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Abstract: In this study, the heating capacity of nanocomposite materials enhanced with magnetic
nanoparticles was investigated through induction heating. Thermoplastic (TP) matrices of polypropy-
lene (PP), thermoplastic polyurethane (TPU), polyamide (PA12), and polyetherketoneketone (PEKK)
were compounded with 2.5–10 wt.% iron oxide-based magnetic nanoparticles (MNPs) using a twin-
screw extrusion system. Disk-shape specimens were prepared by 3D printing and injection molding.
The heating capacity was examined as a function of exposure time, frequency, and power using a
radio frequency (RF) generator with a solenoid inductor coil. All nanocomposite materials presented
a temperature increase proportional to the MNPs’ concentration as a function of the exposure time
in the magnetic field. The nanocomposites with a higher concentration of MNPs presented a rapid
increase in temperature, resulting in polymer matrix melting in most of the trials. The operational
parameters of the RF generator, such as the input power and the frequency, significantly affect
the heating capacity of the specimens, higher input power, and higher frequencies and promote
the rapid increase in temperature for all assessed nanocomposites, enabling induced-healing and
bonding/debonding on-demand applications.

Keywords: thermoplastic nanocomposites; hysteresis induction heating; magnetic nanoparticles;
induced healing; bonding/debonding on-demand

1. Introduction

Thermoplastic (TP) nanocomposites create high-quality and affordable materials with
multifunctional properties and, thus, attract strong interest for both scientific research and
applications at industrial level [1–5]. Many studies focused on the preparation and char-
acterization of TP nanocomposites, where polymeric matrices and nanostructured fillers,
such as carbon nanotubes, carbon nanofibers, and metallic or inorganic nanoparticles, are
combined and present improved properties compared to the conventional composites [6–9].
The improved properties of TP nanocomposites are attributed to the high surface area of
the fillers, allowing interphase interactions that result in functional materials with extraor-
dinary properties, which are suitable for several applications such as packaging materials,
sensors, thermal and electrical insulation in the construction sector, composites for au-
tomotive and health care industries, etc. [10–17]. Moreover, the inclusion of iron oxide
fillers in elastomeric matrices not only improves the mechanical, actuation, and magnetic
properties [16] but also tunes their mechanical performance with the presence or absence
of a magnetic field [17].

Another potential application of TP nanocomposites enhanced with magnetic nanopar-
ticles (MNPs) is their use in adhesive joining systems. Through induction heating, MNPs
act as the susceptors of a high-strength electromagnetic field, convert the energy of the
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field, and generate heat in nanocomposite materials by the hysteresis mechanism [18].
TP nanocomposites reinforced with metallic ferromagnetic nanoparticles, such as iron
oxide (Fe3O4) nanoparticles, which are attractive susceptor materials for induction heating
due to their strong magnetic permeability, can be used in biotechnology, medicine, and
sensing applications, due to their low toxicity and biocapability [18–21]. Until now, the
application of Fe3O4 nanoparticles in adhesive joining systems has rarely been reported,
and their heating behavior has not been extensively studied. Recently, added ferrimagnetic
nanoparticles to a poly(ethylene-methacrylic acid) thermoplastic adhesive enabled rapid
self-heating without negatively affecting the lap shear strength [22]. Through induction
heating technology, TP matrices with MNPs are heated to a molten state, and then the
melted polymer chains can interdiffuse and generate a strong joint. In many cases, pressure
at the damaged point should be applied to achieve an efficient bonding.

Another application where induction heating technology can be exploited in TPs is the
debonding on-demand approach. In repair or recycling applications, it is often necessary
to separate materials, often of a dissimilar nature (for example, composites and aluminum).
This is usually accomplished via the application of large mechanical forces and extremely
high temperatures, both of which can damage parts and preclude their recovery. Thus,
there is a need for easily dismantlable adhesive joints that can be separated with an external
stimulus (debonding on-demand). The capability to achieve local debonding is advanta-
geous when considering the maintenance repair and operations (MRO) of multi-functional
composite components. For example, it may be possible to detach and remove localized
features, in order to implement smaller scale repairs. Additionally, the same capability
may be deployed as part of the end of life (EoL) disassembly procedure for recycling the
individual parts. The disassembly process through induction heating technology is very
promising for the development of debonding on-demand applications, supporting the
MRO in the aerospace, automotive, and other industries, in the frame of new repair and
restoration techniques. The idea is to introduce a thin layer of thermoplastic iron oxide
nanocomposite through additive manufacturing technologies, between two composite
parts, to make the disassembly easier, not only for conventional composite parts but also
for composite parts with new multifunctional architectures (e.g., those that have been man-
ufactured by additive manufacturing technologies or advanced composite manufacturing
technologies, such as automatic tape laying (ATL)). By applying an electromagnetic field to
TP composites with MNPs, local melting occurs due to the distribution of the generated
heat in the polymer matrix, allowing facile debonding from the substrates. Induction
heating technology provides a high heating efficiency, to heat preferentially joint materials
and bond and/or debond on-demand complex systems [21–25].

Finally, induction heating can be used for the induced self-healing of TP nanocom-
posites with MNPs. Most self-healing composites with MNPs are designed to recover the
mechanical, magnetic, and other functional properties. Particle types as well as their size,
distribution, shape, and dispersion in the polymer matrix are crucial parameters for control-
ling the magnetic properties of the composites and tuning the inductive heating and healing
capabilities [26]. Recently, Oberhausen and Kickelbick [27] developed nanocomposites
based on anionic methacrylate-based copolymers and surface-functionalized cationic iron
oxide particles, which showed promising self-healing. The superparamagnetic iron oxide
nanoparticles introduced magnetic properties and induced heat with an external alternat-
ing magnetic field, resolving healing at the lower macroscopic temperatures necessary for
conventional healing.

In this work, TP matrices of polypropylene (PP), thermoplastic polyurethane (TPU),
polyamide (PA12), and polyetherketoneketone (PEKK) were compounded with Fe3O4
MNPs through an extrusion process, producing nanocomposites in filament or pellet
form. Nanocomposite samples with different MNP concentrations were prepared through
additive manufacturing or injection molding, and functionality testing took place in an
induction heating system to study their heating capacity. Moreover, the effect of the electro-
magnetic field parameters, such as frequency and power, was investigated, optimizing the
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induction heating process window for the current working system for the heating capacity
of the TP nanocomposites. Through induction heating technology, the bonding/debonding
mechanism and induced-healing behavior of the TP nanocomposites were investigated,
demonstrating functional materials for promising applications of induction-based compos-
ites’ repair and adhesive joining systems with reversible joining procedures that provide
easy-to-disassemble operations.

2. Materials and Methods
2.1. Extrusion Process

Compounding and filament production were conducted on a co-rotating parallel
twin-screw extruder (Thermo Fisher Scientific, Karlsruhe, Germany) equipped with a
gravimetric feeding system for nanoparticles. The whole system consisted of a cooling
system (water- or air based, depending on the TP), a triaxial laser system for real-time
inspection of the filament diameter and ovality, and a winding system. To produce the
TP nanocomposites, TPU, PP, PA12, and PEKK polymers were compounded with Fe3O4
MNPs (PVP coated, 20 nm size, Nanografi). During the extrusion process, polymer pellets
were fed into the extruder barrel, creating a melted material flow. Before the last mixing
zone, MNPs were induced in the barrel and compounded with the melted TP matrix. The
MNPs, in powder form, were introduced in excess in the gravimetric feeder. The rotation
speed of the gravimetric feeder screw was set, to have a stable flow of particles throughout
the process, taking into account the mass flow of the polymer pellets, from the volumetric
feeder (mass of pellets was measured at a specific feeder speed, as presented in Table 1,
for each case), for a defined time duration. The molten compounded material was then
driven to the discharge end of the barrel and was extruded through a die head, forming
a material strand. Then, the filament was cooled in water bath or in air (for the PEKK)
and spooled at a constant stretching rate by the winding system. Initially, masterbatches
of 10 wt.% content in MNPs were prepared for each polymer, which were then diluted
in lower concentrations of 2.5, 5, and 7.5 wt.%. Fe3O4 MNPs. Pure matrix filaments and
relevant specimens were also prepared as reference materials. In Table 1, the optimized
process parameters (screw rotation speed, feeder rotation speed, and temperature range)
that were used to produce filaments with acceptable filament diameter (1.75 ± 0.05 mm)
are presented.

Table 1. Temperature profiles during extrusion process.

Temperature
Zones (◦C) 1 2 3 4 5 6 7 Screw Speed

(rpm)
Feeder

Speed (rpm)

PP 200 200 200 200 190 180 120 400 42
PA12 225 225 225 200 200 180 100 400 50
TPU 210 210 210 210 200 180 105 350 30

PEKK 323 323 310 310 305 305 290 200 8

2.2. Specimens’ Preparation

For the preparation of specimens with disk-shape geometry, a 3D printer (Prusa MK3S,
Figure 1) for PP and PA12 and an injection molding desktop system (Xplore micro–Injection
Moulder IM12) for TPU and PEKK were employed.

For the 3D printing of the specimens, a 0.4 mm diameter stainless steel nozzle for
1.75 mm diameter filaments was used. The 3D designs were prepared using the Fusion3D
program, and the printing settings and control were performed using the PrusaSlicer
program. Disk-shape specimens of 25 mm diameter and 5 mm thickness were prepared for
PP and PA12, with the operational conditions described in Table 2.
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Table 2. The 3D printing operational conditions.

3D Printing Conditions Nanocomposites
PA12 with MNPs

Nanocomposites
PP with MNPs

Temperature bed (◦C) 95 80
Extruder temperature (◦C) 265 235

Printing speed (mm/s) 45 25–35
Layer thickness (mm) 0.2 0.2

Fill density (%) 100 100

For TPU and PEKK, melted extruded material from the twin-screw extruder was
fed directly into the hot barrel of the injection molding machine. The temperature of the
chamber was the same as the extrusion temperature of the last zone for each material, while
the mold temperature was 150 ◦C lower than the barrel temperature. The mold consisted of
two circular cavities with dimensions of 25 mm × 2 mm. For PEKK specimens, the chamber
temperature was 323 ◦C, the mold temperature was 153 ◦C, and the injection pressure was
set at 9–11 bar.

2.3. Nanocomposite Microstructure, Morphology, and Filler Dispersion

The morphology and the elemental mapping analysis of the samples were determined
by SEM using a Hitachi TM3030Plus microscope equipped with a QUANTAX 70 energy
dispersive X-ray spectroscopy (EDS) analysis system. The internal structural information
of composites was observed and collected by the compact desktop Bruker Micro Computa-
tional Tomography (micro-CT) 3D X-ray scan system, SkyScan 1272. The system consists of
a micro-focus sealed X-ray source that operates at 20–100 kV and 10 W (<5 µm spot size at
4 W), an X-ray detector with a maximum resolution of 11Mp (4032 × 2688 pixels), and a
14bit cooled CCD fiber optically coupled to a scintillator.

2.4. Degradation and Stability of Nanocomposites

Thermogravimetric analysis was carried out with a NETZSCH/ STA 449 F5 Jupiter
thermal analysis system. The instrument is accompanied with a desktop computer for the
analysis of the data using the related software. The system consists of a silicon carbide
furnace with a range from 25 ◦C to 1550 ◦C, a SiC heating element, and an Al2O3 protective
tube for gas flow with a stop valve. The high-quality SiC heating element of the furnace
allows a maximum operation temperature of 1550 ◦C. The present thermal analysis was
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conducted from 50 ◦C to 800 ◦C by applying a heating step of 10 ◦C/min in inert N2 atmo-
sphere (nitrogen flow: 50 mL/min), to receive information about degradation and stability
of the received polymers. Specifically, PA12 and PP were tested for their thermal stability,
since they were the two nanocomposites that were 3D-printed for specimens’ preparation.

2.5. Induction-Heating Testing

For the functionality testing of the TP nanocomposites, a lab-scale testing setup consist-
ing of an RF generator TruHeat HF 5010 (Trumpf Hüttinger, Freiburg, Germany), connected
to an external circuit with maximum current of 35 A, was used. The external circuit was
composed of a transformer and capacitors, which formed a series resonant circuit in con-
junction with an inductor (copper solenoid coil with a length of 8 cm and inner diameter
of 4 cm) connected to the output. Excitation with an alternating voltage causes a periodic
oscillation of current and voltage in the series circuit. The maximum permissible RF current
depends on the respective operating frequency. Depending on the susceptors used, the field
generated by the induction coil affects the heating patterns of the susceptors, and the field
is a function of the coil geometry. In the induction heating set-up, the maximum power
generated by the equipment was the maximum magnetic field power, which was 4–6 kW,
working with capacitors that produce fields with frequencies of 575, 446, and 325 kHz.
Nanocomposite samples were placed in the center of the solenoid coil and exposed to an
electromagnetic field at pre-set parameters (Figure 2). During the exposure, distribution
of heat at the sample surface was measured by an infrared (IR) thermal camera imaging
system (FLIR E5). The distance between the sample and the camera was 0.3 m. The imaging
system software was used to record the images and temperature vs. time. An IR camera
system is a real time non-contacting measurement system of two-dimensional surface mea-
surements. The maximum temperature values obtained in the center of the sample were
recorded in 15 s time intervals to reproduce temperature–time/heating capacity curves.
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field produced in solenoid coil (right).

3. Results
3.1. Manufactured Nanocomposites

The nanocomposite specimens of each composition, prepared either through 3D
printing or by injection molding, were subjected to induction-heating testing. In Figure 3a,
the 3D-printed specimens of PP nanocomposites are presented, while, in Figure 2b, the
injection-molded specimens of PEKK are depicted, before the induction-heating testing.
Moreover, a summary of all nanocomposite specimens that were prepared for testing are
presented in the table included in Figure 2c.
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Figure 3. (a) The 3D-printed specimens of PP nanocomposites, (b) injection-molded specimens of
pure PEKK and PEKK nanocomposites, and (c) specifications of samples for induction-heating testing.

3.2. Dispersion Assessment

In order to evaluate the magnetite filler distribution in the polymer matrix, elemental
mapping by EDS was carried out. The mapping images and respective SEM micrographs of
PA12 nanocomposites for loading of 2.5, 5, and 10 wt.% of MNPs are presented in Figure 4.
The filler particles were dispersed uniformly in the nanocomposite (elemental Fe is mapped
by blue-cyan color). However, some aggregate formation was observed in the mapping as
well as in the SEM images, where the darker areas correspond to polymer matrices and the
bright regions are iron oxide particles. With the increase in MNPs’ concentration, magnetite
particles are more populated, showing the formation of percolative networks.
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and Fe filler distributions, as determined by elemental mapping (EDS): (a) 2.5 wt.%, (b) 5 wt.%,
(c) 10 wt.% Fe3O4.

Moreover, before the induction-heating testing, a selected nanocomposite specimen
of PEKK/Fe3O4 (10 wt.% MNPs) was subjected to micro-CT analysis. Using micro-CT
analysis, features of the microscale can be observed as the resolution is approx. 10 µm,
while features in the nanoscale cannot be distinguished. The particles are homogeneously
dispersed in the polymeric matrix. The microscale features that are observed in Figure 5
correspond to the agglomerates of MNPs.

3.3. Thermal Stability Assessment

The present thermal stability investigation focused on PP and PA12 containing MNPs
at various contents. The observed thermal behavior was connected to the dispersion of the
MNPs in the polymer matrix as well as to the thermal transitions of the MNPs, which are
expected to remain intact in terms of their chemical composition at high temperatures up to
800 ◦C. Starting with the thermal behavior of the matrix polymers, both PP and PA12 seem
to be decomposed due to pyrolysis reactions in this temperature range. Even though the
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onset temperature of the decomposition seems to be the same, a higher mass percentage
is retained in the case of masterbatches (10 wt.%), and the residual mass is very close to
the nominal weight percentage of the reinforcement, if the matrix contribution is taken
into account (Figure 6). The PP onset temperature of the decomposition demonstrated an
increasing trend of dependence on the content of the MNPs. The residual mass followed
an increasing trend with the MNPs’ content, which was slightly smaller compared to the
original weight ratio (the residual mass equal was to 1.1 wt.%, 3.9 wt.%, 6.1 wt.%, and
9.4 wt.% for the 2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10wt.%. PP nanocomposites, respectively).
Finally, in the case of PA12, it seems that the presence of the MNPs did not at all affect the
thermal decomposition behavior of the nanocomposites, while the residual mass was equal
to 1.2 wt.%, 2.2 wt.%, 7.1 wt.%, and 8.5 wt.% for the 2.5 wt.%, 5 wt.%, 7.5 wt.%, and 10 wt.%
PA12 nanocomposites, respectively.
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3.4. Induction-Heating Testing–Heating-Capacity Evaluation

To investigate the effect of the induction heating system’s operating parameters on the
heating capacity of the TP nanocomposites, an extensive study varying the frequency and
input power was conducted on the PP nanocomposites. The heating capacity of the samples
exposed to RF fields at 575, 436, and 325 kHz frequencies, at the maximum achieved power
for each frequency, is presented in Figure 7a, as a function of the exposure time. For a
frequency of 575 kHz, the maximum achieved power of the RF field was 6 kW, while for
a frequency of 325 kHz, it was 4 kW. Exposing PP samples to the RF field, a temperature
increase was observed, which was proportional to the content of the MNPs. By increasing
the mass ratio of the MNPs in the nanocomposites, a higher increase in temperature was
observed [28–30]. A higher heating capacity was observed for the samples exposed to
the RF field with a higher frequency, when compared to the behavior of the PP samples
with the same MNPs’ concentration that were exposed to fields of different frequencies.
Specifically, the samples exposed to the RF field with a 575 kHz frequency reached the
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melting temperature (Tm) of PP faster, compared to the samples exposed to the RF field
with frequencies of 436 and 325 kHz. The PP samples exposed to a lower frequency RF field
required a longer exposure time to increase their temperature and reach Tm. An RF field
with a high frequency is more suitable for the inductive particle heating of compounds
than RF fields with lower frequencies [28,30].

J. Compos. Sci. 2023, 7, 74 8 of 12 
 

 

time. For a frequency of 575 kHz, the maximum achieved power of the RF field was 6 kW, 
while for a frequency of 325 kHz, it was 4 kW. Exposing PP samples to the RF field, a 
temperature increase was observed, which was proportional to the content of the MNPs. 
By increasing the mass ratio of the MNPs in the nanocomposites, a higher increase in tem-
perature was observed [28–30]. A higher heating capacity was observed for the samples 
exposed to the RF field with a higher frequency, when compared to the behavior of the 
PP samples with the same MNPs’ concentration that were exposed to fields of different 
frequencies. Specifically, the samples exposed to the RF field with a 575 kHz frequency 
reached the melting temperature (Tm) of PP faster, compared to the samples exposed to 
the RF field with frequencies of 436 and 325 kHz. The PP samples exposed to a lower 
frequency RF field required a longer exposure time to increase their temperature and 
reach Tm. An RF field with a high frequency is more suitable for the inductive particle 
heating of compounds than RF fields with lower frequencies [28,30].  

Another significant parameter of the RF field is its power [31]. In Figure 7b, the heat-
ing capacity as a function of the power is presented, for the PP samples exposed in the RF 
field with the maximum frequency (575 kHz). Samples exposed in the RF field of 3 kW 
power reached lower temperatures for the same exposure time compared to those ex-
posed in the RF field of 6 kW power. 

 
Figure 7. Increase in temperature for PP with MNPs as a function of exposure time in RF field of (a) 
575, 436, and 325 kHz frequency; (b) 575 kHz and power 3 kW and 6 kW. 

From the investigation of the induction heating system’s operating parameters, it was 
concluded that the heating capacity is proportional to the RF frequency and power input 
applied; thus, the samples of PA12, TPU, and PEKK with 0, 2.5, 5, 7.5, and 10 wt.% MNPs 
were tested in the optimum operating conditions of the RF generator (575 kHz and 6 kW). 
All the samples that were examined are presented in Figure 8, which depicts the temper-
ature increase as a function of exposure time. In the case of PP, PA12, and TPU, most of 
the TPs’ nanocomposites reached the Tm in less than 10 min of exposure to the RF field. 
Samples with a lower MNPs’ concentration needed a longer exposure time to present an 
efficient increase in temperature compared to the samples with a higher MNPs’ content. 
In the case of PEKK, only the sample with the highest MNPs’ content (10 wt.%) reached 
the Tm, even though significantly higher temperatures were observed compared to those 
of the other TP matrices. For all the TP matrices reinforced with MNPs, it is verified that 
heating capacity is proportional to the MNPs’ concentration [28–30]. 

Figure 7. Increase in temperature for PP with MNPs as a function of exposure time in RF field of
(a) 575, 436, and 325 kHz frequency; (b) 575 kHz and power 3 kW and 6 kW.

Another significant parameter of the RF field is its power [31]. In Figure 7b, the heating
capacity as a function of the power is presented, for the PP samples exposed in the RF field
with the maximum frequency (575 kHz). Samples exposed in the RF field of 3 kW power
reached lower temperatures for the same exposure time compared to those exposed in the
RF field of 6 kW power.

From the investigation of the induction heating system’s operating parameters, it
was concluded that the heating capacity is proportional to the RF frequency and power
input applied; thus, the samples of PA12, TPU, and PEKK with 0, 2.5, 5, 7.5, and 10 wt.%
MNPs were tested in the optimum operating conditions of the RF generator (575 kHz and
6 kW). All the samples that were examined are presented in Figure 8, which depicts the
temperature increase as a function of exposure time. In the case of PP, PA12, and TPU, most
of the TPs’ nanocomposites reached the Tm in less than 10 min of exposure to the RF field.
Samples with a lower MNPs’ concentration needed a longer exposure time to present an
efficient increase in temperature compared to the samples with a higher MNPs’ content. In
the case of PEKK, only the sample with the highest MNPs’ content (10 wt.%) reached the
Tm, even though significantly higher temperatures were observed compared to those of the
other TP matrices. For all the TP matrices reinforced with MNPs, it is verified that heating
capacity is proportional to the MNPs’ concentration [28–30].

3.5. Induced Healing Evaluation

The ability to increase the temperature of a TP above the Tm is a crucial factor in order
to achieve healing, since the melted polymer chains interdiffuse, reshaping cracks and
making the external surface smoother. The degree of healing of the tested samples after
the inductive thermal effect appeared satisfactory, since the TP surfaces became smooth,
although these findings were based on visual observations (Figure 9) [32]. In the case
of the PP, PA12, and TPU nanocomposites, the samples melted in a temperature range
between 160 ◦C and 180 ◦C, while the PEKK nanocomposites melted at a significantly higher
temperatures, close to 305 ◦C. Even though only the sample with the highest concentration
of MNPs (10 wt.%) reached the PEKK Tm, shape deformation was observed for all the PEKK
nanocomposites, as shown in Figure 9c. This can be explained by considering that the glass
temperature (Tg) of PEKK is 160 ◦C, and, above this temperature, the polymer chains gain
mobility, enabling the reshaping and cracks healing. Even though the polymer did not
reach a molten state, a debonding mechanism could be possibly applied in such conditions.
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3.6. Bonding/Debonding On-Demand Evaluation

The concept of a bonding and debonding mechanism was investigated in “sandwich”
structures with PP and PA12 nanocomposites. The schematic concept and images of the
two 3D printed components of pure PP, including a part of PP with MNPs, are presented
in Figure 10a. Bonding of the two PP components in one part was achieved after 1 min of
exposure to RF field, simply by manually applying pressure. Additionally, debonding was
demonstrated in a PA12 “sandwich” rectangular structure, which consisted of two pure
PA12 components connected with a PA12 part with MNPs (Figure 10b). Exposing the PA12
“sandwich” structure to the RF field at the optimum operating conditions for less than 3 min,
the nanocomposite PA12 part with the MNPs melted, and the two components of the pure
PA12 were debonded, by manually applying force. Several studies reported the potential
use of induction heating for the bonding/debonding of TP composite structures compared
to the traditional joining methods, even though this technology has not significantly shifted
to industrial applications [33,34].
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4. Conclusions

Functional TP nanocomposites based on iron oxide MNPs can be triggered by an
RF field and present an inductive thermal effect. All the TP nanocomposites presented a
temperature increase proportional to the MNPs’ concentration when exposed to the RF
field. The operating parameters of the RF generator, namely, the frequency and input
power, significantly affected the heating capacity of the TP nanocomposites, proportionally
increasing with a higher RF frequency and generator input power. Induced healing behavior
was observed for most of the TP nanocomposites that reached a temperature close to the Tm
of the matrix after a short period of exposure to the RF field. The MNPs acted as susceptors,
by distributing the generated heat to the polymer matrix that caused local melting and
polymer chains’ interdiffusion, which allowed facile bonding/debonding.

Most of the thermoplastic matrices functionalized with MNPs presented healing
behavior in less than 10 min of exposure in the RF field. However, concentrations of 7.5 and
10 wt.% in MNPs allowed the thermoplastic matrices to be healed after a short exposure
time in the RF field. Moreover, by applying the optimum operating conditions of the RF
generator, bonding/debonding on demand was achieved between the two TP components
that included a functionalized part with MNPs.

In the case of PEKK, which is a high-performance polymer and requires a high pro-
cessing temperature, the nanocomposite with the highest MNPs’ content (10 wt.%) reached
the Tm, while those nanocomposites with a lower MNPs’ content did not result in a molten
state, although they presented a shape deformation. The debonding mechanism at temper-
atures lower than the Tm of the TP nanocomposites should be further investigated through
the hysteresis heating of ferrimagnetic nanoparticles. To reach higher temperatures in the
PEKK nanocomposites with a lower MNPs’ concentration, several parameters that depend
on the capacitors and coil geometry should be altered in the induction heating system,
tailoring the input power, frequency, and distribution of the RF field.

Optimizing the process window of induction heating and addressing possible is-
sues of this technology, the bonding/debonding concept has the potential to be further
developed for scaled-up real-world applications. Induction heating technology offers
an improved process efficiency with localized, constant, and precise heating; in terms
of industrial applications, it can be conceivably integrated into production lines. Func-
tional TP nanocomposites enable a faster and leaner integration into demanding struc-
tures, while the hysteresis heating of the ferrimagnetic nanoparticles in the TP matrix and
bonding/debonding on demand make the repair process easier, compared to thermoset
composites. Taking advantage of the hysteresis heating mechanism, TP nanocomposite
materials based on MNPs constitute promising materials for the induction-based repair of
composites, extending their end-of-life and being exploited in adhesive joining systems
with complex geometries, enabling reversible joining procedures for sustainable solutions
and providing easy-to-disassemble operations.
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