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ARTICLE INFO ABSTRACT

Inductive heating of electrically insulating materials like fiberglass reinforced thermoplastics (FRTP) without
susceptors is not possible. However, due to their low thermal conductivity a volumetric heat generation method
is advisable to reach short heating times to melt this material for reshaping. This can be done with magnetic
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Zgating nanoparticles as susceptors within the thermoplastic of the FRTP using Néel relaxation. During the heating
O:i’::;ign process the particle's magnetic moment rotates with the field while the particle itself is fixed within the

thermoplastic. Therefore the heat dissipation of each particle depends on its orientation within the field. To
achieve the maximum heat generation of the particles we pre-oriented the particles within a plastic at the best
angle to the applied AC field for induction. To do this, five mass percent nanoparticles were dispersed in an
epoxy resin, which was then hardened at room temperature in a static three Tesla magnetic field. After its
solidification the heating behavior of the sample was compared to a reference sample, which was hardened
without a field. The oriented particles showed an increased heating rate when oriented parallel to the applied AC
field. The absorption rate was 3.3 times as high as the undirected reference sample. When the alternating
electromagnetic field was perpendicular to the oriented particles, the specific absorption rate was similar to that
of the reference sample. We compare this result with theory and with calculations from literature, and conduct a

numerical simulation.

1. Introduction

Due to the increased use of lightweight materials in the area of
mechanical engineering, especially aeronautical and automotive en-
gineering, there is also an increased need of fast production methods
for these materials [1]. Within this field reinforced thermoplastics, for
example using fiberglass, have strong potential due to their reshape-
ability and better recyclability compared to thermoset components [2].
These thermoplastic materials are generally hot pressed during man-
ufacturing, which is a fast process only for flat samples due to their low
thermal conductivity that results in only small possible heat input
through the surface of the components [3]. In order to form and
reshape thermoplastic composites the duration and energy consump-
tion of this process is a problem to address. Due to the high thermal
conduction, thicker samples in particular can only be heated slowly as
the temperature on the surface is limited by the degradation tempera-
ture of the thermoplastic. This makes it difficult to achieve a relevant
production speed in commercial applications. Volumetric heating using
magnetic nanoparticles as susceptor for inductive energy transfer is
one possible way to overcome this constraint. Induction heating using
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nanoscale particles allows energy transfer into and volumetric heat
generation within the particles. This avoids the heat transfer limit via
the surface of the composite and therefore has a potential for
increasing the production speed.

In general, there are two possible mechanisms regarding nanopar-
ticle heating: Brown relaxation heating occurs due to frictional losses
while the particle rotates in a fluid, Néel relaxation heating by rotation
and fluctuation of the magnetic moment using the different energy
levels due to the magnetic anisotropy of the particle [4]. Many studies
are being conducted in the medical field, mainly with respect to Brown
relaxation using ferrofluids [5-9], but only few studies have been
conducted in the field of mechanical engineering regarding nanopar-
ticle heating within solid matrices. Tay et al. [10] presented a proof of
concept for rapid curing of bonds using inductively heated nanoparti-
cles, and tested the resulting bonds for the reduction of strength due to
the particles. He showed that nanoparticles are suitable for the
demands of mechanical engineering. Temperature profiles concerning
the reaction of resins and the energy absorption of ferritic particles
were modeled by Ye et al. [11]. Miller et al. [12] heated epoxy resin in
about 70 s over 100 °C using FeCo particles, a frequency of 26 kHz and
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an electromagnetic field strength of 20.0 kA/m. These are parameters
that are realistic for larger scale manufacturing, but still the heating
rate is not high enough with respect to the production cycle times in
automotive engineering of 60s and the demanded temperature in-
crease of about 250 °C up to the melting temperature of generally used
thermoplastics such as polyamide. It follows that there is a need for
large energy absorption of particles that are low in price and available
in large amounts, a requirement which is hard to fulfill.

To achieve the full energy absorption/heat generation of particles
that are dispersed in a solid material, we oriented magnetic nanopar-
ticles parallel to the magnetic AC field. Since the energy absorption in
such a system is dependent on the orientation of the particle with
respect to the applied field, we have shown that with the help of this
alignment the heat generation can be increased significantly.

2. Theory

The heating mechanism for an inductively heated particle is
dominated by the relaxation mechanism that has the shorter time
constant [13]. For Néel (1) and Brown relaxation (7z), these relaxa-
tion times are given by:
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Where 7=10"°s, K is the anisotropy constant, Vj, the volume of the
particle, kp the Boltzmann constant, T the temperature, 7 the viscosity
and Vg7 the hydrodynamic particle volume. The effective relaxation
time results to
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As the viscosity of solid materials is very high, Néel relaxation
dominates the heating mechanism of magnetic nanoparticles with an
electromagnetic AC field when fixed in a solid plastic. There the
particles cannot move and only their magnetization rotates with the
field. In this case, the amount of energy absorption by the particle,
which is proportional to the heat generation, depends on the angle ¢
between the particle's easy axis and the external magnetic AC field
(Fig. 1). If this angle is zero — meaning the particle's easy axis is aligned
with respect to the electromagnetic AC field — the amount of energy
absorption is maximized [4]. The magnetic field and magnetization are
aligned with respect to the easy axis. In the general case, without any
external force acting on the particles, they have a statistically random
orientation in space. The aim of this work is to orient the particles in
space so as to increase the energy absorption.

The remanence and coercivity of a randomly oriented particle
system are both approximately half of the value of the oriented case
[5,14]. This leads to a four times higher theoretical energy absorption
of the aligned particles (¢=0) in a Stoner-Wohlfarth-model [15].
Briefly this model describes the mechanism of magnetic hysteresis
and can be used for magnetic nanoparticles.

w

Fig. 1. Sketch of particle magnetization in magnetic field. If the external field is not
aligned with the easy axis the magnetization of the particle rotates out of the energetic
optimal axis. Therefore the maximal energy absorption cannot be reached.
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The energy absorption in Néel relaxing systems is proportional to
its hysteresis area [16]. A semi-analytical calculation, backed by
numerical simulations, of hysteresis loops for the random oriented
case is [4]

A(T)=4 MsuoHy (1 — k%) €))
and for the =0 case
A(T)=0. 96 MguoHy (1 — kO8) 5)

with the saturation magnetization Mg, the anisotropy field uoHx and
the factor x defined as
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with the Boltzmann constant kp, the temperature 7, the effective
anisotropy K,z the volume V, the frequency factor of the Néel-Brown
relaxation time 70, the frequency f and amplitude ppH,,,qx of the
electromagnetic AC field. When restricting the calculation to the
hysteresis loops in the intermediate to high dissipation limit (x~1,
[17]) the influence of the exponents of k disappears and the first factor
of Egs. 4 and 5 determines the different hysteresis areas. The hysteresis
area of the aligned nanoparticles compared to the unaligned case is
larger by the factor of 4/0.96=4.17. As the heat generation is propor-
tional to the hysteresis area, it is expected to increase by the same
factor when aligning the particles to the AC magnetic field.

3. Material and methods
3.1. Simulation

The simulation was conducted using the micro magnetic simulation
package NMAG-sim (University of Southampton, United Kingdom).
400 evenly distributed spherical particles with a core diameter size of
20 nm were simulated, which is the upper value of the particles’
nominal single diameter used in the experiment given in the datasheet.
To achieve an ideal result, the distance between the particles was
increased until all interactions between the particles vanished at
160 nm. The Landau-Lifshitz-Gilbert damping parameter was set to
0.1 and the exchange coupling to 2.1e-11 J/m. Three different simula-
tions were conducted differing in the orientation of the particle's easy
axis with respect to the applied field — parallel, perpendicular and
randomly oriented.

3.2. Particles

Uncoated iron(II, III) oxide (Fe30,) particles were purchased from
IoLiTec (Ionic Liquids Technologies GmbH, Germany). According to
the data provided these particles had a nominal average particle size of
15—-20 nm and a purity of at least 99.5%. These spherical particles were
delivered as a powder which was then prepared.

3.3. Dynamic Light Scattering (DLS)

36.5 mg particles were put in a fluid of 2 ml H,O and 1 ml 10 mM
HNOs. This dispersion was vortexed for five minutes and dispersed by
ultrasound for 6 h. The size of the particles was measured with a
Zetasizer NanoZS (Malvern Instruments GmbH, Germany).

3.4. Sample Preparation

The epoxy resin-hardener-combination "SR 1720/ SD 7840"
(Sicomin Epoxy Systems, France) was used as matrix for the samples.
First the particle-powder was stirred into the resin. The mixture was
mingled using ultrasound pulses for 60 min while being constantly
cooled in a water quench (120 W at 30 kHz with a duty cycle of 25%
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Fig. 2. Number weighted size of the particles measured with DLS (a) and magnetization curve (b). The particles have a mean agglomeration size of 52 nm (dashed line) and a close

hysteresis loop.
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Fig. 3. Optical microscope picture of the unaligned (a) and aligned (b) sample and TEM micrographs from unaligned (c) and aligned (d) particles. The aligned particles form large
needle like structures (b) which cannot be seen in the reference sample (a). While (c) show spherical agglomerates the agglomerates in (d) are elongated due to the external magnetic

field during epoxy hardening.

using a ProteUS from EM-Systeme GmbH, Germany). Then the
hardener was mixed into this dispersion using ultrasound for another
three minutes. The particle content was five mass percent in total, the
total specimen mass 15¢g in a cylindrical shape with a diameter of
21 mm. A specimen of this mixture was put in a homogeneous static
magnetic field of a magnetic resonance imaging system (3 T MRI, GE
750 MW) for 24 h. A reference sample was hardened in parallel under
the same conditions without a magnetic field.
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3.5. SAR measurement

The specific absorption rate (SAR, heat generation based on the
pure particles) was calculated as SAR=(ms/ my)c(AT/t), with the
masses mg of the specimen and m,, of the particles, the heat capacity
of sample ¢ (1,68 J/kg K) and the specimen temperature increase
during the AC field application AT which is applied for a time duration
t. The measurement started 30s after applying the field, with a
measuring time of 90 s reaching maximum temperatures up to 95 °C.
This method had a higher reproducibility than similar methods that
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Fig. 4. Results of simulation (a) and SAR measurements raw data (b) and evaluated data (c) comparing aligned and unaligned particles. The raw data was investigated at different
frequencies and field strengths (here 330 kHz and 6.9 kA/m) while the SAR was normalized to 100 kHz as described in Section 3.5.

rely on a shorter measurement time.

Measurement of the SAR was conducted using a "Magnetherm"
system (nanoTherics Ltd., United Kingdom) in combination with a
GaAs-sensor system (opSens, France) which was positioned in the
middle of the specimen in a centric hole just the size of the sensor. The
specimens were heated in a polystyrene insulation for two minutes. The
MRI specimen was measured in different orientations of the particles’
alignment to the electromagnetic AC-field, parallel and perpendicular.

The SAR of the particles used showed a linear frequency depen-
dence in the applied frequency range of 109.8 kHz up to 985.9 kHz.
This is a behavior well-documented in literature [5,18—-20] which we
use to normalize the SAR to the frequency. As the maximum possible
electromagnetic field strength in the device used for the investigation of
the SAR is limited and large field strength can only be reached at low
frequencies, these low frequencies have to be used to investigate the
behavior. Due to the mechanism of the heating device, however, high
frequencies allow a finer adjustment of the field strength, which
reduces possible errors that may occur due to inexact adjusted values.
Thus there is an interest in the use of higher frequencies when
investigating lower field strengths. As the results are easier to under-
stand when they all refer to the same frequency and the SAR has the
linear frequency dependence described above, in this work the SAR
values are linearly normalized to 100 kHz. A normalization of the SAR
regarding the frequency simplifies the comparison of the heating
abilities between different publications.

3.6. Further analysis

Further analysis of the specimen described in Section 3.4 was
conducted to provide an analysis of the particles for better reproduci-
bility and comparability of the results. Magnetization measurements
were conducted only on the reference sample using a magnetic

198

properties measurement system (Quantum Design, USA) to provide
the magnetization properties for classifying the SAR. A CM-12 (Philips,
Netherlands) with a LaB6 emitter was used for TEM imaging in order
to compare particle agglomeration and alignment in the samples.
Sections of the samples were prepared using a diamond knife with a
water filled boat and a microtome. The slices were directly retrieved
from the blade's waterbed onto carbon-coated copper grids. The chosen
thickness of 250 nm provided good permeability through the epoxy
resin and did also show a considerable quantity of particles to
determine a possible effect of field alignment.

4. Results and discussion

In the experiment the particles showed a number weighted size
peak at 43 nm in DLS while the average size is 52 nm (see Fig. 2a). This
means that there are many small but also very large agglomerates of
particles.

The saturation magnetization of the random oriented particles in
the epoxy is 46 Am?/kg. The remanent magnetization is 0.38 Am?/kg
with a coercivity of 390 A/m. So the hysteresis area is very small (see
Fig. 2b). This may be due to agglomeration, but could also be due to
oxidation of the particles. Riimenapp et al. [21] showed that especially
within the first 12 h after preparation there is a large change in
magnetite content of uncoated particles, which is a reason for reduction
of the hysteresis area.

Optical microscope pictures showed that needle-like structures
have been formed in the oriented sample that could not be seen in
the undirected reference sample (see Fig. 3a,b). The particles not only
rotate within the epoxy but form large agglomerated structures. Large
structures are known to change the magnetic properties of a nanopar-
ticle system [22]. These structures can also be seen in the TEM pictures
(Fig. 3c,d). The TEM pictures of the undirected reference sample show
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two large spherical agglomerates and several smaller agglomerates and
some individual particles. This is in accordance with the number
weighted DLS result. An optical analysis of the sizes in the TEM was
not conducted due to the large agglomerates and the small size of the
snippet.

The result of the simulation can be seen in Fig. 4a. The simulation
showed the hysteresis loop to have 4.01 times the area for the aligned
compared to the random case. As described above, the SAR is
proportional to the hysteresis area. Therefore it increases by the same
factor. This factor is similar to the simulation backed analytical
calculation where the result suggests a 4.17 times higher SAR. The
perpendicularly oriented particles showed a close hysteresis with only a
small hysteresis area, much smaller than in the undirected case with
random orientation which results in a typical hysteresis shape.

The SAR depended on the angle between the applied electromag-
netic AC field and the previously applied static field, as can be seen in
Fig. 4b,c. At a field strength of 6.9 kA/m the aligned particles showed
an SAR of 6.10 W/g at 100 kHz which is 3.3 times the heating rate of
the undirected reference sample which showed 1.86 W/g. This is also
the average increase over all measurements, resulting in 3.3/4.17=0.79
times the theoretical value of the theory section and 3.3/4.01=0.82
times the value of our simulation. This indicates that most particles
could be aligned. The perpendicular measurement resulted in 2.00 W/g
which is 1.075 times the heating rate of the undirected reference
sample. Over all measurements this heating rate is slightly higher with
a factor of 1.2 compared to the reference sample and standard
deviation of 0.16. This is not in accordance with particle theory. A
possible reason for this increase may be caused by the positioning of
the sample or the sensor. Another possible reason is a change of the
magnetic properties due to the built particle structures as described in
the previous paragraph [22].

5. Conclusions

The heating rate could be increased by the factor of 3.3 with prior
aligning of the particles parallel to the magnetic AC field. Therefore we
could reach 0.79 times the maximum theoretically possible heating rate
that was calculated in the theory section. We expect this behavior to be
similar for different kinds of particles, that SAR can be increased
significantly without changing the synthesis of the particles. This can
improve the production of nanoparticle filled polymer composite
materials. Targeted temperatures in commercial application for melt-
ing polyamide are around 250 °C. In the context of the present work,
these temperatures were not expected to be reached. With increasing
field strength and frequency to industrial scale it is possible to reach
those temperatures within 10 s for small polymer sheets of less than
100 mm? (the field strength could not be measured, which is why the
results are not published). However the efficiency is not high enough
for heating larger specimens. A possible way to increase the heating
rate is the coating of nanoparticles to prevent oxidation. Regarding the
orientation of particles there is a need to show that this aligning can
also be done with a smaller static field strength and can be implemen-
ted in the production of polymer fibers for composites.
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