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Nanocomposites with aligned nanofillers have received significant attention because of their excellent me-
chanical properties. However, because of the difficulty in identifying interfacial interactions in mechanical re-
sponses, the anisotropic dynamic mechanical properties of aligned nanocomposites, especially those with high

]S;;f:jis reinforcement contents, are not fully understood. In this study, aligned aramid nanofiber/poly(vinyl alcohol)
Aligr?megnt (ANF/PVA) nanocomposites with a nanofiller volume fraction of 48% are fabricated by using the swelling-
Anisotropy assisted stretching method. This method enabled high degree of alignment of the ANF nanofibers with a

sheath of PVA matrix. Enhancement of mechanical strength and stiffness is attributed to improvements of
interfacial interactions between aligned ANFs and PVA via effective stress transfer. The damping properties are
varied by activation of different dissipation modes, such as the stick-slip and reversible matrix-tearing at the
interfaces, that are dependent to the loading angle relative to the nanofiber alignment direction. Resultant
viscoelastic properties evaluated by the weight-adjusted viscoelastic figure of merits, the combination of stiffness
and damping properties, exceed the conventional limit line up to three folds in magnitude. Deepening the un-
derstanding of anisotropic dynamic mechanical responses is required for designing aligned nanocomposite

Interfacial interaction

materials for mechanical and electronic applications.

1. Introduction

The structures of biomaterials, such as the bones and muscles of
vertebrates, the exoskeletons of arthropods and mollusks, and the cells
comprising woods have recently drawn significant attentions owing to
their ultrahigh mechanical properties [1-4]. Most of them have highly
ordered internal structure with high reinforcement contents, 50-90% in
volume, that are attributed to origin of the exceptional mechanical re-
sponses by effective stress transfer [5,6]. Aligned nanocomposites are
promising for applications that require high strength and light weight,
such as artificial muscles [7], protection gear for sports and militaries
[8], and constituent elements for buildings [9] and mobile platforms
[10]. Additionally, the aligned functional nanofillers with high rein-
forcement contents can be served as charge [11] and thermal [12]
pathways, that are beneficial to the enhancement of electrical, ionic and
thermal conductivities along with mechanical properties. These could be
applied in electronic devices [13], biomedical [14], protective [15],
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thermal conduction [16] and energy storage applications [17-19].
Inspired by these internal structures, nanocomposites with aligned
reinforcing nanofillers such as carbon nanotubes [20,21], cellulose
nanofibers [22], and aramid nanofibers (ANFs) [23-25] were fabricated
by stretching or electrospinning processes to induce alignment of the
reinforced fillers in polymeric matrices [26]. However, manufacture of
the aligned nanocomposites with high volume fractions are still limited
and the relationship between the mechanical properties and anisotrop-
ically aligned structures, especially that associated with the dynamic
mechanical behaviors of such materials, is not yet fully understood.
Recently, damping property, mechanical energy dissipation, of the
nanocomposites has received growing attentions to protect vibration
sensitive component in the various types of electronic, photonic, and
acoustic systems from external stress, impact, and vibrational fatigues
[27-30]. Damping properties are known to have an intrinsic trade-off
relationship with stiffness, as illustrated in the Ashby plot [31,32]. For
instance, most metals and ceramics have high stiffness and low damping,

Received 7 September 2021; Received in revised form 5 November 2021; Accepted 6 November 2021

Available online 11 November 2021
1359-8368/© 2021 Elsevier Ltd. All rights reserved.


mailto:byeom@hanyang.ac.kr
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2021.109467
https://doi.org/10.1016/j.compositesb.2021.109467
https://doi.org/10.1016/j.compositesb.2021.109467
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2021.109467&domain=pdf

D. Lee et al.

while the opposite holds for viscoelastic rubbery polymers. The visco-
elastic figure of merit (VFOM), which is expressed by the product of
stiffness and damping, E*-tand, cannot exceed 0.6 GPa for most con-
ventional materials [33-35]. It is also effective to consider density for
the practical use of the VFOM, expressed by the product of stiffness and
damping properties per unit density, with an upper limit of (E*/p)-
(tané)o'5 = 0.8 for most of engineering materials [30]. A few exceptional
cases of composite materials have been reported that exceed this
weight-adjusted VFOM limit [30,34-36]. The incorporation of vana-
dium dioxide particles in a tin matrix yields an exceptionally high
(E */p)~(tan8)0'5 of 1.19 owing to the excellent stiffness of the reinforcing
particles [35]. In addition, artificial nanocomposites that mimic the
internal nanostructures of the enamel layer of teeth have shown excel-
lent combinations of stiffness and damping properties, achieving a
(E ""/p)‘(tan(‘i)o‘5 up to 251 [30]. A multi-walled carbon
nanotube-modified epoxy demonstrated high stiffness and damping
behavior with (E*/,o)(tanﬁ)o‘5 reaching 3.62 [36]. The interfacial in-
teractions among constituent elements have been indicated as important
factors that determine the dynamic mechanical responses of nano-
composites. Mechanisms such as the zipper model [37], stick-slip
[38-40], and matrix tearing [41] have been used to describe interfacial
damping mechanisms. However, the role of interfacial interactions,
especially in the anisotropic dynamic mechanical responses of aligned
nanocomposites with high reinforcement contents, are not yet fully
understood because of the difficulty in discerning interfacial phenomena
in mechanical responses.

ANF nanocomposites have received considerable attention owing to
their excellent mechanical properties and excellent chemical and ther-
mal stabilities. They have robust one-dimensional fibrillary nano-
structures with strong interchain interactions provided by hydrogen
bonding between amide groups, and their dimensions are typically
5-200 nm in diameter with an aspect ratio of ~500 [42]. ANFs have
been used as reinforcements with various polymer matrices including
polyurethane [43], poly(vinyl alcohol) (PVA) [44,45], polyacrylic acid
[46], and epoxy [47,48]. Composites have been fabricated by various
methods such as layer-by-layer (LBL) assembly [43], solvent exchange
[44], vacuum-assisted filtration [46], and spin coating [47]. Such
reinforced nanocomposites exhibit outstanding mechanical and energy
dissipation properties owing to the interchain interactions between the
reinforcements and the matrix. For instance, ANF/PVA nanofilms
fabricated by solution casting exhibit tensile strength up to 140 MPa,
stiffness up to 6 GPa, and tand of 0.12, with a weight-adjusted VFOM
value of 1.59 [45]. Nanocomposites made by the LBL deposition of ANFs
and epoxy resin exhibit ultimate strengths of up to 505 MPa, stiffness of
15 GPa, tand of 0.11, and weight-adjusted VFOM value of 3.32 [47].
Their potential application areas are diverse, including high-end ther-
mal insulation [49], electrical insulation [50], battery separators [51]
and flexible electronics [52]. However, nanocomposites with aligned
ANFs have rarely been reported because of the difficulty arising from the
rigidity of ANFs. Only few approaches have realized aligned ANF
nanocomposites by electrospinning [23,24] and stretching [25]. How-
ever, the electrospinning of ANFs requires high temperatures and volt-
ages, and electrospun ANFs possess poor mechanical properties with
stress and stiffness up to 70 MPa and 1.1 GPa [23], respectively, owing
to the large fiber size distribution and low degree of alignment, which
possibly suppress the enhancement of mechanical properties. In addi-
tion, ANF and PVA were utilized to fabricate aligned nanocomposites
with high portion of nanoclay ~50 wt% for high strength and foldable
stability nanocomposites with superior optical properties [25]. To the
best of our knowledge, studies on the anisotropic dynamic mechanical
properties of ANF nanocomposites, especially when ANF contents are
high, have not yet been reported.

Herein, we report the effects of interfacial interactions on the me-
chanical and dynamic mechanical properties of aligned ANF/PVA
nanocomposites with high nanofiller content. We performed field-
emission scanning electron microscopy (FE-SEM), wide and small
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angle X-ray scatterings (WAXS and SAXS) to study the effect of
stretching to alignments of nanofiber and polymeric matrices, and
Fourier-transform infrared spectroscopy (FT-IR), broadband dielectric
spectroscopy (BDS) and dynamic mechanical analysis (DMA) to inter-
pret interfacial interactions to understand their contributions to the
dynamic mechanical responses. The direct mixing of aramid nanoseed
dispersions with PVA solutions enhanced the intermolecular integration,
resulting ANF/PVA nanocomposites with high volumetric contents of
ANFs (up to 48%). Highly aligned ANF nanocomposites were prepared
by swelling-assisted stretching of the nanocomposites without the use of
heat or applied voltage, resulting in the highly dispersed ANF/PVA
nanofibrillar structures without presence of the coagulation of nano-
fillers. The alignment of ANFs caused a drastic increase in the me-
chanical properties of mechanical strength and stiffness owing to the
effective stress transfer through the ANF/PVA nanofibers. We also found
that the damping responses of the anisotropic nanocomposites were
significantly affected by the designated loading angle (¢) of 0°, 45°, and
90° relative to the nanofiber alignment direction, that could be attrib-
uted to activation of different damping mechanisms of the stick-slip and
the reversible matrix tearing. The weight-adjusted VFOM values
measured to be 2.21 at 1 Hz and 2.43 at 30 Hz. These values consider-
ably outperform over upper limit value (0.8) about three folds in
magnitude, and comparable to the highest values from recent reports in
a range of 2.5-3.6 [30,36,37]. To the best of our knowledge, the work
described in this paper is the first systematic investigation of the
anisotropic dynamic mechanical properties of ANF nanocomposites. It
would serve as a novel example in the interpretation of dynamic me-
chanics for aligned nanocomposites, and helps to identify the nature of
dynamic mechanical properties in aligned fiber-reinforced nano-
composites with high reinforcement contents and enables their versatile
use in several applications.

2. Experimental section
2.1. Materials

The Kevlar fibers (aramid fibers) used in this work were purchased
from the Thread Exchange. Poly(vinyl alcohol) (PVA, M,, ~145,000)
and potassium hydroxide (KOH) were purchased from Sigma-Aldrich.
Dimethyl sulfoxide (DMSO) was obtained from Daejung Chemicals.

2.2. Preparation of aramid nanoseed dispersion

The aramid nanoseed solution was prepared using the procedure
described in a previous study [53]. To obtain a 1 wt% aramid nanoseed
solution, 1 g of bulk Kevlar fiber and 1 g of KOH were added to DMSO,
which was magnetically stirred for 2 weeks at 27 °C until a dark red
solution was obtained.

2.3. Fabrication of ANF/PVA nanocomposite films

ANF/PVA nanocomposites were prepared by a solution-casting
method (Fig. 1a). First, 1 g of PVA was dissolved in deionized (DI)
water by heating to 100 °C for 1 h to obtain a 1 wt% PVA aqueous so-
lution. Different concentrations of PVA solutions were added to a 0.02
wt% diluted aramid nanoseed dispersion with a volume ratio of 9:10 to
obtain ANF/PVA mixed suspensions. These mixtures were cast onto
Teflon plates and dried at 70 °C to prepare the ANF/PVA nano-
composites. ANF volume fractions of 35 vol% and 48 vol% were ob-
tained for the ANF/PVA nanocomposites with PVA solution
concentrations of 0.1 wt% and 0.05 wt%, respectively. The ANF/PVA
nanocomposite films were washed with DI water and dried under vac-
uum at 50 °C for 24 h.
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Fig. 1. Schematics of (a) sample preparation of the ANF/PVA nanocomposites and (b) the change in the interfacial interaction upon stretching.

2.4. Fabrication of aligned ANF/PVA nanocomposite films by stretching

Aligned ANF/PVA nanocomposites were obtained by a swelling-
assisted stretching method (Fig. 1a). A custom-made uniaxial strain
stage was used to stretch the ANF/PVA nanocomposites. After mounting
the ANF/PVA nanocomposites, the nanocomposites were swelled for 30
min with DI water. The swollen nanocomposites were stretched to
obtain highly aligned ANF/PVA nanocomposites with the applied strains
of 50% and 35% for swollen ANP35 and ANP48, respectively. After
drying at room temperature for 30 min, the samples were further dried
under vacuum at 50 °C for 24 h. For the mechanical tests, the stretched
nanocomposites were cut at angles of 0°, 45°, and 90° relative to the
fiber alignment direction.

2.5. Characterization

Thermogravimetric analysis (TGA) was conducted using a TA In-
struments SDT Q600 under a nitrogen atmosphere with a heating rate of
10 °C/min from 25 °C to 500 °C. Raman spectra were obtained using a
Horiba Scientific LabRAM HR Evolution Raman spectrometer with 785
nm excitation. Cross-sectional images of the ANF nanocomposites were
obtained using FE-SEM (Hitachi S-4800). Atomic force microscopy
(AFM) images were obtained using Parksystems XE100 and transmission
electron microscopy (TEM) images were obtained using JEOL JEM-
2100 F to reveal the nanoscale morphology. The aramid nanoseed
dispersion was further diluted 10-60 fold and drop casted on Si wafer,
followed by drying at 70 °C to obtain clear ANF images for AFM and
TEM. SAXS images and azimuthal scan intensities were acquired using a
Xenocs Xeuss 2.0 to identify the alignment of ANFs. WAXS was con-
ducted using Bruker D8 Discover to confirm the alignment of PVA
crystals at the molecular level. FT-IR spectra were recorded using a
Thermo Nicolet iS50 to identify changes in the characteristic peaks of
the functional moieties. Tensile tests, dynamic frequency sweeps and
temperature sweeps were conducted using TA Instruments DMA 850 to
investigate the mechanical, dynamic mechanical properties. The ulti-
mate strength of each film was recorded as the highest stress value in the

stress—strain curves. These were coincident with the strength at failure
for most cases, except for the PVA samples, which showed maximum
strengths at yield points. Potassium chloride (KCl) saturated solution
was used to maintain relative humidity up to 84%. Saturated KCl solu-
tion was sealed in a container with PVA and ANP samples and stored for
an additional 3 days after reaching 84% relative humidity [54]. BDS was
performed by a Scribner Associates Inc. BDS 20 apparatus at 25 °C, with
the applied AC voltage of 1 V over the range of 10 pHz to 10° Hz to
investigate the relaxation behaviors. Samples were cut into circular
shape with a diameter of 3 cm, and tested between two copper plates.
Additional silver coating was performed to increase the contact at the
sample surface. The moisture contents of measured samples were 3% for
ANP nanocomposites and 4% for pristine ANF and PVA film (Fig. S2).

3. Results and discussion
3.1. Fabrication and characterization of ANF/PVA nanocomposites

We employed the simple direct mixing of diluted aramid nanoseed
solutions in DMSO and PVA aqueous solutions to fabricate ANF/PVA
nanocomposites (Fig. 1a) instead of using infiltration methods to avoid
coagulation near the surface [55]. Preparation began with dissolving
aramids in dimethyl sulfoxide with potassium hydroxide. Homogeneous
aramid nanoseed dispersions were formed because of the electrostatic
repulsion among the deprotonated aramid nanoseeds [56]. A distinct
color change of the solution was observed with the incorporation of the
PVA solution, indicating that the water molecules in the PVA solution
facilitated the reprotonation of the aramid nanoseeds, resulting in for-
mation of ANFs in mixtures. ANF/PVA nanocomposites were obtained
by casting and drying ANF/PVA suspensions. Successful reprotonation
was confirmed by the absence of notable differences in the characteristic
Raman scattering peaks of amide groups in the aramids at 1578 cm™?
and 1660 cm™! in comparing the peaks of pristine aramid fiber and
ANF/PVA nanocomposites (Fig. S1). TGA results was used to calculate
the content of ANFs in the nanocomposites (Fig. S2). The volume frac-
tions of ANF in the nanocomposites were estimated using the following
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formula [57]:

WANFPANF @
Pane(1 = Wanr) + WaneDpya

VANF =

where vanr is the volume fraction of ANFs, wanr is the weight fraction of
ANFs obtained from TGA, and panr and ppy, are the densities of ANFs
and PVA, respectively. ANF volume fractions of 35% and 48% were
observed in the ANF/PVA nanocomposites with different PVA solution
concentrations; these samples were denoted as ANP35 and ANP48,
respectively. With increase of PVA concentration, the mixture appeared
hazier suspensions indicating greater degree of coagulation of ANF and
PVA in the mixture. (Fig. S3). It is noted that homogeneous films ob-
tained for the PVA concentrations of 0.05 and 0.1% were further utilized
in this study, that are corresponding to the ANF volume fractions of 48%
and 35%, respectively. ANF nanocomposite films with volume fractions
of <35% and >48% were excluded because of the uneven distribution of
ANF in the PVA matrix due to high degree of coaguation and brittleness
of the fabricated films, respectively (Fig. S4).

Highly aligned ANF/PVA nanocomposites were prepared by
swelling-assisted stretching. The dried ANF/PVA nanocomposites could
be swelled and softened by exposure to water majorly due to swelling of
PVA matrix incorporated with ANF nanofibers. This enabled stretching
of the ANP films up to ultimate strain of 70 and 50% for ANP35 and
ANP48 films, respectively. Such elongations were impossible for pristine
ANF films and other types of ANF/PVA nanocomposites prepared by
infiltration method due to presence of brittle nature of ANF fillers. The
swollen ANP films were stretched to strain of 50 and 35% for ANP35 and
ANP48 film, respectively, followed by drying in stretched conditions,
resulting in highly aligned ANP nanocomposites (Fig. 1a). The stretched
samples are denoted as S-PVA, S-ANP35, and S-ANP48 with their
nanofiller contents. Even with such swelling-induced stretching, inte-
gration of ANFs with PVA are highly maintained, and it is presumed that
interfacial interactions between ANFs and PVA are strong enough to
hold such mechanical strain induced alignment under swelled state
(Fig. 1b).

3.2. Nanostructure characterization of ANF/PVA nanocomposites

The nanoscale morphology of the pristine ANF was revealed by AFM
and TEM. Pristine ANF exhibited nanofibrillar morphologies in network
structures with diameter of 3.2 + 0.3 nm and 7.1 £+ 1.7 nm for AFM and
TEM, respectively (Fig. S5). To better understand the nanoscale
morphology of the ANF/PVA nanocomposites, FE-SEM was conducted.
Fibrous network structures of ANFs with voids, which were not found in
the cross-sections of PVA and S-PVA (Figs. S6a and b), were observed in
the ANF film (Fig. 2a). Their average fiber diameter was ~38 nm, within
the typical diameter range of ANFs [42]. The voids seen in the pristine
ANF films were not visible in the cross-sectional images of the ANF/PVA
nanocomposites (Fig. 2b), and their fiber diameter was increased to
~94 nm, possibly due to wrapping with the PVA matrix. When S-ANP48
was cut longitudinally with respect to the stretching direction (Fig. 2¢
and d), most of the nanofibrillar structures were observed to lie parallel
to the stretching direction with a high degree of alignment. In contrast,
when S-ANP48 was cut transversely with respect to the stretching di-
rection (Fig. 2e and f), circular cross-sections of the nanofibers were
observed, implying that the nanofibers were successfully aligned. These
appearances could be also observed with low magnification images
(Fig. 2c and e). After stretching, the diameter of the observed nanofibrils
was ~136 nm, which was higher than those of pristine nanofibers and
ANFs in randomly oriented nanocomposites. To further identify the
thickening of the nanofiber diameter, S-ANP48 was partially cut trans-
versely and pulled out to reveal interfacial morphology at the rupture
surface (Fig. 2g and h). Reduction of the nanofiber diameter at fibrillary
ends are clearly observed and the size of tip diameter, ~35 nm, is close
to that of pristine ANF, marked with the red dotted circles (Fig. 2h). It is
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Fig. 2. FE-SEM cross-sectional images of (a) ANF, (b) ANP48, and (c-h) S-
ANP48 samples. For the S-ANP48 sample, (c, d) longitudinal and (e, f) trans-
verse cross-sections and (g, h) transverse cross-sections at ruptured region.

presumed that the observed ANFs were pulled out from the PVA matrix
under applied stress. Additionally, the ANF/PVA nanofibers were ex-
pected to form in bundled shapes, as marked by the red dotted circle
(Fig. 2d), under the applied stretching process. The formation of voids
was observed as marked by the white dotted circle (Fig. 2d), which could
be attributed to the inclusion of some misaligned nanofibers in the
geometrically restricted aligned nanofiber networks.

The anisotropic features of the aligned ANF/PVA nanocomposites
were confirmed by SAXS (Fig. 3). The transmittance of X-ray was
measured with normal incidence to the sample surface with the
stretching direction parallel to the horizontal line. The 2D SAXS patterns
of the ANP48 sample exhibited isotropic scattering patterns and flat
azimuthal angle profiles (Fig. 3a). On the contrary, in the case of S-
ANP48, distortions of the scattering patterns and scattering peaks
located at 90° and 270° in the azimuthal profiles clearly indicated that
the ANF/PVA nanofibers in the stretched nanocomposites were oriented
along the stretching direction, yielding anisotropic features (Fig. 3b).
Meanwhile, no significant distortion of the diffraction patterns was
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Fig. 3. 2D SAXS results of (a) ANP48, (b) S-ANP48, (c) ANF, (d) PVA. Inset plots show azimuthal intensity profiles at ¢ = 0.012 AL Stretching direction of the
samples was aligned in parallel to the horizontal axis of the detector.
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Fig. 4. 2D WAXS results of (a) PVA (b) ANP35, (c) ANP48, (d) ANF (e) S-ANP35 and (f) S-ANP48. Inset plots show azimuthal intensity profiles at 20 = 19.3°.
Stretching direction of the samples was aligned in parallel to the horizontal axis of the detector.
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observed in the ANFs, PVA films, and non-stretched ANF/PVA nano-
composites with flat azimuthal intensity profiles, which indicated
random distributions (Fig. 3¢ and d).

2D WAXS tests of pristine ANF, PVA and ANF/PVA nanocomposites
were performed to confirm alignment of PVA crystal domains at the
molecular level (Fig. 4 and Fig. S7). The 2D WAXS pattern of the pristine
PVA sample exhibited isotropic ring scattering with maximum intensity
at 26 = 19.3°, which was assigned to the (101) plane of PVA crystal
lattice (Fig. 4a). Inset shows the azimuthal angle (®) profile scanned at
20 = 19.3° with flatten feature. Pristine ANF exhibited broad isotropic
ring scattering patterns with maximum intensity at 20 = 23.2° (Fig. 4d).
ANP35 and ANP48 samples also exhibited similar isotropic ring patterns
in Fig. 4b and c, that are mainly attributed to (101) plane of PVA crystals
as shown in the 2theta plots in Figs. S7c—d. Azimuthal angle profiles also
do not present any noticeable peaks except dips from beam stopper
around ® = 180°. ANF peaks for the ANP samples present in minor
portion as weak shoulders near 20 = 23.2° in Figs. S7c—d. Therefore we
focused on the change of the PVA (101) peaks for analysis of all ANP and
stretched samples.

On the other hands, the azimuthal angle profiles of S-ANP35 and S-
ANP48 samples have two peaks around ® = 130° and 310° for both
samples (Fig. 4e and f). Peak areas in the insets are highlighed with
colored boxes in purple and green colors to indicate ® = 130° and 310°
regions, respectively. Same regions are marked in Fig. 4e and f, but with
full theta angles, for guidance. Although it is difficult to find distinct
anisotropic arc patterns in the 2D patterns of Fig. 4e and f due to weak
intensities, the scattering intensity profiles with the azimuthal angle
range of 300° ~330° and 210° ~240° show differences at PVA (101)
peak positions (Figs. S7g-h). S-ANP48 sample shows less anisotropic
features than S-ANP35 sample probably due to less content of PVA.
These results indicate that (101) planes of PVA crystals are perpendic-
ularly oriented to the azimuthal angle of 130° and 310° directions. As
PVA molecules lie in the c-axis direction at the lattice and the drawing
directions are parallell to the azimuthal angle of 90° and 180° direction,
these results indicate that PVA molecules in crystal domains are oriented
to the drawing direction as depicted in Fig. S8 [58].

3.3. Evaluation of interfacial interactions of ANF/PVA nanocomposites

FT-IR results provided insights into the interfacial interactions

—
Y
~—
—
(=2
~—
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between the ANFs and PVA. The characteristic peaks of ANF and PVA
were observed in the ANF/PVA nanocomposites, indicating that ho-
mogeneous nanocomposites were formed via direct mixing (Fig. S9).
The effects of the incorporation of ANFs in the PVA matrix (Fig. 5a—c)
and alignment of ANF/PVA nanofibers (Fig. 5d-f) on the interfacial
interactions were investigated. A distinct blue-shift of the C=0 and C-N
stretching bands in the amide groups of ANF was observed upon
increasing the PVA content (Fig. 5a and b) [44]. We presume that these
spectral changes originated from the partial replacement of interfacial
hydrogen bonds between amides (ANF-ANF) and between amides and
hydroxyl groups (ANF-PVA). Since blue shift generally indicates the
strengthening of bond strength according to the hooke’s law [59], such
spectral change might be attributed to the strengthened bond strength of
amide groups in the aramid chains, that caused by weakening of inter-
chain interactions to another aramid or PVA chains [43]. In contrast,
red-shift for the C-O stretching band in the hydroxyl groups of PVA was
observed upon increasing the ANF content to 35 vol% in minor degree of
~2cem” L (F ig. 5¢). When the ANF contents is increased to 48 vol%, it is
barely changed. These spectral changes might be attributed to the
replacement of weaker PVA-PVA hydrogen bonds by relatively strong
ANF-PVA hydrogen bonds with increased ANF content, which would
weaken the C-O vibration energy. After stretching, a red-shift of the
C=O0 and C-N stretching bands was observed (Fig. 5d and e). We pre-
sume that alignment of ANFs and PVA nanofibrillar structures enabled
increases of interfacial interactions of aramid groups in ANFs, causing
reduction vibration energy of C—=0 and N-H bonds of ANFs [60]. The
blue-shift of the C-O stretching band upon stretching (Fig. 5f) might be
attributed to the decreases of intramolecular hydrogen bonds in PVA

Table 1
Crystallinity of PVA and ANF/PVA nanocomposites.

Crystallinity by FT-IR
[%]

PVA 48.2
S-PVA 42.3
ANP35 43.4
S-ANP35 41.4
ANP48 41.1
S-ANP48 37.1

—
(2]
S

—
Q.
S

Fig. 5. FT-IR spectra. (a) C—O and (b) C-N stretching vibration modes for ANF and ANF/PVA nanocomposites. (¢) C-O stretching vibration modes for PVA and ANF/
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crystals [61]. ANP35 and S-ANP35 showed FT-IR spectra similar to those
of ANP48 and S-ANP48 (Fig. S10).

The degree of crystallinity (y.) of PVA was calculated from FT-IR
(Table 1), obtained by normalizing the intensity of the crystalline
band at 1141 cm™! to the intensity of the C-O stretching band at 1086
cm~ ! in the FT-IR spectra (Fig. 5c¢ and f, S10b and d) [62]. Compared
with pure PVA, the PVA in the composites was decreased in crystallinity
with increasing ANF content (Fig. 5¢). The incorporation of ANFs into
the PVA matrix interrupted the intrinsic arrangement of the PVA chains
through the formation of strong ANF-PVA hydrogen bonds [63]. Such
interactions hindered the formation of crystalline domains in the PVA
chain, thus yielding lower crystallinity. A reduction in the crystallinity
was observed upon stretching of ANP48 (Fig. 5f), indicating that the
PVA crystal arrays inside the crystallites lost their intrinsic arrangement
with stretching owing to the further interactions between ANFs and
PVA. The profiles of ANP35 and S-ANP35 showed similar features to
those of ANP48 and S-ANP48 (Fig. S10 b and d).

Dielectric analysis was conducted to further investigate the local
chain motion in the ANF nanocomposite films (Fig. 6). The Havri-
liak-Negami (HN) function was adopted to analyze the dielectric loss
spectra and to obtain quantitative information [64]. The detailed
deconvolution principles for dielectric loss are described in Supporting
Information with Fig. S11. A single HN function and conductivity pro-
cess accurately describes the data for ANF, PVA, and S-PVA
(Figs. Sl1la—c). However, two HN functions and a conductivity term
were needed to describe the g relaxation of ANF and PVA in the
dielectric spectra of the ANF/PVA nanocomposites (Figs. S11d-g). Be-
tween the two relaxations, the f relaxation of ANFs was considered
slower than that of PVA (Fig. 6¢ and d) for the following reasons. First,
relaxation of pristine ANFs is much slower than those of pristine PVA
(Fig. 6¢ and d). In addition, both ANFs and PVA exhibited f relaxation
near room temperature [65,66] and the contribution of interfacial po-
larization was no longer visible at high reinforcement contents [66]. For
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easier comparison, enlarged spectra of ANP48 and S-ANP48 are shown
in Fig. 6a and b. The conductivity exponentially decreased and two
peaks arising from the f relaxations of PVA and ANF were observed; the
fitted results matched the experimental data. To reveal each relaxation,
the fitted results of the ANF and PVA p relaxations were separately
shown in Fig. 6¢ and d, respectively. By incorporation of ANFs in PVA
matrix, the g relaxations of the ANF and PVA peaks shifted to a higher
frequency. These results might be attributed to the interruption of
intrinsic arrangement of PVA due to the strong ANF-PVA hydrogen
bonds, as discussed in FT-IR analysis. By increasing the ANF content
from 35 to 48 vol%, the f relaxations of the ANF and PVA peaks do not
present significant changes in peak positions. Upon stretching, the
relaxation of the ANF and PVA shifted to a higher frequency (Fig. 6¢c and
d). These results indicate that faster local chain motions of ANF and PVA
with easier relaxations. The details of § relaxation upon stretching will
be discussed in the dynamic mechanical analysis part.

3.4. Mechanical properties of ANF/PVA nanocomposites

DMA analysis as a function of temperature was conducted to
compare the strength of hydrogen bonds between ANFs and PVA (Fig. 7
and Table S1). Pristine ANF exhibited y relaxation at —24 °C, j relaxa-
tion at 52 °C, and $* relaxation at 203 °C (Fig. 7a) [65]. p* relaxation is
associated with rotational modes of dissociation and re-bonding of
hydrogen bondings of amide groups in crystalline state with strong
intermolecular bonds for the ANF-ANF bonds, while g relaxation in-
dicates the motions of amorphous amide groups [65]. Pristine PVA
exhibited j relaxation at 57 °C and « relaxation at 104 °C (Fig. 7b) [66].
ANF/PVA nanocomposites exhibited broad relaxation peak below 0 °C,
around 50 °C and above 140 °C, which can be assigned to the ANF y
relaxation, mixture of f relaxations of ANF and PVA, and mixture of ANF
p* and PVA « relaxations, respectively (Fig. 7c—f). a relaxation of the
pristine ANF was not taken into account due to high temperature
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Fig. 6. Dielectric test results. Dielectric loss data of (a) ANP48 and (b) S-ANP48 are shown with fitting results with two Havriliak-Negami (HN) functions and a
conductivity term. ANF, PVA and ANF/PVA nanocomposite films with g relaxations from (c) ANF and (d) PVA contributions for the samples with different ANF

volume contents and for stretched samples.
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composites and stretched samples as a function of temperature with various loading angles.

transition around 460 °C [67]. ANP35 and ANP48 samples have broad
tand peaks at 100-200 °C regions with maximum intensities located at
143 °C and 161 °C, respectively, as shown in Fig. 7e and f. Higher a
relaxation temperature of PVA with increasing ANF contents indicates
that the movement of main chains was restricted due to the increased
number of stronger interfacial hydrogen bonds of ANF-PVA upon
increasing ANF contents. Furthermore, PVA « relaxation temperature
for ANP35 and ANP48 which were much higher than the «a relaxation
temperature of pristine PVA of 104 °C, which might be attributed to the
stronger hydrogen bonds of ANF-PVA than PVA-PVA. Considering that
ANF p* relaxation temperature becomes lower at the ANP samples due
to formation of ANF-PVA interactions, the relative strength of interfacial
hydrogen bonds can be assigned in the order of ANF-ANF > ANF-PVA >
PVA-PVA.

Furthermore, to investigate anisotropic features of aligned ANF/PVA
nanocomposites, the relaxation temperatures of ANP and S-ANP samples
were analyzed. S-ANP35 and S-ANP48 samples exhibited the mixed
relaxations of PVA « transition and ANF g* transitions around 168 °C
and 176 °C, respectively. (Fig. 7e and f, and Table S1). Although the
relaxation temperatures were not changed upon increasing alignment
angle due to the strong interaction, but were much higher than
randomly distributed ANP samples. We presume that the alignments of
ANFs and PVA enabled increases of interfacial interactions, require
higher energy for relaxations than randomly distributed nano-
composites. On the another hand, when ANP samples were stretched, g
transitions associated with the local chain movement were relatively
shifted to lower temperatures as indicated by black lateral arrows in
Fig. 7e and f. These results with easier relaxations are coincident with
the dielectric results. When loading angle ¢ is increased for the S-ANP
samples (Fig. 7e and f), the f relaxation of ANF and PVA have tendency

to become shifted to relatively lower temperature, indicating more
active relaxations of the local pendent groups of PVA and amide groups
of ANF in amorphous region [66]. It is also noted that increase of loading
angle ¢ for the S-ANP samples is accompanied with increase of tand
intensities for the entire temperature range, that are coincident to
anisotropic damping properties observed in the frequency sweep DMA
tests, which will be discussed later.

Uniaxial tensile tests were conducted to investigate the reinforce-
ment effect of the ANFs and to understand their anisotropic features
(Fig. 8a—e and Table 2). Fig. 8 graphs show selective mechanical test
results among more than 5 tests. Mechanical test results in Table 2 are
tabulated with averaged values with errors. Stretched samples were
prepared to examine tensile behaviors with certain designated tilted
loading angles ¢ of 0°, 45°, and 90° relative to the nanofiber alignment
direction; these were denoted as S-ANP48 0°, S-ANP48 45°, and S-
ANP48 90°, respectively (Fig. S12). The effects of the incorporation of
ANFs in the PVA matrix and the alignments of ANF/PVA nanofibers on
the uniaxial tensile tests are shown in Fig. 8a and b, respectively.
Stress-strain curves of the pristine PVA matrix are also shown in Fig. 8c.
The incorporation of ANFs in PVA improved the mechanical properties.
In the case of ANP48, the mechanical properties were improved to the
ultimate stress o, of 118 + 9 MPa and Young’s modulus E of 3.4 + 0.4
GPa (Fig. 8a). Upon stretching, in case of S-ANP48, ¢, and E of S-ANP48
0° were increased up to 296 + 23 MPa and 11.1 + 0.9 GPa (Fig. 8b),
which were much higher than those of the ANF film (¢, of 231 + 29 MPa
and E of 8.8 + 1.2 GPa; Fig. 8a). The improvement of mechanical
properties is majorly contributed by straightened ANFs with directional
alignments and effective stress transfer between these ANFs and the PVA
matrix. The improved stress transfer could be attributed to the network
structures of ANFs in the nanocomposites and increase in interfacial
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Table 2
Summary of the tensile test results of PVA, ANF, and ANF/PVA nanocomposites.
Ultimate Ultimate Elastic Toughness
strain strength modulus [MJ/m3]
[%] [MPa] [GPa]
PVA 206 + 7 62+3 20+04 121.7 +
15.7
S-PVA 0° 100 + 20 105 +£17 3.3+04 109.2 +
49.3
S-PVA 45° 108 £ 10 71 £ 11 2.8+0.3 60.6 + 16.8
S-PVA 90° 66 + 26 57 £11 2.6 +0.3 36.7 +£ 10.9
ANP35 12+ 3 98 + 15 3.1+0.3 10.5 +£ 4.0
S-ANP35 0° 7+1 227 + 30 7.6 £0.7 10.0 + 2.5
S-ANP35 17 +£3 108 £ 6 45+0.3 126 £ 1.9
45°
S-ANP35 16 £2 88 +6 3.2+0.2 11.5+ 2.1
90°
ANP48 13+ 3 118 £ 9 3.4+0.4 10.4 + 2.3
S-ANP48 0° 5+1 296 + 23 11.1 +£ 0.9 10.0 + 2.6
S-ANP48 8+1 132 + 26 4.9 +0.7 7.4 +1.0
45°
S-ANP48 16 £ 5 105 + 22 4.0+ 0.4 10.1 £ 4.2
90°
ANF 7+1 231 £ 29 88+1.2 10.4 + 2.1

interactions of ANFs with PVA, as described earlier. By increasing the
loading angle ¢ of S-ANP48 from 0° to 90°, ¢, and E decreased to 105 +
22 MPa and 4.0 + 0.4 GPa, respectively. The decrease in E upon
increasing the loading angle ¢ in ANF/PVA nanocomposites could be
attributed to the tearing of the PVA matrix near the voids, which can
impede effective stress transfer. Meanwhile, E of perpendicularly ori-
ented nanocomposites is slightly higher than randomly distributed one.
These results might be attributed to the stronger interfacial interactions
between nanofillers and matrix after alignment [68]. These observations
were consistent with the mechanical test results for ANP35 and S-ANP35
(Fig. S13). A similar tendency was observed for S-PVA (Fig. 8c), but less
pronounced variation was observed compared to the S-ANP48 case.
S-PVA showed a 1.7-fold increase for both ¢, and E, while S-ANP48
samples showed a 2.5-fold increase in 6, and 3.3-fold increase in E. With
changes in the loading angle to 90°, S-PVA shows a 1.8-fold decrease in
oy and 1.3-fold decrease in E, compared to the S-ANP48 case with a
2.8-fold decrease for both 6, and E. This variation can be attributed to
the reinforcement effects of the straightened ANFs and the ANF/PVA
nanofibers.

DMA tests as a function of frequency were conducted to examine the
anisotropic damping behavior of the ANF/PVA nanocomposites
(Fig. 8f~h and Table 3). The storage modulus (E') (Fig. 8f), which reflects
the material’s capability to store energy elastically, showed a tendency
similar to that of E from the uniaxial tensile test results (Fig. 8e). The



D. Lee et al.

Table 3

Summary of the dynamic mechanical analysis data of PVA and ANF/PVA
nanocomposites at 1 Hz.

Storage modulus tand (E */p)»(tan&)o‘s

[GPa] [10° m?/5?]
PVA 2.6 +0.3 0.088 + 0.010 0.60 + 0.04
S-PVA 0° 4.0+ 0.5 0.084 + 0.009 0.91 £ 0.09
S-PVA 45° 3.3+0.6 0.075 + 0.002 0.70 £ 0.14
S-PVA 90° 2.6 +0.3 0.079 + 0.003 0.57 £ 0.07
ANP35 3.4+0.3 0.143 + 0.003 0.97 £ 0.07
S-ANP35 0° 95+1.3 0.065 + 0.010 1.80 + 0.32
S-ANP35 45° 3.8+ 0.5 0.085 + 0.006 0.82 £ 0.10
S-ANP35 90° 3.6 £0.2 0.085 + 0.006 0.79 £ 0.05
ANP48 43+0.8 0.131 + 0.014 1.14 £ 0.21
S-ANP48 0° 11.6 +1.0 0.068 + 0.005 2.21 £0.14
S-ANP48 45° 5.6 + 0.8 0.091 + 0.005 1.24 + 0.15
S-ANP48 90° 5.4+ 0.9 0.093 + 0.007 1.20 £ 0.18

damping ratio or tand, which is the ratio between the loss modulus and
storage modulus and which reflects the relative degree of energy dissi-
pation or damping by a viscoelastic material, exhibited different ten-
dencies from those observed in the tensile test results (Fig. 8g). DMA
tests of pristine ANF samples prepared by the casting method were
difficult to conduct owing to the brittleness of the samples under dy-
namic deformation. Spin-coated pristine ANFs were reported to exhibit a
stiffness of 11 GPa and tand of 0.06 [47]. Incorporation of ANFs in PVA
significantly increased the tand value relative to that of PVA. For
instance, ANP48 exhibited a tand value of 0.131 + 0.014. It is presumed
that the reversible detachment and attachment of randomly orientated
ANFs at the interfaces of ANF/PVA can cause much greater energy
dissipation than that occurring in the pristine PVA matrix [37].
Stretched nanocomposites exhibited decreased tand values. For
instance, the tand of S-ANP48 0° decreased to 0.068 + 0.005. We
attribute this to the fact that the energy dissipation caused by the
reversible stick and slippage of aligned ANF/PVA nanofibers [38-40] (as
illustrated in Fig. S14a) is weaker than that caused by the interfacial
detachment and attachment in randomly oriented ANF samples [37].
However, tand of S-ANP48 90°, 0.093 + 0.007, was greater than that of
S-ANP48 0°. Increasing the loading angle ¢ from 0° to 90° reduces
interfacial shear effects [40], but can allow enhanced energy dissipation
through the reversible tearing of the PVA matrix near the voids existing
between the nanofibers (Fig. S14b) [41]. Increases in f relaxations for
ANF and PVA are also responsible for increase of damping properties
with increase of loading angle as observed in Fig. 7c-f. In the case of the
PVA and S-PVA samples, the variation in damping properties was not as
pronounced as that of the ANF/PVA nanocomposites. Additionally, at a
higher frequency of 30 Hz, the tendencies of variations in stiffness and
tand were coincident with those observed at 1 Hz (Figs. S15-17).

The moisture contents of the ANP samples were around 3% that
determined by weight loss around 100 °C from TGA measurement
(Fig. S3). Water contents were controlled by using the humidity control
chambers (See details in Experimental section). Both of ANP35 and S-
ANP35 samples with higher water content of 7% presented lower stor-
age modulus and higher tand values than the samples with lower water
content of 3% (Figs. S18-S19 and Table S3).

The viscoelastic properties of materials are characterized by the
weight-adjusted VFOM, expressed by the product of stiffness and
damping properties per density, (E*/p)-(tan8)*® = 0.8. (Fig. 9 and
Table 3). For comparison, DMA data of the samples obtained at 1 Hz are
represented in Fig. 9, and data points of other materials are selectively
shown with DMA measurements at a various range of frequencies. An
obvious improvement in stiffness and damping was observed by the
incorporation of ANFs. In the case of ANP48, the weight-adjusted VFOM
increased up to 1.14 £+ 0.21 at 1 Hz, from the blue to red stars in the
figure. By stretching, the VFOM values were increased significantly. For
instance, S-ANP48 0° had a much higher weight-adjusted VFOM value of
2.21 + 0.14 compared to that of ANP48, from the red star to the red
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Fig. 9. Summary plot of dynamic mechanical properties obtained at 1 Hz for
PVA and ANF/PVA nanocomposite samples with various volume fractions and
loading angles. Limit line is shown with red dotted line of (E*//J)-(tanﬁ)o‘5 =
0.8. Data points are plotted based on ref. 35 for VO5/Sn at 100 Hz, ref. 30 for
(ZnO/LBL) at 0.1 Hz, ref. 36 for MWCNT/EPX at 1 Hz, ref. 45 for ANF/PVA at 1
Hz, ref. 47 for ANF/EPX at 0.1 Hz and ref. 35 for other conventional materials.
The weight-adjusted VFOM of the data without mentioning their density were
calculated using their contents fraction and typical density. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

square in Fig. 9. This value exceeds the merit line of conventional
viscoelastic materials owing to the exceptionally high stiffness and low
material density of the film. Furthermore, by increasing the frequency
up to 30 Hz (Figs. S16c and S17), the weight-adjusted VFOM of S-ANP48
0° exceeded this limit by a much greater degree, reaching 2.43 + 0.20,
owing to the further improvement of E* with increasing amplitude.

4. Conclusion

We systematically studied the anisotropic mechanical and dynamic
mechanical responses of aligned ANF/PVA nanocomposites. Highly
aligned ANF/PVA nanocomposites were successfully fabricated by
swelling-assisted stretching. The changes in the interfacial interactions
between the functional moieties of ANFs and PVA were analyzed by FT-
IR analysis, dielectric analysis and dynamic mechanical analysis. The
incorporation of ANFs into the PVA matrix resulted in the improvement
of mechanical strength and stiffness, which might be attributed to their
strong interfacial interactions. Stretching yielded aligned ANF/PVA
nanofibrillar structures, with a drastic increase in mechanical strength
and stiffness of the composites. On the contrary, the damping properties
degraded upon stretching because the energy dissipations arising from
the reversible stick-slip of the aligned ANF/PVA nanofibrils were lower
than those from the interfacial detachment and attachment of randomly
oriented ANFs in the ANP nanocomposites. With an increase in the
loading angle ¢, the energy dissipation increased owing to changes in
the major energy dissipation mode from stick-slip to the reversible
tearing of the PVA matrix. Increases in g relaxations for ANF and PVA
also contribute to increase of damping properties at room temperature.
The exceptionally high stiffness and low material density of the aligned
ANP nanocomposites with loading angle ¢ = 0 yielded weight-adjusted
VFOM values of 2.2-2.4, which are significantly higher than those of
most conventional materials (<0.8). These results can be utilized for the
preparation and characterization of highly aligned nanocomposites with
exceptionally high stress [5,6], charge [11] and thermal [12] transport
properties, which can be further employed in various electronic [13],
biomedical [14], protective [15], and energy storage [17-19]
applications.
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