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N o G e W

Abstract: This work reports on tailoring the magnetic properties of acrylonitrile butadiene styrene
(ABS)-based composites for their application in magnetoactive systems, such as magnetic sensors
and actuators. The magnetic properties of the composites are provided by the inclusion of varying
permalloy (Py—NizsFeypMos) nanoparticle content within the ABS matrix. Composites with Py
nanoparticle content up to 80 wt% were prepared and their morphological, mechanical, thermal,
dielectric and magnetic properties were evaluated. It was found that ABS shows the capability to
include high loads of the filler without negatively influencing its thermal and mechanical properties.
In fact, the thermal properties of the ABS matrix are basically unaltered with the inclusion of the Py
nanoparticles, with the glass transition temperatures of pristine ABS and its composites remaining
around 105 °C. The mechanical properties of the composites depend on filler content, with the Young’s
modulus ranging from 1.16 GPa for the pristine ABS up to 1.98 GPa for the sample with 60 wt% filler
content. Regarding the magnetic properties, the saturation magnetization of the composites increased
linearly with increasing Py content up to a value of 50.9 emu/g for the samples with 80 wt% of Py
content. A numerical model has been developed to support the findings about the magnetic behavior
of the NP within the ABS. Overall, the slight improvement in the mechanical properties and the
magnetic properties provides the ABS composites new possibilities for applications in magnetoactive
systems, including magnetic sensors, actuators and magnetic field shielding.

Keywords: permalloy nanoparticles; magnetic properties; magnetic sensors; thermoplastic polymer;
abs; mechanical properties; magnetic numerical simulation

1. Introduction

In the last few decades, focus on magnetic composites based on a soft polymer matrix
with embedded magnetic fillers, including hard and soft ferromagnetic particles [1,2], super-
paramagnetic particles [3] and particles with permanent magnetization [4,5], has increased
due to their technological relevance [6]. Magnetically responsive polymer composites are
relevant for applications in next-generation printable and moldable functional devices [7],
thanks to their capability to combine the magnetic responsiveness of the fillers with the
mechanical properties of the polymer matrix, leading to applications in areas such as
magnetic field sensors, energy harvesting systems, motors, inductors, tunable transformers,
memory devices and resonators, among others [6,8]. Improving the functional response
and processability demands appropriate relationships between functional magnetic fillers
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and matrix components. Magnetic nanocomposites offer the possibility of incorporating
magnetic properties into non-magnetic polymers, which in turn can be used for different
applications in multiple fields, from civil engineering to sensors and actuators to biomedical
devices. At least two different materials are involved in the development of polymer-based
magnetic composites: the magnetic particles (inorganic component) and the polymeric
matrix (organic component). Magnetic nanomaterials typically include iron oxides [9,10],
cobalt iron oxides [11], magnetic alloys of nickel, cobalt and/or iron [12] and rare-earth con-
taining particles [13], although strong efforts are being devoted to rare-earth free materials.
The different types of magnetic materials, their geometry and dimensions, among other
conditions, confer the composite distinct magnetic properties, such as superparamagnetism,
ferromagnetism (with varying degrees of magnetic hardness) and antiferromagnetism.

With respect to the organic component, the choice of polymer usually varies de-
pending on the final application. For instance, when the goal is to have a composite
for biotechnological applications, biocompatible composites have been selected, such as
polyhidroxybutirate [14], poly(lactic-co-glycolide) [15], poly (D,L-lactice-co-trimethylene
carbonate) [16] or nylon [17]. For magnetic soft robotics, highly deformable matrices, such
as silicone rubbers [18] or styrene-b-(ethylene-co-butylene)-b-styrene [19], are preferred.
Among the different polymer matrices, thermoplastics are particularly interesting due to
their mechanical, chemical, electric and thermal stability [20]. Their suitability also lies
in the applicability in different areas, including electronic components, biomedical and
medical devices, packaging, military, automotive and aerospace, among others [21,22].
Together with suitable mechanical performance (fatigue, toughness, impact energy, tolerant
to damages), they are light, and show simple processability in a variety of shapes [20].

Thermoplastic-based composites can be processed by injection molding and additive
manufacturing techniques, such as fused deposition modelling (FDM), which allows for
obtaining products of shape and integration complexity with production flexibility. Among
the various thermoplastic polymers, acrylonitrile butadiene styrene (ABS), which is a
triblock copolymer of styrene, acrylonitrile and butadiene, is one of the most interesting
ones due to its mechanical properties combined with chemical resistance and processability.
In particular, it shows high tensile strength, high impact strength, heat resistance and
toughness [23]. However, the limitations of ABS include low values of dielectric constant,
dielectric strength and thermal conductivity.

Thus, ABS-based composites are being developed to improve or induce specific prop-
erties. In particular, the effect of filler inclusion on the mechanical properties, electrical
conductivity, electromechanical response and electromagnetic shielding has been evalu-
ated, often based on the inclusion of carbonaceous-based fillers, such as multiwall carbon
nanotubes (MWCNTs) [24-26], graphene [26-28] or carbon black [29-31], among others.
The incorporation of a variety of inorganic fillers into the polymer ABS matrix has been
also addressed [32-34].

In this context and with the premise that ABS does not possess magnetic properties
itself, ABS-based composites with magnetic functional fillers provide excellent opportu-
nities for the development of advanced materials for electronics, biomedical, packaging,
military, automotive and aerospace application. These composites provide added value,
since, in addition to the high mechanical performance, the chemical resistance and the
processability of the ABS, the new material can be used in parallel in magnetic device
applications. Thus, magnetic fillers including FeCoBSi flakes [35], barium ferrite [1], NiZn
ferrite [36], iron particles [37], Fe,O3 nanoparticles [38], Ni nanopowder [39] and stainless
steel microparticles (17-4PH) [2], have been used to tailor the magnetic properties of the
composites based on the different magnetic characteristics of the particles. The maximum
percentage in weight (wt%) of the magnetic fillers within the ABS composites is typically up
to 75 wt%, mainly based on the difficult processability and degradation of the mechanical
properties for higher filler contents. Some representative examples are the inclusion of iron
particles up to 70 wt% [37] and nanosized barium ferrite up to 76 wt% [1].
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In this scope, one interesting magnetic particle that has been scarcely addressed in
the context of ABS-based composites is NiFe-based permalloy (Py- NixFejgo-x). Py, with
typically about 80% nickel (x = 80) and 17-20% iron content, is characterized by a very high
magnetic permeability and saturation magnetization, low coercivity, near-to-zero magne-
tostriction and significant anisotropic magnetoresistance [40,41]. The relative permeability
of commercial Py is around 1-10°, which is almost two orders of magnitude higher than
steel [42]. These properties make Py useful as a magnetic core material in electrical and
electronic equipment [43,44] and in magnetic shielding to block magnetic fields [45,46],
as well as in a variety of magnetic devices [47], including sensors, actuators [48,49] and
magnetic recording heads [50,51], among others. One drawback of Py is that it is not very
ductile and, therefore, one of the main advantages of its polymer composites is that they
allow for the improvement of processability and implementation in specific applications.
Magnetic particle polymer composites open a wide window of opportunities in printed
electronics [52] and for the development of magnetic devices to implement in flexible
substrates [53,54].

The aim of the present work is (i) to provide experimental and numerical tools to
better understand the dispersion and the magnetic interactions of the Py-NPs within the
ABS, which is essential for the application of the composites as magnetic devices; and (ii) to
analyze the effect of nanoparticle inclusion in the thermal and mechanical properties of the
composites. The morphological, mechanical, thermal, dielectric and magnetic properties of
permalloy nanoparticles (NizsFeypMos—Py-NP) embedded in ABS have been characterized
and numerical simulations have been performed to explore and analyze the magnetic
behavior of the composites with different nanoparticle content.

2. Experimental
2.1. Materials and Sample Preparation

Acrylonitrile butadiene styrene (ABS) thermoplastic polymer from Elix Polymers was
selected as the polymeric matrix (Elix ABS DP, melt volume rate (MVR-220 °C/10 kg)
= 20.34; impact strength (23 °C, ISO 180-1A) = 24.57 KJ/m?), and acetone from Schar-
lab (Barcelona, Spain) as the solvent. The magnetic nanoparticles (NP) are NigoFei;7Mo3
(permalloy-Py), with reference 9288 HW, a purity of 99+% and average particle size of 70
nm (as indicated by the provider, Nanostructures & Amorphous Materials Inc). The ratio
of the elements lays in between the supermalloy (NiysFeygMos) and permalloy (NigpFeyy),
both of which maintain the soft-magnetic properties. The prepared ABS/Py-nanoparticles
(Py-NP) composites with varying filler content are presented in Table 1, together with the
nomenclature used in the rest of the work.

Table 1. Pristine as composite samples processed with varying Py content and the corresponding

nomenclature.
Sample Name
Pure ABS ABS

ABS + Py 10 wt% ABS-Py10
ABS + Py 20 wt% ABS-Py20
ABS + Py 40 wt% ABS-Py40
ABS + Py 60 wt% ABS-Py60
ABS + Py 80 wt% ABS-Py80

Pure Py-NP (100%) Py-NP

All samples were prepared following the same procedure, as described in Figure 1.
First, 2 g of ABS were dissolved in 10 mL of acetone under magnetic stirring at room
temperature. The corresponding mass of permalloy was weighed, depending on the
desired filler concentration of the sample, and added to the dissolved polymer within
an ad-hoc plastic container and mixed for 10 min at 2000 rpm with a Thinky ARE-250
(THINKY CORPORATION, Nordson EFD, Tokyo, Japan) planetary mixer.
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Figure 1. Preparation of polymer composites. (a) Dissolution of 2 g of ABS in 10 mL of acetone; (b)
Thinky ARE-250 planetary mixer; (c) solvent casting over a clean glass substrate at room temperature.

The samples were labelled according to their content in permalloy as presented in
Table 1, (ABS-PyX indicates a X wt% content of the magnetic filler). To prepare the films, the
opaque viscous liquid obtained from mixing was coated on a clean glass substrate by the
solvent-casting technique. The films were dried overnight at ambient temperature. Finally,
the samples were detached from the glass using water and stored for future characterization.
Films with an average thickness of 50 um were obtained with a Mitutoyo MDC-25PX
micrometer gauge. Additionally, neat ABS samples were prepared by dissolving the
polymer, casting onto the glass substrate and drying overnight. The Py-NPs were also
magnetically characterized.

2.2. Sample Characterization

The magnetic filler dispersion and distribution within the polymer composites were
evaluated by scanning electron microscopy (SEM), Hitachi TM300 Tabletop microscope
(Tokyo, Japan). Surface and cross-sectional measurements were performed together with
energy-dispersive X-ray spectroscopy (EDX) using a Hitachi 5-3400 microscope at an
accelerating voltage of 20 kV and different magnifications of 500, 2500x and 10,000 x.
Before the measurements, the samples were coated with a 20 nm gold layer via sputtering
with a Polaron SC502 apparatus.

To characterize the shape and size distribution of the nanoparticles, images were
obtained using transmission electron microscopy (TEM). The equipment used was a JEOL
JEM 1400 Plus (JEOL Ltd., Tokyo, Japan) with a tungsten filament, accelerating voltage
of 120 kV and equipped with a sCMOS digital camera for image acquisition. Before
imaging, the particles were dispersed in ethanol with a concentration of 0.5 mg/mL using
an ultrasound bath. About 3 microliters of this dispersion were deposited onto a carbon
grid and left at room temperature until the ethanol was evaporated. The images were
obtained at different magnifications, and then the diameter of the particles was measured
using Fiji (Image]) software.

The thermal behavior of the samples was determined by differential scanning calorime-
try (DSC) and thermogravimetric (TGA) curves. The DSC measurements were carried
out in a Perkin-Elmeer DSC 8000 (Waltham, MA, USA) apparatus with a sample robot,
between 25 °C and 350 °C at a heating rate of 10 °C min~! under nitrogen purge (50 mL
min~!) in 40 uL aluminum cans with perforated lids. The TGA was performed with a
thermal gravimetric analyzer (TGA) METTLER TGA /DSC1, Switzerland, apparatus in the
temperature range from 30 to 900 °C in nitrogen atmosphere (50 mL/min) at a heating rate
of 10 °C/min.

The mechanical properties were evaluated using a universal testing machine Shimadzu
model AG-IS with a load cell of 1 kN. The films were cut into rectangular probes 50 mm
in length and 10 mm wide (cut with an Epilog Laser Mini-18 30 W—Epilog Corporation
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(Table Mountain Pkwy, Golden, CO, USA), with an average thickness of 50 um. Four
different probes for each sample were tested at room temperature in the tensile mode, with
a deformation velocity of 3.0 mm s~!. The Young’s modulus or elastic modulus (E) was
obtained by calculating the slope of the linear region. Furthermore, the strain at break (eb)
and stress at break (0b) were also obtained.

The electrical properties of the samples were evaluated measuring the dc conductivity
from the characteristic current-voltage (I-V) tests measured by applying voltage steps
and measuring the current using an automated picoammeter /voltage source Keithley 487
(steps of 10 V between —100 V to +100 V for samples with low wt%, ABS-Py10, ABS-
Py 20 and ABS-Py 40; steps of 1 V between —10 V to +10 V for ABS-Py60 and steps of
0.01 V between —0.1 V to +0.1 V for ABS-Py80). Gold electrodes 5 mm in diameter were
previously deposited (Polaron SC502 sputter coater) on both sides of the samples. The
electrical resistance (R) was calculated (considering the geometry of the samples, thickness
(d) and area (A)) from the slope of the obtained I—V curves. The electrical conductivity ()
was determined as the inverse of the resistivity (p), as presented in equation 1.

1
o RxA

M

The dielectric properties were measured with a Quadtech 1920 LCR precision meter.
The capacity (C) and the dielectric losses (tan J) were obtained at room temperature in the
frequency range from 20 Hz to 1 MHz with an applied voltage of 1 V. The electrodes were
placed similarly, as indicated in the electrical measurements. The dielectric constant (¢”)
was determined, taking into consideration the geometrical characteristics of the sample
(Equation (2), where the permittivity of the vacuum is ey = 8.85 x 10712 Fm 1.

8,_C><d o)

g x A

The magnetic properties of the composites were evaluated by measuring the magnetic
hysteresis loops (HL) at room temperature using a MicroSense EZ7 vibrating sample
magnetometer (VSM). The experimental concentrations of the magnetic filler in the samples
were obtained by comparing the saturation magnetization (Ms) of the composites with
the saturation magnetization of the nanoparticles. The coercive field (Hc) and remanent
magnetization (Mr) were also obtained from the hysteresis loops.

3. Results and Discussion
3.1. Morphological Features

The shape and size distribution of the nanoparticles was obtained, as these parameters
determine the mechanical and magnetic properties of the composites. The determination
of the dispersion of NP in the polymeric matrixes is of significant relevance [55], since the
homogeneity of the dispersion is essential to maintain a uniform functional behavior and
mechanical properties, among others, which strongly depend on particle distribution [56].
In this scope, the magnetic NP represents an extra challenge due to the magnetic interaction,
which promotes agglomeration.

Figure 2 shows two representative transmission electron microscopy (TEM) images of
pure Py-NP. The NP show a spherical morphology with a wide distribution of diameters,
ranging from 18 nm to 117 nm (Figure 2a). Figure 2b shows a closer detail of the NP.
From the TEM images, an average particle diameter of 60 nm with a standard deviation of
=+ 20 nm was obtained.
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50 nm

Figure 2. Transmission electron microscopy (TEM) of pure Py-NP. (a) Magnification 50 kx and
(b) Magnification 120 kx.

Representative surface and cross-section SEM images of the composites with different
filler weight percentage (wt%) are shown in Figure 3c-1, and pure ABS in Figure 3a and
b. The surface and cross-section images are shown with different scale/magnification to
appreciate the overall surface morphology and particles dispersion in the first case, and
the wettability of the NPs by the polymer and NP dispersion across the cross-section in the
second. The Py-NP are homogeneously dispersed in the form of clusters, independently of
the filler content. The clusters and voids are indicated with light-blue circles and green-
light diamonds, respectively, in Figure 3c for the ABS-Py10 sample and Figure 3h for the
ABS-Py40. Finally, there is a good wettability of the fillers by the polymer and no cracks or
patterns are observed.

ABS-Py10 ABS-Py20

Cross Section

Py80
2 ‘l. \w‘ &>

Cross Section

Figure 3. Scanning electron microscopy (SEM) surface (top) and cross section (bottom) representative
images at magnifications of 10 kx and 30 kx for the neat ABS and the composite samples with
different weight percentages. The scale bars in the images represent 1 um and 10 pm. (a,b) pure ABS.
(c-1) ABS-PyX with increasing wt% content of Py.
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This behavior has been previously described [57,58] and the formation of clusters
has been explained based on two main stages or regimes: the first stage is dominated
by Brownian motion, where the NP gather first in micro-dimensions clusters or micron-
clusters. As the concentration increases [39], the second stage is based on the collisions and
adhesions effect, leading to bigger clusters (or macro-clusters). In the present case, the same
behavior is observed, where micro-clusters (first regime) are present in samples with lower
wt% (e.g., ABS-Py10 sample— Figure 3c) and macro-clusters (the second regime) are in the
samples with larger filler contents (e.g., ABS-Py60 and ABS-Py80 samples—Figure 3j,1).

Energy-dispersive X-ray spectroscopy (EDS) images of two representative samples are
shown in Figure 4, where the surface images are shown (Figure 4a,d), with the identification
of Ni (Figure 4b,e) and Fe (Figure 4c,f). The distribution of the elements along the samples
for a given concentration and with varying concentration confirm both the good distribution
of the nanofillers and the formation of clusters of increasing size as the concentration
increases (Figure 4e,f), respectively.

a

o
<
>
£ |
[}
0]
<

ABS_Py60

Figure 4. Energy-dispersive X-ray spectroscopy (EDX) images at magnifications of 2500x of the
surface of the composites containing 40 wt% permalloy (top row) and 60 wt% permalloy (bottom
row). The scale bars in the images represent 10 pm. (a,d) Surface image. (b,e) EDX maps of the Ni
atoms distributions. (c,f) EDX maps of the Fe atoms distributions.

3.2. Thermal Properties

In order to evaluate how the addition of the Py-NP affects the glass transition temper-
ature of the polymer, DSC measurements were performed in all samples. Figure 5a depicts
the DSC thermograms of the most representative composites, as well as the values of the
glass transition temperatures (T3).

1.6 T T T T T T
—~ 1.4 d 100 - )
= T = ABS_Py80
| o
< 1.2 ~
[=2] w754 1
= 10 a ~ ABS_Py60
- T— ]
S 08 —
o 5 %1 ABS_Py407
L 0.6 —
[}
T / = ABS Pv20
% 0.4 4 254 il 4
o2t b ABS_Py10
0.0 T T T T T T T 0 T T T T T T T T
30 60 90 120 150 180 210 240 100 200 300 400 500 600 700 8OO 900
Temperature (°C) Temperature (°C)

Figure 5. (a) Differential scanning calorimetry (DSC) curves for the neat polymer and representative
composites. (b) TGA curves of the different ABS-Py composite samples.

The Tg of the sample is obtained from the peak of the calorimetry curve and it is found
at around 105 °C for ABS, Figure 5a, which is consistent with values from the literature [59].
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The inclusion of the magnetic filler does not affect this transition temperature for filler
concentrations up to 60 wt%. An increase of Tg is observed for the sample containing 80
wt% of particles, which is attributed to the confinement of the polymer within the fillers
and the corresponding clamping effect, leading to a slowdown of the local dynamics of the
polymer and thus an increase in Tg [60].

TGA thermograms for the ABS-Py composites are shown in Figure 5b, and the quanti-
tative values of the extrapolated onset temperature (T,), which correspond the temperature
at which the weight loss begins, the temperature at 10% weight loss (T79) and the residual
weight at the final test are summarized in Table 2. The results reveal that the thermal degra-
dation of all the samples is characterized by one main stage. This step that occurs in the
temperature range of approximately 350-450 °C is associated with ABS degradation [61]. In
addition, significant changes in the onset temperature are observed when the concentration
of Py is increased. The onset temperature T, increases from 350 for 10 wt% of Py to 390 °C
for 80 wt% of Py. Based on this observation, it was concluded that the addition of Py has a
significant effect in the thermal stability of the composites, indicating an improvement in
the thermal stability of the ABS-based composites with Py.

Table 2. Glass transition temperature, Tg, for the samples obtained from the DSC measurements and
thermal degradation parameters of the ABS-Py composites, obtained from the TGA measurements.

Ty °0) £2°C Residual

Sample D2 To CC)£2°C Ty CC)+£2°C  Weight (%) at
(ABS =105 °C) 900 °C + 0.01%
ABS-Py10 106 350 394 10
ABS-Py20 103 372 396 21
ABS-Py40 106 371 399 38
ABS-Py60 106 382 400 59
ABS-Py80 112 390 420 85

Thus, with respect to the thermal properties, it was concluded that the Tg of the
composites is mainly independent of the filler loading and that increasing the Py concentra-
tion in the ABS matrix leads to a corresponding increase in the final residual weight after
polymer degradation, directly related to the amount of Py in the composites.

3.3. Electrical Conductivity

The electric properties of the ABS and ABS-Py composites are presented in Figure 6a.
The electrical conductivity of the ABS polymer is about 4 x 10712 Sm~!, corresponding to
an insulator material. Regarding the Py-NDP, the electrical resistivity of bulk Py (NigyFey)
has been reported to be 30 pQ) cm [62], showing a conductive character. In the case of
particles of Py (NigsFess) with an average diameter of 2.53 pm used in composite materials
based on polyphenylene sulfide (PPS) resin, the AC conductivity depends on the surface
oxidation state, which is typically formed as a thin layer on the surface of the particles. Thus,
the electrical resistivity at 10 KHz increases in four orders of magnitude from 1.25 (3 cm for
the non-oxidized samples to 2.4 x 10* Q) cm for the ones with an oxide layer. In our case,
the pure Py-NP compacted in a pill shape and showed an electrical resistivity of 18 () cm,
which agrees with the surface oxidation that occurs naturally once the particles are under
environmental conditions.
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Figure 6. (a) Electrical conductivity of pristine ABS and the respective composite for ABS-Py
with different wt% (the curve, to guide the eyes, represents a second order polynomial fitting).
(b) Dielectric constant (&) of pristine ABS and the respective composite. (c) Dielectric losses (tan §) of
pristine ABS and the composites.

The electrical conductivity of the composite films increases with increasing Py con-
tent. For composite ABS-Py10 and ABS-Py20, the electrical conductivity is similar to
pristine ABS, increasing almost 4 orders of magnitude for the composite with 80 wt% of Py
embedded into the ABS host matrix. Although the electrical conductivity increases with
increasing Py content, the low conductivity of the filler prevents a percolative increase of
the electrical conductivity typical of conductive fillers within an insulator matrix [63,64];
therefore, the increase of the electrical conductivity is more related to interfacial effects
and ionic conductivity [65,66]. The volume electrical conductivity for the samples with the
lager filler concentrations are in the order of 1078 S m~!, which are compatible with static
dissipative materials [67].

Antistatic or dissipative materials can work as electrostatic discharge protection for
electronic components and devices [68,69]. In this sense, the ABS-Py composites might
have an interesting application when integrated with electronic devices.

3.4. Dielectric Response

The dielectric properties of the ABS-Py composites are presented in Figure 6b. The
behavior of the dielectric constant with frequency (from 200 Hz to 1 MHz) is similar for all
materials, decreasing for the initial frequencies and stabilizing for higher ones. The value of
the dielectric constant increases with increasing the Py-NP content in the composites. At 1
kHz, the ¢’ = 3.5 for ABS increases up to ¢’ = 5.7 for the ABS-Py60 composite. The dielectric
behavior obtained is similar to that presented in the literature for composites using ABS as
a matrix (in the range 3 < ¢’< 10) [70]. The increase of the dielectric constant is related to the
dielectric contribution of the filler, as well as to the interfacial effects [71,72]. The dielectric
losses present similar behavior when compared to dielectric constant as a function of
frequency and as a function of the Py content in the composites. The tan 6 ~ 4.0 x 1073 for
ABS, increasing two orders of magnitude for the ABS-Py60 composite (tan 6 ~ 1.7 x 10~1)
due to larger Py-NP filler content [73].

3.5. Mechanical Properties

Figure 7a shows representative stress—strain mechanical curves of the neat polymer
and the corresponding composites; and Table 3 shows the values of the mechanical charac-
teristics of the ABS and the composites with different content of Py-NP. Figure 7a displays
the neat ABS, which presents the characteristic stress—strain curve for thermoplastics, char-
acterized by an elastic region, a yielding region (denoted by a circle) and breaking at higher
strains [74]. The Young’s modulus values are presented in Figure 7b with the exception of
the ABS-Py80 sample, which is very brittle.
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Figure 7. (a) Stress—strain curves for representative neat ABS polymer and representative Py-based
composites. (b) Evolution of the Young’s modulus of the materials as a function of filler concentration.

Table 3. Summary of the average mechanical characteristics of the ABS and the composites with
different content of Py-NP.

Elongation at Break Breaking Stress oy,

Sample E (MPa) 5 (%) (MPa)
ABS 1155.22 + 118.03 3.29 £0.55 19.86 + 6.73
ABS-Py10 781.47 +94.29 2.07 £0.39 1443 £1.13
ABS-Py20 759.03 £ 308.90 141 4+0.14 8.45 + 2.53
ABS-Py40 1103.75 £ 280.90 2.18 £0.54 19.54 + 3.49
ABS-Py60 1980.27 £ 631.20 1.07 £0.31 19.26 £9.18

Figure 7 and Table 3 show that the presence of the Py-NP changes the mechanical
behavior of the polymer. First, the stress—strain curves show a completely vanished yielding
region, retaining only the elastic behavior. Second, the Young’s modulus decreases slightly
when the Py-NP are first introduced with a lower wt% (from 1.2 GPa for ABS to 0.7 GPa for
the ABS-Py20 composite), although it increases later with increasing wt%. Thus, for small
filler concentrations, the inclusions act as a defect within the polymer matrix, whereas
for larger concentrations, they act as a reinforcement material [52]. It should be noticed
that the ABS-Py60 sample exhibits an elastic modulus higher than the neat polymer, with
breaking stress also remarkably close to the bare ABS. However, due to the significant
content of nanoparticles in this sample, the composite also presents the smallest elongation
at the break.

Composites of NP embedded into polymer matrices have been under study due to
their mechanical properties, since many parameters must be considered when the fillers
are added to polymer materials, such as particle/matrix interfacial adhesion, NP contents,
dimensions and dispersion [75,76]. In many of these studies, the Young’s modulus improves
by the presence of the NP, since the polymer matrices have much lower stiffness than the
inorganic particles; however, it also depends on the interfacial adhesion and the stress
transferred between the matrix and the NP [76]. In the present case, it can be concluded
that the Py-NP are well bonded to the ABS, since the presence of the NP improves the
Young’s modulus, mainly for higher filler contents [77,78] up to 60 wt%.

Increasing filler content leads to a decrease of the breaking strain to values close to
the yielding strain of ABS. As the wt% increases, the particles lead to discontinuity within
the polymer, increasing the brittleness of the composite [79]. The elongation at the break
does not present a linear behavior with increasing wt%, and all the composite samples
show lower elongation at the break than ABS, decreasing with the addition of the Py-NP
(from pure ABS to the composites with 60 wt%, with average values of 3.29% =+ 0.55%,
and 1.07% = 0.31%, respectively, Table 3). An overall increase of the breaking stress with
the filler concentration is observed, which is related to the formation of clusters, since
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the particle-polymer interfaces may act as breaking sites. Since the clusters grow when
higher wt% is introduced, the surface-to-volume ratio decreases, decreasing these breaking
sites, reaching to the values of the ABS. The average magnitude of the breaking stress
of pure ABS and a composite with 60 wt% are 19.86 MPa + 6.73 MPa and 19.26 MPa
=+ 9.18 MPa, respectively.

The deterioration of the mechanical properties of thermoplastics polymer with dif-
ferent fillers has also been observed in composites of ABS with nanosized barium ferrite
(BaFe12019) [1], with a decrease of the tensile strength and the Young’s modulus when the
filler amount increases.

For many applications, it is essential to maintain the mechanical properties of the
thermoplastic ABS, since it is one of its most striking properties, such as high impact
resistance (even at low temperatures), toughness, high dimensional stability (mechanically
strong and stable over time) and rigidity compared to other related polymers. Overall,
the ABS-based composites with embedded Py-NP show an elastic behavior with suitable
mechanical properties up to 60 wt%, where an increases in the Young’s modulus and a
breaking stress similar to the pristine ABS provides good possibilities to being implemented
in magnetic devices.

3.6. Magnetic Response

The understanding of the magnetic properties of the composites and the interac-
tion/agglomeration of the Py-NPs within the polymer will allow for engineering of the
composites for their application as magnetic sensors and actuators.

Figure 8a displays the hysteresis loops (HL) of the Py composite samples with increas-
ing wt% and the representative magnetic properties extracted from the HL, such as Hc in
Figure 8b, Mr in Figure 8c and Ms in Figure 8a-inset. Table 4 shows the magnetic properties,
Hc, Mr and Ms, of all the samples of ABS-Py. Regarding the Py-NP [80,81], the magnetic
behavior of magnetic-NP is not the same as the bulk material due to different contributions
that depend on the low-dimensions and the shape of the nanoparticles, such as shape
anisotropy and the surface effect. The latter is one of the most important contributions,
which gives place to the “spin canting” at the surface of the NP as a response of the different
magnetic contributions. The spins at the surface are slightly disoriented with respect to the
core, decreasing the Ms.

The diameter of the NP also plays an important role, with the NP ranging from
superparamagnetic at very low dimensions to a single-domain regime, and then to a
multi-domain one at the critical diameter (Dc) (which it is translated into a variation in
the mechanism of the magnetic switching shown in the HL) [80,82]. A series of numerical
simulations were performed by using Mumax3 Code [83], which allows for the evaluation
of the hysteresis loops of Py-NP with different diameters, and to prove the critical diameter
where the NP magnetic behavior changes from magnetic monodomain to multidomain.
The values used for the Py are: Ms = 8,0 e A/m; Aee =19 e 11 J/m; K; =0.0]/m3; and
alpha = 1.0 (such value is typically used on the calculation of HL). The boundary conditions,
the mathematical model and the model validation conditions are detailed in Appendix A.
The temperature was set at 10K, which is enough to observe a small thermal activation in
the spin’s configurations.

According to the calculations (HL in Figure 8e), the Py-NP with diameters smaller
or equal to 40 nm show a squared-shaped HL, indicating a coherent rotation switching
mechanism characteristic of the monodomain regime. On the other hand, when the diame-
ters of the spherical Py-NP increases, the shape of the HL near the Hc changes, showing a
smooth and curved switching of the magnetization, which is characteristic of the domain
wall formation and propagation of a multidomain regime.
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Figure 8. (a) Magnetic hysteresis loops-HL- of ABS-Py with different wt% and pristine Py-NP. (Inset)
Ms values of the different samples. (b) Values of Hc extracted from the HL. (c) Values of Mr extracted
from the HL. (d) Simulated HL for selected diameters. (e) Zoom-in of Figure 8d for better observation
of the Hc variation. (f) Spin configurations at remanence for Py-NP of D = 40 nm and D = 50 nm,

Y78/

after saturation along “x”.

Table 4. Summary of the magnetic properties of the ABS and the composites with different content of

Py-NP.
Sample Ms (emu/g) Mr (emu/g) Hc (Oe)
ABS-Py10 5.59 £+ 1.05 0.53 & 0.08 86.74 £+ 8.31
ABS-Py20 10.86 + 3.93 091 £ 046 94.20 £ 6.27
ABS-Py40 26.62 +2.77 2.354+0.26 89.90 £+ 7.31
ABS-Py60 38.04 £0.74 4.62 £0.10 87.36 = 3.38
ABS-Py80 50.88 £4.71 8.01 +0.87 82.52 £1.99

Py-NP 65.78 5.34 72.45

It was also corroborated how the Hc increases with the diameter of the NP at lower
dimensions (lower than 40 nmAt higher dimensions (diameters higher than 40 nm), the
Hc decreases considerably (from 8.5 Oe to 1.5 Oe, for the 40 nm and the 60 nm diameter,
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respectively); confirming that D = 40 nm is the Dc.These results agree with the experimental
results, where the mono-multidomain transition in the Py-NP occurs in-between 35 and
45 nm [84]. Nevertheless, the NPs with D = 80 nm show a higher coercivity, which can be
related to the higher energy needed to reverse the magnetization by the production and
propagation of the domain wall (a competition between the magnetostatic and exchange
energy) [81]. The switching mechanism transition is also corroborated by the spin configu-
rations at remanence in Figure 8f; where the magnetization after saturation shows a full
remanence in the NP with D = 40 nm, which is demonstrative of a square HL, while the NP
with D = 50 nm presents a spin canting due to the thermal activation and a mechanism of
the domain wall propagation.

Experimentally, the Py-NP of this work is a mix of NPs with different diameters, in
which the switching magnetization is a mix of single-domain and multidomain regimes (Dc
is 40 nm, and the average diameter in the commercial Py-NP is around 60-70 nm; therefore,
the composites show magnetic behavior from both regimes). The HL of the pristine NP
in Figure 8a show that the reversal magnetizations (the HL) are not square, with Mr one
order of magnitude lower than the Ms; making evident the predominance of multidomain
regimes. In this case, the Ms of pure Py-NP is 65.78 emu/g, which, as it is expected, it
is lower than the reported value for the bulk Py (around 80 emu/g [85]), due to the spin
canting and the multidomain regime. The higher coercivity obtained experimentally in the
pristine NP is due to the interactions between them (magnetostatic interactions), therefore
the spherical symmetry is broken, increasing the effective anisotropy and, therefore, the
coercive field.

Regarding the ABS-Py composites, it is essential to evaluate if they maintain their
ferromagnetic properties when they are embedded in the ABS. This can be observed in the
values of the Ms in Figure 8a-inset. In this case, the linear and proportional increases with
the wt% (based on the Ms of the pure Py: Ms = 65.78 emu/g) is evidence that they retain
their ferromagnetic behavior.

An important aspect of the composite films is the homogeneity in the concentration of
the NP, since their dispersion within the polymer will dictate the magnetic and mechanical
behavior of the films. This space-dependence is led by the amount of NP present in
specific areas, as indicated by the morphological characteristics of the samples, where it
was observed that there are clusters distributed along the sample that can slightly alter their
properties. As an example, in the films of ABS-Py80, the values of Ms and Hc measured
at different places shows a standard deviation (SD) of around 4.7 emu/g (i.e., which
corresponds to a deviation of 13% of amount of material) and 1.9 Oe, respectively. In the
former, it is caused by the dispersion of the clusters, which change along the sample. In
the latter, the SD is very small, and it is more related to the interparticle-interaction (I-I),
which depends on the interparticle distance. In this case, the distance is shorter and the I-I
is stronger due to the higher concentration of Py-NP.

Regarding the samples with lower wt%, the SD of the Ms is smaller than the one of
ABS-Py80. Nevertheless, there is not a linear trend with increasing Py. In the case of the
SD of the Hc, it decreases with increasing Py, which can be explained by the fact that, as
the amount of Py increases, the distances between the NP decrease, decreasing the I-I and
its deviation.

Regarding the relationship of the Ms and the diameter of the NP, it has been shown [85]
that Ms increases with increasing diameter (as can be observed as well in Figure 8d), ranging
from 28.7 emu/g to 80.8 emu/g for the NPs with 20 nm and 440 nm of diameter, respectively.
In the present work, the Py-NP present a distribution of diameters around 60 nm + 20 nm,
with an Ms of 65.78 emu/g, resulting in a dispersion of Ms from different diameters; hence
there is a high contribution from the larger diameters, showing higher values of Ms. This
effect is also evidenced in the Hc, laying around 87-90 Oe for low wt% and 81-82 Oe for
both ABS-Py80 and pure Py-NP. In another study [85] particles with 76 nm of diameter
show a coercivity of 27 Oe, which is much lower than in the present study; therefore, we
attribute the high values of coercivity in the Py-NP of this study not to the dimensions
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of the NP (since there is a mix of dimensions), but rather to a high interaction between
particles and between the clusters (as explained below), which creates a higher needed
energy for their magnetic switching. The decreasing values of Hc with filler concentration
is explained through the packing effect [82]. The packing effect works in the following
manner: a magnetized NP (e.g., NP-1) exerts a field, which affects the neighbor’s NPs (e.g.,
NP-2); therefore, when the magnetic field reverses to the opposite direction, the field of
NP-1 assists in the switching of the field of NP-2, reversing the magnetization at the lower
field. All the NPs are interacting with their neighbors, and the interaction is stronger at
lower distance. The magnetizations of the NPs at zero field are randomly oriented and
when the field increases, the NP that are already aligned to the field help the others to
switch sooner, decreasing the Hc. These interactions also explain the increasing values
of the Mr with the wt% (Figure 8c) since they help each other to maintain their magnetic
configuration after saturation.

There is also another effect resulting from the clusters (tightly bound NPs forming a
larger virtual particle), which is that they may behave magnetically within the polymer as a
bigger particle instead of behaving like individual NPs. This conclusion can be based in the
results presented in [86], where magnetic studies by simulation of individual and groups
of Py-NP were conducted. It was shown that a large NP behaves the same as a cluster of
several smaller ones (the cluster + the space between the NP has the same dimensions as
the large particle). This leads us to conclude that the magnetization of the micro-clusters
within the composites behaves as one big particle, and that the reversal mechanisms of the
cluster need higher fields to switch their magnetization. This contrasts with the individual
NP that needs lower fields to reverse the magnetization. These findings contributes in
explaining the higher coercivities of the composites in this study in comparison to other
studies; and in comparison to the simulations of individual NPs.

4. Conclusions

ABS composites with Py-NP as fillers up to 80 wt% have been prepared and evaluated.
After the addition of the Py-NP to the polymer matrix, the glass transition temperature
is preserved, while the thermogravimetric analysis shows that the addition of the Py
nanoparticles leads to a significant increase in the final residual weight, which corresponds
to the amount of NPs added. The dielectric constant of the composites increases with
increasing filler content up to a maximum value of 4.4 at 10 kHz for the sample with 60
wt% Py content. Furthermore, the electrical conductivity of the different composites is in
the order of 1078-10719 S/m, increasing with filler content, which opens possibilities to
integrate these composites into electronic devices based on the dissipative characteristics of
some composites.

Regarding the mechanical properties, the presence of the Py-NP leads to an increase
of the elastic modulus, or Young’s modulus, for the samples with the larger filler contents,
going from 1.16 GPa in the ABS, to almost 2 GPa in the composite with 60 wt%; while
the ones with less than 20 wt% have a decrease in the Young’s modulus, with 7.6 GPa.
Additionally, the elongation at the break decreases with the load of Py-NP and the breaking
stress increases with the Py content, reaching almost the same values as the ABS, 19.5 GPa
and 19.3 GPa for composites of ABS-Py40 and ABS-Py60, respectively (the value is 19.8 GPa
for the ABS). These values are important because they not only demonstrate an improve-
ment in the Young’s modulus, but also the capability of the ABS in taking a high load of
magnetic nanoparticles.

Regarding the magnetic properties, the saturation magnetization of the composites
increases linearly with increasing Py content up to a value of 50.9 emu/g for the samples
with 80 wt% of Py content, and the interparticle filler interactions determine the coercivity
and remanence of the composites, which has been supported by the numerical modeling.
This study has gone deeper in the understanding of the magnetic behavior of the NP within
the polymer since their dispersion and agglomeration dictates the behavior of the compos-
ites. The numerical modeling that is presented in this work gives support in the findings
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about the magnetic behavior of the NP, providing an excellent tool to best understand
their behavior within the ABS when they are agglomerated. As a conclusion about the
composite’s properties, the unchanged transition temperature, the slight improvement in
the mechanical properties and the added value of the magnetic properties demonstrates
their suitability for new possibilities of applications as magnetic devices, such as magnetic
sensors, actuators and magnetic field shielding.

Author Contributions: Conceptualization: K.J.M. and S.L.-M.; methodology: K.J.M., A.G.D., CR.T.
and P.C; formal analysis, KJ.M., A.G.D., CR.T. and P.C,; investigation, KJ.M., A.G.D.,, CRT, J].CM,,
M.P. and P.C.; writing—first draft, K.J.M., A.G.D. and C.R.T.; writing—review and editing, K.J.M. and
S.L.-M.; supervision, S.L.-M.; project administration, ].C.M., RM. and S.L.-M.; funding acquisition,
R.M. and S.L.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by the PID program CDTI (EXP-00131900/1DI-20210369). Funding
is from the Basque Government Industry Department under the ELKARTEK program. Support was
received from the Portuguese Fundagao para a Ciéncia e Tecnologia, grant SFRH/BPD/110914/2015.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions of privacy. The data
presented in this study are available on request from the corresponding author. The data are not
publicly available due to restrictions of privacy.

Acknowledgments: Technical and human support provided by SGlker (UPV/EHU, MICINN, GV/E],
EGEF and ESF) is gratefully acknowledged. The authors thank R. Yanes from the Department of
Applied Physics, Research Group of Simulation of Magnetic Nanostructures, University of Salamanca
for the simulations and fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

In order to simulate the magnetic response of the magnetic NP, we have performed mi-
cromagnetic simulations using the GPU-based open-source software package MuMax [83],
which allows for the calculation of the space- and time-dependent magnetic microstructure
of nano- and micron-sized ferromagnets. Mumax3 employs a finite-difference discretization
scheme of space using a three-dimensional grid of orthorhombic cells. In the micromagnetic
simulations, we have considered all four standard contributions to the total magnetic Gibbs
free energy: exchange energy, E.,; Zeeman energy, Ez; magnetocrystalline anisotropy en-
ergy (into a uniaxial form), E,,;; and magnetostatic energy, Ep. The continuous expressions
for these energies can be written as:

Eex = /V A (Vl’?l)zdv (A1)
Ey = —1g VJT/I HdV (A2)
E,i— — /V K (i 7)2dv (A3)
Ep = —%p{) VMH}ZV (A4)

— (= = /=
where A is the exchange constant, m( r ) = M( r ) / Mg is the normalized magnetization

N
vector, Mg is the saturation magnetization, H, is the external magnetic field, py = 47 x 107
Tm/A, K is the uniaxial anisotropy constant, u is the direction of the magnetic easy axis

N
and Hp is the magnetostatic field.
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Single spherical NP were discretized using cubic cells with a mesh size of 1.5-2 nm (which

is below the magnetostatic exchange length of the system lox = /2A/ (LpM3) ~ 6.8 nm).
The hysteresis loops were calculated as follows: the magnetic system was initially

saturated along the x-axis. Then, the applied field was reduced in steps of 0.025 mT and

the equilibrium magnetization state at each I-_I:z (and therefore the static spin configuration)
was found by numerically solving the Landau-Lifshitz—Gilbert equation [87] using a high
damping constant.

Regarding the boundary conditions using in the micromagnetic simulations, we were
utilizing a finite system to explore the effect that the NP’s shape and surface had on the
magnetic response. We used open boundary conditions.

References

1.  Hanemann, T,; Syperek, D.; Notzel, D. 3D Printing of ABS Barium Ferrite Composites. Materials 2020, 13, 1481. [CrossRef]

2. Khatri, B.; Lappe, K.; Noetzel, D.; Pursche, K.; Hanemann, T. A 3D-Printable Polymer-Metal Soft-Magnetic Functional Composite—
Development and Characterization. Materials 2018, 11, 189. [CrossRef]

3.  Gass, J.; Poddar, P; Almand, J.; Srinath, S.; Srikanth, H. Superparamagnetic Polymer Nanocomposites with Uniform Fe;O4
Nanoparticle Dispersions. Adv. Funct. Mater. 2005, 16, 71-75. [CrossRef]

4. Jacimovic, ].; Binda, F; Herrmann, L.G.; Greuter, F; Genta, J.; Calvo, M.; Tomse, T.; Simon, R.A. Net Shape 3D Printed NdFeB
Permanent Magnet. Adv. Eng. Mater. 2017, 19, 1700098. [CrossRef]

5. Brito-Pereira, R.; Ribeiro, C.; Perinka, N.; Lanceros-Mendez, S.; Martins, P. Reconfigurable 3D-printable magnets with improved
maximum energy producto. J. Mater. Chem. C 2020, 8, 952-958. [CrossRef]

6. Wu,S,;Hu, W, Ze, Q,; Sitti, M.; Zhao, R. Multifunctional magnetic soft composites: A review. Multifunct. Mater. 2020, 3, 042003.
[CrossRef]

7. Merazzo, KJ.; Lima, A.C.; Rincén-Iglesias, M.; Fernandes, L.C.; Pereira, N.; Lanceros-Mendez, S.; Martins, P. Magnetic materials:
A journey from finding north to an exciting printed future. Mater. Horiz. 2021, 8, 2654-2684. [CrossRef]

8. Haixia, L.; Zhiyong, H.; Geng, L.; Jican, L. Review of soft magnetic composite permanent magnet motor. In Proceedings of
the International Symposium on Big Data and Artificial Intelligence, Hong Kong, China, 29-30 December 2018; pp. 294-298.
[CrossRef]

9. Rincon-Iglesias, M.; Salado, M.; Lanceros-Mendez, S.; Lizundia, E. Magnetically active nanocomposites based on biodegradable
polylactide, polycaprolactone, polybutylene succinate and polybutylene adipate terephthalate. Polymer 2022, 249, 124804.
[CrossRef]

10.  Xu,Y.; Gao, L.; Zhou, Y. Synthesis of trifunctional inorganic/organic hybrid nanocomposites and their applications for recognition
and elimination of heavy metal ions. Appl. Surf. Sci. 2022, 605, 154659. [CrossRef]

11. Stefan, M.; Leostean, C.; Popa, A.; Toloman, D.; Perhaita, I.; Cadis, A.; Macavei, S.; Pana, O. Highly stable MWCNT-CoFe,O4
photocatalyst. EGA-FTIR coupling as efficient tool to illustrate the formation mechanism. J. Alloys Compd. 2022, 928, 167188.
[CrossRef]

12. Du, X,; Zhang, L.; Guo, C,; Liu, G.; Yuan, H.; Li, Y,; Hu, W. FeCo/Graphene Nanocomposites for Applications as Electromagnetic
Wave-Absorbing Materials. ACS Appl. Nano Mater. 2022, 5, 18730-18741. [CrossRef]

13.  Mendes-Felipe, C.; Garcia, A.; Salazar, D.; Vilas-Vilela, J.; Lanceros-Mendez, S. Photocurable magnetic materials with tailored
functional properties. Compos. Part C Open Access 2021, 5, 100143. [CrossRef]

14. Marques-Almeida, T.; Correia, V.; Martin, E.F.; Diez, A.G.; Ribeiro, C.; Lanceros-Mendez, S. Piezoelectric and Magnetically
Responsive Biodegradable Composites with Tailored Porous Morphology for Biotechnological Applications. ACS Appl. Polym.
Mater. 2022, 4, 8750-8763. [CrossRef]

15. Hermenegildo, B.; Meira, R.; Correia, D.; Diez, A.; Ribeiro, S.; Serra, J.; Pérez-Alvarez, L.; Vilas-Vilela, J.; Lanceros-Méndez, S.
Poly(lactic-co-glycolide) based biodegradable electrically and magnetically active microenvironments for tissue regeneration
applications. Eur. Polym. J. 2022, 171, 111197. [CrossRef]

16. Wan, X,; He, Y,; Liu, Y.; Leng, J. 4D printing of multiple shape memory polymer and nanocomposites with biocompatible,
programmable and selectively actuated properties. Addit. Manuf. 2022, 53, 102689. [CrossRef]

17.  Bulgakova, A.; Chubarov, A.; Dmitrienko, E. Magnetic Nylon 6 Nanocomposites for the Microextraction of Nucleic Acids from
Biological Samples. Magnetochemistry 2022, 8, 85. [CrossRef]

18. Lum,G.Z; Ye, Z.; Dong, X.; Marvi, H.; Erin, O.; Hu, W.; Sitti, M. Shape-programmable magnetic soft matter. Proc. Natl. Acad. Sci.
USA 2016, 113, E6007-E6015. [CrossRef] [PubMed]

19. Diez, A.G,; Tubio, C.R.; Gémez, A.; Berastegi, ].; Bou-Ali, M.M.; Etxebarria, ].G.; Lanceros-Mendez, S. Tuning magnetorheological
functional response of thermoplastic elastomers by varying soft-magnetic nanofillers. Polym. Adv. Technol. 2022, 33, 2610-2619.
[CrossRef]

20. Biron, M. Thermoplastics and Thermoplastic Composites; Elsevier Science: Amsterdam, The Netherlands, 2007; ISBN 978-1-85617-478-7.


http://doi.org/10.3390/ma13061481
http://doi.org/10.3390/ma11020189
http://doi.org/10.1002/adfm.200500335
http://doi.org/10.1002/adem.201700098
http://doi.org/10.1039/C9TC06072C
http://doi.org/10.1088/2399-7532/abcb0c
http://doi.org/10.1039/D1MH00641J
http://doi.org/10.1145/3305275.3305334
http://doi.org/10.1016/j.polymer.2022.124804
http://doi.org/10.1016/j.apsusc.2022.154659
http://doi.org/10.1016/j.jallcom.2022.167188
http://doi.org/10.1021/acsanm.2c04497
http://doi.org/10.1016/j.jcomc.2021.100143
http://doi.org/10.1021/acsapm.2c01114
http://doi.org/10.1016/j.eurpolymj.2022.111197
http://doi.org/10.1016/j.addma.2022.102689
http://doi.org/10.3390/magnetochemistry8080085
http://doi.org/10.1073/pnas.1608193113
http://www.ncbi.nlm.nih.gov/pubmed/27671658
http://doi.org/10.1002/pat.5717

Polymers 2023, 15, 626 17 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

Ching, Y.C.; Chuah, C.H.; Ching, K.Y.; Abdullah, L.C.; Rahman, A. Applications of thermoplastic-based blends. In Preparation and
Characterisation; Elsevier: Amsterdam, The Netherlands, 2017; pp. 111-129. [CrossRef]

Yadav, R.; Tirumali, M.; Wang, X.; Naebe, M.; Kandasubramanian, B. Polymer composite for antistatic application in aerospace.
Def. Technol. 2019, 16, 107-118. [CrossRef]

Banjanin, B.; Vladic, G.; Pal, M.; Balos, S.; Dramicanin, M.; Rackov, M.; Knezevic, I. Consistency analysis of mechanical properties
of elements produced by FDM additive manufacturing technology. Matéria 2018, 23. [CrossRef]

Sachdev, V.K,; Sharma, S.K.; Tomar, M.; Gupta, V.; Tandon, R.P. EMI shielding of MWCNT/ABS nanocomposites in contrast to
graphite/ ABS composites and MWCNT/PS nanocomposites. RSC Adv. 2016, 6, 45049-45058. [CrossRef]

Jyoti, ].; Basu, S.; Singh, B.P.; Dhakate, S. Superior mechanical and electrical properties of multiwall carbon nanotube reinforced
acrylonitrile butadiene styrene high performance composites. Compos. Part B Eng. 2015, 83, 58-65. [CrossRef]

Ecco, L.G.; Dul, S.; Schmitz, D.P; Barra, G.M.D.O.; Soares, B.G.; Fambri, L.; Pegoretti, A. Rapid Prototyping of Efficient
Electromagnetic Interference Shielding Polymer Composites via Fused Deposition Modeling. Appl. Sci. 2018, 9, 37. [CrossRef]
Gao, A.; Zhao, F.; Wang, F.; Zhang, G.; Zhao, S.; Cui, J.; Yan, Y. Highly conductive and light-weight acrylonitrile-butadiene-styrene
copolymer/reduced graphene nanocomposites with segregated conductive structure. Compos. Part A Appl. Sci. Manuf. 2019, 122,
1-7. [CrossRef]

Singh, R.; Sandhu, G.S.; Penna, R ; Farina, I. Investigations for Thermal and Electrical Conductivity of ABS-Graphene Blended
Prototypes. Materials 2017, 10, 881. [CrossRef] [PubMed]

Rabbi, M.E; Chalivendra, V. Strain and damage sensing in additively manufactured CB/ABS polymer composites. Polym. Test.
2020, 90, 106688. [CrossRef]

Wang, X. Investigation of Electromagnetic Shielding Effectiveness of Nanostructural Carbon Black/ABS Composites. J. Electro-
magn. Anal. Appl. 2011, 3, 160-164. [CrossRef]

Schmitz, D.; Ecco, L.; Dul, S.; Pereira, E.; Soares, B.; Barra, G.; Pegoretti, A. Electromagnetic interference shielding effectiveness of
ABS carbon-based composites manufactured via fused deposition modelling. Mater. Today Commun. 2018, 15, 70-80. [CrossRef]
Jeong, S.; Song, Y.S.; Lim, E. Fabrication and Characterization of Aluminum Nanoparticle-Reinforced Composites. Polymers 2020,
12,2772. [CrossRef]

Hsu, Y.G; Lin, EJ. Organic-inorganic composite materials from acrylonitrile-butadiene-styrene copolymers (ABS) and silica
through anin situ sol-gel process. |. Appl. Polym. Sci. 2000, 75, 275-283. [CrossRef]

Jiang, L.; Lam, Y.C.; Tam, M.K,; Chua, T.; Sim, G.; Ang, L. Strengthening acrylonitrile-butadiene-styrene (ABS) with nano-sized
and micron-sized calcium carbonate. Polymer 2005, 46, 243-252. [CrossRef]

Suetsuna, T.; Kinouchi, H.; Kawamoto, T.; Sanada, N. Soft magnetic composite containing magnetic flakes with in-plane uniaxial
magnetic anisotropy. . Magn. Magn. Mater. 2018, 473, 416—421. [CrossRef]

Wang, Y.; Castles, F.; Grant, P.S. 3D Printing of NiZn ferrite/ ABS Magnetic Composites for Electromagnetic Devices. MRS Proc.
2015, 1788, 29-35. [CrossRef]

Ikeda, S.; Yamada, S. Magnetic particle composite materials for magnetic sensor made by fused deposition method. In Proceedings
of the 2019 13th International Conference on Sensing Technology (ICST), Sydney, Australia, 2-4 December 2019; pp. 1-4. [CrossRef]
Nabiyouni, G.; Ghanbari, D. Thermal, magnetic, and optical characteristics of ABS-Fe;O3 nanocomposites. J. Appl. Polym. Sci.
2012, 125, 3268-3274. [CrossRef]

Thuyet-Nguyen, M.; Hai-Nguyen, H.; Kim, W.J.; Kim, H.Y.; Kim, J.-C. Synthesis and characterization of magnetic of Ni/ABS
nanocomposites by electrical explosion of wire in liquid and solution blending methods. Met. Mater. Int. 2017, 23, 391-396.
[CrossRef]

Oleksakova, D.; Kollar, P; Fiizer, J.; Kusy, M.; Roth, S.; Polanski, K. The influence of mechanical milling on structure and soft
magnetic properties of NiFe and NiFeMo alloys. ]. Magn. Magn. Mater. 2007, 316, e838—841. [CrossRef]

Slovensky, P.; Kollar, P; Jakubé¢in, M.; Fiizer, J.; Oleksakova, D.; Faberova, M.; Bures, R. Characterization of Structure and Magnetic
Properties of Warm Compacted Ni-Fe-Mo Soft Magnetic Alloy. Acta Phys. Pol. A 2020, 137, 876-878. [CrossRef]

Jiles, D. Introduction to Magnetism and Magnetic Materials; CRC Press: Boca Raton, FL, USA, 1998; p. 354. ISBN 978-0-412-79860-3.
Wienecke, A.; Miiller-Weihrich, K.; Rissing, L. Investigation of Electrodeposited Nifemo for Application as Flux Concentrator in
Magnetic Field Sensors. In ECS Meeting Abstracts; IOP Publishing: Chiyoda, Tokyo, 2014; p. 904. [CrossRef]

ESPI Metals. Permalloy 80. Available online: https://www.espimetals.com/index.php/technical-data/175-permalloy-80
(accessed on 26 December 2022).

Lee, S.-Y.; Lim, Y.-S.; Choi, I.-H.; Lee, D.-I.; Kim, S.-B. Effective Combination of Soft Magnetic Materials for Magnetic Shielding.
IEEE Trans. Magn. 2012, 48, 4550-4553. [CrossRef]

Sun, Z.; Reisner, M.; Fierlinger, P; Schnabel, A.; Stuiber, S.; Li, L. Dynamic modeling of the behavior of permalloy for magnetic
shielding. J. Appl. Phys. 2016, 119, 193902. [CrossRef]

Park, J.Y.; Allen, M.G. Development of magnetic materials and processing techniques applicable to integrated micromagnetic
devices. J. Micromech. Microeng. 1998, 8, 307-316. [CrossRef]

Kwiatkowski, W.; Tumanski, S. The perma lloy mag netoresistive sensors-properties and applications. J. Phys. E Sci. Instrum.
1986, 19, 502. [CrossRef]

Taylor, W.P,; Schneider, M.; Baltes, H.; Allen, M.G. A NiFeMo Electroplating Bath for Micromachined Structures. Electrochem.
Solid-State Lett. 1999, 2, 624-626. [CrossRef]


http://doi.org/10.1016/b978-0-08-100408-1.00005-4
http://doi.org/10.1016/j.dt.2019.04.008
http://doi.org/10.1590/s1517-707620180004.0584
http://doi.org/10.1039/C6RA04200G
http://doi.org/10.1016/j.compositesb.2015.08.055
http://doi.org/10.3390/app9010037
http://doi.org/10.1016/j.compositesa.2019.04.019
http://doi.org/10.3390/ma10080881
http://www.ncbi.nlm.nih.gov/pubmed/28773244
http://doi.org/10.1016/j.polymertesting.2020.106688
http://doi.org/10.4236/jemaa.2011.35026
http://doi.org/10.1016/j.mtcomm.2018.02.034
http://doi.org/10.3390/polym12122772
http://doi.org/10.1002/(SICI)1097-4628(20000110)75:2&lt;275::AID-APP10&gt;3.0.CO;2-I
http://doi.org/10.1016/j.polymer.2004.11.001
http://doi.org/10.1016/j.jmmm.2018.10.092
http://doi.org/10.1557/opl.2015.661
http://doi.org/10.1109/icst46873.2019.9047742
http://doi.org/10.1002/app.36514
http://doi.org/10.1007/s12540-017-6533-z
http://doi.org/10.1016/j.jmmm.2007.03.111
http://doi.org/10.12693/APhysPolA.137.876
http://doi.org/10.1149/ma2014-02/17/904
https://www.espimetals.com/index.php/technical-data/175-permalloy-80
http://doi.org/10.1109/TMAG.2012.2196682
http://doi.org/10.1063/1.4949516
http://doi.org/10.1088/0960-1317/8/4/008
http://doi.org/10.1088/0022-3735/19/7/002
http://doi.org/10.1149/1.1390928

Polymers 2023, 15, 626 18 of 19

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Sun, N.X,; Crawford, A.M.; Wang, S.X. Advanced Soft Magnetic Materials for Magnetic Recording Heads and Integrated Inductors.
MRS Online Proc. Libr. (OPL) 2002, 721, 63. [CrossRef]

Maat, S.; Marley, A.C. Physics and Design of Hard Disk Drive Magnetic Recording Read Heads. In Handbook of Spintronics;
Springer: Dordrecht, The Netherlands, 2016; pp. 977-1028.

Mendes-Felipe, C.; Rodrigues-Marinho, T.; Vilas, J.L.; Lanceros-Mendez, S. UV curable nanocomposites with tailored dielectric
response. Polymer 2020, 196, 122498. [CrossRef]

Castro, N.; Reis, S.; Silva, M.P,; Correia, V.; Lanceros-Mendez, S.; Martins, P. Development of a contactless DC current sensor with
high linearity and sensitivity based on the magnetoelectric effect. Smart Mater. Struct. 2018, 27, 065012. [CrossRef]

Pereira, N.; Lima, A.C.; Correia, V.; Pefinka, N.; Lanceros-Mendez, S.; Martins, P. Magnetic Proximity Sensor Based on Magneto-
electric Composites and Printed Coils. Materials 2020, 13, 1729. [CrossRef] [PubMed]

Reizabal, A.; Costa, C.M.; Pereira, N.; Pérez-Alvarez, L.; Vilas-Vilela, J.-L.; Lanceros-Méndez, S. Silk Fibroin Based Magnetic
Nanocomposites for Actuator Applications. Adv. Eng. Mater. 2020, 22, 2000111. [CrossRef]

éupové, M.; Martynkova, G.S.; Barabaszovd, K. Effect of Nanofillers Dispersion in Polymer Matrices: A Review. Sci. Adv. Mater.
2011, 3, 1-25. [CrossRef]

Phenrat, T.; Saleh, N.; Sirk, K,; Tilton, R.D.; Lowry, G.V. Aggregation and Sedimentation of Aqueous Nanoscale Zerovalent Iron
Dispersions. Environ. Sci. Technol. 2006, 41, 284-290. [CrossRef]

Golas, P.L.; Louie, S.; Lowry, G.V.,; Matyjaszewski, K.; Tilton, R.D. Comparative Study of Polymeric Stabilizers for Magnetite
Nanoparticles Using ATRP. Langmuir 2010, 26, 16890-16900. [CrossRef]

Sohel, A.; Mandal, A.; Mondal, A.; Pan, S.; Sengupta, A. Thermal analysis of ABS/PA6 polymer blend using differential scanning
calorimetry. J. Therm. Anal. Calorim. 2017, 129, 1689-1695. [CrossRef]

Chen, E; Clough, A.; Reinhard, B.M.; Grinstaff, M.W.; Jiang, N.; Koga, T.; Tsui, O.K.C. Glass Transition Temperature of Polymer—
Nanoparticle Composites: Effect of Polymer—Particle Interfacial Energy. Macromolecules 2013, 46, 4663-4669. [CrossRef]

Suzuki, M.; Wilkie, C. The termal degradation of acrylonitrile-butadiene-styrene terpolymer as studied by TGA /FTIR. Polym.
Degrad. Stab. 1995, 47, 217-221. [CrossRef]

Guittoum, A.; Bourzami, A.; Layadi, A.; Schmerber, G. Structural, electrical and magnetic properties of evaporated permalloy
thin films: Effect of substrate and thickness. Eur. Phys. J. Appl. Phys. 2012, 58, 20301. [CrossRef]

Deng, H; Lin, L.; Ji, M.; Zhang, S.; Yang, M.; Fu, Q. Progress on the morphological control of conductive network in conductive
polymer composites and the use as electroactive multifunctional materials. Prog. Polym. Sci. 2014, 39, 627-655. [CrossRef]
Costa, P; Carvalho, M.F,; Correia, V.; Viana, ].C.; Lanceros-Mendez, S. Polymer Nanocomposite-Based Strain Sensors with Tailored
Processability and Improved Device Integration. ACS Appl. Nano Mater. 2018, 1, 3015-3025. [CrossRef]

Barde, W.S.; Pakade, S.V.; Yawale, S.P. Ionic conductivity in polypyrrole—poly (vinyl acetate) films synthesized by chemical
oxidative polymerization method. J. Non-Cryst. Solids 2007, 353, 1460-1465. [CrossRef]

Goswami, L.; Sarma, N.S.; Chowdhury, D. Determining the Ionic and Electronic Contribution in Conductivity of Polypyrrole/Au
Nanocomposites. . Phys. Chem. C 2011, 115, 19668-19675. [CrossRef]

Markarian, J]. New developments in antistatic and conductive additives. Plast. Addit. Compd. 2008, 10, 22-25. [CrossRef]

Qi, B.; Yao, T.-P; Zhang, Y.-D.; Shang, H.-K. Endowing the sustainable antistatic properties to epoxy-based composites through
adding graphene nanoplatelets. J. Clean. Prod. 2020, 281, 124594. [CrossRef]

da Silva, T.F.; Menezes, F; Montagna, L.S.; Lemes, A.P,; Passador, ER. Preparation and characterization of antistatic packaging for
electronic components based on poly(lactic acid)/carbon black composites. J. Appl. Polym. Sci. 2019, 136, 47273. [CrossRef]
Costa, P.; Nunes-Pereira, ].; Pereira, N.; Castro, N.; Gongalves, S.; Lanceros-Mendez, S. Recent Progress on Piezoelectric,
Pyroelectric, and Magnetoelectric Polymer-Based Energy-Harvesting Devices. Energy Technol. 2019, 7, 1800852. [CrossRef]
Brito-Pereira, R.; Rodrigues-Marinho, T.; Tubio, C.R.; Costa, P.; Lanceros-Mendez, S. High-dielectric mouldable and printable wax
reinforced with ceramic nanofillers and its suitability for capacitive sensing. Flex. Print. Electron. 2021, 6, 035005. [CrossRef]
Costa, P; Silva, J.; Lanceros Mendez, S. Strong increase of the dielectric response of carbon nanotube/poly(vinylidene fluoride)
composites induced by carbon nanotube type and pre-treatment. Compos. Part B Eng. 2016, 93, 310-316. [CrossRef]

Kim, Y.D.; Song, I.C. Electrorheological and dielectric properties of polypyrrole dispersions. J. Mater. Sci. 2002, 37, 5051-5055.
[CrossRef]

Balani, K.; Verma, V.; Agarwal, A.; Narayan, R. (Eds.) Physical, thermal, and mechanical properties of polymers. In Biosurfaces: A
Materials Science and Engineering Perspective, 1st ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015.

Papageorgiou, D.G.; Kinloch, I.A.; Young, R.]. Mechanical properties of graphene and graphene-based nanocomposites. Prog.
Mater. Sci. 2017, 90, 75-127. [CrossRef]

Fu, S.; Feng, X.-Q.; Lauke, B.; Mai, Y. Effects of particle size, particle/matrix interface adhesion and particle loading on mechanical
properties of particulate—polymer composites. Mater. Sci. Compos. Part B-Eng. 2008, 39, 933-961. [CrossRef]

Young, R.J.; Beaumont, PW.R. Effect of composition upon fracture of silica particle-filled epoxy—resin composites. ]. Mater. Sci.
1977, 12, 684-692. [CrossRef]

Pukanszky, B.; Voros, G. Mechanism of interfacial interactions in particulate filled composites. Compos. Interfaces 1993, 1, 411-427.
[CrossRef]

Xu, W,; Jambhulkar, S.; Zhu, Y.; Ravichandran, D.; Kakarla, M.; Vernon, B.; Lott, D.G.; Cornella, ].L.; Shefi, O.; Miquelard-Garnier,
G.; et al. 3D printing for polymer/particle-based processing: A review. Compos. Part B Eng. 2021, 223, 109102. [CrossRef]


http://doi.org/10.1557/PROC-721-E6.3
http://doi.org/10.1016/j.polymer.2020.122498
http://doi.org/10.1088/1361-665X/aab969
http://doi.org/10.3390/ma13071729
http://www.ncbi.nlm.nih.gov/pubmed/32272728
http://doi.org/10.1002/adem.202000111
http://doi.org/10.1166/sam.2011.1136
http://doi.org/10.1021/es061349a
http://doi.org/10.1021/la103098q
http://doi.org/10.1007/s10973-017-6312-6
http://doi.org/10.1021/ma4000368
http://doi.org/10.1016/0141-3910(94)00122-O
http://doi.org/10.1051/epjap/2012110343
http://doi.org/10.1016/j.progpolymsci.2013.07.007
http://doi.org/10.1021/acsanm.8b00647
http://doi.org/10.1016/j.jnoncrysol.2006.10.071
http://doi.org/10.1021/jp2075012
http://doi.org/10.1016/S1464-391X(08)70172-7
http://doi.org/10.1016/j.jclepro.2020.124594
http://doi.org/10.1002/app.47273
http://doi.org/10.1002/ente.201800852
http://doi.org/10.1088/2058-8585/ac13c5
http://doi.org/10.1016/j.compositesb.2016.03.010
http://doi.org/10.1023/A:1021091700296
http://doi.org/10.1016/j.pmatsci.2017.07.004
http://doi.org/10.1016/j.compositesb.2008.01.002
http://doi.org/10.1007/BF00548158
http://doi.org/10.1163/156855493X00266
http://doi.org/10.1016/j.compositesb.2021.109102

Polymers 2023, 15, 626 19 of 19

80.

81.
82.
83.

84.
85.

86.
87.

Caizer, C. Nanoparticle size effect on some magnetic properties. In Handbook of Nanoparticles; Aliofkhazraei, M., Ed.; Springer
International Publishing: Cham, Switzerland, 2016; p. 475.

O’Handley, R.C. Modern Magnetic Materials, Principles and Applications; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2000.
Spaldin, N. Magnetic Materials, Fundamentals and Device Applications; Cambridge University Press: Cambridge, UK, 2012.
Vansteenkiste, A.; Leliaert, J.; Dvornik, M.; Helsen, M.; Garcia-Sanchez, F.; Van Waeyenberge, B. The design and verification of
MuMax3. AIP Adv. 2014, 4, 107133. [CrossRef]

Kékay, A.; Varga, L.K. Monodomain critical radius for soft-magnetic fine particles. J. Appl. Phys. 2005, 97, 083901. [CrossRef]
Qin, G.; Pei, W; Ren, Y.; Shimada, Y.; Endo, Y.; Yamaguchi, M.; Okamoto, S.; Kitakami, O. Ni80Fe20 permalloy nanoparticles: Wet
chemical preparation, size control and their dynamic permeability characteristics when composited with Fe micron particles. J.
Magn. Magn. Mater. 2009, 321, 4057-4062. [CrossRef]

Ehrmann, A.; Blachowicz, T. Interaction between magnetic nanoparticles in clusters. AIMS Mater. Sci. 2017, 4, 383-390. [CrossRef]
Gilbert, T. Classics in Magnetics A Phenomenological Theory of Damping in Ferromagnetic Materials. IEEE Trans. Magn. 2004,
40, 3443-3449. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1063/1.4899186
http://doi.org/10.1063/1.1844612
http://doi.org/10.1016/j.jmmm.2009.08.004
http://doi.org/10.3934/matersci.2017.2.383
http://doi.org/10.1109/TMAG.2004.836740

	Introduction 
	Experimental 
	Materials and Sample Preparation 
	Sample Characterization 

	Results and Discussion 
	Morphological Features 
	Thermal Properties 
	Electrical Conductivity 
	Dielectric Response 
	Mechanical Properties 
	Magnetic Response 

	Conclusions 
	Appendix A
	References

