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A B S T R A C T   

Radio-Frequency (RF) induction heating is a versatile in-situ method for contactless heating of structures by 
utilizing either magnetic hysteresis loss or eddy-current loss mechanism. Achieving high heating efficiency 
without degrading mechanical properties is a major challenge. Herein, a RF induction compatible self-healing 
composite was developed by hybridizing iron oxides (Fe3O4) nanoparticles with carbon fibre veils (CFVs) in 
poly(ethylene-co-methacrylic acid) (EMAA), which could possess both high magnetic and electrical properties. 
Owing to the multiscale conductive networks built by Fe3O4 nanoparticles and CFVs, the electrical conductivity 
of the nanocomposite was found to be higher than the linear combination of the individual contributions, thus 
creating a synergistic improvement in electrical conductivity and heating efficiency. Furthermore, single lap 
shear test results demonstrated that the combination of Fe3O4 nanoparticles and CFVs could significantly 
improve the bonding strength of EMAA polymer. Therefore, the hybridization of magnetic particles with 
conductive fibres offers a promising technology for a wide range of applications, such as self-healing, reversable 
bonding, and multiple use bonded composites.   

1. Introduction 

Radio-Frequency (RF) induction heating by either magnetic hyster-
esis or eddy-current is a versatile method for a wide range of applica-
tions, including hyperthermia treatment [1], self-healing [2], rapid 
repairs of structures [3,4], reversible joining and attachment [5], and 
curing of polymer composites [6]. The heating is generated by either of 
the two mechanisms: hysteresis loss of magnetic materials and eddy- 
current resistive heating of electrically conductive materials; the 
power of heating is proportional to volumetric fraction of the embedded 
magnetic or conductive materials in the composite. As these two 
mechanisms operate independently in linear systems, adding both 
magnetic and conductive materials results in the total heating power 
being the summation of their individual contributions [7,8]. Moreover, 
since the mechanical properties of the nanocomposite, such as strength, 
tend to decrease as more magnetic or conductive materials are added, it 
remains a major challenge to achieve high power heating without 

adversely affecting the mechanical properties. 
RF induction heating can also directly heat self-healing and revers-

ible adhesives in areas of interest, offering significant advantage over 
other external heating methods, such as heat guns, heating blanket or IR 
lamps, which deliver thermal flux by conduction through the thickness. 
The rates of heating of conventional methods are limited by many fac-
tors such as the permissible surface temperature, thermal conductivity, 
and thermal capacity of the host structure. Compared to other localized 
heating techniques such as resistance joule heating [9,10,11], and ul-
trasonic heating [12,13,14], the RF induction heating method 
[15,16,17,18] shows a great potential for contactless and wireless 
heating of thermoplastic adhesives, regardless of whether the composite 
structures to be bonded are thermoplastic or thermoset [19]. By modi-
fying thermoplastic polymers to attain additional functionalities, such as 
magnetic or electrical conductivity, they can be heated by focusing the 
electromagnetic wave on the target area to perform healing or bonding 
without overheating surrounding structures. 
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To generate heat directly from within the thermoplastic polymers by 
applying an alternating magnetic field, magnetic particles have been 
embedded [20]. For instance, ferrimagnetic Fe3O4 nanoparticles, which 
feature a high magnetic hysteresis loss, can generate heat upon the 
application of an alternating magnetic field [21]. Although Fe3O4 
nanoparticles have shown great potential to act as heating sources under 
magnetic field in these works, they have been applied to thermoplastic 
polymers with low bond strength. Ciardiello et al.[22] embedded Fe3O4 
nanoparticles in a polypropylene copolymer to develop an adhesive that 
can be heated by an external alternating magnetic field. Although the 
adhesive showed a relatively quick heating rate, the maximum bond 
strength only reached 2.0 MPa. Similar work conducted by Salimi et al. 
[23] reported an adhesive made of polyurethane (PU) and Fe3O4 
nanoparticles, which also exhibited a relatively low shear strength of 
~1.4 MPa. These reported bond strengths were considerably lower than 
those of structural adhesives [24,25] that can achieve bond strengths 
greater than 10 MPa. 

One promising thermoplastic material with excellent bond strength 
and self-healing characteristics is poly(ethylene-methacrylic acid) 
(EMAA) [26,27], which features high toughness, low melting point and 
high melt flow index. With the ability to undergo hydroxyl-acid 
condensation reactions, catalysed by tertiary amines, many thermoset 
polymers can generate volatile by-products during cure [28,29]. How-
ever, EMAA has been found to be an excellent candidate to heal cracks in 
composites, especially when these volatile by-products can coalesce 
within the EMAA phase to form high pressure microbubbles, which can 
help drive the molten EMAA to fill the gaps and cracks inside the 
composites [30,31,32]. In our recent work [5], EMAA was used as the 
matrix for ferrimagnetic Fe3O4 nanoparticles to develop a reversible 
nanocomposite adhesive that could be heated to above the melting 
temperature by an external alternating magnetic field. The bonding 
strength of the EMAA/Fe3O4 nanocomposite adhesive was found to 
reach 8.2 MPa. However, one drawback is the low heating power, 
limiting the applicability to only polymers of low melting temperatures. 
Recently, several research investigations have reported that adding 
conductive fillers like graphene nanoparticles (GNPs) [33] to iron oxide 
particles have improved the heating performance by capitalizing on 
both magnetic hysteresis loss and eddy-current heating mechanisms. 

One major issue with combining magnetic and conductive phases is 
that the specific heating efficiency (heating power per unit weight of 
fillers) remains largely unchanged, because the magnetic hysteresis and 
eddy-current heating mechanisms operate independently and are line-
arly additive. However, certain magnetic nanomaterials, such as Fe3O4 
[34], are known to be also electrically conductive albeit their conduc-
tivity is much lower than metals. This dual characteristic creates an 
interesting possibility of improving specific heating efficiency by 
exploring the interactions between electrically conductive magnetic 
materials and highly conductive materials. To this end, we have selected 
Fe3O4 nanoparticles as the conductive magnetic phase and carbon fibre 
veils (CFVs) as the high conductivity phase to be embedded in poly 
(ethylene-methacrylic acid) (EMAA) matrix. The key questions are 
whether the interaction of the two different phases yields an additive or 
synergistic effect and whether they can simultaneously enhance specific 
heating efficiency and bond strength. 

2. Experimental details 

2.1. Materials 

Poly(ethylene-co-methacrylic acid) (EMAA, Sigma-Aldrich) pellets 
with a melting temperature of 76 ◦C were selected as the thermoplastic 
polymer in this study. Iron (II, III) oxide nanoparticles (Fe3O4, Sigma- 
Aldrich) with a diameter between 50 and 100 nm were used as the 
dual-functional fillers for localized heating and structural reinforcement 
of the polymer. The electrical conductivity of Fe3O4 is about 3.33 × 103 

S/m [35]. Carbon fibre veil (CFV, Fibre Glast Developments 

Corporation) with an areal density of 6.8 g/m2 and a thickness of ~0.05 
mm was chosen to incorporate with Fe3O4 nanoparticles to improve the 
bonding strength and magnetic heating performance of the nano-
composite. The electrical conductivity of carbon fibre is about 5.56 ×
104 S/m according to the product datasheet. 

2.2. Preparation of EMAA films reinforced with CFV and Fe3O4 
nanofillers 

EMAA pellets were first ground into powder by using a cryogenic 
grinder (Freezer Mill 6870, SPEX Sample Prep LLC); the particles 
approached their average size around 250 μm after three grinding cycles 
of 3 mins with 3-min intercooling after each cycle. The reason for 
implementing this process is to achieve a relatively uniform distribution 
of Fe3O4 nanoparticles in the EMAA film, as the EMAA particles act as 
carriers for the iron oxide nanoparticles during hot press forming. The 
finely ground EMAA particles were then mixed with Fe3O4 nanoparticles 
at varying weight ratios using a high-speed mixer (FlackTek Speed-
Mixer): i.e., 1.0 wt%, 5.0 wt%, 10.0 wt%, 20.0 wt% and 30.0 wt%. The 
resultant mixtures were spread out uniformly on CFVs with the assis-
tance of a blade and then thermoformed into composite films of 0.3 mm 
thickness using a hot press (Carver 4386 CH) at 90 ◦C for 10 min. The 
pressure was controlled to be around 1000 psi. A sketch of the fabrica-
tion process is shown in Fig. 1. The introduction of Fe3O4 nanoparticles 
can enhance the conductivity of CFV-reinforced EMAA film. In partic-
ular, the Fe3O4 nanoparticles formed localised conductive clusters that 
connect adjacent carbon fibres, as illustrated in Fig. 1, creating a syn-
ergistic improvement between the conductive networks of the CFs and 
the Fe3O4 nanoparticles. The enhancement in the conductivity of the 
hybrid composite film results in better inductive heating performance. 
Pristine EMAA films as well as EMAA films reinforced only by CFV or 
Fe3O4 nanoparticles were fabricated under the same condition for 
comparative study. To eliminate the interference from possible non- 
uniform distribution of Fe3O4 nanoparticles, electrical, thermal, and 
mechanical characterization tests were carried out on samples away 
from the edge area of the thermoformed EMAA films. 

2.3. Characterizations 

2.3.1. Microscopy and spectroscopy characterization 
An optical microscope (ZEISS Axio Zoom V16) was used to charac-

terize the surface morphology of the cryogenic ground EMAA particles 
before and after mixing with Fe3O4 nanoparticles. The distribution of 
EMAA particle size was studied through a laser diffraction particle size 
analyzer (Mastersizer 3000, Malvern). A scanning electron microscope 
(FEI Nova NanoSEM 450) was used to characterize the surface mor-
phologies of pristine EMAA particles, Fe3O4-coated EMAA particles, 
CFV, cross-section of adhesives films, and fracture surfaces of single lap 
shear test samples. To study the distribution of Fe3O4 nanoparticles and 
CFV inside EMAA films, samples were potted in a mounting epoxy resin 
first and then cut into thin slices by microtome for transmission electron 
microscopy (TEM) observation with a 200 kV field emission TEM (JOEL 
FEG 2100F). X-ray Diffraction (XRD) patterns of pristine EMAA, EMAA/ 
Fe3O4, EMAA/CFV/Fe3O4 films were collected on a Cu-source XRD in-
strument (Aeris, Malvern Panalytical). 

2.3.2. Bond strength 
One major application of the EMAA based nanocomposites con-

taining Fe3O4 nanoparticles and CFVs is reversible adhesives for rapid 
bonding and debonding of structures. The bond strength of adhesive 
films was measured using a single lap-shear test method; tests were 
conducted using an Instron 3369 universal testing machine with a 10 kN 
load cell at room temperature. To quantify the bond strength of the 
EMAA/Fe3O4/CFV nanocomposite adhesive, two adherends made of 
unidirectional carbon fibre reinforced epoxy laminates (25 mm × 50 
mm × 1.6 mm) were bonded by the EMAA based adhesive using a hot 
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press (Carver 4386 CH) at a pressure of 1 MPa for 10 mins after the 
adhesive was heated to its melting temperature. The nominal overlap 
area of the single lap shear test samples was controlled to be 25 mm ×
12.5 mm. During single lap shear tests, the crosshead displacement rate 
was set to be 1 mm/min according to the ASTM D3165. The lap-shear 
strength was calculated from the tensile force per unit overlap area. 
Samples were repeatedly disbonded and rebonded five times to inves-
tigate the strength retention performance, which is critical to self- 
healing and reversible bonding. 

2.3.3. Electrical conductivity 
Electrical conductivity measurements were performed on the EMAA 

based polymer composite films to characterize changes in their in-plane 
and through-thickness conductivity due to the introduction of CFV and 
Fe3O4 nanoparticles. For in-plane conductivity measurement, composite 
films were cut to the size of 40 mm × 5 mm, and conductive a silver 
paste was applied at the ends of the samples to attach copper wires 
needed for the measurement. For the through-thickness electrical con-
ductivity, the composite films were cut to circular discs with a diameter 
of 10 mm, which were then held tightly between two flat stainless-steel 
plates by an electrode clamp. The copper wires and electrode clamp 
were eventually connected to a Keysight 34465A digital multimeter to 
measure the resistance, and the electrical conductivity, σ, was calculated 
using the following equation: σ = L/RA, where L denotes the length of 
the sample between the electrodes or the through thickness of the 
sample, R the measured electrical resistance (Ω), and A the cross- 
sectional area (m2). 

2.3.4. Electromagnetic heating performance 
An induction heating system (EASYHeat 0224, Ambrell, US) was 

used to generate an alternating magnetic field at 189 kHz. The spiral coil 
was 32 mm in length with eight turns. The coil had a hollow rectangular 
cross section to allow cooling water to pass through, and the cross- 
section area of water-cooling path was approximately 1.3 mm × 5.3 
mm. In this study, different currents with a range from 100 A to 300 A 
were applied to generate magnetic flux of varying intensities. To mea-
sure the magnetic heating performance, the nanocomposite adhesive 
films were cut into circular discs and placed on a square fibreglass 

composite, which was mounted on the top of the spiral coil. The distance 
between the nanocomposite adhesive film and coil was 2 mm, the same 
as the thickness of the fibreglass laminate. The temperature changes of 
the adhesive films with time under alternating magnetic fields were 
monitored using an infrared camera (FLIR X6540sc). 

3. Results and discussion 

3.1. Microstructure 

An optical microscopy image of typical cryogenically-ground EMAA 
particles is shown in Fig. 2a. The EMAA particles are generally of a size 
of ~250 μm, and their size distribution is shown in the inset of Fig. 2a. 
Fig. 2b shows an SEM image indicating the surface morphology of 
cryogenically ground EMAA particle, whose surface appears relatively 
flat and clean, which is typical of brittle fracture at the cryogenic tem-
perature. After being successfully coated with iron oxide nanoparticles, 
with the assistance of a high-speed mixer, the EMAA particles change 
from transparent to black, as shown in Fig. 2c. Fig. 2d shows an SEM 
image of the iron oxide nanoparticles coated on one EMAA particle, 
where a large number of iron oxide nanoparticles with a size between 50 
and 100 nm can be clearly observed. The CFVs used in this study consist 
of carbon fibres with a diameter of ~7 μm, as shown in Fig. 2e and 2f. 
The thickness of CFV is only about 50 μm, resulting in a relatively good 
transparency, as shown in the inset of Fig. 2e. 

Fig. 3a shows the measured hysteresis loop of iron oxide nano-
particles coated EMAA powder. The energy spent in reversing the 
magnetization of the material converts to heat, which is known as the 
hysteresis loss and is proportional to the area of the hysteresis loop [36]. 
XRD spectra of three different adhesive films are shown in Fig. 3b. For 
the pristine EMAA adhesive, two characteristic peaks can be observed 
between 2θ = 20–30◦, which agree well with the previously reported 
XRD spectrum of EMAA [37]. After adding iron oxide nanoparticles, the 
characteristic peaks of the EMAA/Fe3O4 became less obvious compared 
to the peaks of iron oxides, which was attributed to the stronger 
response of iron oxide crystalline grain during the XRD measurement. 
According to a previously reported study [38,39], several characteristic 
peaks of iron oxides can be identified, as shown in the red curve of 

Fig. 1. Schematic illustration of the fabrication approach for EMAA/CFV/Fe3O4 composite film.  
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Fig. 3b. Further introduction of CFV in the adhesive led to stronger peaks 
at around 2θ = 26◦, which is the characteristic peak of carbon C (002). 

The in-plane electrical conductivities of EMAA/Fe3O4 with different 
iron oxide mass loadings and reinforced with a single layer of CFV are 
shown in Fig. 3c. It can be clearly seen that without CFV the EMAA/ 
Fe3O4 remains non-conductive, even with the highest mass loading (30 
wt%) of iron oxide nanoparticles, indicating that a percolating 
conductive network was not formed for an iron oxide nanoparticle 
loading of 30% in EMAA. By contrast, incorporating one layer of CFV in 

the EMAA dramatically improved the conductivity to 174 S/m, attrib-
uted to the high conductivity of the CFV. However, combining iron oxide 
nanoparticles with CFV together yielded significant improvement in the 
in-plane electrical conductivity, as shown by the red curve in Fig. 3c. 
The electrical conductivity increases rapidly with the weight loading of 
iron oxide nanoparticles. 

The electrical conductivity improvement made by iron oxide nano-
particles was initially significant at low mass loadings, and finally 
reached a steady state at the highest mass loadings. According to the 

Fig. 2. Morphologies of EMAA, Fe3O4 nanoparticles and CFV: (a) Optical microscopy image of cryogenically ground pristine EMAA powder, the inset shows the 
particle size distribution; (b) typical surface morphology of pristine EMAA particles; (c) optical microscopy image of Fe3O4 nanoparticles coated EMAA powder; (d) 
SEM image of Fe3O4 nanoparticles on EMAA surface; (e) SEM image of CFV used in this study, the inset shows a digital photography of CFV, and (f) an enlarged view 
of carbon fibres. 

Fig. 3. Material properties characterizations: (a) Hysteresis loop of iron oxide nanoparticles coated EMAA powder, (b) XRD spectra of three different adhesive films, 
(c) In-plane electrical conductivity measurement results on adhesives with and without CFV, (d) cross section SEM and (e) TEM images of EMAA/CFV/ 
Fe3O4 adhesive. 
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conductivity measurement, adding 30 wt% iron oxide nanoparticles in 
one-layer CFV reinforced EMAA adhesive doubled the in-plane electrical 
conductivity to about 346 S/m compared to CFV only. While this sig-
nificant improvement in electrical conductivity, by the combination of 
CFV and iron oxide nanoparticles, is consistent with the general rule that 
conductive fillers improve the conductivity of polymers, the synergistic 
improvement is a surprising finding. The large difference between the 
two sets of results presented in Fig. 3(c) indicates a significant synergy 
between the CFVs and Fe3O4 nanoparticles, which by themselves are 
insufficient to form a percolating conductive network [40] because the 
iron oxide nanoparticles alone were found to have no observable effect 
on conductivity. It is noted that the fabrication method applied in this 
study has the possibility of creating non-uniform distribution of 
conductive network within the composite film. However, this kind of 
non-uniform distribution generally occurs at a scale comparable to the 
size of the EMAA particles, around 250 μm. At the millimetre scale, the 

conductive network is highly uniform within the composite film. To 
validate this, additional conductivity measurements were conducted on 
EMAA/1-CFV/30 wt% Fe3O4 samples of varying sizes (5 mm × 5 mm, 
10 mm × 5 mm, 20 mm × 5 mm, and 40 mm × 5 mm), as shown in Fig. 
S1. The results show a high level of consistency in terms of electrical 
conductivity across all sample sizes, indicating that the conductive 
network is uniformly distributed within the composite film at a scale as 
small as 5 mm. Moreover, the electrical conductivity measurement re-
sults in Fig. 3c show that the error bars are not significant compared to 
the conductivity values, confirming the relatively uniform distribution 
of the conductive network across a large area. 

Detailed examination of the distribution of iron oxide nanoparticles 
revealed that they were well dispersed in the EMAA matrix as shown by 
the SEM image of the cross section of the adhesive in Fig. 3d. TEM 
observation on a thin slice of adhesive film, as shown in Fig. 3e, shows 
that some iron oxide nanoparticles, which were a cubic shape, with sizes 

Fig. 4. Heating performance results: (a) Schematic of the induction heating process; The induction heating performance of (b) EMAA polymer film reinforced by 
different layers of CFV with an induction current of 300A, (c) EMAA/1-CFV composite film under different induction current, and (d) EMAA/1-CFV composite films 
with different iron oxide nanoparticles mass loadings under an induction current of 200A; (e) The influence of iron oxide nanoparticles mass loadings on temperature 
rise and initial heating rate of 1-CFV reinforced EMAA composite film; (f) Comparison of the induction heating performance between EMAA/20 % Fe3O4 and EMAA/ 
1-CFV/20 %Fe3O4 composite films under different induction currents; (g) IR and digital images of EMAA/20 % Fe3O4 and EMAA/1-CFV/20 %Fe3O4 composite films 
at the stable state. 
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around 100 nm, were clustered along a ring that was likely the remnant 
of the surface of an EMAA granule on which the iron oxide particles were 
coated. Although the hot forming process deformed EMAA granules, the 
iron oxide nanoparticles remained concentrated and formed a segre-
gated network. Even though the iron oxide nanoparticles are less 
conductive than carbon fibres, the segregated network provided con-
duction pathways that connect adjacent carbon fibres, as the cell size of 
the segregated network of iron oxide nanoparticles is much larger than 
the mean distance between carbon fibres. As a result, the in-plane 
electrical conductivity of the nanocomposite increased significantly 
above the linear summation of the separate conductivity increase due to 
the iron oxide nanoparticles and the carbon fibres. 

3.2. Induction heating performance of EMAA based adhesive films 

EMAA based polymer composite films were supported by a glass 
fibre reinforced composite laminate and inductively heated in an 
alternating magnetic field. The temperature change of the polymer film 
was monitored through an IR camera using the test setup shown in 
Fig. 4a. EMAA polymer films reinforced by up to three layers of CFV 
were also inductively heated with a current of 300A and a frequency of 
189 kHz to investigate the influence of CFV on the adhesive’s induction 
heating performance. As shown in Fig. 4b, increasing the number of CFV 
layers in the EMAA film from one to three can increase the heating rate 
and the maximum achievable temperature in the presence of convection 
cooling at one surface of the adhesive. However, the improvement in 
heating rate and the maximum achievable temperature are not pro-
portional to the number of CFV layers. When the number of CFV layers 
increased from one to three, the final temperature rise of polymer film 
with 300A induction current only increases from 58 ◦C to 75 ◦C. 

Compared with iron oxide nanoparticles of similar volume fractions, 
CFV seems to be less efficient in terms of the maximum temperature rise 
and the initial heating rate, as shown in Fig. S2a and S2b. Although both 
are inductively heated by the alternating magnetic field, the heat 
generated by these two components stemmed from different heating 
mechanisms. In an alternating magnetic field, the heat generated by CFV 
rely on the induced eddy currents, whereas for the iron oxide nano-
particles, heat was generated through hysteresis loss, with the power 
produced by each mechanism being described by the following 
expressions. 

Pe =
π2

4ρB2
mf 2r2 =

π2

4ρμ2
c1H2

mf 2r2 (1)  

Ph =

∮

fBdH = πH2
mμ˝c2f (2)  

where Pe and Ph denote to the eddy current loss (W) and hysteresis loss 
(W), respectively; ρ denotes the resistivity of carbon fibre, Bm the 
maximum flux density (T), Hm the maximum magnetic field strength (A/ 
m), f the frequency of magnetic reversals per second (Hz), and r the 
radius of composite film here (m). Detail derivation process of the eddy 
current loss formula in conductive round shape film can be found in 
Supplementary Note 1, and the formula of hysteresis loss is from 
Ref. [5]. In these formulae, all the magnetic permeabilities are referring 
to the real value. μc1 is the magnetic permeability of CFV reinforced 
EMAA composite film, which is very close to the value of magnetic 
permeability of vacuum (μ0 ≈ 1.256 × 10-6H/m). μ”c2 is the imaginary 
part of magnetic permeability of iron oxides reinforced EMAA composite 
film, which is calculated using a simple linear model based on the vol-
ume fraction of iron oxide nanoparticles, and the EMAA is considered to 
have zero imaginary permeability during the calculation: 

μ˝c2 = VFe3O4 × μ˝Fe3O4 (3)  

where VFe3O4 denotes the volume fraction of iron oxide nanoparticles, 
and μ˝Fe3O4 is the imaginary part of magnetic permeability of iron oxide 

nanoparticles. According to the formulae of these two losses, under the 
same magnetic field condition, the eddy current loss is not only related 
to the electrical conductivity of sample, but also to the size of the 
sample, while the hysteresis loss is only related to the sample’s imagi-
nary part of magnetic permeability. It is noted that in this study we have 
only investigated one particular Fe3O4 nanoparticle and carbon fibre 
veil. Their physical dimensions, such as the size of the particles, can 
potentially affect the mechanical property and heating performance of 
EMAA film, which could be the subject of future research. 

The heating performance of a one-layer CFV reinforced EMAA film 
under different induction currents is shown in Fig. 4c. The maximum 
temperature and initial heating rate increased with induction current. 
However, as discussed previously, CFV alone demonstrated a limited 
heating performance: the maximum temperature (85.1 ◦C) achieved 
with a 300A induction current was only slightly higher than EMAA’s 
melting point (76 ◦C), while the other two induction currents (100A and 
200A) failed to melt EMAA. By contrast, the introduction of iron oxide 
nanoparticles into the 1-layer CFV reinforced EMAA significantly 
improved the heating performance. The heating performances of iron 
oxide nanoparticles ranging from 1.0 wt% to 30.0 wt% are shown in 
Fig. 4d. At the high mass loading of iron oxide nanoparticles (e.g., 
EMAA/1-CFV/30 wt% Fe3O4) the nanocomposite can be heated to 
241 ◦C using an induction current of 200 A. This significantly enhanced 
heating performance stems from the synergistic improvement in elec-
trical conductivity from the hybridization of iron oxide nanoparticles 
and one-layer of CFV. 

The effect of iron oxide nanoparticle mass loading on the maximum 
temperature rise and the initial heating rate are shown in Fig. 4e. The 
result suggests both the maximum temperature rise and the initial 
heating rate increased approximately proportionally to the iron oxide 
mass loading. The bonding strength of joints made of EMAA/Fe3O4/CFV 
nanocomposites reveal that one-layer CFV together with 20 wt% iron 
oxide nanoparticles produced the best result, as discussed in Section 3.4, 
as well as the good heating performance. Consequently, the one-layer 
CFV/20 wt% iron oxide nanoparticles reinforced EMAA nano-
composite film was selected for further investigation under different 
currents, as shown in Fig. 4f. For comparison, the EMAA composite film 
with only 20 wt% iron oxide nanoparticles was also tested under the 
same condition. It can be clearly observed that owing to the existence of 
CFV, the heating performance of EMAA/1-CFV/20 %Fe3O4 is consis-
tently better than that of EMAA/20 % Fe3O4 under any current. When 
the induction current is 300A, both composite films can be heated to 
above the melting point of EMAA. However, only the EMAA/1-CFV/20 
%Fe3O4 film can reach the melting point of EMAA at a current of 200A. 
With the induction current of 100A, neither of the two films can be 
heated to above the melting point of EMAA, showing that this induction 
current value is insufficient for the practical application of contactless 
composites healing and reversible bonding technologies. Besides the 
heating performance improvement, adding CFV in the EMAA polymer 
film brings about additional benefit, as shown in Fig. 4g. When the 
temperature is above the melting point, the non-CFV reinforced EMAA 
composite film will shrink, and its original shape cannot be maintained. 
Comparatively, for the EMAA/1-CFV/20 %Fe3O4 film, even when it was 
inductively heated to as high as ~283 ◦C, its original shape can still be 
well maintained, owing to the structural support provided by the CFV. 
Such a benefit indicates that CFV can help maintain the structural 
integrity of polymer composite films, which is of great importance to the 
bonding process, since it ensures maintenance of the bonding area 
during induction heating of the EMAA polymer film. 

To evaluate to contributions of CFV and iron oxide nanoparticles in 
improving the induction heating performance of EMAA polymer films, 
the initial heating rates of three composite films (EMAA/1-CFV, EMAA/ 
20 wt% Fe3O4, and EMAA/1-CFV/20 wt% Fe3O4) under different in-
duction currents were calculated, as shown in Fig. 5a. Specifically, the 
results of EMAA/1-CFV film and EMAA/20 wt% Fe3O4 film can reflect 
the individual contributions of CFV and iron oxide nanoparticles, 
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respectively, while the results of EMAA/1-CFV/20 wt% Fe3O4 film 
reflect the combined contribution of CFV and iron oxide nanoparticles in 
improving the induction heating performance of the adhesive. Basically, 
in terms of the initial heating rate, the combined contributions of these 
two materials are always significantly larger than the sum of their in-
dividual contributions. Therefore, it is worthwhile to calculate the 
synergy ratio of these two materials in improving the induction heating 
performance of the adhesive. The synergy ratio can be calculated using 
the method proposed in [41]: 

S =

(
Qcombined

QCFV + QFe3O4

− 1
)

× 100% (4)  

where S is the synergy ratio of CFV and iron oxides nanoparticles in 
improving the induction heating performance of composite film; Qcom-

bined refers to the combined contribution of CFV and iron oxides nano-
particles, in terms of the initial heating rate; QCFV and QFe3O4 refer to the 
individual contributions of CFV and iron oxide nanoparticles, respec-
tively. The calculated synergy ratios of CFV and iron oxides nano-
particles under different currents are shown in Fig. 6a. It can be seen that 

synergy ratio of CFV and iron oxide nanoparticles in improving the 
initial heating rate changes from 55.8 % to 69.6 % when the induction 
current increases from 100A to 300A. This synergistic improvement in 
the initial heating rate is most likely due to the improved electrical 
conductivity of the adhesive after combining CFV and iron oxide 
nanoparticles. Fig. 5b shows an optical microscopy image of the EMAA/ 
CFV/Fe3O4 composite film, from the enlarged view, it can be clearly 
seen that multiple iron oxide nanoparticle clusters are distributed 
among the carbon fibres. This kind of morphology is owing to the spe-
cific preparation method applied in this study, which can create segre-
gated iron oxide conductive networks inside the adhesive, as shown in 
Fig. 5c. Although there is another way to improve dispersion of iron 
oxide nanoparticles inside the adhesive, by dispersing iron oxide 
nanoparticles into EMAA dissolved THF solution, this does not improve 
heating performance and requires a very high iron oxide concentration 
to reach the percolation threshold for the adhesive to be electrically 
conductive. These segregated iron oxide networks created in this study 
are internally conductive, due to the EMAA insulating them from each 
other, and they are unable to form a conductive network inside the 
adhesive by themselves. However, with CFV, these segregated iron oxide 

Fig. 5. Synergistic improvements:(a) Initial heating rate of three different polymer composite films and the synergy ratio of CFV and 20 wt% Fe3O4 in improving the 
heating performance of EMAA composite film under different induction currents. (b) Optical microscopy image of EMAA/CFV/Fe3O4 composite film, the enlarged 
view shows the distribution of Fe3O4 clusters inside the CFV; SEM images of (c) segregated iron oxides network, and (d) iron oxides between two carbon fibres. (e) 
Schematic explanation describing the additional conductivity improvement by incorporating Fe3O4 with CFV. 
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networks are connected with each other, and they can also provide 
additional current flow pathways between different carbon fibres, as 
shown in Fig. 5d, thus further improving the electrical conductivity of 
the adhesive. A Schematic explanation describing the additional con-
ductivity improvement is shown in Fig. 5e. A similar phenomenon has 
been reported in [42], where the additional electrical conductivity 
improvement was achieved by the combination of Fe3O4 and carbon 
nanotubes (CNTs). In this study, this additional electrical conductivity 
improvement made by iron oxide nanoparticles and 1-layer CFV helps to 
generate more heat through the eddy currents and leads to a higher 
initial heating rate. 

3.3. Effects of hybrid reinforcement on the bond strength 

The bonding strength of different EMAA based polymer composite 
films was characterized through a single lap shear test. The schematic of 
the single lap shear test specimen is shown in Fig. 6a, and the lap shear 
strengths were calculated by dividing the failure load by the bond area. 
Prior to investigating the combined effect of CFVs and iron oxides on the 
bonding strength of EMAA polymer film, the individual contributions 
were studied, as shown in Fig. 6b. By varying the number of CFV layers 
from 0 to 3, the lap shear strength of the EMAA polymer film increased 
first and then decreased, and the maximum strength was achieved with 
the 2-layer CFV reinforced composite film. The initial increase of 
bonding strength is likely owing to the CFV’s strength reinforcement of 
the adhesive, while the final strength decrease may be attributed to the 
reduced volume fraction of EMAA, which may lead to a reduced effec-
tive bonding area on the test specimen. The addition of iron oxide 
nanoparticles exhibits a similar trend on the bonding strength of EMAA 
polymer films to the CFVs. The bonding strength increases from 6.92 
MPa to 7.63 MPa when the mass loading of iron oxide nanoparticles in 

EMAA reaches about 10 %. Further increasing the iron oxide nano-
particle mass loading in EMAA leads to a decrease in the bonding 
strength, which is caused by the localized agglomerations of nano-
particles and has been revealed in our previous study [5]. 

To explore the co-effect of CFVs and iron oxide nanoparticles on the 
polymer film bond strength, EMAA composite films with various CFV 
layers and iron oxide mass loadings were prepared. The lap shear 
strength of 1-layer and 2-layer CFV reinforced EMAA composite films 
against various iron oxide mass loadings is shown in Fig. 6c, the results 
of EMAA composite films without CFV are also displayed to make a 
comparison. For the 1-layer CFV reinforced EMAA composite film, the 
largest lap shear strength (8.91 MPa) was achieved with 20 wt% iron 
oxide, which was 28.8 % higher than that of the pristine EMAA polymer 
film. When compared with the results of non-CFV reinforced EMAA 
composite films shown in Fig. 3c, it is observed that the optimum mass 
loading of iron oxide nanoparticles in improving the bonding strength of 
adhesive has increased from 10 wt% to 20 wt%. For the 2-layer CFV 
reinforced EMAA composite film, the largest bonding strength was 
achieved with no addition of iron oxides, and the bonding strength 
decreased with the increase of iron oxide mass loading. 

A generalized additive model of the relationship between lap shear 
strength and the volume fraction of iron oxides and CFV has been 
developed based on the strength curves in Fig. 6b, as shown in Sup-
plementary Note 2. This model provides the prediction about lap shear 
strengths of samples with different iron oxides and CFV volume frac-
tions, which is based on a principle of linear addition. A comparison of 
experimental values and model calculated values is shown in Fig.S4. It 
can be clearly seen that the calculated values of EMAA samples modified 
with pure iron oxides or pure CFV agree well with their experimental 
values. However, for the samples modified by 1-layer CFV and iron 
oxides, their results mostly locate at the top left area of the plot, 

Fig. 6. Single lap shear test results:(a) Schematic of the single lap shear test specimen; (b) Plots of polymer film’s lap shear strength against volume fractions of iron 
oxide nanoparticles and CFV; (c) Lap shear strength of 1-layer and 2-layer CFV reinforced EMAA composite films with different iron oxide volume fractions; (d) 
Synergy effect of 1-layer/2-layer CFV with different volume fractions of iron oxide nanoparticles. 
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indicating a larger experimental lap shear strength than the calculated 
value. On the contrary, the results of samples modified by 2-layer CFV 
and iron oxides all locate at the bottom right area of the plot, suggesting 
that the calculated lap shear strengths are overestimated compared with 
the experimental values. Further comparison between the experimental 
and calculated lap shear strengths against the volume fraction of iron 
oxides can be found in Fig.S4. Basically, the combination of 1-layer CFV 
and iron oxide exhibits a positive synergistic improvement in the lap 
shear strength, while 2-layer CFV and iron oxides are interfering with 
each other, leading to a degradation of the lap shear strength, as shown 
in Fig. 6d. With these findings, it can be easily observed that incorpo-
rating 1-layer CFV with iron oxide nanoparticles is a better approach to 
improving lap shear strength. 

To explore the strengthening mechanism by adding 1-layer CFV and 
iron oxide nanoparticles in the EMAA adhesive, the failure type of single 
lap shear test specimens was examined, as shown in Fig.S5. It can be 
clearly observed that for the pristine EMAA adhesive bonded specimen, 
the failure typically occurs interfacially. However, after adding iron 
oxide nanoparticles or CFV in EMAA adhesive, the failure gradually 
changes to a cohesive mode, which is expected to result in a higher 
bonding strength than the interfacial mode. Such a change in the failure 
mode is most likely due to the reinforcing effect of iron oxide nano-
particles and CFV, and it has previously been reported that the addition 
of nanoparticles in adhesive can result in a change in failure mode from 
interfacial to cohesive failure [43,44]. It is noted that for the specimen 
bonded by the 1-layer CFV and 30 wt% iron oxide nanoparticles rein-
forced EMAA composite film, that although the failure mode is pre-
dominantly cohesive, the bonding strength has decreased, which is 
caused by the agglomeration of nanoparticles in the adhesive at the 
higher mass loadings. 

The fracture surfaces of single lap shear test specimens have been 
investigated through SEM technique to further explore the reinforcing 
mechanism of CFV and iron oxide nanoparticles on the bonding strength 
of EMAA composite film. Fig. 7a shows the fracture surface morphology 
of pristine EMAA polymer film bonded specimen. As the failure is 
interfacial, the fractured surface appears as an inverted mould of the of 
carbon fibre laminate surface morphology. Several carbon fibre pull- 
outs and fractures can be observed from the fracture surface for speci-
mens bonded with the 1-layer CFV reinforced EMAA composite film, as 
shown in Fig. 7b, which may contribute to the bonding strength 
improvement. For specimens bonded by the 1-layer CFV/20 wt% Fe3O4 
reinforced EMAA composite film, the carbon fibre reinforcing effect can 
also be observed on the fracture surface, as shown in Fig. 7c. Meanwhile, 
in the enlarged view of Fig. 7c, iron oxide nanoparticles can be clearly 

identified surrounding the carbon fibre, providing nanoscale reinforce-
ment to the polymer composite film. However, as the mass loading of 
iron oxide nanoparticles in the composite film increases, more areas of 
high-volume iron oxide nanoparticles appear at the fracture surface of 
the specimen. This is observed in Fig. 7d, which shows the fracture 
surface of a specimen bonded by the 1-layer CFV/30 wt% Fe3O4 rein-
forced EMAA composite film. The enlarged view of Fig. 7d shows that a 
high concentration of iron oxide nanoparticles forms a porous structure 
around the carbon fibre, degrading the bonding between the EMAA and 
carbon fibre, as well as the bonding between the EMAA and the 
adherend (carbon fibre laminate). This type of localised agglomeration 
of iron oxide nanoparticles is the primary reason for the bond strength 
decrease in Fig. 6b and 6c at high iron oxide mass loadings. 

The absolute and relative improvements of 1-layer CFV on the 
bonding strength of EMAA polymer composite films were investigated 
with different mass loadings of iron oxide nanoparticles to further 
explore the strengthening mechanism of CFV, as shown in Fig. 8a. It is 
observed that the CFV’s significant (either absolute or relative) 
improvement on bonding strength was achieved with high iron oxide 
mass loadings (e.g., 20 wt% and 30 wt%), which may be related to the 
increased viscosity of the melted thermoplastic polymer after adding a 
high mass loading of iron oxide nanoparticles. It was reported previously 
that the carbon fibre reinforcements exhibit a more significant 
improvement of the mechanical properties of high melt viscosity film- 
type thermoplastic composites [45]. 

To comprehensively evaluate the mechanical properties and induc-
tion heating performances of composite films, experimental values of lap 
shear strength and initial heating rate of some samples in this study are 
plotted in Fig. 8b for comparison. To identify the optimum concentra-
tion of iron oxide nanoparticles, we propose a criterion that considers 
both mechanical and induction heating improvement as follows: 

η =
Δσ

Δσmax
×

Δk
Δkmax

(5)  

where η represents the comprehensive performance index, Δσ the in-
crease in bonding strength over that of the pristine EMAA film, Δσmax the 
maximum increase among all samples, Δk the increase in the initial 
heating rate over the pristine EMAA film, and Δkmax the maximum value 
of the increase in the initial heating rate among all samples. The results 
are given in Table 1, indicating that the EMAA composite film with 1- 
layer CFV and 20 wt% iron oxides yields the highest comprehensive 
performance index value (0.1228) among all the combinations. Also, it 
is noted that the EMAA/1-CFV/20 wt% Fe3O4 composite film possesses 

Fig. 7. Fracture surfaces of single lap shear test specimens bonded by (a) pristine EMAA adhesive, (b) 1-CFV reinforced EMAA adhesive, (c) 1-CFV/20 wt% Fe3O4 and 
(d) 1-CFV/30 wt% Fe3O4 reinforced adhesives. 
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the highest lap shear strength among all other composite films that can 
be inductively heated to above the melting temperature under a medium 
strength induction current (200A), making it energy-efficient during the 
practical application. 

For the reversible bonding technique, an essential property of the 
adhesive is the reusability. Single lap shear test specimens bonded by 1- 
layer CFV/20 wt% iron oxide nanoparticles reinforced EMAA composite 
film were selected to investigate the bonding performance after repeated 
debonding/rebonding (up to six) cycles, as shown in Fig. 8c. The 
bonding strength does not decrease after repeated debonding/rebonding 
cycles; instead, the bonding strength increases with the number of cy-
cles. The measured bonding strength appears to reach a stable state at 
around 11 MPa after 5 debonding/rebonding cycles, and this strength 
increase is most likely due to the reduction of bond line thickness during 
the rebonding process [5]. Besides, after multiple debonding/rebonding 
cycles, the failure mode of specimen remains cohesive, as shown in 
Fig. 8d, indicating good bonding between the adhesive and adherend. 
These results demonstrate that the 1-layer CFV/20 wt% iron oxide 
nanoparticles reinforced EMAA polymer composite has an excellent 
reusability, with bond strength unaffected by repeated debonding/ 
rebonding cycles. However, it is noted that although some of the com-
posite films developed in this study do not exhibit the optimal 

performance, there are still potential areas of application for them. For 
instance, the EMAA/2-CFV/20wt.%Fe3O4 or EMAA/1-CFV/30 wt% 
Fe3O4 composite films could be applied in situations where a high in-
duction heating rate is required, but moderate bonding strength is 
acceptable. 

To objectively evaluate the performance of the EMAA composite film 
developed in this study, the lap shear strength and melting temperature 
of multiple thermoplastic adhesives were compared, as shown in Fig. 8e. 
These thermoplastic adhesives are from recently published studies, 
including polymers such as the commercial polyolefin based hot-melt 
adhesive (HMA) [46,47], ethylene vinyl acetate/aromatic hydrocar-
bon resin [48], poly(ethylene-co-butylene) [49], APOA/Polyolefin ester 
[50], natural rubber [51], and acrylonitrile butadiene styrene (ABS) 
[52]. It is noted that all these thermoplastic adhesives include both 
nanomaterial modified polymers and pure polymers. Through the 
comparison, it can be clearly observed that the EMAA polymer com-
posite film developed in this study has a relatively low melting point, 
which is advantageous for portable, on-demand, and repeated compos-
ite healing and adhesion applications as it allows for a relatively shorter 
heating time than the other thermoplastic adhesives listed in Fig. 8d. 
Moreover, this EMAA based polymer composite film possesses the 
largest lap shear strength among these thermoplastic adhesives, which is 

Fig. 8. (a) The absolute and relative strength improvement made by 1 layer of CFV with different iron oxide mass loadings; (b) Adhesive performance comparison in 
terms of lap shear strength and initial heating rate; (c) The bonding strength of 1-CFV/20 wt% Fe3O4 reinforced EMAA composite film vs bonding cycles; (d) Cohesive 
failure type of 1-CFV/20 wt% Fe3O4 reinforced EMAA composite film; (e) Adhesive performance comparison with literatures. 
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crucial for ensuring safe and reliable connections in composite 
structures. 

4. Conclusion 

In this work, an EMAA based polymer composite incorporated with 
carbon fibre veil and iron oxide nanoparticles was demonstrated to be a 
promising solution for the composite healing and reversible bonding 
applications. The EMAA based polymer composite exhibited a rapid 
heating performance under alternating magnetic field as well as excel-
lent mechanical bond strength. Notably, the addition of a CFV in the 
polymer composite exhibited three functions: (i) constructing a 
conductive network inside the composite, which helps to significantly 
lower the effective percolation threshold for the iron oxide nano-
particles, leading to a higher initial heating rate of the composite; (ii) 
heating the composite to above its melting temperature with a lower 
induction current by the combined eddy-current and magnetic hyster-
esis loss mechanisms of the CFV and the iron oxides; and (iii) enhancing 
the lap-shear strength of the polymer composite under repeated 
debonding and rebonding. By incorporating 1-layer of CFV with 20 wt% 
Fe3O4 nanoparticles, the EMAA based polymer composite can be 
inductively heated to above its melting point in 20 s with an induction 
current of 300 A and a frequency of about 189 kHz, and its mechanical 
bonding shear strength can reach as high as 8.9 MPa, even after six 
repeated debonding/rebonding cycles. Such outstanding performance 
makes it possible for this polymer composite to be applied in a wide 
range of areas, including biomedical, electronic reuse, and recycling of 
bonded structures in the automotive and aerospace industry. The 
method of combining magnetic hysteresis loss with eddy-current heat-
ing has opened up a new avenue for developing high-performance 
composite healing agents or reversible adhesives for the future, and it 
can be extended to other types of thermoplastic polymers, thereby 
achieving a much wider range of applications. 
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