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Magnetic nanoparticles of high magnetic susceptibility, such as magnetite (Fe304), have been used for wireless
heating of adhesives and composites through the magnetic hysteresis loss mechanism, but the high concentra-
tions of nanoparticles needed to meet heating performance targets can degrade mechanical properties. Herein,
we present an in-situ aligning method to enhance the heating efficiency of magnetite nanoparticles in a nylon
thermoplastic matrix without adversely affecting its mechanical strength. A composite adhesive was made by
dispersing Fe3O4 nanoparticles in a nylon matrix followed by hot melting. Experimental results show that by
subjecting the adhesive to an alternating magnetic field during the hot-melt process, its heating rate can be
improved by 200% compared to that without applying the magnetic field. The improvement in the heating
performance has been identified to stem from the alignment of the ease axis of the magnetic nanoparticles. This
in-situ aligning technique enables better induction heating performance with the same amount of Fe304 nano-
particles, avoiding the agglomeration problem of high nanoparticle concentrations. Moreover, this technique
makes it possible to develop high-performance self-heating thermoplastic adhesive for reversible bonding and
self-healing solution with a wide range of applications, such as bonding and debonding of composites, temporary
attachment of systems, and recyclable bonded structures.

1. Introduction

Rapid joining and disassembly of composite structures hold great
potential for the widening application and recyclability of composites
[1,2]. However, connecting components with traditional mechanical
fasteners (e.g. bolts, rivets, screws) can cause issues like stress concen-
trations and fibre cut due to drilling operation, which largely reduce the
strength and service endurance of the components [3,4,5,6,7]. One
promising solution to these issues is to deploy reversible adhesive
bonding, especially in situations where traditional mechanical fasteners
are not suitable [8,9]. Unlike permanent bonding by thermosetting ad-
hesives, reversible adhesive bonding provides the possibility of easy
replacement and disassembly of composite components, better recy-
clability, and thus lower cost [10,11]. Besides, the bonded joints
generally have a good resistance to fatigue, especially with thermo-
plastic adhesives that may have toughness higher than thermosetting
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adhesives [12,13,14].

To date, multiple thermoplastic polymers, such as poly(ethylene-
methacrylic acid) (EMAA) [15], polyolefin [16,17], ethylene vinyl ac-
etate (EVA) [18], poly(ethylene-co-butylene) [19], polyurethane (PU)
[20], APOA/Polyolefin ester [21], natural rubber [22], and acrylonitrile
butadiene styrene (ABS) [23], have been applied as reversible adhesives
to bond composites components. The hot-melt feature of these ther-
moplastic polymers enables a convenient disassembly and reconnection
of different components by applying certain heat and force [24,25].
However, limited by the relatively low bonding strength and tempera-
ture capabilities, most of the thermoplastic polymer adhesives
mentioned above are not suitable for structures requiring high strength
and higher operating temperatures. Therefore, it is of great importance
to develop new solutions to enable reversible adhesive bonding with
high bond strength and wide operating temperature range.

In addition to choosing the right thermoplastic polymer as the
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adhesive, the appropriate heating method is also crucial for the appli-
cation of reversible bonding technique. A successful reversible bonding
technique involves two key processes: bonding and debonding. For the
bonding process, the thermoplastic adhesive has to be first heated to
molten state, then it solidifies upon cooling, and the two surfaces are
joined. While the debonding process is achieved by applying heat to melt
the adhesive again, allowing the two surfaces to separate. Lee et al. [9]
developed a thermoplastic adhesive film that was stitched by stainless
steel fibres. The adhesive film can be melted with the Joule heat
generated by stainless steel fibres, thus achieving the on-demand
bonding and debonding. However, this method requires external wir-
ing as well as a current loop inside the adhesive, which limit its appli-
cation in some complex structures and hard-to-access areas.
Electromagnetic induction heating shows great potential to achieve a
contactless and localized heating of adhesives [26], avoiding some of the
major limitations of conventional methods (e.g. hot glue gun, heating
blankets or IR lamps), such as overheating of the surrounding structures
[15,27,28] and reaching hard-to-access areas [29]. Incorporation of
ferrimagnetic materials, which exhibit a magnetic hysteresis loss
mechanism under an alternating magnetic field, can enable contactless
and localized heating of thermoplastic adhesives through electromag-
netic induction. By using this method, several thermoplastic adhesives
capable of self-heating under alternating magnetic field have been
developed, including EMAA/Fe304 adhesive [15], PU/Fe304 adhesive
[20], and polypropylene/Fe3O,4 adhesive [30]. These thermoplastic
adhesives can be heated to above their melting point through electro-
magnetic induction, thus enabling a reversible and contactless on-
demand bonding and debonding of components. However, these exist-
ing studies have some major shortcomings, such as relatively low
melting point of the selected adhesives, moderate bonding strengths, as
well as a trade-off between the adhesive’s heating rate and bonding
strength, which in turn limit their applications.

In our recent work [15], EMAA and Fe3O4 nanoparticles were com-
bined to develop an adhesive that can be heated under alternating
magnetic field. Although the heating rate and bonding strength of ad-
hesive have been improved by optimizing the ratio of EMAA and Fe3O4
nanoparticles, the adhesive was only able to achieve a heating rate of
about 0.4 °C/s (20 wt% Fe304, 189 kHz, 250A current), and bonding
strength of about 8.2 MPa (5 wt% Fe304), which is significantly lower
than common structural adhesives. Besides, the melting temperature of
EMAA is only about 76 °C, limiting it to applications where the oper-
ating temperature is lower than its melting temperature. However,
selecting a thermoplastic polymer with a higher melting temperature
requires longer heating time and potentially much higher concentration
of magnetic nanoparticles that can then adversely affect the bond
strength.

Herein, we present a novel composite adhesive that is made of Nylon
12 polymer and Fe3O4 nanoparticles. The Nylon 12 has a high melting
point of approximately 178 °C as well as a good bonding strength,
making it suitable as a structural adhesive. Unlike being random
dispersed as they were in the aforementioned studies, a magnetic field
was applied to the melted nanocomposite adhesive to align the ease axis
of the Fe304 nanoparticles to the magnetic flux direction during the hot-
melt process, resulting in a higher imaginary part of the relative
permeability p* of the adhesive as well as a higher induction heating
efficiency. With this in-situ alignment technique, it is possible to achieve
better inductive heating performance without using excessive Fe3O4
nanoparticles that can result in agglomeration of nanoparticles and
degradation of the bond strength of the adhesive. The alignment of
ferrimagnetic nanomaterials in this study provides a new technique to
develop high-performance self-heating thermoplastic composite for
reversible bonding and self-healing solution for a wide range of appli-
cations, such as bonding and debonding of composites, temporary
attachment of systems, and recyclable bonded structures.
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2. Experimental section
2.1. Preparation of nylon 12 adhesives with FesO4 nanoparticles

Polylauryllactam (Nylon 12, Sigma-Aldrich) pellets with melting
temperature of 178 °C was selected as the reversible adhesive material.
Iron (IL, ITI) oxide nanoparticles (Fe3O4, Sigma-Aldrich) with sizes be-
tween 50 and 100 nm were used as the dual-functional fillers for
inductive heating and structural reinforcement of the adhesive. The
Nylon/Fe304 adhesive films were fabricated through a similar method
as described in ref [15]. Briefly, Nylon 12 pellets were ground into a
powder with an average particle diameter of 250 pm. Different weight
percentages of Fe3O4 nanoparticles were mixed with Nylon 12 powder at
room temperature using a high-speed mixer (FlackTek SpeedMixer).
During the high-speed mixing process, Fe304 nanoparticles were coated
on the surface of Nylon 12 particle with the assistance of Coulomb’s
force. The resultant mixture was thermoformed into adhesive films with
a thickness of 0.3 mm using a hot press under a pressure of about 6894.8
kPa (1000 psi) at 200 °C for 10 mins.

2.2. In-situ aligning of FesO4 nanoparticles in Nylon/Fe304 adhesives

The Nylon/Fe304 adhesive films were sandwiched between two glass
fibre-reinforced polymer (GFRP) laminates (2 mm thickness) and placed
on top of a spiral induction coil. The GFRP laminate is larger in size than
the internal diameter of the spiral coil, serving both as a support for the
adhesive film and to control the distance between the adhesive and the
coil. To prevent the adhesive film from sticking to the GFRP laminates,
PTFE films were added between the laminates and the adhesive. An
observation hole with a diameter of 4 mm was drilled on the top GFRP
laminate to allow the temperature monitoring of the adhesive film using
an IR camera. A heat gun was used to increase the temperature of the
adhesive to above its melting point. The electromagnetic aligning of
Fe304 nanoparticles started by applying alternating magnetic field for 2
mins for each aligning cycle through an induction system (Ambrell,
USA) when the temperature of adhesive film reached 200 °C. In this
study, the aligning of Fe3O4 nanoparticles in the adhesive was conducted
to up to 3 cycles, and the inductive heating performance of adhesive was
measured after each aligning cycle to monitor the changes due to the
nanoparticle alignment. The magnetisation of the nylon adhesive film
before and after aligning were measured through a vibrating sample
magnetometer (VSM, 8607 series, Lake Shore Cryotronics, USA) at room
temperature, and the influence of alternating magnetic aligning was
investigated.

2.3. Characterization of electromagnetic inductive heating

An alternating magnetic field was generated using an EASYHEAT
induction heating system (Ambrell, USA) at 189 kHz operating fre-
quency. This operating frequency is automatically selected by the in-
duction heating system as the optimum working frequency, which is
determined by the composition and dimension of the samples. The axial
length of the spiral coil was 32 mm with eight turns. Its inner and outer
diameters measured 24 mm and 38 mm, respectively. The coil was of a
hollow configuration, which enabled the inflow of water to facilitate
cooling during the induction heating process. Different currents could be
applied to generate magnetic flux of varying intensities up to 0.07 T. The
maximum power generated by the equipment was 2.4 kW. The tem-
perature distribution of heated adhesive was measured using an infrared
camera (FLIR X6540sc), and 3 samples were measured per each group.

2.4. Characterization of adhesive strength
The bond strength of the Nylon/Fe304 adhesive was measured using

a tensile lap-shear test at room temperature. Two adherends made of
unidirectional carbon fibre (UniCF) reinforced epoxy laminates (25 mm
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Fig. 1. Morphologies of nylon microparticles before and after coating of iron oxide nanoparticles: (a) digital image of pristine and iron oxides coated nylon powder;
(b) digital image of nylon film and nylon/Fe304 film; (c) SEM image of a nylon particle coated with iron oxide nanoparticles; (d) A enlarged view of the iron oxide
nanoparticles coated nylon surface; and (e) SEM image of iron oxide nanoparticles coated on the nylon surface.

x 50 mm x 1.6 mm, CF volume fraction: 50%~60%) were bonded with
the Fe304-containing Nylon adhesive with an overlap area of 25 mm x
12.5 mm. An Instron 3369 universal testing machine with a 10kN load
cell was used for the adhesive strength tests using a crosshead
displacement rate of 1 mm/min, according to ASTM D3165. The lap-
shear strength was calculated from the tensile force per unit overlap
area, and 3 samples were tested per each group.

3. Results and discussion
3.1. Morphologies

The morphologies of pristine nylon powder and iron oxide coated
nylon powder were observed prior to conducting the hot-pressing pro-

cedure, as shown in Fig. 1a. It can be clearly seen that after the high-
speed mixing, the nylon particles were coated with iron oxide
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nanoparticles, and the colour of nylon powder changed from white to
dark black.

Meanwhile, it was observed that with the iron oxide coating, these
nylon particles can respond to the external magnetic field and rotate to
align their ease axis to the external magnetic field. A scanning electron
microscope (FEI Nova NanoSEM 450) was used to characterize the
surface morphology of the Fe304-coated Nylon particles. Fig. 1c shows a
SEM image of one nylon particle coated with iron oxide nanoparticles.
The nylon particles are generally with a size around 200 ~ 300 pm, and
after the high-speed mixing procedure, millions of iron oxide nano-
particles were successfully coated on their surface, as shown in Fig. 1d.
These iron oxide nanoparticles are nearly ellipsoidal shaped with sizes
between 50 ~ 150 nm, as can be seen in Fig. le. After the hot pressing,
nylon adhesive films reached a typical thickness of 0.3 mm. Fig. 1b
shows a typical nylon/ Fe3O4 adhesive film sample applied in this study,
for comparison, a pristine nylon film fabricated through the same
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Fig. 2. VSM results: (a) Schematic of the VSM sample preparation and measurement; (b) The magnetic moment curve of original and aligned nylon/5 wt%

Fe304 adhesive.
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Fig. 3. Induction heating performance results: (a) Schematic of the induction heating process, and photos of experimental sample and setup; (b) Temperature
changes of nylon adhesives with different iron oxide mass loadings during the induction heating; (c) Temperature changes of nylon adhesives during the iron oxides

aligning process.

process is also presented.

3.2. Vibrating-sample magnetometry measurement

Under an alternating magnetic fields iron oxide nanoparticles can
rotate in a liquid. However, due to their near-ellipsoidal shape and small
size, it is difficult to directly observe the rotation of nanoparticles. Two
micro-CT images about the cross-section view of original and aligned
nylon/Fe304 adhesive are shown in Fig.S1. These images allow for a
rough observation of the potential chaining of iron oxide nanoparticles,
which may be attributed to the alignment process achieved via exposure
to an alternating magnetic field. A qualitative analysis was conducted
with vibrating-sample magnetometry (VSM) to investigate the changes
in the magnetisation of the nylon/Fe3O4 adhesive before and after the
alternating magnetic field alignment. Adhesive film for VSM measure-
ments was prepared with larger thickness (2 mm) to meet the sample
requirement, and its iron oxide mass loading was selected to be 5 wt%.
Alignment by alternating magnetic field was conducted through the
thickness direction of adhesive after the temperature was heated to
above the melting point of nylon. To ensure that the adhesive film
maintained its flat surface for the VSM measurement, a shorter aligning
duration of around 15 s was chosen for the VSM sample, unlike the
normal aligning duration of 120 s for thin film samples. After the
magnetic aligning, cubic samples measuring 2 x 2 x 2 mm> were cut
from the nylon/Fe304 adhesive with a CO4 laser engraver (Speedy 360,
Trotec, Austria). The cubic samples were then bonded to acrylic blocks
to assist with clamping in the VSM. Fig. 2a shows a schematic of the VSM
sample preparation and measurement. For comparison, a VSM sample
was prepared in the same way for the non-aligned original nylon/5 wt%
Fe304 adhesive. During the measurement, the applied magnetic field
was swept from —5000 Oe to 5000 Oe, and the magnetisation of the
sample was recorded. Fig. 2b shows a comparison of the adhesive’s

magnetic dipole moment response to the applied field before and after
magnetic aligning. In both cases, a hysteresis is observed in the response,
typical of ferri- and ferromagnetic materials. Furthermore, the satura-
tion magnetization, measured as the maximum magnetic moment, is
enhanced by approximately 33% in the magnetically aligned sample,
with a value of 4.67 emu/g, compared to the original sample which has a
value of 3.52 emu/g. It is noted that the saturation magnetization of the
aligned sample is similar in value when measured in direction that is
perpendicular to or parallel to the alternating magnetic field, as shown
in Fig.S2. This change in the overall response of the nanocomposite
would lead to higher energy dissipations during the induction heating
process [31] as well as an improved induction heating performance.

3.3. Induction heating performance

The nanocomposite adhesive films were sandwiched between two
glass fibre-reinforced polymer (GFRP) laminates (2 mm thickness) and
placed on top of a spiral induction coil. The induction heating of these
adhesive films was achieved under an alternating magnetic field (189
kHz, 300A induction current). A small hole was drilled into the top
laminate to assist temperature monitoring through an IR camera, the
schematic of test setup as well as digital images of experimental sample
and setup are shown in Fig. 3a. The temperature data within the small
hole area were recorded to evaluate the induction heating performance
of the nanocomposite adhesives. To begin with, the heating performance
of the adhesives containing 5 wt% to 30 wt% iron oxides were measured,
as shown in Fig. 3b. It can be observed that with the increase of iron
oxide mass loading, both the initial heating rate and the stable tem-
perature of adhesive can be improved. However, even under an induc-
tion current of 300 A, only the adhesive with the highest iron oxide mass
loading (30 wt%) can be heated to above the melting temperature of
nylon. In addition, as can be observed from the temperature change
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Fig. 4. Induction heating performance of nylon adhesives with (a) 5 wt%, (b) 10 wt%, (c) 20 wt% and (d) 30 wt% iron oxide before and after the magnetic
aligning process.
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Fig. 6. FEA results: (a) Model geometry; (b) Magnetic flux distribution under an induction current of 300A; (c) Stable temperature of Nylon/20 wt% Fe304 adhesive
before and after magnetic aligning; (d) Comparison between experimental and FEA results.

curve, when the adhesive was heated over its melting temperature, there
was a temporarily increase in terms of the heating rate.

To improve the induction heating performance, an in-situ alignment
process was developed to align the magnetic nanoparticles, as shown in
Fig. 3c. The adhesives were firstly heated to ~ 200 °C (above the melting
temperature of nylon) by a heat gun, then an alternating magnetic field
was deployed to align the iron oxide nanoparticles inside the adhesive. A
single aligning cycle lasted for 120 s and while the temperature of the
adhesives was kept at 200 °C. For each group of adhesives, up to three
alignment cycles were conducted with the induction heating perfor-
mance of adhesive being measured after each aligning cycle. It is noted
that the selection of exposure time and aligning cycles may vary as it is
one of the options to align iron oxide nanoparticles in the adhesive to the
saturation state. As long as these nanoparticles could be aligned to the
saturation state, the resulting improvement in induction heating per-
formance, in terms of final temperature rise and initial heating rate, are
expected to be similar at the given working frequency and magnetic field
intensity.

The induction heating performance of different nanocomposite ad-
hesives after aligning are shown in Fig. 4. In general, the induction
heating performance of all samples was improved after the magnetic
field aligning process. The largest increase occurred after the first
aligning cycle, with subsequent cycles yielding smaller increases, spe-
cifically after the second aligning cycle. After three cycles of alignment,
the nanocomposite adhesives containing 5 wt% and 10 wt% magnetic
nanoparticles reached a plateau temperature at about 104 °C and
127 °C, respectively. At 20 wt% concentration of magnetic nano-
particles, the peak temperature improved from 140 °C to 185 °C,
reaching the melting temperature of nylon, as shown in Fig. 4c. The
stable temperature of the adhesives increased slightly after the second
and third aligning cycles, reaching 194.5 °C and 196 °C, respectively.
Meanwhile, it is observable that the duration required for the adhesive

to be heated to its melting temperature (178 °C) is significantly reduced.
For the original nylon/20 wt% FesO4 adhesive, the melting temperature
cannot be reached even after being heated for over 600 s. However, after
the initial alignment, the adhesive requires approximately 356 s to be
heated above its fusion temperature. Following the second and third
alignments, this period is further reduced to around 328 and 321 s,
respectively. Similar phenomenon can be observed in the heating per-
formance of nanocomposite adhesive with 30 wt% magnetic nano-
particles. In this case the nanocomposite adhesive can be heated to
above the melting point without any magnetic alignment, although the
heating rate over the melting temperature increased due to the induced
alignment, as shown in Fig. 4d. With these magnetic alignments, the
duration required for nylon/30 wt% Fe304 adhesive to be heated to its
melting temperature reduced from 316 s to about 92 s.

The temperature rises of different nanocomposite adhesives against
the number of aligning cycles are plotted in Fig. 5a to illustrate the
aligning effect. It can be clearly seen that for all adhesives, two magnetic
aligning cycles are sufficient to achieve maximum performance. It has
been reported that magnetic nanoparticles tend to have a higher imag-
inary part of the relative permeability when in a liquid phase substrate
compared to a solid phase substrate, and this improvement is dependent
on the frequency and magnetic field intensity [32]. The higher imagi-
nary part of the relative permeability results in increased energy dissi-
pation through hysteresis loss, leading to improved temperature rise.
After two aligning cycles, it is believed that the increase in imaginary
part of the relative permeability has reached a saturation state, resulting
in no significant further improvement in the temperature rise. A com-
parison of the final temperature rises before and after magnetic aligning
among adhesives with different magnetic nanoparticle loadings is
shown in Fig. 5b. Among all groups of adhesives, the sample with 20 wt
% magnetic nanoparticles demonstrated the largest improvement in
peak temperature by 53.5 °C.
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Table 1
Properties of Nylon/Fe;04 adhesive for FE modelling.
Fe304 Wt.% 5% 10% 20%
Fe304 Vol.% 1% 2.1% 4.6%
ue 6.03 x 107* 1.26 x 1073 2.76 x 1072
Heating Rate Ratio y 2.73 2.85 2.82
p (g/cm®) 1.052 1.099 1.204
c (J/geK) 2.086 2.072 2.034
k (w/meK) 0.288 0.352 0.497

The initial heating rates of adhesives were obtained by linear fitting
of the initial ten-second heating curves. Improvements in the initial
heating rate of adhesive after magnetic alignment can be observed from
the induction heating results as well, as shown in Fig. 5c. The initial
heating rates of all adhesives approached their respective maximum
value after two aligning cycles. For samples with concentration of
magnetic nanoparticles (5 wt%, 10 wt% and 20 wt%) the first two
aligning cycles produced similar improvements in the initial heating
rates, the first aligning cycle resulted the most significant increase for
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the high concentration (30 wt%) case, attributed to concurrent align-
ment during the tests. These phenomena confirm that importance of the
solid-liquid phase transition of the adhesive above the melting point to
the alignment of magnetic nanoparticles. The results also show that after
three cycles of aligning operation all the initial heating rates increased
by around 2.73 ~ 2.94, as shown in Fig. 5d, in which the heating rate
ratio y in Y axis is defined as follows.

k
r=1 G

where k represents the initial heating rate of adhesive, and k, rep-
resents the initial heating rate of unaligned adhesive. It is well-known
that the relative permeability of magnetic materials consists of two
parts: a real part (1) and an imaginary part (4“). The imaginary part
(u”) will directly affect the hysteresis loss and initial heating rate of the
magnetic material, which will be discussed in detail in the following
section. Here, these improvements in the adhesives’ initial heating rate
are more likely due to the three-fold increase in imaginary part (u“) of
the relative permeability, which is estimated based on the results re-
ported by ref. [32] at similar level of magnetic field intensity and
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Fig. 7. Single lap shear test: (a) plot of lap shear strength against the mass loading of iron oxides; (b) cohesive failure mode in fracture surfaces of nylon and nylon/
Fe304 samples; SEM image about fracture surface of (c) nylon and (d) nylon/Fe;04 samples.
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working frequency.

3.4. Finite element modelling

A Finite element (FE) model to predict the heating performance of
nanocomposite adhesives was developed with a multiphysics software
COMSOL by using its “Heat Transfer in Solids” module. The three-
dimensional CAD model of the electromagnetic heating configuration
developed for the FE analysis is shown in Fig. 6a. The FE model was
meshed using free tetrahedral elements with a predefined fine level
element size. A hollow cylinder is used to represent an eight-turn coil
with an electrical conductivity of 6 x 10”7 S/m. A water-cooling system
with a flow rate of 0.1 kg/min was added inside the hollow tube of the
coil to ensure consistency with the experimental conditions. The around
air was set to be stationery with an initial temperature of 20 °C, and the
heat transfers in terms of convection and radiation were not considered
during the simulation process. A 300 pm thick film representing the
nylon adhesive was placed at 2 mm above the spiral coil. Fig. 6b shows
the computational results of the magnetic flux distribution under an
induction current of 300 A at 189 kHz. The maximum magnetic flux
density around the coil is calculated to be 0.07 T, confirming the value
quoted in the manual of the induction heating system (EASYHEAT). The
magnetic flux density at the adhesive has been obtained from the
computational model to around 0.035 T in the centre of adhesive.

The imaginary part p“ of the relative permeability of the nano-
composite adhesive was determined using a simple linear model based
on the volume fraction of the magnetic nanoparticles; the u” pure Fe304
was reported to be 6 x 1072 at 200 kHz [33] while the nylon was
considered to have zero imaginary permeability:

W adnesive = VEes0, X 1 Fes0, (2)

where Vpe304 denotes the volume fraction of iron oxide nano-
particles. Other modelling parameters such as the density p, heat ca-
pacity ¢, and thermal conductivity k are also calculated based on the
volume fraction of iron oxide nanoparticles and can be found in Table 1,
properties of iron oxides are obtained from ref. [15].

Generally, the applied magnetic field and the real and imaginary
components of the complex permeability can be used to express the
magnetic flux inside a ferrimagnetic material, as shown in Equation (3):

B=puy(p — iy )H &)

where B is the magnetic flux density, uo refers to the vacuum
permeability, and H is the magnetic field strength. The power stored and
lost in the material are defined by the real part 4’ and the imaginary part
u“ of the relative permeability, respectively. The hysteresis loss power P
equals to the integral area of the B-H curve and can be expressed as [34],

P f fBdH = 2o f @

where H, denotes the peak magnetic field strength, and f the fre-
quency of alternating magnetic field.

It has been reported that ferrimagnetic nanoparticles can achieve
higher ;“ in a liquid medium than in a solid matrix due to the rotation
and alignment of the ferrimagnetic nanoparticles in a liquid subjected to
an alternating magnetic field [32]. Therefore, when a polymer nano-
composite film is heated to above its melting point, its imaginary part of
the magnetic permeability will change correspondingly as the iron oxide
nanoparticles are more easily to be aligned under magnetic field in
liquid state substrate. As the initial heating rate of adhesive film can be
expressed in terms of the heating power and the heat capacities, a higher
u” results in a larger energy dissipation that in turn yields a higher
heating rate. According to the following equation from ref. [15],

k=9 _ P _ WVioldtreo oy ®)

dt ¢, cp
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where k is the initial heating rate, and c, is the volumetric specific
heat capacity of the adhesive, P, Hy, Ve304, f, jio and p”’ in Eq. (5) carry
the same meaning as in Eq. (2) and Eq. (4). Adopting the higher value of
u* for aligned nanoparticles by multiply a factor based on the measured
heating rate increasing ratio in Fig. 5d, the heating performances of
aligned adhesives are simulated and compared with the experimental
results. Fig. 6¢ shows an example of stable temperature results of the
nylon/20 wt% Fe304 adhesive before and after the magnetic aligning
under an induction current of 300 A. The model predictions match well
with those obtained from experiments, as shown in Fig. 6d.

3.5. Bonding strength

Single lap shear tests were conducted to characterize the bond
strength of the nanocomposite adhesives with different concentrations
of nanoparticles. A typical single lap shear test specimen is presented in
Fig. 7a together with the shear strength results. The un-modified nylon
adhesive can achieve a lap shear strength of 14.6 MPa (SD = 0.47 MPa),
which is 78% higher than the highest strength of EMAA (8.2 MPa) [15],
indicating that nylon 12 is a significantly stronger candidate for
reversible bonding. The single lap shear test results reveal the lap shear
strength of the nanocomposite adhesive increased initially but then
decreased with the concentration of the magnetic nanoparticles. The
maximum lap shear strength (18.28 MPa, SD = 1.19 MPa) was achieved
with 10 wt% magnetic nanoparticles, about 25.3% higher than that of
pristine nylon adhesive. It is noted that the lap shear strength results
presented in Fig. 7a are all from unaligned original adhesives. An in-
dependent samples T-test were conducted to compare the lap shear
strength between the original and aligned nylon/10 wt% Fe304 adhe-
sives to determine the statistical significance. According to T test results,
the lap shear strengths of the original nylon/10 wt% Fe3O4 adhesive (M
= 18.28 MPa, SD = 1.19 MPa) and aligned nylon/10 wt% Fe3O4 ad-
hesive (M = 18.17 MPa, SD = 0.84 MPa) were not statistically different
(P = 0.901 > 0.05). Therefore, the lap shear strengths of the original
adhesives can be applied to represent the bonding performance of
aligned adhesives, indicating the nanoscale magnetic particle alignment
has limited influence on the bonding strength of adhesive. When the
magnetic nanoparticles concentration exceeded 10 wt%, the bond
strength started to decrease due to the excessive agglomeration of the
magnetic nanoparticles [35,36], as can be observed in Fig. S3. Never-
theless, the lap shear strengths of the nanocomposite adhesives remain
above that of the un-modified adhesive. The fractured surfaces of joints,
as shown in Fig. 7b, show that the failures were all cohesive, indicating
excellent bonding between the nanocomposite adhesive and the carbon
fibre composites. In contrast, our previous study revealed some inter-
facial failure between EMAA adhesive and carbon fibre composites [15],
which again demonstrate that nylon 12 is a promising candidate for
reversible bonding composite structures.

SEM examination of the fractured samples were conducted to
investigate the reinforcement effect of magnetic nanoparticles on nylon
adhesive. Fig. 7c and 7d show the SEM images of pristine nylon and
nylon/Fe304 samples, respectively. The nylon/Fe3O4 samples are seen
to exhibit a rougher fracture surface compared with the pristine nylon
sample. This rougher surface indicates a higher fracture toughness in
nylon/Fe304 adhesive, which leads to higher lap shear strengths; similar
shear strength increase phenomenon was reported by Rao et al. [37] for
nanoparticle-filled epoxy nanocomposites. From the high magnification
SEM images, it can be observed that there are tentacle-like nylon
structures existing on the fracture surfaces, and the directions of those
tentacle-like structures are parallel to the load direction of single lap
shear test. Iron oxide nanoparticles can be clearly identified from the
high magnification SEM image in Fig. 7d, and they exhibited a uniform
distribution within the observation area. These iron oxide nanoparticles
toughened the nylon adhesive and produced increased number of small
sized tentacle-like structures, thus leading to a much larger surface area
for effective stress transfer through interfacial interaction between
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Fig. 8. Performance comparisons: (a) Adhesive performance comparison in terms of stable temperature and lap shear strength; (b) Reference comparison about

adhesive’s bonding strength.

nylon and iron oxide nanoparticles to provide a higher bonding strength
compared with the pristine nylon sample.

Although the nylon/10 wt% adhesive exhibited the highest lap shear
strength, the concentration of the magnetic nanoparticles is insufficient
to heat the adhesive to above its melting temperature nylon even under
the highest induction current used in this study. A comparison was made
among the five different nylon adhesives in terms of the stable tem-
perature as well as the lap shear strength, as shown in Fig. 8a. It can be
observed that the nylon/20 wt% Fe3O4 adhesive can achieve stable
temperature above its melting point and a lap shear strength close to the
maximum value, suggesting an optimum condition for reversible
bonding, i.e., achieving reversible bonding while retaining the high
bond strength. It is noteworthy that, despite not exhibiting the highest
lap shear strength, the nylon/30 wt% Fe304 adhesive demonstrates the
highest initial heating rate. This characteristic renders it well-suited for
applications where rapid heating rates are prioritized over sheer
strength. Fig. 8b shows the performance of multiple kinds of adhesives in
terms of the lap shear strength and melting temperature, including poly
(ethylene-methacrylic acid) (EMAA) [15], commercial polyolefin based
hot-melt adhesive (HMA) [16,17], ethylene vinyl acetate (EVA) [18],
poly(ethylene-co-butylene) [19], APOA/Polyolefin ester [21], natural
rubber [22], and acrylonitrile butadiene styrene (ABS) [23]. It can be
clearly observed that the nylon/Fe304 adhesives developed in this study
have effectively filled gaps in the reversible bonding area, particularly as
high-strength adhesives with high melting points, which have potential
applications in a wider range of areas, including biomedical, electronic
reuse, and recycling of bonded structures in the automotive and aero-
space industry.

4. Conclusion

In this work, a novel method is presented for creating reversible
adhesive by reinforcing Nylon 12 adhesive with Fe3O4 nanoparticles. To
achieve improved induction heating performance of the reversible ad-
hesive, the Fe3O4 nanoparticles within the nylon adhesive were not
randomly dispersed, but rather magnetically aligned along the thickness
direction of the adhesive using an alternating magnetic field during the
hot-melt process. Experimental results show that the pre-aligned nano-
composite adhesives can achieve 200% higher heating rate than the
unmodified adhesive. The improvement in the heating performance can
be attributed to the aligned nanoparticles featuring a higher imaginary
part of the relative permeability 4" than their un-aligned counterparts, as
reported in refs. [32] and [34]. The nano-reinforcement by Fe3O4 has
been found to improve the bond strength while enabling inductive
heating for reversible bonding. The new in-situ alignment technique
makes it possible to achieve better inductive heating performance
without using excessive Fe3O4 nanoparticles that can result in

agglomeration of nanoparticles and degradation of the bond strength of
the adhesive, paving the way for the development of a high-performance
self-heating thermoplastic composite for reversible bonding and self-
healing solutions.
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