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The uniform dispersion of Fe3O4 nanoparticles and strong interfacial bonding with epoxy matrix are crucial for
Fe304/epoxy composite with enhanced mechanical and thermal properties. Cube pure Fe3O4 nanoparticles (PF
NPs) by poly (dopamine) (PDA) coated and (3-aminopropyl) triethoxysilane (APTES) grafted (PAF NPs) are
successfully prepared via co-precipitation and seed polymerization method with an aim to enhance the disper-
sion and interfacial bonding with the epoxy matrix. The tensile strength of PAF/epoxy (1 wt%) increases from

57.8 MPa to 65.5 MPa (a rise scope of almost 13.3%) compared to pure epoxy. The thermal stabilities of PAF/
epoxy composites with various PAF contents (1 wt%, 2wt%, 3 wt%) are higher than that of pure epoxy. The
saturation magnetization (Ms) of PAF/epoxy increases from 0.125 to 0.7 emu/g with PAF loading contents
increasing from 0.5 to 3 wt%. The results suggest that dispersion and interfacial bonding of nanoparticles make a
pivotal contribution to the enhanced performances of composites.

1. Introduction

As the versatile thermosetting polymer, epoxy resins have been
extensively applied in different fields on account of thermal stability,
chemical resistance, electrical insulating and excellent mechanical
properties. In general, epoxy resins will lead to vulnerable defects like
micropores and microcracks during curing process [1]. Great endeavors
have been made to improve beneficial properties of epoxy resins by
incorporating inorganic fillers including metal oxides [2,3], nanosilica
[4] nanoclay [5,6], carbon nitride [7], boron nitride [8] and nanocarbon
materials [9-11].

Magnetic polymer composites are stimuli-responsive smart materials
which can accommodate their shape, displacement and structure in view
of external magnetic field [12]. The magnetic properties and enhanced
mechanical properties can be provided by incorporating pure FezO4
nanoparticles (PF NPs) into polymer matrix, which could broaden their
engineered applications such as biomedical biosensors [13], excellent
adhesives, protective coatings [14,15], structural materials [16,17],
microwave adsorption [18], electromagnetic interference shielding
[19-21], magnetic shape memory [22,23] and oil-water separation [24,
25] due to the synergistic effect on both the non-conducting polymer
matrix and magnetic nanoparticles. However, PF NPs are prone to

aggregate because of the high surface area and strong dipole-dipole
interaction [26]. Even, the intrinsic hydrophilic hydrogen bond of PF
NPs leads to weak interphase interactions with organic polymers.
Furthermore, they are susceptible to oxidize when exposed to the at-
mosphere [27]. Therefore, it is still an enormous challenge to carry out
effective measures to functionalize PF NPs for enhancing the dispersion
and interfacial adhesiveness with the polymer matrix.

Inspired by mussel-adhesive proteins, a controllable poly (dopa-
mine) (PDA) coating can be spontaneously formed on various substrates
under alkaline conditions [28-30]. On the one hand, functional groups
including —NH, and —OH from the PDA are adopted to enhance the
attachment on the substrates. On the other hand, many active groups
from PDA coating could supply a versatile platform with further surface
modification [31-34]. (3-aminopropyl) triethoxysilane (APTES) is also
utilized to improve the interphase adhesion with the matrix and
dispersion of fillers, providing an alternative method to modify the
substrates [35,36].

In this work, cube PF NPs by poly (dopamine) (PDA) coated and
secondary monomer (APTES) grafted (PAF) were successfully prepared
via co-precipitation and seed polymerization method. The PAF NPs were
characterized by FTIR, XRD, DLS, Zeta potential and TEM. And the
magnetic epoxy composites based on PAF NPs were fabricated. The
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thermal stability, mechanical property and magnetic performance of the
as-prepared PAF/epoxy were studied in detail by SEM, TGA, DSC, tensile
analysis, and vibrating sample magnetometer (VSM).

2. Experimental section
2.1. Material

Dopamine hydrochloride (DA) (98%) and tris (hydroxymethyl)
aminomethane (99%) were purchased from Aladdin, China. Ferric
chloride hexahydrate (FeCls3-6H0), Ferrous Sulfate heptahydrate
(FeSO4-7H20), sodium hydroxide (NaOH), and (3-Aminopropyl) trie-
thoxysilane (APTES) were purchased from Sinopharm Chemical Reagent
Co. Ltd., China. The epoxy (E51) was purchased from Yueyang Petro-
chemical factory, China and its curing agent (Polyetheramine D230) was
purchased from Shanghai Yuanmu Biotechnology Co. Ltd., China. All
other reagents were purchased from commercial sources and utilized
without further purification.

2.2. Fabrication of PF NPs

The PF NPs were fabricated by co-precipitation method as follows.
Briefly, FeCl3-6H20 (2.7 g) and FeSO4-7H20 (1.4 g) (molar ratio = 2:1)
were dissolved in deionized water (300ml) for 10 min by ultra-
sonication at room temperature. After the solution was heated to 55 °C,
total 40 ml of NaOH (1 mol/L) was then introduced dropwise to reach
pH (10-11) under protective gas (N2) with mechanical stirring. The
mixture turned from light brown to brown and shiny bright color. Then
suspension was heated to and maintained 60 °C for 1.5 h. After cooling
down to room temperature, magnetic separation and wash with water
several times should be done to get clean products.

2.3. Fabrication of PAF NPs with seed polymerization

In brief, PDA@Fe304 NPs were fabricated and applied as the seeds.
PF (100 mg) and DA (10 mg) were dispersed in the tris butter solution
(40 mg) to keep the pH = 8.5 by ultrasonication. After suspension was
maintained at room temperature for 1 h under mechanical stirring, the
mixture of DA (40 mg), APTES (10 mg), and tris butter (100 mg) solution
were dropwise added to the flask for 30min, followed by co-
polymerization reaction for 7 h at room temperature. Finally, the sam-
ples were obtained after magnetic separation rinsing with water several
times.

2.4. Preparation of composites

The D230 suspension was fabricated by nanoparticles (PF NPs or PAF
NPs) adding into the D230 by ultrasonication for 15 min. The epoxy
composites were prepared by E51 and D230 suspension with various
loading contents of nanoparticles (0 wt%, 1 wt%, 2 wt%, 3 wt%) under
the mechanical stirring. The as-prepared epoxy composites were poured
into the PTFE mold and heated at 80 °C (2 h), 120 °C (8 h) for the curing
process.

2.5. Characterization

X-ray diffraction (XRD) patterns were achieved making use of the
Rigaku Smartlab 9kw X-ray diffractometer. The PF NPs and PAF NPs
were measured by Fourier transform infrared (FT-IR, NEXUS470,
America). Diameters and zeta potential of PF and PAF NPs were deter-
mined by the dynamic light scattering (DLS, ELS-Z, Japan) with zeta
potential. The differential scanning calorimetry (DSC) was recorded by
TA Q20. The thermogravimetric analysis (TGA) was tested by the TA
Q500 under N, atmosphere. The SEM (FEI Inspect F50, America) and
TEM (JEOL 2100F, Japan) were carried out to investigate the surfaces of
PF NPs and PAF NPs. The cross-section morphologies of composites were
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observed by the SEM (JSM-6301F, Japan). Tensile properties of com-
posites were measured by the WSM-20KN Electromechanical Universal
Testing Machine. Magnetization measurements were measured at
3-350 K temperature range and under external magnetic fieldsupto 7 T
taking advantage of a commercial vibrating sample magnetometer
(VSM) by LAKESHORE.

3. Results and discussion
3.1. Modification of PF NPs

Fig. 1 shows a schematic of two-step approach to fabricate PAF NPs.
Magnetic PF NPs are fabricated by co-precipitation, followed by modi-
fication via PDA and APTES. Thus, forming on the surface of PF NPs, the
abundant amino groups and the thin layer of polymer-derivate can
tightly connect with the epoxy matrix through chemical crosslinking
reaction [37-39]. It has been confirmed that secondary functional
monomer can further react with —NH; and —OH groups of PDA for
further grafting [40]. APTES is easily hydrolyzed into silanol with water,
which can coexist with DA monomer in the solution. Thus, the
bio-inspired co-modification [41] is achieved by self-polymerization
process [42-44].

The characteristic peak at 573 cm ™ is assigned to the Fe—O vibra-
tion (Fig. 2a), which also is caught sight of in PF NPs. Furthermore, the
peak at 2922 em! and 2851cm™! are corresponded to —CHj
nonsymmetric and symmetric stretch vibration, respectively. The peak
at 1514 cm ™! is attributed to the bending vibration of —NH group [45].
More importantly, the peak at 1635cm™! is ascribed to the C=N
stretching vibration, indicating the successful reaction between DA and
APTES through Schiff base reaction [46]. From these evidences of FT-IR
spectra, it demonstrates PAF NPs are successfully fabricated.

The main characteristic peaks of two samples are exhibited at 2
6=18.30°, 30.12°, 35.40°, 37.10°, 43.10°, 53.51°, 57.01°, 62.62° and
74.10°, which correspond to the (111), (220), (311), (222), (400), (422),
(511), (440) and (553) crystal planes, respectively (Fig. 2b) [26]. The
XRD patterns show that the crystalline phase is not affected by surface
modification. However, XRD pattern of PAF NPs compared with that of
PF NPs become slightly weaker in terms of the intensity of peaks, as a
result of PDA and —NHj attaching on PF NPs.

The XPS is performed to further investigate the surface structure of
PF NPs and PAF NPs. Obviously, it can be observed that Fe2p, O1s and
Cls exist in PF NPs from Fig. 3a and the peak of C1s may come from the
impurities. The wide scan spectra of PAF shows the peak components of
O1s, N1s, Cls, Si2s and Si2p, which are ascribed to the existence of O, N,
C and Si elements in dopamine and APTES, respectively. Furthermore,
the C1s peak of PAF NPs can be divided into six peaks where the bonding
energies of 282.3eV, 284.6eV, 285.5eV, 286.3eV, 287.2eV and
288.3 eV are responsible for C—Si, C—C, C—N, C=N, C—OH and C=0
respectively (Fig. 3b) [26]. The existence of C—Si species are confirmed
the incorporation of APTES into the PAF. The C=N species are corre-
sponding to the chemical reaction between dopamine and APTES [1]
which is consistent with the results from FT-IR (Fig. 2a). Therefore, the
core-shell structured PAF NPs are successfully prepared confirmed by all
the above esults.

3.2. Morphology of nanoparticles

Fig. 4 exhibits SEM, TEM images of PF NPs at various magnifications,
TEM images of PAF NPs at various magnifications and SAED pattern of
PAF NPs. The PF NPs are stacked tightly with high aggregation owing to
high surface energy (Fig. 4a). Cube PF NPs with smooth surface are
estimated to be 15-20 nm (Fig. 4b). However, after functionalization
with PDA and APTES, the surface of PAF NPs become relatively rough
ascribing to thin PDA layer and abundant —NH; from the APTES, pre-
venting the stacking and aggregation of PAF NPs (Fig. 4d). Moreover, a
densely thin layer is wrapped on the PF NP with an average thickness



Composites Part B 169 (2019) 148-156

Y. Zhang et al.
o O HO  OH HO, OH HO OH o
HZN\/\/SLOH OH m
i < NS Oy P N
APTES Hydrolysis H HO OH OH
HN__~ HN__~ HN__~
HN Nty
Crossing and attachment HoN M}MNHZ
e HoN NH,
HO NH,
m (DA)
HO
- pH=8.5 > : E51 =
HO, NH;
\...OH
HoN Si »
N~ I‘OH Y\O{J\/O}R)\
NH, (D230)
PAF PAF/epoxy

Fig. 1. Scheme of the PAF/epoxy composite.
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Fig. 4. (a) SEM image of PF NPs, (b) TEM image of several PF NPs, (c) and (d) TEM image of the PAF NPs at various magnifications, (¢) TEM image of a single PAF

NP, (f) SAED pattern of the PAF NPs.

about 3 nm (Fig. 4e). The continuous rings and corresponding intensities
show the polycrystalline nature of PAF NPs resulting from the incor-
poration of the PF NPs (Fig. 4f).

3.3. Mean hydrodynamic diameter and polydispersity index of
nanoparticles

Mean hydrodynamic diameter and polydispersity index (PDI) of the
PF as well as PAF NPs are measured by dynamic light scattering (DLS).
After dispersion in water for 5min, the PF NPs have bigger mean
diameter of 568 + 234.53 nm (Fig. 5a) than 312 + 31.7 nm of PAF NPs
(Fig. 5b). The PF NPs are susceptible to be aggregations as the result of
high surface energy and magnetic dipole-dipole interactions [47]. PAF
NPs exhibit excellent dispersion owing to PDA thin layer forming on the
surface of PF NPs and strong repulsion effect from —NH,. The zeta po-
tential of the PF NPs is 14.23 mv attributing to high isopotential point
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(>7) [48], while the zeta potential of PAF NPs is —18.4 mv owing to the
amine groups and phenolic hydroxyl groups from PDA [49].

3.4. Fracture surface of composites by SEM

The SEM of fracture surface can clearly explain the dispersion of
particles in the matrix. The tensile fracture surface of pure epoxy, PF/
epoxy (1 wt%) and PAF/epoxy (1 wt%) are presented in Fig. 6. It can be
seen the pure epoxy exhibits relatively smooth river-shaped fracture
surface (Fig. 6a), indicating the brittle fracture of the epoxy resin.
However, a considerable number of random river-shaped lines and
much more rougher fracture cracks have been observed (Fig. 6b and c),
which can be ascribed to the matrix tensile yielding interrupted by the
nanoparticles [50]. It exhibits that PAF NPs are more homogeneously
dispersed in the epoxy matrix compared to PF NPs (Fig. 6¢). This better
dispersion is due to relatively excellent dispersion of PAF NPs and strong



Y. Zhang et al.

110
100
90 -
801

5 70-
€60
iz 50+
40
30+
20+
10+

(2)

PF

200 300 400 500 600 700 800 9001000
Grain size (nm)

15
10
5

(c) I rr

[ PAF

0
-5
-10-
-15-

potential (mv)

Zeta

-20

Composites Part B 169 (2019) 148-156

70-
601
50+
40
30+
204
10+
0-

260 280 300 320 340 360 380
Grain size (nm)

Fig. 5. Mean hydrodynamic diameter and PDI of (a) PF NPs and (b) the PAF NPs aggregation in water after 5 min. (c) The zeta potential of PF NPs and the PAF NPs at
pH =7. (d) Schematic illustration exhibiting the formation of cube PF NPs aggregation in water.

Fig. 6. SEM images of the tensile fracture surface (a) pure epoxy, (b) PF/epoxy (1 wt%) and (c) the PAF/epoxy (1 wt%).

interphase interactions between —NHj; forming on PAF NPs with epoxy
chains during fabrication of composites. Owing to hydrogen bonds for-
mation between epoxy matrix and hydroxyl groups on the face of PF NPs
[51], the PF/epoxy exhibits increase in more agglomerated particles
sizes and quantity in comparison with PAF/epoxy (Fig. 6b).

3.5. Tensile test

The mechanical properties of composites are investigated by tensile
test. Fig. 7 and Table 1 show the tensile strengths and Young’s modulus
of pure epoxy, PF/epoxy and PAF/epoxy composites. Electrostatic
interaction and hydrogen bond are the major forms between D230
molecules and the adsorbent surface of nanoparticles. It can be clearly
observed that the tensile property can be effectively enhanced by
embedding PAF NPs into epoxy matrix (Fig. 7 and Table 1). In com-
parison with pure epoxy, the average tensile strength of PF/epoxy is
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improved from 57.8 MPa to 58.7 MPa, (a rise scope of almost 2%).
Compared to the pure epoxy, the Young’s modulus of PF/epoxy is
enhanced from 2.4 GPa to 2.7 GPa with 13.3% enhancement, owing to
incorporating the rigid PF NPs. The PF/epoxy displays poor tensile
strength (58.7 MPa) compared to the modified sample (65.5MPa),
owing to weak interface interactions of highly agglomerated particles
[52] (Fig. 6b), and thus localization of stresses applied at less interface
area compared to the modified samples [51]. The superior tensile
strength of PAF/epoxy increases from 57.8 MPa to 65.5 MPa compared
to pure epoxy, which is assigned to the strong interfacial interactions
between covalent bonding (NHy group) of PAF and epoxy matrix,
leading to localization of mechanical stresses at the broad interface [53].

3.6. Thermal property of composites

The thermal stabilities of pure epoxy and PAF/epoxy composites
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Fig. 7. Stress-Strain curves of pure epoxy, PF/epoxy (1 wt%) and PAF/epoxy
(1 wt%) composites.

Table 1
Mechanical properties of pure epoxy, PF/epoxy (1 wt%) and PAF/epoxy com-
posites (1 wt%).

Code Filler content (wt Tensile strength Young’s modulus
%) (MPa) (GPa)
Pure 0 57.8+1.95 2.4+0.012
€poxy
PF/epoxy 1 58.7+2.1 2.7 +0.14
PAF/ 1 65.5+0.96 2.7 £0.061
€poxy

with PAF NPs loading contents (1 wt%, 2 wt%, 3 wt%) are measured by
TGA under nitrogen atmosphere. The thermal decomposition tempera-
ture of 5% weight loss (Tso,), 50% weight loss (T509), maximum weight
loss (Tmax) and residue (Tr) are presented in Fig. 8a and summed up in
Table 2. The thermal stabilities of composites are enhanced with the
incorporation of PAF NPs. The Ts, Tsgo, Tmax and Tr of pure epoxy are
lower than that of any other samples with incorporation of PAF NPs.
Tsoy, of PAF/epoxy (3 wt%) is higher 20 °C (373 °C) than that of pure
epoxy (353 °C). Besides, the Tr of composites at 700 °C are gradually
increased with the additional PAF loading contents, from 7.51% (pure
epoxy) to 9.51% (PAF (3 wt%)), respectively. The thermal stabilities of
composites are associated with the barrier effect of PAF NPs, retarding
the gas evolution and weight loss [51].

Fig. 8b exhibits the glass transition temperature (Tg) of pure epoxy
and PAF/epoxy composites. In the case of the pure epoxy, T is evaluated
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Table 2

Thermal properties of PF/epoxy and PAF/epoxy composites.
Samples 0 wt% 1 wt% 2 wt% 3 wt%
Ty (°C) 78 85 75 73
Tso, (°C) 300 330 333 335
Ts00 (°C) 353 365 370 373
Tmax (°C) 350 363 358 365
T, (%) 7.51 8.63 9.08 9.51

at about 78 °C. It is noteworthy that the T of PAF/epoxy (1 wt%) reach
the maximum value (85 °C) which is a critical point of composites and
then decrease gradually with the further incorporation of PAF loading
contents. This phenomenon is attributed to two reasons. On the one
hand, PAF NPs play a pivotal role in the epoxy matrix as the crosslinking
point that can effectively make for entanglement in epoxy chain and
block the movement of the epoxy chains. On the other hand, the
polymer-derivate forming on the surface of PF NPs grafting PDA and
APTES results in strong interphase interactions between PAF NPs and
epoxy matrix, leading to higher T; compared with the pure epoxy.
However, the T, of PAF/epoxy (2 wt%) is evaluated at about 75 °C while
T, of PAF/epoxy (3 wt%) decreases to 72 °C. This can be assigned to that
partially agglomerated particles reduce the crosslinking degree of curing
system, leading to a corresponding decrease in the Tg.

3.7. Magnetic property

The investigation about the temperature dependent on magnetiza-
tion has been measured by the zero field-cool (ZFC) and field-cool (FC)
protocol. It can be seen from Fig. 9a-d that ZFC and FC curves, which
present different trend initially, carry out gradually to be close as the
temperature increases from 0 to 343 K. Generally, the ZFC curve exhibits
a maximum temperature named as Tyax which is associated with
superparamagnetic behavior [54]. The blocking temperature values (Tg)
evaluated from the ZFC maximum (Tyax = Tg) are found to be 211, 343,
192, and 40.6Kat different H from 5 to 5000 Oe, respectively
(Fig. 9a—d).

The spins glass-like behavior is resultant from surface spins of the
particles. The ZFC-FC magnetization is measured to investigate the spin
freezing effect at different applied field H. The curve of d (mys.-mg.)/dt
versus T is plotted to explain the spin freezing effect (Fig. 9e and f) [55].
Two different curves are signed as Peak 1 and Peak 2, respectively. The
existence of the Peak 2 can be assigned to the blocking temperature of
PAF NPs. The Peak 2 has the Tp about 343 K for H= 50 Oe and disap-
pears for H=5000 Oe. Meanwhile, the appearance of Peak 1 can be
ascribed to freezing effect of the surface spins of these nanoparticles. It is
clearly observed that the freezing of the spin glass-like surface spins

100 @) (b)
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801 _
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o \
= 60- = :
= % —— 2 wt%
240 =
2 ®
100 200 300 400 500 600 700 40 60 80 100 120 140 160
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Fig. 8. TGA (a) and DSC (b) curves of pure epoxy and PAF/epoxy composites.
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Fig. 9. ZFC-FC magnetization curves of the PAF powder at different H (a) 5 Oe, (b) 50 Oe, (c) 500 Oe, (d) 5000 Oe, (e—f) d (mzpc-mpc)/dT versus T from (b)-(c).

occurs on the temperature below 50 K in Peak 1. The Peak 1 gets obvious
with the increasing H which is owing to the frozen fraction of surface
spins along the direction of the increasing applied field.

Fig. 10a displays M — H loop of PAF NPs at 300 K under field of +7 T.
The inset exhibits enlarged region of the coercivity (Hc) which repre-
sents the ability of a material to retain external magnetic field without
demagnetize [56]. The value of H¢ and saturation magnetization (Ms)
are 48 Oe and 44.8 emu/g, respectively (Fig. 10a). The magnetic prop-
erties of PAF/epoxy with different loading contents are investigated in
the range of applied fields between -7T and 7T at 300 K. The Mg of
PAF/epoxy increases from 0.125 to 0.7 emu/g with increasing PAF

loading contents from 0.5 to 3 wt% (Fig. 10b). Magnetization defines in
response to the induced magnetic dipole moments in a magnetics ma-
terial to an external magnetic field [50]. When the magnet is placed
beside the bottle having a piece of PAF/epoxy composite, the composite
quickly moves along the magnetic field. The experimental phenomenon
reflects that the magnetism of PAF/epoxy composite is derived from PAF
NPs.

4. Conclusions

The PAF NPs by poly (dopamine) (PDA) coated and secondary
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Fig. 10. (a) M — H loop of PAF NPs at 300 K. The inset shows an expanded view of the magnetic hysteresis loop (b) M — H loops of the PAF/epoxy composites with
various PAF loading contents at 300 K. Magnetic response is exhibited under an external magnetic field at bottom right inset.

154



Y. Zhang et al.

monomer (APTES) grafted have been prepared with the co-precipitation
and seed polymerization method, which are confirmed by FT-IR, XRD,
DLS, Zeta potential and TEM. Compared to pure epoxy, the mechanical
property and thermal stability of PAF/epoxy have been enhanced owing
to strong interphase interaction and well dispersion with the epoxy
matrix. Typically, the tensile strength of PAF/epoxy (1 wt%) increases
from 57.8 MPa to 65.5 MPa (a rise scope of almost 13.3%) compared to
pure epoxy. The thermal stabilities of PAF/epoxy composites with
various PAF contents (1 wt%, 2 wt%, 3 wt%) are higher than that of pure
epoxy. The saturation magnetization (Ms) of PAF/epoxy increases from
0.125 to 0.7 emu/g with PAF loading contents increasing from 0.5 to
3wt%. Taking their exceptional performances into consideration, the
composites will have broad applications in the engineering fields.
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