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A B S T R A C T

Tunable, one-dimensional (1D) nanofiller assembly using oscillating magnetic fields in the low frequency range
(< 5Hz) is studied as a scalable and energy-efficient method to structure nanofillers within viscous matrices to
deliver anisotropic, multi-functional polymer nanocomposites (PNCs). In this work 1D assembly tailoring was
first experimentally studied and demonstrated using the model system of superparamagnetic iron oxide nano-
particles (SPIONs, 15 nm, 0.02–0.08 vol%) in DI water using varying magnetic fields (0–5 Hz frequency,
10–100 G magnetic flux density, and square and sinusoidal waveforms). In addition to lateral assembly of na-
nofillers, when the field oscillation is turned on, transverse assembly can be introduced as the magnetic moments
of the particles respond to the changing fields by Brownian rotation. The degree of transverse assembly, in
balance with lateral assembly and the resulting nanofiller patterns, was observed to be determined by the
magnetic field parameters, magnetic responsiveness of the nanofillers, and the matrix viscosity. Based on this
assembly study, PNCs consisting of ferrimagnetic iron oxide nanofillers in a thermoset polymer, with two dif-
ferent linear nanoparticle patterning, were successfully fabricated using small magnetic fields (< 100 G) even in
a viscous matrix (70 cP) with a short assembly time of 30min. This work can contribute to scalable manu-
facturing and thus bulk application of multi-functional PNCs enabled by more precise nanofiller and interface
structuring.

1. Introduction

Bulk application of polymer nanocomposites (PNCs), consisting of
nanofillers (carbon, ceramic, metal, etc.) and polymers (thermoset,
elastomer, etc.), have been desired for their high mass-specific multi-
functional properties (mechanical [1–9], thermal [10], electrical
[3,7–9,11,12], magnetic [13,14], and smart [12,15,16]), but has not
been achieved due to unknown multi-scale structure-property re-
lationships and missing scalable fabrication. PNCs often exhibit smaller
property improvement than theoretical prediction when characterized
in macro scale, even with organized implementation of nanofillers
[17–20]. While driven by the advanced properties and structuring of
nanofillers [8,9,12], PNC properties are critically affected by their
boundary conditions (between nanofiller and between nanofillers and
polymers) [7,21] as nanofillers alter polymer chains’ static and dynamic
behaviors and the boundary surface area per volume is large. Such
boundary effects on PNC properties are different for each property; for
example, with implementation of carbon nanotubes, mechanical

toughness increased by mitigating crack-growth due with nanofiller-
polymer debonding, void growth, and crack deflection [8,9], while
thermal transport property improvement is minimum due to high
thermal boundary resistance (Kapitza resistances) [19]. Thus, precise
and tunable tailoring of nanofiller structures, including their boundary
conditions (inter-nanofiller contacts and nanofiller-polymer bonding),
is critical to study these scaling effects per property and to achieve the
PNC properties close to the theoretical predictions, but is currently
missing.

Nanofiller assembly using oscillating magnetic fields at low fre-
quencies is potentially a solution to the scalable manufacturing of PNCs
with tailored nanostructures and nanofiller contacts. While nanofiller
integration by deposition on micro-components (such as fibers and
cloths [22–24]) is currently a popular method, active nanofiller as-
sembly using external fields has the balanced benefits of scalability and
precise structuring of the nanofiller. Nanofiller assembly has been at-
tempted using magnetic fields [20], electric fields [25,26], acoustic
fields [27], and even strain deformation [28]. Among these field
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options, the focus of this work is on magnetic assembly due to their
non-contact, energy-efficient, fast assembly and patterning capabilities
[20,29]. In addition, magnetic assembly does not have limitations set
by the dielectric breakdown or electrode polarization using electric
fields [3] or by set-up complexity using acoustic fields [27] or strain
fields [28]. The nanofiller surfaces can be treated to enhance their
dispersion and suspension, and to tune the bonding conditions between
nanofillers and polymers [30].

In the past, assembly of microfillers (sphere [31], rods [20], plate-
lets [20,32], etc.) in polymers has been demonstrated using rotating
magnetic fields with low flux density (10 G) in a short time (1 h) to
fabricate sizable PNCs (50mm long) [20] with tunable microstructures
and mechanical properties [29,32,33]. The magnetic assembly of na-
nofiller in low viscosity matrices has also been investigated. Both ex-
perimental and analytical studies exist about magnetic nanofiller as-
sembly using static or rotating magnetic fields [34–37]. In addition,
nanofiller tailoring capability using pulsed fields has been experimen-
tally demonstrated in water; a model system of colloidal suspensions of
superparamagnetic latex nanoparticles were assembled through the
balancing between particle thermal diffusion and attractive magnetic
dipole-dipole interactions [38]. While the effects of gravity decreases
due to the nano size, the hydrodynamic forces are size-dependent, and
often prevent nanofiller movement especially within viscous polymers
[12]. Due to this, thermal diffusion of nanofillers in a polymer matrix is
limited, leading to pulsed waveforms being a poor choice for this matrix
type. Thus, oscillating magnetic fields, especially of the low frequency
range (< 1Hz), are a novel method to assemble and tailor nanofillers
and their interfaces in polymer matrices where transverse particle as-
sembly can be enhanced due to field switching.

In this work, experimental studies were first conducted to under-
stand the effect of the magnetic field (frequency, flux density, and
waveform) and nanofiller volume fraction on assembly, including na-
nofiller contacts, using oscillating magnetic fields. The model system of
superparamagnetic iron oxide nanoparticles (SPIONs) dispersed in
deionized (DI) water was selected for this parametric study so that
magnetic remanence and hydrodynamic drag are minimum. Second,
ferrimagnetic nanoparticles were assembled and tailored within DI
water and in a polymer matrix. Based on the above assembly studies
about the SPIONS, the assembly trends were studied and the capability
to tailor nanofillers and their contact conditions within viscous matrices
was preliminary demonstrated. Findings from this work will contribute
to the development and bulk application of tailored PNCs with ad-
vanced, multi-functional properties by enabling scalable manufacturing
of PNCs with more precise control of nanofiller structures and their
interfaces. The nanofiller volume fractions are kept low (< 0.1%) in
this work for easier observation of magnetic assembly and inter-nano-
filler distances; relevance of this study to other material systems and to
resulting PNC performances will be discussed later.

2. Material and methods

2.1. Magnetic assembly study with SPIONs in DI water

The magnetic assembly behavior of the SPIONs with a low-fre-
quency oscillating magnetic field was captured in real-time and ana-
lyzed (see Fig. 1a and b). The SPIONs (Sigma-Aldrich, I7643, 15 nm)
are amine-terminated and suspended in an aqueous suspension (50mg
per ml in 1mM EDTA, pH 7.0), but aggregate (1–5 μm) due to van der
Waals forces, electrostatic potential, and/or chemical interactions (see
Fig. 1c). The SPION aqueous solutions were prepared to have low vo-
lume fractions (0.02–0.08 vol%) to enable observation. SPION ag-
gregates larger than 150 nm will settle [39], and thus the local, as ob-
served, SPION volume fractions were calculated to be higher
(approximately 7.5–11.7 vol%) based on processing of the captured
images. Superparamagnetism of the SPIONs was confirmed through the
anhysteretic magnetic response measured using a vibrating sample

magnetometer (MicroSense, ±1200 kA/m) as shown in Fig. 1d. The
measured magnetic saturation of 20.6 emu/g and maximum suscept-
ibility of 0.61 are comparable with the values of iron oxide nano-
particles in the literature [40,41].

The magnetic assembly of the SPION aggregates is achieved and
captured in real-time using the set-up illustrated in Fig. 1e. In this
paper, aggregates refer to the initial SPION groupings as shown in
Fig. 1a, and assembly refers to the assembled line features after the field
application as shown in Fig. 1b. The SPION aqueous solutions were
ultrasonicated (35 kHz) for 5min, encapsulated in a KOVA Glasstic
slide (6mm× 6mm area, 0.1 mm height), and mounted between a so-
lenoid pair. Images of SPION assembly were captured using a digital
optical microscope (Olympus BX51WI) before and after 15min of
magnetic field application; assembly did not noticeably change beyond
15min [38]. The solenoid pair (570 turns, 14.8 cm length, 6.51 cm
inner diameter, 16-gauge enameled wire, 410 stainless steel core) were
connected in series, and driven by a bipolar power supply (Kepco BOP
20–10M,± 20 V,± 10 A) and a function generator (BK Precision,
4014B). The applied magnetic field was varied about the frequency
(static, and up to 5.0 Hz), waveform (50% duty cycle square and si-
nusoidal) and magnetic flux density (peak of± 10 G,± 50 G, and ±
100 G for square waves, and RMS peak of± 14.1 G,± 70.7 G, and±
141.4 G for sinusoidal waves). Symmetric square or sinusoidal wave-
forms were selected, instead of the previously tested pulsed fields [38],
to reinforce controlled assembly by switching of the external field di-
rection, rather than by thermal diffusion. The frequency range was kept
below 5Hz to fully enable SPION magnetic moment rotation for the
Brownian reorientation mechanism [31]. The minimum flux density
was set as 10 G based on the previous related work [20]. The spatial
distribution of the magnetic flux density was monitored using a
gaussmeter (LakeShore Model 425), and the flux density gradient across
the sample was kept below 5% to minimize SPION migration towards
the magnetic poles. The captured optical microscope images were
processed using Matlab to quantitatively evaluate assembly mor-
phology (see Fig. 1f): the length and width of each assembly, and the
separation between the assemblies. The processing details can be found
elsewhere [42]. One sample was prepared for each assembly condition,
and the characteristic dimensions of the assemblies were averaged over
∼100–1000 assemblies for each sample/condition.

3. Theory

Assembly of SPION aggregates using oscillating magnetic fields is
governed by forces produced by the external magnetic field, inter-
particle magnetic forces, hydrodynamic drag, thermal energy, van der
Waals forces, and electrostatic forces. Among these forces, van der
Waals and electrostatic forces are assumed to be negligible due to their
non-directionality. The forces produced by the external magnetic field
are also ignored in this work because only uniform external magnetic
fields, while time-varying, were applied to the SPION aggregates. The
SPION aggregates are collections of small single-domain (SD) SPIONs,
or homogeneous magnetic dipoles [43], and thus have no magnetic
remanence due to random reorientations of the SPIONs magnetic mo-
ments. The inter-particle magnetic forces due to the locally induced,
non-uniform magnetic fields of the aggregates, or the magnetization
(M), are expected to largely contribute to assembly of the SPION ag-
gregates [44–46].

3.1. SPION assembly behaviors in magnetic fields

As illustrated in Fig. 2, upon application of a magnetic field, mag-
netic moments of the SPIONs align along the field direction. When the
distance between neighboring spherical aggregates is smaller than the
capture radius of = λr 2ac

1/3(m), the magnetic attraction overcomes
thermal diffusion, and the aggregates form needle-like, elongated as-
semblies along the field direction (lateral assembly) due to the locally
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induced fields [47]. a is the aggregate radius (1 µm for the SPIONs) and
λ is the dimensionless parameter relating magnetic and thermal effects
on spherical aggregates: =λ πμ χa H /9k T0

3 2 2
B where μ0 is the perme-

ability of free space (4π× 10−7 N/A2), χ is the magnetic susceptibility
of the aggregate (0.61 for the SPIONs), H is the magnetic field strength

(A/m), kB is Boltzmann’s constant (1.381× 10−23 J/K), and T is the
temperature (298 K for room temperature) [38]. Thus, for the SPION
aggregates in DI water (0.04 vol%) to assemble, the capture radius
needs to be larger than their average inter-particle distance of 7 μm and
therefore requires the magnetic field to be greater than 13 G (13× 103/

Fig. 1. Magnetic assembly of SPIONs: a) optical
microscope image of a SPION aqueous solution
(0.08 vol%), b) optical microscope image of SPION
assemblies (0.06 vol%) after magnetic field appli-
cation (± 50 G, 1.0 Hz, 15min), c) TEM image of a
SPION aggregate, d) H-M plot of a SPION aqueous
solution (0.08 vol%), e) schematic of the magnetic
assembly set-up, and f) the characteristic dimensions
of SPION assemblies.

Fig. 2. Schematics of SPION assembly behaviors as a magnetic field is applied and as the field direction is switched. Not to be scaled; more particles exist within the
aggregates and assemblies.
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4πA/m). The assembly size grows when stronger magnetic fields are
applied or with particles of higher susceptibility. As the assemblies
become larger and more anisotropic in shape, the locally induced field
at the assembly tips becomes stronger promoting additional assembly.
Once the assemblies become large enough, neighboring assemblies
exhibit head-to-tail attraction to make longer assemblies, or occasion-
ally zippering to produce wider (and longer) assemblies [48]. Similar
assembly behaviors have been observed with colloidal suspensions
[38]. The assembly size grows until free aggregates and assemblies are
depleted within the capture radius of the larger assemblies.

As also illustrated in Fig. 2, upon switching the applied field di-
rection, the SPIONs reorient their magnetic moments along the new
field direction [49,50]. In this assembly study, Brownian relaxation
(physical particle rotation) occurs faster than Néel relaxation (magnetic
domain redefinition) assuming linear response theories [51]; the SPION
magnetization varies linearly with the external field ( <

⎯ ⇀⎯⎯

M B V k T| |s B ,
where Ms is the saturation magnetization and V is the SPION magnetic
core volume). The Brownian relaxation time at room temperature is
calculated as 3.4×10−6 s using =τB

ηV
k T

3 H
B

where η is the matrix visc-
osity (0.89 cP for water), and Vh is the hydrodynamic volume of a
spherical particle (15 nm physical diameter and 21.4 nm hydrodynamic
diameter for the SPIONs [52]). The Néel relaxation time at room tem-
perature is calculated as 1.3× 10−5 s using =τ τ eN

KV k T
0

/ B where K is
the effective anisotropic energy density (13500 J/m3 [53]), and τ0 is the
Larmor frequency (estimated as ×

− V4.64 10 /20 s or 3.5× 10−8 s
[54]). Thus, with Brownian relaxation being dominant, the SPIONs, if
unconstrained, will physically rotate with changes to the applied
magnetic field, and will produce a large, albeit temporary, local field
gradient in the transverse direction; transverse assembly is promoted to
form wider (and longer) assemblies.

The combination of the lateral and transverse assembly will con-
tribute to the tailorability of nanoparticle assembly. Transverse as-
sembly can be introduced by the field oscillation as long as the mag-
netic moments of the SPIONs have sufficient time to respond to the field
oscillation and the SPIONs can complete rotation and assemble.

3.2. Transverse assembly behaviors of SPIONs

As noted above, for effective transverse assembly using oscillating
magnetic fields, the SPIONs need to reorient their magnetic moments
with the changing field’s orientation fast enough to complete SPION
rotation and assembly. In other words, transverse assembly will not be
effective if the field switching occurs too frequently (high frequency).
Conversely, magnetic moment rotation will occur faster with larger
magnetic fields, with less gradual field transition (square over sinu-
soidal), or with smaller-sized particles of larger susceptibility, which
should promote lateral assembly. The time that a spherical SPION re-
quires to complete their rotation when the magnetic field orientation is
switched by 180°can be modeled using Stokes’ drag [55]:

+ + =mr θ πr ηθ μBsinθ2/5 ¨ 8 ̇ 02 3 where θ is the angle difference between
the SPION’s magnetic moment and the applied field, m is the mass
(9.3× 10−21 kg for the SPIONs), r is the particle radius (7.5 nm for the
SPIONs), η is the matrix viscosity (cP), B is the external magnetic flux
density, and an original angle offset of 10−5 rad is used. In Fig. 3, how a
model SPION magnetic moment rotates to the external field
( →θ π: 0)over time is plotted with relevant varying external field
parameters (flux density and waveform) and matrix viscosity. As ex-
pected, the time for the SPIONs to complete rotation is longer with
external fields of small strength and with a sinusoidal waveform, and in
more viscous matrices (see Fig. 3a). Such conditions should help pro-
mote transverse assembly. Meanwhile, as illustrated in Fig. 3b, as the
frequency increases, the SPION magnetic moment cannot catch up with
the external field changes and thus may not rotate which will limit
transverse assembly. Therefore, to ensure complete rotation of the
SPION magnetic moments, and to promote transverse assembly, in

addition to lateral assembly, magnetic field oscillation with low fre-
quency (<∼10 Hz) need to be applied to tailor SPION assembly in
viscous polymer matrices.

4. Results and discussion

4.1. Experimental verification of SPION assembly behaviors

The SPION assembly behaviors depicted in Section 3.1 were con-
firmed during real-time experimental observation. Upon application of
a static magnetic field, needle-like anisotropic assemblies were formed
(see Fig. 4a); zippering was observed after 5min as the assembly sizes
became large and highly anisotropic (see Fig. 4b). The threshold mag-
netic field of 13 G (for 0.04 vol% SPIONs in water) was also confirmed;
free aggregates were left non-assembled with the 10 G field, while all
aggregates formed assemblies with the 50 G field (see Fig. 4c). Below,
magnetic assembly is conducted with a field stronger than 10 G so that
quantitative evaluation of SPION assembly feature sizes can be fairly
compared without the presences of free aggregates.

4.2. Tailoring of SPION assemblies in DI water with oscillating magnetic
fields

The SPION assembly morphologies were captured (see Fig. 5) and
measured (see Fig. 6) for each magnetic assembly condition to evaluate
the theory of transverse assembly introduction using the oscillating
magnetic field described in Section 3.2. A 95% bootstrap confidence
interval based on the mean parameter values is indicated in the figures.
As shown in Fig. 6, when the oscillation is turned on, the assemblies
become longer, wider, and more separated, which can be attributed to
introduction of the transverse assembly mechanism (see Fig. 2).
Meanwhile, with a higher flux density, lateral assembly becomes
dominant and therefore the assemblies become longer, thinner and less
separated, except for the assemblies formed with the fields of the si-
nusoidal waveform and low frequency. As the frequency decreases, the
assembly lengths and widths increase, regardless of the waveform type,
but the assembly separation trends vary based on the waveform type.
As the frequency decreases, the separations produced by the sinusoidal
waveform increase, while the separations produced by the square wa-
veform decrease. This discrepancy can be attributed to the SPION
particle rotation behavior differences due to the waveform type (see
Fig. 3a). With the gradual transition of the sinusoidal waveform, the
SPIONs gradually rotate and thus have enough time to complete
transverse assembly which also increases the separation between as-
semblies. Meanwhile, with the abrupt transition of the square wave-
form, the SPIONs rotate to briefly promote transverse assembly, but
then quickly align their magnetic moment with the new field direction,
and thus have more time to complete lateral assembly.

The effects of SPION volume fraction on their magnetic assembly
were also studied (see Fig. 7). With higher SPION volume fractions, the
distances between SPION aggregates are smaller; both lateral and
transverse assemblies are enhanced resulting in increases to the as-
sembly length and width. The SPION volume fraction was kept low in
this study to enable in-situ assembly observation using optical micro-
scopy. With higher SPION volume fractions, the assemblies are ex-
pected to span the entire sample domain.

One-dimensional tuning of SPION assemblies has been demon-
strated through modulated introduction of transverse assembly using
the oscillating magnetic fields. Compared with SPION assemblies
achieved with the static field, the assembly morphology by the sinu-
soidal oscillating field exhibited changes by as much as 43% increase
for the length (100 G, 0.1 Hz), 56% for the width (100 G, 0.05 Hz), and
139% for the separation (100 G, 0.05 and 0.1 Hz). Such line assembly
patterning capability will be effective to tailor, for example, transport
properties of PNCs: with the same nanofiller volume fraction, thin, long,
and dense line features are more likely to extend across the sample size
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with minimum interfaces and thus boundaries resistance, resulting in
higher transport properties.

4.3. Tunable magnetic assembly of ferrimagnetic iron oxide nanoparticles

Ferrimagnetic nanoparticles are more magnetically responsive than
SPIONs, although with remanence. Thus, ferrimagnetic nanoparticles
can provide stronger inter-particle magnetic forces to overcome hy-
drodynamic drag, and therefore are suitable for assembly in viscous
polymers. First, magnetic assembly behaviors were studied about fer-
rimagnetic iron oxide nanoparticles (US Research Nanomaterials,
US7568, Fe3O4, approximately 20 nm diameter, 1–5 µm aggregate size,
60 emu/g saturation) in DI water and were compared with those of the
SPIONs (see Fig. 8) to evaluate the effect of nanoparticle’s magnetic
properties on assembly behaviors. With the static field application

(50 G, 10min), the Fe3O4 assembly length (139 μm) and separation
(61 μm) were much larger than those of SPION assemblies (25 μm
length and 18 μm separation) of the same volume fraction (0.04 vol%).
With the stronger magnetic susceptibility of Fe3O4, the capture radius
increases and thus head-to-tail assembly is promoted, resulting in
longer assemblies with larger separation. An unexpected trend was
observed when the field oscillation was turned on (0.05 Hz, 50 G,
square waveform); the Fe3O4 assembly length decreased (45 μm), while
the SPION assembly length always increased with the square field os-
cillation, especially in the low frequency range, as shown in the SPION
assembly study in Section 4.2. It should be noted that this Fe3O4 as-
sembly length (45 μm by the square waveform with 0.05 Hz and 50 G) is
comparable with the SPION assembly length achieved with the similar
oscillating field (37 μm by the square waveform with 0.1 Hz and 50 G).
In addition, the Fe3O4 assembly separation (106 μm by the square
waveform with 0.05 Hz and 50 G) is much larger than those of Fe3O4

assembly by the static field (61 μm by the static field of 50 G) and of the
SPION assembly achieved with the similar oscillating field (23 μm by
the square waveform with 0.1 Hz and 50 G). Assuming that magnetic
moment reorientations can be completed with this low frequency field
oscillation (0.05 Hz), this unexpected trend can be attributed to en-
hanced transverse assembly due to the larger magnetic susceptibility;
free aggregates are effectively attracted to assemblies, leading to the
separations between assemblies becoming larger than the capture ra-
dius, effectively prohibiting head-to-tail and/or zippering assembly. By
increasing the field strength to 100 G, the Fe3O4 assembly length in-
creased (121 μm by the square waveform with 0.05 Hz and 100 G)
while keeping the separation relatively large (89 μm) because the
capture radius was increased and thus the head-to-tail and/or zippering
assembly were enabled. This assembly study confirmed that the mag-
netic properties of the nanofillers play a large role in assembly forma-
tion by inter-assembly attraction rather than by aggregate attraction to
assemblies. This capability to lengthen assemblies is effective to achieve
percolation within nanocomposites and thus higher transport proper-
ties. Further studies should be conducted to explore more tailorability
of ferrimagnetic nanofiller assembly, for example to decrease the se-
paration while maintaining assembly lengths.

Lastly, PNCs with varying 1D alignment patterns were fabricated

Fig. 3. Calculated Brownian rotation angle of a
model spherical SPION over time in oscillating
magnetic fields: a) magnetic moment rotation
slowed down by smaller flux density (top), by si-
nusoidal waveform (middle), and by higher matrix
viscosity (bottom), and b) slow magnetic moment
rotation (top) or incomplete rotation (middle and
bottom) with increasing field oscillation frequency.

Fig. 4. Optical microscope images of SPION assembly in DI water (0.04 vol%):
a) needle-like assemblies upon static field application, b) zippering, and c) free
aggregates (left) vs. complete assembly (right) by varying the field flux density.
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using another but similar ferrimagnetic iron oxide nanofillers (US
Research Nanomaterials, US3200, γ-Fe2O3, approximately 25 nm dia-
meter, 1–10 µm aggregate size, 57 emu/g saturation, 0.026 g) and
EPON 862 (bisphenol-F thermoset, Hexion) resin with Epikure W curing
agent (see Fig. 9). This epoxy was aerospace grade, commercially
available, and with low viscosity. A 100:26.4 standard mass ratio of the

resin-to-the-curing agent was used. Nanofiller-polymer mixtures
(0.1 vol%) were prepared by ultrasonication (30min at 60 °C) and were
poured into a mold (3.18 cm×3.18 cm×0.508 cm). The mixture was
heated to the working temperature of 70 °C; the mixture viscosity was
measured as 70 cP at this temperature using a viscometer (Brookfield,
RVTDV-IICP). A static magnetic field (50 G and 100 G) was applied

Fig. 5. Selected microscope images of SPION assemblies in DI water (0.04 vol%) using the square oscillating magnetic fields of varying magnetic flux density and
frequency.

Fig. 6. Measured morphologies of SPION assemblies in DI water using oscillating magnetic fields of varying magnetic flux density, frequency, and waveform: a)
0.04 vol%, square waveform, and b) 0.02 vol%, sinusoidal waveform.
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across the mixture for 30min at 70 °C, and then cured following the
standard cycle: 121 °C for 1 h with the magnetic field applied and
171 °C for 2 h in an oven. As shown in Fig. 9, linear nanoparticle pat-
terning was achieved using small magnetic fields (< 100 G) even in a
viscous matrix with a assembly time of 30min. Migration of the γ-Fe2O3

particles towards the poles was observed due to the large field gradient
(> 10%) across the sample domain (3.18 cm length). In this viscous
matrix, the assembled lines were observed to be thicker (compare
Fig. 9b with Fig. 8b). This trend can be attributed to the higher nano-
filler volume fraction, and also to the difficulty of nanoparticle dis-
persion within the matrix. The longer assembly time (30min vs.
10–15min in DI water) was also necessary so that the aggregates have
enough time to assemble with the increased hydrodynamic forces.
Nanoparticle patterning, including tuning of inter-nanoparticle con-
tacts, was attained by varying the field flux density; dense thin lines
were achieved with the 50 G field while sparse thick lines were

observed with the 100 G field because the stronger field flux density
enhanced head-to-tail attraction and zippering. In our next work, the
fabricated PNCs will be inspected for their nanofiller structures using
3D tomography and characterized for their anisotropic transport
properties. The structure-property relationships will be investigated,
especially about the effect of interphases on transport properties.

5. Conclusion

Active assembly using external magnetic fields was studied as a
scalable and energy-efficient method to structure nanofillers and tailor
their inter-particle contacts within polymer matrices to deliver aniso-
tropic, multi-functional PNCs. The capability to tune one-dimensional
line assemblies was studied and achieved using magnetically-responsive
nanofillers (SPIONs, Fe3O4, and γ-Fe2O3, 0.02–0.1 vol%) in matrices
(0.89 cP and 70 cP) by applying oscillating magnetic fields of various
frequencies (< 5Hz), waveforms (sinusoidal vs. square), and field flux
densities (< 100 G). The magnetic moment response to the oscillating
magnetic fields used in this work is dominated by Brownian rotation,
and their assembly mechanisms observed in this study are summarized
below.

(1). With the static magnetic field, lateral assembly is dominant where
free aggregates form assemblies along the field direction. The lo-
cally induced fields from such anisotropic assemblies enable head-
to-tail assembly and zippering producing longer assemblies.

(2). When the field oscillation is turned on, and if the particles have
enough time to respond with the changing fields (with low fre-
quency and low matrix viscosity), transverse assembly will be in-
troduced to promote more separated, wider, and longer assemblies.

(3). When the field oscillates, but if the particles do not have enough
time to respond to the changing fields (with high frequency and
high matrix viscosity), the particle magnetic moments will not
rotate, and thus the assembly patterns will resemble those achieved
by the static fields.

(4). When magnetic responsiveness of particles is strong, assembly
morphologies generally increase due to enhanced inter-assembly
attractions.

Our future work, based on the above obtained understanding, in-
clude two components. First, structure-property relationship studies,
especially about the effects of the interphases, will be conducted by
characterizing and comparing the fabricated PNCs of the same volume
fractions but with different inter-nanofiller contacts: 3D distribution of

Fig. 7. Measured morphologies of SPION assemblies in DI water using oscil-
lating magnetic fields with square waveform of varying SPION volume frac-
tions.

Fig. 8. Magnetic assembly comparison of a) SPIONs and b) ferrimagnetic Fe3O4 (both 0.04 vol% in DI water) by microscope images and measured assembly
morphologies.
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nanofillers will be obtained using X-ray micro-CT scans, and anisotropic
electrical and thermal conductivities will be measured. This study of
PNCs with the small nanofiller volume fractions (< 0.1%) is relevant
for thermal and electrical interface material application where effective
percolation is expected with small nanofiller volume fraction and small
boundary resistances [13,56]. Second, extended capability of magnetic
structuring of PNCs will be tested for material systems consisting of
various nanoparticles (magnetically responsive carbon nanotubes [57],
surface treatment [30,58], higher volume fraction, etc.) and matrices
(elastomers [59], UV-curable polymers, etc.) using triaxial Helmholtz
coil set-up in our lab. Changes in magnetic assembly behaviors (tai-
lorability, assembly time, and required field strength, etc.) will be
evaluated, for example by stronger hydrodynamic forces with viscous
polymers, enhanced nanofiller interactions with higher volume frac-
tion, and changed nanofiller-polymer interactions with surface treat-
ment.
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