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Abstract

Non-destructive testing (NDT) is the method where an object or materials are being
tested for any type of damage or features without harming the object during the process.
There are different NDT techniques; in this thesis the main focus is to explore the feasibility
of using eddy current (EC) non-destructive testing technique to detect different types of
flaws in metallic parts. One of the contributions in this project is to develop different
models to design an EC probe that is sensitive to detect small flaw sizes in parts made
by additive manufacturing. Additive manufacturing (AM) is the process where an object
is created by layering materials based on three dimensional (3D) Computer-Aided Design
(CAD) data. In this thesis, the main focus are the products created by laser powder
bed fusion process (LPBF) which is one of the metal AM technologies. Defects such as
pores and cracks will be created within the parts because of, but not limited to the un-
melted powder or the excessive material vaporization during laser-material interaction. The
existence of these defects will affect the quality of parts therefore, NDT should be done on
these parts for early detection of defects. Eddy current probes have been designed based on
modelling developed to detect subsurface defects in parts made by the LPBF technology.
Several samples made of stainless steel (316L) and titanium (Ti64) were considered for
the detection process to explore the probe response while testing different materials with
different conductivity and permeability. Artificial defects were embedded inside the parts
at different depths, with different geometries and sizes as well. The probes operate at
a wide frequency range for the purpose of increasing the standard depth of penetration
of the eddy currents inside the material which, increase the probes, sensitivity to detect
subsurface flaws. FExperiments were carried out to further test the performance of the
designed probes to detect flaws embedded inside parts made by AM.

Some of the challenges in testing parts made by AM are the surface roughness and the
effect of edges. The problem of edge effect phenomena is a major problem when it comes
to testing small samples. The edge of the small sample will create a signal that is similar
to the one obtained from a crack. The small diameter of the probe coil and the tip added
to it helps distinguishing between the actual defect signal and the signal produced by the
test piece edge. Another contribution is that the EC probe is designed in a way that can
overcome the problem of surface roughness and the unwanted resultant signal produced by
rough surface by adding a coating layer made of thin paper to the bottom of the probe;
some of the experimental findings and contributions are listed below:

Subsurface notches that simulate subsurface cracks with different sizes in the range of
(0.07 mm-0.4 mm) and subsurface blind holes with different diameters in the range of (0.2
mm-0.5 mm) embedded inside plates made of stainless steel and titanium materials have
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been detected successfully. The plates sizes are 50 mmx50 mm. FEM models with the
same parameters were created in ANSYS Maxwell to validate the experimental results.

Multiple probes with different parameters such as number of turns, length, inner and
outer diameter were designed to investigate the effect of each parameter on the sensitivity
of the probe to detect small size defects. Core tip analysis for focusing the magnetic field
were done. Different tip shapes of the core with different geometries were considered to
increase the detectability of the probe to subsurface defects. Optimization for the designed
probe was conducted to determine the optimal probe parameters such as length, inner and
outer diameter that gives the best values for the magnetic field. Shields with different
thickness were added around the coils to increase and focus the eddy current distribution
under the probes coils. Amplification circuits were attached to the probe coil winding to
amplify the detected defect signal since the measured detected signals are in millivolts. In
conclusion, it is clear that the eddy current testing technique has a potential to be used to
inspect parts made by AM.
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Chapter 1

Introduction

1.1 Motivation

One of the necessary stages of the product production process in any eld is to test the
product to ensure its quality and reliability for years to come. There are two di erent
testing categories of the quality control operation to evaluate the products quality and
reliability. The two categories are destructive testing and non-destructive testing. De-
structive testing determines the component quality by applying continuous stresses and
pressure until it fails. Non-destructive testing (NDT) is also used to evaluate the quality
of the product without damaging it as the name implies. Both destructive testing and
NDT are valid methods for product inspection. NDT methods have more advantages over
destructive testing methods such as signi cant cost savings and reduced material waste
because NDT preserves the part under test without damage.

There are two categories of NDT. The rst category requires a good contact between the
sensor and the surface of the part under test. Examples are ultrasonic testing (UT) which
involves hitting the test piece by ultrasound waves to locate the defects and eddy Current
testing (EC) that involves inducing eddy currents inside the material and measuring the
changes of these eddy currents in case of a defect. Other examples of NDT are liquid
penetrate testing (PT) which involves injecting the test piece by a red liquid to locate the
aw region, magnetic particle testing (MT) which involves magnetizing the test piece, and
electromagnetic testing. The second category does not require physical contact between
the sensor and the part under test such as radiography testing, thermal/ infrared testing
(IR), and visual inspection.



NDT techniques are used for product testing and evaluation in many technologies.
One of the technologies that require inspection and using NDT to test the product quality
is additive manufacturing. The way parts are made by additive manufacturing (AM)
technology, materials are laid layer-by-layer, they exhibit di erent types of defects such as
cracks and porosities. There are many physical phenomena such as keyhole, solidi cation
cracking, oxidization, lack of fusions, etc., during AM processes that cause porosities and
cracks to form; the existence of these defects will a ect 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 re ection 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
di erent classes of AM processes. The focus of this thesis 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 subsurface defects in parts
made by PBF technology. There are di erent challenges with using eddy current technique
for defect detection in PBF [4] such as detecting unwanted signal which sometimes makes
it di cult to interpret the measured signal.

1.2 Basic principle of Eddy Current (EC) testing and
background

Eddy current (EC) follows the electromagnetic induction law (Faraday's law of induction).
Once a conductive material is subjected to a changing electromagnetic eld which is orig-
inally created by passing an alternating current through a coil, eddy currents will start to
ow in this part in a circular path or a loop. The intensity of the original magnetic eld
created within the coil depends on input current source value, the number of turns in the
coil and the coil geometry. An additional secondary magnetic eld (MF) is produced by
the eddy currents induced inside the material. The secondary magnetic eld will oppose
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the primary magnetic eld created in the coil of the testing probe (Lenz's law) [5,6], and
the total e ect is a reduced magnetic ux linking the coil. A sensor is used to measure
total MF near the part under test [5]. The existence of any crack or defects will perturb the
distribution of the eddy currents eld causing variations in the phase and the magnitude
of it. These variations can be measured using another receiver colil [5]. An example of the
solenoid coil geometry of an eddy current probe that works in the absolute mode is shown
in Fig. 1.1. An illustration of the induced eddy currents inside the material and their
perturbation due to the existence of a defect is shown in Fig. 1.2.

Figure 1.1: Solenoid coil geometry.



(@) (b)

Figure 1.2: Schematic eddy currents distribution under a coil on top of a stainless steel
plate; (a) shows the distribution of eddy currents in case of no defect, (b) shows the
perturbation of eddy currents due to an arti cial surface crack in the plate.

Eddy current formula can be expressed in a form of the di usion equation. The deriva-
tion of a useful equation for modelling the e ect of eddy currents in a material starts with
the di erential, magnetostatic form of Ampere's Law providing an expression for the mag-
netizing eld (H) surrounding a current density J) as shown in equation (1.1). Both {)
and (J) are vectors.

5 H=1 (1.1)

1.2.1 Standard depth of penetration calculations
To determine how deep the eddy currents can go through the material, the depth of pene-
tration formula given in equation (1.2) can be used. It depends on the material conductivity

and permeability of the test piece and also the frequency used for the alternating current
source.

= P (1.2)



Where, is the standard depth of penetration (SDP) (mm),f is the frequency (Hz)
during the test process, is the material electrical conductivity (Siemens/m) and, is
the material magnetic permeability of the part under test. Usually, for a high depth of
penetration, low frequencies are preferred in case of subsurface defects. In case of surface
defects, high frequency is suitable to be used since there is no need for a high depth of
penetration. The frequency selection will be ne-tuned to detect aws at di erent depths
depending on the type of probe being used during the testing process, because of the skin
depth e ect, the density of the eddy currents decreases with the inside the material. Phase
lag , given in equation (1.3) means that the subsurface eddy currents are not in phase
but lag the ones at the surface, it is measured in radian.

=X (1.3)
Where, x is depth under the surface (mm) and is the SDP(mm) shown in equation
(1.2). Phase lag varies with the test frequency since it is a function of the standard depth of
penetration, it allows distinguishing between which signals represent an actual defect and
which one are irrelevant indications. Fig. 1.3 shows that the phase angle representation of
the sub-surface void is higher than the ones obtained from the deep crack signal on a plate
made of aluminum, although the crack goes deeper inside the plate. This is because of the
exponential attenuation in EC density under the surface, which causes the contribution of
the crack top half to the integrated signal higher than the contribution of the bottom one.
The absolute probe has only one coil meanwhile the di erential probe has two coils. To
detect surface defects in materials, high frequencies should be used since eddy currents will
be concentrated close to the surface and the standard depth of penetration will be low. To
detect subsurface defects in materials, low frequencies should be used since eddy currents
will ow deeper inside the material and the standard depth of penetration will be high.
There are di erent types of sub-surface defects in parts made by LPBF such as voids and
cracks. The subsurface defects are located from 0.5 mm to 3 mm beneath the surface.



Figure 1.3: Probe signal representation of defects at di erent depths; (A) shows the probe
on top of material with di erent defect types, (B) shows EC signal representation of each
defect from an absolute probe, (C) shows EC signal representation from a di erential probe.

1.2.2 Eddy current testing applications

Eddy current 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, aerospace industries [8-10], 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 [7-17]:

" Conductivity testing, the ability of EC testing to measure conductivity can be used
to identify and sort ferrous and nonferrous alloys [11,12].



Surface inspection, EC can easily detect surface cracks in machined parts and metal
stock. Inspection of the area around fasteners in aircraft and other critical applica-
tions falls under this category[13].

Tubing inspection, common EC applications include in-line inspection of tubing dur-
ing the manufacturing process as well as eld inspection of tubing such as heat
exchangers [7,13].

Detection of corrosion, EC instruments can detect and quantify corrosion on the
inside of thin metals such as aluminium aircraft skin [8].

Bolt hole inspection, cracking inside bolt holes can be detected using bolt hole probes,
which are frequently used in conjunction with automated rotary scanners[14].

1.3 Advantages and disadvantages of eddy current
testing

There are some advantages and disadvantages for using the EC testing method, 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 [17{21]. 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 aws such as corrosion, wear, cracks, and porosities. It may
provide good sensitivity to small aws 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.

" Automation potential since the probe can be attached a robot arm while the manu-
facturing process is going on.

A

Capability for quantitative aw sizing based on the design of the probe itself. Some
probes can rotate with di erent angles on top of the defect that helps de ning the
defect size.

" Provides a faster scanning speed than conventional ultrasonic testing (UT) since the
probe does not have to be in contact with the object under test and the magnetic



eld interacts directly with its surroundings. However, to use ultrasound as a testing
technique, the sample under test has to be prepared by adding either gel coupling to
link the sound waves into the material, which will take longer time to do the testing.

Physically complex geometries investigated since the probe size and shape optimized
and designed in a way that ts any type of geometry no matter how complex it is.

The testing devices are portable because of the way it designed, as the body of the
testing devices have reasonable sizes in hard cases and contain rechargeable batteries.

It is suited to detect all type of volumetric aws such as corrosion, wear, cracks and
large porosities.

Can detect through several layers. Good sensitivity to small aws at or near the
surface of the sample; also it can detect through material coatings.

Some disadvantages that associated with using EC as a testing technique:

" This technique is very susceptible to any changes in the magnetic permeability or
electrical conductivity in case of a change in the temperature of the part under test;
any type of changes shown as a false defect signal because of the disturbance of
the eddy currents distribution, especially in ferromagnetic materials that makes the
inspection of welds and ferromagnetic materials di cult. Proper probe designs and
modern aw detectors of course can solve this issue.

Another constraint is that it won't be able to detect defects that are parallel to
the surface since the ow 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. Since eddy currents ow parallel to the coil winding, not all of
the defects can be detected, some types of defects can only be detected with certain
probe designs. In Figure 1.4 a schematic diagram shows how the eddy current ows
with surface coils. Figure 1.4 Also shown are defects that cannot be detected with
coil con gurations because they do not obstruct eddy current ow, such as laminar
defects in plates and defects at the centre of solid bars or wire. A horseshoe probe
design can theoretically detect laminar defects. Similarly, a surface probe could be
used to induce eddy currents in the centre of a bar or wire. The types of defects that
will be detected are those that are perpendicular to the eddy current ow [21].

Sometimes it is not suitable for large areas or complex geometries that makes the
technigue not exible enough for inspection in certain industries.
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Figure 1.4: Defects orientation with respect to eddy current ow direction under a surface
probe [21].

" The main limitation of eddy current testing is that only electrically conductive ma-
terials can be tested, the material has to be able to support a ow of electrical
current. This constraint makes it di cult to test ber-reinforced plastics [22,23].
The probe used in eddy current testing can detect the desired material character-
istics such as discontinuities and conductivity and it can detect unwanted signals
related to conductivity and magnetic permeability, leading to increased complexity
in results interpretation.



~ One of the challenges that faces eddy current detection is the surface roughness, it
will result in producing a signal that is similar to the aw signal and it will be hard
to distinguish between a aw and non- aw signal.

The size of the part under test is also a concern, if the part under test is too small, it
will be hard to move the probe over it without causing what's called an edge e ect.
Edge e ect means that the edges of the part under test will produce a similar signal
as a defect signal since the eddy currents will be disturbed because of the parts edge.

The lift-o distance which is the distance between the probe and the part under
test might be a challenge as well if not kept constant. In eddy current testing, it is
important not to leave an air gap between the probe and the part under test for the
defects to be detected successfully.

10



1.4 Eddy current testing technologies

There are di erent eddy current testing technologies that are developed with time. Choos-
ing the suitable technology depends on the type of application. Some of these techniques
are suitable for remote eld detection, some are suitable for defect detection in elds where
a high temperature exists, and some techniques are suitable for detecting defects in large
areas [22-29].

" Pulsed eddy current (PEC) is an e ective method to detect defects in multi-layer
structures because of it's rich information in both time and frequency domain. It is
used in many di erent applications such as inspection of defects in oil/gas pipeline,
air crafts, high-speed rail and nuclear steam pipes. It is made up of a frequency
spectrum, which means that each pulse signal contains information from a variety
of depths within a given test object. The pulse signals are extremely low-frequency
rich, allowing for excellent depth penetration [22,23].

Array Scanning technique is a series of single elements arranged in a row to allow the
user to cover large areas in single pass. The way this technique works could lead to
suboptimal results, so multiplexing is necessary to get accurate results. Multiplexing
done by activating and deactivating coils in a sequence to leverage the probes width
[24,25,26].

Remote- eld testing is where the transmitter coils of RFT probes are spaced two
tube diameters away from the reception coil. The magnetic eld produced by the
transmitter coil moves radially and axially in the direction of the receiver through
and out of the tube wall. To get to the receiver, the magnetic eld must go through
the tube wall once more. RFT is known as through-transmission, and this is what
it means. Through-transmission makes it possible to detect aws both internal and
external with same sensitivity this technique is used in the petroleum industry to
detect corrosion in the installations since 1960s. It is a highly sensitive technique to
the variations in the wall thickness [26].

Lorentz force eddy current enables detecting the defects that are laying deep inside a
moving non-magnetic conducting material [11]. In this technique, the relative motion
of an object under test with respect to the static/primary magnetic eld can be used
to obtain induced EC. If the material has a aw, the perturbation of the induced
currents or its secondary magnetic eld is detected by a change in the Lorentz force
acting on the permanent magnet [27].
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" Pulsed eddy current thermography (PECT) is a hybrid of pulsed eddy current and
thermography. This technique is classi ed into two types: induction and heat dif-
fusion [15, 12]. A short burst of electromagnetic excitation is used to induce the
material under test. the area with increasing current density experiences higher lev-
els of Joule heating, and the defect is identi ed using an infrared camera during the
heating and cooling period. The ash thermography is used in the heat di usion
PECT. The interaction between heat and defect occurs via EC diversion and heat
dissipation [28].

Multi-frequency technique involves collecting data at various frequencies, this method
is used to inspect heat exchanger tubes. The signal from the mounting bracket is
frequently problematic when attempting to inspect the full wall thickness of the
tubing, the e ects of the bracket could be reduced by collecting a signal at the
frequency required to inspect the entire thickness of the tube and subtracting it from
a second signal collected at a lower frequency [29].

1.5 Eddy current instruments

There are di erent tools used in eddy current techniques, the main important tool is the
probe, which is responsible for inducing the eddy currents in the material under test and
sensing the resulted signal to detect the defects within the layers of the material. There
are di erent probe types used in eddy current inspection, the probes are classi ed into two

di erent categories, which are con guration and mode of operation of the test coil. Some
examples of these probes for both con gurations are, the absolute probe that includes only

a single coil which works as a transmitter and receiver in the same time, and the di erential
probe which uses two coils and responds only to the sharper changes such as cracks, and
the donut probe which is used to inspect aircraft fastener holes and the surface probe which
is used to scan wide areas for surface and sub-surface cracks [29].

1.5.1 Probes types and their application in industry
Depending on the type of probe used, eddy current instruments can perform a wide range

of tests, and careful probe selection will help optimise performance. The following are some
examples of common probe types:
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Surface probes are used to detect aws on and beneath metal surfaces, they are
typically large in diameter to accommodate lower frequencies for deeper penetration
or scanning larger areas.

Pencil probes which have smaller diameter with high-frequency coils for high resolu-
tion of near-surface aws.

Bolt hole probes are used to inspect the inside of a bolt hole, these probes can be
rotated manually or automatically with the aid of a rotary scanner.

Donut probes - Used to inspect aircraft fastener holes while the fasteners are still in
place.

Sliding probes - These probes are used to test aircraft fastener holes and have a
higher scan rate than donut probes.

ID probes - Available in a variety of sizes, these are used to inspect heat exchangers
and similar metal tubing from the inside.

OD probes - Used for outside inspection of metal tubing and bars, with the test piece
passing through the coil.

Modes of operation of probes

The main tool used in eddy current testing is the probe used for detection. Eddy current
probes are responsible for inducing the eddy current inside the material and in the mean-
time detecting the defect signal. Eddy current probes operate in di erent modes and the
probes designs can be customized to be used in di erent applications. Most of the available
probes either have one coil which works in the absolute mode or two coils which works in
the re ection or di erential mode.

" Absolute probe has only a single coil, the coil induces the eddy currents inside the
material and senses the defect signal. Absolute probes are commonly used for thick-
ness, conductivity, lift-o0 measurements and aw detection. A schematic diagram of
the absolute probe is shown in Fig. 1.5.

Re ection probe has two coils, one of the coils induces the eddy currents inside the
material and the other one senses the defect signal. Sometimes it is referred to the
re ection probes as driver/pickup probes. A schematic diagram of the re ection
probe is shown in Fig. 1.5.
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(@) (b)

Figure 1.5: Absolute and re ection probe geometry di erences; (a) shows an absolute probe
that has only one coil, (b) shows a re ection probe that has two coils.

" Di erential probe also has two coils, the coils could be wounded in an opposition or
in addition way; both winding ways will give the same results. In case of a defect a
di erential signal will be created between both coils since one of the coils will be on
top of a defect and the other coil will be on top of a good material.

" Hybrid probe which can operate in a di erential or a re ection mode. Hybrid probes
are very sensitive to surface defects.

1.5.2 Data acquisition system

Many eddy current inspection instruments are available in the market. An overview of
the most important ones and a comparison between their specs listed in table 1.1. It is a
comparison between the range of frequency used, the size of defect and the depth of the
defects detected from the surface.

There are four existing categories of eddy currents devices, which sorted as (1) Handheld
eddy current devices, (2) High end performance eddy current devices but mobile, (3) Fixed
installation eddy current equipment for quality control of objects in production and (4)
specialized equipment for military equipment detection.

14



In the rst category considers eddy current devices such as Nortec 600 from Olympus
or the Phasec 3 from GE. This kind of equipment operates in specic mode and gives
relatively limited exibility in terms of data access. Typically these instruments are used
on parts, which are manually scanned.

Regarding the second category of eddy current instruments, the equipment are also
transportable but often heavy. In this category you will nd the Zetec MIZ-21C , the
Apollo from GE and Ectane from Eddy , such devices often used to inspect heat exchanger
and steam generators in power plants.

The third category specially developed for in-production quality control. The two
famous leaders for this kind of dedicated devices are Dr. Ferster and Rohmann. The online
control unit can for example detects a speci ¢ conductivity of a material and activates an
alarm in case the conductivity is not anymore within the set parameters. For example the
Eloscan PL500Q from Rohman can be used with a robotic guidance for in production or
quality control inspections. A picture of some of the available EC instruments are shown
in Fig. 1.6.

Figure 1.6: Available eddy current instruments in the market.
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Product name Frequency range Defect depth Defect length
NORTEC 600 10 Hz-12 MHz 0.254mm to 0.762mm 0.254 mm-2.54 mm
Olympus-MS 5800 ER| 40 KHz per channel| 0.508mm to 1.27mm| 2.54 mm-5.08 mm
ELOTEST IS 500 10 Hz-12 MHz 0.05mm to 0.75mm | 0.25 mm-1.5 mm
Zetec MIZ 21C 5 Hz to 10 MHz up to 4.0 mm 0.2 mm-5 mm

Table 1.1: Specs of some of the available EC instrumentation in the market.

To be able to choose the right eddy current instrument for the experimental set up,
two di erent data acquisition systems have been tested and a comparison between them
added in the measurements and validation chapter.

In the following section will talk about additive manufacturing (AM) technology which
is one of the new promising technologies that is being used in many industries. Eddy
current (EC) testing has been around and while AM is relatively new. Many researches
have been reported on AM, however, there are very little work on integrating these two
subjects, and this thesis will investigate application of EC in AM.

1.6 Additive manufacturing technology

Additive manufacturing (AM) is the process where objects are being created from a three-
dimensional computer aided design data, the parts are created by laying materials layer
by layer [30], Fig. 1.7. There are seven categories of technologies for AM. The categories
are powder bed fusion, material jetting, material extrusion, binder jetting, vat photo-
polymerisation and directed energy deposition [31-34].

AM is used in a broad range of elds and applications, it is used to fabricate a replace-
ment for damaged human tissues in biomedical eld, transportation, and used in aerospace
industry, because of the wide range of applications for the additive manufactured produced
parts, NDT techniques are required for inspecting these parts. Di erent NDT techniques
are used to detect defects, porosities and cracks created within the layers of LAM- made
parts [30].

The laser additive manufacturing process (LAM) speci cally laser powder bed fusion
process (LPBF) involves many parameters which a ects the quality of the produced parts,
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this why a good inspection technique is necessary to ensure having a good quality parts.
The testing process in additive manufacturing is necessary to ensure product's integrity,
quality and reliability.

There is a wide range of NDT techniques that are used as post-process inspection
methods such as liquid penetrant testing, ultrasonic testing, visual inspection, magnetic
particle testing, radiography and eddy current testing. Each one of these techniques has its
advantages and disadvantages. In this thesis, the focus will be on the eddy current NDT
technique.

Figure 1.7: The powder bed fusion system schematic diagram to the left and the directed-
energy deposition system schematic diagram to the right [34].

The way parts made by additive manufacturing technology where materials are laid
layer-by-layer creates di erent types of defects like cracks and porosities between those
layers. Porosities and cracks are formed by the gas evolution which is caused by the
moisture in the powder during melting. The existence of these defects will a ect the
quality of the products made by additive manufacturing (AM) technology. Di erent non-
destructive testing techniques can be used for inspecting these parts. These techniques can
be used for in-situ and post-process inspection. Acoustic emission testing, thermography
and photodiode signal can be used for in-situ inspection in AM [30]. In addition, techniques
such as eddy current testing, x-ray, laser ultrasonic testing, and visual inspection can be
used for post process NDT inspection.
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1.7 Problem statement, objective and contribution

The main objective in this thesis is to design an eddy current probe that can detect
small size sub-surface cracks and voids in parts made by laser powder bed fusion process.
Locating the defect and getting an estimation about its type and size is considered as
well. The probe is the main tool since it determines the amount of eddy currents that are
induced in the material and how sensitive it is to detect small defects. This is achieved
by optimizing and designing a probe that is sensitive to very small defects in parts with

a rough surface. Several factors a ect the sensitivity of the probe such as coil dimensions
and number of turns, some of these factors are discussed later on. A model is designed in
ANSYS Maxwell simulation tool to control the factors that a ects the sensitivity of the
probe. several cases are considered for sensitivity analysis in both simulation and during
experiment. The cases are shown below:

~ Testing samples with defects close to the edge of it to nd out the best way to
detect those defects without getting a false signal produced by the samples edges that
represents a crack. Experimental results are shown in section 5.12.1 and simulation
results are shown in section 4.4.1.

Second case is to explore the e ect of di erent lift-0 distances on the accuracy of
defect detection. Experimental results are shown in section 5.12.2 and simulation
results are shown in section 4.4.2.

Third case is to explore detecting multiple defects that exist in the same region or
defects that are separated by small distance in between. Experimental results are
shown in section 5.12.3 and simulation results are shown in section 4.4.3.

The major contribution is investigating using eddy current NDT technique for defect
detection in additive manufacturing.

A second contribution in this project is designing a proper probe suitable for additive
manufacturing based on proposed analytical model veried by nite element and
experiment.

The third contribution is proposing a method to reduce the sensitivity to surface
roughness and edge e ect for better detection of aws inside material.
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1.8 Thesis outline

Chapter one gives an introduction about additive manufacturing technology and non-
destructive testing techniques speci cally the eddy current testing technique. The theory
behind eddy current testing and its application are explained in more details.

Chapter two gives an overview about the history of non-destructive testing and the
history of using eddy current testing in additive manufacturing. The limitations associated
with using eddy current testing technique in additive manufacturing and the types of
defects created within the parts made by additive manufacturing are also included.

Chapter three includes di erent analytical models to calculate the probe impedance
change on top of material with defect and without defect. It also shows the steps to design
an eddy current probe that works in the absolute mode.

Chapter four includes nite element analysis and di erent simulation models of the
probe to detect subsurface notches and subsurface blind holes. The notches have di erent
widths in the range of 0.07 mm to 0.5 mm and di erent lengths of 5 mm, 15 mm, and 25
mm. The blind holes have di erent diameters in the range of 300 micron to 600 micron.

Chapter ve shows the experimental setup that is used for the detection process. The
di erent tools including the eddy current probes and the measurements taken during the
experiment.

Chapter six includes a discussion about the outcomes of using eddy current testing
in additive manufacturing and a comparison between di erent eddy current probes and
di erent materials that are used during experiment.
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Chapter 2

Literature review

Many non-destructive testing techniques are reliable and helpful to detect defects in parts
produced using additive manufacturing. Using each one of these techniques might face
some challenges and limitations, sometimes combining di erent techniques together can
give better and more accurate results. Eddy current technique considered as a reliable
non-destructive technique to be used in additive manufacturing, working on providing
solutions for the challenges that faces this technique will make it more reliable.

2.1 History of non-destructive testing(NDT)

The evolution and the development of the NDT techniques have been changing fast over the
past years. There are several technologies that use non-destructive techniques as a way to
evaluate aws and the properties of materials since 1850. The modern NDT began mostly
in the medical eld around 1885, and that is when Wilhelm Conrad Rontgen produced
and investigated electromagnetic radiation, which he named later as (X-rays) [30]. In the
year 1915 the French physicist Paul Langevin led a patent [25], he developed a technique
based on ultrasound to nd icebergs in the sea after the Titanic accident. This is one of
the rst developments, which used subsequently to identify objects in materials.

Dr. Lester in 1920s was the rst person that used X-ray to test casting and weld
structure to nd inclusions [30-34]. Eddy currents were discovered in 1851 by the French
scientist Leon Foucault which was a long time before using it for NDT. David Hughes, the
English scientist found out in 1879 , how the inductance and resistance of a coil changes
when placed in contact with materials that have di erent permeability and conductivity
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levels [11, 12], that was the beginning of using eddy currents testing for material sorting.
In 1933, Friedrich Forster worked for the Kaiser-Wilhelm institute in Germany; he did a
lot of intensive research on eddy currents. In 1948, he bought the license for eddy current
testing and developed further instruments. Many other countries after that got involved
in the development of the eddy current instruments such as Olympus, GE, Zetec, etc.

In 1950 and 1960, EC inspection advanced mainly with the needs of high reliabil-
ity in the nuclear and aircraft industries because of the necessity for high safety, which
achieved only by non-destructive testing. Many recent developments in eddy current test-
ing emerged, especially sensors development, con gurations or electronic performances.
Analytical modeling and simulation helped to understand the eddy current signal better
for engineers and inspectors.

2.1.1 Examples of NDT applications in industry

There are many examples for NDT and applications in the industry. The improvement
of the devices or machines are very important and depends on the application itself. The
machine improvement done in many aspects such as the weight and the size or the structure
of the design and the sensitivity to detect the smallest defects [35-41].

This demonstrated by taking an example from the aerospace industry where regular
check-ups are strictly regulated. Regular check-ups and inspections done with several dif-
ferent types of non-destructive testing method, for example regular passenger airplane.
A plane has to be regularly checked and disassembled. The regulations for commercial
turbine powered aircrafts follow a continuous inspection program, which approved by air-
worthiness institutions such as the \Luftfahrt-Bundesamt" in Germany or the \Bundesamt
fur Zivilluftfahrt" in Switzerland. The maintenances are divided in four main intervals and
depending on the type of airplane and several other parameters divided in subintervals.
Below is an example of intervals taken from the Minor Project of Michael Bseliss.

In the aerospace industry where regular check-ups are regulated and guarantees the
reliability. Inspections and regular check-ups done in so many di erent ways using di erent
NDT techniques; for example the regular inspection done to turbines of the aircrafts.
In Switzerland, the airworthiness institutions such as \Bundesamt fur Zivilluftfahrt" or
\Luftfahrt-Bundesamt” in Germany give the approval to the regular inspection for the
turbine-powered air-crafts, the inspection and the maintenance divided in four di erent
intervals and based on the type of the airplane and other parameters. An example of these
intervals taken from the project of Bseliss shown in [37]:
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The A-check interval takes place for approximately every 250-700 ight hours which
needs around 20-50 person-hours of work and that means an overnight check-up. For B-
check interval, that happens approximately every 1000h. This happens every 3 to 5 months,
usually it needs around 150 person-hour of work overnight or at least the plane has to be
on the ground for minimum 12 hours. In the C-check interval, inspection takes place every
15 to 18 and that depends on the type of the airplane, this interval may take up to 5000
man hours of work, which means that the airplane may stay on the ground for inspection
for almost two weeks. During this check, some of the main parts like seats removed from
the aircraft. For D-Check interval, it done every 6 to 10 years and that might need up to
50000 man hours of work which will take from 4 to 6 weeks on the ground.

As shown in the previous paragraph some of the inspection procedures taken in the
aerospace industry require a tremendous amount of work and e ort to ensure safety, this
applies to aerospace industry and other industries such as the nuclear power industry which
follows similar strategies [18].

Eddy currents were discovered in 1851 by French physicist Lleon Foucault, and the
phenomenon is sometimes referred to as Foucault currents. To demonstrate that eddy
currents (magnetic elds) are generated when a material moves within an applied magnetic
eld, Foucault built a device that used a copper disc moving in a strong magnetic eld.

Eddy current testing began in large part as a result of the 1831 discovery of electromag-
netic induction by the English scientist Michael Faraday. When a magnetic eld passes
through a conductor (a material in which electrons move easily)|or when a conductor
passes through a magnetic eld|an electric current will ow through the conductor if
there is a closed path through which the current can circulate.

Another breakthrough was made in 1879 when another English scientist, David Hughes,
demonstrated how the properties of a coil change when it comes into contact with metals
of varying conductivity and permeability. However, it was not until the Second World War
that advances in electromagnetic wave transmission and reception were put to practical
use for materials testing.

Professor Friedrich Ferster began adapting eddy current technology to industrial use in
1933, while working for the Kaiser-Wilhelm-Institute in Germany, developing instruments
for measuring conductivity and sorting mixed-up ferrous components. Ferster founded
his own company in Reutlingen in 1948, a business based on eddy current testing that
still exists today. Other businesses quickly followed. Throughout the 1950s and 1960s,
many advances were made, particularly in the aircraft and nuclear industries. Many recent
advancements in eddy current testing have resulted in improved performance and the
development of new applications, eddy current testing is now a well-known and widely used
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inspection technique for aw detection as well as thickness and conductivity measurements.

2.2 Examples and considerations for EC testing in ad-
ditive manufacturing

In additive manufacturing, there are many challenges to choose the best and applicable non-
destructive-testing technique suitable for inspecting the (WAAM) parts [30]. For the Wire
and Arc additive manufacturing industry, there is a potential for the production of large-
scale structures. This technique involves designing component and subsequent welding
deposition of multi-layer structure to produce the parts that allows producing customized
large parts at lower cost. With the view of qualifying WAAM for applications such as
structural components, an applicable non-destructive inspection technique developed to
detect porosities and lack of fusion between layers.

Non-destructive testing is required at various stages of fabrication to ensure the quality
of the products. Real-time layer-by-layer monitoring of the AM fabrication process while
the component was being built was required to reduce or eliminate reliance on post-process
inspection. Array Eddy current NDT technique developed to detect discontinuities and
surface irregularities in parts without physical contact with the powder and fused layer
surface inside an LPBF chamber at elevated temperature [38,39].

A multi-frequency eddy current method for electrical conductivity measurements of
lattice structure investigated and compared to other NDT techniques to select the better
NDT technique of inspecting the parts produced using the AM technology [29].

The main limitation of eddy current testing is that it can only test electrically con-
ductive materials [18,19,20]. The probe used in Eddy current testing can detect desired
material properties such as discontinuities and conductivity, as well as unwanted signals
related to conductivity and magnetic permeability, resulting in increased complexity in
results interpretation.

AM techniques can print a wide variety of materials, including metallic and non-metallic
materials [32]. Because eddy current testing is designed to be used on electrically conduc-
tive materials, parts made of bio-materials, polymeric materials, and ceramic materials are
not suitable for this NDT technique. Surface roughness is typically described in parts pro-
duced using AM technology [30]. Eddy currents, in addition to other inspection techniques,
are used to obtain more accurate results, particularly with manufactured parts with high
surface roughness [36,37,38].
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Parts made by additive manufacturing require inspection to insure its quality. Eddy
current testing technique is a reliable technique to be used for defect detection in parts
made by AM technology. Like any other NDT techniques, there are limitations that are
associated with using EC for defect detection in AM.

First, eddy current could be used only for inspecting parts that are made of conductive
material. Some of the parts made by additive manufacturing has small size or a complicated
geometry which will disturb the eddy currents and cause what's called edge e ect.

Parts made by additive manufacturing have rough surface which could be challenging
to test these parts using eddy current technique. Material factors such as surface roughness
and alloy uniformity can a ect eddy current results and sensitivity to detect subsurface
defects. Surface condition is of concern when testing metallic components because it limits
surface defect detectability. Rough surfaces produce signals that are very similar to sig-
nals produced by shallow aws in the surface adjacent to the test coil, resulting in poor
sensitivity to actual shallow surface defects. In new wrought materials, alloy uniformity
is usually unimportant. Wrought alloys, on the other hand, can change during service,
either in composition (i.e., oxygen contamination of reactive metals such as titanium) or
in heat treat condition (i.e. over ageing of aluminium alloys). Such mechanisms can cause
variations in resistivity, which can a ect eddy current response. Alloy segregation in cast-
ings and welds can cause variations in resistivity and magnetic permeability. Eddy current
response is greatly in uenced by changes in magnetic or electrical properties [8]. At best,
such variations reduce signal-to-noise, resulting in lower defect sensitivity that could be
misinterpreted as serious aws. A rough surface will produce a signal that appears to be
noise, requiring ltering to distinguish between the aw and the signal produced by the
roughness of the surface.

It is challenging to use eddy current testing while the manufacturing process is happen-
ing since the eddy current probe would give reliable results in a solidi ed region compared
to a melt pool region, for example while manufacturing parts using Laser Powder bed fusion
(LPBF) technology its challenging to detect defects or move the EC probe over the test
piece due to the heat produced by the laser while the manufacturing process is happening.
This heat may have a big e ect on the impedance of the coil and may lead to inaccurate
results. If there are a lot of variations in the temperature either in the melt pool or the
distance between the probe and the test samples, that will cause the appearance of false
signals that could be interpreted as a defect[35-41].
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2.3 The usage of EC in inspection in AM and other
elds compared to other NDT technigues

All types of non-destructive techniques including eddy currents help industries to reduce
any risk of having accident or failure because of material degradation or aging. There are
some NDT techniques that are compatible with each other and can be combined together
to get better inspection results and gives more information about the structure and the
health state. For example, eddy current technique can be used with another technique
such as ultrasound because the procedure of the testing process are the same, later in the
chapter results will show a comparison between eddy current technique and ultrasound
technique for defect detection of a defect of the same size. One of the main features eddy
current testing technique is that it doesn't need contact between the testing probe and
the sample under test, meanwhile ultrasound techniques requires some preparation such as
adding water or gel coupling to link the sound waves into the material. In addition, one
other advantage of using eddy current inspection technique is that the signal acquisition
is fast because the magnetic eld reacts immediately to any material close to it.

However, ultrasound might take longer time because it limited to the speed of sound in
the material. There are other non-destructive techniques that are even slower in reaction
such as dye penetrating testing because the speed limited by the chemical reaction. Since
speed is very important feature when it comes real time inspection, eddy current testing
techniques considered as one of the fastest testing techniques when it comes to achiev-
ing accurate and time e cient inspection. A comparison between the di erent testing
techniques and their applicability to additive manufacturing process shown in table 2.1
[38]:
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NDT tech- | Inspection Sensitivity to Applicable Challenges
nique type defects additive man-
ufacturing
process
Eddy current surface and sub- It depends on|~ Direct energy|”~ Any surface
surface material con- | deposition. roughness of the
ductivity and | = Powder bed fu-| part under test
permeability, sion. will cause un-
orientation and wanted signal.
type of defect, Post process-
and surface ing is necessary.
quality of the
material and the
used frequency.
Liquid pene- | Surface Using visible dye| = Vat photo- Smooth sur-
trate testing penetrant, a 5| polymerisation. | face required
micrometer can|”~ Powder bed| before examina-
be detected and fusion. tion.
using uorescent Polishing for
penetrate a the parts and
2  micrometer post processing
crack can be required.
detected.
Visual inspec- | Surface 0.25 inches i~ Direct en-| Using optical
tion the  minimum | ergy deposition,| aids required for
discontinuity Powder bed| the monitoring
size a human| fusion, Material | process.
can detect. Jetting, Sheet
lamination.
" Binder jetting,
Material extru-
sion.
Magnetic par- | Surface Only defects| © Direct energy|~ Can be used
ticle testing that lie up to | deposition. only with ferro-

+45 degrees to
the direction of

the magnetic
ux can be
detected.
26

~ Powder bed fu-
sion.

magnetic mate-
rials.

Only appli-
cable for AM
material  such
as Nickel and
Cobalt.




Ultrasonic Surface and sub- Detected defect| = Direct energy| Surface rough-
surface size range will| deposition, Pow-| ness may caust
be of the order| der bed fusion, unwanted noise
of half the wave-| Material Jetting. | in the defect
length with the | © Sheet lamina-| signal.

use of the partic-| tion, Binder jet-

ular frequency. | ting, Vat photo-

polymerisation.
Radiography Surface and sub- Selected expo:~ Direct energy | Inspection for
surface sure penetrating| deposition, Pow-| specimens with
through the | der bed fusion,| high atomic

material is a
crucial factor
and should pro-
duce X-rays that
iS sucient to

Material Jetting.
" Sheet lamina-
tion, Binder jet-
ting, Vat photo-
polymerisation,

numbers might
not be accurate
or give good
results.

penetrate  the| Material extru-
material. sion.
Acoustic emis- | Surface Can detect crack| © Direct energy | It might be hard
sion testing growth of the or- | deposition, Pow-| to identify the
der 25 microme-| der bed fusion,| source that is
ter. Material Jetting. | causing change
" Binder jetting, | in sound signa-
Material extru- | ture.
sion.
Thermography | Surface It is suitable for | = Direct energy| The broad tem-

identi cation

of defects from
the surface to a
depth of 10 cm.

deposition, Pow-
der bed fusion,
Material Jetting.
" Sheet lamina-
tion, Binder jet-
ting, Vat photo-

polymerisation,
Material extru-
sion.

perature range
of the melt pool
of the pow-
der bed fusion
process  might
cause calibration
problem of the
infrared camera.

Table 2.1: A comparison between di erent inspection techniques in additive manufacturing.
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2.4  Defect types created in additively manufactured
parts

Laser powder bed fusion is one of the most important additive manufacturing technologies
for producing metallic components. One of the most di cult aspects of AM is quality
control. The layer-wise nature of Laser powder bed fusion (LBPF) allows for process
monitoring while also being a potential source of defect detection. The laser powder bed
fusion manufacturing process consists of three stages that are iteratively repeated until the
part is completed [9]:

" Powder recoating.
" Lowering of the base plate.
" Laser melting or exposing.

First, a metallic powder is uniformly distributed over a metallic base plate with a
de ned layer thickness of (25-50) micron. During the exposing phase, laser radiation
selectively melts the powder based on the 2D geometrical information, which is referred to
as slicing of a 3D volumetric model. Because of the small melt pools, the molten powder
solidi es quickly, resulting in material cohesion. The base plate is then lowered by the
layer thickness, and the next iterative loop begins. Porosity; cracking and delamination;
balling; geometric defects; surface defects; microstructural inhomogeneities and impurities
are the defect categories compiled for L-PBF. An example of the types of defects is shown
in Fig. 1.4.

L-PBF is known as a process with numerous in uencing factors that can result in
defects and a ect part quality. As a result, various in-situ monitoring approaches have
been developed to observe specic process parameters and objects such as laser power,
powder recoating and powder bed surface, powder bed compaction, plume and spatter
behaviour, particle gas emissions, and part distortion. Monitoring the spatial and temporal
temperature conditions within or near the laser-material interaction zone has also been
studied and widely applied by many authors.

Bartlett et al. used a long-wave infrared (LWIR) camera to track the production of
L-PBF in aluminium specimens. They were able to detect 82 percent of lack-of-fusion
pores by signal deviations and 50 percent of defects smaller than 50m using their method.
Mitchell et al. placed an o -axis two-color pyrometer with two CMOS cameras directly
within an L-PBF machine's build chamber. They concentrated on the melt pool and its
temperatures, deriving process irregularities from di erences in melt pool peak tempera-
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tures and melt pool shapes. They were able to associate pyrometric data deviations with
cavities with a cross section length of 120m.

2.5 Summary

In This chapter several topics has been discussed. The history of non- destructive test-
ing and the history of using eddy current as a non-destructive testing are shown. Also
a comparison between using eddy current testing and other non-destructive testing tech-
niques in additive manufacturing is done. The types of defects that are created in parts
made by additive manufacturing and limitation with using eddy current testing in additive
manufacturing are explored.
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Chapter 3

Probe design and analytical
modelling of the probe impedance

3.1 Introduction

In this chapter, the main procedures to design an eddy current probe are explained. Dif-
ferent analytical modelling of the coil impedance change on top parts made of conductive
material are provided. The analytical modelling solves the eddy current problem of nding
the impedance of the coil on top material with defect and without defect.

3.1.1 Solenoid coil design for eddy current detection

One of the important factors that a ect the probe sensitivity to small size defects, is the
coil dimension. The diameter of the coil becomes wider as its operating frequency lowers
(i.,e., a 1 mm diameter, the coil will not work at 1 KHz). Therefore, for eddy current
probe to nd a aw in a 2 mm plate thickness made of aluminum, the test frequency
needs to be low, hence, a larger coil diameter should be used. The minimal detectable aw
size is proportional to the diameter of the coil. As the diameter of the colil increases, the
minimum detectable aw also increases. For notches, the rule of thumb is a quarter of a
coil diameter. No matter what, the smaller the coil diameter, the smaller that defect size
that can be detected. There are di erent parameters that are considered to optimize the
design of the coil, such as coil geometry, shielding, use of ferrite cores, shields, number of
turns, and diameter of the wire.
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3.2 Probe design and coil dimension determination

To be able to determine the best dimensions for the coil design such as inner diameter,
outer diameter, and length of the coil, the maximum input current should be speci ed as a
rst step. The maximum current input to the coil is chosen to be 0.457 Amps. The copper
wire gauge that satis es the requirement is the American wire gauge (AWG) AWG-25.
The standard value of the AWG-25 wire diameter (d) is 0.45466 mm, which can be used
to determine the number of turns for the coil.

Next step is to specify the inner radius, outer radius and the length of the coil. Based
on the size of the parts made by AM, The outer radius value was xed at 8 mm since
the eddy currents distribution under the coil will be almost twice the size of the coil's
diameter. Another reason is to leave enough room for the coil to move without disturbing
the distribution of the eddy currents under the coil because of the edge e ect. A parametric
sweep is done using ANSYS Maxwell over the inner radius of the coil for values in the range
of 0.5 mm - 5 mm to get the best value of the magnetic eld under the coil. In Fig. 3.1
the best value of Bmax is at the inner radius value (Rin), equal to 3.5 mm.

Figure 3.1: Sweep over the inner radius of the coil, the data exported from ANSYS Maxwell
and the best Bmax value is at inner radius 3.5 mm.

The input voltage that is supplied to the coil is 5 V. A plate made of stainless steel
(316L) with a spherical shape defect that has a 0.5 mm radius were created in ANSYS
Maxwell to chose the suitable frequency for the probe. The nite element model was run
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at di erent frequencies in the range of 28 KHz - 200 KHz. The reason for running the
model at 28 KHz, 100 KHz, and 200 KHz is to evaluate the performance of the probe at
low frequency, medium frequency, and high frequency values. The impedance change of
the coil was evaluated in case of 200 KHz and 28 KHz as shown in Fig. 3.2 and Fig. 3.4.
Running the nite element model at 200 KHz didn't show any results for the impedance

of the coil since the standard depth of penetration of the eddy currents inside the material
is very small with a value of 0.9 mm as shown in Fig 3.3. The frequency range higher than
50 KHz is suitable for surface defects. The best detection results were obtained at 28 KHz
frequency value which is chosen as the operating frequency for the probe. The standard
depth of penetration for 28 KHz is shown in Fig. 3.5.

Figure 3.2: Sweep over position of the coil at 200 KHz.

The mesh type used for simulation is on selection, skin depth type. The surface triangle
length speci ed for the mesh was selected at di erent values in the range of 0.2 mm to 2
mm for mesh dependency analysis as shown in Fig. 3.5. The depth of penetration can
be calculated through the skin based mesh selection window. As shown in Fig. 3.5, the
depth of penetration inside the stainless steel plate is around 2.6 mm. The smallest mesh
size that gives accurate results for this model is 0.2 mm. In case of choosing mesh size
smaller than 0.2 mm, the simulation will stop and can't be completed. Choosing a smaller
size mesh gives more accurate results but it takes more execution time and requires more
computational resources. An example of the impedance value of the coil in case of choosing
2 mm and 0.2 mm mesh sizes is shown in Fig. 3.6 and Fig. 3.7. The best detection results
were obtained at 0.2 mesh size since it is small enough compared to the defect size. The
results obtained in case of running the model at 2 mm mesh size are not accurate since the
mesh size is big compared to the defect size.
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Figure 3.3: Standard depth of penetration at 200 KHz.

After determining the inner and outer diameter of the coil, the next step is to determine
the length of the coil. Using the Fabry factor formula shown in equation (3.1), to get the
best coil length which gives the highest value of the Biax, will help determine the last
important coil dimensions for the probe design.
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Figure 3.4. Sweep over position of the coil at 28 KHz.

Figure 3.5: Skin depth based type mesh
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Figure 3.6: Sweep over position of the coil at 2 mm mesh size.

Figure 3.7: Sweep over position of the coil at 0.2 mm mesh size.
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Fabry factor and inductance calculations

Some of the basics to design magnetic coils are de ned by the work done by Fabry,
Bitter, and Cockcroft. They created a formula called by Fabry Factor for power e ciency
(G) which is dimensionless. The standard value of the G factor is 0.179 and the best
power e ciency of any designed coil should be close to this value. The formula is shown

in equation (3.1).

_r
G "2 In— N 3.1
; = n D .
() 5 z 1N Py 2 (3.1)
where, = 2-; = L;coillengthis L, D is coil outer diameter, D coil inner diameter.

| DI
When G = 0.179, 3:095 and = 1:862 or close [12]. An illustration of the coil is

shown in Fig. 3.8.

Figure 3.8: Cross-section of the coil geometry.

Table 3.1 shows di erent values for the coil lengths and the result of the Fabry factor.
The best value of the length that gives a proper (G) value equals 0.17324 is at length 9.435
mm.
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Length (mm) | Alpha Beta G

5 2.28 | 0.71429 0.1529

9.435 2.28 | 1.3479 | 0.17324
20.76 2.28 | 2.9657 | 0.15885
31.14 2.28 | 4.4486 | 0.13905
41.52 2.28 | 5.9314| 0.12376
51.9 2.28 | 7.4143| 0.1121
62.28 2.28 | 8.8971| 0.10318

Table 3.1: Di erent values for Fabry factor (G) at di erent coil lengths for xed inner and
outer diameters of 7 mm and 16 mm, respectively.

After determining the geometry of the coil, the next step is to determine the number of
turns of the coil. The core type used in the design is the ferrite core to focus the magnetic
eld, which increases the sensitivity of the coil to detect small size defects. Using equation
(3.2), the number of turns of the coil can be calculated.

Lr r
Numberofturns = d 2 . ! o8 (3.2)
Where d is the diameter of the wire. Taking the |l factor into consideration that
is 0.8. After considering fabrication, the approximate number of turns =164 turns. An
illustration of the coil geometry is shown in Fig. 3.8. Equation (3.3) can be used to
calculate the number of turns per layer.

Turns=layer = % (3.3)
Number of turns per layer equals approximately 20 turns per layer. The number of
layers can be calculated by dividing the number of turns by number of turns per layer
which equals approximately 8 layers. The total inductance calculated for the coil is 444.94
MH using (3.4) where, (ff is the e ective permeability of the core [13]. The measured
inductance value using the RLC meter is 518H.

Jff  (Numberofturns (r, + ry))2
127(13,+91  7ry)

By following the past few steps, the main parameters to design the absolute probe and to
determine its coil dimensions are done. Tip analysis and several cases were considered to

Inductance =

(3.4)
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test the designed absolute probe through FEM modelling which are shown later in chapter
4. The same cases were considered for experiments to validate the simulation results which
are shown in chapter 5.

3.3 Analytical modelling of the coil impedance change

To determine the existence of a defect inside the part under test, it is important to evaluate
the impedance of the probe used for inspection. The evaluation of the impedance change of
the probe should be done fast and in a reliable way. Most of the available analytical models
solve the partial di erential equation arising when the Maxwell equations are applied to
the problem geometry. In Dodd's model it gives a closed integral form for solving the
eddy current problem for di erent cases and conditions. The solution for the eddy current
problem applied in the cylindrical coordinates since the eddy currents are usually produced
by a cylindrical shape coil. The well-known Dodd's model applied to one layer of material
and extended to multi-layer using the matrix method of Cheng and co-workers. Other
scenarios of calculating the probe impedance were considered for di erent cases where a
change is done either in the conductivity or the magnetic permeability of a multi-layered
plate for di erent coil geometries [41-44].

The boundaries of the eddy current problem in Dodd and Deeds models were set to
in nity, which results in providing Fourier-Bessel integral form solutions. Other models
used the concept of truncating the solution region by imposing insulation boundaries at a
reasonable distance from the source coil. The resulting electromagnetic eld expressions
and the impedance are in the series form not the integral one. Many advantages in terms
of computation speed and accuracy control comes with the replacement of the integral
solution with the series expansion one.

The solution domain of the eddy current problem were set to in nity in the Dodd and
Deeds model. All the analytical models built in this chapter follows a di erent mathe-
matical path, this is done by truncating the solution domain and by imposing magnetic
solution boundaries at an appropriate distance from the source coil. Because of truncating
the solution domain, the expression of the magnetic eld and the impedance will change
into a series instead of integral form. In case of no defect inside the material of the part
under test, the series expansion will cause the existence of discrete eigenvalues. In case of
the existence of a defect inside the material, these discrete eigenvalues will become complex
eigenvalues. To compute these complex eigenvalues, it is important to nd the roots of a
complex function that satis es the electromagnetic interface conditions between the mate-
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rial and the defect. These complex eigenvalues can be calculated either using Mathematica,
Newton Rapson method, or Cauchy argument principle.

The eddy current equation:

The general equation that governs the time varying eld in a conductive material with
magnetic permeability is originally driven from the famous Maxwell equations which is
brie y shown below:

@ E)
5 H= E+ a1 (3.5)
_ @
5 E= ot (3.6)
5.(H=0 (3.7)
5 E= - (3.8)

Where E is the electric eld intensity and H is the magnetic eld intensity, and is the
electric charge, material conductivity, is the permittivity, is the medium permeability.

B=5 A (3.9)

_ @
E= 5 Gt (3.10)
B= H (3.11)

Where A is called the magnetic vector potential and is the electric scalar potential.
Next step is substituting (3.9), (3.10), (3.11) in (3.5), (3.6), (3.7), and (3.8). After doing
simpli cation to the curl-curl relationship and using the coulomb gaugeq .A = 0), then
equation (3.5) becomes:

@,_ ,@s @)
5 2A+ (@1)‘ ( & av) (3.12)
_ @
52A= (@1) Js (3.13)



The nal formula for the eddy current equation is shown in (3.14):

52A+ kA= Jg (3.14)

Where, J is the current density of the source excitation coilA is the vector potential
and 5 2 is the Laplace operator, is the material conductivity, is the permittivity,  is
the medium permeability. k?>= -1 (j + ! ) where,! is the angular frequency. Solving
the eddy current equation depends on solving the Vector potenti@.

Dodd and dodes model:

The probe impedance value on top of a conductive plate with a ow, 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 equation (3.15) [42].

3 A
Z= [5 ! 2(I—)Z]v ol (3.15)
This part [g ! 2(‘Il)z] depends only on the coll size and shape, frequency and conduc-
tivity parameters. The second part, which isV ol depend on the defect geometry and the
orientation of the defect.

Truncated region eigenfunction expansion method:

There are di erent 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 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 equation (3.16) as mentioned in [43]. The coil impedance magnitude
value calculated analytically on top of a stainless steel plate with 8 mm thickness at 28
KHz is 81.8 ohm. The coil impedance magnitude value calculated analytically on top of a
titanium plate with 8 mm thickness at 28KHz is 83.9 ohm. The Matlab code is shown in
the Appendix.

X
Z= j2l o Iym(cn)?exp( 2Xml) (3.16)

where (Cm) can only be determined by inner radius (rl), outer radius (r2), number of
turns (w) and the height of the coil (h). Lift-o distance (I) and the complex function

(LNm) that is determined by the plate thickness, conductivity, and relative permeability.
The truncated eld region (b). Some of the values are shown in table 5.1.
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Figure 3.9: Probe on top of a plate with defect.

The formula used to calculate the impedance change of a probe on top of a plate with
a defect using the truncated region eigenfunction expansion method is shown in equation
(3.17) [44].

j2!  oN?
(rz2 r1)%(zz z)2h?

Where M, W, and T are matrices. rq, and r, are the coil's inner radius and outer
radius. The defect width is C and h is the width of the truncated regionZ; is the lift-o
distance andZ, is the distance from the top edge of the coil to the surface of the plate.
The thickness of the plate is d.p?i = ¢?i+j! o . For computing zeros of Bessel functions
u=BesselJZeros[1, Ns]/h using MathematicaJg is the zero order bessel function. A cross
section view of the coil on top of a plate is shown in Fig. 3.9.

Z= CT U Jo(uh) 2 W C (3.17)

C=(e": e "“)x(Ury;Ur)u 4 (3.18)
W=[MU+T) ulMp(l DIMU+T)+u Mp(d T)°* (3.19)
T=ePuMp+M) Yu Mp M)e P (3.20)
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3.4 One layer structure

In section (3.3) an introduction about di erent analytical models that are used to calculate

the impedance change on top of a conductive material are discussed. Equation (3.16) is
used to calculate the impedance change on top of stainless steel plate without defect. The
reason behind choosing stainless steel 316L is because it is one of the common materials
used in building parts by LPBF process. The model calculates the impedance change of
the coil on top of stainless steel plate by selecting the conductivity values for all the layers

to be the same for one layer structure. In case of calculating the impedance value of the
coil over a multi-layer structure made of di erent materials, di erent conductivity values

will be chosen for each layer. The model parameters are shown in table 3.2. An illustration
of the model is shown in Fig. 3.10.

Figure 3.10: Probe on top of one layer plate.

At 18 KHz, Z =1.649923743746590 - 2.097178533703875i
At 28 KHz, Z =2.437320128899824 - 4.154976934204931i

The impedance of the coil is calculated at two di erent frequencies to show that the
higher the frequency used for the input source the higher the impedance value of the coil.
The impedance of the coil were calculated at 28 KHz frequency value since it is the same
frequency chosen for the designed absolute probe.
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Plate thickness 3.0mm
Truncated region (b) 40mm
Number of turns 164
Coil outer radius (r2) 8.0mm
Coil inner radius (rl) 3.5mm
Coil height (h) 9.435mm
Frequency 18KHz , 28KHz
Conductivity 1:35 1P siemens/m
Relative permeability 1
lift-o distance 0.2 mm
Summation term 300

Table 3.2: Parameters used for one layer plate structure.

3.5 Multi-layer structure

The impedance of the coil is evaluated in case of moving the coil on top of a multi-layer
structure made of di erent materials. Equation (3.16) is used to calculate the impedance
change on to of multi-layer plate without defect. The model calculates the impedance
change of the coil on top of a plate made of one stainless steel layer and another titanium
layer added to it by selecting the conductivity values for each layer to be dierent. The
model parameters shown table 3.3. An illustration of the model is shown in Fig. 3.11.

Figure 3.11: Probe on top of multi-layer plate.
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Plate thickness

3.0mm, 1st layer 2mm, 2nd layer 1mm thickness

Truncated region (b) 40mm
Number of turns 164

Coil outer radius (r2) 8.0mm

Coil inner radius (rl) 3.5mm
Coil height (h) 9.435mm

Frequency 18KHz , 28KHz
Conductivity 1st layer 135 10° siemens/m, 2nd layer 66 1C° siemens/m
Relative permeability 1
lift-o distance 0.2 mm
Summation term 300

Table 3.3: Parameters used for multi-layer layer plate structure.

Z is the calculated value of the impedance of the coil at 18 KHz and 28 KHz.
At 18 KHz, Z = 1.740973389415891 - 1.941462805480219i
At 28 KHz, Z =2.649791988098945 - 4.026699803746408i

The impedance of the coil is calculated at two dierent frequencies to show that
impedance value of the coil increases in case of increasing the frequency of the input
source. The impedance of the coil was calculated at 28 KHz frequency value since it is the
same frequency chosen for the designed absolute probe. The same analytical modelling
will be used later in chapter 5 to evaluate the impedance change of the coil on top of
a plate made of stainless steel and titanium with di erent defects. The results obtained
from the analytical modelling will be compared to the ones obtained from simulation and
experiment for di erent defect types and sizes that are located at di erent depths.

3.6 Conclusion

In this chapter the main steps to design and eddy current probe are shown analytically.
Several analytical models that are used to calculate the probe impedance change of the
probe on top of conductive materials are explored. The probe impedance change of top of
one layer material and multi-layer material is calculated.
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Chapter 4

Finite element modelling of the
probe impedance

4.1 Finite element analysis and software tools

There are di erent advantages of using nite element methods such as visualization, ac-
curacy, and adaptability. It allows modelling of complex shapes and geometries to nd
solutions for di erent problems. There are di erent nite element modelling (FEM) soft-
ware that are used for di erent purposes. The FEM software used for this work are ANSYS
Maxwell, ANSYS circuit, ANSYS simplorer, and Solidworks. Di erent models were created
in ANSYS Maxwell for di erent cases which will be shown later in this chapter. Di erent
FEM models were created to detect subsurface notches that simulates subsurface cracks in
parts made by AM. Di erent FEM models were created to detect subsurface blind holes
that simulates subsurface voids in parts made by AM. Defects are embedded inside plates
made of di erent materials such as titanium with conductivity 056 10° siemens/m and
relative permeability 1.02 or stainless steel with conductivity B5 10° siemens/m and rel-
ative permeability 1.005. Each model was run at di erent mesh sizes for mesh dependency
analysis.

4.1.1 Limitation with simulation modelling of the probe impedance
change

To be able to measure the probe impedance change in case of a aw inside the material,
many factors such as the mesh size and frequency should be chosen carefully to avoid
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increasing execution time and using more computational resources. Running simulation at
high frequencies in the range between 50 KHz to 500 KHz a ects the simulation time and
increases it which may takes days to get results. Running simulation at higher frequencies
IS necessary in case the defect is located at the surface of the plate or close to it since
the eddy currents will ow close to the surface with a small skin depth in case of high
frequencies.

Another factor is the mesh size, the ner mesh size the longer it takes to get the results.
The mesh size chosen for all the simulation cases has to be in the range of 0.3 mm to 5
mm depending on the size of the defect that needs to be detected. Choosing a smaller size
mesh gives more accurate results but it takes more execution time and more computational
resources. For example to detect a defect with a spherical shape that has a 0.5 mm radius,
the mesh size should be around 0.2 mm to get accurate results.

In case of doing a sweep over position of the probe across the plate, the step size has
a big e ect on the results and the simulation time. Choosing a small step size will give
more accurate results meanwhile it will increase the simulation time. The mesh size, step
size, frequency used should be chosen in a way that keeps the balance between computing
resource usage and the accuracy of the results.

4.2 Model design and simulation in ANSYS Maxwell

The proposed model for designing a probe that is suitable for defect detection in parts
made by AM is shown in chapter three. Some of the procedures to specify the designed
eddy current probe dimensions is done using ANSYS Maxwell software tool. The designed
eddy current probe that is shown in chapter three involves adding a core and a tip to the
center of the probe to focus the magnetic eld in the center of the probe's coil.

The core is made of ferrite material which has a high permeability. As seen in Fig.
4.1.a, the highest Bmax under the probe is around the center of the coil. As shown on the
scale bar in Fig.4.1.b, the eddy current distribution under the coil is almost double the size
of the probe diameter. The probe diameter is 16 mm, meanwhile, the distribution of the
eddy currents is around 30 mm. This will be one of the constraints of testing small size
parts because of what is called the edge e ect which is solved later by adding a tip to the
coil's core. Edge e ect means that the edges of the part under test will give a false signal
similar to a defect signal [14, 15]. The probe used for the simulation model in Fig.4.1 is the
designed absolute probe. The probe has only one cylindrical coil with 8 mm outer radius,
3.5 mm inner radius and a length of 9.345 mm. The frequency used is 28 KHz. The plate
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made of stainless steel 316L material. The mesh size used for the model is 0.2 mm. The
mesh type used for the model is on selection, skin depth based.

() (b)

Figure 4.1: ANSYS eddy current simulation of the designed probe, where (a) shows the
magnetic eld distribution and (b) shows the eddy current distribution under the coil.

4.2.1 Tip analysis and B _max measurements

As mentioned earlier in chapter three, the designed probe works in the absolute mode,
which means that only one coil is used to induce the eddy currents inside the material
and sense the defect signal. The probe has a core made of ferrite, which has a higher
permeability compared to cores made of iron. The core length is 13.435 mm, where 9.435
mm is the same length as the length of the coil and 4 mm is considered for the core tip.
The probe used for the simulation model in Fig.4.2 is the designed absolute probe. The
probe has only one cylindrical coil with 8 mm outer radius, 3.5 mm inner radius and a
length of 9.345 mm. The frequency used is 28 KHz. The plate made of stainless steel 316L
material. The mesh size used for the model is 0.2 mm. The mesh type used for the model
is on selection, skin depth based.

Adding a tip to the designed coil helps focus the magnetic eld and makes it more
con ned. Another reason is to make it possible to detect very small defect sizes since there
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Figure 4.2: Di erent tip geometry, where (a) is a cone tip shape, (b) cylindrical tip shape,
(c) polygon tip shape, and (d) square tip shape.

Tip Shape | No plate under the coil In case of a plate under the coil
Cylindrical B.max=145e 8T Bmax=43e 8T
Cone B.max=123e 8T B.max=3.81e 8T
Polygon B.max=139e 8T B.max=4.01e8T
Rectangular B.max=1.201e8T B.max=3.78e 8 T

Table 4.1: B.max value for each tip shape at 0.2 mm distance under the coil.

is a relationship between the defect size and the probe diameter. Di erent tip geometries
shown in Fig. 4.2 were considered for the probe design, and the magnetic eld_(&ax)
was calculated for each case. The distance between the surface of the tip and the substrate
was xed in all cases for consistency since any changes in the distance between the tip
surface and the substrate will create variations in the measured defect signal.

The value of the magnetic eld (B.max) is measured at 0.2 mm distance under the coil
in case of having substrate under the coil and in case of no substrate shown in table 4.1.
The material considered in all cases is stainless steel (S3316L). Simulation is done using
ANSYS Maxwell. Tip shapes considered for comparison are cylindrical, square, polygon
and cone shapes. The volume of all tips is kept constant for consistency. The volume of
all the tips is around 153.9mm?3. The cylindrical tip shape showed a better (Bmax) value
under the probe, and it is selected for the probe design.
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