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Abstract

This study enhances the continuous induction welding of unidirectional car-

bon fiber-reinforced low-melt PAEK, addressing the challenge posed by the

anisotropic electrical conductivity of carbon fibers, which causes uneven eddy

current distribution, inadequate heating, and weak joint strength. A metallic

susceptor moving with the coil along the weld line but not remaining in the

bonding interface was introduced to selectively heat the weld area, preventing

unnecessary matrix melting. Experimental validation and Finite Element

(FE) simulations confirmed the approach's effectiveness in achieving uniform

heating and stronger joints. A key parameter in 3D simulation was the electri-

cal conductivity of the laminate, which was lay-up dependent and challenging

to measure directly. This work proposed a novel method to estimate electrical

conductivity for anisotropic materials by aligning measured and simulated

temperature profiles during static induction welding. The model accurately

predicted temperature distribution and crystallinity at the interface under dif-

ferent coil speeds. Results demonstrated the feasibility of using a removable

steel susceptor to enhance continuous induction welding of UD carbon fiber

laminates with a low-melt PAEK matrix. The proposed experimental and

numerical approach offers a valuable tool for defining a processing window

and optimizing stacking sequences, improving the induction welding of UD

carbon fiber composites and non-conductive fiber laminates.

Highlights

• Continuous induction welding of unidirectional carbon fiber-reinforced

composites.

• Induction heating assisted by a movable steel susceptor.

• Composite electric conductivity determined by an iterative numerical

procedure.

• Temperature prediction during continuous induction welding.

• Crystallinity prediction as a function of coil speed during induction welding.
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1 | INTRODUCTION

Carbon fiber-reinforced polymers (CFRPs) are widely
employed in structural applications in the aerospace and
automotive industries due to their remarkable mechanical
and chemical properties.1,2 They are well-suited for appli-
cations requiring a high strength-to-weight ratio, vibration
damping, corrosion resistance, and customizable proper-
ties to meet specific requirements.3,4 Very recently, the
efforts toward sustainability in the composite industry
have highlighted the need for innovative approaches both
in the material choice and in the design and assembly of
composite components.5–7 In this context, the recyclability
of thermoplastic matrices, in addition to high chemical
and corrosion resistance, good impact properties, high
damage tolerance, unlimited shelf life, low storage costs,
and weldability, has sparked a growing interest in thermo-
plastic matrix composites as a valid alternative to thermo-
setting matrix composites for sustainable composite
manufacturing.8–10 On the other hand, there is also an
ongoing concern about the contribution of thermoplastic
composites to the microplastics problem when they
degrade or break down over time, particularly in marine
environments.11,12 CFRP joining methods can be catego-
rized into “hot joining” and “cold joining.” Hot joining
involves applying heat and pressure to the joint interface
to achieve bonding. In contrast, cold joining methods rely
on techniques, such as adhesive bonding and mechanical
fastening.13 Regarding the welding of thermoplastic com-
posites, fusion bonding techniques offer solutions to the
drawbacks of mechanical fastening, which leads to stress
concentrations from drilled holes and increased weight, as
well as the challenges of adhesive bonding including
extensive surface preparation and long curing times.14,15

Welding is essential in composite manufacturing, enabling
the efficient joining of different materials while ensuring
structural integrity and enhancing the overall performance
of composite components in various industrial applica-
tions.16,17 The most common welding methods for thermo-
plastic matrix composites include resistance,18,19 ultrasonic
welding,20–22 and induction welding.23–26

Induction welding, initially developed in the 90s, has
regained interest due to its ability to deliver strong mechani-
cal properties, such as high compression and shear resis-
tance to stiffened panels, while offering several processing
advantages, such as short welding times, high efficiency,
high repeatability, low energy consumption, non-contact

processing, ease of automation, and the possibility of con-
tinuous welding.27,28 Recently, induction welding has also
been proposed for repairing damaged thermoplastic com-
posite laminates.29,30 This electromagnetic welding tech-
nique is based on a high-frequency oscillating electric
current flowing through an inductor or coil, generating an
alternating magnetic field in the surrounding area. This
magnetic field induces eddy currents, resulting in induction
heating within electrically conductive materials located near
the coil.31 In carbon fiber-reinforced polymers, induction
heating occurs thanks to the electrically conductive carbon
fibers through three mechanisms: (a) Joule heating from
eddy currents circulating in closed loops formed by the
fibers, (b) heating due to contact resistance between fibers
at their junctions, and (c) dielectric hysteresis heating of the
polymer at the fiber-matrix interface, where the fibers act as
capacitors separated by a dielectric layer of thermoplastic
resin.32,33 The induced heating softens and melts the matrix
softening and melting, enabling further processing and join-
ing under pressure. For over three decades, researchers
have studied the welding of thermoplastic composites using
conductive patterns in carbon fiber-reinforced fabric stacks.
Eddy currents are relatively easily generated in woven fab-
ric composites, where the interlacement of bundles allows
for contact between perpendicular fibers, creating a conduc-
tive loop. In contrast, in unidirectional (UD) plies, the
highly anisotropic nature with a very low transverse electri-
cal conductivity limits the formation of eddy currents in a
ply. Instead, the ability to generate eddy currents in UD
laminates depends on the through-thickness conductivity of
the plies and the contact resistance at the interfaces
between plies with different fiber orientations.34

Recently, the joining of unidirectional (UD) laminates
has gained significant attention from researchers since UD
prepregs and tapes are finding wide use in the composite
industry due to improved fiber orientation control and the
cost-efficiency they offer. These materials contribute to
high-performance composites for structural applications
providing enhanced strength, stiffness, toughness, and
fatigue resistance.35 The limited induction heating capabili-
ties of UD laminates, caused by the absence of fiber-
crossing, can be addressed by using a susceptor, a conduc-
tive material placed at the interface between the two
adherents. The susceptor absorbs electromagnetic energy
and converts it into heat, which is then transferred to the
adherents mostly through conduction.36,37 The presence of
a susceptor can lead to challenges, such as uneven
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temperature distribution during welding of UD laminates,
which may result in drawbacks like diminished adhesive
strength, stress concentrations within the composite, mis-
matches in thermal and electrical conductivity, increased
susceptibility to corrosion, and added weight.36,38,39 Tem-
perature inconsistencies can promote porosity, a major
defect that reduces material properties and, in some cases,
necessitates the rejection of part.40 Overheating, indeed,
may cause thermal degradation of the matrix, forming
voids in the weld joint. Excessive heat can also cause ther-
mal degradation of the matrix, resulting in void formation
within the weld joint. At the same time, insufficient heat-
ing can prevent the complete melting of the thermoplastic
matrix, hindering proper material flow and allowing air or
gases to become trapped within the joint. Achieving an
optimal heating profile and carefully balancing the process
parameters are thus essential to minimize porosity and
produce reliable, high-quality welds in thermoplastic
composites.

In industrial applications, continuous induction weld-
ing, where the coil moves along the joint, is gaining
growing interest due to its potential for fast automation.
However, the control of the temperature distribution dur-
ing continuous induction welding is a very challenging
task. Heat transfer depends both on the process parame-
ters (frequency, input power, applied pressure, coil speed
and welding time) and the material properties, such as
fiber architecture and lay-up, polymer matrix, and so
forth.41 The interaction between electromagnetic and
thermal phenomena makes heat transfer during induc-
tion welding a highly complex multi-physics process.

While already utilized in the composite industry, induc-
tion welding still depends on costly and time-consuming
trial-and-error methods to establish optimal processing
parameters. Numerical simulation is a powerful tool for
predicting temperature evolution during continuous induc-
tion welding, which is critical for optimizing the process
and avoiding damage from surface overheating. Predictive
simulations also help to reduce the time and costs required
for process development.34 A key parameter in simulating
induction welding is the electrical conductivity of the com-
posite material, a highly anisotropic property with very
high values along the fiber direction and extremely low
values in the transverse direction.42 Moreover, most current
simulations of continuous induction welding have focused
on woven fabric-reinforced laminates,33 with few studies
addressing UD laminates.34,43 Recently, De Wit et al.44

measured the electrical conductivities of both UD plies and
cross-plies laminates and simulated the induction heating
during static welding. Moreover, Polydoropoulou et al.45

calculated the electrical conductivities of UD laminates by
a homogenization approach to be used in numerical
models for simulating continuous induction welding.

However, determining the electrical conductivity of UD
carbon fiber-reinforced polymers, whether through direct
measurement or homogenization methods, presents signifi-
cant challenges and limitations due to its anisotropic
nature and strong dependence on the composite lay-up.42,46

This work aimed to set up a reliable technological
approach for the continuous induction welding of UD lam-
inates and the determination of the electrical conductivity
of UD laminates with different stacking sequences. The
novelty of this route was based on induction heating
assisted by a mobile steel susceptor, attached to the welding
head, which was moved at the same speed as the induction
coil along the weld line but did not remain at the welding
interface after welding unidirectional carbon fiber lami-
nates with a low-melt Poly Aryl Ether Ketone (LMPAEK)
composite.47,48 In this way, a reduction in the welded joint
properties was prevented. A compaction roller applied pres-
sure between the adherents while cooling them. LMPAEK
belongs to the Poly(aryletherketones), a polymer family
with outstanding mechanical properties, thermal stability,
and chemical resistance, making them increasingly attrac-
tive as thermoplastic matrices for high-performance com-
posite applications, in particular in aerospace and
automotive.49–52 LMPAEK presents several advantages
compared to the well-known PEEK, first of all, lower melt-
ing and processing temperatures, thus reducing energy
consumption during processing, but with nearly identical
mechanical properties and very close glass transition tem-
perature Tg to PEEK.53,54 Moreover, LMPAEK crystallizes
more slowly than PEEK, leading to improved processability
and enhanced bonding in welding, due to the extended
molten state.55 For these processing benefits, LMPAEK is
gaining increasing attention because of LMPAEK. For
these processing benefits, LMPAEK is gaining increasing
attention in high-performance composite applications.56,57

Although the induction welding of CF/PEEK composites
has been widely studied, research on CF/LMPAEK induc-
tion welding is now emerging, with few reports available in
the literature.37

Another novelty element of the present study consisted
of the determination of the electric conductivity of the
composite with an iterative procedure based on an FE
model of static induction welding. The temperature distri-
bution on the susceptor and at the interface between the
two laminates, validated by temperature measurements,
was correctly predicted and can be adjusted by modulating
coil current intensity, distance from the top laminate, and
speed of the coil. The weld quality was assessed through
mechanical testing of single-lap-shear strength (SLSS) and
optical microscopy of failure surfaces.

Figure 1 shows the workflow of the experimental and
modeling activities presented in this work. The experi-
mental work involved collecting input parameters for the

LIONETTO ET AL. 3



simulation, focusing on the thermal behavior of
the LMPAEK matrix during melting and crystallization,
which was both studied and modeled. Additionally, the
electrical conductivity of the composite stack was deter-
mined, as will be explained later. Continuous induction
welding was performed, and the quality of the resulting
joint was assessed using micrography, single-lap shear
testing, and surface fracture analysis. The finite element
(FE) model combined electromagnetic field analysis with
heat transfer in solids to simulate the process.

2 | EXPERIMENTAL

2.1 | Materials

The composite used in this study was manufactured
from a unidirectional prepreg made of T700 carbon
fibers (CF) with a fiber volume fraction of 58% and a
low-melt Polyaryletherketone (LMPAEK) matrix. Com-
posite laminates (250 mm � 150 mm � 3.7 mm) with
GF=�45=0=90=∓45=0=�45=0½ �s lay-up (Figure S1) were
produced by compression molding in a hot press for
20min at 340 �C and 2MPa. A glass fiber/LMPAEK ply
(48 g/m2) was added to the surface of the thermoplastic
UD laminate to prevent galvanic corrosion during com-
ponent service life, as specified by the manufacturer.

The density and thermal properties of the composite
laminates were determined starting from the individual

properties of fibers and matrix, using the micromechanics
equations.58 In-plane electrical properties (σx, σy, σz) of
the composite laminate were found through an iterative
process using the data from a static induction heating
test, achieving temperature convergence between the
experimental data and FE analysis results, as explained
later in the results section. Table 1 summarizes the prop-
erties considered for the CF/LMPAEK laminate.

2.2 | Characterization

The thermal properties of the LMPAEK matrix in Table 1
were determined by Differential Scanning Calorimetry
(DSC). A Mettler Toledo DSC1 calorimeter was used to
perform three subsequent dynamic scans on each sample:
a heating from 25 to 360 �C, a cooling from 360 to 25 �C,
and a second heating from 25 to 360 �C. The heating/
cooling rate was 10 �C/min at a nitrogen flow of 50 mL/
min. Three replicates were analyzed.

The surface temperature during induction welding was
monitored by a FLIR A35 thermal imaging camera. The
software Optis Pix Connect provided the temperature
profiles.

The temperature at the welding interface was mea-
sured by K-type thermocouples with shielded cables con-
nected to a Pico TC-08 data logger.

The mechanical properties of the welded joints were
measured by single lap shear strength (SLSS) tests according

FIGURE 1 Scheme of the present

research.
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to the ASTM D5868 standard using an MTS Insight
100 dynamometer with a crosshead speed of 2 mm/min
and a 10 kN load cell. The apparent lap shear strength of
six induction welded joints was calculated as the maximum
load divided by the total overlap area (20 � 25 mm2).

The morphological characterization of the cross-
sections of induction welded joints was carried out using
a Carl Zeiss Axio Imager A2M optical microscope. The
samples were polished using 800 and 2400-grit-size sili-
con carbide grinding paper.

The specimens tested in single lap mode were cut
with a diamond disc, and their fracture surfaces were
analyzed by scanning electron microscopy (SEM) using a
ZEISS EVO 40 microscope and by atomic force micros-
copy (AFM) using a MultiMode 8 AFM system in contact
mode with a Silicon RTESPA cantilever.

2.3 | Induction welding equipment

The induction welding setup shown in Figure 2 was
developed by Cetma and Sinergo (Italy) and was based
on an ABB IRB 4600 robot with a six-axis articulated
arm. Welding was performed with a 250 kHz, 220 V
induction generator and a “double D” coil. The setup was
equipped with a control system for the electric current
flowing in the coil, which was based on the measurement
of the surface temperature using an optical pyrometer.
The distance between the coil and the upper adherent
was equal to 2.6 mm. A cooled compaction roller with a
diameter of 50 mm, placed at a distance of 36 mm far
from the coil center, applied the consolidation pressure.

Continuous induction welding was realized using a
0.2 mm thick removable AISI 1095 steel susceptor placed
at the welding interface, as shown in Figure 2. The suscep-
tor was connected to the welding head, enabling it to
move at the same speed as the coil, and be removed from
the weld interface before applying the consolidation pres-
sure. Due to the high electrical conductivity of steel, eddy
currents were efficiently generated in the susceptor raising
the temperature at the interface beyond the melting point
of the composite matrix. An infrared lamp was positioned
ahead of the coil to raise the surface temperature of the
upper laminate.14 The temperature at the surface of the

top laminate was controlled by a pyrometer keeping a set
point of 260 �C obtained after several experiments in con-
tinuous welding mode. A soapstone was used to support
the laminates. Induction welded panels, with a total
welded length of 250 mm and an overlap width of 20 mm,
were produced with this setup.

A K-type thermocouple with shielded cables, placed
at the welding interface in contact with the two lami-
nates and connected to a data logger, was able to mea-
sure the evolution of the interface temperature during
welding. A laser pyrometer measured the surface tem-
perature of the upper CF/LMPAEK laminate during
welding.

3 | FINITE ELEMENT MODELING

Finite Element Analysis (FEA) of the electromagnetic
field coupled with the heat transfer in solids was per-
formed using COMSOL Multiphysics 4.4. The electro-
magnetic analysis was needed due to the alternating
current in the coil and associated magnetic field, which
induced eddy currents in nearby conductive materials.
Eddy currents generated heat, and therefore a heat con-
duction problem was also studied. The model accounted
for the coil motion at a constant speed and included a
moving mesh approach.

Figure 3 reports the governing equations used in
the model for the electromagnetic and temperature
fields, that is, Maxwell's equations (1–4) coupled with a
heat balance in solids (equation 5).61 The heat source
was given by the heat losses generated by eddy currents
(equation 6), the heat released during matrix crystalli-
zation (equation 7) and the heat absorbed during
matrix melting (equation 8). This latter term was sub-
tracted from the generated heat since it refers to
absorbed heat. Even if the contributions of the crystal-
lization and melting of the matrix were quite small
compared to the heat dissipated by the induced cur-
rents, these values were introduced in the FE model, as
explained later, to predict the regions where matrix
melting and crystallization occurred during welding.

The modeled geometry, reported in Figure 4, consisted
of three distinct regions: an air domain around the

TABLE 1 Properties of the matrix, reinforcement and composite.

ρ (kg/m3) Cp (J/kgK) K (W/mK) σ (S/m) εr (�) Reference

CF 1800 754 9.62 62,500 3.30 59

LMPAEK 1320 1410 0.22 10�15 3.07 60

CF/LMPAEK
laminate

1590 977 kx = ky = 5.11 kz = 0.62 σx, σy = 2070 σz = 0.15 3.22 This work
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composite to simulate the propagation of electromagnetic
fields and heat dissipation, the induction coil, and two
partially overlapped composite plates with the suscep-
tor. The susceptor in the model has not moved away as
in the experiment to simplify the FEM model. Consider-
ing that the susceptor thickness was only 0.2 mm, that
is, the thickness of a ply, the FE model included it as
shown in Figure 5 (highlighted in yellow). However, a
metal sheet between the two adherents, after they were
in contact, could impact the heat exchange conditions
due to its thermal conductivity being more than one
order of magnitude higher than that of the composite
laminates. To address this, the thermal properties of this

central layer were altered from those of steel to those of
the composite while the adherents were in contact, that
is, in correspondence with the roller transit. Instead of a
moving susceptor, “moving” material properties were
implemented to overcome many numerical challenges
in the FE model.

A 3D analysis was performed adopting a dense tet-
rahedral mesh (more than 105 nodes, determined
after mesh optimization) for the solid volumes
(i.e., composite and susceptor domains) while a coarser
mesh was set for air domains. A mesh sensitivity study
allowed us to evaluate the sensitivity of the solution to
mesh density.

FIGURE 3 Governing equations of electromagnetic field and heat transfer in solids.

FIGURE 2 Continuous induction welding set-up with susceptor: (A) picture and (B) schematic representation.
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Thermal boundary conditions (BCs) were applied to
the adherents, susceptor, and roller. A natural heat
transfer coefficient of 5 W/(m2 K) was adopted, except
for the upper surfaces where the radiation from the IR
lamp and the cooling of the contact roller were taken
into account. To simplify the finite element model, the
radiation from the infrared lamp and the cooling
brought about by the roller were represented by equiva-
lent convective heat transfer coefficients of 50 and
500 W/m2K, respectively.

4 | RESULTS

4.1 | Kinetic study of the thermal
behavior of LMPAEK matrix

The DSC thermograms of the LMPAEK matrix are reported
in Figure 5A. During the first heating scan (curve a in
Figure 5A), the glass transition temperature at 147 �C was
followed by the cold crystallization and melting peak, cen-
tered at 193 and 305 �C, respectively. Upon cooling (curve b

FIGURE 4 Modeled geometry. The susceptor and coil are highlighted in yellow and green, respectively.

FIGURE 5 A) DSC thermogram of LMPAEK during first heating (A), cooling (B) and second heating (C) at 10 �C/min; (D) Model

fitting of the degree of melting of LMPAEK as a function of temperature according to equation 2.
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in Figure 5A), the crystallization peak from the melt was
found at 252 �C. The crystallization and melting behavior
of the matrix played a crucial role in determining the appro-
priate processing parameters during induction welding.
This allowed for accurate prediction of melting occurrence
and whether crystallization took place during cooling as the
compaction roller pressed the laminate.

Non-isothermal DSC data were employed for the melt-
ing and crystallization models incorporated in the FE
model. The measured heat flow (dH/dt) was converted into
the rate of melting, dXm/dt, as described by Greco et al.62

dXm

dt
¼ΔHm

dH
dt

� �
ð1Þ

where Xm was the degree of melting, expressed by a value
ranging from 0 to 1 and calculated by integration of
Equation 1 across the melting peak as shown in
Figure 5B. Xm (T) was assumed to be a cumulative distri-
bution of the melting temperatures of lamellar crystal
populations of different thicknesses. Therefore, a
statistical-based approach was adopted to model Xm (T),
as shown in Figure 5B:62

Xm Tð Þ¼ 1þ d�1ð Þexp �kmb T�Tmð Þ½ � 1
1�d ð2Þ

where Tm = 576 K was the melting peak temperature in
Kelvin, and d = 3.58 and kmb = 0.24 K�1 were the fitting
parameters.

To model the crystallization degree Xc of LMPAEK
during cooling from the melt at a variable cooling rate,
the Jeziorny model was modified, accounting for the time
dependence on the integral of the cooling rate.63,64 Xc as
a function of temperature was expressed as follows:

Xc Tð Þ¼ 1� exp �K Tð Þ � tn½ � ð3Þ

where K(T) was a kinetic function of crystallization, t
was the time, and n was the Avrami exponent. When the
cooling was at a constant rate, β, the time was
expressed as:

t¼T�T0

β
ð4Þ

where T0 was the initial temperature of the process.
Replacing (4) into the Jeziorny equation (3):

Xc Tð Þ¼ 1� exp �K Tð Þ � T�T0

β

� �n� �
ð5Þ

If K(T) followed an Arrhenius law:

K Tð Þ¼K0 exp � Ea

RT

� �
ð6Þ

where K0 was a pre-exponential factor, Ea the activation
energy, and R the gas constant. Substituting equation 6
into equation 5, an equation for calculating the degree of
crystallization as a function of temperature during
constant-rate cooling was obtained.

Xc Tð Þ¼ 1� exp �K0 exp
Ea

RT

� �
T0�T

β

� �n� �
ð7Þ

Equation 7 for variable rate cooling became:

Xc Tð Þ¼ 1� exp �
ZT

T0

K0 exp
Ea

RT

� �
T0�T
β Tð Þ

� �n

dT

2
64

3
75 ð8Þ

The curves of Xc versus temperatures, determined at
different heating rates, were modeled for obtaining K0,
Ea, and n. The average values were reported in Figure 6B.

4.1.1 | Static induction heating experiments
for the determination of electrical conductivity

Static induction heating tests were performed to deter-
mine the electrical conductivity of the composite lami-
nate examined in this study. Electrical conductivity is
known to be an anisotropic property that significantly
depends on the fiber arrangement within each ply and
the stacking sequence of the plies. These factors influence
the number of closed loops between the fibers, where
eddy currents can circulate. Given the lack of experimen-
tally measured or literature data for the composite mate-
rial in question, an iterative approach was employed,
which is adaptable to different reinforcement types and
lay-up. The proposed procedure lead to an indirect deter-
mination of the electrical conductivity σ by matching the
measured and simulated temperature profiles during a
static induction welding experiment. A previously devel-
oped and validated Finite Element (FE) model65 for the
static induction welding of CF reinforced polyphenylene
sulfide was used for this purpose. The static induction
heating tests were carried out using a low coil current
(100 A) in order to have enough time to accurately mea-
sure the temperature.

Since the simulation required input values for σx, σy,
and σz, the initial trial used electrical conductivity values
obtained by Cortes et al.66 on a similar material, that is,
unidirectional CF/PEKK laminates with a fiber volume
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fraction of 60%. These values were iteratively adjusted to
achieve a close match between the experimental and sim-
ulated temperature profiles, as captured by a thermal
camera (Figure 7). Upon completing this iterative pro-
cess, the σx, σy, and σz values listed in Table 1 were iden-
tified as providing the best correspondence between the
two thermal profiles. It is worth noting that the resulting
temperature profile is similar to those obtained by Ben-
said et al.67 and Wasselynk et al.68 for static induction
welding of UD cross-ply laminates using low coil current.

4.2 | Numerical simulation of
continuous induction welding

The FE model of continuous induction welding took into
account the movement of the coil and the consolidation
roller relative to the adherents. To this aim, the moving
mesh approach of Comsol Multiphysics 4.4 was adopted,
providing as input the displacement brought about by the
coil speed.

Figure 8 shows temperature distribution maps at differ-
ent times of CF/LMPAEK laminates during a continuous
induction heating process with a coil moving at a speed of
2 mm/s. The inset provided the initial simulated geometry.
As time progressed, the temperature maps revealed a clear
rise, especially in the region directly exposed to the moving
coil. The hottest region was located on the moving suscep-
tor transferring heat to the two laminates. This created a
localized heating zone with a temperature gradient. Heat
spread outward, leaving the surrounding areas cool (around
100 �C, shown in blue), highlighting the localized heating

and the slow heat transfer to adjacent regions. After the coil
passed, the heated zone began to cool, with the cooling
effect becoming more noticeable after contact with the com-
paction roller (indicated by the white-dotted rectangle).

At 16 s, a small region reached temperatures around
310 to 350 �C, while the rest of the laminate remained
colder. The heat appeared concentrated in a narrow band
under the coil. As time progressed, the heated region
expanded and the peak temperature followed the coil
movement, causing a gradual rise in the laminate surface
temperature. Notably, the peak temperature directly
under the coil remained constant, while the surface tem-
perature of the top laminate was kept below 260 �C, a
controlled parameter in the experimental setup to pre-
vent surface melting during roller contact.

The simulated distribution of temperature and degree
of melting at different times during continuous induction
welding of a composite material with the coil moving at a
speed of 2 mm/s is reported in Figure 9A,B. As the coil
passed over the material, it induced localized heating in
the composite, causing the thermoplastic matrix to melt,
as reflected in both the temperature and degree of melting
distributions. At each time step, the interface region under
the coil reached temperatures between 310 and 400 �C
(red-orange region), which was sufficient to melt the ther-
moplastic matrix, avoiding any degradation. The tempera-
ture gradient indicated a slow heat dissipation from the
weld zone to the surrounding areas, with most of the
material remaining relatively cool (blue, below 150 �C)
compared to the narrow region where adherents were in
contact directly under the coil. As time progressed, the
high-temperature region extended along the laminate in

FIGURE 6 (A) DSC thermogram of CF/LMPAEK during cooling at different heating rates; (B) Model fitting of the degree of

crystallization as a function of temperature.
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the direction of the coil movement; consequently, the mol-
ten zone increased in size and more material exhibited
partial or complete melting. The temperature distribution
in the thickness direction at 16 s is reported in Figure 9C.

The results in Figure 9 demonstrated how only the inter-
face reached melting thanks to the boundary conditions,
which limited the surface temperature. The FE model of
continuous induction welding of CF/LMPAEK laminates

FIGURE 8 Continuous induction heating of CF/LMPAEK laminates: Temperature maps at different times for a coil speed of 2 mm/s.

In the inset, the geometry at the initial condition (time = 0 s) is reported.

FIGURE 7 Static induction heating of CF/LMPAEK laminates: (A) simulated temperature field at the surface, (B) comparison between

the measured and simulated temperature profile at the top surface.
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with a movable susceptor was validated by comparing sim-
ulation results to experimental data obtained by a thermo-
couple at the welding interface, as shown in Figure 9D.
The simulation and experimental data matched very
closely, especially during the initial temperature rise,
showing a sharp increase that peaked around 34 s. A heat-
ing rate of 10.6 �C/s was measured and predicted, result-
ing comparable with that one obtained by Farahani et al.36

on carbon fiber-reinforced polyphenylene sulphide (PPS)
using a susceptor consisting in a PPS film made conduc-
tive by dispersed silver nanoparticles.

The difference in the peak temperature between the
measured and predicted data plots was very small (less
than 2%). After the peak, both the experimental and simu-
lation data evidenced a decrease in temperature with a
shoulder related to the passage of the roller. In this region,
the simulation (red line) started to deviate from the experi-
mental data. The latter displayed a more gradual cooling.

The different temperature evolution during cooling
could result from differences between the simulation
geometry and the actual one. In the experimental set-up,
a full contact between the laminates occurred after the
susceptor was removed, allowing the roller pressure to

weld the molten matrix at the laminate surface. At this
stage, cooling was slightly better predicted by FE, which
assumed full contact between the welding surfaces. How-
ever, the actual cooling rate was lower than the simulated
one, likely due to the gap in the baseplate of soapstone
and a possible thin air gap inside the hole where the ther-
mocouple was housed, which acted as an insulator.

With the industry's shift toward faster production for
improved efficiency, shorter cycle times, and reduced
power consumption per unit, simulations have been con-
ducted with increased coil speed. As an example,
Figure 10A reports the 3D surface plot showing the
changes in temperature as a function of current intensity
and time during continuous induction welding of UD
composites at a constant speed of 5 mm/s. All the plots
demonstrate a rapid temperature rise within about 12 s,
with a higher peak temperature at a higher current inten-
sity. The optimization of coil current to produce the
desired induction heating at the required speed is manda-
tory and can be easily obtained with the simulation, avoid-
ing the time-and cost-consuming experimental trials.

As demonstrated by Wang et al.,69 optimal heat input is
crucial for fusion behavior at the bonding interface.

FIGURE 9 Simulation results during continuous induction welding at a coil speed of 2 mm/s: (A) temperature and (B) degree of

melting distribution at different times; (C) temperature distribution in thickness direction at 16 s; (D) comparison between measured and

simulated temperature profile at the welding interface during the susceptor-aided induction welding. The area in gray represents the

standard deviation of the experimental data.
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Insufficient heat results in unfused gaps, while excessive
heat leads to overheating and resin decomposition. Faster
welding speeds may result in incomplete melting of the
matrix, which can compromise the quality of the weld.
Therefore, it is very important to simulate the melting and
crystallization behavior at various coil speeds to optimize
the welding parameters effectively. In Figure 10B, the tem-
poral evolution of the degree of melting (Xm) and degree of
crystallization (Xc) is reported for different coil speeds. As
coil speed increased, the onset of melting occurred later,
and the transition to full melting happened more rapidly.
This implied that the heating rate was highly dependent on
the coil speed. At higher coil speeds (e.g., 5 mm/s), the time
at which the system reached the maximum temperature
was shorter, leading to less time for complete melting. This
behavior contrasted with lower coil speeds (e.g., 2 mm/s),
where the longer time at high temperature allowed for
more complete melting. The crystallization degree showed
a notable decrease with increasing speed, reflecting the lim-
ited time for crystallization during the cooling phase at
higher speeds. This could significantly impact the mechani-
cal properties of the welded material. The observed trends
suggest that an intermediate coil speed might balance melt-
ing efficiency and crystallinity retention, ensuring both pro-
ductivity and quality. While higher speeds may enhance
production efficiency, they can adversely affect the thermal
history of the weld zone, potentially leading to incomplete
melting and lower crystallinity.

4.3 | Evaluation of the weld quality

Figure 11 shows a representative cross-sectional micro-
graph of the induction-welded CF/LMPAEK joint. The

image reveals a seamless interface between the layers,
indicating effective melting of the adherent matrix and
strong adhesion between the CF/LMPAEK layers and the
intermediate glass fiber layer.

The weld quality of the induction welded
CF/LMPAEK joints was evaluated by measuring shear
strength in single-lap shear tests and analyzing failure
modes. The shear strength was calculated by dividing the
maximum load by the overlap area of the weld. An aver-
age value of 25.55 ± 0.8 MPa was obtained. This value
was in agreement with literature data for induction
welded joints made of unidirectional CF/PEEK (24.7
± 0.5 MPa37) or unidirectional CF/PEKK with a conduc-
tive susceptor made of PEKK nanofilled with 60 wt% Ag
nanoparticles (20.9 ± 1.1 MPa39).

The fracture surfaces reported in Figure 12A suggested
a predominant interlaminar failure mode with failure
occurring within the composite material rather than at the
weld interface. This suggests that the induction welded
joint was stronger than the surrounding material. Scan-
ning electron microscopy (SEM) and atomic force micros-
copy (AFM) were used to analyze the fracture surfaces of
the welded joints tested in lap shear. As shown in
Figure 12B–D, some areas of the fracture surfaces exhib-
ited resin accumulation with minimal fiber breakage. In
most regions, fibers were coated by matrix. AFM images
further confirmed the presence of resin-rich regions
(Figure 12E,F) and matrix-coated fibers (Figure 12G).
These analyses revealed separated plies with relatively
rough surfaces, indicating the prevalence of an interlami-
nar failure in the welded joints with very little fiber frac-
ture. These results confirmed the good consolidation of
the joint as failure occurred primarily between the com-
posite plies rather than at the weld interface.

FIGURE 10 (A) 3D surface plot showing the changes of temperature as a function of current intensity (A) and time (s) during

continuous induction welding of UD composites at a constant speed of 5 mm/s; (B) temporal evolution of the degree of melting (Xm) and

degree of crystallization (Xc) at different coil speeds.
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The evaluation of the weld quality indicated the
achievement of a reliable and high-quality weld in the
composite material. However, the long-term reliability of
the joints is also an important aspect for industrial applica-
tions of each welded joint, independent of the used weld-
ing technology. Previous studies have demonstrated that
thermal aging of CF/PEEK at moderate temperatures
(250 �C) can improve crystallinity and crystal perfection of
the thermoplastic matrix, while at higher temperatures
(300 �C), after an initial increase, crystallinity significantly
decreases due to degradation and cross-linking.70 There-
fore, it is expected that prolonged exposure to high

temperatures and oxidative environments can lead to
matrix degradation, changes in crystallinity, and reduced
mechanical properties over time in thermoplastic compos-
ite welds.71 However, since investigations on the durability
of induction-welded CF/LMPAEK joints under service
conditions require extensive long-term testing protocols,
they are beyond the scope of this work but are the subject
of a future study. Finally, the proposed method has been
applied to additional carbon fiber reinforced laminates
with different stacking sequences. These analyses con-
firmed the method's effectiveness across different compos-
ite architectures.

FIGURE 11 Cross-section optical micrograph of induction welded CF/LMPAEK joint. The welding line is evidenced by the red

dotted line.

FIGURE 12 (A) fracture surfaces of welded joints; (B–D) SEM micrographs of the fracture surfaces; (E,F) AFM images of the fracture

surfaces.
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5 | CONCLUSIONS

This study demonstrated the feasibility of using a remov-
able steel susceptor to assist the continuous induction
welding of unidirectional carbon fiber laminates with a
low melting Polyaryletherketone matrix. The susceptor
was connected to the welding head and moved at the
same speed as the induction coil along the weld line, but
it did not remain at the welding interface, thus prevent-
ing the properties reduction of the welded joint.

A 3D electromagnetic Finite Element (FE) model
coupled to a 3D thermal FE model was developed to eval-
uate the induction heating of UD laminates during con-
tinuous induction welding. The electrical conductivity of
the analyzed composite was determined with an iterative
procedure based on an FE model of static induction weld-
ing. The temperature distribution on the susceptor and at
the interface between the two laminates was accurately
predicted and validated by temperature measurements.

The model was validated by comparing the simula-
tion results with experimentally obtained time versus
temperature curves. As the coil passed over the material,
it induced localized heating in the composite, causing the
thermoplastic matrix to melt, as reflected in both
the temperature and melting degree distributions. The
results showed that the melting process was highly local-
ized, necessitating precise control to prevent incomplete
bonding or overheating. The degree of melting was
highly concentrated directly under the coil.

The findings of this study have broader implications,
as this methodology could be adapted to other materials
or processes requiring precise thermal control. The inte-
gration of simulation, experimental validation, and prac-
tical implementation offers a model for addressing other
advanced manufacturing challenges.
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