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1 | INTRODUCTION

Polymer composites are multi-component materials, where
the inclusion of reinforcing and/or functional agents into
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Abstract

Polymer composites are ubiquitous and indispensable in numerous applica-
tions. Coupling the inclusion of reinforcing agents with methods developed to
control filler distribution and orientation allow for significant enhancement in
mechanical, thermal, electrical, and barrier/transport-related properties of
composites. For practical implementation, ideal approaches to fabricating poly-
mer composites with directionally assembled fillers must consider manufactur-
ing compatibility, scale-up ease, and aligning efficiency. In this article, we will
review a cost-effective and industrially relevant toolbox for preferential filler
alignment in polymer composites. Three main strategies for aligning fillers
within polymer composites will be discussed. Specifically, solution casting and
compression molding can introduce compression force to assemble fillers along
the in-plane direction of composite films, shear force can be developed during
fiber spinning, film blowing, and uniaxial/biaxial stretching processes to align
fillers along the shear direction, and external fields (both electric and magnetic
fields) can direct assembly of fillers, typically along the out-of-plane direction.
For each section, we not only highlight the mechanisms of these methods but
also demonstrate the critical structure-property relationships through model
examples. Finally, a perspective on future opportunities and challenges of aniso-
tropic and performance-enhanced polymer composite preparation strategies is
provided, with a particular focus on additive manufacturing.

KEYWORDS
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materials are essential for a wide range of appli-
cations, including biomedicine,*®' aerospace,l’*?! energy
storage,m_lg] water remediation,“g_m commodity
plastics,**27) and high-performance coatings.**=°! Specifi-

a polymer matrix leads to property enhancement.!'?! The
science, technology, and engineering of these composite

cally, reinforcing agents (i.e., fillers) enable the attainment
of various desired performances in resulting composites,
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such as mechanical,®3* thermal,! electrical >3
and barrier/transport-related properties.***!! In general,
the composite properties are collectively determined by the
filler type,***! content,****! and composite morphology
(i.e., how the filler is assembled in the matrix).[*>*”! While
a higher loading of fillers is often beneficial, it is important
to recognize that increasing filler loading content can lead
to several complications including, but not limited to, pro-
cessing difficulty due to increased viscosity,*®! particle
aggregation with macroscopic inhomogeneity,***! and
diminishment of key features from the polymer matrix
(e.g., mechanical flexibility and optical transparency).l>>~>
Addressing these challenges often requires careful system
optimization, which may involve extensive experiments
and investigations to fully understand the trade-offs
between distinct material properties as a function of filler
content. Early work in the field of polymer composites for
controlling the distribution of fillers often employed several
methods to create homogeneous dispersion of fillers in the
matrix, such as sonication,”**! mixing,*’*°! and high
shearing [°**! Building on these efforts, it was found that
controlling filler distribution is advantageous for enhancing
composite properties in many practical applications,!®*°°!
particularly through developing interconnected (network-
like) or macroscopically oriented filler morphology. For
example, aligning reinforcing agents in the polymer matrix
along the thickness direction can improve the ability of
composites to withstand external force,**”%! through
effective dissipation of locally concentrated energy.[*®”"!
Additionally, filler alignment can create directional trans-
port channels for facilitating the diffusion of thermal
energy,”"7? electrons,”*’ and/or guest molecules,”>"”!
leading to significant improvements in material performance
compared to their randomly oriented analogues.”**"!
Therefore, development of polymer composites with ori-
ented filler particles is important for many applications such
as dielectric sensors/capacitors,’® ¥ water purification,®>*¢!
energy storage,®’** and thermal management.***!
Directional assembly of fillers within the polymer
matrix can be achieved through several strategies, includ-
ing the use of compression force,****! shearing,*°*"!
and external fields,"**'°"! which are applicable at an
industrial scale. Specifically, compression force can be
introduced through compression molding!®*! or con-
trolled solvent evaporation,'®>°?! where embedded parti-
cles are oriented parallel to the in-plane direction of a
composite film. Several conventional polymer processing
techniques, including fiber spinning,'*”! film blowing,'®!
and uniaxial stretching,!'°*! can be employed to introduce
sufficient mechanical force for orienting fillers within
the composite. Shearing is also involved in injection
molding,"*1°7) plate shearing,"®®! and roll-milling,!**>-***!
which can provide an alternative mechanism to develop

directional assembly of particles in the polymer matrix.
Additionally, application of external fields can polarize
fillers, resulting in their alighment within a matrix along
the field direction. This article primarily focuses on discuss-
ing these cost-effective and industrially relevant methods
for aligning fillers along preferential directions in polymer
composites. We will discuss the fundamentals and applica-
tions of different methods and the resulting structure-
property relationship using model examples. The primary
goal of this review is to provide readers sufficient working
knowledge for understanding the corresponding mecha-
nisms and conducting related experimental investigations.
Furthermore, a brief perspective on the future opportuni-
ties and challenges in this exciting research arena will be
provided.

2 | COMPRESSION FORCE

21 | Solution casting
Solution casting, including spin-coating,''*>''*! blade-
coating,!"'*11%) and dip-coating,!''”"'*! is a common pro-
cessing technique for manufacturing polymer composites.
These methods typically involve deposition of polymer
solutions onto a substrate followed by solvent evapora-
tion. Upon film drying, polymer composites experience
one dimensional shrinkage along the thickness direction
due to the removal of volatile solvents.['*! During this
process, in-plane stress can be developed from the con-
strained volume shrinkage, leading to the effective “lay-
down” of polymer chains as well as fillers in the direction
that is parallel to the film surface."*!! In general, develop-
ing such planar orientation of particles with flaky (or other
2D) morphology in polymer composites is useful for
enhancing their gas/liquid barrier properties,"'?? improving
in-plane thermal and electrical conductivity,'*! and
enabling controlled drug release/delivery behaviors.['>*!
Previous studies have demonstrated that parallel ori-
entation of clay platelets from solvent evaporation can
result in a substantial decrease in gas permeability of
polymer composites, observed with oxygen,'**! carbon
dioxide,"**! helium,!"?”! and nitrogen molecules.!"**! For
example, tamarind seed xyloglucan/clay (montmorillon-
ite, or MTM) nanocomposite films can be prepared by
casting the water suspension on Teflon molds, followed
by a drying step at 40°C overnight.'?! The cross-
sectional scanning electron microscopy (SEM) image of
the resulting film (Figure 1A) displayed a nearly perfect
in-plane orientation of embedded clay platelets, which
was consistent with X-ray diffraction (XRD) results show-
ing the transformation from a circular diffraction pattern
to two sharp arches upon solvent drying (Figure 1B).
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The XRD pattern (Figure 1C) perpendicular to the film
surface indicated the random orientation of fillers within
the in-plane direction of films. The planar orientation of
clay platelets and their intercalated structures in the com-
posite was also confirmed by the transmission electron
microscopy (TEM) image, as shown in Figure 1D. The
drying induced orientation of clay nanoplatelets resulted
in a remarkable enhancement of gas barrier properties; a
reduction of oxygen permeability of more than 90% was
achieved with only 5 wt% clay platelets (Figure 1E).
Specifically, highly oriented clay platelets led to gas mole-
cules encountering a Zigzag tortuous path throughout
the thickness direction of the films. In another study,
the kinetics of solvent evaporation-induced orientation
of polymer chains and graphene oxide nanosheets were
investigated via measuring real-time birefringence
change of polyamide-imide (PAI)/graphene oxide (GO)
nanosheets."*”! The development of out-of-plane optical
birefringence confirms the parallel orientation of both
polymer chains and GO nanosheets upon the evaporation
of dimethylacetamide (DMAc). The planar orientation
of GO nanosheets led to an approximately 35% reduc-
tion in oxygen permeability for films with only 0.01 wt%
of fillers. This result clearly indicated that developing
in-plane aligned fillers can hinder gas diffusion in
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composites. Similarly, Giannelis et al. observed that the
parallel orientation of clay nanoparticles in Nafion nano-
composite membranes, resulted from solution casting of
a water suspension at 180°C, reduced liquid methanol
permeability by almost 90% when the filler content was
only 4 vol%.1*!!

Moreover, Kim et al. found that graphene oxide
(GO) platelets can be self-assembled and oriented in par-
allel to the surface of polyurethane (PU) films after water
evaporation,'*?! which was confirmed by cross-sectional
SEM imaging. It was found that when GO platelet con-
tent was above a threshold value (2%), their alignment
was significantly enhanced as steric hindrance between
GO platelets promoted rearrangement and overlapping
due to entropy maximization. Additionally, highly
aligned GO platelets within composites can be in-situ
reduced through exposure to hydrazine, resulting in
reduced GO (rGO) to further improve the composite
functionality. These oriented rGO sheets (with 0.5 wt%
loading content) resulted in significantly enhanced elec-
trical conductivity (from ~10"'! to ~107® S/cm) of final
composites. As the content of rGO further increased to
2 wt%, the electrical conductivity of composite improved
to 0.09 S/cm, approximately 10 orders of magnitude
improvement compared to the pure PU films.

3"

COMPOSITES

—a— Experimental
—e— Nielsen model
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(A) SEM micrograph of a xyloglucan/clay nanocomposite at 10 wt% loading; (B) X-ray diffractogram of a xyloglucan/clay

nanocomposite at 20 wt% loading in parallel and (C) perpendicular to the surface; (D) TEM micrograph of a xyloglucan/clay nanocomposite

at 10 wt% loading; (E) Experimental and Nielsen model calculations for relative oxygen permeability of xyloglucan/clay nanocomposites as a
function of filler (MTM) loading content. Reproduced with permission.[?”! Copyright 2012, American Chemical Society
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The application of solvent drying-induced alignment
in preparing nanocomposites can also be extended to the
biomedical field.l'>*"'3* For example, drug release of cur-
rent commercial contact lenses follows first-order kinet-
ics, suggesting that burst release typically occurs in the
initial hours, followed by several hours of low concentra-
tion release.'**'**! In order to address the challenge of
slow release, Cakmak et al.l'**! reported an approach to
fabricate contact lenses with zero-order, constant-rate
drug release. In this work, three-layer blade casting was
used to prepare triple-layer films with the top and bottom
layers containing vitamin E, while the middle layer was
composed of antibiotic drugs. Vitamin E with anisotropic
morphology was preferentially oriented (in parallel to the
film surface) in both top and bottom layers. It was found
that the formation of such alignment is beneficial to bar-
rier properties. The triple layer films with oriented vita-
min E demonstrated a constant-rate drug release without
initial burst, which is distinct from neat vitamin E loaded
single-layer films. Moreover, the triple layer film could
maintain the drug concentration at a much higher level
than the control sample. Therefore, the enhanced barrier
property from oriented vitamin E upon solvent evapora-
tion enables the zero-order drug delivery, which is
desired for their practical applications.

Furthermore, micropatterned, high-performance soft
actuators were developed based on a passive polyimide
substrate containing a layer of cellulose nanofibers
(CNFs), which were aligned through solvent evapora-
tion.[**! Specifically, CNF suspension is deposited on the
substrate and a static drying process follows, where capil-
lary flow from solvent evaporation led to directional
assembly of CNFs, confirmed by both SEM and polarized
optical microscopy (POM). The aligned fibers exhibit
anisotropic contraction and expansion, and with humid-
ity or temperature stimuli this response can be enhanced
to form a soft actuator capable of rapid bi-directional
bending. The actuators displayed a fast response time
(33 s at 40°C), excellent displacement (final
curvature = 0.31 mm '), and exceptionally high lifting
capacity (1000 times lifting weight ratio). Building upon
these results, large-scale samples were readily prepared
as well as the adaption to various metal and polymeric
substrates indicating high commercialization potential.
In another seminal work, large-area (up to several cm
thickness and 10 cm lateral dimension) graphene/
oxidized cellulose nanocrystal (OCNC) composites were
fabricated with highly oriented structures upon solvent
evaporation on a Teflon mold followed by thermal cur-
ing.!"**) The charged OCNC surfaces facilitated the dis-
persion of graphene nanosheets, due to the abundance of
hydrogen-bonding capable moieties effectively “gluing”
to the nanosheets while crosslinking with epoxy adhesion

agents. Furthermore, the OCNCs can act as a host matrix
which promotes long-range alignment of graphene
within the composite. This resulted in a high in-plane
thermal conductivity (TC) of 25.7 W/mK, corresponding
to an enhancement of 7235% through successful align-
ment of the embedded fillers (4.1 vol% graphene). Using
a similar strategy, boron nitride nanosheets (BNNS)/eth-
ylene-vinyl-acetate copolymer composite films with
highly ordered structures can be developed through a
vacuum-assisted self-assembly process, followed by dry-
ing at room temperature for 12h.'*! The in-plane
aligned BNNS enabled efficient thermally conductive
pathways that allow for heat transfer, leading the com-
posite films to exhibit an in-plane TC of 13.2 W/mK
and an anisotropy ratio of 2500% at a loading content of
50 wt% BNNS. Additionally, the composite films demon-
strated a retention ratio of 95% for in-plane TC after
repetitive tensile tests, 98% after repetitive bending, and
97% following heating/cooling cycles, indicating mechan-
ical flexibility and performance durability. These exam-
ples demonstrate that orienting fillers in polymer matrix
through solvent evaporation is a simple and scalable
method for improving composite performance in a wide
variety of different applications.

2.2 | Compression molding

Compression molding is a melt processing method for
fabricating polymer films (typically with over hundreds
of micrometer thickness), often without the use of
solvent.["¥>71%! In this process, a filler-containing poly-
mer composite is heated at an elevated temperature
within a mold and then compressed under high pressure,
followed by cooling down to room temperature,1*147]
The high pressure applied during this compression pro-
cess not only shapes/molds the polymer composite but
also orients the embedded fillers with their basal plane
parallel to the film surface.'**'*?! For example, Liang
et al.'*3! found that Cloisite 15A clay nanoplatelets can
be aligned in parallel to the surface of natural rubber
nanocomposite films after compression molding, con-
firmed by XRD results. Using this method, the orienta-
tion factor of clay platelets increased with higher clay
content in the rubber matrix. The high hydraulic pressure
from compression molding was also employed to orient
MMT clay particles in parallel to the film surface, result-
ing in anisotropic structures and approximately 20%
decrease in the oxygen permeability of films throughout
the thickness direction.[®”’ In another study, hot-press
was utilized to fabricate oriented MMT nanoplatelets in
low density polyethylene (LDPE) matrix (with only
0.5 wt% loading content), leading to approximately 7-fold
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and 4-fold performance enhancement for CO, and O,
barriers, respectively (compared to pure LDPE).['** As
previously described, the improved barrier properties can
be attributed to the oriented nanosheets in the polymer
composites, creating tortuous paths for limiting the gas
molecules to diffuse and penetrate through the films.[>"

Since the compression molding process is broadly used
in the polymer industry, many research efforts have lever-
aged its use to control the filler orientation for several
advanced applications.'*'*®! For example, Liu et al.l'>!
prepared anisotropic (3-aminopropyl) triethoxysilane
(APTES)-boron nitride nanosheets (BNNS)/epoxy compos-
ites by ultrasonic exfoliation, dissolving hexagonal boron
nitride powder (hBN) in a mixture of isopropanol and
deionized water. Subsequently, hBN was functionalized
with APTES to improve its interfacial compatibility and
dispersibility in epoxy resin. The composite films were first
formed by spin-coating (2000 rpm for 1 min), followed by
a hot-pressing step (5 MPa at 80°C for 30 min, and fully
cured at 60°C for 5 h) to align the embedded fillers. As a
result, the composite exhibited excellent anisotropic TC,
achieving 5.86 W/mK (in-plane direction) with a filler
loading content of 40 wt%, and interfacial thermal resis-
tance of 1.88 x 10~° m°K/W (an order of magnitude smal-
ler than hBN). Hot-pressing induced hBN plate alignment
in polycarbonate matrices have also been reported.!*®”!
Specifically, a hBN/polycarbonate suspension was drop
cast on a glass plate and then the film was hot-pressed at
260°C and 20 MPa for 10 min. The alignment of hBN
plates from this compression process leads to the forma-
tion of thermally conductive pathways in the polymer
matrix for phonon transport. The composites showed an
in-plane TC of 3.09 W/mK with 18.5 vol% BN, as well as a
high storage modulus of 4.26 x 10’ Pa, corresponding to a
respective increase of 1371% and 115.1% compared to pure
polycarbonate. Additionally, a 2D thermoplastic polyure-
thane (TPU)/hBN elastomer composite can be prepared
with up to 95 wt% hBN loading, which the filler alignment
from hot-press was confirmed by SEM.I"®!! The resulting
composite exhibited an in-plane TC of 50.3 W/mK, while
the out-of-plane TC is approximately 6.9 W/mK. This high
TC enabled the composite films to be efficient heat
spreaders, displaying a decrease of 40°C in the saturation
and set-point temperatures for light-emitting diodes.

3 | SHEAR FORCE

3.1 | Meltspinning

Melt spinning is a common technique in industry to
manufacture thermoplastic polymers or polymer compos-
ite microfibers,['**1! such as surgical and N-95 masks

912 INSPIRING 5751
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which have been heavily used during the COVID-19 pan-
demic.!**®1%] To briefly introduce this process, polymer
composites are first melt and pumped through a spin-
neret (die) containing single or multiple holes. The melt
polymer fibers are then drawn, cooled, solidified, and col-
lected on a take up wheel. Stretching of melt-spun fibers
leads to the orientation of polymer chains and fillers
within the composite.'®*'"!] The orientation factor of
these filler particles is primarily controlled by the draw
down ratio (DDR), which is proportional to the take-up
speed of fibers.'7>173! The effect of DDR on the degree of
orientation of fillers can be demonstrated by using poly-
amide 6/nano-clay composites as a model system.!'”* At
a low DDR (e.g., below 1.8), no defined X-ray scattering
pattern can be observed, indicating no or very minimal
orientation of nano-clay. As the DDR increased, the 2D
nano-clays were oriented with their basal plane along the
fiber axis and their orientation factor improved as a func-
tion of increasing DDR. In general, higher orientation
factor of nano-clays in polyamide 6 leads to higher tensile
strength of melt spun fibers.l'”*! Similarly, the melt spin-
ning technique was used to orient one-dimensional
(1D) multi-walled carbon nanotubes (MWCNTSs, 2 wt%
loading content) along their long axis (fibers axis) in a
polycarbonate (PC) matrix.!'””! The degree of alignment
of MWCNTs was examined by TEM, which showed
improvement with increasing DDR even though its
curved shape persisted within the fibers. The composite
prepared in this study can exhibit excellent stress at break
(~470 MPa) with significantly higher elastic modulus
(~3.25 GPa) and elongation at break (~75%) compared
to PC fibers, due to the alignment of embedded MWCNTSs
using a DDR of 126. Furthermore, Hagstrom et al.l'”®!
reported orienting graphite nanoplatelets (GNP) tangen-
tially (parallel to the surface of the strand) in a polypro-
pylene (PP) matrix by melt mixing and solid-state mixing
(SSM). Compared to the melt mixed samples, the SSM
samples exhibited considerably more lateral agglomera-
tion or stacking. The in-plane aggregated GNP particles
in SSM samples led to improved electrical conductivity
(79 x 107 S/cm) compared to melt mixing samples
(3.8 x 1072 S/cm). The tangential orientation of GNPs
also resulted in the SSM samples with glossier and
smoother surfaces. Furthermore, the SSM composite dis-
played no plateau in storage modulus, indicating an
absence of the material's yield stress, which directly cor-
responds to its superior spinnability. More recently,
poly(methyl methacrylate) (PMMA) composites contain-
ing carbon fiber and carbon black were prepared by melt-
spinning, which led to the high degree alignment of CFs
along the axis of fiber composite, coupled with fence-like
“conductive pathways” formed by carbon black between
parallel CFs.['7”]
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3.2 | Film blowing

Film blowing is commonly used for producing plastic
films, especially in the packaging industry,!"”®! where air is
continuously blown into the polymer melt, resulting in its
continuous expansion for film formation. As a complex,
non-isothermal, and non-uniform biaxial extensional pro-
cess, film blowing involves the orientation of polymer
chains and fillers in the melt state, which can then be
kinetically trapped upon cooling.""”***"! Through orienting
filler particles in the composite films, the properties of
resulting films can be improved.'”®! For example, this
method can be used to prepare nylon 6/clay nanocompo-
site films with clay layers aligned in parallel to their long
axis to the film surface (Figure 2)."®" This parallel orienta-
tion enhanced the tortuosity of guest molecules for diffu-
sion and thus reduced the permeability by more than 60%
for a variety of different gases, including helium, hydro-
gen, water vapor, and oxygen. A systematic investigation
on the effect of machine-direction DDR on the orientation
of clay nanosheets in PP was also reported,'®2! which
showed that increasing DDRs improved the degree of
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FIGURE 2

orientation of the silicate layers parallel to the machine
direction and thus decreasing film permeability efficiency.

In a seminal work, Nicola et al.l'®¥! investigated the
difference in the degree of orientation of graphite nano-
platelets within the LDPE matrix between compression
molding and a blown extrusion process. The blown
extruded samples exhibited a high degree of anisotropy
in the flow direction, in comparison to the compression
molded samples which were randomly oriented, leading
to higher tensile strength and lower maximum strength.
The Young's modulus remained similar in the transverse
and machine directions, indicating the orientation may
not affect polymer elasticity, only impacting the necking
and recrystallization regimes. Additionally, the tensile
strength increased from 15 MPa in a neat LDPE sample to
23 MPa for the oriented composite, while a higher maxi-
mum strain from 0.7 to 1.1 was achieved. Furthermore,
Wang et all'"®! fabricated biodegradable poly(butylene
adipate-co-terephthalate) (PBAT) containing aligned
organically modified montmorillonite (OMMT) through a
film-blowing process, leading to enhanced mechanical and
water vapor barrier properties. As shown in Figure 3A, for
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(A) TEM micrograph of nylon 6/clay nanocomposite at 6 wt% loading and (B) 13 wt% loading; (C) Theoretical permeability

by Lape' model (—), Lape’ model considering flake thickness polydispersity (-), Lape' model taking into account surfactant layer and flake
thickness polydispersity (solid square) and experimental relative permeability for helium gas and (D) hydrogen gas. Reproduced with

permission.[*®!! Copyright 2007, Journal of Membrane Science
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films generated by the blowing process, OMMT layers can
be oriented along machine direction with a small degree
of tilt angle. At 13 wt% OMMT loading, the water vapor
permeability decreased by 43% for the blown film com-
pared to the pure PBAT film. However, this study found
that biaxial stretching resulted in a better alignment of
OMMT and further improved water vapor barrier proper-
ties (Figure 3B,C). Moreover, the Young's modulus, tensile
strength at break, and elongation at break of the film
blown sample at 5 wt% OMMT loading were 120 MPa,
31 MPa, and 600%, compared to 133 MPa, 69 MPa, and
185% for the biaxially oriented sample. Additionally,
Manias et al. reported the alignment of MMT nano-clay in
a blend of linear low-density polyethylene (LLDPE)/LDPE
matrix through blown film extrusion and cold stretch-
ing."®! The highly oriented nanofillers (in parallel to the
film surface) were achieved through an industrial blown-
film line with a blow-up ratio of 2, followed by annealing at
80°C for 1 week and cold stretching along the machine
direction. It was found that the filler orientation could be
improved with increasing shear rate. The breakdown
strength of composite with 9 wt% filler loading was approxi-
mately 750 MV/m after alignment. The increased path tor-
tuosity for charge transport in the aligned sample acted as a
geometric barrier, leading to a reduced leakage current.

3.3 | Electrospinning

Electrospinning can fabricate fine polymer fibers with
diameters from tens to hundreds of nanometers through
the application of a static electric field.!"*! The morphology
of electro-spun nanofibers can be controlled by a variety
of processing parameters, including voltage,"*"*%! flow
solution Viscosity,[
Building on the

[189,190 [191-193] 194-197)

rate, I target distance,

and environmental humidity.'9*-2°!)

(A)

Molecules transport Mach:
chine directj,,
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FIGURE 3

advantage of electrospinning which can improve the
mechanical property through creating nanofibers with high
aspect ratio,**>*3! aligning fillers within the fibers can fur-
ther enhance composite performance to meet the require-
ment of many advanced applications. As an example,
significant strengthening effects can be achieved by adding
nanoparticles into the electro-spun nanofibers, especially
through the inclusion of 1-D nanoparticles. In these systems,
nanoparticles with a high aspect ratio can be oriented with
their long axis parallel to the fiber axis,**>*”) resulting in
improved mechanical, electrical, and thermal
properties.**®*2'2l Wagner et al.***! reported the preparation
of PMMA/MWCNT composite nanofibers via electrospin-
ning under a voltage of 6.6 kV. In this study, the morphol-
ogy of MWCNTs-reinforced PMMA nanofibers from
electrospinning was determined using an environmental
TEM, as shown in Figure 4A. MWCNTs were completely
embedded in the PMMA matrix and oriented along the fiber
axis. Figure 4B shows the stress—strain curves of PMMA and
PMMA/MWCNT nanofibers, and Young's modulus and ten-
sile strength were improved by about 260% and 157%,
respectively, through the inclusion of oriented MWCNTSs
into PMMA nanofibers.***!

For semi-crystalline polyacrylonitrile (PAN)/MWCNT
nanofiber composites prepared by electrospinning, both
PAN crystals and MWCNTSs can be oriented in parallel to
the axis of nanofibers due to the combined effects of flow
and elongation.!”"” The two-dimensional XRD patterns
indicated that the orientation factor for (002) plane of
MWCNTs and!?®! plane of PAN crystals can reach up
to 0.9 and 0.62, respectively.l*'®! The higher orientation
factor of MWCNTs than PAN polymer crystals was
ascribed to the slower relaxation of MWCNTs than
polymers during the drying process of nanofibers.[***!¢]
Compared to the pure PAN nanofiber sheets, the
PAN/MWCNT sheets exhibited a 3-4 times higher tensile
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(A) Scheme and TEM micrograph of a poly(butylene adipate-co-terephthalate)-organically modified montmorillonite

nanocomposite prepared by film-blowing and (B) by biaxial stretching; (C) Comparison of water vapor permeability between film blown and
biaxial stretching nanocomposites at varying loading contents. Reproduced with permission."'®* Copyright 2018, American Chemical Society
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(A) TEM micrograph of CNTs in PMMA nanofiber matrix; (B) stress versus strain of neat PMMA fiber and MWCNT/PMMA

fiber with an inset of the initial 15% strain range (where Young's modulus was determined through linear regression). Reproduced with

permission.[?'*! Copyright 2007, Advanced Materials

modulus due to the presence of highly aligned MWCNT
within the nanofibers. It was also demonstrated that the
electrical conductivity of these PAN/MWCNT composite
sheets could reach up to 0.1 S/cm, approximately two
orders of magnitude higher than that of films containing
randomly distributed MWCNTs.!*'”! Similarly, Gorga
et al.l?®! reported that high degree of MWCNT orienta-
tion in polyethylene oxide (PEO) nanofibers can lead to a
significant improvement of electrical conductivity by
almost 10'* as well as three times enhancement in the
Young's modulus for a 1 wt% MWCNT content composite
compared to pure PEO.

Electrospinning was also employed to prepare
highly anisotropic, thermally conductive MWCNT/
polybenzimidazole (PBI) nanofibers. Upon alignment,
the in-plane TC of composite with approximately 2 wt%
filler content could reach to 18 W/mK while the out-of-
plane TC remained low (0.014 W/mK).*'*! This was
attributed to the electrospinning process which can
induce highly oriented MWCNTSs in PBI, creating aniso-
tropic structures that facilitate the unidirectional phonon
diffusion. Additionally, aligning fillers using electrospin-
ning methods for improving mechanical properties of
polymer composites can also be used for tissue engineer-
ing with biopolymer nanofibers. For example, Wei
et al.??! reinforced poly-(L-lactic acid) (PLLA) nanofibers
with needle-shaped hydroxyapatite particles through an
electrospinning process, leading to highly oriented parti-
cles along the fibral direction for enhancing mechanical
properties. The particle orientation, confirmed by TEM
and powder XRD, enhanced tensile strength from 17.3 to
31 MPa and elastic modulus from 388 to 1722 MPa, com-
pared to the randomly aligned control sample.

3.4 | Poststrain induced orientation
of nanoparticles

The uniaxial and biaxial stretching of polymer nanocom-
posites can also orient embedded fillers.**>*3! For
example, lead zirconate titanate (LZT) nanowires were
oriented by a uniaxial stretching method along the
stretching direction. The uniaxial stretching induced the
orientation of nanowires, which enabled the dielectric
permittivity to be 37.5% higher than a film containing ran-
domly oriented fillers.® As a result, the maximum energy
density enhancement through orienting nanowire improved
about 51.6%. In another seminal work, poly(vinyl alcohol)/
single-wall carbon nanotubes (SWCNTs) nanocomposite
films were mechanically stretched to align fillers. The in-
plane TC of the uniaxially stretched nanocomposite films
improved with increasing draw ratios, showing a 300%
increase at an optimized draw ratio of 5.5.°**! Additionally,
PP/graphene nanocomposite films were stretched by
sequential biaxial stretching (Figure 5A) and the graphene
nanosheets were oriented in parallel to the film surface, as
shown in Figure 5B.**! In this work, in-plane electrical
conductivity of 2.5 vol% graphene/PP nanocomposite film
improved with increasing draw ratio, up to 4 orders of mag-
nitude enhancement at a draw ratio of 2.4, which can be
attributed to the strain induced orientation of graphene
nanosheets (Figure 5C). Moreover, the anisotropy of electric
resistivity (ratio of in-plane and out-of-plane resistivity)
increased significantly with increased draw ratio, reaching
up to 3.5x 10* at a draw ratio of 24, as shown in
Figure 5D.**! Similarly, flexible, high-performance strain
sensors were developed by including hybrid nanofillers
(rGO with immobilized MWCNTs) in a thermoplastic
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polyurethane matrix with biaxial stretching-induced align-
ment.*?®! Nanocomposites were hot-pressed, preheated to
110 °C, and biaxially stretched at a strain rate of 10 mm/
min. The aligned hybrid nanofillers improved the mat-
erial stability, broadened the strain monitoring range
(0.3 ~ 400% strain), and reduced the nanocomposites
resistivity (5.62 x 104 Q m) at 2 wt% filler content in com-
parison to unaligned samples. Moreover, parallel align-
ment of the hybrid nanofillers led to enhanced sensor
sensitivity (gauge factor [GF] = 150 with a 4 x 4 stretch-
ing ratio compared to a GF = 3.5 for a sensor with 30%
strain). Additionally, Ding et al**’! fabricated highly
aligned silicon carbide nanowire (SICNW)-poly(vinyl alco-
hol) (PVA) nanocomposites through solvent-assisted uni-
axial stretching at a strain rate of 1 mm/min. Successfully
orienting SICNW enhanced the composite tensile strength
by approximately 422% (188.3 MPa) and elastic modulus
by 582% (6.95 GPa) compared to pure PVA. Meanwhile,
the in-plane TC of the aligned nanocomposite exhibited a
105% increase (reaching 0.55 W/mK) compared to pure
PVA, while maintaining a working temperature of 45.5°C.

3.5 | Flow-induced shearing

Flow-induced shearing is another simple and effective
technique to align fillers in polymer composites along the
shearing direction.!”?®">*") Graphite nanosheets can be
preferentially oriented in high-density PE matrix due to
the shear flow produced by a two-roll miller. The shear-
ing induced orientation of graphite nanosheets enabled
the nanocomposite to exhibit highly anisotropic conduc-
tivity with two orders of magnitude higher electrical
conductivity along the in-plane than the out-of-plane

*

PP matrix

FIGURE 5 (A) Depiction of
the biaxial stretching-induced
alignment within PP/PMMA/
graphene composites; (B) SEM

micrographs displaying fracture
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direction.!**!! Using a similar strategy, anisotropic nano-
composites composing of triblock copolymers and gra-
phene particles can be prepared by flow-induced
shearing.[**?! Specifically, graphene nanoflakes were ori-
ented into parallel stripes under 0.15 s~ shear rate after
45 min and the aligned structure was kinetically trapped
by rapid cooling of polymer matrix from 280°C to room
temperature. The nanocomposite with aligned graphene
stripes exhibited 2.4 x 10* times higher electrical conduc-
tivity than its counterpart prepared without shearing.
The anisotropy factor of in-plane electrical conductivity
compared to through the thickness direction is more than
1.4 x 10*. Similarly, MWCNTs can be aligned into paral-
lel stripes by using a similar method, with the aligned
structure imparted electrical conductivity enhancement
up to six orders of magnitude.[***! As another example,
Tanabe et al.l>**! reported the use of a doctor blade solu-
tion casting technique to orient MWCNTs in polyfurfuryl
alcohol (PFA) condensate, with the cast film being cured
at 160°C to trap the oriented fillers. In this work,
MWCNTs were oriented along the blade casting direction
due to the shearing force. The composite exhibited about
a million times higher electrical conductivity than a ran-
domly oriented film with identical MWCNT loading con-
tent. Similarly, it was found that silica and alumina
particles can be aligned along the shear direction into uni-
directional channels in clear polyurethane coatings,[235]
accomplished by a simple drawdown method with a
75-um gap drawdown cube with moving speeds ranging
between 1 and 10 cm/s. Increasing application speed led
to improved degree of alignment, confirmed by both
atomic forced microscopy (AFM) and SEM techniques.
Additionally, a PS/clay nanocomposite was sandwiched
between two glass slides at 200 + 10°C, and after shearing
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at a shear rate of 10> s~ %,**! the sharp diffraction peaks

were observed from XRD, which can be attributed to the
shear-induced orientation of clay particles. This result is
consistent with the observation from TEM micrographs.

4 | EXTERNAL FIELDS

4.1 | Electric field

Electric field induced filler alignment in polymer com-
posites can be accomplished using an insulating plate
and two parallel electrodes.!'**37-2*°! prior to applying
electric field, fillers are uniformly dispersed in the poly-
mer matrix. Subsequently, the viscous polymer solution/
melt is spread and sandwiched between two electrodes.
Upon the application of an external electric field, fillers
are polarized and each individual particle is subjected to
its neighbors' non-uniform field, leading to the formation
of chain-like structures due to the attractive dielectro-
phoresis forces generated by dipole-dipole interac-
tions.**! 1D and 2D particles can be rotated under such
force with their long axis along the electric field direc-
tion, forming chains with head-to-tail structures. In most
cases, the aligned structure of particle chains in the poly-
mer matrix can be gradually relaxed back to a randomly
distributed state after removal of the electric field. There-
fore, this method is often coupled with solidification of
polymer composites by solvent evaporation, crosslinking
the matrix, or quenching the melts prior to removing
the electric field in order to kinetically trap the aligned
structure.

Electric-field induced filler alignment often improves
electrical and thermal conductivity of polymer compos-
ites. For example, in-plane alignment of SWCNTSs in a
photo-curable matrix (urethane dimethacrylate (UDMA)
and 1,6-hexanediol dimethacrylate (HDDMA) blend)
results in the electrical conductivity increasing from
3.3 x 107 "% S/cm to 10”7 S/cm, approximately six orders
of magnitude enhancement as reported by Harrison
et all?*?l In this study, the alignment was achieved
by alternating current (AC) field-induced dipolar interac-
tions between SWCNTs within a liquid media, followed
by a step of photopolymerization while under a constant
electric field. Bauhofer et al.?**! found that upon elec-
tric field-induced alignment, a carbon nanofiber/epoxy
resin composite exhibited a dielectric constant that is
30 times higher than control samples containing ran-
domlyoriented carbon nanofibers. Additionally, Robertson
et al?* investigated the effect of electric field-induced
orientation of short glass fibers on the toughening behav-
iors of UDMA/HDDMA composites. As the fracture
surface was perpendicular to the axis of aligned glass

fibers, the composites with aligned fibers displayed an
increase of 40%, 50%, and 145% in fracture toughness, flex-
ural modulus, and fracture energy, respectively, compared
to the composites with randomly oriented fibers.[***!

The application of external fields often results in out-
of-plane alignment of nanoparticles, which is difficult to
observe directly using an optical microscope. To address
this challenge, Cakmak et al.***! reported the orientation
kinetics of clay platelets by measuring the real-time
change in birefringence of clay/photocurable resin com-
posites, as shown in Figure 6A. The anisotropic optical
refractive index of clay resulted in the development of
birefringence after the application of electric field.!***! To
briefly describe this alignment process, the torque
induced by dielectrophoresis initially rotated the clay
platelets with their basal plane parallel the electric field.
Subsequently, the rotated clay platelets were aligned into
chain structures due to dipole-dipole interactions. As a
result, birefringence increased slowly and reached a pla-
teau under lower voltages, while at higher voltages bire-
fringence increased rapidly to a higher plateau value. The
cross-sectional morphology of the photocured nanocom-
posite films shown in Figure 6B displays the vertical
alignment of clay particles across the entire sample. The
XRD patterns of clay crystals ([001] plane) (Figure 6C)
were transformed from a circle into arcs, indicating the
successful orientation of clay platelets along the thickness
direction. In Figure 6D, the nanocomposite films with
aligned clay platelets exhibited higher dielectric permit-
tivity when frequency is below 0.03 Hz, which is attrib-
uted to the enhancement of through-thickness ionic
conductivity.[247:248!

Additionally, electric field assisted assembly of bar-
ium strontium titanate (BST) in a thermally curable PU
showed that nanocomposite films with aligned fillers
exhibit three times higher dielectric permittivity than a
film with randomly oriented particles, when filler content
is 22 vol%.*! Similarly, the electric field-induced align-
ment of barium titanate (BaTiO3) in thermally curable
poly(dimethylsiloxane) (PDMS) improved dielectric per-
mittivity by at least 50% as opposed to the control sam-
ples (i.e., no orientation of fillers) at the same filler
loading content. While the electric field induced align-
ment of nanoparticles in thermal or photo curable matrix
has been relatively well developed, their assembly in
thermoplastic polymer/solvent solutions may have addi-
tional processing challenges, which are associated with
structural relaxation in the matrix. To address this issue,
a novel processing method was developed to achieve “Z”
direction alignment of nanoparticles in polymer/solvent
solutions for preparing nanocomposites with enhanced
through-thickness dielectric properties.'***! As shown in
Figure 7A, the alignment kinetics of BaTiO; were studied
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FIGURE 6 (A) Clay alignment kinetics displayed through birefringence versus time for nanocomposites with 2 wt% loading at various

voltages; (B) SEM micrograph displaying clay platelet chaining with highlighted platelet edges and a dielectrophoretic chaining diagram;

(C) XRD patterns for the nanocomposite in three principal directions; (D) Relative dielectric constant enhancement with increasing

nanocomposite clay loading. Reproduced with permission.*! Copyright 2014, Advanced Functional Materials

by measuring the real-time change in light transmission
of wet films, demonstrating the competition between sol-
vent evaporation-induced shrinkage force and dielectro-
phoresis force on structures. Once the electric field is
applied, the dielectrophoresis force induced the align-
ment of short BaTiO; chains. This led to a rapid increase
in light transmission, which further increased, though at
a slower rate due to the growth of chains of particles. As
more solvent evaporated, the light transmission
decreased since this resulted in internal film stresses,
which can potentially buckle the aligned particle chains.
As shown in Figure 7B, the aligned nanoparticle chains
were tilted to an angle between the chain axis and the
electric field direction (instead of perfectly along the field
direction). This angle became smaller, and the light
transmission increased to higher values when applying a
stronger electric field, suggesting the formation of more
vertically aligned nanoparticles. In this study, the critical
electric field strength to achieve vertical alighment was
approximately 1500 V/mm. The resulting nanocomposite
films exhibited increased dielectric permittivity improve-
ment when vertical alignment of BaTiO; chains was
enhanced by increasing field strength, as shown in
Figure 7C.

Moreover, Helgesen et al.l>*!! found that the align-
ment of carbon nano-cones within a commercial two
component epoxy-amine adhesive resulted in 2-3 orders
of magnitude higher electrical conductivity, even at a
very low loading content of 0.2 vol%. Wang et al.,!*’! stud-
ied the effect of electric field assisted alignment of multi-
layer graphene on the electrical and thermal conductivity
of epoxy nanocomposites. The nanocomposites with
aligned graphene plates exhibited 2-3 orders of magni-
tude enhancement and an approximately 60% increase in
the electrical and thermal conductivity, respectively,
compared to films with randomly oriented graphene at
the same loading level. Similarly, a 145% improvement in
the TC of PDMS/diamond nanocomposites was reported
through aligning 5 vol% diamond particles using an elec-
tric field.!**?! The electric field assisted assembly of nano-
particles was demonstrated to be compatible with roll-to-roll
continuous processing to enable large-scale manufacturing
of high performance nanocomposites with aligned fillers,
such as preparing PDMS nanocomposites with “Z” oriented
graphite nanoplatelets.**3! In this study, an increase of
25,000% and 150% was observed in electrical and thermal
conductivities of nanocomposites, respectively, by aligning
5 vol% graphite. Moreover, such alignment resulted in the
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FIGURE 7

(A) Light transmission as a function of time throughout the solution drying process for various initial electric field strengths;

(B) SEM micrograph of the nanocomposite prepared with an electric field of 1000 V/mm (scale bar: 40 pm); (C) Initial electric field effect on

dielectric permittivity. Reproduced with permission.”*°! Copyright 2016, American Chemical Society

percolation threshold concentration for the optimized elec-
trical conductivity decreasing substantially from 10 to 2 vol
%. Similarly, Chen et al.*>* reported that nickel coated PS
microspheres can be aligned in the epoxy matrix, resulting
in the conductivity of aligned composites which was approx-
imately three orders of magnitude higher than the unaligned
composite (~107> to ~10~2 S/m) at a loading content of
15 wt%.

More recently, Zhang et al.!?>! reported that silver-
coated fibrotic cellulose (SFCs) can be aligned in PDMS
matrix along the out-of-plane direction (“Z”) through the
use of an electric field in order to enhance dielectric per-
mittivity and anisotropic light transmission. After align-
ment, the dielectric constant of SFCs/PDMS composites
was increased by a factor of 3.5, while the increase of
dielectric loss was fairly minimal (<2.1%). The alignment
of cellulose in the flexible polymer matrix could be uti-
lized in the manufacturing of wearable electronics. Sub-
sequently, another work showed that ternary composites
with high dielectric permittivity and low dielectric loss
can be fabricated by creating barriers in the aligned con-
ductive channels.**®! Specifically, as shown in Figure 8A,
the particle chains formed by graphite can significantly
improve the dielectric permissibility in the flexible poly-
mer matrix (e.g., PDMS) under an electric field.

255]

Meanwhile, the insulating particles (BaTiOs) are embed-
ded in the potential conductive chain as a barrier, which
can inhibit leakage current and produce low dielectric
loss. Figure 8B demonstrated that by aligning 2.5 wt%
graphite particles and 5 wt% BaTiO; through electric
field, the ternary composite can exhibit a significantly
improved dielectric constant as high as 73 and a dielectric
loss as low as 0.19.

4.2 | Magnetic field

Similar to the electric field, magnetic field can also be
employed to fabricate polymer composites with aniso-
tropic structures and enhanced properties, through
assembly of both ferromagnetic particles (nickel,**7->!
iron®°! and cobalt!**®! etc.) and/or non-ferromagnetic
systems, including molecular chains,!?*?°?!  phase-
separated domains,'?*?°3! and diamagnetic parti-
cles.?+2%] Compared to ferromagnetic particles, the
strength of magnetic field required to orient non-
ferromagnetic fillers is much higher due to their lower
susceptibility. Here, we focus on discussing the magnetic
field induced orientation and assembly of ferromagnetic
materials. The magnetic field induces the formation of
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magnetic dipoles within these particles, which is
similar to the electric field in principle. The polarized fer-
romagnetic particles are self-assembled into chain like
structures due to dipole-dipole attractions, lowering the
magnetostatic energy in the field direction.

Compared with the electric field, the magnetic field
has better conduction performance because it does not
require direct contact between the magnetic pole and the
sample, which brings great convenience in the practical
manufacturing process.?**2*! In general, ferromagnetic
substances, such as iron, cobalt, and nickel, can be mag-
netized very easily under low magnetic fields (even mT is
enough), while diamagnetic substances usually require
over 5 T magnetic fields for enabling successful align-
ment. The alignment of ferromagnetic Fe,O; nanorods
with core-shell structures can be achieved in PEO-
lithium perchlorate (LiClO,) based electrolytes through a
simple neodymium magnetic device.?’°! Samples were
cast from solution while exposed to a 0.5 T magnetic
field. This method led to the alignment of nanorods per-
pendicular to the electrode, confirmed by SEM micro-
graphs. The polymeric electrolytes with magnetically
aligned nanorod samples can eliminate structural disor-
der with improved homogeneity, performance consis-
tency, and degree of crystallinity in the PEO/LiClO,. In a
seminal work, Dean et al.?’!! oriented diamagnetic
SWCNTs in a polyethylene terephthalate (PET) matrix
through a magnetic resonance imaging (MRI) scanner
with a 3 T or a 9.4 T magnetic field and investigated their
electrical properties as a function of the degree of align-
ment. It was found that the alignment can be improved
with a higher magnetic field strength and a lower filler
concentration. When compared to a sample without

Graphite/BaTiO, Graphite/BaTiO, Graphite

magnetic field exposure, the aligned nanocomposite with
3 wt% SWCNT showed significant electrical behavior
changes at low frequencies. Specifically, the increase in
non-dielectric range and electrical conductivity suggests
the magnetic field exposure facilitates the dispersion,
which led to the improved electron “hopping” by mini-
mizing gaps between particles. It was further determined
that at 0.5 wt% SWCNT loading, the aligned nanocompo-
site exhibited sufficient electrical conductivity for anti-
static and electrostatic dissipation. Furthermore,
superparamagnetic particles can also be aligned under
the application of magnetic fields, which Billaud et al.
reported a simple and effective method to enhance the
magnetic response of diamagnetic graphite.l*’?! Specifi-
cally, using a simple rotating magnetic field, they success-
fully aligned graphite sheets in poly(vinyl pyrrolidone)
(PVP) (Figure 9), resulting in an increase of their elec-
trode’s lithium storage capacity by a factor of 3. The ori-
ented graphite sheets led to facilitated transport
pathways for conducting lithium ions. According to the
calculation, the tortuosity of the conducting path after
the orientation was almost four times lower than their
counterparts without orienting the fillers.

Furthermore, Chen et al.?”*! reported the alignment
of ferric oxide (Fe;0,) nanoparticles/tunicate cellulose
nanocrystal (t-CN) hybrids in epoxidized natural rubber
by employing a low magnetic field. In this work, the opti-
mal magnetic field intensity was found to be 0.2 T for the
alignment of t-CN/Fe;0, hybrids, which can result in a
storage modulus of 2384 MPa and a tensile strength of
3.6 MPa for a parallelly aligned sample; both are much
higher than a randomly oriented sample at 5 phr. The
magnetization of the composites was also enhanced
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through filler alignment and can be further improved
with increasing the loading content of t-CN/Fe;O,
hybrids, achieving 3.24 emu/g at 5 phr. The alignment of
magnetic composite nanofluid fillers (MWCNTs and gra-
phene oxides in a polyether shell) in an epoxy matrix was
also demonstrated.”’ The directional alignment of
embedded nanoparticles (with 1 wt% filler content), pro-
moted by a magnet on both sides with varied magnetic
field strength (0.3 and 0.6 T), enhanced the impact
strength of the composite by 136.5% (reaching
60.3 kJ/m?) and the bending strength by 30.9% (reaching
113.2 kJ/m®) compared to the neat epoxy. Moreover,
Mazinani et al.”’*! found improved mechanical proper-
ties by aligning Fe;O, in PVA nanocomposites through
the application of a very low magnetic field (750 G). The
samples exposed to the magnetic field displayed higher
crystallinity where at 0.1 wt% Fe;O,, crystallinity was
increased by 57% compared to the pure PVA and 81%
compared to a randomly oriented sample. Similarly, the
toughness, modulus, tensile strength, and elongation at
break were increased by 55%, 67%, 143%, and 37%,
respectively, at 0.1 wt% loading content compared to ran-
domly oriented samples. Furthermore, TC of hybrid
nanoparticles (magnetic needle-like ferro oxide and
reduced graphene oxide) in a boron nitride/polyimide
composite can also be improved through alignment upon
using a moving magnetic field.””’* It was found that at
30 wt% loading, its in-plane TC was improved by 1233%
(2.532 W/mK) and the out-of-plane TC was improved by
150% (0.425 W/mK) compared to the pure polyimide. Fur-
thermore, the aligned composite also showed improved
flexibility, dielectric properties, and tensile properties

FIGURE 9

compared to the neat polymer. Similarly, magnetic ben-
tonite nanoparticles can be aligned in LDPE matrix by
applying a 1 T magnetic field using a commercial Nd-Fe-B
ring magnet.””””) In this study, nanoparticle alignment was
confirmed by optical microscopy (OM) and atomic force
microscopy (AFM), which also led to improved dispersion
and degree of crystallinity compared to the non-aligned
samples. As a result, the storage modulus of the aligned
samples was enhanced by 43% compared to the pure poly-
mer and 18% compared to the pure clay.

5 | CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

In summary, directional assembly of fillers within poly-
mer composites can improve material properties, enhanc-
ing their use for a variety of applications. For example,
in-parallel alignment of 2D fillers can improve the gas
barrier properties of composites by creating more tortu-
ous diffusion paths. While various methods have been
developed toward this goal, industrially relevant approaches
still often rely on the use of compression force, shear force,
or external fields, as these methods are compatible with
current manufacturing processes and are relatively easy to
scale up. Compression force can be introduced through
molding processes or solution evaporation to effectively ori-
ent fillers in parallel to the film surface. Shear force leads to
the orientation of polymer chains and fillers inside polymer
composites which improves mechanical, electrical, and
thermal properties. Shear field can be introduced during
melt spinning, film blowing, electrospinning, and solution

Graphite functionalization

Lithium diffusion path during insertion

SN
e \@ |

(A) Apparatus for preparation of graphite-PVP nanocomposite under magnetic field; (B) Diagram and SEM micrograph of

ferric oxide-coated graphite flakes; (C) Graphite flake alignment and lithium diffusion pathway under no magnetic field (top) and under a
rotating magnetic field. Reproduced with permission.[?’?! Copyright 2016, Nature Energy
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casting. Applying external fields (both electric and mag-
netic) can assist the directional assembly of different parti-
cles within the polymer matrix along the field direction,
often throughout the film thickness. Furthermore, recent
reports indicate that external fields can be implemented
into the roll-to-roll processing line, allowing their use in
large-scale manufacturing.”***! This approach could
potentially provide a commercially viable platform for the
continuous production of polymer composites embedded
with aligned fillers.

Moving forward, additive manufacturing (AM) processes
are now becoming an emerging technology with enormous
potential for mass production and rapid prototyping.!**'->*"]
AM has several distinct advantages over conventional
manufacturing methods, including design flexibility,[2%5-2°1]
and significant reduction in overall processing time,
energy consumption,®*>*! and waste generation,**’>*!
making it very compelling for the polymer industry. Over
the past decade, intensive research efforts have been focused
on improving printing resolution,****°!) accelerating print-
ing rate,*°***! and enabling the precise structural control
across multiple length scales.****”! However, the ability to
prepare polymer composites with aligned fillers is much less
developed.**®! Therefore, significant opportunities exist for
combining some of these established methods in AM
through leveraging different external forces and fields, ulti-
mately toward creating anisotropic and performance-
enhanced polymer composites with versatile control over
material shape, size, and functionality.
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