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Polymer matrices with excellent mechanical properties, thermal stability and other features are highly
demanded for the effective utilization within nanocomposites. Here, we fabricate free-standing aramid
nanofiber films via spin coating of an aramid nanofiber/dimethyl sulfoxide solution. Compared with tra-
ditional film fabrication methods, this process is time-saving and also able to easily tune the thickness of the
films. The resultant films show greatly improved stretchability than that of Kevlar threads and relatively
high mechanical strength. Typically, these films with a thickness of 5.5 lm show an ultimate strength of
182 MPa with an ultimate tensile strain of 10.5%. We also apply a finite element modeling to simulate the
strain and strength distributions of the films under uniaxial tension, and the results of the simulation are in
accordance with the experimental data. Furthermore, the aramid nanofiber films exhibit outstanding
thermostability (decomposition at� 550 �C under N2 atmosphere and� 500 �C in air) and chemical
inertness, which would endure acid and alkali. The simple method demonstrated here provides an
important way to prepare high-performance aramid nanofiber films for designing new composite systems.

Keywords aramid nanofiber, chemical stability, finite element
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1. Introduction

Nanocomposites composed of polymer matrices and inor-
ganic fillers have attracted significant attention, because of their
promising applications in LED interconnects, sensors, energy-
storage devices, etc. (Ref 1-4). The design of high-performance
nanocomposites is usually focused on improving the properties
of reinforcement phases [such as nanotubes, graphene,
nanofibers and inorganic nanoparticles (Ref 5-9)]. The interfa-
cial properties between the reinforcement phases and the
matrices have also been extensively studied. For example, the
effective load transfer from the matrices to the fillers is essential
to reduce stress localization and thus improves the integrated
mechanical properties (Ref 10). Moreover, the polymeric
matrices with excellent mechanical properties, and other
functions such as thermal stability and chemical resistance,
are also required to fulfill the design of high-performance
nanocomposites.

The present extensively studied polymeric matrices for
nanocomposites include polyurethanes (PU) (Ref 11), epoxy
(Ref 12) and polymethyl methacrylate (PMMA) (Ref 13).
However, these matrices suffer from overall low mechanical

properties especially in stiffness and strength. Cellulose
materials can self-assemble into well-defined architectures in
multiple scales, from micro- to nanosize and can form networks
with high mechanical performance. However, hydrophilic
behavior of cellulose makes them very sensitive to humidity,
which is attributed to the hydroxyl groups that are located on
the surface of the cellulose fibers, reducing their mechanical
performance at high humidity (Ref 14).

Aramid fibers, most commonly known as Kevlar, consist of
long molecular chains produced from polyparaphenylene
terephthalamide (PPTA) probably have been considered as a
suitable matrix material. Kevlar has numerous applications,
ranging from bicycle tires and racing sails to body armor,
because of its high tensile strength-to-weight ratio with a high
thermal resistance and chemical inertness (Ref 15-17). Kevlar
has also been used in composite materials to reinforce other
high-ductility, low-stiffness polymers like phenolic and bis-
maleimide (Ref 18, 19). However, the macroscale of the
commercial aramid fibers limits their applications in nanocom-
posites. Since the discovery of stable aramid nanofiber (ANF)
dispersion through dissolving Kevlar in dimethyl sulfoxide/
potassium hydroxide solutions by Kotov group (Ref 20), there
are some interesting works on the ANF-modified CNTs which
were used to reinforce other polymers (Ref 21). ANFs have
also rapidly become widely used polymeric matrices with
attractive properties for many new ANF-based composite films
like PU/ANF nanocomposites and graphene/ANF nanocom-
posites (Ref 22-29). In addition, it presents a low electrical
conductivity compared with graphene or carbon nanotubes,
which makes it suitable for insulation layers and supporting
materials in electronics and batteries (Ref 30, 31).

In this work, we provided an alternative method to fabricate
free-standing ANF films by spin coating of ANF-based
dispersions on the glass slide, which is much facile and able
to tune the thickness of the films. The ANF films also showed
intriguing multiple properties like Kevlar such as high mechan-
ical properties (ultimate strength up to 182 MPa and ultimate
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tensile strain up to 10.5%), high-temperature stability and
chemical inertness.

2. Experimental

2.1 Materials and Chemicals

Bulk Kevlar 69 was purchased from Thread Exchange.
Dimethyl sulfoxide (DMSO), potassium hydroxide (KOH),
sodium hydroxide (NaOH) and hydrogen chloride (HCl) were
all purchased from Sigma-Aldrich and used as-received.
Deionized water (DI water 18.2 MX/cm) was obtained from
a Millipore Milli-Q system. Glass slides (50 mm9 50 mm)
were cleaned by piranha solution (3:1 v/v H2SO4:H2O2).

2.2 Preparation of ANF Films

ANF solution was synthesized according to the reference
earlier (Ref 20). Specifically, 2.0 g bulk Kevlar 69, 2.0 g KOH
and 98 g DMSO were put in a glass bottle and then sealed with
a cap. The mixture was magnetically stirred at room temper-
ature until a dark red, viscous ANF dispersion was formed. It
would take 3 weeks to obtain the 2 wt.% ANF solution.

To fabricate the ANF films by spin coating, glass slides were
cleaned with piranha solution, followed by thoroughly rinsing
with DI water and compressed air-drying. After that, 3 mL
ANF solution was dropped on the clean glass substrates and
immediately spin-coated for 30 s. Spinning speeds were tuned
to be 1000, 800, 600, 400 and 200 rpm to prepare the various
films with different thickness, respectively. The ANF hydrogel
was soon formed and then detached from the glass slides, when
immersing the glass substrate-supported ANF films into DI
water or ethanol. The formation of free-standing ANF films is
attributed to the protonation of the ANFs and substitution of
DMSO by DI water or ethanol (Ref 24). The ANF films were
sandwiched between two polytetrafluoroethylene (PTFE) plates
to dry at 80 �C for 24 h before characterizations and tests.

2.3 Characterizations and Tests

UV–Vis absorbance spectra were obtained by using an 8453
UV–Vis ChemStation spectrophotometer (Agilent Technolo-
gies). Transmission electron microscope (TEM) images were
obtained by a JEOL JEM 3010. One drop of diluted solution
(10 lL) of ANFs was placed on the surface of a copper grid
coated with carbon and dried at air before taking the TEM
images. The morphologies of the ANF films were inspected
with a Hitachi S-4800 scanning electron microscope. The
thermal stability of the ANF films was determined by a TA
Instruments Discovery Thermogravimetric Analyzer (TGA)
with a temperature ramp to 700 �C at 10 �C/min in nitrogen or
air atmosphere. The x-ray diffraction (XRD) analysis of the
specimens was performed with a XRD-7000 (Shimadzu)
diffractometer using a Cu Ka radiation (k = 0.15406 nm).
The XRD patterns of the ANF films were recorded in scanning
range of 10�-80� with a step size of 0.02� s�1. Fourier
transform infrared spectroscopy (FTIR) was performed on a
Prestige-21 spectrophotometer to investigate the chemical
properties of the ANF films. The testing range is between
1000 and 4000 cm�1. The thickness of the films was measured
by a surface profiler (KLA-Tencor D-120) after drying the films
on glass slides. As expected, the films adhered to the glass very

tightly. A few short cuts (< 10 mm in length) were made for
each film before the test. Five to ten sets of data were collected
to give the average thickness. The tensile behavior of each film
was determined using a TA XT Plus Texture Analyzer
(Stable Micro Systems) at a loading rate of 0.01 mm/s with a
gage length of� 10 mm. All samples were cut into rectangular
strips of 2 mm in width using razor blades and five strips were
measured for each film.

3. Results and Discussion

3.1 Characterizations of the ANF Films

Aramid fiber was chosen in this study because of the well-
known dramatically high strength attributed to hydrogen
bonding and radial orientation (Fig. 1a) and excellent thermal
stability and chemical resistance. A dark red viscous solution
was obtained by adding bulk Kevlar threads into DMSO
solvent in the presence of KOH and stirring for 3 weeks
(Fig. 1b inset). The average diameter of the ANFs after the
dissolution of the bulk Kevlar fibers is� 20 nm, and the lengths
are several micrometers (Fig. 1b).

Spin coating, as one of the most widely used technique for
obtaining uniform thin films, was employed to prepare ANF
films. This process shows great versatility in controlling the
thickness of the films via tuning the rotation speed and time.
The ANF films with thickness of 3, 4, 5.5, 7.5 and 10 lm are
fabricated via adjusting the spinning speed to 1000, 800, 600,
400 and 200 rpm, respectively. As expected, the thin films
(< 7.5 lm) exhibit high transparency (Fig. 1c) owing to the
diameter of ANFs markedly smaller than the wavelengths of
visible light.

Free-standing composite films were obtained after protona-
tion of ANFs and substitution of DMSO by water or ethanol,
and the resulting films are denoted as ANF-water or ANF-
ethanol. The SEM images (Fig. 2a, b) show the surface
morphology of the ANF-water film after oven-drying. The
high-magnification SEM image clearly demonstrates that the
one-dimensional aramid nanofibers interconnected to form the
two-dimensional ANF film with many nanoscaled pores.
However, the ANF-ethanol film has many microsized pores
with diameter of� 10 lm, because ethanol is a weaker proton
donor (Fig. 2c, d). Since the properties of the nanomaterials are
essentially determined by their microstructures, we can deduce
that the ANF-water films with nanopores result in higher
mechanical properties, while the ANF-ethanol films with
micropores can enable high mass loading of large-sized fillers
for obtain nanocomposites.

The UV–Vis spectra of both the ANF films showed an
absorption peak at� 335 nm, which is attributed to the
polyamide structure of ANFs (Fig. 3a). To study the effects
of the dissolution and protonation procedures on the chemical
structure, FTIR spectra of the ANF films were obtained
(Fig. 3b). The absorption peaks of the ANF films were
observed at 3326, 1650, 1545 and 1516 cm�1, which are
ascribed to N–H stretching vibrations, C = O stretching
vibrations, N–H deformation and C = C stretching vibrations,
respectively. Compared with the Kevlar threads, both the ANF
films showed higher absorbance intensities at 3326 and
1650 cm�1, which indicates that the protonation process might
induce the formation of amines and carboxylic acids. Moreover,
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the absorbance intensities at 2926 and 2856 cm�1 decreased for
both the ANF films, due to the broader distribution of the bond
lengths and surface states of the ANFs.

The x-ray diffraction (XRD) measurements show broaden-
ing of characteristic Kevlar peaks from 18� to 30� for both the
ANF-water and ANF-ethanol films (Fig. 4a). The XRD pat-

terns also indicate that the dissolution process did not change
the structure of the nanofibers. To investigate the thermal
stability of ANF films, TGA curves of the ANF films were
measured under nitrogen and air atmosphere, respectively. The
degradation started from� 550 �C under N2 atmosphere and
500 �C in air (Fig. 4b), indicating that the ANF films exhibited

Fig. 1 (a) Molecular structure of aramid fibers. (b) TEM image of ANFs. Inset: photograph of 2 wt.% ANF solution. (c) Photograph of the
transparent ANF film

Fig. 2 SEM images of the ANF-water films (a, b), and ANF-ethanol films (c, d)
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extraordinary thermal resistance similar to the bulk ANF
threads (Ref 32). This is very important because thermal
stability is necessary for wide applications of the polymer films.

3.2 Mechanical Properties of the ANF Films

Spin coating shows great versatility in controlling the
thickness of the films via tuning the rotation speed, so we
investigated the mechanical properties of the ANF films as a
function of spin coating speed. Figure 5 illustrates the stress–
strain curves for the ANF-water and ANF-ethanol films. When
the rotation speed decreased from 1000 to 200 rpm, the
ultimate strain of the ANF-water films increased from 7.2 to
15.6% due to the gradual increase of the films thickness. The
results indicated that the ANF films fabricated via spin coating
exhibited superior tensile strain to the films obtained by layer-
by-layer or vacuum-assisted flocculation (Ref 33), which may
be attributed to the porous structures. Meanwhile, the ultimate
stress increased when the speed decreased from 1000 to
600 rpm, but decreased when the speed decreased from 600 to
200 rpm, due to the uneven films formed under low spin speed.
The films prepared at 600 rpm showed the optimal mechanical
properties with a tensile strength of 182 MPa and a strain of
10.5%. Compared with ANF-water films, these ANF-ethanol

films exhibit similar trends but lower ultimate strengths and
strains (strength of 138 MPa and a strain of 5.8% at 600 rpm).
Such results indicated that the ANF-water films resulted in a
better mechanical performance, which is ascribed to the more
uniform structure with smaller pores (Fig. 2).

3.3 Finite Element Modeling for Mechanical Simulations

ANSYS is a common finite element modeling (FEM)
software for strain and stress simulations. It can not only
calculate the average strain and stress in the film, but also give
the strain along a specified axis. The material properties of the
ANF films for the FEM were obtained from the tensile tests of
the ANF-water and ANF-ethanol films (Table 1). We per-
formed uniaxial tension experiments on the ANF films with a
rigid boundary condition applied to the bottom.

Figure 6 presents the von Mises strain distribution of the
ANF-water and ANF-ethanol films induced by the 5% applied
strain (e = 5%), and the ANF-water films at 10% applied strain
(e = 10%). The highest values of strain were observed at the
four corners of the rectangular strips which were restricted
rotation or displacement on x or z direction, while the strain is
distributed uniformly throughout the center of the specimen. At
10% applied strain, the distribution of the von Mises strain in

Fig. 3 (a) UV–Vis spectra of ANF solution in DMSO, ANF-water films and ANF-ethanol films. (b) FTIR spectra of Kevlar fibers, ANF-water
films and ANF-ethanol films

Fig. 4 (a) XRD patterns of the ANF-water and ANF-ethanol films. Inset: XRD pattern of the Kevlar fibers. (b) TGA curves of the ANF films
tested in air and N2, respectively
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the ANF-water film was similar to that of 5% applied strain
except the higher overall strain, which is in accordance with the
experimental results (Fig. 5a).

Figure 7 displays the von Mises stress distributions in the
ANF-water films at an applied strain of 5 and 10%, and the
ANF-ethanol films at an applied strain of 5%, which is well
within the regime of the deformation. The simulations reveal
that a lower applied strain leads to a lower stress, which is
accordant with the von Mises strain simulation. Furthermore,
under the same applied strain (e = 5%), the von Mises stress of
the ANF-water films is lower than that of the ANF-ethanol
films due to the smaller Young�s modules value of the ANF-
water films. Briefly, both the experimental data and simulation
results are consistent with each other.

3.4 Chemical Stability

In order to evaluate the chemical resistance, both the ANF-
water and ANF-ethanol films prepared at 600 rpm were

immersed in 1 M NaOH and HCl solutions for 24 h, respec-
tively. After drying, tensile tests were applied to study the
mechanical properties of the films (Fig. 8). The ANF-water
films after the NaOH treatment remained an ultimate tensile
strength of 172 MPa and a strain of 10.4%. While after HCl
treatment, the films showed an ultimate tensile strength of
169 MPa and a strain of 10.5%. These values are comparable to
those of the pristine ANF-water films (a tensile strength of
182 MPa and a strain of 10.5%), indicating that the ANF films
exhibit outstanding chemical inertness against the acidic and
alkaline corrosion. In addition, the ultimate tensile strength and
strain of the ANF-ethanol films almost kept the same with or
without chemical treatments.

Fig. 5 Stress-strain curves for the ANF-water films (a) and ANF-ethanol films (b) with different spin coating speed

Table 1 Element type and material properties of the ANF-water and ANF-ethanol films for the FEM

Sample type Element type Thickness, lm Young�s modulus, GPa Poisson�s ratio

ANF-water films Shell 181 5.5 4.5 0.3
ANF-ethanol films Shell 181 5.5 5.1 0.3

Fig. 6 FEM of von Mises strain distribution for 5% applied strain
on the ANF-water and ANF-ethanol films, and 10% applied strain
on the ANF-water films

Fig. 7 FEM of von Mises stress distribution for 5 and 10% applied
strain on the ANF-water films, and 5% applied strain on ANF-etha-
nol films
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4. Conclusions

We facilely prepared ANF films with various thicknesses by
spin coating an ANF DMSO solution under different rotation
rate. Mechanical tests indicated that the ANF-water films
showed an ultimate tensile strength of 182 MPa and a strain of
10.5%, which are both higher than those of the ANF-ethanol
films (a strength of 138 MPa and a strain of 5.8%). This is
attributed to the more uniform dispersion of the ANFs in the
ANF-water films than in the ANF-ethanol films. The tensile
strength and strain distributions were simulated with the finite
element modeling, and the simulated stress and strain distribu-
tions are consistent with the experimental data. The ANF films
also exhibited high thermal stability with the high decompo-
sition temperatures (� 550 �C under N2 atmosphere and
500 �C in air). Moreover, the films showed outstanding
chemical inertness against acid and alkali corrosion. The
simple method demonstrated here provides an important way to
prepare high-performance ANF films for designing new
composite systems.
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