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Abstract

An in-situ polymerization method fabricated the electrically conductive magnetic epoxy nhanocomposites
with polyaniline@magnetite. With the introduction of polyaniline on the magnetite nanoparticles, the
structural integrity of the synthesized epoxy nanocomposites was enhanced with the bridging effect of
the polyaniline. Specifically, compared with pure epoxy, the tensile strength was improved to 82.2 MPa
when 1.0 wt% polyaniline@magnetite was added to the epoxy matrix. The enhanced mechanical property
is due to the enhanced interfacial interaction. With further increasing particle loading to 30.0 wt%, glass
transition temperature (T,) was decreased to 85.4 °C, which is related to the enlarged free volume
between epoxy chains. The saturation magnetization of 30.0 wt% polyaniline@magnetite-epoxy
composites was 12.79 emu/g. Moreover, with the assistance of polyaniline@magnetite, the thermal
stability was enhanced compared with pure epoxy. The electromagnetic wave absorption of the unique
polyaniline@magnetite/epoxy nanocomposites was also studied. When the content of
polyaniline@magnetite reached 30.0 wt%, the reflection loss even reached 35.9 dB. This work guides the
fabrication of multifunctional epoxy nanocomposites with comprehensive electrical, magnetic and
mechanical properties.

1. Introduction

As one of the most popular engineered thermosetting materials, epoxy is applied in different fields,
including anticorrosion, adhesives, and electronics encapsulation materials, due to its excellent

mechanical properties and chemical stability ['=31 In order to widen its application in new areas,
researchers have done many works by adding different fillers with different functions into thermosetting

epoxy [“=7). For instance, Gu et al. added SiO, into the epoxy matrix to enhance the mechanical

properties of epoxy nanocomposites 8] Gu et al. successfully enhanced the mechanical and electrical

properties by adding carbon nanofillers with various dimensions into the epoxy matrix 1. Both
mechanical and electrical properties were enhanced at the same time with a relatively low nanocarbons
loading. However, the agglomeration of the nanoparticles would appear with high nanofiller loadings.

The surface treatment of the nanofillers has attracted the attention of researchers to overcome the
above aggregation issue. There are two main methods of surface treatment. On the one hand, the
nanofillers are directly treated by chemicals to introduce functional groups. For example, Gu et al. treated
the carbon nanofibers with concentrated acid to introduce carboxyl functional groups on the carbon
nanofibers, which could react with epoxide groups % The electrical and mechanical properties are
improved. On the other hand, a coupling agent such as silane is applied to form a chemical bond bridge
between the nanofiller and polymer matrix. For instance, Zhang et al. applied KH550 on the surface of

ZnO to overcome the agglomeration ['%. And the mechanical property is significantly improved.

Due to its relatively high saturation magnetization, magnetite (Fe30,) has been applied for catalysis,

information storage, color imaging, etc "'=4. Fe,0,, in the epoxy matrix could widen its applications in
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electronic, energy storage, and environment remediation ['2 15718l To overcome the agglomeration of
Fe;04 nanoparticles, coupling agents such as saline have been applied to do the surface treatment of
the Fe;0, nanoparticles. Among the conjugated conductive polymers, polyaniline (PANI) has attracted

more attention from researchers and has been applied in various ways due to its unique chemical
structure, tunable electrical properties, etc. For example, Guo et al. reported the enhanced mechanical
and electrical properties of the polyaniline/epoxy hanocomposites due to the formed chemical bond

between epoxy and polyaniline fillers (191 However, there is less work evaluating the effect of polyaniline
as the coupling agent on mechanical properties, thermal stability, electromagnetic properties and
magnetic properties in the magnetic epoxy nanocomposites with magnetite nanoparticles as fillers.

In this work, PANI@Fe3;0,/epoxy nanocomposites were prepared using the situ polymerization method.
The chemical and crystal structure and morphology of PANI@Fe30, nanoparticles are characterized by

Fourier transform infrared spectroscopy, scanning electron microscopy and X-ray diffractometer. The
roles of PANI coating on thermal stability, mechanical properties, and magnetic properties were studied.
FTIR and a differential scanning calorimeter analyzed the chemical bond formation mechanism.
Moreover, the electromagnetic wave absorbing property of the PANI@Fe3;0,/epoxy nanocomposites was

evaluated as well.

2. Experimentals
2.1 Materials

The PANI@Fe;0, nanoparticles were bought from Chongqing Huancai Materials Technology Co., Ltd.,
Chonggqing, China. The epon monomers (EPON 862) were all brought from Guangzhou Diexun Trading
Co., Ltd., China. The curing agent (EpiCure W) was brought from Guangzhou Diexun Trading Co., Ltd.,
China. The details about the preparation of PANI@Fe;0,/epoxy nanocomposites and characterization
are in the supporting materials.

3. Results and Discussion

Morphology, chemical structure and crystal structure are analyzed by SEM, FT-IR and XRD as shown in
Fig. 1. The PANI@Fe;0, particles are spheres with a diameter of about 110 nm, obtained through

nanomeasurer software as shown in Fig. 1(a). The peaks at 1578, 1493, 1300, 1226, 1118, 803, 628 and
580 cm™ ! observed in the FT-IR reflect the characteristic peak of pure PANI '] as shown in Fig. 1(b).
Meanwhile, the crystal peaks located at 30, 35, 43, 54, 58, and 62° indicate the crystal phase of (220),
(311), (400), (422), (511) and (400) of Fe,0, particles ['" 29 The SEM, FT-IR and XRD results show that
the polyaniline is well coated on Fe;0, nanoparticles, indicating the core-shell structure of PANI@Fe;0,
particles.
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Figure 2(A) shows stress-strain curves for epoxy nanocomposites with varying loadings of PANI@Fe30,
nanoparticles. The pure epoxy's tensile strength is 78.8 MPa. For epoxy nanocomposites, the tensile
strength is improved to be 82.2 MPa even when the PANI@Fe;0,4 nanoparticles is low (1.0 wt%). The
improved tensile strength is attributed to the polyaniline functionalized Fe30,, which enhances the
interfacial reaction between Fe;0, and epoxy. With further increasing the PANI@Fe30, nanoparticles
loading to 10.0 and 30.0 wt%, tensile strength is decreased to 62.3 and 35.6 MPa, respectively. The
decreased tensile strength is due to the agglomeration of PANI@Fe3;0,. The Young's modulus of pure

epoxy and epoxy nanocomposites with 1.0, 10.0 and 30.0 wt% PANI@Fe;0, particles is 1.22, 1.32, 1.41

and 1.40 GPa, respectively. Compared with pure epoxy, Young's modulus of epoxy nanocomposites is
improved. With the introduction of PANI@Fe304 nanoparticles, the formed interfacial layer prevents the
polymer's deformation, leading to an improved Young's modulus.

Figure. 3 displays SEM of the fracture surface of all samples after the tensile test. For pure epoxy, as
shown in Fig. 3(a), a "river-like" fracture surface is observed, which indicates a brittle failure ['®]. When the
content of PANI@Fe3;0,4 nanoparticles is only 1.0 wt%, the epoxy nanocomposites also show a river-like
fracture surface, Fig. 3(b). However, with further increasing the particle loading, agglomeration of
PANI@Fe;0, particles in epoxy is observed as shown in Fig. 3(c&d). When loading of PANI@Fe30, is
30.0 wt%, Fig. 3(d), agglomeration is obviously observed as marked by red cycle, leading to a decrease of
tensile strength. A similar phenomenon is observed in PANI/epoxy nanocomposites (1],

Dynamic mechanical analysis (DMA) provides information on the storage modulus (G'), loss modulus
(G"), and loss factor (tand) of pure epoxy and epoxy nanocomposites with different loadings of

Fe;0,@PANI from 30 to 200 °C as shown in Fig. 4. Figure 4 demonstrates the dynamic mechanical
analysis (DMA) results from 30 to 200 °C. The storage modulus (G') and loss modulus (G") are related to
elastic property and energy dissipation of epoxy composites during the test, respectively. At glass state,

Fig. 4(A), the G' of pure epoxy is about 3.4 GPa, and the G' for epoxy with 1.0, 10.0 and 30.0 wt% is 3.2,
3.8 and 5.9 GPa, respectively. The epoxy nanocomposites show higher G' than pure epoxy due to the

confinement of polymer chains [2'l. The epoxy nanocomposites with Fe@FeO and polypyrrole
functionalized Fe;0, nanoparticles also display similar results [21,22], Figure. 4(B) shows G" as a function
of temperature from 30 to 200 °C for all samples. It is observed that G" shows a similar trend to G'.
Generally, tan & is the ratio of storage modulus to loss modulus, and the peak of tan 6 is used to analyze
glass transition temperature (T,). Figure 4 (C) shows that the T of pure epoxy and epoxy
nanocomposites with 1.0, 10.0 and 30.0 wt% is 128.3, 130.6, 123.1 and 85.4 °C, respectively. The
introduction of PANI@Fe30, nanoparticles leads to decreasing Tg, due to enlarged free volume [23],

Similar results are also observed in graphene/epoxy nanocomposites [23],

Figure 5 displays room-temperature magnetization hysteresis curves of Fe;0,@PANI and its epoxy
nanocomposites. As shown in Fig. 5(A), there is no hysteresis loop in the Fe;0,@PANI nanoparticles,
demonstrating the superparamagnetic performance. However, a hysteresis loop is observed in the
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Fe;0,@PANI-epoxy nanocomposites, Fig. 5(B). Generally, when coercivity (Hc) is larger than 200 Oe, the
magnetic materials are defined as ferromagnetically hard. When the Hc is smaller than 200 Oe, the
magnetic materials are defined as ferromagnetically soft. For all the Fe;0,@PANI-epoxy
nanocomposites, Fig. 5(C), the Hc is smaller than 200 Oe. Hence, the Fe;0,@PANI-epoxy
nanocomposites are ferromagnetically soft materials. It is obviously observed that the magnetization did
not reach saturation in the measurement magnetic strength range. The saturation magnetization (Ms)

can be determined by the extrapolated saturation magnetization obtained from the intercept of M—H "'
at high fields. Obtained saturation magnetization is 40.30, 0.07, 3.77 and 12.79 emu/g for pure epoxy
and epoxy nanocomposites with 1%, 10% and 30% Fe;0,@PANI nanoparticles, respectively.

Thermal stability is very important for the deployment of polymer nanocomposites. Figure 6 shows TGA
and DTG results of all samples. For Fe;0,@PANI nanoparticles, Fig. 6(A), the final weight residue is

about 82.8% at 800 °C. The weight loss is due to the degradation of polyaniline on the surface of Fe;0,.

For pure epoxy, there are two major weight loss stages. The slight weight loss from 200 to 320 °C is due

to the hemolytic scission of chemical bonds. The first weight loss from 350 to 450 °C is induced by the
elimination of water molecules from the oxypropylene group, —~CH2-CH(OH)-, and the simultaneous

breakdown of the epoxy network 241 with further increasing temperature, the second weight loss in the
temperature range from 465 to 605 °C is due to degradation of benzene rings. For epoxy
nanocomposites, two weight loss stages were observed. Compared with pure epoxy, the thermal stability
of the epoxy nanocomposites is decreased, which is related to the obstructive effect of Fe;0,@PANI

nanoparticles on the formation of high cross-linked molecular structure of epoxy matrix or the increased
free volume fractions. Similar results are also observed in epoxy nanocomposites with different loadings

of Fe@FeO [2"], Interestingly, the temperature at 50% weight loss of epoxy nanocomposites with 10 wt%
and 30 wt% Fe;0,@PANI nanoparticles is higher than pure epoxy.

Electromagnetic parameters (€', €", p', and p") of Fe30,@PANI nanoparticles/epoxy nanocomposites with
1.0, 10.0 and 30.0 wt% are displayed in Fig. 7(A, B, C). The positive dielectric constant is observed in all
Fe;0,@PANI-epoxy composites, induced by the interfacial polarization formed at the interface between

Fe;0,@PANI nanoparticles and epoxy matrix. The epoxy resin hindered the charge carriers, resulting in
the accumulation of space charge carriers at the interface.

With increasing Fe;0,@PANI loading, the €' and €" increase. The p' and p" of the Fe;0,@PANI-epoxy

composites is about 1 and 0. The reflection loss (RL) can be expressed as Eq. 1 25 26l:
Zz'n - ZO
RL = 20 log | 5——
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where Z;, and Z, represent input impedance and impedance in free space. Z;, and Z, are defined as
Egs. 2 and 3 [27);

2rdf. /i€,
Zin = To “”tanh<] )
€ r C
2
Zo = Fo
€0
3

where €,and u, are complex relative permittivity and complex relative permeability, dis the thickness of
the material, ¢ stands for velocity of EM wave in vacuum and f stands for the frequency of EM wave.
Figure 7 displays reflection loss as a function of frequency from 2 to 18 GHz of the epoxy
nanocomposites. For epoxy nanocomposites with 1.0 wt% Fe;0,@PANI nanoparticles, the reflection
loss could only reach - 5.52 dB. When the loading of Fe;0,@PANI nanoparticles increases to 10.0 wt%,
reflection loss can reach - 10.16 dB. However, for 30.0 wt% Fe;0,@PANI/epoxy nanocomposites,
reflection loss even reaches - 35.9 dB, and the effective adsorption bandwidth is 2.24 GHz. Generally, as
electromagnetic wave adsorption materials, the reflection loss should reach 10 dB at least. Hence, epoxy
nanocomposites with 30.0 wt% Fe;0,@PANI nanoparticles can be applied for electromagnetic wave
adsorption. In this work, with increasing Fe;0,@PANI nanoparticles, the reflection loss improved. This
may be due to improved impedance matching, magnetic loss, and electrical loss caused by the
introduction of magnetic and electrical conductive Fe;0,@PANI nanoparticles.

Figure 8(A) shows the DSC curves of the mixture of epoxy resin monomers and Fe;0,@PANI
nanoparticles. It is obviously observed that there is a broad peak from 100-125 °C, which indicates
chemical interaction between Fe;0,@PANI nanoparticles and epoxy resin monomers. Because there is
no heat-releasing peak for only pure epoxy monomer and Fe;0,@PANI nanoparticles in the measured
temperature range. In order to further confirm the chemical reaction. The FT-IR results of Fe;0,@PANI
nanoparticles before and after reaction with epoxy resin monomers. For Fe;0,@PANI nanoparticles

before reacting with epoxy resin monomers, Fig. 8B(a) shows all the characterized peaks of
Fe304@PANI nanoparticles. However, for the Fe;0,@PANI nanoparticles after reacting with epoxy resin
monomers, Fig. 8B(b), the peaks of Fe304@PANI nanoparticles are also observed. It is interesting to
note that there is a peak located at around 1241 cm™ ! within the marked region due to the strong
absorption of C - O-C stretch vibration. Theoretically, the amine group on polyaniline could react with the
epoxy group. Since after reacting with epoxy resin monomers and totally washing with acetone, the

epoxy resin monomer should be removed. However, the observed new peak at 1241 cm™ ! indicates the
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interaction between polyaniline and epoxy 28] Scheme 1 is the proposed interaction of the amine group
on polyaniline with epoxy resin monomers.

4. Conclusion

In this work, the tensile strength of epoxy nanocomposites with Fe;0,@PANI is improved to 82.5 MPa.

However, with high loading, the tensile strength decreased, which was induced by the agglomeration of
Fe;0,@PANI. The improved thermal stability and glass transition temperature are observed in the TGA

and DMA results. Moreover, the epoxy nanocomposites with high loading of Fe;0,@PANI nanoparticles

show great potential for electromagnetic wav adsorption. The reflection loss even reaches 35.9 dB, with
an effective adsorption bandwidth of 1.8 GHz. Moreover, the DSC and FT-IR results systematically
studied the mechanism for the interaction between polyaniline and epoxy matrix. This work could
provide the guideline for applying polyaniline as a coupling agent in epoxy composites with excellent
electrical, magnetic and mechanical properties.
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Schemes

Scheme 1 is available in the Supplementary Files section.
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Figure 1

(a) SEM, (b) FT-IR and (c) XRD images for PANI@Fe;0, particles.
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Figure 2

(A) stress-strain curves and (B) Young's modulus of (a) cured pure epoxy and epoxy nanocomposites
with (b)1.0, (c) 10.0 and (d) 30.0 wt% PANI@Fe30, nanoparticles.
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Figure 3

SEM microstructures of the fracture surface of (a) cured pure epoxy and its PNCs with (b) 1%
Fe;0,@PANI /epoxy, (c) 10% Fe;0,@PANI /epoxy, and (d) 30% Fe;0,@PANI /epoxy.
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Figure 4

(A) storage modulus (G'), (B) loss modulus (G"), and (C) tand for (a) pure epoxy and epoxy
nanocomposites with (b) 1%, (c) 10% and (d) 30% Fe;0,@PANI nanoparticles.
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(C)

Room temperature magnetization curves of (A) Fe;0,@PANI nanoparticles, (B) epoxy nanocomposites

with (a) 1%, (b) 10% and (c) 30% Fe;0,@PANI nanoparticles and area enlargement for epoxy

nanocomposites.
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(A) TGA and (B) DTG curves of (a) Fe;0,@PANI nanoparticles, (b) pure epoxy and epoxy
nanocomposites with (c) 1%, (d) 10% and (e) 30% Fe;0,@PANI nanoparticles.
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Figure 7

(A, B, C) permittivity and permeability as a function of frequency for epoxy nanocomposites with 1.0, 10.0
and 30.0 wt% of Fe;0,@PANI nanoparticles; (D) reflection loss as function of frequency for epoxy

nanocomposites with (a)1.0, (b)10.0 and (c)30.0 wt% of Fe;0,@PANI nanoparticles.
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Figure 8

(A) DSC curve for epoxy resin monomers and Fe;0,@PANI nanoparticles; (B) FT-IR spectra of
Fe;0,@PANI nanoparticles (a) before and (b) after reacted with epoxy resin monomers.
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