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a b s t r a c t

Induction heating of magnetic nanoparticles (MNPs) and localised melting of the surrounding high
temperature engineering polymer matrix by generating microscopic or macroscopic eddy currents
during magnetisation of a polymer nanocomposite (PMC) is crucial for realising induction heating aided
structural bonding. However, the polymer heating should be homogeneous and efficient to avoid local
pyrolysis of the polymer matrix, which results in degraded mechanical properties, or requiring a large
coil for generating a high frequency magnetic field. Increasing the interfacial area by homogeneously
dispersing the MNPs in the polymer matrix provides many microscopic eddy currents to dissipate
the power through magnetisation and polarisation, leading to micro eddy current induced uniform
heating of the PMC. However, the application of a hydrophobic coating on MNPs to aid dispersion
can perturb the generation of eddy currents and affect the crystallinity and size of the crystallites
responsible for the mechanical properties. In this work, the dielectric and magnetic properties, as
well as the degree/size of crystallinity of a PMC containing oleic acid (OA) (22 and 55 w/w%) and
silica coated (Stöber and reverse emulsion method) Fe3O4 MNPs were measured to evaluate the effect
of the interfacial coating and its chemistry. The correlation between the measured properties and
dispersion state of the MNPs was established to demonstrate the comprehensive effects of interfacial
coating on the PMC and this is a unique method to select a suitable PMC for induction aided structural
bonding applications. The results showed that the lower amount of OA (22 w/w%) helped achieve the
best dispersion to reduce the crystallinity size and increase degree of crystallinity, and to give the
best candidate for achieving mechanical properties of the bonded carbon fibre reinforced polymer
(CFRP). Moreover, the low concentration of OA helped achieve high polarisation for dielectric heating
as well as eddy current formation due to the relatively high magnetic saturation. The silica coating
proportionally reduced the magnetic response and electric polarisation of the PMC, which could affect
its eddy current generation that is responsible for induction heating.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Magnetic polymer materials or magnetic nanoparticles can
potentially be used in many applications, such as drug delivery,
biosensing, catalysis, bio-separation, data storage, switch mode
power supplies [1] and medical imaging [1a]. Adding magnetic
nanoparticles (MNP) such as iron(II, III) oxide (Fe3O4) or ferric/
iron(III) oxide (Fe2O3) into the polymer imparts magnetic proper-
ties to the entire PMC [2]. When a PMC is exposed to an alternat-
ing magnetic field, it will induce heat in the polymer, which is a
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Graphical overview of the four thematic application areas of magnetic nanoparticles and their synthesised polymer magnetic nanocomposites.
useful property in many applications, such as protective coatings
that can self-heal, thermal welding and magnetic hypothermia.
The main thematic magnetic nanoparticle and magnetic polymer
applications can be divided into four major application areas, as
summarised in Fig. 1.

The inductive heating of a PMC is performed by applying
a time-varying magnetic field using an inductive coil, which
is supplied with an electric current via a high-power alternat-
ing voltage. The generated alternative magnetic field has the
same frequency as the frequency of electric current and voltage.
Induction heating of a PMC involves two different primary mech-
anisms: eddy currents and joule heating [3]. The joule heating
mechanism only takes place when a network of MNPs is estab-
lished within the polymer. Moreover, the heat power dissipation
through joule heating is far smaller than that from eddy current
loops formation at the macroscale.

The eddy currents in a PMC form at multiple scales (macro
and micro) via magnetic domain interaction and magnetic field
diffusion, respectively. The macroscopic or global eddy current
loops form at the interface between adjacently located conductive
MNPs, whereas the microscopic eddy current forms at the inter-
face between the individual MNP and the polymer matrix due to
their polarisation, which follows Faraday’s law [4]. If the MNPs
are well dispersed and do not form a network, the micro eddy
current is generated. In the case of well dispersed MNPs, gener-
ating ferroelectric materials, the micro eddy current as well as the
magnetisation polarisation reversal contribute to heat generation,
however, the magnetisation hysteresis curve following the Neel
relaxation, where the reversal of the spin of magnetic moment
for each domain takes place, does not contribute significantly to
the heat produced [5]. Generation of heat through magnetisation
only takes place when the temperature is below the Curie point;
2

above this temperature the nanoparticles lose their ferromagnetic
properties. The efficiency of both effects are dependent on the
ferroelectric and magnetic properties of the PMC [6].

Another important aspect is the frequency of the applied ex-
ternal magnetic field. A higher frequency limits the penetration
depth of the field. The penetration depth is directly propor-
tional to the electrical resistivity, but inversely proportional to
the magnetic permeability and frequency. Many metals and their
alloys display high magnetic saturation and permeability, how-
ever, heating through the eddy current mechanism depends on
the conductivity of those metals within the polymer matrix and
the ability for penetration in the PMC

A precondition of achieving both properties in a PMC is to
disperse the MNPs homogeneously within the polymer matrix
and to control the distance between MNP clusters, so as to estab-
lish a single domain structure for enhanced magnetic saturation.
However, the processing parameters and input materials need to
be controlled to achieve the homogeneous dispersion; namely the
MNP loading, coating, types of polymers and mixing method. For
example, increasing the MNP loading reduces the inter-particle
distances, with the formation of agglomerates due to short range
Van der Waals or hydrogen bonds. Similarly, the presence of
an interface between solid–gas–liquid in a nanocomposite can
also enhance the agglomeration of nanoparticles [7,8]. It is a
significant challenge to avoid the formation of MNP agglomerates
in a polymer matrix as the agglomerations can cause an uneven
response to an applied external magnetic field due to melt-
ing excessively or undergoing pyrolysis [9]. To avoid agglomera-
tion formation, many researchers have used ultrasonication [10],
curing temperature adjustment [11] and suitable MNP surface
modification [12].

The level of the interactions and bonding strength between
phases are vital in determining the dispersion of MNPs in a
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olymer matrix. Hence coating the MNP surfaces using ionic
harge, polymer coating (brushes), small molecules and core–
hell arrangement for creating a designed coating is more ef-
icient way to promote dispersion in the hydrophobic polymer
hrough an electrostatic or steric mechanism [13]. These tech-
iques enhance the polymer–nanocomposite interactions at the
anoscale to avoid formation of agglomerates. Many studies have
nalysed the effect of the MNP coating on its adhesion with the
olymer matrix [14–17]. The in-situ polymerisation method is
idely used for preparing a polyamide nanocomposite [18] as the

ow viscosity monomer allows a uniform dispersion of the MNPs
nd promotes covalent bonding between the polymer matrix and
he MNP coating surfaces [14].

However, the introduction of the surface coating on the MNPs
reates two interfaces: one with the outer polymer matrix and
nother with the MNP. Existence of a thin coating of dissimilar
agnetic permittivity on the MNP interferes with the magnetic

ield continuity along the interface and reduces space charge
eneration on the conducting surface of the MNP which, in turn,
ffects the macroscale magnetic properties and polarisation [19].
dditionally, the chemical structure of the coating material and
ispersion state will affect the space current and charge density.
his research reports the effects of variable concentrations of the
ilica and oleic acid (OA) coating on the magnetic properties and
olarisation of Fe3O4 nanoparticles and the polymer magnetic
anocomposites (PMC) prepared using these coated MNPs. The
ffect on the glass transition temperature, peak melting temper-
ture, interaction radius and degree of crystallinity of the PMC
amples prepared by in-situ anionic PA6 polymerisation was also
nvestigated to understand the mechanism behind the changes in
he magnetic properties and polarisation of the MNPs in PMC.

The interaction radius, a measure of describing the dispersion
tate using the correlation between the agglomerate size and
istance between them, was derived and validated using small
ngle and wide-angle X-ray scattering, along with a simulated
D model representing the PMC sample. Finally, all the results
ere correlated with the magnetic and polarisation response data

or assessing the PMC sample with the superior dispersion state,
ighest degree of crystallinity and optimised magnetic response.
uch PMC property and magnetic behaviour tuning can be utilised
or a bespoke response, for example the magnetic nature of the
MC can be exploited as a melt response under an induced elec-
romagnetic (EM) field with remotely targeted EM waves or even
icrowaves. Such a response of a designed PMC can be usefully

nvolved in remotely controlled stimuli induced melt flow for
imiting crack propagation or even delaying damage in composite
tructures or stimuli based structural monitoring.

. Experimental section

.1. Materials

ε-Caprolactam (CLm) (99% purity), 3.0 M ethyl magnesium
romide (EtMgBr) solution in diethyl ether, N-acetyl caprolactam
NACL) (99% purity), iron(III) oxide MNPs (<50 nm particle size),
3-aminopropyl)triethoxysilane (APTES) (99% purity) and Span-
5 were purchased from Sigma-Aldrich Company Ltd. Dorset, UK,
nd used as received. The deionised water with 18 MO conduc-
ivity was used throughout the experiments. Other laboratory
gents were used as standard. All nanoparticles were heated to
bove 230 ◦C in air before coating to remove moisture and make
hem free flowing.

.2. Experimental methods

i. Stöber functionalisation method
3

The as-received iron(III) oxide MNPs, weighing 2.0 g, were
added to 65 mL of an aqueous citric acid (0.5 g/mL concentration)
solution while stirring. For effective adsorption, the pH value was
adjusted to 5.2 by adding an aqueous ammonia solution, which
resulted in dissociation of two carboxylic groups from each of
the citric acid molecules. Further adsorption was enhanced by
heating to 80 ◦C with rigorous stirring for 90 min. Subsequently,
the pH was increased to 10.1, wherein the third carboxylic group
of the adsorbed citric acid was dissociated [20]. The resulting
nanoparticles have a higher surface charge, aiding electrostatic
inter-particle repulsion and preventing agglomeration.

The Stöber coating method steps, included the first hydrolysis
and then polycondensation, are based on deposition of Tetraethyl
orthosilicate (TEOS) [21]. Firstly, 0.85 g of the TEOS solution in
ethanol were added to the prepared aqueous suspension of the
iron(III) oxide MNPs to maintain a mass ratio of MNP to TEOS
of 2.4. The average diameter of the coated MNPs was considered
to be 30 nm. The pH was then stabilised at 12.0 by adding
aqueous NH3, enabling the Stöber reaction. The resulting mixture
was sonicated for 3 h using a probe-type 150-Watt sonicator
(Soniprep 150; MSE., UK), while maintaining the solution at room
temperature (RT). Subsequently, the MNPs were centrifuged at
5000 rpm for 5 min and then washed thoroughly three times
with DI water. The collected MNPs were dried in oven at 120 ◦C
under vacuum and further sieved. The summary of the processing
technique is presented in Fig. 2.

ii. Tri-phasic reverse emulsion coating (TPRE) method
Silica coated MNPs were synthesised following the standard

Stöber method [22], then 150 mg of silica coated MNPs were
added into the 30 ml toluene and 5 gm span-85 mixture. A tri-
phasic reverse emulsion was then formed by shaking. APTES was
introduced to make up the final concentration of 2% w/v and then
mixture was placed in oil bath at 50 ◦C for 5 h with continuous
stirring.

Decantation was used to separate the MNPs and then they
were washed three times with 0.8% (v/v) glacial acetic acid in a
dry methanol coupling solution, and kept in the same solution at
RT. A summary of the processing technique is presented in Fig. 3.

iii. Oleic acid functionalisation method
The Fe3O4 (iron(III) oxide) MNPs were taken in two batches of

0.225 g each and dispersed in 10 ml of methanol. Subsequently,
OA was added to each individual batch to make up 22 and 55%
w/w solutions. The resulting solution was then mixed thoroughly
using a probe type sonicator (150 Watts for 10 min). After an
hour, the mixture was centrifuged at 3500 rpm for 8 min and
the supernatant was decanted. To the remaining MNPs, fresh
methanol in amount equivalent to the discarded supernatant was
added and the cycle of ultrasonication and centrifugation was
triplicated to remove excess OA. Finally, the MNPs were filtered
using filter paper no.1 and washed with deionised water. The
MNPs were dried overnight in an oven at 50 ◦C under vacuum.
A summary of the processing technique is presented in Fig. 4.

iv. In situ synthesis of magnetic polymer (PA6-polyamide-6)
(PMC)

The in-situ synthesis of PMC involves the polymerisation of
the liquid monomer ε-caprolactam (CLm) and a magnetic
nanoparticle suspension. To prepare the PMC [23], firstly, 1 wt%
coated (functionalised) iron oxide nanoparticles were added to
30 g CLm at 60 ◦C in an inert nitrogen environment. Subsequently,
the MNPs and monomer mixture was sonicated for 30 min at
20 kHz for efficient MNP dispersion. The temperature of the
mixture was increased to 150 ◦C and then 0.86 mL EtMgBr
(at 2.5 mol% mol−1 CLm concentration) was added in an in-
ert gas environment. Polymerisation was completed by adding
0.94 mL NACL (2.5 mol.%) at 160 ◦C [23–25]. The mixture poly-

merised instantaneously and retained the MNP dispersion. The
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Fig. 2. Experimental procedure that was followed for the Stöber method of coating the MNPs.

Fig. 3. Experimental procedure that was followed for the TPRE coating of MNPs.

Fig. 4. Experimental procedure that was followed for the oleic acid (OA) coating of MNPs.

4
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Table 1
Prepared samples for this study are summarised herein.
Sample description Silica loading Oleic acid loading MNPs wt%

loading in PMC
Here onwards referred in the
manuscript as

Uncoated MNPs 0 0 n/a Uncoated-Fe3O4 MNPs

Stöber method functionalised MNPs Stöber method – low
silica content

n/a n/a Stöber-Fe3O4 MNPs

TPRE method functionalised MNPs TPRE method – high
silica content

n/a n/a TPRE-Fe3O4 MNPs

22 w/w% Oleic acid functionalised MNPs n/a 22 w/w% on MNPs n/a 22 w/w% OA-Fe3O4 MNPs

55 w/w% Oleic acid functionalised MNPs n/a 55 w/w% n/a 55 w/w% OA-Fe3O4 MNPs

Pristine PA6 polymer n/a n/a 0 Pristine PA6

PMC prepared with no coating applied to
MNPs

0 0 1 Uncoated-Fe3O4 PMC

PMC prepared with the Stöber method
functionalised MNPs

Stöber method – low
silica content

n/a 1 Stöber-Fe3O4 PMC

PMC prepared with the TPRE method
functionalised MNPs

TPRE method – high
silica content

n/a 1 TPRE-Fe3O4 PMC

PMC prepared with 22 w/w% oleic acid
functionalised MNPs

n/a 22 w/w% on MNPs 1 22 w/w% OA-Fe3O4 PMC

PMC prepared with 55 w/w% oleic acid
functionalised MNPs

n/a 55 w/w% on MNPs 1 55 w/w% OA-Fe3O4 PMC
c
n
s
r
m

c
r
d
g

3

nanocomposites were washed with deionised water (18 M� cm)
at 100 ◦C thoroughly before characterisation, to eliminate any
unreacted monomer, initiator or activator. The prepared samples
for characterisation are listed in Table 1.

All the prepared samples were characterised using various
methods, which are detailed within the Supplementary Data, with
the results discussed in Section 3.

3. Results and discussion

3.1. Size distribution and magnetic properties of the coated MNPs

Fig. 5(a), (b), (c), (d) and (e) show the TEM micrographs of
all the MNPs. The average agglomerate size of uncoated iron
oxide MNPs derived from the TEM images were found to be in
range of 35–50 nm, whilst size of the MNP agglomerates for the
MNPs coated using the Stöber method were in the range of 30–
60 nm. The MNP agglomerate sizes coated using the TPRE method
were in range of 30–50 nm while the 22 and 55% oleic acid
coated MNP agglomerate sizes were in range of 25–40 and 30–
60 nm, respective. The thickness of the silica layer on the Stöber
and TPRE functionalised MNPs were found to be ca. 2–3 and 7–
9 nm, respectively, whilst the thickness of the formed OA layer
on the MNP surfaces was ca. 2–4 and 6–10 nm for 22 and 55
w/w% OA loading, respectively. The adsorption of OA on the MNPs
surface was less transparent to the electron beam and there-
fore the coating on the MNPs was observed as a thick opaque
layer.

The magnetic properties of the iron oxide MNPs and PMC sam-
ples, as mentioned in Table 1, were obtained from their magnetic
moment-applied magnetic field (M-H) curve responses at 100
and 400 K (characterisation methodology in the Supplementary
Data). The M-H loops display the ferrimagnetic behaviour of the
material, however, the variation in saturation values due to the
silica and oleic acid coatings is clearly distinguishable in Fig. 5(f)
and (g), though the MNPs were uniformly magnetised in the
remanent state; termed as a single domain state. As seen in Table
S2, Appendix A in the Supporting Data (full scale plots included in
the Supporting Data S4), the ratios (Mr/Ms) (remanence magneti-
sation (Mr) to saturation magnetisation (Ms)) were found to be
0.4 for all coated and uncoated MNPs. As the temperature was
ncreased to 400 K, the ratio values fell further to a maximum of o

5

0.24 (22 w/w% OA-Fe3O4 MNPs), confirming the incoherent rever-
sal of the magnetic moments. However, the interaction between
the MNPs led to alignment and incoherent magnetic moment
rotations, which was manifested in lower ratio values. The key
measured responses at 100 and 400 K are summarised in Tables
S4 and S5, Appendix A in Supporting Data, respectively.

The combination of higher coercivity with a smaller mag-
netic moment ratio is suitable for having a higher superpara-
magnetic response, but with a lower magnetic remanence and
higher magnetic saturation. With this observation the uncoated-
Fe3O4 MNPs and TPRE-Fe3O4 MNPs were suitable candidates,
though the TPRE- Fe3O4 MNPs showed quite a low moment ratio
ompared to all the other samples. Here, the drop in the mag-
etic remanence was observed with the presence and increased
ilica coating on the MNPs, which were suppressing the magnetic
esponse due to the low magnetic permittivity silica layer for-
ation. The thick silica layer in the case of TPRE-Fe3O4 MNPs,

reduced their magnetic saturation values. Overall, the 22 w/w%
OA-Fe3O4 MNPs gave the highest magnetic saturation of 6715
× 10−4 emu/g at 400 K, which is close to magnetic saturation
value of 6512 × 10−4 emu/g for the Stöber-Fe3O4 MNPs at 400 K.
Conversely, the magnetic saturation was found to be highest for
the Stöber-Fe3O4 MNPs at 100 K, compared to 22 w/w% OA-Fe3O4
MNPs. This observation explains the role of a higher temperature
in reducing the dipole and magnetic interactions between the
oleic acid coated MNPs. The ability of the coating to promote
agglomeration and the thickness determines the overall magnetic
response of the MNPs. To evaluate the magnetic and dielectric
properties of the PMC due to incorporation of these nanoparticles,
the dispersion state and crystallinity were determined.

The low magnetisation of the uncoated-Fe3O4 MNPs is due to
the pre-heating of the nanoparticles before coating. Since all the
uncoated-Fe3O4 MNPs were heated to above 230 ◦C in air before
oating, their conversion to α-Fe2O3, a weak magnetic phase, is
educed along with any carbon impurities. The XRD plot and
iscussion with regards to the low saturation magnetisation is
ive in the Supplementary Data, section S6.

.2. Functional group analysis of PMC

The presence of the coatings and MNPs was verified by

bserving the FTIR spectra of the PMC samples (Fig. 6(a))
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Fig. 5. (a) A representative TEM micrograph showing uncoated MNPs; (b) and (c) represent the TEM micrographs of MNPs with silica coating applied using Stöber
and TPRE methods respectively; (d) and (e) show the TEM micrographs of MNP samples with 22 and 55 w/w% OA coating, respectively (scale bar shown for all TEM
micrograph is of 100 nm); (f) and (g) magnetisation hysteresis loops for all MNP samples at 100 and 400 K, respectively.
containing MNPs with different coatings. As observed in Fig. 6(a),
the peak seen at 1531 cm−1 for uncoated-Fe3O4PMC is shifted to
537 cm−1 and further to 1539 cm−1 for Stöber-Fe3O4 PMC and
PRE-Fe3O4 PMC samples, respectively [26]. Similar shifts in the
eak at 1531 cm−1 are observed for the samples with increased
A (oleic acid) coatings, which confirms the decrease in the
rystallinity. The positions and intensities of these crystallinity
ensitive amide II bands at 1531 cm−1 and wider bands from
morphous phases determine the degree of crystallinity [27].
n samples with silica coated MNPs, the silica fingerprint is
een normally around 1700 cm−1, but the nearby corresponding
bsorbance band appeared as a sharp peak at ca. 1740 and
742 cm−1 for the Stöber-Fe3O4 PMC and TPRE-Fe3O4 PMC sam-
les, respectively [28]. Also, in the OA samples, the closest ab-
orbance band of OA was observed as a small broad peak in
icinity of 1633 cm−1 and around 1716 and 1718 cm−1 for

22 w/w% OA-Fe3O4 PMC and 55 w/w% OA-Fe3O4 PMC samples,
respectively [24,29].
6

The FTIR peaks confirm the synthesis is like that of commer-
cial polyamide 6 (PA6), with the corresponding standard chem-
ical groups [30,31]. As seen in Fig. 6(a), the N-H stretching ab-
sorbance band and H-bonding, as observed in PA6, are seen
around 3294–3298 cm−1. Major absorbance peaks relating to
methylene (CH2) symmetric and asymmetric stretching vibration
bands related to PA6 also appeared around 2860–2866 and 2931–
2936 cm−1, and these verify the successful production of PA6 [26,
30]. Additionally, these absorbance bands verify the amide II band
presence from primary amides, along with the C==O stretching
vibration that is attributed to the amide I band functionality.
Additional bands relating to amide I and II bands were also seen
around 1531–1537 cm−1, being of a primary nature, due to C-N
stretching, and further N-H and CO-NH bending [32].

The typical TEM micrographs of the microtome PMC samples
show that the MNPs (or agglomerates) dispersion state improves
with the silica coating. As observed in Fig. 6(b), (c), (d), (e) and

(f), the uncoated-Fe3O4 PMC sample, Stöber-Fe3O4 PMC sample
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P
i

Fig. 6. (a) FTIR spectra of pristine polymer (PA6), sample with uncoated MNPs and samples with varying proportions of silica coatings (Stöber and TPRE) on the
MNPs. TEM micrographs showing the dispersion of the nanoparticles in a microtome section of the prepared PMC samples with (b) uncoated MNPs, (c) and (d)
MNPs with varying proportions of silica coatings (Stöber and TPRE respectively), and (e) and (f) MNPs with varying proportions of OA coating (22 and 55 w/w% OA
respectively) (scale bar shown is of 100 nm).
and 55 w/w% OA-Fe3O4 PMC sample formed agglomerates of
the MNPs in the PMC due to high dipole–dipole interparticle
attraction. However, a uniform dispersion state of the MNPs
was observed in both TPRE-Fe3O4 PMC and 22 w/w% OA-Fe3O4
MC samples due to the prevalence of the limited interparticle
nteractions in the presence of the thick silica coating.
7

3.3. Degree of crystallinity and crystallite size of PMC

The DSC results in Fig. 7(a) exhibit a melting endothermic peak
and highlight the glass transition temperatures of all the PMC
samples. The peak for the pristine PA6 at ca. 46 ◦C represents the
glass transition temperature (T ), which is in line with the values
g
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Fig. 7. (a) DSC curves of the pristine PA6 sample, PMC sample with uncoated MNPs, PMC samples with varying proportions of silica coatings (Stöber and TPRE) on
he MNPs and PMC samples with varying proportions of OA coatings (22 and 55 w/w%) on the MNPs; (b) XRD patterns of the pristine PA6 sample, PMC sample
ith uncoated MNPs, PMC samples with varying proportions of silica coatings (Stöber and TPRE) on the MNPs and PMC samples with varying proportions of OA
oatings (22 and 55 w/w%) on the MNPs.
eported in the literature [33], though the melting temperature
Tm) of 213.32 ◦C for PA6 is less than the literature values of
20 ◦C [33]. Additionally, the Tm and Tg values of the all PMC
ontaining coated MNPs in comparison to uncoated-Fe3O4 PMC
were found to be higher, but the lowest values of Tm and Tg
were recorded for 22 w/w% OA-Fe3O4PMC. The values of Tm and
Tg are affected by the dispersion state of the particles rather
than the type of coating. The increased wetting of the MNPs
provides higher crystallisation nucleation sites and improves the
crystallinity that results into lower T and T values. The highest
m g

8

degree of crystallinity amongst all the samples was observed for
the 22 w/w% OA-Fe3O4 PMC sample, with a value of 56.15%. With
no coating on the MNPs’ surface, the strong attraction between
the MNPs and also with surrounding polymer chains results in a
reduction of the cooperative segmental mobility in the polymer
and an enhanced Tg value [34–36]. All the observed values and
the calculated degree of crystallinity are included in Table S1,
Appendix A in the Supporting Data S2.

The crystallinity of the synthesised PMCs was further analysed
using XRD results. The major distinctive peaks of the α phase at
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Table 2
Estimated Feret diameters of MNPs or their agglomerate regions identified from TEM micrographs, SAXS (Guinier plot) analysis and XRD peak study.
Sample TEM estimation of MNP/avg.

agglomerate size range (nm)
SAXS calculation for MNP/avg.
agglomerate size range (nm)

XRD calculation For avg.
MNP/agglomerate size range (nm)

Smallest Largest

Uncoated-Fe3O4 PMC 25 ± 5 195 ± 10 38 ± 13 42 ± 3
Stöber-Fe3O4 PMC 30 ± 5 80 ± 15 32 ± 7 37 ± 5
TPRE-Fe3O4 PMC 30 ± 5 60 ± 10 36 ± 6 33 ± 4
22 w/w% OA-Fe3O4 PMC 25 ± 5 70 ± 10 31 ± 8 30 ± 3
55 w/w% OA-Fe3O4 PMC 25 ± 5 100 ± 10 39 ± 9 42 ± 13
21 and 24◦, as seen in Fig. 7(b), match closely with the reference
atterns for PA6, whereas the iron oxide peaks in the JCPDS file
umbers 82–1533 match with peaks having (hkl) values of (220),
311), (400), (511) and (440) at 2θ values of 30.3, 35.4, 43.1, 57.3
nd 62.7◦, respectively. The XRD peaks in the XRD patterns of the

pristine PA6 are sharper than the peaks of the nanocomposite
samples, except for 22 w/w% OA-Fe3O4 PMC. The broader XRD
peaks can be attributed due to the inclusion of MNPs and over-
lapping multiple peaks related to non-homogeneous crystallite
phases.

The crystalline to amorphous ratios was found to be decreased
for Stöber-Fe3O4 PMC and TPRE- Fe3O4 PMC samples compared
o pristine PA6 and uncoated-Fe3O4 PMC samples, showing lower
rystallinity. Also, the silica-coating may be partially suppressing
he MNP (iron oxide) peaks in TPRE-Fe3O4 PMC, which otherwise
re visible in the XRD patterns of the uncoated-Fe3O4 PMC and
töber-Fe3O4 PMC samples. Similarly, the OA coating suppressed
he MNP peaks in 55 w/w% OA- Fe3O4 PMC, which were oth-
rwise visible in the XRD patterns of 22 w/w% OA-Fe3O4 PMC.
he XRD peak broadening suggests increase in crystallite size
nd the crystallite sizes were smaller for all samples except the
ncoated-Fe3O4 PMC. This again confirmed that the uncoated
NPs are likely to be agglomerated because of dipole–dipole in-

eractions. For the functionalised MNP samples, the low magnetic
ermittivity silica layer on the MNPs surface may have reduced
he MNP-MNP interactions. The summarised observations for all
hese samples are listed in Table S2, Appendix A in the Supporting
ata S2. The calculated values confirmed that 22 w/w% OA-Fe3O4
MC has the lowest crystallite size.

.4. Effect of coating on dispersion state of the MNPs

Ensuring a uniform dispersion state of the MNPs within the
olymer matrix leads to a high crystallinity PMC with small
rystallite sizes and homogeneous magnetic saturations as well
s dielectric resistance between the MNPs. Depending upon the
hemical composition, molecular structure and thickness of the
NPs surface-coating, dispersions with varying degrees of uni-

ormity, magnetic properties and dielectric properties can result.
o determine the effect of the coating on the magnetic prop-
rties of PMC, the dispersion state of the MNPs, the magnetic
oments of PMC and the polarisation of the PMC were measured
nd correlated. The agglomerate sizes shown in Table 2 were
etermined using TEM images, SAXS (Table S3, Appendix A in the
upplementary Data) and XRD calculations (Table S2, Appendix A
n the Supplementary Data). These data were utilised as input
iameter ranges in the bespoke MATLAB

fi
code [37] to simulate

pherical MNPs in the 3D model (Supplementary Data, S5). Firstly,
he MNPs dispersion state was evaluated by acquiring TEM im-
ges, SAXS/WAXS measurements. TEM micrographs can only be
ffective in estimating the dispersion state of the MNPs in a few
quare micrometre areas, however SAXS data have an advantage
n evaluating the dispersion state on a bulk scale (ca. volume
f few cubed micrometres). The MNP filler structure and poly-

er chain structures inside a PMC have been previously studied

9

with scattering techniques such as XRD, SAXS/WAXS, etc. [38].
Statistical mechanical theories have related the dispersion state
(dictating the space configuration of nano-inclusions, such as the
MNPs in PMCs) to stress within the composite [39], and this gives
an insight into the effect of the orientations at the nanoscale
on the overall mechanical properties at the macro scale. Herein,
it also helps in identifying the MNP sizes, including complex
agglomerates of MNPs [40] The average diameter derived from
the SAXS and XRD analysis are almost identical, as shown in
Table 2, though the TEM values are quite varied, especially in
the upper range, since it was considered over a broader area in
perspective.

This uniform dispersion can lead to a higher degree of the
crystallinity phase in the polymer nanocomposite, as will be
investigated in the DSC and XRD study of the PMC samples.

3.5. Effect of coating on the polarisation

The polarisation in the network of MNPs also results in di-
electric loss and heat dissipation. The P-E measurements were
undertaken using the Sawyer-Tower system, with plots shown in
Fig. 8. As evidenced in Fig. 8, the 55 w/w% OA-Fe3 O4 PMC showed
the maximum current leakage as compared to the other PMCs.
This lossy system is not ideal for establishing an increased eddy
current to help induction heating of the PMC.

The 22 w/w% OA-Fe3 O4 PMC had the highest polarisation at
12 kV/mm and the leakage current was also small compared to
the other PMCs, which could be desirable for induction heating.
The area under the hysteresis represents the leakage current,
where a large area represents a high leakage current.

3.6. Combined effect of coating

The electron transfer between nanoparticles depends on the
dispersion state of the MNPs in the polymer [41]. In other words,
the electromagnetic properties of the synthesised samples must
be quantified. An internal radius, IR can be derived by simulating
the position of the MNP agglomerates in the matrix of the poly-
mer using a series of TEM images, hence the calculated values of
IR represent the dispersion states of the MNPs in the nanocom-
posites. The simulated modelling of the prepared samples was
used to envision and quantify the dispersion state of the uncoated
and differently coated MNPs. The interaction radius (IR) of every
MNP/agglomerate area was evaluated by the distances between
adjacent neighbours (spheres) in the simulated PMC volume.

All the entities were produced as spherical MNP/agglomerate
regions to avoid complexity in the simulated model. The sim-
ulated PMC sample models (see Supplementary data S5) were
generated with 1 wt% of MNPs and are shown in Fig. 9, where
small spheres show the individual MNPs or agglomerates and the
large spheres particularly show the agglomerates.

In Table 3, the largest agglomerate size of the uncoated-Fe3O4
PMC sample also represents the greatest IR value.

The simulated models (Fig. 9(a), (b), (c), (d) and (e) above)

represent the dispersion of the MNPs or agglomerates in the
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synthesised samples. The IR values of every region, with indi-
vidual spheres of different sizes (Table 3), aided in determining
the influencing region or the interaction region of every MNP in
the simulated models. The IR values calculated by the MATLAB

fi

ode [42] were used for the graphical representation of the in-
eraction regions, as depicted in Fig. 9(a), (b), (c), (d) and (e), as
aint spheres around each solid sphere of the MNP/agglomerate.
he changeable IR values, by definition, depend on the MNP
izes as well as the adjacent neighbouring agglomerates, and are
ound to be between ca. 55 and 475 nm for all the PMC samples
imulated. The associated errors with the generated IR values
ere also calculated as the standard deviation, as summarised in
able 3. Ultimately, this data is related to the calculated magnetic
esponse of all the PMC samples as follows.

According to magnetic (SQUID) measurements at 100 K
Fig. 8(f)), the magnetic moment ratios (Mr/Ms) of 0 for the
ristine PA6 sample and 0.46, 0.38, 0.31, 0.32 and 0.57 for the
ncoated-Fe3O4 PMC, Stöber-Fe3O4 PMC, TPRE- Fe3O4 PMC, 22
/w% OA-Fe3O4 PMC and 55 w/w% OA-Fe3O4 PMC samples were
btained, respectively. The measurements taken after increasing
he temperature to 400 K (Fig. 9(g)), showed a reduction in the
10
values for the Mr/Ms ratio to 0.30, 0.28, 0.23, 0.24 and 0.31 for
uncoated-Fe3O4 PMC, Stöber-Fe3O4 PMC, TPRE-Fe3O4 PMC, 22
w/w% OA-Fe3O4 PMC and 55 w/w% OA- Fe3O4 PMC. The coercivity
or all the PMCs reduced with the increase in temperature [39].
he Mr/Ms ratios below 0.5 for most PMCs indicate the presence
f non-interacting single domain MNPs. The coercivity values for
ll the PMC samples were in the ranges 220–362 and 102–169
e at temperatures of 100 and 400 K, respectively. The noted
esults are summarised in Tables S6 and S7, Appendix A in the
upporting Data S4, respectively.
The onset of crystallisation temperature steadily increased

ith the increase in silica content, indicating that the MNPs
ay act as heterogeneous nucleation agents in the PA6 matrix,
ence the higher crystallisation rate than that for pristine PA6.
oreover, the decreased melting peak could be attributed to the
ecreased crystal size observed in the XRD results [43,44]. The
SC and XRD results confirmed that 22 w/w% OA-Fe3O4 PMC

shows the highest degree of crystallinity and smallest crystal-
lite size, respectively. The key results considered for assessing
the appropriate PMC sample with a better overall response are
summarised in Table 3.
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Fig. 9. Simulated model representation of the PMC samples with 1 wt% MNPs and included with the interaction radius (IR) of the individual nanoparticle/agglomerate
regions (1 cubic micron size) for (a) uncoated-Fe3O4 PMC and samples with varying proportions of silica coatings i.e. (b) Stöber-Fe3O4 PMC, (c) TPRE-Fe3O4 PMC,
(d) 22 w/w% OA-Fe3O4 PMC and (e) 55 w/w% OA-Fe3O4 PMC (herein, solid black spheres represent Fe3O4 MNPs or agglomerates and the faint black region/sphere
around it represents their interaction region/range). (f) and (g) Magnetisation hysteresis loops for the pristine PA6 sample, PMC sample with uncoated MNPs, PMC
samples with varying percentages of silica coatings (Stöber and TPRE) on the MNPs and PMC samples with varying proportions of OA coatings (22 and 55 w/w%)
on the MNPs at 100 and 400 K, respectively.
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Similarly, the onset of crystallisation temperature steadily in-
reased with the increase in OA content, again indicating that the
NPs are acting as heterogeneous nucleation agents in the PA6
atrix, hence the higher crystallisation rate than that for pristine
A6. Likewise, the decreased melting peak can be attributed to
he decreased crystal size observed in the XRD results [43,44].
he DSC and XRD results confirmed that 22 w/w% OA-Fe3O4 PMC
howed highest degree of crystallinity and smallest crystallite
ize, respectively. Additionally, the ferroelectric properties of 22
/w% OA-Fe3O4 PMC were relatively higher than all the other
MC samples. Moreover, with comparatively low Mr/Ms value
nd a small coercivity value, the hysteresis loop frequency and
rea under the hysteresis loop could be relatively higher, resulting
n efficient heating. As seen in Table 3, 22 w/w% OA-Fe3O4 PMC
ould interact strongly with an external electromagnetic field,
omplete the eddy current loop, melt at a lower temperature and
rovide a high degree of crystallinity. The uncoated-Fe3O4 PMC
ample and Stöber-Fe3O4 PMC cannot be chosen, despite their
uitably higher magnetic properties, to avoid localised pyrolysis
ue to the uneven dispersion and agglomeration concerns. Al-
hough Stöber-Fe O PMC showed almost similar IR values as that
3 4

11
f 22 w/w% OA-Fe3O4 PMC, it did not perform much better in the
ther characterisation results, hence it is not a suitable choice.
uring a cooling–heating cycle through EM stimuli, the interac-
ions between molecules impart the capability of adhesion using
irectional interactions that dictate the mechanical properties of
material [45], hence the degree of crystallinity, crystallite size
nd the thermal response of 22 w/w% OA-Fe3O4 PMC is more
avourable for stimuli application than the other samples. Also,
he longer aliphatic coating of OA reduces the cluster stability and
ence can result in an increased stimuli response efficiency [45,
6]. Due to the inclusion of the magnetisable material Fe3O4 in
Lm to make PMC, the heat dissipates equivalent to area within
he hysteresis loop. However, the amount of power dissipation
as low due to the area within the hysteresis of PMC being
uite small. Moreover, 22 w/w% OA-Fe3O4 PMC, like ferrites,
xhibits low saturation magnetisation and permeability, but high
olarisability and the ability to establish an electric current loop
hrough percolation at the microscopic level can generate heat at
ower frequencies as well as to establish ferromagnetic resonance,
elping the heat generation [47]. The other PMCs did not show
igh polarisability and efficient eddy current loop generation that
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Table 3
Summary of key findings from all the characterisation results of the PMC samples.
Sample Melting

temperature
Tm (◦C)

Degree of
crystallinity
(%)

Crystallite
size (nm)

Magnetic moment
ratio (Mr/Ms)

Interaction radius
from the simulated
model (IR) (nm)

Polarisation
(mm/cm2) @ 12
kV/mm

Key findings

Uncoated-
Fe3O4 PMC

213.32 ± 2 46.81 ± 2 41.76 ± 4 0.46 ± 0.07
@ 100 K
0.30 ± 0.06
@ 400 K

265 ± 87 0.08 High crystallite size and melting
temperature, very low degree of
crystallinity and possibility of
pyrolysis.

Stöber- Fe3O4
PMC

211.70 ± 2 44.14 ± 4 36.47 ± 4 0.38 ± 0.03
@ 100 K
0.28 ± 0.03
@ 400 K

166 ± 58 0.12 Low crystallite size and high
melting temperature but lowest
degree of crystallinity; lower
magnetic response.

TPRE- Fe3O4
PMC

209.93 ± 2 45.98 ± 3 33.09 ± 2 0.31 ± 0.05
@ 100 K
0.23 ± 0.04
@ 400 K

129 ± 50 0.31 Low crystallite size but high
melting temperature and lower
degree of crystallinity; least
magnetic response.

22 w/w% OA-
Fe3O4 PMC

200.24 ± 3 56.15 ± 4 30.02 ± 3 0.32 ± 0.04
@ 100 K
0.24 ± 0.03
@ 400 K

142 ± 52 1 Lowest crystallite size and melting
temperature, with highest degree
of crystallinity. Least possibility of
pyrolysis and maximum magnetic
response.

55 w/w% OA-
Fe3O4 PMC

208.34 ± 2 42.34 ± 2 32.41 ± 13 0.57 ± 0.12
@ 100 K
0.31 ± 0.09
@ 400 K

173 ± 67 0.09 Low crystallite size and degree of
crystallinity and high melting
temperature. Possibility of
pyrolysis and least magnetic
response.
can achieve efficient heating [48]. Previously, we have shown the
microwave heating of PMC tape [25].

Since both silica and oleic acid have low magnetic permittivity,
he thickness of the coating was found to be a sensitive parameter
or magnetic saturation of the MNPs. As seen respectively in
ables S4 and S5, Appendix A in the Supporting Data S4, the
NPs with a silica coating (Stöber method) possess the highest
agnetic saturation, whereas 55% OA coated MNPs had the low-
st value, when considering with the thickness of the coatings
as discussed in Section 3.1, the thickness of coating for Stöber
2–3 nm, TPRE – 7–9 nm, 22% OA – 2–4 nm and 55% OA –
–10 nm). However, the magnetic saturation values of the PMC
amples were found to be directly proportional to the magnetic
aturation values of the MNPs and the IR values. To tune the
agnetic and dielectric properties of PMC, it was observed that

he coating thickness and dispersion state (IR) of the MNPs within
he polymer matrix were required to be adjusted.

onclusions

This work scrutinises the effect of the coating interface on
arious properties suitable for self-healing of PA6 polymer mag-
etic nanocomposites. The effective utilisation of silica and OA
s an interface material for coating of Fe3O4 MNPs to synthesise
he PA6 magnetic polymer nanocomposite (PMC) is proposed to
chieve efficient self-healing of the engineering components. The
esigned PMC was successfully optimised for effective dispersion,
ielectric and magnetic properties and it was the 22 w/w% OA
ample that was found to be optimal for structural bonding
pplication of the composites, considering all the physical proper-
ies, including magnetic and degree/size of crystallinity. With the
ffect of the 22 w/w% OA coating interface, the magnetic response
f the MNPs is not suppressed significantly (second best) and they
re able to still give a magnetic moment ratio of 0.32 for the
MC sample. Additionally, the high polarisability of the 22 w/w%
A PMC helps establishing resonance and eddy currents, and
ts conductive properties helps with efficient heating. Although
ot the highest amongst all the samples, it showed the highest
egree of crystallinity at 56.15% with an interaction radius of
42 nm, making it the most suitable candidate for EM stimuli
pplication.
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