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ABSTRACT

We present a new route for tethering graphene nanoplatelets (GNPs) with Fe;O4 nanoparticles to
enable their alignment in an epoxy using a weak magnetic field. The GNPs are first stabilised in
water using poly(vinylpyrrolidone) (PVP) and Fe3O4 nanoparticles are then attached via co-
precipitation. The resultant Fe3O4/PVP-GNPs nanohybrids are superparamagnetic and can be
aligned in an epoxy resin, before gelation, by applying a weak magnetic field as low as 0.009 T.
A theoretical model describing the alignment process is presented. The resulting nanocomposites
exhibit anisotropic properties with significantly improved electrical conductivities (three orders
of magnitude) in the alignment direction and dramatically increased fracture energy (about 530%)
when the nanohybrids are aligned transverse to the crack growth direction, compared with the
unmodified epoxy. Compared with the randomly-oriented nanocomposites, these aligned
nanocomposites show approximately 50% increase in toughness transverse to the alignment

direction and a seven-fold increase in electrical conductivity in the alignment direction.
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1. Introduction

Graphene-based polymer nanocomposites are a promising class of advanced materials with
substantial enhancements in multifunctional properties at much lower loadings than polymer
composites with conventional micron-scale fillers [1]. Recently, graphene-based hybrids,
especially graphene-metal or metal-oxide nanoparticles hybrids have attracted considerable
attention due to their ability to impart multifunctional properties to polymer nanocomposites [2-
7]. The synergistic effects of graphene and functional nanoparticles may result in enhanced
properties which favour their application in catalysis [5], energy storage [6], and electromagnetic
wave absorption [7]. Magnetite nanoparticles (Fe;O4) are one type of these functional
nanoparticles and they show some attractive properties, including their magnetic properties, low
toxicity, and biocompatibility. Therefore, Fe;O, nanoparticles hold promise for developing
graphene hybrids with magnetic functionality, enabling possible manipulation by external

magnetic fields [8, 9].

Graphene nanohybrids with Fe;O, nanoparticles have been fabricated by several methods [10-
13]. Fe3O,4 nanoparticles are either covalently or non-covalently attached onto the graphene,
which reduces the aggregation of Fe3O, nanoparticles and the restacking of exfoliated graphene
sheets. For example, Diagboya et al. [10] recently fabricated graphene oxide (GO) with
covalently-bonded magnetite nanoparticles via the reaction between carboxylic groups on the
GO surface and amine groups on the 3-aminopropyltriethoxysilane functionalized Fe;O,4. He et
al. [11] synthesized Fe3O,/graphene through a one-step reaction which reduced the GO and
simultaneously produced Fe;O,4 nanoparticles on the graphene sheets. Defect sites on the surface,

or next to edges of the GO, are known anchoring sites to stabilize the Fe;O4 nanoparticles [12].



Therefore, GO is the most commonly used precursor to produce Fe;O./graphene nanohybrids.
However, the subsequent reduction of the GO usually weakens the interactions between these
two components. Also, the reduction of the GO is usually incomplete and some oxygen-
containing functional groups may therefore remain on the graphene sheets [13]. It is thus
expected that directly attaching Fe3O, nanoparticles to graphene, instead of GO, should enable
fabrication of magnetic Fe;O./graphene, whilst retaining the exceptional properties of the
graphene. However, little work has been reported on the non-covalent attachment of Fes;O,

nanoparticles directly onto graphene nanoplatelets.

Polymeric nanocomposites based on carbon nanomaterials (such as graphene, carbon nanotubes,
etc.) have attracted considerable interest due to the significantly improved properties that may be
attained [14, 15]. However, the full potential of carbon nanomaterials is yet to be realized due to
difficulties of dispersing and aligning such additives in polymers [16-18]. Recently, it was
reported that an electric field can be employed to align carbon nanotubes (CNTs) [19, 20],
carbon nanofibres (CNFs) [21, 22] and graphene nanoplatelets (GNPs) [23], with the resulting
polymeric nanocomposites exhibiting significantly improved fracture toughness and electrical
conductivity compared with their randomly-oriented counterparts. The application of a magnetic
field is also as an effective way to align carbon nanomaterials in polymers. For instance, a
magnetic field up to 25 T has been shown to be capable of aligning carbon nanotubes in epoxy
resin, resulting in epoxy polymer nanocomposites with superior mechanical properties compared
with those prepared in the absence of a magnetic field [24]. Nevertheless, due to the low
magnetic susceptibility of carbon nanomaterials, a relatively high magnetic field is usually

required which greatly limits its practical applications. However, we [25] have shown that the



attachment of Fe3O,4 nanoparticles can greatly enhance the magnetic susceptibility of CNFs,
allowing the Fe;04/CNFs to be aligned in the epoxy before it cures, using a weak magnetic field
(i.e. 0.05 T). The resulting epoxy polymer nanocomposites were found to possess a greatly
improved fracture toughness [25]. However, the alignment of graphene in polymers using a

magnetic field has not been extensively investigated.

Recently, Wajid et al. [26] demonstrated that poly(vinylpyrrolidone) (PVP) can act as a stabilizer
to enable graphene to be dispersed in a wide range of solvents through non-covalent bonding to
the graphene basal plane. They also demonstrated that PVP-grafted FesO4 can be used in a
similar role as a dispersant to stabilize graphene in water, leading to magnetic Fe3O./graphene
nanohybrids [13]. Nevertheless, in spite of these discoveries, the alignment of the resultant

Fe;O4/graphene nanohybrids in a polymer using a magnetic field has not been explored.

Thus, in the present work, we describe a new method of non-covalently tethering graphene
nanoplatelets with Fe;O4 nanoparticles, with the assistance of PVP. The Fe;O4 nanoparticles are
attached to the PVP-stabilized graphene nanoplatelets (PVP-GNPs) via co-precipitation.
Alignment of the resulting nanohybrids (denoted by Fe;O4/PVP-GNPs) under a relatively weak
magnetic field in an epoxy resin is investigated experimentally and theoretically. The key
parameters controlling the alignment are identified based on the proposed theoretical model. The
fracture energy and electrical conductivity of the epoxy polymer nanocomposites arising from
the addition of the Fe3O4/PVP-GNPs, both randomly-oriented and aligned, are measured and
compared. Finally, the toughening mechanisms are identified from fractographic studies. To our

knowledge, this is the first study which investigates the effects of aligning Fe;O4/PVP-GNPs



nanohybrids via a weak magnetic field to improve the mechanical and electrical properties of

polymeric nanocomposites.

2. Materials and methods

2.1 Materials

Iron (Il) sulfate heptahydrate (FeSO,.7H,0), anhydrous iron chloride (FeCls), ammonia
hydroxide (NH4OH), and poly(vinylpyrrolidone) (PVP) (M,~10,000) were sourced from Sigma-
Aldrich, Australia. The GNPs used in the present study were obtained from XG Science, having
an average thickness of approximately 1-20 nm and an average particle diameter of 25 um. The
liquid epoxy resin (“105°) and hardener (‘206°) were supplied by WEST SYSTEM®. The
composite substrates were manufactured from T700 carbon-fibre/epoxy prepreg (‘VTM 264’)
supplied by Applied Composites Group, and the details can be found in our previous work [22,

23, 25].

2.2 Preparation of the Fe3O4/PVP-GNPs nanohybrids

To synthesize the Fe3O4/PVP-GNPs nanohybrids, an aqueous dispersion of GNPs was first
prepared using PVP. The PVP was dissolved in water to produce a 10 mg/mL aqueous solution,
to which the as-received GNPs (20 mg/mL) were added. After being magnetically stirred for 10
minutes, the solution was sonicated in an ice bath for 1 h using a Hielscher UP200S ultrasonic
homogenizer operated at 0.5 cycles and 40% amplitude. The dispersions so obtained were then
centrifuged at 4400 rpm for 1 h. This led to relatively large aggregates of GNPs separating out as

sediment, and the supernatant liquid, termed PVP-GNPs, was retained.



The supernatant liquid, obtained as described above, was used as the starting material to
synthesize Fe;04/PVP-GNPs nanohybrids by a facile co-precipitation method under a nitrogen
atmosphere using a 1:2 mol ratio of Fe** and Fe** [25, 27]. Firstly, 200 mL of the agueous
dispersion of PVP-GNPs was mixed with 0.225 g of FeCl; and 0.18 g of FeSO,4.7H,0O under
vigorous stirring whilst being purged with N, gas to remove the dissolved oxygen. After about
15 minutes, the mixture was heated to 50 °C. Secondly, 15 mL of an aqueous solution of 8M
NH;OH was added drop-wise to precipitate ferric and ferrous salts. The pH value of the mixture
was kept at ~10 and the reaction was carried out at 50 °C for 45 minutes under vigorous stirring.
Finally, the FesO4/PVP-GNPs nanohybrids were obtained by magnetic separation, washed with

distilled water and ethanol, and dried under vacuum at 50 °C.

2.3 Preparation of epoxy nanocomposites with Fe;0,/PVP-GNPs nanohybrids

The epoxy nanocomposites containing the Fe304/PVP-GNPs nanohybrids were prepared via
solution-blending. The nanohybrids were firstly dispersed in acetone using sonication for 15
minutes. The epoxy resin was then added and the sonication process was continued for 1 h. The
acetone was removed using a vacuum oven, leading to an epoxy resin containing Fe;O,/PVP-
GNPs. After mixing with a stoichiometric amount of hardener and degassing, which took ~15
minutes, a weak magnetic field of ~0.02 T generated by a pair of permanent magnets, was
applied to align the nanohybrids. This magnetic field strength was selected based on the
theoretical modelling calculations discussed in Section 3.2.1, such that alignment of the
nanohybrids would be completed prior to gelation of the epoxy resin. The epoxy mixtures were

cured at room temperature (25 °C) for 48 h. Epoxy polymer nanocomposites containing 0.5 wt%



and 1.0 wt% of randomly-oriented or nanohybrids aligned in the in-plane and/or out-of-plane

direction were prepared.

2.4 Characterization

2.4.1 Characterization of Fe304/PVP-GNPs

The morphology of the nanohybrids was investigated using a JEOL 2010 Transmission Electron
Microscope (TEM) operated at 100 kV. An ethanol dispersion of the nanohybrids was deposited
onto a copper grid for TEM investigation. Scanning electron microscopy (SEM) analysis was
performed using a FEI Nova NanoSEM equipped with an Oxford X-MaxN 20 energy dispersive
X-ray (EDX) detector, operated at 15 kV and a 5 mm working distance. X-ray diffraction (XRD)
patterns of the samples were collected using a Bruker D8 Advance diffractometer using Cu-Ka
radiation (A = 1.54 A). X-ray photoelectron spectroscopy (XPS) was performed using a Thermo
K-alpha XPS instrument at a pressure of ~ 1 x 10 Torr with the core levels aligned with the C
1s binding energy of 284.8 eV. Magnetic hysteresis loops were measured at room temperature
(300 K) using a Quantum Design MPMS-5 DC-SQUID (superconducting quantum interference
device) susceptometer. Thermogravimetric analysis (TGA) data were collected using a Perkin-

Elmer Thermogravimetric Analyzer under an air atmosphere at a heating rate of 10 °C min™.

2.4.2 Characterization of epoxy nanocomposites

The values of the mode-I fracture energy, G, of the epoxy nanocomposites were obtained from
double cantilever beam (DCB) tests on carbon-fibre composite joints bonded employing the
epoxy nanocomposites. Details of the procedure for manufacturing the composite joints were

reported in our previous work [25]. The load was applied to the specimens at a crosshead speed



of 1 mm/min in accordance with 1ISO 25217. The values of G, were calculated based on the
“corrected beam theory” method [28]. The load versus displacement curves for the epoxy
nanocomposites revealed that the specimens exhibited unstable, ‘stick-slip” crack growth. The
average value of the maximum load peaks was taken to deduce the value of G, for the onset of
crack growth. The first peak of the load versus displacement curve was ignored to ensure that
only subsequent values of the maximum loads, which were associated with crack initiation from
relatively sharp, ‘natural’, cracks, were used to calculate G,.. At least five replicate specimens
were tested for each formulation. The electrical conductivity of the cured joints was measured
using a high-resistance meter (Model HR2) in the direction normal to the substrate surfaces, i.e.
in the through-thickness direction. Rheological measurements of the viscosity of the epoxy resin
mixed with the hardener, as a function of time, were performed using a TA Discovery Hybrid
Rheometer which had parallel-plate test geometry. The plate diameter and its gap are 40 mm and
0.75 mm respectively. Measurements were carried out with an angular frequency of 1 Hz and an

initial strain of 10%.

3. Results and discussion

3.1 Characterization of Fe3O4/PVP-GNPs

3.1.1 Morphology and chemical properties

Fig. 1 illustrates the procedure used to produce the Fe;04/PVP-GNPs. To disperse the GNPs and
obtain a stable aqueous dispersion, PVP was used as a stabilizer which can be non-covalently
bonded to the basal plane of graphene platelets without creating defects [13, 26]. The iron

precursors (Fe**/Fe”*) were coordinated to the carbonyl groups present on the PVP and the GNPs.



Upon addition of ammonium hydroxide, Fe3O, nanoparticles gradually grew at these sites, as

verified by the XPS results shown later in the present section.

Multi-layered GNPs PVP-GNPs

_ Fe;0,/PVP-GNPs
- Fe;O,nanoparticles

Fig. 1. Schematic illustration of the formation of the Fe304/PVP-GNPs nanohybrids.

Fig. 2a shows a typical TEM image of PVP-GNPs, and it is seen that the PVP-GNPs are a few
layers thick. This is consistent with the results reported by Wajid et al. [26], indicating that PVP
is able to facilitate the dispersion and exfoliation of GNPs in water. A TEM image of the
Fe304/PVP-GNPs (Fig. 2b) reveals that the GNPs are densely covered by Fe;O,4 nanoparticles.
The lattice fringe spacing is 0.25 nm, as indicated in the high resolution transmission electron
microscopy (HRTEM) image (Fig. 2c). This spacing value is in good agreement with the lattice
spacing of the (311) planes of cubic magnetite. The average diameter of the Fe3O, particles is
calculated to be ~ 11.9 nm and the size distribution is given in Fig. 2d, which is based on Fig. 2b.

The morphology of the Fe3O4/PVP-GNPs was also investigated using SEM (Fig. 2e). It can be
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clearly seen that the GNPs are covered with Fe3O, nanoparticles. The majority of Fe3O4
nanoparticles are uniformly distributed on the GNPs although some clustering of the
nanoparticles is observed. The composition of the nanohybrids was measured using EDX and the

spectrum is shown in Fig. 2f, confirming the presence of Fe and O elements.
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Fig. 2. TEM images of (a) PVP-GNPs, (b) and (c) FesO4/PVP-GNPs; (d) size distribution
analysis of the Fe3O,4 nanoparticles (~ 80 nanoparticles in (b) were taken into account); () SEM

image of Fe;04/PVP-GNPs; (f) EDX spectrum from the point indicated by the “circle’ in the

12



SEM image shown in (e). Note (c) is the magnified image taken from the rectangular region in
(b).

Fig. 3 shows XRD patterns of the as-received GNPs and the Fe3O4/PVP-GNPs. A strong
diffraction peak is observed at ~ 26.6° in the XRD spectrum of the GNPs which can be attributed
to the (002) plane of the graphite structure [25]. The XRD pattern of the as-synthesized
Fe304/PVP-GNPs exhibits characteristic XRD peaks of both the GNPs and iron oxide. The main
characteristic XRD peaks of iron oxide are located at 26 = 30.5°, 35.9°, 43.0°, 53.6°, 57.3°, and
62.8° and they respectively correspond to the (220), (311), (400), (422), (511), and (440) planes
of maghemite (y-Fe,O3) and/or magnetite (FesO4) [25, 29]. To identify the maghemite and

magnetite, XPS was employed and the results are discussed below.
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Fig. 3. XRD patterns of as-received GNPs and the Fe3O4/PVP-GNPs nanohybrids.

Fig. 4a gives the C1s spectra of the as-received GNPs and PVP, PVP-GNPs, and Fe3O4/PVP-

GNPs. The spectra of the as-received GNPs is composed of C and O with a ratio of C:O of ~

13



93:7. The Cls peak can be deconvoluted into three components: peak 1 at ~ 284.6 eV
corresponding to non-oxygenated carbon (C=C/C-C) in aromatic rings (76.2 at%); peak 2 at ~
285.6 eV corresponding to C-O-C/C-OH (22.8 at%); and peak 3 at ~ 288.1 eV corresponding to
carboxyl C=0/0-C=0 (1 at%). The C1ls peak of the as-received PVP shows similar peaks at
~284.9 eV (“peak a”) and 285.9 eV (“peak b”) corresponding to C-C and C-N, respectively.
Another peak at ~287.4 eV (“peak c”) is attributed to N-C=0 [30]. For the PVP-GNPs, the
characteristic peaks of both PVP and GNPs remain nearly unchanged, which indicates that the

chemical environment associated with the carbon atom is unchanged.

The XPS survey spectrum (Fig. 4b) of the Fe3O4/PVP-GNPs confirms the presence of iron. The
high-resolution Fe2p spectrum of Fe3O4/PVP-GNPs is shown in Fig. 4c. The binding energy
peaks at ~710.9 and 724.6 eV correspond to Fe2pl/2 and 2p3/2, respectively, which is consistent
with previously reported values for FesO04[11, 25]. A very small shoulder exists at ~719.1 eV,
indicating the possible presence of a relatively low concentration of y-Fe,O3. The interfacial
interaction between the Fe3O4 nanoparticles and the graphene nanoplatelets are associated with
the preparation methods and can be covalent, non-covalent, electrostatic interactions, etc. [31].
The Fe;0,4 nanoparticles can be attached to the GNPs directly by forming Fe-C bonds or Fe-O-C
bonds or by using some organic molecular chains [11, 13, 31]. The possible bonds between
FesO4 and GNPs were investigated by fitting the C1s peak of the FesO4/PVP-GNPs (Fig. 4a).
The binding energy of the O-C=0 group of the GNPs and N-C=0O group of the PVP was shifted
to higher binding energies, whilst the binding energies of the other peaks remained almost

unchanged. These observations indicate that the Fe3O4 nanoparticles are connected to the PVP-

14



GNPs through interacting with the N-C=0 groups of the PVP and the O-C=0 groups present on

the GNP surfaces.
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Fig. 4. XPS spectra: (a) high resolution C1s scans of the as-received GNPs and PVP, PVP-GNPs
and Fe304/PVP-GNPs nanohybrids; (b) survey spectrum of the Fe3O,/PVP-GNPs ; (c) high

resolution Fe2p scan of the Fes0,/PVP-GNPs nanohybrids.

TGA tests were performed to quantify the weight percentage of Fe3Oy4 in the nanohybrids and the
weight loss curves are shown in Fig. 5. For PVP, the weight loss below 150 °C is attributed to
the evaporation of physically-absorbed water. Significant weight loss is observed at ~400 °C
which results from the intra- and inter-molecular decomposition of PVP [32]. No weight loss is
detected above 680 °C, which indicates that the PVP is completely decomposed at this
temperature. For the GNPs, no weight loss below 200 °C was observed, indicating that a

negligible concentration of labile oxygen-containing functional groups are present [33]. Two
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abrupt weight losses occur at ~ 400 °C and 700 °C due to carbonization. By increasing the
temperature from room temperature to 800 °C in air, the FesO, is oxidized to Fe,O3z and the
GNPs are decomposed to CO and CO,. Theoretically, a weight increase of 3.45% is expected
due to the reaction with O, to form Fe,O5 [6, 34]. From the remaining weight, it is estimated that

there is ~ 55 wt% of Fe3O, present on the Fe3O4/PVP-GNPs nanohybrids.
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Fig. 5. TGA curves of the as-received GNPs, PVP and the Fe;04/PVP-GNPs nanohybrids.

3.1.2 Magnetic properties

Fig. 6a shows magnetic hysteresis loops for the Fe;04/PVP-GNPs nanohybrids measured at 300
K. The magnetization curves of both Fe3O4 and Fe;04/PVP-GNPs are ‘S-like’ curves where the
magnetic remanence (i.e. the ‘y intercept’) is nearly zero, indicating a superparamagnetic
behaviour. The saturation magnetization of the Fe3O, nanoparticles is 67 emu/g which is
comparable to the values reported previously [13, 35-37]. For the Fe3O4/PVP-GNPs, a lower
saturation magnetization of 45 emu/g is observed, compared with that of the corresponding
Fe304 nanoparticles. This is due to a decrease in the concentration of the magnetic component in

16



the nanohybrids. However, this value of 45 emu g™ is relatively higher than that of the Fe;O,-
rGO obtained in previous work [36, 38], indicating a relatively high level of coverage of the
Fe;O,4 nanoparticles. The magnetic property of the Fe;04/PVP-GNPs is also revealed by placing
a magnet next to an aqueous dispersion of the Fe3O4/PVP-GNPs. Indeed, it is shown in Fig. 6b

that the Fe3O4/PVP-GNPs can be completely attracted to the magnet.
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Fig. 6. (a) The magnetic hysteresis loops of Fe;04 and the Fe;04/PVP-GNPs nanohybrids; (b)
photographs of the Fe;O04/PVP-GNPs nanohybrids in water before (left) and after (right) being

exposed to a magnet.

3.2 Alignment of the Fe;0,/PVP-GNPs Nanohybrids

3.2.1 Theoretical studies on the unreacted system

The alignment of the Fe;04/PVP-GNPs nanohybrids in liquid epoxy resin when exposed to an
external magnetic field was investigated theoretically. When subjected to an external magnetic
field, the magnetic moments exerted on the Fe;O4 nanoparticles force the Fe;O04/PVP-GNPs

nanohybrids to align in the direction of the magnetic field. The magnetic torque, T,,, can be
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calculated by considering GNPs as thin oblate spheroids with semi-major and semi-minor axes

of a and b, which correspond to the radius and half thickness of a GNP [39]:

_ 27Tllerzzh
m 3(th + 1)

[(b+d)(a+ d)?— ba?|H?sin 20 (1)
where i, is the magnetic permeability of free space, d is the diameter of the Fe3O4 nanoparticles,
H is the external magnetic-field strength, & represents the angle between the magnetic field
vector and the platelet’s long axis, ynn IS the magnetic susceptibility of the Fe3O4/PVP-GNPs
which is a function of the magnetic susceptibility of the Fe3O, nanoparticles and their volume
fraction. During rotation, the GNPs experience a viscous drag from the surrounding liquid resin.
The viscous torque, Ty, is proportional to the angular frequency of the platelet 8 and the viscosity
of the fluid medium #:

T, = nok, ()
where k, is the rotational friction coefficient and k, = 32a3/3 [40]. The dynamics of the

Fe;04/PVP-GNPs are determined by a balance between the magnetic torque and the viscous

torque:

T+ T, =0 (3)
which yields:

6 = —Asin 26 (4)

— ”ﬂonm 2 212
where A = TGt e [(b+d)(a+d)*—ba*]H*

Thus the time, denoted as ty, to rotate a Fe304/PVP-GNPs from an initial angle ¢, to a generic
angular position of 8,, can be determined from:

1 tan6,
24 ntan 0,

tr

(5)
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To estimate the time required for the FesO4,/PVP-GNPs to rotate, the final angle was set at a
value slightly greater than 0°, i.e. 1.0° otherwise the calculated time approaches an infinite value.
The following values were used for the calculation: 2a = 25 pum, 2b = 20 nm, = 1.6 Pa-s (initial
viscosity), Ho = 1.2567 x 107% A/m. The volume magnetic susceptibility of FesO4/PVP-GNPs
(xnn) was estimated to be ~0.78 (i.e. the initial slope of the hysteresis loop shown in Fig. 6). By
solving Eq. (5) it is found that a minimum magnetic-field strength of ~ 0.009 T is required to
rotate a Fe3O4/PVP-GNP from 89° (i.e. nearly perpendicular to the direction of magnetic field) to
1°(i.e. nearly parallel to the direction of magnetic field) within 25 minutes, which is the gel time
of the present epoxy formulation. Fig. 7a gives the calculated rotation time for the Fe3O4/PVP-
GNPs from various initial angles, 0y, to a final angle of 8, which was taken to be 1.0° under a
magnetic field of 0.009 T. The curve shows a similar trend to that recently reported by Monti et
al. [19] on the alignment of one-dimensional carbon nanotubes and our previous work [23] on

the alignment of two-dimensional GNPs by an electric field.

From Eg. (5), it can be seen that the rotation time is determined by several variables including
the viscosity of the suspension, strength of the magnetic field, diameter and thickness of the
Fe304/PVP-GNPs and diameter of the FesO, nanoparticles. Fig. 7b shows the relationship
between the magnetic-field strength and rotation time, indicating that the rotation time
significantly decreases upon increasing the magnetic-field strength up to ~ 0.04 T, above which
the time is less dependent on the field strength. In addition, based on Fig. 7c, the time needed to
rotate the Fe304/PVP-GNPs increases linearly as the viscosity of the suspension is increased.
Moreover, the magnetic susceptibility, ynn, Of the Fes04/PVP-GNPs also plays an important role

in the alignment process. This term Y, IS determined by the volume fraction, ¢, and the magnetic
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susceptibility, ynp, of the FesO4 nanoparticles i.e. xnn = Xnp®, With ¢ = 35% and = 1.98 [39].
The role of the magnetic susceptibility is presented in Fig. 7d where the volume fraction of
Fe3O, in the Fe304/PVP-GNPs is varied. Upon increasing the volume fraction of Fe;O,
nanoparticles the time required for rotation of the Fe304/PVP-GNPs decreases dramatically. To
evaluate the effects of dimensions of the GNPs and Fe;O,4 nanoparticles, the term ‘A’ in Eq. (5)
can be simplified to give:

TuoxZ,H? d
A= HoXnn E (6)

~ 160Ctwn + 1)

because d « a and b « a. Therefore, it is evident that it takes longer to rotate larger
nanoplatelets (i.e. which have a greater value of a) coated with smaller magnetite nanoparticles
(i.e. which have a smaller value of d) under the same conditions. However, the thickness, b, of
the GNPs does not significantly affect the rotation time. To estimate the longest time required for
rotation, the maximum values of the lateral size and thickness based on the supplier’s data were
used for the calculations. The rotation time would be much shorter (i.e. approximately one-fifth
of the values given in Fig. 7a) if the average lateral size and thickness (estimated to be ~5 um

and 10 nm, as discussed in Section 3.3) were used for the calculations.
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Fig. 7. Plots of the rotation time as a function of the (a) initial angle for the Fe3O4/PVP-GNPs
nanohybrids; (b) magnetic-field strength; (c) viscosity of the suspension; and (d) volume fraction
of Fe30, in the Fes04/PVP-GNPs. (Note that the initial angle (61) was set to be 89° for (b), (c),

and (d) and a magnetic-field strength of 0.009 T was used in the calculations for (a), (c), and (d).)

3.2.2 Experimental studies
The magnetic-field strength employed in the present work was selected based on the theoretical
modelling results discussed above, such that the alignment of Fe;04/PVP-GNPs nanohybrids

would be completed prior to gelation of the epoxy resin. The gelation time of the epoxy is about

21



25 to 30 minutes at 25 °C. In practical experiments, it took up to ~ 15 minutes to mix thoroughly
the epoxy resin with the hardener and to degas the mixture before the magnetic field could then
be applied. Therefore, there is only 10 minutes time available for the alignment process. During
this time, the viscosity of the epoxy resin was increased from its initial value of 1.6 Pa-s to 2.7
Pa-s according to the viscosity-time curve (Fig. S1) of the ‘epoxy + hardener’ system. (The
viscosity-time curve was obtained from an isothermal test carried out at 25 °C immediately after
the mixing of epoxy with hardener.) Based on Eq. (5), a magnetic field of 0.02 T would be
required to rotate a Fe3O4/PVP-GNP from 89° to 1° in approximately 531 s (~ 9 minutes) in
epoxy reactive system with viscosity of 2.7 Pa-s. Therefore, a magnetic field of 0.02 T was

selected and applied to align the Fe3O4/PVP-GNPs.

The alignment of the Fe;04/PVP-GNPs nanohybrids in the epoxy polymer was experimentally
investigated using SEM and TEM. For the epoxy/Fe;0,/PVP-GNPs nanocomposites prepared
without applying the external magnetic field, no indication of any alignment was found, as
shown in Figs. 8a and c. By contrast, for the nanocomposites subjected to the magnetic field of
~0.02 T, it is expected that the FesO4/PVP-GNPs would be aligned along the direction of the
magnetic field based on the above theoretical calculations. This is confirmed by the SEM and

TEM images shown in Figs. 8b and 8d.
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Fig. 8. SEM images of epoxy polymer nanocomposites with 1 wt% of (a) randomly-oriented
Fe304/PVP-GNPs and (b) aligned Fe3O4/PVP-GNPs; TEM images of epoxy polymer
nanocomposites with (c) randomly-oriented Fe;0,/PVP-GNPs and (d) aligned Fe;O4/PVP-GNPs.
The direction of the external magnetic field is indicated by red arrow while the black arrows

indicate the orientation of the GNPs.

3.3 Toughness of the epoxy polymer nanocomposites
The mode | fracture behaviour of the carbon-fibre composite joints bonded by the epoxy polymer
nanocomposites (or the unmodified epoxy) was studied to investigate the effects of the alignment

of the Fe;04/PVP-GNPs nanohybrids on the fracture energy and toughening mechanisms. ‘Saw-
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tooth’ shaped load versus displacement curves were obtained for the unmodified epoxy and all
the epoxy nanocomposites, demonstrating unstable, “stick-slip’ crack growth behaviour, similar
to the epoxy/CNFs and epoxy/GNPs nanocomposites studied in our previous work [22, 23, 25].
Fig. 9a shows the typical load versus displacement curves for the epoxy polymer
nanocomposites containing 1 wt% of randomly-oriented and aligned Fe3;O4/PVP-GNPs. The
unmodified epoxy exhibits an average fracture energy, Gy, of 134 + 16.2 J/m? which increases
to 375 + 19.6 and 546 + 20.4 J/m? with the addition of 0.5 wt% and 1 wt% of randomly-oriented
Fe304/PVP-GNPs, respectively (Fig. 9b). Application of the magnetic field, in the direction
normal to the subsequent crack growth, significantly improved the fracture energy. Compared to
the nanocomposites with randomly-oriented Fe3O,/PVP-GNPs, the values of G, were further
increased by ~20 % and ~50 % for the epoxy nanocomposites with 0.5 wt% and 1 wt% of
aligned Fe;O04/PVP-GNPs, respectively. However, it is noteworthy, that, when the Fe3O4/PVP-
GNPs were aligned parallel to the crack growth direction, the value of Gi. only slightly
decreased by ~ 15% compared to those nanocomposites containing the randomly-oriented

nanofillers.

The improvements in the fracture energy achieved by the addition of the Fe;0,/PVP-GNPs in the
present work have been compared with reported values for epoxy-based nanocomposites
containing different types of GNPs. Table 1. gives the maximum percentage increases in the
values of the fracture energy, Gy, (or the fracture toughness, K, and the corresponding
nanofiller content. As may be seen, the incorporation of GNPs does always tend to increase
significantly the value of G (or K|;) of the epoxy polymer at low loadings (mostly lower than,

or equal to, about 1 wt%). Notwithstanding, the improvements achieved in the present studies by
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the addition of the Fe3O4/PVP-GNPs (both randomly-dispersed and aligned) are impressive,
especially when the aligned Fe;04/PVVP-GNPs are employed. However, it is noteworthy that the
fracture energies of these epoxy polymer nanocomposites are not as high as those of the
epoxy/GNPs nanocomposites prepared in our previous work [23], i.e. when a maximum
improvement of ~900% was observed. This observation is very likely to be due to the smaller
size of the present functionalized Fe;O4/PVP-GNPs compared with the pristine GNPs (i.e.
without any functionalization) that were used previously [23, 41]. This suggestion is supported
via using a mechanistic fracture model which has been successfully employed to predict the
improvements in the value of Gj. of polymer nanocomposites which incorporated two-
dimensional pristine GNPs [42]. This model has now, therefore, been used to estimate G, for the
randomly-orientated nanocomposites studied in the present work. For the present functionalised
Fe304/PVP-GNPs, the thickness and lateral dimensions used for the calculations were 10 nm (i.e.
half the thickness of pristine GNPs) and 5 um (i.e. one fifth of the lateral size of pristine GNPs),
respectively. The lateral size of the Fe3O4/PVP-GNPs was estimated based on the images shown
in Fig. 8. The thickness of the Fe;04/PVP-GNPs was decreased due to the presence of the PVP
stabilizer, which facilitates the exfoliation of the GNPs. However, it is difficult to measure
accurately the thickness of hybrid nanofillers and it was therefore assumed to be half that of the
thickness of the pristine GNPs. The modelling results are shown in Fig. 9b and the theoretical
calculations of G, for the randomly-oriented Fe;O4/PVP-GNPs epoxy nanocomposites are in
very good agreement with the experimental results. This strongly supports the suggestion that the
values of G of the present epoxy polymer nanocomposites are not as high as those of the

epoxy/(pristine) GNPs nanocomposites prepared in our previous work [23] due to the smaller
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size of the functionalized Fe;04/PVP-GNPs compared with the pristine GNPs (i.e. without any

functionalization) that were used previously [23, 41].

+—— Randomly-oriented @ 1000 == Randomly-oriented (b)
— Transverse to alignment 1—e— Transverse to alignment
160+—— Parallel to alignment 800 J—4— Parallel to alignment
- »— Modelling results [42]
~_ 600
£
e
O 400
200
0I L | I 1T 171 0 I T I T I T T T T T T
0O 5 10 15 20 25 30 35 00 02 04 06 08 10

Displacement (mm) Fe,O,/PVP-GNPs content (Wt%)

Fig. 9. (a) Representative load versus displacement curves of the epoxy nanocomposites with 1.0
wt% of randomly-oriented or aligned Fe3O4/PVP-GNPs; (b) mode | fracture energy, Gy, of the

epoxy nanocomposites as a function of the Fe3O,/PVP-GNPs content. (The alignment direction

of the Fe304/PVP-GNPs with respect to the crack growth direction is indicated.)
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Table 1. Summary of maximum percentage increase (compared to the unmodified epoxy) in Gy

or K. of epoxy/graphene nanocomposites from the present studies and previously reported in the

literature.
Filler Fracture test® | Maximum Maximum Ref.
increase in G,.° increase in K,
Randomly-
FesO4/PVP | sriented Y DCB 307% (1 wt%) The present
-GNPs Aligned 530% (1 wi%) work
R"’?”df’g'y‘ 684 % (2 Wi%)
GNPs oriente DCB [23]
Aligned 891 % (1.5 wt%)
Graphene foam SENB 70% (0.1 wt%) [43]
GO SENB 75% (0.1 wit%) [44]
Graphite nanoplatelets 50% (1.0 wt%) [45]
SENB
Thermally reduced GO 40% (0.5 wt%) [46]
GO SENB 111% (1 wt%) [47]
4,4’-methylene diphenyl
diisocyanate modified CT 200% (4 wt%) [48]
graphene
4,4°-
diaminophenylsulfone CT 196% (1 wt%) [49]
modified graphene
Poly(butadiene
acrylonitrile) modified CT 140% (0.04 wt%) [50]
graphene oxide (GO)
Thermally expanded GO CT 115% (0.125 wit%) [51]

YFracture tests: DCB (double cantilever beam) test; CT (compact tension); SENB (single-edge
notch bending).

®YThe value in brackets states the content of the graphene-based nanofiller.

9K, is the critical value of the stress-intensity factor for fracture.
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The fracture surfaces were examined to identify the toughening mechanisms. Distinct “thumbnail
lines” were observed on the fracture surface as shown in Fig. 10a. These are the regions where
cracks initiated and then arrested. Stress-whitening of the epoxy was observed along these lines.
Figs. 10b-d show the SEM images of these regions. For the unmodified epoxy, a relatively
featureless and smooth fracture surface was observed (Fig. 10b), which is typical for brittle
materials with low values of fracture toughness. Figs. 10 c-d show the SEM images of the epoxy
polymer nanocomposites containing different concentrations of the Fe;04/PVP-GNPs
nanohybrids, on which patterns of tear marks were observed. These much rougher surfaces are
likely due to crack deflection induced by the presence of the Fe;O4/PVP-GNPs. The toughening
mechanisms for the epoxy nanocomposites containing multilayered GNPs were investigated in
our previous study [23], which revealed that intrinsic toughening processes, i.e. interfacial
debonding and void growth, are important toughening mechanisms. These toughening processes
were also observed for the present epoxy polymer nanocomposites. Discrete microcracks could
be seen on the fracture surfaces, as indicated by the arrows in Figs. 10c-d. SEM images shown in
Figs. 11a-b are from the fracture surface at higher magnifications, revealing a microcrack that
was created due to interfacial debonding at the epoxy-GNP interfaces and delamination between
the GNPs. In addition, evidence revealing the fracture and pull-out of the Fe304/PVP-GNPs was
also found, as shown in Fig. 11. Crack bridging by the pulled-out Fe;04/PVP-GNPs is revealed

in Fig. 11c, which is an SEM image of the crack tip region (side-view) of a DCB specimen.

The alignment of the Fe;O4/PVP-GNPs nanohybrids in the direction transverse to crack growth
direction increases the likelihood of the main crack encountering them. Interactions between the

crack and the aligned Fe3O4/PVP-GNPs induce more crack deflection and/or branching.
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Moreover, the extrinsic toughening processes (i.e. pull-out and fracture of the Fe3O4/PVP-GNPs
and crack bridging by the Fe;O4/PVP-GNPs) are more significant when the Fe3O4/PVP-GNPs
are aligned transverse to the crack growth direction. Thus, relatively higher values of fracture
energy are obtained for the nanocomposites containing Fe;O4/PVP-GNPs aligned transversely to

the crack growth direction.

—_
Crack growth

Fig. 10. (a) A typical photograph of the crack fronts on the fracture surface of a DCB specimen
bonded with an epoxy polymer nanocomposite containing 1 wt% of aligned Fe;04/PVP-GNPs;

SEM images of the fracture surfaces of (b) the unmodified epoxy polymer and (c-d) the epoxy
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polymer nanocomposites containing 0.5 wt% and 1.0 wt% of Fe;O./PVP-GNPs aligned

transversely to crack growth, respectively.

Delaminated/deboned

, v GNPs

Pull out & Rupture

Debonc?i-r? é / A

Delamination of GNPs

Crack bridging  Pull out

Fig. 11. (a) and (b) SEM micrographs from the fracture surfaces of a DCB specimen for an
epoxy polymer nanocomposite containing 1 wt% aligned Fe;O4/PVP-GNPs, revealing evidence
of pull-out and rupture of the Fe;0,/PVP-GNPs, debonding at the epoxy-GNP interfaces and
delamination of the Fe;04/PVP-GNPs; (c) SEM image of the crack tip region (side-view) of a

DCB specimen revealing crack bridging and pull-out of the Fe304/PVP-GNPs.

3.4 Electrical conductivity of the epoxy polymer nanocomposites
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Fig. 12 shows the electrical conductivity of the unmodified epoxy polymer and the epoxy
polymer nanocomposites layer in the bonded DCB joints, measured in the through-thickness
direction of the bonded specimen. The results demonstrate that the electrical conductivity of the
epoxy nanocomposite is increased by approximately two and three orders of magnitude when
they contain 0.5 wt% and 1.0 wt% of Fe;04/PVP-GNPs nanohybrids, respectively. It is also
found that the conductivity of the nanocomposites is consistently higher in the alignment
direction than that of the samples containing randomly-oriented Fe;O4/PVP-GNPs. This proves
that the aligned Fe3O4/PVP-GNPs contribute more effectively to increase the electrical
conductivity. However, the electrical conductivity is slightly lower if Fe;O4/PVP-GNPs are
aligned perpendicular to the measurement direction (the magnetic field was applied in the in-
plane direction). This directional dependence of the electric conductivity is attributed to the
higher electrical conductivity of the GNPs parallel to their surface than through their thickness
[23]. The addition of conductive nanofillers into insulating polymers induces electrical
conduction due to the formation of conductive pathways [52]. However, without reaching a
critical content, a three-dimensional conductive network is formed and the conductivity is

dominantly due to a tunnelling conduction mechanism [53].

It is noteworthy that the electrical conductivity of the epoxy nanocomposites containing
Fe304/PVP-GNPs is lower than that of similar epoxy polymer nanocomposites containing
pristine GNPs, as reported in our previous work [23]. This may be due to the treatment of the
GNPs with PVVP which is adsorbed onto the basal plane of the GNPs, forming an insulting layer.
The coating of GNPs by insulating FesO4 nanoparticles hinders the tunnelling of electrons

between particles [54]. Moreover, due to the treatment using the ultrasonic homogenizer, the
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GNPs were broken into platelets of smaller sizes, resulting in a lower electrical conductivity

when they are used as nanofillers for polymers [55].

—a— Randomly-oriented
—e— Parallel to alignment
—A— Transverse to alignment
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Fig. 12. Electrical conductivity of the epoxy polymer nanocomposites as a function of the
concentration of Fe304/PVP-GNPs nanohybrids. (Note: The conductivity was measured in the
through-thickness direction of the DCB composite joints. The alignment direction of the

nanohybrids with respect to the measurement direction is indicated)

4. Conclusions

In the present work, superparamagnetic Fe3O4/PVP-GNPs nanohybrids have been successfully
fabricated by non-covalently attaching Fe;O, nanoparticles onto PVP-GNPs. The as-received
multi-layered GNPs were used as the starting materials, which can be dispersed in water and
form stable aqueous dispersions with the addition of PVP. Fe;O, nanoparticles were then co-

precipitated onto the PVP-GNPs, forming magnetic Fe3O4/PVP-GNPs nanohybrids. The
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Fe304/PVP-GNPs nanohybrids can be readily aligned in an epoxy resin by applying a relatively
weak magnetic field which has been verified both experimentally and theoretically. The
theoretical model identifies the key parameters influencing the alignment process, including the
viscosity of the suspension, the strength of the magnetic field, the dimension (i.e. diameter and
thickness) of the nanoplatelets, the diameter of the magnetite nanoparticles, and the magnetic

susceptibility of the nanohybrids.

The addition of the Fe;O4/PVP-GNPs nanohybrids to the epoxy polymer has led to a major
increase in the fracture energy and electrical conductivity, compared with the unmodified epoxy
polymer. Furthermore, alignment of the Fe3O,/PVP-GNPs nanohybrids significantly improves
the toughening efficiency and the electrical conductivity. More specifically, compared with the
epoxy polymer nanocomposites containing randomly-oriented Fe3O4/PVP-GNPs, up to about a
50% enhancement in fracture energy has been achieved when the nanohybrids are aligned
transverse to the subsequent crack growth direction and a seven-fold increase in electrical
conductivity measured in the alignment direction. Fractographic studies revealed that the primary
toughening mechanisms of the nanohybrids include interfacial debonding, epoxy void growth,

pull-out and rupture of the FesO4/PVP-GNPs, and crack bridging by the Fe3O4/PVP-GNPs.
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Supplementary data associated with this article can be found in the online version, at...........
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