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ARTICLE INFO ABSTRACT

Keywords: This research paper explores the assessment of electrical property changes resulting from damage in a Carbon
Electromagnetic-based structural health Fiber Reinforced Polymers (CFRP) laminate and its thermoplastic induction-welded joints. Controlled variations
monitoring

in electrical conductivity and dielectric permittivity were achieved by incorporating square Polytetrafluoro-
ethylene (PTFE) adhesive tapes into both CFRP laminates and the bondline interfaces of induction-welded
components. Two elementary and effective sensors, capable of measuring magnetic (Purely Magnetic sensor)
and electric fields (Hybrid sensor), were employed to detect these property changes induced by a sinusoidal
magnetic field generated by a nearby coil. Both sensors exhibited remarkable sensitivity in identifying variations
induced by the smallest artificial defects, measuring 2x2 mm in size. Furthermore, the PM sensor displayed a
discernible signal trend corresponding to changes in defect size ranging from 4 to 225 mm square, as well as
variations in position within the thickness of the CFRP laminate, extending to a depth of 1.7 mm. These findings
underscore the potential of electromagnetic-based structural health monitoring (ESHM) techniques for moni-

Thermoplastic composite
Induction welding
Damage detection

toring the condition of a thermoplastic composite structure and its induction-welded joints.

1. Introduction

Themoplastic composites (TPCs) offer promising alternatives to
thermoset composites in the aerospace industry, primarily due to their
more cost-effective manufacturing processes and substantial environ-
mental advantages such as reduced energy requirements and improved
recyclability [1]. The thermoplastic composite market in the aerospace
and defense industry is projected to grow at a compound annual growth
rate (CAGR) of 6.26 % from 2022 to 2030, reflecting the increasing in-
dustry interest in this material [2].

Several aircraft incorporate TPCs in both structural and non-
structural components. For example, Airbus has employed thermo-
plastic skins, panels and leading edges in A340-600 and A380 aircrafts.
Additionally, brackets and fuselage clips in Airbus 350 XWB, as well, as
passenger door beams and angled profiles in the Boeing 787, highlight
the growing importance of TPCs in various aerospace applications.

The distinctive feature of thermoplastic matrices, which can be
melted repetitively with nominal loss of physical properties, enables the

implementation of fusion bonding techniques, potentially resulting in
weight saving though the elimination of aircraft fasteners and adhesives.
Moreover, one of the primary factors contributing to the cost-
effectiveness of TPCs is the ability to overcome typical issues associ-
ated with conventional joining processes, such as stress concentrations
and delaminations due to hole drilling, as well as lengthy surface
preparation and curing cycles required for adhesive bonding. Fusion
bonding processes involve heating and subsequently cooling the poly-
mer at the interface of two components to achieve consolidation [3]. The
specific method used depends on how the necessary heat for melting the
joint interface is applied. Among the various techniques, ultrasonic [4,
5] resistance [6,7] and induction welding [8-10] are considered to be
most suitable for thermoplastic. Induction welding relies on the gener-
ation of eddy currents within the material by the coil, which leads to the
conversion of electrical energy into heat.

This method has gained prominence within the past two decades and
is increasingly recognized as a highly efficient approach for rapidly
processing fiber-reinforced thermoplastic composites [8], [9]. Induction
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welding potentially allows for geometrically complex welds and does
not require any contact with the welding stack for heating, increasing
flexibility and simplifying automation [11]. Gulfstream G650 was the
first commercial airplane to use induction welding for critical control
surfaces, specifically rudders and elevators. Rapid, efficient and flexible
thermoplastic welding operations could also benefit the emerging field
of the urban air mobility (UAM), where high-volume and high-quality
production are crucial. Despite these advantages, TPCs are not im-
mune to damages, such as cracks and delamination caused by fluctu-
ating or impact stresses. Unlike metals, predicting the progression of
damage in composite structures [12] remains challenging, making it
difficult to estimate regular inspection intervals. This poses a challenge
to the current maintenance approach, especially in the context of a
future scenario characterized by numerous airline fleets and high vol-
ume electric Vertical Take-Off and Landing (eVTOLs). This situation has
led to the need for a change towards condition-based maintenance
(CBM) wherein maintenance is only undertaken when specific indicators
reveal decreasing performance or an impending failure [13], [14].
Structural health monitoring (SHM) could facilitate a comprehensive
understanding of the damage progression by integrating sensors into the
monitored structure, collecting, and analyzing the generated data over
the service life to identify the presence, location, and type of damage.
The successful implementation of CBM paradigm hinges on the capa-
bility of SHM systems to assess the component’s state of health during
flight or in preflight checks.

SHM field is characterized by a wide range sensing techniques for
detecting in-service damages in aerospace composite structures, such as
guided waves [15-17], acoustic emissions [18-20], methods based on
fiber optic sensors [21,22], phased array ultrasonic [23,24], vibration
methods [25-27], impedance (EMI)[28] and electrical impedance to-
mography [29,30]. Electromagnetic-based SHM (ESHM) techniques
operate that the presence of damage locally affects the electromagnetic
characteristics of the material, specifically the electrical conductivity
and/ or the dielectric permittivity in the case of fibers reinforced poly-
mers. Damage resulting from mechanical factors, such as delamination
or fiber breakages, locally impacts the electrical conductivity of the
material. Conversely, contamination, such as liquid ingress, which can
lead to a loss of mechanical performance in TPCs due to the chemical
reactions, primarily changes the dielectric permittivity of the medium.
Mazzeschi et al. have provided a summary table detailing how defects of
different origins influence electrical properties [31]. One of the most
relevant aspects of ESHM is that designing the sensitive system appro-
priately to assess both electrical conductivity and/or dielectric permit-
tivity and constructing a correlation between these properties and the
type of inspected defect, it is possible to gain access to many kinds of
damage occurring in aircraft structures. Moreover, ESHM techniques
provide the potential to detect defects that might not be readily visible
with more established SHM methods. As an instance, the pyrolysis of the
resin caused by electrical impacts (e.g., sparks, lightning) that do not
induce any delamination, cannot be detected using ultrasonic guided
waves (UGW) (28). In fact, the change in the propagation medium for
mechanical waves is minimal, while pyrolysis of the resin induces an
appreciable change in electrical permittivity, detectable by ESHM
techniques.

The influence of temperature variation in UGW damage detection
and localization remains a challenge [32]. Temperature fluctuation af-
fects the speed, amplitude, phase of ultrasonic waves [33] and also the
material properties of the piezoelectric transducer. Different tempera-
ture compensation techniques exist but at the expense of high compu-
tational cost and reference to pristine values which are not readily
available [34]. ESHM techniques, on the other hand, are often employed
in high temperature environment (e.g. Conductivity measurement of
heat treated aluminum components to check hardness and tensile
strength [35]. Different temperature compensation techniques have
been developed and validated for operating condition with rapid tem-
perature changes.[36-39].
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Although ESHM techniques, in particular eddy currents-based
method, are typically used for conductive materials such as metals,
they have found applications in composite materials despite their low
conductivity. These methods exhibit good sensitivity to the conductivity
changes associated with alternations in fibers positions, directions, or
fiber cracking are demonstrated in [40]. Liu et al. [41] shows the
capability of their eddy current array sensing film to monitor damage
around the hole-edge of composite bolted joint. Different ESHM ap-
proaches have been successfully implemented for damage diagnostic
imaging [42-44]. Recent advancements in electrical resistance-based
SHM techniques by Zhang et. al [45-48] have demonstrated the effi-
cacy of high-stability MXene [47,48] and buckypaper sensors [45,46].
These sensors have shown exceptional sensitivity and stability in
monitoring mechanical behavior, damage evolution, and fatigue in
composite structures, including bonded-riveted joints, bolted joints, and
repaired wind turbine blades. However, this method monitors local
variations in electrical resistance, but faults associated with variations in
dielectric permittivity alone, such as the ingress of liquids (e.g., water,
oil, fuel), may not be detectable. Moreover, while these prior studies
predominantly concentrated on assessing signal variations associated
solely with the presence of damage, there exists a necessity for a more
thorough examination of the correlation between sensor response and
variations in electromagnetic properties induced by defects within the
composite material. The aim of the present research is to not only assess
defect induced signal variation but also delve deeper into investigating
the correlation between sensor response and controlled local variations
in both electrical conductivity and dielectric permittivity. Moreover, the
current research pioneers the application of ESHM techniques specif-
ically for induction welded joints, marking the first instance of such
application in the field.

To date, there is lack of instances in the literature where ESHM
techniques have been utilized to assess induction-welded CFRP joints.
Existing research primarily revolves around the monitoring of thermo-
plastic welded components, primarily emphasizing ultrasonic and mi-
crowave welding techniques. These studies predominantly make use of
guide waves [49-51] and electrical resistance-based SHM methods to
assess the integrity of the joints [52]. In a prior study by the authors
[31], a numerical approach demonstrated the potential of using mea-
surements related to the attenuation and reflection of the incident
magnetic field on a CFRP welded joint as a viable strategy for assessing
joint health. However, the efficacy of this method required experimental
validation. Additionally, the initial research solely considered defects
that influenced changes in electrical conductivity, yet variations in
dielectric permittivity are equally pertinent.

The current study aims to explore the interplay between alterations
in both electrical conductivity and dielectric permittivity properties due
to damage in CFRTP when subjected to an exciting magnetic field. This
exploration employs two distinct measurement methodologies: one
based on assessing local changes in the magnetic field through a
reception loop and the other focused on measuring changes in the
electric field using a pair of sensing electrodes. Respect to the previous
studies, the present research prioritized a simple sensor design while
maintaining excellent damage sensitivity, offering benefits such as
enhanced signal interpretation and streamlined modeling of sensor
behaviour. This approach facilitates a clearer understanding of the
correlation between sensor response and changes in electrical conduc-
tivity and dielectric permittivity properties.

2. Materials and methods

A carbon fiber reinforced thermoplastic polymer (CFRTP) structure
inherently comprises two distinct media: conductive carbon fibers and
dielectric resin component. Variations in the local electrical conductiv-
ity and dielectric permittivity of these materials affect the electromag-
netic field generated by a specific source and subsequent eddy current
induction. Regions with heightened electrical conductivity facilitate
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preferential pathways for current propagation, leading to intensified
field line concentration and an increase in the resultant eddy currents.
Concurrently, deviations in dielectric permittivity dictate the depth of
electric field penetration, resulting in consequential adjustments in
electromagnetic energy distribution and, in turn, alterations in eddy
current spatial-temporal dynamics.

In this study, a sinusoidal time-varying magnetic field is generated by
a single-loop coil (emission loop) in close proximity to the inspected
materials. The emission loop consists of a copper circular trace, 800 ym
in width, fabricated using the photolithography process on a 25x14 mm
FR4 epoxy glass fiber substrate. Two distinct measurement methodolo-
gies were employed to meticulously investigate the interaction between
alterations in electrical properties caused by damage in CFRTP, and the
exciting magnetic field. The first methodology is based on the measuring
the magnetic field using a sensing loop positioned between the emission
loop and the material under inspection (Fig. 1.a). The second approach
involves measuring changes in the electric field caused by the presence
of a defect, utilizing a pair of sensing electrodes (Fig. 1.b). Following the
nomenclature provided by Lemistre [44], we will name the first method
purely magnetic method (involving magnetic field excitation and
detection) and the second method as the hybrid method (involving
magnetic field excitation and electric field detection). The reception
loop and the two electrodes are formed by 800 um width traces, which
are produced using the photolithography process on the opposite side of
the FR4 epoxy glass fiber substrate respect to the emission loop.

In an initial phase, a laminate having a series of artificially generated
defects reproducing local variations in electrical properties was
inspected with the objective of assessing whether the two measurement
techniques were able to capture these variations. The defect was
generated by placing a square Polytetrafluoroethylene (PTFE) adhesive
tape on a defined ply during the stacking operation (Fig. 2). PTFE ad-
hesive tape has a relative dielectric permittivity about half of that of the
resin used in the composite (Polyphenylene sulfide, PPS) and accounts
for local variation in dielectric permittivity. At the same time, the
presence of the PTFE tape gives rise to ply folds that inevitably affect the
distribution of induced currents. At the PTFE tape, there is also a
localized increase in fiber filling rate since the fibers are compressed
more tightly against each other. This compression increases the contact
points between the fibers, and consequently leading to a local rise in
electrical conductivity. Senghor et al. [53] developed a simplified
analytical model based on Hertz contact theory and Holm’s formula in
order to define the electrical resistance Ry between fibers in contact and
obtained the following formula:

P s
s/ (3rF, (@D)]
(%)

where p, E, r are respectively the intrinsic resistivity, elastic modulus and
the radius of carbon fibers and F. is the applied local load between
neighboouring fibers. As the filing rate increases, similarly, the local
forces and contact areas between neighboring fibers also increase,
resulting in a consequent reduction in electrical resistance, as expressed
by the equation. Defects of different sizes, localized at different ply

positions along the thickness, were generated, as shown below in the
section on test specimens and manufacturing.

Ry =

Emission loop i
Reception loop

Defect —

CFRTP laminate
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In the second step, after evaluating the damage detection capability
of the two employed methods for a single laminate, measurements are
conducted on thermoplastic welded lap joints. The close presence of the
edges of the joint produces a distortion of the magnetic field lines
generated by the emission loop and consequently the eddy currents
themselves are distorted, potentially affecting the damage sensitivity of
the sensors used as shown in Fig. 3.

The deliberate choice to attach the sensors to the surface of the
material instead of embedding them within it minimizes potential
interference with the mechanical properties of the components under
investigation, thus ensuring a non-invasive approach. By avoiding the
integration of sensors into the material, we reduce the risk of altering its
properties or introducing structural weaknesses [54,55]. Furthermore,
electromagnetic sensors are engineered to interact with electromagnetic
fields, which can penetrate materials to varying depths depending on
their properties, due to their operational principle. This inherent char-
acteristic makes electromagnetic sensors well-suited for non-invasive or
surface-mounted applications [56].

2.1. Theoretical consideration

In classical electromagnetism, the behaviour of electric and magnetic
fields, as well as their interactions with charges and currents, is
described by Maxwell’s equations. The equations can be formulated in
differential form or integral form. The differential form leads to the
following partial differential equations (PDEs) expressed by:

VxH=J;+ %—IZ (Maxwell — Ampere’slaw)# (2)
V xE= Jz)—l: (Faraday’s law)# 3
VeD=p, (Gauss’law — electric form) (€]
V e B = 0 (Gauss’law — magnetic form) 5)

where H and E are respectively the electric and magnetic field intensity,
B and D respectively the magnetic and electric flux density, p; and Jy
respectively the electric charge density and the current density associ-
ated to the free charges. The constitutive equation relations describe the
relation between the field E, B, D and H and could be expressed in
most materials as

D = eoE + P# (6)

B =, (H+M)# (7)

P is the electric polarization vector describing how the material is
polarized when an electric field E is present. The magnetization vector M
describes how the material is magnetized when a magnetic field H is
present. &, and y, are respectively the dielectric permittivity and the
magnetic permeability of the vacuum.

For linear materials, the polarization is directly proportional to the
electric field (P = ¢oy,E, wherey, is the electric susceptibility) and the
magnetisation is directly proportional to the magnetic field (M = yx,,H,
where y,, is the magnetic susceptibility). Many CFRP laminates are
anisotropic and y, and y,, has to be considered tensors, both dependent

( Emission loop :
Sensing electrodes

LT T

CFRTP laminate

Fig. 1. Schematic representation of (a) purely magnetic and (b) hybrid method.
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Fig. 2. Schematic representation of (a) pristine CFRP laminate and (b) laminate with embedded PTFE adhesive tape producing a local change of electrical con-

ductivity and dielectric permittivity.
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Fig. 3. Eddy current distortion due to the edge effects when transitioning from inspecting a CFRTP laminate to a CFRTP welded lap joint.

on the frequency of excitation.

In the research, low-frequency excitation was considered, specif-
ically between 1 kHz and 7 MHz. Within this frequency range, a number
of simplifications are feasible:

e The response of the polymeric resin to an applied electric field can be
approximated as quasi-static: At the microscopic level, dielectrics
consist of basic electric dipoles arranged randomly in space. When a
dielectric substance is subjected to an electric field, these funda-
mental dipoles tend to align themselves with the direction of the
applied electric field. As a consequence, the reaction of a solid
dielectric to an externally applied electric field will be significantly
influenced by the frequency of the field and the dielectric permit-
tivity is often treated as a complex function of the frequency of the
applied field. Nevertheless, when dealing with low-frequency stim-
ulation, it becomes plausible to assume that dipoles promptly align in
response to the impacting electric field and permittivity frequency
dependence could be neglected. In this study, the matrix employed is
PPS, characterized by dielectric strength typically ranging from 22 to
28 kV/mm, and dielectric constant, which falls around 4.0 [57].
Negligible magnetic response of carbon fibers: When exposed to a
high-frequency alternating electromagnetic wave, where the skin
depth exceeds the diameter of the fibers, carbon-fiber composites
demonstrate a pronounced and robust dynamic diamagnetic
response (GHz bandwidth) [58]. In contrast for low excitation fre-
quency, carbon fibers present weak diamagnetic response. Subse-
quently, we can consider an almost negligible magnetic
susceptibility, leading to the derivation of the subsequent equation B
= HoH.

An equivalent form of the Gauss law where electric field intensity E
appears, can be obtained by substituting the equation [6] in [4]:

+
VeE=L"Pry ®)
=)
where p, =—V e P is the apparent density of the charges due to the
polarization phenomenon. So, the electric field can be considered as a

resultant of two components, the field resulting from the free charges Ef
(V e E;f = ps/eo) and the field resulting from the polarization phenom-
enon Ep:

p
E=E+—# 9
€0

Considering the ohm law J; = oEy, the relation P = &yy, Eqpplica and
the relation e, =1 + y,, the following relation is obtained:

-
o

+ (8, - l)Eapplied# (10)

So, the measured electric field E,,is a function of the conductivity ¢ of
the medium and also of its relative dielectric permittivity &.. These
theoretical considerations play a crucial role in presenting the opera-
tional concept of the sensors utilized in this investigation.

2.2. Working principle of EM sensors

In Fig. 4, the employed sensors are schematically depicted. The
purely magnetic sensor (PM) is comprised of two concentric loops: an
excitation loop accountable for generating a time-varying magnetic field
and a pick-up loop designed to quantify the magnetic field. On the other
hand, the hybrid sensor (H) utilizes an identical magnetic excitation to
the PM configuration, yet it integrates two sensing electrodes for the
assessment of alterations in the electric field.

3. PM sensor working principle

For the purely magnetic method, Faraday’s law (Eq. 3) comprehen-
sively describes the interactions between emission loops, reception
loops and CFRTP laminate. When an alternating current is applied to
energize the emission loop, a time-varying magnetic field is generated.
The voltage induced in the reception loop is directly proportional to the
rate of change of the magnetic induction flux density over time:

a—BodS# 11)

Vindcodionp — ]f Eedl— —
induced,loop s . ot
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Fig. 4. Schematic representation of (a) purely magnetic (PM) and (b) hybrid (H) sensor.

where, as indicated in the figure, X is a surface bounded by the closed
contour 0%, dl is an infinitesimal vector element of the contour 9%, and
dS is an infinitesimal vector element of surface X. If the surface X is not
changing in time, the equation [11] can be rewritten:

d

“at), B e dS# 12)

Vinduced,loop = % Eedl=
9z
The surface integral is the explicit expression for the magnetic flux
@y through X. For time-harmonic systems:

Vinduced.laop = ]wq>l] (B) # (1 3)

When the emission loop approaches an electrically the CFRTP
laminate, the primary alternating magnetic field penetrates the material
and generates continuous and circular eddy currents. The induced cur-
rents flowing within the test piece generate a secondary magnetic field
that tends to oppose the primary magnetic field. An analytical model
describing the interaction between PM sensor and the CFRTP laminate
can be employed to establish the relationships between the sensor signal
and the target properties. The model is based on a transformer repre-
sentation, as shown in Fig. 5. The primary circuit represents the emission
loop. The other two circuits represent the reception loop and the CFRTP
laminate. Ry and L, is the resistance and inductance of the emission loop;
R; and L, is the resistance and inductance of the reception loop; R, and
L, is the resistance and inductance of the induced eddy current loop in
CFRPT laminate, respectively; My;, Mo, and M, represent the mutual
inductances describing respectively the interactions between emission

loop-reception loop, emission loop-CFRTP laminate and reception loop-
CFRTP laminate.

For the general case where the reception loop is closed (Fig. 5.a), the
governing equations are:

Vg = R()IC +jCUL01C —j{,()M()lIl —jwMOeIe#####
0= R]Il +](DL111 7]’0)M01IC 7j(l)MleIe# # (14)
0 = R.I, + jwL.I, — joMoelc — joMy I #
Where @ = 2zf and f is the excitation of the emission loop. Nevertheless,
in the current application, the reception loop serves the purpose of
detecting the magnetic field, and our focus lies in minimizing its inter-
action with the emission loop and CFRTP plate. Thus, the reception loop

operates in an open mode, gauging the voltage at its endpoints. The
governing equations then become:

Vg = (RO +jLULO)IC _jWMOeIe
Vi = —joMiolc — joMil.  # 15)
0 = (R, +jwL,)I, — joMolc

By making the current I, explicit in the third equation of [15] and
substituting it into the remaining two equations, the following solution
can be obtained:

Vg = (RC +ijc)I(;# (16)

V] = (Rs *j(l)Ls)I(;# (17)

Fig. 5. Model of emission, reception loops and CFRTP laminate interaction based on a transformer for two different cases: (a) closed and (b) open reception loop.
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Where R¢ and L is respectively the equivalent resistance and induc-
tance of the emission loop and Rs and Lg the equivalent resistance and
inductance of the reception loop:

[DZM()EZ
Rc=Ro+ ————— (18)
e RS2+ (wL,)* *

szoez
Le=L Lo# 19
TR (0L
2 Mo.M;
Rg = %Re# (20)
R, + (L)

w MOeMle
L —Mio + Lo# 21
s 10 R22+(wLe)2 e 21

In instances where the PM sensor is unattached or positioned at a
significant distance from the CFRPT plate, the plate’s interaction is ab-
sent, resulting in both M,, and M;, becoming negligible. This state will
be referred to as the "on air" response of the PM sensor. In this case, the
emission loop is characterized by the parameters R, and L,. The recep-
tion loop is defined by just the mutual inductance M;, and consequently,
the voltage within the reception loop is expressed as follows:

Vi = —joMyolc# (22)

When a conductive test piece is approached, the complex impedance
of the emission and reception loop are characterized by additional terms
expressing the effect of the induced currents in CFRTP laminate. The
existence of defect affects the coupling between the emission loop,
reception loop and the eddy current loop, which is indicated by mutual
inductances My, and M;,. As shown in Fig. 2, the inclusion of integrated
PTFE tape within the laminate induces alterations in the paths of eddy
currents. This modification varies according to the dimensions and
location of the PTFE tape across laminate thickness.

4. H sensor working principle

For H sensor configuration, the interaction between the emission
loop and the CFRTP plate is effectively elucidated by the equations
previously presented, particularly equations [16,18], and [19]. The
distinction lies in the nature of the measurement: while the PM sensor
entails magnetic field measurement, the H sensor involves an electric
field assessment using two sensing electrodes. As outlined in equation
[10], alterations in local electrical conductivity and dielectric permit-
tivity, induced by defects within the laminate, manifest as correspond-
ing modifications in the electric field concerning the initial pristine state
of the material as schematically shown in Fig. 6. In accordance with
Faraday’s law, the time-variant magnetic field produced by the loop
induces a varying electric potential along the length of the electrode.

Emission loop A D

CH1 _'é'xl'm__
CH2
B C
CH1 CH?2

Sensing
electrodes

Fig. 6. Schematic H sensor representation highlighting the change of electric
field components due to defect presence.

Sensors and Actuators: A. Physical 375 (2024) 115540

Each electrode within the system serves to convert the detected electric
field into electrical signals which is voltage signal in the present study.

Furthermore, the close proximity of the two sensing electrodes gives
rise to a capacitive coupling effect, leading to the accumulation of
electric charge on the electrode surfaces due to their inherent capaci-
tance. This capacitive effect exhibits a frequency-dependent behaviour,
with its prominence intensifying at higher frequencies. Within the scope
of our current research, we conduct a differential measurement between
the two electrodes. By measuring the voltage difference between the two
electrodes, common-mode noise and interference can be cancelled out,
enhancing the accuracy of the electric field measurement. In the context
of this differential measurement utilizing two sensing electrodes, our
focus is specifically directed towards quantifying the gradient or spatial
variation of the electric field.

4.1. Test Specimens

A pristine and defective CFRTP laminate were manufactured by
stacking twenty unidirectional CF/PPS plies in a [(90°/0°/45°/90°/-
45°/0°/909]s lay-up. The CFRTP laminate without defect was
employed as a reference point to assess the response of the PM and H
sensors. These responses were then compared with the reception signals
from sensors in the presence of a defect. The intention behind intro-
ducing the flawed laminate, as depicted in the Fig. 7, was to enable the
evaluation of the PM and H sensors’ capability to detect localized
changes in electrical characteristics induced by distinct-sized PTFE tapes
(Tooltec® A005 supplied by AIRTECH Europe SARL) positioned on
varying plies throughout the laminate’s thickness.

Subsequently, the sensitivity of both sensor types to defects was
assessed in a configuration closer to the final application. Specifically,
the sensors were attached to pristine (Fig. 8.a) and defective (Fig. 8.b)
CE/PPS lap joints. In the defective joint, a single size (8 x8 mm) of ad-
hesive tape was positioned within the bonding region to artificially
replicate the lack of weld defect. The welded joints were manufactured
using commercially sourced rather than being subject to in-house
manufacturing processes. This deliberate strategy was intended to
minimize the presence of pre-existing defects in the material, which
could potentially impact the analysis and lead to erroneous conclusions.
These specimens were employed to examine how the proximity of joint
edges influences eddy current distortion and, subsequently, the impact
on the damage-detection sensitivity of the PM and H sensors.

4.2. Fabrication

Fig. 9 shows the primary steps employed in the manufacturing of
defective CFRTP laminate. (a) Prepreg sheets were stacked to align fiber
orientations according to the designed layup. PTFE adhesive square
tapes, varying in dimensions (15x15, 10x10, 8x8, 5x5, 2x2 mm),
were positioned at distinct plies as depicted in Fig. 7. (b) The consoli-
dation process was conducted within an autoclave, following pressure
and temperature profiles in agreement with the specifications provided
in the manufacturer’s prepreg technical sheet. (¢) CFRP laminate with
embedded artificial defect was then obtained.

To produce the welded specimen, a commercial induction welding
machine (Bielec S.L.) was utilized. This machine includes a multifunc-
tional controller responsible for operating a solid-state frequency
generator. Additionally, an infrared pyrometer was integrated into the
setup to measure the temperature on the composite surface in closest
proximity to the induction coil. Energy transmission to the CFRP lami-
nates was executed through a solenoid inductor as shown in Fig. 10.a,
which was positioned by an industrial robot (KUKA). To prevent any
thermal damage to the upper surface of the workpiece (depicted in
Fig. 10.a), sufficient air cooling was employed. Furthermore, the
consolidation process was completed using an adjustable pressure
application system featuring two rollers. Fig. 10.b shows the PTFE ad-
hesive tapes positioned in the bond line before the welding operation.
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Fig. 7. Schematic drawing of CF/PPS laminates fabricated by embedding PTFE adhesive tapes of different sizes and (b) placed at different plies along the thickness in
order to generate in a controlled manner a local variation of the electromagnetic characteristics of the material.
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Fig. 8. Schematic drawing of (a) pristine and (b) defective CF/PPS welded lap-joint.

Fig. 11 illustrates the meticulous photolithography process
employed for the fabrication of sensors utilized in the present study. The
process begins with the lamination of a substrate, comprising FR4 epoxy
glass fiber, with layers of copper and photoresist (Fig. 11 (a)). Subse-
quently, the photoresist-coated substrate undergoes exposure to ultra-
violet (UV) light using a mask that replicates the desired geometry of the
emission loop (Fig. 11 (b)). Following exposure, a development process
selectively removes the exposed photoresist areas, revealing the emis-
sion loop pattern on the substrate (Fig. 11 (c)). The exposed copper
areas, not protected by the developed photoresist, are then etched away,
resulting in the formation of the emission loop pattern (Fig. 11 (d)).
Subsequent stripping removes the remaining photoresist, leaving behind
the finalized emission loop on the substrate (Fig. 11 (e)). After the
substrate is flipped over, the same steps are repeated (Fig. 11 from (f) to
(1)) to fabricate the reception loop in the case of the PM sensor or the
sensing elements in the case of the H sensor.

Subsequent to fabrication, the sensors were attached to the compo-
nents using an adhesive that ensured strong attachment and facilitated
easy repositioning if required. To ensure accurate positioning of the

sensors relative to defects within the manufactured components, a
meticulous approach was adopted. Specifically, prior to sensor appli-
cation, the defects’ precise locations on the components were delineated
using a marker, as illustrated in Fig. 9(c). This methodical marking
process enabled precise alignment between the sensors and defects,
ensuring accurate detection and characterization of introduced
anomalies.

4.3. Test setup

The PM sensor and H sensor were positioned in the specimens as
indicated in the Fig. 12(c) and (d) in order to evaluate changes in the
electrical properties of the inspected materials induced by defect pres-
ence. The frequency sweep was conducted using the frequency response
analyzer built —in the Moku Pro platform, which generated a sinusoidal
signal with a frequency varying from 0.1 and 7 MHz and an output
voltage of 10 Vppk. This signal was used to feed the emission loop of
both sensors connected via coaxial cables, as shown in Fig. 12(a) and (b)
for PM and H sensors, respectively. The signal of the sensing elements for
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Fig. 9. Main steps of manufacturing process to obtain CFRP laminate with embedded artificial defects.

Air cooling
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Fig. 10. (a) Relevant components of Induction welding system. (b) PTFE adhesive tapes placed in the joint line for obtaining defective welds in a fully

controlled way.

each sensor was collected by the Moku Pro inputs and displayed for each
frequency point. For the PM sensor, reception loop terminals were
directly connected to the instrument’s input. In the case of H sensors,
two coaxial cables were employed. Each cable’s positive polarity was
connected to one of the sensing electrodes, while the negative polarities
of both cables were interconnected to accurately measure the potential
difference between the two sensing electrodes. To ensure the stability
and reliability of our measurements, each frequency sweep process was
meticulously repeated 10 times. This repetition allowed us to observe
and analyze the consistency of the sensor signals across multiple itera-
tions, thereby verifying the absence of significant drift or fluctuations
that could compromise the accuracy of our data. The choice of con-
ducting 10 repetitions was based on statistical considerations to achieve
arobust assessment of signal stability and to detect any subtle variations
or anomalies that might occur over time due to electronics or potential

material heating associated with eddy currents. No relevant variations
were detected in any of the repeated measurements (below 2 %), con-
firming the accuracy of the collected data.

5. Results and discussion
5.1. Sensor’s response on air and on sound joint

In the following discussion, we define the "on air response" of a
sensor as the voltage exhibited by its sensing elements in response to
variations in excitation frequency and in the absence of the material to
be inspected. The evaluation of the on air response holds paramount
significance, as it serves as the keystone upon which the subsequent
interpretation of signal alterations arising from the presence of an
inspected material and any potential damage relies. Fig. 13 (a) and (b)
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Fig. 11. Main steps of photolithography process for PM and H sensors fabrication.

show, respectively, the on air response of the PM and H sensor. Specif-
ically, for the PM sensor, the voltage across the reception loop is
measured, while for the H sensor, the voltage across the electrodes is
considered. Considering firstly the on air response of the PM sensor, for
frequencies below 4 MHz a direct proportionality exists between the
induced voltage in the reception coil and the exciting frequency as is
clearly evident by looking at the dotted line. This tendency finds a clear
explanation by considering Faraday’s law and in particular the equation

[22]: in this frequency range we can consider an ideal inductance
behaviour of the sensor components, and the mutual inductance be-
tween emission and reception loop Mjo could be considered constant.
In fact, M;o is only function of the geometrical characteristics of the
emission and reception loop and their relative distance. As the frequency
increases, skin effect and stray capacitance begin to become present in
the emission loop, and the on air response deviates from the linear trend
from just over 4 MHz as shown in Fig. 13 (a). Examining the response of
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Fig. 13. On air response of (a) purely magnetic (PM) and (b) hybrid (H) sensor.

the H sensor in Fig. 13 (b), a noteworthy linear relationship is evident
between the measured electric field and the excitation frequency up to
approximately 4 MHz. However, it’s important to note that the voltage
values in this case are noticeably lower compared to those achieved with
the PM sensor.

Considering instead the interaction of the sensors with an inspected
material, Fig. 14 shows the change in sensor responses as soon as they
are attached in a CFRTP laminate. V and V; represent respectively the

10

induced voltage in the presence of the CFRTP laminate and the on air
response. V/Vj ratio expresses the level of electromagnetic response of
the material in the considered frequency range. Such curves serve a
crucial purpose in highlighting specific frequency ranges where even
minor local alterations in the material’s electrical properties, such as
defects, play a substantial change in the electromagnetic response. A
notable pattern emerges for the PM sensor as shown in Fig. 14: up to the
5.5 MHz threshold, there is minimal discernible change in sensor
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Fig. 14. Level of electromagnetic response of a pristine CF/PPS laminate when
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response when transitioning from an absence of laminated CFRTP to its
presence. The reception loop voltage undergoes only a slight, linear
modification with frequencies in this range. However, as we approach
the frequency range around 6 MHz, a noteworthy shift occurs with a
significant increase in V/Vj ratio values. Within this range, two distinct
peaks become discernible. Variations in electromagnetic properties
associated with the presence of defects could produce more pronounced
sensor response variations in these frequency ranges, and consequently
it is in these areas that greater damage sensitivity is expected. In addi-
tion, the negative values expressed in dB of the curve associated with the
PM sensor emphasize that as the sensor approaches the material, a
reduction in the reception loop voltage with respect to the value asso-
ciated with the on-air response condition is observed. This phenomenon
finds a clear explanation considering that the eddy currents induced in
the material generate a magnetic field opposite to that one that gener-
ated it. Consequently, the concatenated flux is lower leading to a lower
induced voltage in the reception loop in accordance with Faraday’s law
(see equation [12]).

On the other hand, with regard to the variation of V/V, by engaging
the H sensor, it can be seen in Fig. 14 that the measured voltage is
generally lower than in the PM sensor case throughout the measured
frequency rank. The response of the H sensor in switching from the no
condition to the presence of the laminated CFRTP is characterized by
considerable noise for frequencies below 1 MHz and almost no relevant
signal change up to about 5.5 MHz. From here on there is a greater
signal variation as for the PM sensor case although of lesser magnitude.
From this first comparison, it is possible to observe that the level of
electromagnetic response of a non-perfectly conducting material such as
a pristine CFRTP laminate is more strongly detected when measure-
ments of the magnetic field (PM sensor) are made than when measure-
ments of the electric field (H sensor) are performed. However, in both
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cases, the frequency range between 5.5 MHz and 6.5 MHz exhibits the
highest sensitivity, wherein minor local changes in the electrical prop-
erties of the material, such as defects, can significantly alter the elec-
tromagnetic response of the composite.

5.2. Sensors responses on defective laminate

Fig. 15 and Fig. 16 illustrate the detection capability of the sensors in
identify anomalies that induce alterations in the electromagnetic char-
acteristics of the material, as defect size and position vary along the
thickness of the flawed CFRTP laminated composite. In light of the
preceding discourse, we selected two excitation frequencies for analysis:
one localized in the region where limited sensitivity to defect detection
is expected, and the other proximal to the area characterized by higher
sensitivity to the presence of damage.

Fig. 15 (a) shows how for the lower frequency of 3 MHz, a slight
increase in reception loop voltage is observed as the defect size in-
creases. This trend is accentuated by using an excitation frequency near
the area of highest damage sensitivity (5.3 MHz). The reason behind the
amplification of reception loop voltage with an augmentation in defect
size is found in the localized alteration of the electrical properties of
CFRTP laminate. As previously exposed, CFRTP laminate comprises a
conductive constituent (carbon fiber) and a dielectric constituent (the
polymer matrix). With the increase of defect size, the dielectric
component increases locally, leading to a concomitant reduction in the
intensity of induced currents. The lower entity of induced currents, in
turn, give rise to a lower magnetic field opposing that generated by the
excitation loop. Consequently, as the defect size increases, the magnetic
flux lines concatenated to the reception loop exhibit greater intensity,
leading to a corresponding increase in induced voltage.

With regard to the H sensors, it can be observed that there is no clear
trend in the voltage of the sensing element as in the case of the PM
sensor. The signal variations for this type of sensor are a function of both
local electrical conductivity and dielectric permittivity values as
expressed by equation [10]. These two local variations in electrical
properties may either align harmoniously with or diverge from the
overall contribution to the electric field making more difficult to obtain
a clear trend as the defect size increases. Observing Fig. 15 (b), an
increasing trend in voltage across the electrodes can be observed for an
excitation frequency of 5.7 MHz, starting with a defect area of 25 mm?.
Assuming that the major contribution to the electric field is the field
resulting from the polarization phenomenon, this trend can be explained
by a local increase in dielectric permittivity as the size of the PTFE ad-
hesive square tapes embedded in the laminate increases. In the case of
the smaller defect (with an area of 4 mm?), the increased voltage
observed across the electrodes can be attributed to a greater contribu-
tion of the electric field component originating from free charges. As
explained previously, the electric field is a combination of contributions
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from free charges and polarization phenomena. For larger dielectric
components, polarization phenomena dominate. However, with the
smaller PTFE adhesive square, the conduction phenomenon associated
with free charges in the carbon fiber reinforcement also becomes sig-
nificant. The overall increase in the measured electric field values could
therefore be associated to the alignment of both contributions, leading
to the observed increase in voltage.

At an excitation frequency of 3 MHz, there is a lack of discernible
voltage fluctuations when defect size is changed, as was expected since
the frequency is in an area considered to have low damage sensitivity.

With regard to the variation of the signal as the position of the defect
changes, Fig. 16 shows how the response of the two sensors varies by
varying the position of the PTFE adhesive square tape of a given size
(15%15 mm) along the thickness. In the case of the PM sensor, illus-
trated in Fig. 15 (a), it is noteworthy that, across both examined fre-
quencies, a consistent reduction in reception loop voltage is observed as
the defect is positioned deeper within the material’s thickness. This
decrease in voltage remains the trend until the PTFE adhesive square
tape is located at the furthest point, situated at a distance of 1.7 mm
from the surface where the sensor is mounted, where only a marginal
increase in reception loop voltage is detected.

This trend can be explained by considering that when a sinusoidal
time-varying magnetic field is generated by the exciting loop, the
induced current density decreases exponentially through the thickness.
As the PTFE adhesive square is closer to the surface, the induced currents
having higher intensity are notably influenced. In fact, their trajectory is
altered, and their intensity diminishes due to localized reductions in
electrical conductivity. Consequently, the magnetic field that opposes
the originating field is lower, leading to a higher induced voltage in the
reception loop. Conversely, when the PTFE adhesive square is posi-
tioned farther from the surface, the impact on the stronger induced
currents is less pronounced, resulting in a greater reduction in the
magnetic flux linked to the reception loop. Considering Fig. 16 (b)
relative to H sensor, when subjected to an excitation frequency of
3 MHz, a slight decline in voltage across the electrodes becomes
apparent. This phenomenon is explicable by the proximity of the PTFE
adhesive square to the material’s surface, which results in a localized
augmentation of dielectric permittivity and, consequently, an amplifi-
cation of the measured electric field. In contrast, when the frequency is
set at 5.7 MHz, the positioning of the artificially induced defect
throughout the material’s thickness does not reveal a distinct and
consistent pattern. In this scenario, it is hypothesized that voltage fluc-
tuations across the electrodes may arise from potential variations in the
distribution of free charges along the carbon fibers, coupled with po-
tential alignment changes of electric dipoles within both the polymer
matrix and the PTFE adhesive square tape. For this specific excitation
frequency, the contributions of these elements to the total electric field
may either align harmoniously or oppose each other, contingent on the
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positional changes of the PTFE adhesive square.

5.3. Sensors responses on welded lap joint

With the aim of evaluating the performance of the two sensors for
SHM of thermoplastic welded joints, Fig. 17 and Fig. 18 show, respec-
tively, the variation of the PM and H sensor response over the frequency
range considered in the case of pristine and defective welded joints. In
this respect, it is useful to introduce the following parameter in order to
evaluate changes of a reference signal corresponding to the sound
structure when a damage induces a local variation of the electromag-
netic properties of the material:

AV =20 log, Wef“‘}

sound

where AV is called “damage sensitivity” and Ve and Vigng are
respectively the induced voltage of the sensing component of the sensor
in the presence and absence of a defect. Looking at Fig. 17 (a), it can be
seen that the PM sensor response has a similar trend to that seen in the
CFRTP laminate inspection, with a linear trend up to about 5 MHz and
then a subsequent signal variation as skin effect and parasitic capaci-
tance occurs. The frequency range between 5 and 6 MHz reveals the
most significant deviations in reception loop voltage between pristine
and defective joint conditions. This higher damage sensitivity range is
most evident by showing the variation of the AV parameter as shown in
Fig. 17 (b) where it is possible to identify a sensitivity peak near the
6 MHz excitation frequency. With regard to the response of the H sensor,
again no relevant signal variations from the pristine baseline are
observed for frequencies below 5 MHz, as shown in Fig. 18. For fre-
quencies between 5 and 7 MHz, on the other hand, damage sensitivity
peaks can also be identified with values exceeding those encountered for
the PM sensor.

6. Conclusion

In this research, a sinusoidal time-varying magnetic field was
generated using a single loop coil, referred to as the emission loop, in
close proximity to the materials under inspection. Two distinct mea-
surement methodologies were employed to investigate the interaction
between alterations in electrical properties resulting from damage in
CFRTP and the generated magnetic field. The first method, referred to as
purely magnetic method, involved measuring the magnetic field using a
sensing loop positioned between the emission loop and the inspected
material (PM sensor). The second approach is a hybrid method, focused
on measuring changes in the electric field caused by defects using a pair
of sensing electrodes (H sensors). The effectiveness of these electro-
magnetic field techniques was evaluated by inspecting a laminate
deliberately subjected to induced defects, replicating local variations in
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. 17. (a) PM sensor response during pristine and defective welded joint inspection and (b) spectrum of damage sensitivity.

12000
10000
8000
6000
4000
2000

—Pristine joint

—Defective joint

-2000 T T T T T T
0 1 2 3 4 5 6
Frequency [MHz]

Voltage across electrodes [mV]

8 -
~
3
NE 4+
N .PA‘ PRSP NN
21
5
kS
@A
8 -7 1+ -
&
-12
7 0 1 2 3 4 5 6 7

Frequency [MHz]

Fig. 18. (a) H sensor response during pristine and defective welded joint inspection and (b) spectrum of damage sensitivity.

electrical properties. These defects were created by placing a square
PTFE adhesive tape on a specific ply during the stacking process. The
PTFE adhesive tapes, of various sizes and localized at different ply po-
sitions along the thickness, locally affected both the dielectric permit-
tivity and electrical conductivity of the CFRTP laminate. By comparing
the response of the sensors in the absence and presence of the laminated
CFRTP in a range of excitation frequencies between 0.1 and 7 MHz, it is
possible to identify areas where greater sensitivity to defect-induced
changes in electromagnetic properties would be expected from 5 MHz
onward. Particularly, when measuring the magnetic field using the PM
sensor, there is an increasing variation in the reception loop voltage as
the size of the embedded PFTE adhesive square increases. In contrast,
the magnitude of the PM sensor response decreases as the PTFE adhesive
square moves further away from it along the thickness. These results
underscore that measuring the magnetized field using the PM sensor is a
potentially effective SHM method for monitoring defect propagation in
CFRTP laminates and for locating defects in proximity to the sensor
installation zone. When assessing changes in the electric field using the
H sensor as the size and position of artificially created defects in the
laminate changed, it did not exhibit clear trends as observed in the case
of the PM sensor. However, when assessing damage sensitivity in
defective thermoplastic welded joints, the H sensor demonstrated signal
variations from the baseline (pristine joint) at approximately 8 dB,
markedly higher than those observed with the PM sensor (at an absolute
value of 1.5 dB), using an excitation frequency of 5.9 MHz. In conclu-
sion, employing magnetic and electric field measurements to detect
changes in damage-induced electrical properties constitutes a poten-
tially effective method for structural health monitoring in thermoplastic
welded CFRTP joints. The purely magnetic method demonstrates sig-
nificant potential for quantifying and localizing damage-inducing
changes in electromagnetic proprieties, while the hybrid method
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stands out for its notable damage sensitivity values.

In conclusion, our study highlights the promising potential of the
investigated methods in SHM field. While our initial focus on controlled
variations of electromagnetic properties provided valuable insights into
their effectiveness, future research endeavors will include validation
with real defects to further enhance their applicability and ensure a
comprehensive evaluation under practical scenarios. An additional
practical scenario worthy of investigation involves assessing how the
presence of pre-existing defects in the laminates may influence the
sensor’s assessment of weld integrity—a noteworthy aspect poised for
future research endeavors.
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