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Abstract
Nanoscale polymeric fibers are expected to bring about exceptional mechanical and optical properties in composite
materials related to the better integration of different properties between fibers and polymers. The discovery of the first
aramid nanofiber dispersion from commercial para-aramid macrofibers similar to KevlarÕ developed by DuPont allowed
the emergence of an innovative nanoscale building block with great potential for engineering novel high-performance
polymer nanocomposites. Here we report the fabrication of aramid nanofiber-reinforced polyacrylic-acid thin films using
vacuum-assisted flocculation. We show that the resulting composite has high transparency owing to the nanoscale size of
the fibers. The multiple hydrogen bonds available at the interface between the polyacrylic acid and nanofibers result in
significant improvement of mechanical properties, with Young’s modulus outperforming single-walled carbon nanotube
composites. The successful use of ANFs in producing transparent, strong and flexible polymer nanocomposites indicates
their great potential as an effective reinforcing agent in optical applications.
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Fiber-reinforced polymers (FRPs)1 integrate strong
ﬁbers (glass, carbon and aramid ﬁbers) and a polymer
matrix into one entity to achieve a combination of
desirable properties not available in any single conventional material. In particular, interface engineering
through the modulation of the interfacial bonding
strength allows load transfer to the ﬁbers with high
ﬁdelity, resulting in composites with exceptional properties in terms of high stiﬀness and strength. In addition
to their applications in the aerospace, automotive,
marine, and construction industries, the signiﬁcance
of mechanical reinforcement of optically functional
materials has been witnessed by the rapid growth of
electronic industries which, in turn, have created a
great demand for transparent, strong, and ﬂexible
materials.2 However, traditional FRPs made with
macroscale ﬁbers generally yield opaque or nontransparent composites, which are not suitable for optical applications.
The availability of nanoﬁbers with diameters signiﬁcantly smaller than the wavelengths of visible light provide a possible way to circumvent this limitation of

nanocomposites,

fiber-reinforced

polymers,

opaqueness. Avoiding the mismatch of refractive indices between the ﬁber and the matrix results in much less
light scattering. For example, nylon nanoﬁbers with
diameters 50–200 nm produced by electrospinning
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were used to prepare an optically transparent composite with low-ﬁber volume content (3.9%).3
Alternatively, high-ﬁber volume (70%) transparent
composites were obtained by using cellulose nanoﬁbers
with smaller diameters (15–20 nm).4 Despite the variety
of potential sources of cellulose,5 their typical low
aspect ratios could diminish the advantage of nanoﬁbers for eﬀective stress-transfer in composites and the
lack of ﬂexibility for conformational changes could be a
problem for maximizing the interfacial attraction with
nanoscale component of the composite.6 Furthermore,
the hygroscopic nature of cellulose nanoﬁbers makes
them very sensitive to humidity changes, reducing
their mechanical performance under certain circumstances.7 It is therefore important to have processable
synthetic polymer nanoﬁbers with diameters comparable to or even smaller than cellulose nanoﬁbers to
achieve (1) higher volume reinforcement with good
transparency as a result of the nanoscale eﬀect; (2)
eﬀective stress transfer from the ﬁber to polymer
matrix based on the structural control and tunability
of the intermolecular interactions of synthetic polymers; and (3) high environmental stability as a result
of a highly crystalline structure.
Aramid macroscale ﬁbers, most commonly known
as KevlarÕ , are prepared by spinning a liquid concentration of sulfuric acid into a crystallized ﬁber.
Aramid ﬁbers are well suited to high performance
FRP applications, because they combine a high speciﬁc strength and modulus with a high thermal resistance and chemical inertness. Furthermore, they exhibit
low electrical conductivity compared to metallic or
carbon ﬁbers, which makes them suitable for highperformance supporting materials, insulation layers
in electronics and coatings for glass to make it shatter-resistant. With these unique properties, utilization
of aramid ﬁbers in transparent FRPs would be very
attractive; however, they still face a challenge due to
their macro- and/or micro-scale structures. Recently,
we reported the production of aramid nanoﬁbers
(ANFs) based on the controlled dissolution of
KevlarÕ macroﬁbers in a solution of DMSO and
KOH.8 As stable dispersions of nanoﬁbers are virtually unknown for synthetic polymers, the invention of
an ANF dispersion could lead to broad applications
such as protective coatings, ultrastrong membranes,
and polymer nanocomposites. Our latest eﬀorts
showed that the hydrolysis and cross-linking of
ANFs with phosphoric acid and glutaraldehyde
resulted in aramid materials with tailorable properties.9 In this work, to further our previous studies,
we demonstrate the possibility of using ANFs in
FRPs, leading to transparent, strong, and ﬂexible
membranes. We show that the nanoscale structure of
ANFs not only results in highly transparent FRPs
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consisting of high volume fractions of synthetic polymer ﬁbers (up to 95%), but also allows the optimum
bonding between the ﬁber and the matrix to achieve
high stiﬀness resulting from the surface reactivity and
high surface-to-volume ratio of ANFs.
We employed a vacuum-assisted ﬂocculation (VAF)
method that involves vacuum ﬁltering a dilute suspension of ANFs with periodic additions over a porous
nylon ﬁltration membrane (Whatman, 0.1 mm pore
size, 47 mm diameter) (Figure 1a). As the solvent falls
through the ﬁlter pores, ANFs are trapped on the surface of the ﬁlter, forming an interconnected network
(Figure 1b). Compared with other methods for fabricating ﬁlms consisting of nanoﬁber networks, including
drop casting,10 spin coating,11 dip-casting,12 LangmuirBlodgett deposition,13 and LBL assembly,14 the high
eﬃciency of ﬁlm production and good ﬁlm homogeneity and uniformity make VAF an ideal method for the
rapid production of high-quality ANF-based membranes. For our experiment, additions of polyacrylic
acid (PAA) solution (1%, 250 kDa) (0.1–20 mL) into
30 mL ANF dispersion in DMSO (0.02%) formed a
PAA/ANF suspension, which was then vacuum ﬁltered
(Figure 1a). The ﬁlm was then washed in boiling water
for 2.5 h to remove excess PAA. An inﬁltration method
was also used to prepare composites with a higher
volume fraction of PAA (Figure 1a). For this, 4 mL
DI water was ﬁrst added into 30 mL ANF/DMSO dispersion, which was then vacuum-ﬁltered to form a pure
ANF membrane. Then 20 mL of PAA (1%) solution
was used to impregnate the ANF membrane, assisted
by vacuum. The ﬁlms were then peeled from the nylon
ﬁlter simply by using tweezers after drying or after brief
exposure to 1% HCl solution at room temperature (to
partially dissolve the nylon). Both pure ANF ﬁlm and
composite ﬁlm showed ﬁbrous structures (Figure 1(b)
and (c)) and the free-standing ANF-reinforced PAA
membrane retained the transparency of the amorphous
PAA matrix (Figure 1d). The sheet was as foldable as
conventional paper; this was illustrated by shaping the
membrane into a simple model of an airplane with
entire integrity (Figure 1e), indicating that the composite is a ﬂexible plastic.
A large mismatch between the refractive indices of
PAA and KevlarÕ (PAA is 1.395, and KevlarÕ is 2.0
parallel to the ﬁber axis, and 1.6 perpendicular to the
axis) increases light scattering, resulting in opacity. The
small ANF diameters, which are much smaller than the
wavelengths of visible light, are believed to be responsible for the high transparency of the composite ﬁlm.
The potential of using PAA/ANF suspensions in transparent coatings was further demonstrated by simple
solution casting, corroborated by UV–vis spectroscopy.
The increased light absorption after additional layers
(up to ﬁve) occurred mainly in the UV range,
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Figure 1. (a) Schematic illustration of the experimental design. SEM images of (b) pure ANF film and (c) PAA/ANF composite film
obtained with the addition of 3 mL PAA. Optical images of composite films obtained with the addition of 3 mL PAA showing (d)
transparency and (e) flexibility.

originating from the absorption of KevlarÕ (less than
400 nm), and the transparency of the glass slide coated
with 15 nm thick PAA/ANFs was nearly the same as
the uncoated one (Figure 2(d), insets).
The strong interactions between PAA and ANFs
have been evidenced by diﬀerent techniques. It was
found that the range of diameters of ANFs in DMSO
is 20–30 nm. Previous models by Sawyer suggested a
hierarchical ﬁbrillar microstructure of KevlarÕ ; ﬁbers
with the smallest microﬁbrils/layers ranging in size
from 3 to 30 nm wide, and 2–5 nm thick.15
Interestingly, our ANFs have comparable dimensions
to the lower ends of these ranges, implying that the

microﬁbrils may be the fundamental building blocks
for such synthetic ﬁbers. The diameters decrease with
the addition of PAA, ultimately reducing to 5–10 nm
when the volume ratio of PAA (1%) solution to DMSO
is 1:7.5 (Figure 2(a) to (c)). Some change of ANF nanoﬁbers diameter can occur due to varying composition of
the media. The reason for the change in ﬁber diameter
is not very clear at this point. We suspect that the addition of PAA solution may result in the reduction of
surface charges, inducing the shrinkage of nanoﬁbers
into denser structures; however, this may need further
investigation. Furthermore, the addition of PAA may
restore the protonation of ANFs, which results in a
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Figure 2. TEM images of ANFs in solutions of (a) DMSO, (b) PAA (1%):DMSO¼1:30 (v/v) and (c) PAA (1%):DMSO¼1:7.5 (v/v).
(d) UV–vis spectra of the glass slides before and after coating with different numbers of layers of the PAA/ANF suspension with the
addition of 3 mL PAA. The insets show the optical images of the glass slides before and after coating one layer of PAA/ANFs (thickness
about 15 nm).

transition of the dominant absorption peak from
around 400 nm (associated with the absorption of
poly(p-phenylene terephthalamide) anions) to around
330 nm (associated with the absorption of neutral
poly(p-phenylene
terephthalamide)
species)
(Figure 3a). Such a transition would be more sensitive
to PAA addition than to water (Figure 3b), owing to
the higher acidity of the COOH functional groups in
the PAA. As a result, the negative surface charges that
help disperse ANFs in DMSO will be greatly reduced
upon the addition of PAA. However, we found that the
PAA/ANF dispersion is very stable when the addition
of PAA is more than 1 mL. A plausible explanation for
this is based on the covalent cross-linking between PAA
and ANFs. To illustrate this, IR spectra were taken to
further investigate the interactions between PAA and
ANFs (Figure 3c). The solvent eﬀect on the IR peak of
PAA, which can be assigned to the –C¼O vibration,
was clearly seen when DMSO was added to 1% PAA
aqueous solution (Figure 3(c), 1 and 2). The shift from
1733.97 cm1 to 1737.82 cm1 is probably caused by the
disruption of the hydrogen bonding between PAA by
DMSO. The addition of KOH in DMSO to the PAA
solution broadened the IR peak at 1737.82 cm1; this is
probably caused by the more dissociated PAA, which
can potentially enhance the hydrogen bonding between
PAA molecules (Figure 3c, 3), and is conﬁrmed by the
shift in spectral position of the peak at in 2500–

3500 cm1 window. A noticeable peak shift from
1737.82 cm1 to 1729.48 cm1 was observed when
PAA was mixed with ANFs (KevlarÕ in DMSO and
KOH solution) (Figure 3(c), 5). Such a shift towards
lower energy in the spectrum implied the formation of
hydrogen bonding between ANFs and PAA (Figure
3(c), 6). There are potentially two types of hydrogen
bonding that may exist at the interface of ANFs and
PAA: the ﬁrst is between C-OH (PAA) and –C¼O
(ANFs), and the second is between –C¼O (PAA) and
–N-H (ANFs) (Figure 3d). We did not observe the obvious peak shift from ANFs upon the addition of PAA;
this might be due to the overwhelming presence of similar hydrogen bonding within the structure of ANFs
(Figure 3(c), 4 and 5), diminishing the peak shift from
the surface hydrogen bonding. The eﬀective interfacial
interactions between PAA and ANFs, as conﬁrmed by
the IR spectra, take advantage of the dense active functional groups on ANFs with their increased surface-tovolume ratio over macroscale ﬁbers.
The volume fractions of PAA in the composite ﬁlms
were estimated by calculating the weight diﬀerence
between the pure ANF ﬁlm and the PAA/ANF composites (density of PAA is 1.14 g/cm3 and that of
KevlarÕ is 1.44 g/cm3). Diﬀerent volume fractions of
PAA (5%, 9%, 18%, 20%, 24%, and 25%) in the
resultant composites were obtained. The mechanical
properties of the PAA/ANF ﬁlms were characterized
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Figure 3. UV–vis spectra showing the change of absorption upon the addition of different amounts of (a) PAA and (b) water. (c) IR
spectra of (1–3) PAA in different solvent conditions, (4) ANFs, (5) a PAA/ANF mixture and (6) enlarged IR spectra showing the peak
shift. (d) Schematic illustration of hydrogen bonding between PAA and ANFs.

by room temperature uniaxial tensile testing at a strain
rate of 0.005/s. The thicknesses of composite ﬁlms used
for tensile tests were typically in the range of 4–5 lm.
Generally, PAA/ANF ﬁlms have increased moduli compared with that of a pure ANF ﬁlm (Figure 4). This
implies that PAA can eﬀectively cross-link nanoﬁbers

forming continuous networks owing to the interfacial
hydrogen bonds, as illustrated in Figure 3(d). With 5%
PAA, the modulus of an ANF network is increased from
7 GPa to 9 GPa (Figure 4). It was improved to 13 GPa
with 9% PAA, and reached the highest value (20 GPa)
with 20% PAA. Further increase in the volume fraction
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Figure 4. Stress–strain curves of PAA/ANF composite films with different volume fractions of PAA. Inset: summary of stiffness and
ultimate strength of films with different PAA volume fractions.

of PAA in the composite resulted in a decrease of the
modulus to 12 GPa. It is speculated that while lower
amounts of PAA promote cross-linking of the ANF
matrix to enhance the modulus, excess PAA aggregates
to form low-modulus PAA regions in the composites.
Signiﬁcantly, the modulus of our 20% PAA ﬁlm (20
GPa) outperforms not only cellulose nanoﬁber-based
composite ﬁlms (13 GPa),4 but also the recently reported
single-walled carbon nanotube reinforced polymer nanocomposites (13 GPa2, 15 GPa16), demonstrating the great
potential of ANFs as excellent reinforcement agents.
The change of the ultimate strength with volume
fraction of PAA was not as consistent as the change
in modulus (Figure 4). This could be caused by the
sensitivity of the strength to the presence of defects.
We believe that the initial loss of surface charges
upon the addition of PAA may result in the aggregation
of ANFs, causing the inhomogeneous distribution of
ANFs in the composites and therefore reducing the
ultimate strength. The mechanical properties of the
20 mL PAA inﬁltrated ﬁlm included a similar modulus
but lower ultimate strength when compared with the
ﬁlm made by the addition of 20 mL PAA (Figure 4),
illustrating a high sensitivity of the composite properties to the processing methods.
In summary, transparent, strong, and ﬂexible ANFreinforced polymer nanocomposites with diﬀerent
volume fractions of PAA were fabricated by a

vacuum-assisted ﬂocculation method. The nanoscale
structures of ANFs render the composite ﬁlms with
high transparency and signiﬁcant mechanical reinforcement. Given the convenience of liquid-state processability and unique chemical and physical properties of
ANFs, combinations with other polymers may result in
a series of novel high-performance transparent composite materials.
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