute probe that has
only one coil, (b) shows a reflection probe that has two coils.
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In this paper a comparison will be carried out between the response of an absolute
designed probe and a reflection commercial probe for subsurface defects in parts made
by laser powder bed fusion technology. Comparison between different eddy current
probes with different coil specs helped understanding the effect of each parameter such as
coil length, inner diameter, outer diameter, number of turns, and the different operating
modes on the probe sensitivity to detect cracks with width less than 0.3 mm and voids
with diameter less than 0.3 mm. Exploring both probes performance towards some of
the limitations and challenges that face using eddy current testing technique in additive
manufacturing such as surface roughness is carried out by testing different samples with
different surface roughness sizes in the range of 8 um to 11 um.

In this paper, main contribution is shed some light on the use of eddy current NDT
technique for the defect detection in additively manufactured components. There are
not many studies on the application of ED in AM and the authors intend to fill this gap.
Another contribution is the proposing of a method to reduce the signal sensitivity to the
surface roughness and the edge effect for better detection of flaws inside components
that will be discussed in the sensitivity analysis section. An introduction about additive
manufacturing and eddy current technique is provided in Section 1. Type of samples used
for testing by both probes and the specs for the probes are explained in Section 2. Testing
the designed absolute and the commercial reflection probes on different samples made of
different materials with different flaws is described in Section 3. A comparison between
each probe response to the defect is provided in Section 3. Sensitivity analysis provided in
Section 4. Finally, conclusion and future work are listed in Section 5.

2. Materials and Methods
2.1. Overview

One of the probes used for comparison is an absolute type that has one coil to induce
the eddy currents inside the material and detect the defect signal. The absolute probe
dimensions are listed in Table 1. The other probe used for comparison is a commercial probe
that works in the reflection mode. The reflection probe has two coils, one coil transmits
eddy currents inside the material and the other coil receives the detected defect signal.

Table 1. Coil and Core Parameters of the Absolute Probe.

Coil outer radius (rp) 8 mm
Coil inner radius (r1) 3.5 mm
Coil length (h) 9.435 mm
Core diameter 7 mm
Core length 13.435 mm
Input current 0.0148 RMS AMP
Wire gauge AWG-25
Diameter of the wire 0.45466 mm
Frequency (f) 28 KHz
Voltage 5V
Plain core type Ferrite
Coil inductance 444942 uH
Number of turns (w) 164

Frequency used for the commercial probe which works in reflection mode is 2 KHz.
The peak-to-peak voltage value supplied to the probe is 12 V. Its diameter is around 9 mm
which is almost half the diameter of the absolute probe. Using a current probe, the measured
RMS input current value is 0.0205 AMP. The length of the probe is around 35 mm.
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2.2. Samples Used for Experiment

Some of the common materials that are used to build products by laser additive manu-
facturing are stainless-steel, titanium. Stainless-steel and titanium have high conductivity
and magnetic permeability. They are used in several applications such as customized prod-
ucts include artificial joint or bone replacements, instruments for surgery or prosthetics [15].
In addition, both materials have been widely used in Aerospace applications such as jet
engine components [16,17].

Samples used for experiment to test both probes are made of stainless-steel and
titanium. The stainless-steel (SS316L) samples were printed using a Renishaw AM400
machine and the titanium (TI64) samples were printed using EOS M290 machine. The
process parameters used during printing the stainless-steel samples are hatch power 190 W,
hatch distance 60, borders power 140 W, borders distance 30, fill hatch distance 0.110 mm,
and repetition limit 20. The process parameters used during printing the titanium samples
are stripes distance 0.09 mm, stripes speed 1250.0 mm /s, stripes power 195.0 W, beam offset
0.015 mm, stripe width 5 mm, and stripes overlap 0.12 mm. All samples have subsurface
artificial defects and are designed using Solidworks software.

To be able to check the accuracy of the defect width, depth and length, CT has been
used as a way to check each defect dimensions. All stainless-steel and titanium samples
inspected using CT. In Figure 3 it shows one of the stainless-steel samples used for experi-
ment which has a subsurface notch with 25 mm length and 0.3 mm width. The notch is 1.5
mm below the surface and is not visible visually. Images were taken using a ZEISS Xradia
Versa 520 at the following settings:

Voltage: 140 kV.

Power: 10 kW.

Exposure Time: 2.0 s.

Source Distance: 110.2702 mm.
Detector Distance: 27.0012 mm.
Pixel Size: 55.1493 pum.

Optical Magnification: 0.39328.

Figure 3. CT results of a stainless-steel sample.

All stainless-steel and titanium samples have rough surfaces because of the laser
hatch pattern and the random distribution of the powder. Surface roughness is one of the
challenges that makes it difficult to interpret the measured signal. The surface roughness
and finish of the test piece will cause disturbance to the flow of the eddy currents inside
the material which produces unwanted signal in addition to the actual defect signal.
Detecting small size defects in parts with high surface roughness will be difficult and
requires applying different filters to the measured signal. An example of the different
surface roughness in stainless-steel and titanium parts made by additive manufacturing
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shown in Figure 4. The surface roughness size of all samples was measured using the
microscope as shown in Figure 4. The mean of parameter (Sa) in Figure 4. is generally used
to evaluate surface roughness, it expresses, as an absolute value, the difference in height of
each point compared to the arithmetical mean of the surface. The images were taken using
a Keyence VK-X250 Laser Con-focal Microscope with the following settings:

e  20x Magnification Lens.
e 0.5 um Z-pitch.
693.630 pm X-Y calibration per pixel.

Figure 4. The surface roughness size for both materials where (a) stainless-steel (316) sample,
(b) Titanium sample (TI-64).

All samples’ sizes are 50 x 50 mm. The defects are located at the center of each
sample to be able to move the probe easily and to avoid edge effect [18] or perturbing the
eddy currents.

2.3. Simulation for Notches and Voids

There are two cases considered for simulation to show the difference of the probe
response in case of a notch and in case of a void. The parameters for the simulation model
shown in Table 2. The sweep direction of the coil is in the Y direction and the defect is
located at 10 mm position as shown in Figure 5. The step size used for the parametric
sweep in 2 mm. The probe gives a different response in case of a notch compared to the
void. There are different mesh types that are supported by ANSYS Maxwell, eddy current
solution such as inside selection (length based) and on selection (length based or skin
depth). The mesh type used during simulation is on selection, skin depth based, number of
layers of elements is 2. The surface triangle length is 0.2 mm.

Table 2. Parameters Used for Both Simulation Cases.

Plate thickness 8 mm
Plate length 50 mm
Material Stainless-steel (316)
Notch length 15 mm
Notch width 0.4 mm
Void radius 1.5 mm
Lift off distance 0.2 mm

Defect location 10 mm in Y direction
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Figure 5. Shows simulation results of the probe impedance change on top of a plate with a defect at
10 mm, where (a) defect type is a sphere, (b) defect type is a notch.

In Figure 5, the types of defects detected are a sphere that simulates a subsurface void
and a notch that simulates a subsurface crack. Simulation carried out using same input
values and dimensions of the absolute coil. The sweep distance is 40 mm, and it starts
from 10 mm before the zero position to 30 mm after the zero position. In Figure 5a,b, the
magnetic field will be the minimum when the coil’s center is aligned with the defect’s
center and there won’t be much change in the coil impedance. The magnetic field will reach
its maximum when the coil winding is centered over the defect causing a big change in
the coil impedance. In case of a sphere, the defect will still give maximum change in the
field in as the sphere largest cross-section will intersect with the field at all orientations.
In case of a notch, the changes in the coil impedance will only happen if the notch is
perpendicular to the electric field. Some examples that show eddy current imaging for
defect characterization can be found in [19]. In Figure 5a, the void diameter is 3 mm, which
is big, and that will cause generating two different peaks when the edges of the coils are
aligned with the edges of the void during a sweep motion.

2.4. Analytical Modeling

Eddy currents can go deeper in the material for a certain depth. The penetration depth
is determined by the material conductivity, permeability and the frequency used for the
source current. The standard depth of penetration formula is shown in (1).

[ 2
o~ w—w 1)

where, 0 is the standard depth of penetration (SDP), o is the material conductivity, w is the
excitation frequency, and p is the material magnetic permeability of the test piece [20]. The
eddy current governing physics can be expressed mathematically in a diffusion equation
form. It can be described mathematically using (2) based on the vector potential A.

Vz A+ jngA = _H]source (2)

where, ] is the current density of the source excitation coil and V2 is the Laplace opera-
tor [21]. The Dodd and Deeds model gives a closed integral form solution of the vector
potential [22,23]. There are some other analytical methods that are used to solve the eddy
current problems such as using the TREE method.

There are different analytical models that can be used to calculate the coil impedance
change on top of plate with a defect. Some of these models uses the integral form and
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others uses the truncated region eigenfunction expansion (TREE) method. The impedance
value of the probe on top of a plate made of stainless-steel and titanium materials without
a defect is calculated using (3) as mentioned in [24]. The coil impedance magnitude value
calculated analytically on top of a stainless-steel plate is 81.8 ohm. The coil impedance
magnitude value calculated analytically on top of a titanium plate is 83.9 ohm.

o
AZ = 20y b Y | LamCn? exp(~2xml) 3)

m=1

where C, can only be determined by inner diameter (r;), outer diameter (rp), number
of turns (w), and coil height (h). The complex function (Lnp, ) is determined by the plate
thickness, its material conductivity, and relative permeability. The Lift-off distance (1) and
the truncated field region (b) [25]. Some of the values are shown in Table 1.

As mentioned before, to calculate the probe impedance value on top of a conductive
plate with a flow, some models use the integral form that is based on the Dodd and Deeds
model which solves the vector potential using the integral form in (4) [26].

o= [Bowt (A)

]2 I
The term Volay, depends on the defect geometry. In [27], the concept of truncated
region eigenfunction expansion (TREE) is used to calculate the change in the coil impedance
by truncating the solution domain to be finite. The main steps to calculate the coil

impedance is to calculate the vector potential at different regions around the coil, un-
der the coil and inside the material.

X VOlO(zz (4)

3. Measurement Results and Discussion
3.1. Measurements, Sensing and Circuitry

A schematic diagram of the defect detection while the parts are printed using LPBF
technology shown in Figure 6. In the schematic diagram, the system has a current generator
and a low pas filter, and A /D converter. Most of the data acquisition systems that exist in the
market have these features. An alternating current or an alternating voltage is required to drive
the probe coils to produce the magnetic field inside the coil. The supplied AC voltage to the
absolute probe has a peak-to-peak value of 5 V and frequency of 28 KHz. The supplied peak-
to-peak voltage value to the reflection probe is 12 V and the frequency used is 2 KHz. Based on
the used frequency and both stainless-steel and titanium conductivity and permeability, the
eddy currents standard depth of penetration is around 3 mm inside the material.

Low pass filter

Current generator

o[No

EC sensor

Laser head

| Powder

' nozzle

Coordinate machine

Figure 6. Schematic diagram of the defect detection and measurements during PBF process.
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There are two different factors that help reduce the effect of the noise produced by
the subsurface. First, applying a low pass filter to the detected signal. Second adding
a thin coating layer to the bottom of the probe. Applying a filter is necessary to reduce any
noise in the measured signal and to differentiate between the actual defect signal and the
noise. Applying a filter helps to remove the background drift from the eddy current signal.
Different types of filters can be applied to the measured signal such as low pas filter, high
pass filter, band-pass filter, and median filter. Choosing which filter should be applied to
the measured signal depends on the length of the flaw and the noise source. The length of
the filter should be at least twice the length of the defect otherwise the defect signal will be
attenuated. The filter type that was used during measuring the defects signals which are
shown later in Section 3, was a low pass filter with a cutoff frequency of 30 Hz. The low
pass filter passes only signals with low frequencies and cuts off high frequency signal such
as electrical noise. The PC is used to control the whole system and the detection process.
The data acquisition system used during the detection process is MIZ-12C. To move the
probe on top of the samples in different direction, a 3D printer XYZ Motorized Linear
Stage could be used which will help keeping the lift off distance between the probe and the
sample constant.

An illustration of the circuit attached to the probe for the experimental setup is shown
in Figure 7. To drive the absolute probe coil, a simple RL circuit was attached to it. The
coil winding is attached to the voltmeter to be able to measure the flaw signal and attached
to an AC voltage source to be able to drive the coil and induce eddy currents inside
the part under test. The peak-to-peak voltage value supplied to the probe’s coil is 5 V
with a frequency value of 28 Hz. The coil winding is attached to a resistor (R1) with
a value 27 ohm. An operational amplifier used to amplify the measured signal since
the measured signal value is in millivolts. The op-amp type used is LM358 and 5 volt
is supplied to the operational amplifier. The non-inverting amplifier used has an input
resistance (R2) with a value of 1000 ohm and an output resistance (R3) with a value of
10,000 ohm. The calculated gain of the op amp is 11. The circuit provided in Figure 7 is the
one provided to the simulation model created in ANSYS Simplorer to be able to validate
the experimental results.
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< .
— Y Q
= 3 . g e E
3 . s =
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< """"" E e =
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Figure 7. Circuit attached to the absolute probe.

The circuit attached to the reflection probe is shown in Figure 8. It consists of two parts,
the transmitter part that is attached to the transmitter coil and the receiver part that is
attached to the receiver coil. The peak-to-peak voltage value supplied to the transmitter
coil is 12 V with frequency of 2 KHz. The receiver coil is attached to a voltmeter to measure
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the defect signal. The measured inductance value of the transmitter coil is 10.9 mH and
the measured inductance value of the receiver coil is 8.2 mH. Both absolute and reflection
probes are connected to the data acquisition equipment using a Triax cable and a LEMO
connector type where A, B, and C are the connection points. An illustration of the reflection
probe circuit and the LEMO connector attached to it is shown in Figure 8.

ah

Figure 8. An illustration of the reflection probe circuit.

To be able to compare between both probes, samples made of stainless-steel SST-316
and titanium TI-64 were used for the detection process. Multiple readings taken for each
defect using both probes. Since both probes have different dimensions and different input
values, the measured signals were normalized for comparison. Each defect has six readings,
and the normalized value was calculated by dividing each voltage of the six reading by
the maximum voltage value (Vpp) of all the six readings [23]. The defects are located at
the center of each sample. The samples dimensions, defect size and location are shown in
Figure 3. The experimental setup used in this work is shown in Figure 9. The measured
peak-to-peak voltage at the probe terminal on top of a stainless-steel sample is 3.4 volt
using the oscilloscope. The RMS input current value is 0.0148 Amp. The input Vpp to the
coil is 5 V and the resistance connected in series with it is 27 ohms. The measured value of
the probe impedance on top of a stainless-steel plate and titanium plate using the absolute

probe can be calculated using (5).
Z=1/R"+x I (5)

where V is the measured Vpp value of the probe on top of the stainless-steel or the titanium
plates. The RMS value of the measured Vpp is 1.202 V. Using Equation (5), the measured
coil impedance is 1.202/0.0148 = 81.2 Q).

Figure 9. Experimental setup showing both probes used to test titanium and stainless-steel samples.
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3.2. Detecting Defects on Stainless-Steel Samples

Different defect types can be formed in parts made by AM technology such as cracks
and porosities due to lack of fusion. Lack of fusion porosities are formed of unmelted
powder particles and usually have irregular shapes [28]. The size of porosities is usually
around 5-200 pm. Cracks with the range between 200-700 pum are formed in different
alloys (e.g., superalloys) due to the great residual thermal stress combined with the high
temperature gradient [24-29].

Several cases were considered for testing both probes. The first case is to detect
0.07 mm, 0.1 mm, 0.2 mm, 0.3 mm and 0.4 mm notches width. All notches have a length
of 25 mm and located at 1.5 mm from the sample surface. All samples thickness is 8 mm.
Samples are made of stainless-steel (316) with conductivity 1.33 MS and relative perme-
ability 1.01. To simulate subsurface cracks, the detection process is carried out form the
opposite side of the notches.

Second case considered for testing both probes is to detect blind holes which are
located at 0.5 mm from the surface with different diameters. The diameters are 0.34 mm,
0.4 mm, 0.54 mm, and 0.6 mm. The samples thickness is 2 mm.

Values shown in Figures 10 and 11 are the ones obtained experimentally. An example
of the samples used for experiment shown in Figure 3. The probe is moved across each
defect in the Y direction. In Figure 10 both probes are used to test the stainless-steel plate
with notches and the measured signal is the raw peak to peak voltage measured at the probe
terminals in millivolts. Values shown in Figures 10-12 are the normalized value. The actual
peak to peak voltage of the defect signal using both probes are shown in Figures 13 and 14.
As shown in Figure 10 the absolute probe shows a better response detecting the notches
compared to the reflection probe. There is a relationship between the size of the detected
defect and the diameter of the probe coil. The smaller the diameter of the coil the smaller
the defect that can be detected. Since the reflection probe coil has a diameter that is almost
half the diameter of the absolute probe coil, it gives a better response detecting small size
voids, meanwhile the absolute probe gives a higher response and higher measured signal
value in case of notches since the obstruction of the eddy current flow is higher because of
the bigger diameter size.

In Figure 11. the reflection probe gives a better response detecting the blind holes
compared to the absolute probe since the diameter of the reflection probe is almost have of
the absolute one which improved its detectability to smaller defect sizes. The average of all
normalized values for each defect and the standard deviation error bars are the one shown
in Figures 10 and 11.

Normalized measured voltage values, SST

[

b .__________;,
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£ —t
S 08 L
- o
=
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,% 0.4 —I— Reflection
<
7 0.2

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Notch width (mm)

Figure 10. Normalized values of the measured voltage for both probes on top of plates made of
stainless-steel with notches with different widths.
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Normalized measured voltage values, SST
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Figure 11. Normalized values of the measured voltage for both probes on top of plates made of
stainless-steel with different radius blind holes.

3.3. Detecting Defects on Titanium Samples

Third case considered for testing both probes is to detect notches with same width and
length such as the ones used in the first case. The samples are made of titanium and the
notches are located at the center of the sample. An example of the samples shape is shown
in Figure 3.

The samples are made of titanium (TI-64) with conductivity 0.56 MS and relative
permeability 1.00005. Both probes were used to test the samples made of titanium. The
measured peak to peak voltage of the defect signal was normalized and plotted as shown in
Figure 12. The titanium plates have notches with the same length of 25 mm and each notch
is located at the center of the plate as shown in Figure 3. The absolute probe gives a higher
and better response to each notch compared to the reflection probe. The repeatability of
the measured voltage values of each notch using the absolute probe is also better and the
average values are the ones used in Figure 12.

Normalized measured voltage values, TI-64
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% 08
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0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4

Notch width (mm)

Figure 12. Normalized values of the measured voltage for both probes on top of plates made of
titanium with notches with different widths.

3.4. Material Conductivity Comparison for Both Probes

Another comparison conducted using both probes, shown in Figures 13 and 14, ex-
hibits how much the detected defect signal will be affected in case of testing different
materials with different conductivity. The comparison carried out based on the measured
defect signals obtained from the samples used in the first and third cases.
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Materials with higher conductivity will cause higher amount of eddy currents to be
induced inside the material. Therefore, the existence of any crack inside the material with
the higher conductivity will perturb these eddy currents causing a higher probe response
and a higher measured voltage value.

In Figure 13, a comparison on the absolute probe detection response to notches on
stain-less steel and titanium samples is carried out. The measured Vpp values at the probe
terminal in case of stainless-steel is higher than the measured ones in case of titanium since
stain-less steel (316) has a higher conductivity than titanium (TI-64).

Absolute probe response

180
160
140
120
100

80

60 —o—Stainless steel 316

40
20 —o— Titanium TI-64

Average Vpp(mv)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Notch size (mm)

Figure 13. Measured Vpp values using absolute eddy current sensor on top of titanium and stainless-
steel samples with notches.

Same behavior found using the reflection probe during testing both materials in
Figure 14. The probe is moved across each defect multiple times keeping the lift off distance
constant all the time. Looking at Figures 13 and 14 the error bars shown for each defect
represent the repeatability of the measured peak-to-peak voltage values for all six readings
for each defect. In Figure 13 the six readings of the measured peak-to-peak voltage for
each defect show more repeatability which means that the results are more accurate and
reliable compared to the results shown in Figure 14. Based on the previous explanation, the
absolute probe shows better results to detect notches compared to the reflection probe.

Reflection probe response
100

—o—Stainless steel 316

—o—Titanium TI-64
—

Average Vpp(mv)
28822388

10

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Notch size (mm)

Figure 14. Measured Vpp values using reflection eddy current sensor on top of titanium and stainless-
steel samples with notches.
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4. Sensitivity Analysis
In this section different scenarios are considered for sensitivity analysis. The first case

is to detect defects that are close to an edge. The second case is to detect multiple defects
that are located in the same region or at a close distance from each other.

4.1. Testing Close to an Edge

The possibility of detecting subsurface defects that are close to an edge are explored
by creating a simulation model that have subsurface notch. Moving the probe parallel to
the edge of the plate helps detecting the defect without acquiring a false signal of a flaw
that represents the edge of the sample, as shown in Figure 15. The subsurface notch length
is 2 mm and 0.3 mm width. Plate thickness is 4 mm, and the defects are located at 1.5 mm
under the surface.

; Sweep direction

| Probe Notch

X

[ SST plate

7553

N 75.44

-10 10 30
Distance (mm)

Figure 15. Subsurface notch close to an edge.

4.2. Multiple Defects in the Same Region

The second case is to explore detecting multiple defects that exist in the same region
or defects that are separated by small distance. There are two different cases considered in
this analysis. The first case is to have two voids parallel to each other (Figure 16) and the
second case is to have two voids on top of each other (Figure 17). In the first case, where
there are two voids that are almost the same size, located close to each other in the same
region, the peak value of the impedance change is affected by both defects. It gives one
peak value change, while moving the probe on the top of the plate, instead of showing
two different peaks for each void.

In the case, where there are two voids with different sizes that are located on top of
each other in the same region, the peak value of the impedance change is affected by both
defects. This configuration gives one peak value change in case of moving the probe on the
top of the plate instead of showing two different peaks for each void. The peak normally
represents equivalence of both the bigger size void and the smaller one. In Figure 16,
there is only one peak shows in case of two voids parallel to each other because the space
between them is too small. In case the space between both voids (in the Y direction) is big
enough which depends on the coil geometry and the eddy current flow under it, it will
show two different peaks for each void. In Figure 17, there is only one peak shows in case
of two voids on top of each other because both voids center are aligned regardless of spaces
between them.
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Figure 16. Sweep over position on the top of the plate with two voids besides each other in the
same region.

Sweep direction

y Two voids

z
I ) SST plate

N 7727 |
<

-10 10 30
Distance (mm)

Figure 17. Sweep over position on the top of the plate with two voids above each other in the
same region.

5. Conclusions

A comparison carried out between the responses of two different probes with different
geometries which work in different modes to detect defects in samples made of titanium
and stainless-steel. The samples are made by AM using laser powder bed fusion with
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artificial defects. In addition, different defect shapes were detected such as notches that
simulates subsurface cracks and blind holes that simulates subsurface porosities. Another
comparison carried out using both probes to compare the effect on the defect signal from the
point view of conductivity. The absolute probe gives a better response in case of detecting
notches meanwhile the reflection probe gives a better response in case of detecting blind
holes. The absolute probe is more suitable to detect cracks and incomplete fusion holes.
The reflection probe is more suitable to detect small diameter blind holes with diameter
less than 0.2 mm. It is easier to design and fabricate the absolute probe and cheaper to
implement it. The minimum defect size that can be detected using the designed absolute
probe applied to the experimental configuration used in this paper is 0.2 mm void radius
and 0.07 notch width. For future work, random defects with unknown sizes in the range
of 0.05 mm to 0.5 mm width and different lengths in the range of 1 mm to 5 mm can be
tested to acquire its approximate size. In addition, detection of defects same size at different
depths in the range of 1 mm to 3.5 mm can be explored.

Author Contributions: Conceptualization, H.E.E, E.T. and M.B.K.; Formal analysis, H.E.F; Funding
acquisition, E.T. and M.B.K; Investigation, H.E.F.; Project administration, E.T. and M.B.K.; Supervi-
sion, E.T. and M.B.K.; Writing—original draft, H.E.F,; Writing—review & editing, E.T. and M.B.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was by the umbrella of the Holistic Innovation in Additive Manufacturing (HI
AM) Network through the Natural Sciences and Engineering Research Council of Canada (NSERC)
and Canada Foundation for Innovation (CFI).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available from the authors upon request.

Acknowledgments: The authors acknowledge the financial support of NSERC Network for Holistic
Innovation in Additive Manufacturing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lu, Q.; Wong, C. Additive manufacturing process monitoring and control by non-destructive testing techniques: Challenges and
in-process monitoring. Virtual Phys. Prototyp. 2017, 13, 39-48. [CrossRef]

2. Taherkhani, K,; Sheydaeian, E.; Eischer, C.; Otto, M.; Toyserkani, E. Development of a defect-detection platform using photodiode
signals collected from the melt pool of laser powder-bed fusion. Addit. Manuf. 2021, 46, 102152. [CrossRef]

3.  Qiu, Q. Imaging techniques for defect detection of fiber reinforced polymer-bonded civil infrastructures. Struct. Control
Health Monit. 2020, 27, €2555. [CrossRef]

4. Lu, Q.Y.,; Wong, C.H. Applications of non-destructive testing techniques for post-process control of additively manufactured
parts. Virtual Phys. Prototyp. 2017, 12, 301-321. [CrossRef]

5. Hamia, R.; Cordier, C.; Dolabdjian, C. Eddy-current non-destructive testing system for the determination of crack orientation.
NDTE Int. 2014, 61, 24-28. [CrossRef]

6. Pelesko, J.A.; Cesky, M.; Huertas, S. Lenz’s law and dimensional analysis. Am. J. Phys. 2005, 73, 37-39. [CrossRef]

7. Forster, F. Sensitive eddy-current testing of tubes for defects on the inner and outer surfaces. Nondestruct. Test. 1974, 7, 28-36.
[CrossRef]

8. Pan, M.; He, Y,; Tian, G.; Chen, D.; Luo, F. PEC Frequency Band Selection for Locating Defects in Two-Layer Aircraft Structures
with Air Gap Variations. IEEE Trans. Instrum. Meas. 2013, 62, 2849-2856. [CrossRef]

9.  Toyserkani, E.; Sarker, D.; Ibhadode, O.; Liravi, F.; Russo, P; Taherkhani, K. Metal Additive Manufacturing, 1st ed; John Wiley & Sons:
Hoboken, NJ, USA, 2021; p. 624. ISBN 978-1-119-21078-8.

10.  Shull, PJ. Nondestructive Evaluation: Theory, Techniques, and Applications; CRC Press: New York, NY, USA, 2002.

11.  Scott, I; Scala, C. A review of non-destructive testing of composite materials. NDT Int. 1982, 15, 75-86. [CrossRef]

12.  Gholizadeh, S. A review of non-destructive testing methods of composite materials. Procedia Struct. Integr. 2016, 1, 50-57. [CrossRef]

13. Ippolito, R.; Iuliano, L.; Gatto, A. Benchmarking of rapid prototyping techniques in terms of dimensional accuracy and surface
finish. CIRP Ann.-Manuf. Technol. 1995, 44, 157-160. [CrossRef]

14. Chen, Y,; Peng, X.; Kong, L.; Dong, G.; Remani, A.; Leach, R. Defect inspection technologies for additive manufacturing. Int. J.

Extrem. Manuf. 2021, 3, 022002. [CrossRef]


http://doi.org/10.1080/17452759.2017.1351201
http://doi.org/10.1016/j.addma.2021.102152
http://doi.org/10.1002/stc.2555
http://doi.org/10.1080/17452759.2017.1357319
http://doi.org/10.1016/j.ndteint.2013.09.005
http://doi.org/10.1119/1.1773176
http://doi.org/10.1016/0029-1021(74)90023-1
http://doi.org/10.1109/TIM.2013.2239892
http://doi.org/10.1016/0308-9126(82)90001-3
http://doi.org/10.1016/j.prostr.2016.02.008
http://doi.org/10.1016/S0007-8506(07)62296-3
http://doi.org/10.1088/2631-7990/abe0d0

Sensors 2022, 22, 5440 17 of 17

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Munsch, M. Laser Additive Manufacturing of Customized Prosthetics and Implants for Biomedical Applications; Woodhead Publishing:
Sawston, UK, 2017; pp. 399—-420.

Liu, R.; Wang, Z.; Sparks, T.; Liou, F; Newkirk, J. Aerospace Applications of Laser Additive Manufacturing; Woodhead Publishing:
Sawston, UK, 2017; pp. 351-371. [CrossRef]

He, D.; Wang, Z.; Kusano, M.; Kishimoto, S.; Watanabe, M. Evaluation of 3D-Printed titanium alloy using eddy current testing
with high-sensitivity magnetic sensor. NDTE Int. 2019, 102, 90-95. [CrossRef]

Xie, Y,; Li, J.; Tao, Y.; Wang, S.; Yin, W.; Xu, L. Edge effect analysis and edge defect detection of titanium alloy based on eddy
current testing. Appl. Sci. 2020, 10, 8796. [CrossRef]

Copley, D.C. Eddy-Current Imaging for Defect Characterization. In Review of Progress in Quantitative Nondestructive Evaluation; Re-
view of Progress in Quantitative Nondestructive Evaluation, Library of Congress Cataloging in Publication Data; Thompson, D.O.,
Chimenti, D.E., Eds.; Springer: Berlin/Heidelberg, Germany, 1983. [CrossRef]

Klein, ].D.D.O.; Campestrini, L.; Brusamarello, V.J. Estimation of Unknown Parameters of the Equivalent Electrical Model During
an Eddy Current Test. IEEE Trans. Instrum. Meas. 2019, 69, 5791-5798. [CrossRef]

Ma, X.; Peyton, A.J. Eddy current measurement of the electrical conductivity and porosity of metal foams. In Proceedings of the
IEEE Instrumentation and Measurement Technology Conference, Como, Italy, 18-20 May 2004; Volume 1, pp. 127-132. [CrossRef]
Dodd, C.V.; Deeds, W.E. Analytical solutions to eddy-current probe-coil problems. J. Appl. Phys. 1968, 39, 2829-2838. [CrossRef]
Lim, K.H.; Lee, ].-H.; Ye, G.; Liu, Q.H. An efficient forward solver in electrical impedance tomography by spectral element
method. IEEE Trans. Med. Imaging 2006, 25, 1044-1051. [CrossRef]

Zhang, B.; Li, Y.; Bai, Q. Defect Formation Mechanisms in Selective Laser Melting: A Review. Chin. |. Mech. Eng. 2017, 30,
515-527. [CrossRef]

Lei, Y.-Z. General series expression of eddy-current impedance for coil placed above multi-layer plate conductor. Chin. Phys. B
2018, 27, 060308. [CrossRef]

Apostol, E.; Nedelcu, A.; Daniel, D.V,; Chirita, I.; Tanase, N. Mathematical modeling of eddy current non- destructive testing. In
Proceedings of the 10th International Symposium on Advanced Topics in Electrical Engineering (ATEE), Bucharest, Romania,
23-25 March 2017. [CrossRef]

Theodoulidis, T.; Bowler, J. The Truncated Region Eigenfunction Expansion Method for the Solution of Boundary Value Problems
in Eddy Current Nondestructive Evaluation. AIP Conf. Proc. 2005, 760, 403—408. [CrossRef]

Du Plessis, A.; Yadroitsev, I.; Yadroitsava, I.; Le Roux, S.G. X-Ray Microcomputed Tomography in Additive Manufacturing;:
A Review of the Current Technology and Applications. 3D Print. Addit. Manuf. 2018, 5, 227-247. [CrossRef]

Mohr, G.; Altenburg, S.J.; Ulbricht, A.; Heinrich, P.; Baum, D.; Maierhofer, C.; Hilgenberg, K. In-Situ Defect Detection in
Laser Powder Bed Fusion by Using Thermography and Optical Tomography—Comparison to Computed Tomography. Metals
2020, 10, 103. [CrossRef]


http://doi.org/10.1016/B978-0-08-100433-3.00013-0
http://doi.org/10.1016/j.ndteint.2018.11.007
http://doi.org/10.3390/app10248796
http://doi.org/10.1007/978-1-4613-3706-5_102
http://doi.org/10.1109/TIM.2019.2961573
http://doi.org/10.1109/IMTC.2004.1351012
http://doi.org/10.1063/1.1656680
http://doi.org/10.1109/TMI.2006.876143
http://doi.org/10.1007/s10033-017-0121-5
http://doi.org/10.1088/1674-1056/27/6/060308
http://doi.org/10.1109/ATEE.2017.7905088
http://doi.org/10.1063/1.1916704
http://doi.org/10.1089/3dp.2018.0060
http://doi.org/10.3390/met10010103

	Introduction 
	Materials and Methods 
	Overview 
	Samples Used for Experiment 
	Simulation for Notches and Voids 
	Analytical Modeling 

	Measurement Results and Discussion 
	Measurements, Sensing and Circuitry 
	Detecting Defects on Stainless-Steel Samples 
	Detecting Defects on Titanium Samples 
	Material Conductivity Comparison for Both Probes 

	Sensitivity Analysis 
	Testing Close to an Edge 
	Multiple Defects in the Same Region 

	Conclusions 
	References

