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ABSTRACT The novelty of this work is based on designing the chemistry of the electrospun nanofibers, so that the resultant composites
substantially benefit from cross-linking between the nanofibers and the polymer matrix. Specifically, the solution of in-house
synthesized copolymers polystyrene-co-glycidyl methacrylate P(St-co-GMA) is electrospun to produce mats of surface reactive nano-
to-submicron scale fibers that are accompanied later by spraying over the ethylenediamine (EDA) as a supplementary cross-linking
agent for epoxy. The P(St-co-GMA)/EDA fiber mats are then embedded into an epoxy resin. Analysis of the three-point-bending mode
of the composites reveals that the storage modulus of P(St-co-GMA)/EDA nanofiber-reinforced epoxy are about 10 and 2.5 times higher
than that of neat and P(St-co-GMA) nanofiber-reinforced epoxy, respectively, even though the weight fraction of the nanofibers was
as low as 2 wt %. The significant increase in the mechanical response is attributed to the inherently cross-linked fiber structure and
the surface modification/chemistry of the electrospun fibers, that results in cross-linked polymer matrix-nanofiber interfacial bonding.
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INTRODUCTION

Nanoscaled constituents in composites are of interest
because of their potential for significantly improving
the composite material properties (1-7). Nano- to

submicrometer-scale polymeric fibers formed by electro-
spinning, for instance, have recently been explored for their
reinforcing ability in composites (8-19). By forming a
network of the fibers, electrospinning secures the uniform
planar dispersion of the fibers that can be preserved when
used in polymeric matrix composite materials (20). The
process also results in a large draw ratio, causing extended
chain conformations and highly crystalline regions of poly-
mer structure in favor of fiber mechanical properties (21).
The electrospun polymeric fibers were utilized as reinforce-
ment to enhance particularly the matrix-dominated flexural
propertiesofcross-linkedpolymermatrixcomposites(18-22).
Recently, cellulose, nylon 4,6, carbon nanofiber, polyvinyl
alcohol (PVOH), poly(l-lactide) (PLLA), polyacrylonitrile (PAN),
polymethyl-methacrylate (PMMA) polymeric, and nanos-
caled glass electrospun fibers were successfully employed
to reinforce a polymer matrix (8-18). It was demonstrated
(23) that strong interfacial bonding has been crucial to
benefit from the unique properties of nanofibers for com-
posite reinforcement. Since nanoscaled materials have enor-
mous surface area, interfacial sliding of the nanoscale fillers
in the polymeric matrices may result in an extremely
efficient mechanism for damping enhancement (23). Ad-
ditionally, strong surface interactions enable good mechan-

ical interlocking with surrounding polymer chains (24),
thereby strengthening the nanocomposites. Hence, several
researchers (8, 9, 13, 25) have studied the importance of
interfacial bonding to obtain better mechanical perfor-
mance, due to nanostructures as composite reinforcements.
However, to the best of author’s knowledge, investigations
specific to the cross-linked nanofiller-matrix interface for
better interfacial bonding are still needed.

In this study, the hypothesis is that incorporation of
electrospun surface modified/reactive nanofibers with ep-
oxide functional groups into the epoxy resin results in
significant improvements in the mechanical properties. To
investigate this hypothesis, along with polystyrene (PSt)
nanofibers, we also produced surface-activation capable
polystyrene-co-glycidyl methacrylate P(St-co-GMA) nanofi-
bers by electrospinning. The surface chemistry of these
fibers is expected to improve interfacial bonding with the
epoxy based polymer matrix, as the glycidylmethacrylate
(GMA) structure contains epoxide ring-promoting cross-
linking across the interface. The experimental procedure was
designed to explore the effects of the presence of nanofi-
brous layers, the GMA composition in the fiber chemical
structure and supplement by a cross-linking agent (ethyl-
enediamine, EDA) that was applied onto the fibers by
spraying, prior to embedding the fibrous mats into epoxy
matrix. These factors, the chemistry or the functional groups
of the nanofibers and cross-linking agent, were investigated
primarily for the mechanical response and thermal stability
ofthepolymernanofiber-reinforcedepoxymatrixcomposites.

EXPERIMENTAL SECTION
Copolymer Synthesis. The monomers styrene (puri-

fied) and glycidylmethacrylate (GMA) were supplied by
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Aldrich Chemical Co, whereas the solvents, N,N dimethyl-
formamide and methanol, were purchased from Merck
Chemicals Co. Copolymer PSt-co-GMA were synthesized by
solution polymerization technique as well as polystyrene.
Purified styrene and GMA (by weight fractions: 90% St and
10% GMA) were put into a test tube in an ice bath. Dimethyl-
formamide (DMF) was then added into St-GMA monomer
mix such that volume proportion is 3:2, respectively. The
initiator azobisisobutyronitrile (AIBN) was added into the test
tube flushed with nitrogen. The tube containing the dissolved
monomers was then kept 24 h in the constant temperature
bath at 65 °C for the polymerization reaction. Finally, the
polymer solution was poured out into a beaker containing
methanol and the methanol/polymer mixture was filtered
and dried in an oven at 60 °C for 2 h. The synthesized P(St-
co-GMA) copolymer structure (see Figure 1) was determined
by H NMR. Molecular weights and polydispersities were
measured by a gel permeation chromatography (GPC) sys-
tem and the range was recorded as 110 000 and 160 000
g/mol. (1.35-1.45 PDI).

Electrospinning of PSt and P(St-co-GMA) Nanofi-
bers. Polymer solutions PSt/DMF and (P(St-co-GMA))/DMF,
at 30 wt % polymer concentration, were prepared at room
temperature. The solutions were stirred magnetically for
24 h to obtain homogeneity and then electrospun to produce
the nonwoven fiber mats. Schematic instrumentation of the
electrospinning setup is shown in Figure 2. An electrical bias
potential (via Gamma High Voltage ES 30P-20W) was applied
to the polymer solutions contained in 2 mL syringe, which
has an alligator clip attached to the syringe needle (diameter
300 µm). The applied voltage was adjusted to 15 kV, while
the grounded collector covered with aluminum foil was
placed 10 cm away from the syringe needle. A syringe pump
(NewEra NE-1000 Syringe Pump) was used to maintain a
solution flow rate of 30 µL/h during electrospinning.

Cross-Linking of P(St-co-GMA) Nanofibers. An
extra set of P(St-co-GMA) fiber mats was treated by spraying
ethylenediamine (EDA) (nominal mass fraction of nanofiber:
EDA is up to 1:4) to facilitate self-cross-linking of nanofibers
andchemicalinteractionofepoxide“resin”withthepolyamine
“hardener” (see Figure 3). Inherent cross-linking in these
fibers of tuned chemistry, is called hereafter as P(St-co-GMA)/
EDA fibers. Sol-gel analysis was performed to determine
the degree of cross-linking in the P(St-co-GMA)/EDA fibers

using two different solvents, DMF and acetone. The cross-
linked fibers were put in the solvent and kept soaked for 3
days at room temperature. The swollen fibers were then
dried. Gel fraction as a measure of the cross-linking was
calculated as follows

where mf is the dry mass of the extracted sample and mi is
the initial mass of the sample (26). The analyses resulted in
a range of 68%-71% gel fraction of cross-linked fibers,
whereas PSt-co-GMA fibers were completely soluble in DMF
before the EDA spraying. It should also be noted that
addition of cross-linking agent directly to the polymer solu-
tion prior to electrospinning was also done. However, im-
mediate changes in the solution characteristics due to
triggered cross-linking prevented the production of fibers of
the desired characteristics.

Fabrication of Nanofiber Reinforced Compos-
ites for DMA Testing. Sets of cross-linked P(St-co-GMA)/
EDA fibers, along with PSt and P(St-co-GMA) as received
fibers, were first cut into 12 mm × 50 mm pieces. The
thickness of the electrospun fiber mat layer is approximately
25 µm. Next, the fiber mats were embedded into epoxy
resin (Hunstman Adv. Mat. Co. Araldite LY 564 and XB 3403)
layer by layer, using a Teflon mold custom-designed for the
net-shape of DMA specimen. The epoxy matrix composites
reinforced by 10 layers of the fiber webs (corresponding
approximately 2% fiber weight fraction) were cured at 50°
for 15 h and DMA specimens of size 2 mm ×12 mm ×50
mm were obtained. Note that the fiber weight fraction of 2%
here is a representative amount for the proof of cross-linking
fiber-matrix interface concept, but the fiber content is an
important factor to look into in future studies.

Characterization of the Electrospun Fibers
and Composites. Glass transition temperatures (Tg) of the
nanofibers and nanofiber-reinforced composites were de-

FIGURE 1. Chemical Structure of P(St-co-GMA).

FIGURE 2. Illustration of electrospinning setup.
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termined by using a differential scanning analyzer (Netzsch
DSC 204) and dynamic mechanical thermal analyzer (Netzsch
DMA 242), respectively. Morphologies of PSt, P(St-co-GMA)
and P(St-co-GMA)/EDA fibrous webs and fracture surfaces of
the neat epoxy and nanofiber-reinforced composites were
evaluated by scanning electron microscopy containing field
emission gun (SEM LEO 1530VP) using secondary electron
detector at 2 kV. Both the electrospun mats and nanofiber-
reinforced composites were carbon coated for better electri-
cal conduction. The DMA tests of the neat epoxy and
nanofiber-reinforced composites were performed in three
point-bending mode at a frequency of 1 Hz over a temper-
ature range of 20-90 °C. Testing limits on amplitude,
maximum dynamic force, and static constant force were set
as 30 µm, 3 N, and 0.01 N, respectively. Ten samples were
tested for each of the three fiber types. Finally, a universal
testing machine (UTM, ZWICK Proline Z100) was used to
determine flexural strength and flexural modulus at room
temperature using the ASTM D790 standard.

RESULTS AND DISCUSSION
It is vital to confirm that electrospinning of the polymer

solutions resulted in fibrous formation, based on the selected
processing parameters. The morphologies of PSt and P(St-
co-GMA) electrospun fibrous mats are shown in the SEM
images in Figure 4A and B. The images demonstrate that
bead-free fiber formation was achieved, and the diameter
of PSt and P(St-co-GMA) fibers is in the range of 200 nm to
1 µm. The variance in the fiber diameter is rather high and
calls for a systematic study aiming for optimal process
conditions of the minimal diameter and variance. A design-
of-experiments-based study similar to our earlier work (27)
is also underway.

The SEM micrograph of P(St-co-GMA)/EDA ribbonlike
fibers (Figure 4C) demonstrates that cross-linking was in-
duced by the spraying of EDA on P(St-co-GMA) fibers. The

cross-linked fiber diameter was in the range of 400 nm to 2
µm because of swelling caused by ethylenediamine. These
changes on the morphology and solubility tests suggest that
a high degree of cross-linking occurred, around 70%.

As primary objective in this work is to enhance the
interface performance by designing or engineering the
surface chemistry of electrospun fibers, it is essential to
assess the interface-related properties. The damping ratio
or loss tangent curves by DMA, can be considered as one of
the metrics for improved interfacial bonding. The damping
ratio (tan δ) reflects the ability of the material to dissipate
energy and in the case of composite or multiphase materials
interaction between the inner phases and interfaces can
dominate the energy dissipation (24, 28-31). The energy
loss at the interface depends on the product of applied
internal forces and the slipping displacement (32). Consider-
ing the inversely proportional influence of the interfacial
strength on the slipping displacement, surface-modified
nanofiber-reinforced composites with enhanced interfacial
bonding is anticipated to result in smaller slipping displace-
ment. Thus, the energy dissipation is reduced and damping
ratio is decreased. The reduction is evident by tan δ com-
parison among the electrospun fiber-reinforced composites
in Figure 5. The damping ratio of PSt nanofiber-reinforced
composites, for instance, was higher than that of P(St-co-
GMA) nanofiber-reinforced composites for which the fiber-
matrix interface is improved and stronger. The curve as-
sociated with the P(St-co-GMA)/EDA nanofibers is the broad-
est with the lowest amplitude, an indication of the improved
compatibility or interface with the polymer matrix (8). On
the other hand, the three types of embedded fiber mats here
resulted in substantial increase in stiffness at a cost of
damping ratio compared to the neat epoxy (Figures 5 and
6). The reinforcing and stiffening effect due to superior
adhesion and load transfer between nanofibers and epoxy

FIGURE 3. Chemical structure of (A) epoxy resin, (B) hardener, (C) cross-linking agent ethylene diamine, and (D) cross-linked network of
epoxy.
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matrix appear to override the potential damping ratio
enhancement due to interfacial interactions in nanocom-
posites when compared to the neat polymer matrix. The
reinforcement-damping trade-off reported here is also
consistent with the literature, such as the results presented
by Suhr et al. (24), for instance, on silica particle-reinforced/
stiffened nanocomposites.

Table 1 summarizes the glass-transition temperature Tg,
and loss tangent, tan δ determined by DMA (Tg is considered
herein as the temperature associated with the peak of tan
δ). It shows that the Tg of the nanofiber-reinforced epoxy
matrix composites is higher than that of the neat epoxy.
When attractive interactions are present at a polymer-nano-
filler interface, confinement lead to enhancements rather
than depressions in Tg relative to neat values (33, 34). At the
interface, formed bonds restrain cooperative segmental
mobility and lead to an increased Tg (35, 36).

It is known that large surface area of the fillers and
associated interfacial bonding play a significant role in
enhancing mechanical properties of the multiphase, com-
posite materials (37). The effectiveness of the nanofiber
reinforcement is anticipated to correlate strongly with the
quality of the interfacial bonding between the nanofibers and
epoxy matrix. In support of this correlation, the sensitivity
to the interfacial bonding was well-captured in the storage
modulus data from DMA tests, by which the three choices
of nanofiber surface chemistry/treatment were investigated.
Table 1 also summarizes the storage moduli (E′) by DMA for
the composites and the neat epoxy at 30 and 80 °C. The
complete temperature scans are also reported here in Figure
6. Upon closer examination, the results indicate that incor-
poration of 2% weight fraction of PSt nanofibers in epoxy
was remarkably effective in increasing the storage modulus
of the composite at 30 °C. There is more than a factor of 3
in improvement by PSt nanofiber reinforcement, in contrast
with the neat epoxy. However, the influence of these fibers
gradually decayed as the temperature was increased beyond
the Tg of the composite. At 80 °C, which is well above the
curing and glass-transition temperature, the mean storage
moduli of PSt/epoxy composite and the neat epoxy are about
the same. The PSt nanofibers and epoxy both are of similar

FIGURE 4. SEM micrographs of fibers within the fiber diameter range
(A) PSt nanofibers in 300 nm to 1 µm, Tg 105 °C; (B) P(St-co-GMA)
nanofibers in 200 nm to 1 µm, Tg 96 °C; and (C) P(St-co-GMA)/EDA
nanofibers in 400 nm to 2 µm, Tg 121 °C,.

FIGURE 5. Damping ratio, tan δ, vs temperature of reinforced and
unreinforced epoxy specimens.

FIGURE 6. Storage modulus vs temperature, reinforcement with P(St-
co-GMA) with/without amine-sprayed nanofiber, and PSt nanofiber-
reinforced composites compared to neat epoxy.
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aromatic structures that can promote the interaction of the
two materials. This results in the reinforcing effect provided
by the PSt fibers. On the other hand, a significant downgrade
in reinforcement at elevated temperature is attributed to the
fact that PSt nanofibers and epoxy do not form strong
chemical bonding or cross-linking across the interface, and
its absence becomes further evident beyond the Tg.

In contrast, the chemistry of P(St-co-GMA) fibers intro-
duces an epoxide group that could react with the NH group
in the hardener for epoxy resin, so that the stable supple-
mentary cross-linking with the epoxy matrix is promoted.
Outlook for the P(St-co-GMA)/epoxy composite is also similar
at 30 °C, but these surface-designed fibers appeared to
preserve their contribution and influence in the storage
modulus at elevated temperature as well. At 80 °C beyond
the Tg of the composite material, the storage modulus
reached a plateau, where the increase was still around a
factor of 3 compared to the neat epoxy. Comparison of the
storage modulus curves associated with PSt and P(St-co-
GMA) fibers revealed that the benefit in the mechanical
response due to presence of the fibers is preserved at
elevated temperatures by supplementary GMA-epoxy in-
teraction. To retain the high modulus even above the Tg,
enhanced adhesion between nanofiber and matrix is needed,
as also observed in modified clay-epoxy nanocomposites
(31).

The next question was whether the proven effect of
nanofiber reinforcement with purpose-designed surface
chemistry can be further enhanced, as far as the mechanical
response is concerned. A stronger fiber-matrix interface
was aimed by reinforcement of the PSt-co-GMA nanofibers,
featuring epoxide rings in the surface chemistry and an
additional process step of overcoating with the cross-linking
agent ethylenediamine, before the resulting P(St-co-GMA)/
EDA fibrous mats were embedded into the epoxy matrix.
DMA results indicated that the storage modulus of epoxy
reinforced with 2 wt % mass fractions of P(St-co-GMA)/EDA
nanofibers was about an order of magnitude higher than the
neat epoxy (see Table 1 and Figure 6).

Cross-linking agent ethylenediamine applied by spraying
over the fibrous mats introduced significant improvement
on mechanical behavior because of epoxide ring-amine
group interaction. It is attributed to increased cross-linking
density by two mechanisms: (a) the nanofibers were them-
selves cross-linked, leading to an increase in inherent stiff-
ness within the fibrous mat (15) (Figure 4) and, (b) the amine
residue on the nanofiber surfaces reacted with the surround-

ing epoxy matrix. As a result, the reinforcing effect of the
P(St-co-GMA)/EDA nanofibers was more than twice of the
reinforcement by P(St-co-GMA) nanofibers.

In addition, SEM micrographs in Figure 7A demonstrated
that the fracture surface of neat epoxy was smooth and

FIGURE 7. SEM micrographs of fracture surfaces: (A) neat epoxy, (B,
C) P(St-co-GMA)/EDA nanofiber-reinforced composites.

Table 1. Glass Transition Temperatures and E′ Storage Modulus of Composites Incorporating Electrospun Fibers of
P(St-co-GMA) with/without Ethylenediamine Spraying and PSt Compared to Neat Epoxy at 30 and 80 °C

E′ storage modulus (MPa)

Specimen Tg (°C) (peak tan δ) damping ratio (tan δ) 30 °C 80 °C

neat epoxy 60.1 0.679 1187 ( 50 130 ( 3
epoxy reinforced by PSt nanofibers 67.0 0.471 3939 ( 50 130 ( 10
epoxy reinforced by P(St-co-GMA) nanofibers 64.8 0.397 3825 ( 100 415 ( 15
epoxy reinforced by P(St-co-GMA)/EDA nanofibers (with cross-linker
agent spraying)

65.6 0.372 10038 ( 100 1570 ( 15LE
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consisted of large surface steps, as also observed by Fong
(16) and Hsieh (38) et al. Nanofiber-reinforced composites,
on the other hand, have numerous fracture lines in smaller
steps that appear to be associated with the fiber distribution,
as shown in Figure 7B. The rough fracture surfaces including
fiber breakages are associated with the higher fracture
energy in nanofiber-reinforced composites compared to the
neat epoxy (38). Resistance to failure due to nanofibers can
be explained by a “bridging mechanism” (39-41). When a
microscale crack is initiated under flexural load, the surface-
modified nanofibers support the load and resist the crack
opening, as shown in Figure 7C. As a result, the epoxy matrix
is reinforced and toughened.

The flexural strength (SF) and flexural modulus (EY) of the
neat resin and nanocomposites containing a single layer of
nanofibrous mat and the corresponding 0.2 wt % electro-
spun P(St-co-GMA) nanofiber-reinforced composites were
also tested at room temperature. ASTM- D790 3-point-
bending standard mechanical tests demonstrated that em-
bedding a single layer of a PSt, P(St-co-GMA), P(St-co-GMA)/
EDA nanofibrous mat increased the flexural modulus (EY) by
23, 27, and 30% with respect to that of the neat epoxy. The
flexural strength (SF), when reinforced with 0.2% mass
fraction of PSt, P(St-co-GMA), P(St-co-GMA)/EDA nanofiber,
increased by 9, 16, and 23%, correspondingly.

CONCLUDING REMARKS
Three different electrospun fiber chemistries were studied

for their reinforcing abilities when embedded into epoxy
resin. Specifically, PSt, P(St-co-GMA) and P(St-co-GMA)/EDA
electrospun fibers were utilized. The near-room-temperature
performances of PSt and P(St-co-GMA) fibrous mats were
quite similar, all showing a 3-fold increase in storage modu-
lus compared to that of neat epoxy. Beyond the Tg, the effect
of PSt decayed and the reinforcing ability by P(St-co-GMA)
was preserved. The performance of the cross-linked P(St-
co-GMA)/EDA nanofibers, on the other hand, was far superior
to composites of the other two fibers. Thermomechanical
tests under flexural loads indicated that incorporation of low-
weight-fraction (2 wt %) P(St-co-GMA)/EDA nanofibers in
epoxy is 10 and 2.5 times higher than neat and P(St-co-GMA)
nanofiber-reinforced epoxy, respectively, even beyond the
glass-transition temperature Tg. The significant increase in
the mechanical response is attributed to the combined effect
of the two factors: the inherent cross-linked fiber structure
and the surface chemistry of the electrospun fibers leading
to cross-linked polymer matrix-nanofiber interfacial bonding.
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