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ABSTRACT: An epoxy matrix filled with nonwoven mats of
porous polystyrene (PS) fibers processed by an electro-
spinning was compression tested at quasi-static (1 × 10−3 s−1)
and high strain (315 s−1) rates. The electrospun PS fibers with
a diameter between 6 and 9 μm, accommodated spherical
pores on the surface with the sizes ranging from 0.1 to 0.2 μm.
The filling epoxy matrix with 0.2 wt % PS fibers increased the
compressive elastic modulus and compressive strength over
those of neat epoxy resin. The microscopic observations
indicated that the surface pores facilitated the resin intrusions
into the fiber, enhancing the interlocking between resin and
fibers, and increased the deformation energy expenditure of
the polymer matrix.
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The fields of application for fiber-reinforced polymer
composites (FRPCs) over the last few decades have

widened in aerospace, defense, transportation, and automotive
industries.1 The strength of FRPCs is derived to a large extent
from the inclusion of 10−100 μm size strong fibers or fiber
networks into complaint polymer matrices. The effectiveness of
fibers in enhancing the mechanical properties of FRPCs is also
affected by the interface between fibers and the matrix. The
recent rapid progress and pace taken in the field of
nanotechnology has resulted in novel techniques of processing
submicron and nanometer size fibers of a relatively high surface
area.2 The high fiber surface area associated with small fiber size
causes nanometer-scale interlocking between the fiber and the
matrix, enhancing the load transfer from the fiber to the matrix,
which requires additional energy expenditure to deform the
polymer matrix.3−7

Ultrathin fibers may conveniently be processed by electro-
spinning.8 In electrospinning, a charged jet is ejected from a
droplet of a solution through grounded collector under a high
electrical field when the electrical force overcomes the surface
tension of the droplet. By altering the electrospinning
parameters including the spinning atmosphere,9 solvent
composition,10 and calcination,11 randomly oriented mechan-
ically integrated nonwoven fibrous polymer mats with tunable
fiber sizes and surfaces, internal porosities, and pore sizes are
processed.
There has recently been a rise in interest in exploring

electrospun fibrous mats as reinforcement in FRPCs as these
mats have the potentials of efficient stress transfer to matrix,

high strength to weight ratio, and excellent multifunctional
properties. The significant improvement in the mechanical
response of FRPCs was also attributed to the nature of the
interfacial bonding between nanofibers and polymeric
matrices.12−15 The cross-linked polystyrene-co-glycidyl meth-
acrylate P(St-co-GMA)/ethylenediamine (EDA) nanofiber
filled epoxy matrix showed 2.5 times higher storage modulus
than P(St-co-GMA) nanofiber filled epoxy matrix, proving the
substantial effect of cross-linking between the nanofibers and
polymer matrix on the mechanical properties.16

The experimental studies on the electrospun fiber reinforced
polymeric composites were previously reported in the
literature,17−19 but there have been no experimental inves-
tigations, to the authors’ present knowledge, reported on the
mechanical properties of porous ultrathin fiber reinforced
polymer matrices. With the adjustment of humidity level20 and
the use of a suitable solvent type,21 the extent of the formation
of the interior and surface pores of the fibers is monitored in
the electrospinning of PS; therefore, the PS may be considered
as a model material for the systematical investigation of the
effect of the process variables on the fiber properties in the
electrospinning process. The aim of the present study is to
examine the effect of incorporation of porous electrospun PS
fibers on the quasi-static and dynamic compression behavior of
a polymer matrix. This study also aims to provide, for the first
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time, high strain rate deformation experimental data on such
porous ultrathin fiber-reinforced polymer matrices.
PS chips (Aldrich) were dissolved in tetrahydrofuran (THF)

(Sigma-Aldrich) to prepare solutions between 10 and 30 wt %
of solid contents. Then, the solution was fed into a 20 mL
syringe with a stainless steel needle and a potential difference of
2.5 kV cm−1 (the applied voltage, 15 kV, the tip-to-collector, 6
cm) was applied to the solution by means of a Gamma Voltage
ES-40P-20 W power supply. The flow rate of the solution
varied between 3 and 5 mL h−1, which was controlled using a
syringe pump (LION WZ-50C6). The humidity level in the
spinning environment was 55%. Microscopic analysis was
performed using a scanning electron microscope (SEM), FEI
Quanta 250. The average fiber diameter was determined using
the ImageJ Software. The experimental steps for the fabrication
of epoxy/PS fiber composite are shown in Figure 1. The fiber

mat was first inserted into a 18 × 18 × 21 mm3 size silicon
mold and then Super Selva Epoxy 400 A resin-2.5 wt %
hardener mixture was impregnated to the fiber mat by a
mechanical mixing. The resin-fiber mixture was kept in a mold
inside a closed box with a vacuum outlet from the top of the
box. The vacuum (1 Pa) is applied to remove the air bubbles.
Then, the mixture was allowed to wait in the mold at room

temperature for 24 h. The filled epoxy matrix contained
approximately 0.2 wt % of PS fibers. After a demolding step, the
front and back faces of the epoxy composites were grinded to
achieve parallel surfaces. For comparison, neat resin samples
were also prepared using a similar processing route. Quasi-static
compression tests were performed in a Shimadzu AG-X
universal test machine at the strain rate of 10−3 s−1. High
strain rate testing was performed in a compression type Split
Hopkinson Bar (SHPB) setup. The details of the used SHPB
setup and the data reductions are provided elsewhere.22 The
bars of SHPB were made from VASCOMAX C-350 high
strength maraging steel. In a typical SHPB test, a gas gun fires
the striker bar to the end of the incident bar (Figure 2a). This
creates a compression wave on the incident bar which moves to
the specimen bar interface, where it is partly reflected as a
tension wave to the incident bar and partly as a compressive
wave on the transmitted bar. The incident, reflected and
transmitted waves are measured by means of strain gages
mounted on the incident and transmitter bars (Figure 2b). The
strain rate (ε̇), strain (ε), and stress (σ) in the specimen in
SHPB testing are calculated using the following equations
based on one-dimensional wave propagation in long bars
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where Cb and Eb are the elastic wave velocity and elastic
modulus of the bar, Ls is the sample gage length, As and Ab are

Figure 1. Flowchart of processing epoxy/PS fiber composite.

Figure 2. Schematic of (a) SHPB testing and (b) typical strain reading from a SHPB testing.
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the sample and bar cross-sectional areas, respectively. εr and εt
are the reflected and transmitted strains measured from strain
gages on the bar, respectively.
There are two reasons why the compression test was selected

over the tension test. First, in tension test, the material failure is
initiated at the weakest link, leading to rapid failure of the
sample, obscuring the reveal of fiber interlocking under
microscope. The weakest link might even be arisen from the
geometrical features of the tensile test specimen. While, in
compression test, the test results is less affected by the
geometry; only the friction between compression test platens
and sample surface may result in artificial results. Second, the
alignment of the sample in tension test is more difficult than in
compression test. Since the main aim of the current study is to
present the effect of strengthening mechanisms on the dynamic
mechanical behavior, not to characterize the mechanical
behavior of the composite, the compression test was preferred.
Figure 3a−c shows the SEM micrographs of the electrospun

porous fibers using three different PS solution concentrations.
In the insets of the same micrographs, the fiber surface
morphologies are shown at higher magnifications. The ribbon-
shaped fibers accommodate surface pores on a nanometer scale,
resulting not only from the humid environment but also from
the use of a volatile solvent. The pores are noted to be
homogeneously distributed over the fiber surfaces, having a
nearly round-shape with nanosized diameter. The pore
formation, which only occurs on the fiber surface and shown

schematically in Figure 3d, is consistent with what is set out in
the literature.11 The dependence of average fiber diameter
(AFD) and pore diameter on the PS weight fraction is
demonstrated in Figure 3e. The increase of solution
concentration from 0.1 to 0.2 increases the AFD from
7 to 20 (±3) μm, and decreases the pore diameter from
170 to 100 (±30) nm. THF has higher vapor pressure than that
of water so that it has high evaporation rate. Evaporation causes
cooling on the surface of the PS fibers and therefore the
formation of breath figures. The thermally induced phase
separation may be active during the structural development of
the fibers in the electrospinning process.21,23,24

The quasi-static (1 × 10−3 s−1) and high strain rate (315 s−1)
compression stress−strain curves of PS fiber-reinforced and
neat epoxy resin are shown in Figure 4. The strain rate and the
addition of the PS fibers increase both the elastic modulus and
compression strength of the epoxy matrix. With the addition of
0.2 wt % PS fibers, the quasi-static compressive elastic modulus
of neat epoxy increase from 0.6 to 1.8 GPa and the compressive
strength from 26 to 44 MPa. When the strain rate increases to
315 s−1, the compressive strength increases to 90 MPa in neat
epoxy and to 115 MPa in a filled epoxy. The increased
compressive strength of the filled epoxy at the high strain rate is
a key outcome of the strain rate sensitive compressive strength
of the matrix, while the increased strength of filled epoxy over
neat epoxy resin at the quasi-static strain rate is mainly due to
PS fiber addition.

Figure 3. SEM micrographs of PS fibers obtained from THF solutions at different weight fractions under 55% RH (a) 0.10, (b) 0.15, (c) 0.20 (insets
are higher magnifications of PS fiber surfaces showing the pores). (d) Schematic representation of the cross-sectional view of the PS fiber electrospun
from 10 wt % THF solution. (e) Average fiber and pore diameter as a function of polymer concentration.
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Both neat and filled epoxy samples fractured in the high
strain rate tests at relatively low strain values. The increased
strength at high strain rates in glassy polymers usually results in
reduced ductility.25 This effect is more pronounced in the filled
epoxy.
The filled and neat epoxy samples tested at high strain rate

were found to be not suitable for the microscopic observations
as the fractured pieces of the epoxy samples were squashed
between the SHPB test bars. Therefore, only the quasi-statically
tested epoxy pieces were examined microscopically. Figure 5a−
d show the SEM micrographs of quasi-statically tested filled
epoxy samples’ fracture surfaces. The fracture surface seen in
Figure 5a is composed of debonded/separated fiber network
and relatively flat fracture areas of the matrix. It is noted in the
same figure that the pores on the fiber surfaces had been
sheltered by the matrix. A close inspection of the fracture

surface reveals the remnants of the matrix ligaments at the
separated fiber-matrix interface (Figure 5b). A strong inter-
locking in the nanometer-scale between the fiber and the matrix
is further evident in Figure 5c, d, in which the stretched matrix
ligaments in a region near the fiber−matrix interface are clearly
seen. The interlocking occurs as a result of resin penetration/
intrusions to the porosities on the fiber surface. In addition to
high fiber surface area,3 the resin intrusions to fibers further
improve the interlocking between the fiber and the matrix. The
strong interlocking is believed to have improved the load
transfer from matrix to fiber and hence requires additional
energy expenditure of the polymer matrix deformation.
One can consider testing a control study using smooth PS

fibers with the same thickness for comparison of our current
results. It has to be noted that the surface of the fibers gets
smooth when the concentration of electrospinning solution
increases; simultaneously, the diameter of fibers increases.
Thus, the comparison of the mechanical properties of epoxy
composites prepared by porous thin and smooth-surface thick
fibers becomes impossible. The preparation of thin and smooth
electrospun fibers can only be obtained by changing solvent
type and/or instrumental parameters such as applied voltage
and spinning distance.
In summary, the micrometer-size porous PS fibers prepared

by electrospinning of THF solution with the nano size surface
porosities were used to fill an epoxy matrix with a weight
percent of 0.2. The compressive elastic modulus and strength
increased with the addition of PS fibers and with increasing
strain rate. The increased compressive strength of the filled
epoxy was attributed to the enhanced interlocking between the
resin and fibers by the intrusions of the resin into pores on the
fibers. The excessive deformation of the matrix at the interface
led to extra energy expenditure to deform the fiber reinforced
polymer composite. A detailed study dealing with the effect of
PS fiber amount, thickness of the fibers, and the size of pores

Figure 4. Compression stress−strain curves of 10 wt % PS fiber
reinforced and neat epoxy resin at the quasi-static and high strain rate.

Figure 5. SEM micrographs of quasi-static compression tested 10 wt % PS fiber reinforced epoxy showing (a) the fiber network on the fracture
surface, (b) the ligaments of the fiber debonding, (c) the fiber−matrix interface, and (d) matrix ligaments at the fiber matrix interface.
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on the mechanical properties of the resulting epoxy composites
is underway.
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