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Abstract

Multi-walled triaxial hollow fibers with two different outer wall materials are fabricated by core-sheath electrospinning
process and integrated into epoxy matrix with or without primary glass fiber reinforcement to produce composites with
enhanced mechanical properties. The morphologies of multi-walled hollow fibers are tailored by controlling the materials
and processing parameters such as polymer and solvent types. The triaxial hollow fiber fabrication is achieved through
using a nozzle containing concentric tubes, which allows for the transport of different fluids to the tip of the nozzle under
the applied high voltage. In comparison to uniaxial electrospun fibers, the hollowness of electrospun fibers enables one to
manufacture new reinforcing agents that can improve the specific strength of composites. It is shown that the mechanical
properties of epoxy matrix composite incorporated with electrospun fibers as primary fiber reinforcement can be
significantly tailored by properly selecting the wall materials, diameters, and the amount of electrospun fibers. We
have also presented that triaxial electrospun hollow fibers as co-reinforcement in the glass fiber-laminated epoxy
matrix composites enhance the flexural modulus by 6.5%, flexural strength by 14%, the onset of first layer of glass
fabric failure strain by 12.5%, and final failure strain by 20%.
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Introduction

Fiber-reinforced advanced composites with thermoset-
ting matrix have emerged as structural materials in
applications such as wind turbines, construction,
defense, aeronautics, and aerospace due to their high
strength, rigidity, and lightweight. The performance of
fiber-reinforced composites is mainly controlled by the
strength of the fiber—matrix interface and the efficiency
of load transfer from the matrix to the reinforcement
fiber.! However, most of the fiber-reinforced compos-
ites do suffer from inadequate interlaminar strength
and low fracture toughness, which may cause cata-
strophic failures without showing any external signs
of damage.”

Recently, electrospun polymeric fibers with high sur-
face area to volume ratio, tailorable surface function-
ality, and excellent mechanical performance compared

to microfibers of the same material have been con-
sidered as an efficient reinforcing material in design
and fabrication of polymer matrix composites.’
Electrospun fibers can be utilized as primary reinforce-
ment as well as co-reinforcement in the presence of
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high-performance microfibers such as glass and carbon
fabrics.*> Dzenis and Reneker® pioneered the utiliza-
tion of electrospun nanofibrous mat for improving the
interlaminar fracture resistance, interlaminar tough-
ness, strength, and delamination resistance of lami-
nated composite materials. Li et al.” used polysulfone
electrospun mat interlayers to enhance interlaminar
fracture toughness of carbon fiber—epoxy composite
and reported that the electrospun fibers improve the
fracture toughness more efficiently than films prepared
by solvent method. In another work, the electrospun
polycarbonate nano-interlayers inserted between the
plies of laminated composite shifted the onset of delam-
ination to higher stress level by 8.1%, and decreased the
numbers of microcracks at the delamination stress by
21.6% and increased the ultimate strength by 9.8%.%
Zhang et al.” demonstrated interlayer toughening of
carbon—epoxy composites by using polyetherketone
cardo nanofiber membranes electrospun directly onto
carbon fabrics. Their results showed that finer nanofi-
ber stabilized the crack propagation during delamin-
ation thereby improving the flexure property. They
also reported that the increase in the nanofiber inter-
layer thickness resulted in enhanced Mode I delamin-
ation fracture toughness and reduced flexure strength.
Bilge et al.'®!'" used chemistry-tuned compatibility of
poly(styrene-co-glycidyl methacrylate) nanofibers with
epoxy matrix and its ability to confine multi-walled
carbon nanotubes (MWCNTs) to increase both flexural
strength and flexural modulus up to 25% and 29%,
respectively, as well as enhancing the delamination
resistance up to 70% in carbon—epoxy-laminated
composite.

On the other hand, several research groups have uti-
lized electrospun fibers as primary reinforcing agents in
thermosetting matrix. Gao et al.' integrated electrospun
glass nanofibers into dental composites to increase flex-
ural strength, young modulus, and fracture energy of spe-
cimens. Moreover, Lin et al.'® utilized core-shell
nanofibers with the high strength core and the shell with
good adhesion to matrix through shell chains interpene-
tration and entanglement with the cross-linked matrix to
create an in situ nano-interface in order to reinforce the
bis-glycidyl methacrylate (GMA) dental resin. The
strength, Young’s modulus, and work of failure were
enhanced by 18.7%, 14.1%, and 64.8%, respectively.
Ozden et al.” studied the reinforcing abilities of three dif-
ferent polymeric electrospun fiber to monitor the effect of
glass transition temperature on stiffness of composites.
When MWCNT is used as a reinforcing agent in electro-
spun poly(styrene-co-glycidyl methacrylate), a significant
increase in flexural modulus was observed up to 20%
compared to neat epoxy.’

In the present work, triaxial hollow fibers with two
different wall materials and novel architecture are

fabricated by using multiaxial electrospinning. Two dif-
ferent polymers, namely, polystyrene (PS) and poly-
methyl methacrylate (PMMA), both of which are
known to have high compatibility with epoxy matrix,
are utilized as outer wall of electrospun fibers to
improve the strength of the fiber-matrix interface and
in turn to increase the efficiency of load transfer from
the matrix to the fibers. The middle wall of electrospun
fibers is fabricated from polyacrylamide (PAAm)
having higher strength than the outer wall material to
enhance the mechanical properties of electrospun
fibers. Triaxial hollow fibers with different morphology
and diameter are produced by tailoring the materials
and processing parameters.'* Classical molding and
vacuum infusion techniques are employed to produce
hollow fiber-reinforced composites. In classical molding
process, the electrospun fiber is used as a primary
reinforcement for the epoxy resin. The effect of fiber
wall materials, fiber diameter, and fiber content on
mechanical performance of epoxy composites is inves-
tigated by monitoring flexural properties. In vacuum
infusion process, triaxial electrospun fibers are depos-
ited onto glass fibrous mats to form interlayers, and the
effect of the interlayers on the mechanical performance
of laminated composites is studied extensively.

Experimental
Materials

PMMA and PS (used as epoxy matrix compatible outer
wall materials fibers) were synthesized by free radical
polymerization of vinyl monomers (30 ml) in the pres-
ence of azobisisobutyronitrile (AIBN, 1 g) as the radical
initiator in the medium of tetrahydrofuran (THF,
50ml) at 65°C for 4h and then, the reaction mixture
was precipitated in cold methanol and dried for 12h in
a vacuum oven at 50°C. PAAm as a water-soluble poly-
mer (employed as high-strength inner wall material for
fibers) was synthesized by dispersion polymerization of
acrylamide monomer (30g) in methanol (100ml) by
using AIBN (1 g) as an initiator at 65°C. The separation
of polymer particles from methanol and monomer mix-
ture was done by vacuum filtration and twice washing
the polymer particles with methanol and drying it for
I12h in a vacuum oven at 40°C. Molecular weight
(Mw), polydispersity index (PDI), and glass transition
temperature (7,) of these polymers are presented in
Table 1. The Mw and PDI of outer wall polymers
were determined by Viscotek-VE2001 gel permeation
chromatography in N,N-dimethyl formamide (DMF)
and the viscosity average molecular Mw of PAAm
was measured by Mark—-Houwink method. DMF
(Sigma—Aldrich, 99%), THF (Merck, 99%), and ethyl
acetate (EA, Sigma-—Aldrich, 99.5%) were used as
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solvents in solution preparation for electrospinning
process. Araldite LY 564 resin, Hardener XB 3403,
and 0/90 biaxial E-glass-stitched fabrics of Metyx com-
pany with the average weight of 313 g/m? (161 g/m’
along the (0°) direction, and 142 g/m? along the (90°)
direction) were used for the production of laminated
composite.

Fabrication of electrospun triaxial hollow fibers

Electrospinning process was performed by using
custom made triaxial nozzle and electrospinning setup
purchased from Yflow Company. The outer and inner
diameters of the outer and middle nozzles are, respect-
ively, 2.28/1.7mm, and 1.4/1.1 mm, while a rod with

Table 1. Mw, PDI, and T, of outer wall polymers of electrospun
fibers.

Polymer T, (°C) Mw (g/mole) PDI
PMMA 123 326,000 32
PS 103 313,000 1.7
PAAmM* 189 87,000% -

Note: Mw, molecular weight; PDI, polydispersity index; T, glass transition
temperature.
*Viscosity-averaged Mv measured by Mark—Houwink method.

diameter of 0.7 mm is used as inner part of electrospin-
ning nozzle system to provide hollowness to the electro-
spun fiber. Prepared solutions for each wall were loaded
independently into syringes connected to a nozzle, and
the flow rate of each wall material was controlled by
separate pumps. The flow rate of outer wall was kept
higher than that of middle wall in order to have a com-
plete coverage of middle wall by the outer wall material
where flow rates of the outer and inner walls are,
respectively, 20 pl/min and 15 pl/min. Electrospinning
process was performed using a fixed nozzle to collector
distance of 7cm and tuned applied voltage in the range
of 5-30kV to obtain stable Taylor cone. Figure 1 shows
the schematic representation of the triaxial electrospin-
ning setup and process.

Fabrication and characterization of fiber-reinforced
epoxy composites

Two different composite production methods, namely,
classical molding and vacuum infusion processes are
utilized to prepare hollow fiber-reinforced composites.
In the former method, appropriate amount of electro-
spun fibers are placed into Teflon molds in such a way
that the mold surface and height are uniformly covered,
and then impregnated by the mixture of degassed resin
and hardener system. Subsequently, vacuum oven is
employed to remove the entrapped air bubbles from

Middle wall solution

Outer wall solution

Tri-axial hollow fiber

———
S,

.....

High voltage
Supply

®

Collector

Figure |. Schematic representation of triaxial electrospinning setup.
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the resin and to cure the resin hardener mixture at 50°C
for 15h and post cure at 80°C for 24 h. The electrospun
fiber-reinforced molded samples have the length, the
width, and the thickness of 100 mm, 14 mm, and 3 mm,
respectively, for the three-point bending tests. In order
to investigate the effect of electrospun fiber on the mech-
anical properties of glass fiber-reinforced epoxy matrix
composite, triaxial hollow fibers are initially deposited
only on the 0° side of the 90°/0° biaxial E-glass stitched
fabrics, which are then stacked to form a laminate of
[(90°/0°);]s. Upon stacking, the electrospun interlayer
on the 0° side is shared with the 90° side of the biaxial
fabric. The stacked fabrics are impregnated by the epoxy
resin after being degassed by vacuum infusion process to
manufacture a composite panel with the dimensions of
30cm x 20cm x 0.25cm. The stacking sequence of
the plies together with the placement of interlayer,
and the schematic of the resin infusion process are
given in Figure 2. The weight fraction of the primary
reinforcement is 60 wt%, while the weight content of
the electrospun fiber is 2 wt%. The volume fractions of
glass fiber in the composite laminates were calculated by
burning test as nearly 40% of overall composites.
The manufactured composite panel is cut to flexural
and tensile test specimens with the dimensions of
8em x 1.5cm x 0.25e¢m, and 16cm x2cm x 0.25¢cm
(with the gage length of 10 cm), respectively, which are
then tested to evaluate their mechanical properties. To
avoid the breakage of tensile specimens at grip locations,
both ends of specimens are tabbed with an aluminum tab

having a dimension of 3 cm x 2cm x 0.1 cm using two-
component room temperature curing epoxy system
(Araldite, 2011). Flexural and tensile tests are repeated
three times for each type of specimens.

A detailed fractographic analysis was carried out in
order to identify the failure mechanisms of composites
on the cross section along the length of the specimen
through thickness. Both flexural and tensile test speci-
mens are cut such that the length of the specimens is
aligned with the direction of weft fibers as shown in
Figure 2(a) where the yellow-painted region illustrates
the cut specimen for flexural and tensile tests. A specific
custom-made apparatus is used to stabilize the displace-
ment of composites after three-point bending test'> and
then these specimens are directly immersed into the
fast-curing resin—hardener mixture and thus the speci-
mens preserve the displacement after curing. Figure 3
represents step-by-step procedure followed for the
preparation of samples for fractographic analysis.
Figure 3(a) exhibits the cut specimen of the glass
fiber-reinforced composite modified by multi-walled
hollow polymeric fibers and apparatus that is used in
this characterization technique. In Figure 3(b), speci-
men is fixed with desired displacement into the appar-
atus and in Figure 3(c) and (d), the specimen fixed by
the apparatus is immersed into the fast curing hardener
and epoxy mixture to preserve the displacement after
curing. Figure 3(e-h) illustrate the specimen after the
surrounding epoxy hardener mixture has been cured,
and after the specimen is cut into the desired geometry

@ [(90!0) . :L —= resin flow direction, 0°

M interlayer

® weft fiber, 90°
warp fiber, 0°

(b)

Glass reinforcement

fibers

Resm;ﬁ

Sealant tapes

Peel ply and resin
distribution fabric Vacuum bagging film

I\‘fcm]d_:l:ho]

Figure 2. A schematic representation of composite manufacturing by vacuum infusion, (a) stacking sequence and the placement of
the interlayer where the yellow region indicates the cut specimen for flexural and tensile tests, and (b) the vacuum infusion system.
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Figure 3. Step-by-step procedure followed for sample preparations for the analysis of failure mechanisms.

for the next step. The cut specimen containing failure
area of three-point bending specimen is polished and
then coated with Au/Pd for scanning electron micro-
scope (SEM) characterization (Figure 3(i)).

The surface morphologies of fibers and cross-sec-
tional area of specimens after breakage were analyzed
by a Leo Supra 35VP field emission SEM. The mech-
anical tests were conducted by using ZWICK Proline
100 Universal Test Machine with 10 and 100 kN load
cells for three-point bending and tensile tests, respect-
ively, using a constant cross-head speed of 2 mm/min.
ASTM D790-03 and ASTM D5083—02 standards are
used for three-point bending and tensile tests to meas-
ure mechanical properties of composite samples,
respectively. Dynamic Mechanical Analyzer (DMA)
(Netzsch DMA 242 C) is used to analyze mechanical
properties of the composite as a function of tempera-
ture, time, and frequency.

Results and discussion
Surface morphologies of triaxial hollow fibers

Three different types of triaxial hollow electrospun fiber
were fabricated to investigate the effect of the type of

outer layer polymer, and fibers diameter on the mech-
anical properties of composites, namely, PMMA/
PAAm hollow fibers fabricated by using two different
outer wall solvents (i.e., DMF and EA) and PS/PAAm
hollow fibers with the outer wall solvent of EA. Figure
4 exhibits the fiber morphology of triaxial hollow elec-
trospun fibers with outer wall of PMMA and PS and
inner wall of PAAm. The effect of solvent type on fiber
morphology during electrospinning process is also
investigated. When DMF is used as an outer wall solv-
ent in PMMA, the resulting fiber diameter is about
100nm as shown in Figure 4(a). On the other hand,
higher vapor pressure of EA as outer wall solvent in
PMMA leads to the formation of fibers with diameter
larger than 500nm as can be seen in Figure 4(b).
As discussed in detail in our previous paper,'® the
polymeric jet of the outer wall solution prepared
by using low vapor pressure solvent is subjected to
the instabilities of electrospinning process at longer
time and thus, the diameter of fibers is reduced before
reaching the surface of the collector. On the other
hand, the utilization of higher vapor pressure solvent
results in faster drying of polymeric jet during electro-
spinning, thereby producing fibers with a larger
diameter.
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Figure 4. SEM images of triaxial hollow electrospun fibers of (a) PMMA/PAAm fibers fabricated by outer wall solvent of DMF,
(b) PMMA/PAAm fibers fabricated by outer wall solvent of EA and (c) PS/PAAm fibers fabricated by outer wall solvent of EA.

During the handling of the electrospun fiber mat, it
was observed that increasing the solvent pressure
makes fibers more brittle. This observation can be sub-
stantiated as follows. Note that multi-walled fibers with
smaller and larger diameters produced by the same wall
materials are expected to have the similar strain values
at breakage. Defining the strain as e=d/r where d is the
fiber diameter and r is the radius of curvature due to the
bending, one can readily infer that the fiber having a
larger diameter should break with the bigger radius of
curvature, hence giving rise to more brittle behavior,
whereas fibers with smaller diameter should be capable
of being bent to smaller radius of curvature, thus evok-
ing more bending capabilities. Figure 4(c) represents
triaxial hollow electrospun fiber with outer wall of PS
and the diameter of these fibers is almost same as the
one having the outer wall polymer of PMMA synthe-
sized by EA solvent shown in Figure 4(b).

Flexural properties of triaxial hollow fiber-reinforced
composites

The effect of outer wall material of triaxial hollow fiber. The
interfacial interactions between outer wall of electro-
spun fiber and polymer matrix play a critical role to
transfer the load from matrix to the reinforcing agent
thus improving the mechanical properties of composite.
Herein, different outer wall materials are used to tailor

the interface properties of electrospun fibers and to pro-
vide the best possible interface between electrospun
fibers and epoxy matrix. Figure 5 presents a compari-
son of stress—strain curves of electrospun fiber-rein-
forced composite specimens and neat epoxy
specimens. The flexural modulus of PS-PAAm triaxial
hollow fiber-reinforced composite slightly increases,
while the brittleness of the specimens increases signifi-
cantly which can be noted upon comparing the strains
at fracture for PS-PAAm reinforced and neat speci-
mens that are nearly 7+0.5% and 14 +0.3%, respect-
ively. Moreover, referring to flexural strengths of
PS-PAAm, triaxial hollow fiber-reinforced and neat
specimens, which are respectively 79 +0.5MPa and
75+0.4MPa, one can sce that PS—PAAm triaxial
hollow fibers increase the load-bearing capacity of the
matrix. The PMMA-PAAm triaxial hollow fiber-rein-
forced composite also shows an increase in flexural
modulus and yield strength in comparison to specimens
reinforced by PS-PAAm triaxial hollow fibers. This can
be attributed to better interfacial compatibility between
the PMMA wall of clectrospun fibers and epoxy
matrix, which can be further elaborated as follows.
As depicted in Figure 6, PMMA chains in outer shell
of electrospun fibers are partially dissolved thereby
interpenetrating into epoxy and hardener mixture,
resulting in the entanglement of linear PMMA chains
with the cross-linked matrix network and hence the
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Figure 5. Flexural stress—strain curves of samples for neat epoxy and samples reinforced by 0.2 wt% PSPAAm and 0.2 wt% PMMA—
PAAm triaxial hollow fibers. Both fibers are produced with the outer layer solvent of EA and inner layer solvent of water.
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Figure 6. Schematic representation of semi-IPN structure formation in PMMA—PAAm triaxial hollow fiber-reinforced composite:
(a) PMMA-PAAm triaxial hollow fiber, (b) partial dissolution of PMMA shell into the resin and hardener mixture, and (c) semi-IPN

structure formation.

formation of semi-interpenetrating polymer network
(semi-IPN) structure, which lends itself to an improved
load transfer between matrix and electrospun fibers.'?

The effect of fiber diameter. The diameter of electrospun
reinforcing fibers is another critical parameter affecting
the mechanical properties of the composite. In Figure 7
illustrates the stress—strain curves for composites rein-
forced by PMMA-PAAm triaxial hollow fibers of dif-
ferent diameters while keeping the electrospun fiber
content constant for both cases at 0.2wt%. PMMA-
PAAm triaxial hollow fibers with an average diameter
of 100 nm increase the modulus of composite specimen
up to 1.72 £0.03 Gpa, which is significantly higher than
the modulus of 1.44 +0.02 GPa obtained for specimen
reinforced by fibers with an average diameter of

500 nm. Moreover, electrospun fibers with an average
diameter of 100 nm increase flexural strength of speci-
mens up to 91 £ 0.4 MPa. This improvement in the flex-
ural properties of composites is attributed to the
increase in specific surface area of electrospun fibers
due to the decrease in the diameter, which enhances
the interactions between the electrospun fibers and the
matrix, thereby leading to better load transfer between
them. On the other hand, finer electrospun fibers shift
the failure strain to lower strain levels, which might be
attributed to the increase in the number of interface in
the composites that can act as crack initiation or stress
concentration sites.

The effect of fiber content. The effect of electrospun fiber
amount on the flexural properties of specimens is also
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Figure 7. Flexural stress—strain curves of neat epoxy sample and samples reinforced by PMMA—-PAAm triaxial hollow fibers with

different fiber diameters.
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Figure 8. Flexural stress—strain curves of neat epoxy specimen and specimens reinforced with 0.2 wt% and 2 wt% PS—PAAm triaxial

hollow fiber.

investigated by comparing two different fiber contents
of 2 and 0.2wt%. Figure 8 reveals an increase in flex-
ural modulus of specimens even with low fiber content
of 0.2wt%, whereas raising the fiber content to 2 wt%
further increases the modulus up to 1.634+0.02 GPa

from the value of 1.34 +0.01 for neat epoxy specimens.
The notable rise in the modulus upon increasing the
fiber content is explained by augmenting the accessible
interfaces between reinforcing electrospun fibers inside
the specimens with epoxy matrix, thereby leading to
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Table 2. Improvements in the flexural strength and modulus of hollow fibers reinforced composites in percentage.
PMMA-PAAmM PS—PAAmM PMMA-PAAmM PS—PAAmM
Reinforcement hollow fiber hollow fiber hollow fiber hollow fiber
Fiber diameter (nm) 500 500 100 500
Reinforcement amount (wt%) 0.2 0.2 0.2 2
Flexural strength (MPa) 82403 79405 91+04 70.5+0.5
Flexural strength improvement (%) 93+£1 53+1.2 213£1.2 —59+12
Flexural modulus (GPa) 1.44£0.02 1.38£0.02 1.72£0.03 1.63+0.02
Flexural modulus improvement (%) 74+22 23407 284432 21.6+0.5
Note: PMMA, polymethyl methacrylate; PAAm, polyacrylamide; PS, polystyrene.
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Figure 9. SEM images of fracture surface of specimens after three-point bending tests, (a) neat epoxy, (b) PMMA/PAAm triaxial
hollow fiber-reinforced composite with the outer layer solvent of EA and (c,d) close-up view for PMMA-PAAm triaxial hollow fiber-

reinforced composite.

further load transfer to fibers and increasing the modu-
lus. It is also observed that increasing the fiber amount
changes the behavior of specimens from ductile to
brittle behavior and specimens start to get damaged
at lower strain levels, which again can be attributed
to the increase in the number of interfaces pos-
sibly acting as crack initiation or stress concentration
points.

Table 2 summarizes flexural strength and flexural
modulus of hollow fibers reinforced composites in
terms of percentages. The results show that hollow
fibers with outer wall of PMMA and the fiber diameter

of 100 nm significantly enhance flexural strength and
flexural modulus of composite.

Fracture surface analysis of hollow fiber-reinforced
composites

Figure 9 gives SEM images for the fracture surfaces of
neat epoxy samples and electrospun fiber-reinforced
composites subjected to three-point bending tests. In
general, the fracture surface of the electrospun fiber-
reinforced sample looks rougher and more fragmented
than that of the neat one. Figure 9(c) exhibits the
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formation of semi-IPN structure around electrospun
fibers, which increase the fiber diameter as well as
covers the fiber with thick layer of cross-linked epoxy
resin, thus providing higher interfacial interaction and
load transfer between the electrospun fibers and epoxy
matrix. Figure 9(d) shows the breakage of electrospun
fibers at failure area of specimen.

Laminated glass fiber-reinforced composites by
hollow fibers

In Figure 10, the flexural properties obtained from
three-point bending test shows minor enhancement in
flexural modulus from 10.8 0.2 GPa for conventional
glass-fiber reinforced specimens up to 11.5+£0.2 GPa
for samples modified by PMMA-PAAm triaxial
hollow fibers interlayers electrospun with the outer
wall solvent of DMF. As can be seen from Figure 10,
there are some sudden changes in stress values at higher
stress and strain ranges associated with failure of indi-
vidual reinforcing glass fiber plies. The first sudden
drop in the stress value is considered as the breakage
of first layer of glass fibers. The presence of PMMA-—
PAAm triaxial hollow fibers interlayers improves the
breakage strain of first layer of glass fibers by around
12.5%. Furthermore, the complete failure of electro-
spun modified samples is shifted to higher strain level
by nearly 20%. The flexural strength of electrospun

fiber-integrated specimen increases by 14%. Referring
to results in Figure 11, one may note that there is no
change in tensile properties between neat and electro-
spun interlayers integrated glass fiber-reinforced epoxy
composite specimens. The significant difference
between the results of flexural and tensile tests might
be attributed to the dissimilarity in the breakage mech-
anisms for the flexural and the tensile tests. During the
flexural test, primary glass fibers are bent perpendicular
to the direction of the applied force and in turn
damaged leading to formation of cracks, which propa-
gate across the plies of the primary reinforcement. The
interlayers between the plies of the primary reinforce-
ment stabilize the crack propagation through arresting
cracks, thereby giving rise to toughening. However,
during tensile test, the direction of applied force is
through the plane of matrix and cracks are formed
transversely in the plane of plies and not across the
plies, hence electrospun interlayers cannot act as effi-
cient crack stabilizer. As well, the tensile strength of the
electrospun fibers is significantly inferior to glass fibers.
Thus, the contribution of the electrospun interlayer to
axial load-bearing capacity is negligible in comparison
to primary glass fiber reinforcement. The current result
of the tensile tests can alternatively be interpreted such
that the interlayer does not imperil the tensile proper-
ties of composite structure through acting as defects at
the interface regions of the composite laminas.
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Figure 10. Flexural stress—strain curves of glass fiber-reinforced epoxy specimen and specimen modified by interlayers of triaxial

hollow fibers of PMMA-PAAm.
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Figure 12. Tan § and E' curves of glass fiber-reinforced specimens with and without nanofiber interlayers.

Dynamic mechanical properties of glass
fiber-reinforced composites

DMA analyzes the viscoelasticity of a material by
applying a sinusoidal force or displacement and mea-
suring the corresponding response. The storage modu-
lus, E’, is proportional to the energy stored per cycle

(elastic behavior), while the loss modulus, E”, is asso-
ciated with the dissipated energy per cycle (viscous
behavior).!” Tan delta (8) is a damping term that is
defined as the ratio of the loss modulus to the storage
modulus, and the temperature corresponding to the tan
8 peak is often related to the glass transition tempera-
ture (7). Figure 12 shows DMA results of specimens
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Figure 13. SEM images of cross-sectional area of (a,b) glass fiber-reinforced epoxy specimen without nanofiber interlayers before
applying load, (c,d) glass fiber-reinforced epoxy specimen modified by nanofiber interlayers before applying load, (e,f) glass fiber-
reinforced specimen without nanofiber interlayers after bending, (g—i) glass fiber-reinforced specimen modified by nanofiber interlayers

after bending.

with and without nanofiber interlayers. Referring to the
tan § curves of composites in this figure, 7, of composite
specimen with nanofibers (T, = 73°C) is greater than that
of neat composite (T, = 66°C). This increase stems from
semi-IPN formed through the entanglement of linear
PMMA chains having a T, of 123°C with crosslinked

epoxy matrix with lower Tg18 since semi-IPN structure
may restrict the segmental motion of the matrix leading
to higher energy requirement for the glass transition."”
The increase in T, of the composite makes it also suitable
for high temperature engineering applications. The sig-
nificant increase in tan § peak of nanofiber-modified
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specimen might be attributed to the presence of thermo-
plastic nanofiber interlayers, which experience increasing
chain mobility at higher temperature. In addition, the
storage modulus of specimen with nanofiber interlayers
at glassy region (before T7,) is higher than the neat speci-
men since electrospun fibers provide strong interfacial
adhesion between glass fibers and epoxy matrix, which
is also in agreement with the result of flexural tests at
room temperature. The storage modulus of specimen
laminated with nanofibers in rubbery region (after 7,)
is lower than that of neat specimen due to the presence of
thermoplastic polymeric hollow fibers at the interface
of matrix and glass fibers and higher viscous behavior
of these hollow fibers than thermoset matrix at elevated
temperature.

Microscopic observation and failure mechanisms

To investigate the failure mechanisms of composites, a
fractographic analysis is performed on the cross section
of flexural test specimens (bounded by length and the
thickness). Figure 13 represents SEM images of cross-
sectional areas of flexural test specimens after cutting
and polishing steps. The cross section corresponds to
the right-hand side view of Figure 2(a). Therefore, in
the SEM images, the most outer fibers are parallel to
the image plane. In these specimens, there are three dis-
tinct regions; namely, fibers oriented in a parallel
manner to the cross section plane, fibers oriented per-
pendicularly to cross section plane, and matrix-rich
regions. Figure 13(a) demonstrates the cross section of
neat glass fiber-reinforced specimen before applying any
force or displacement and Figure 13(b) presents a close-
up view for the boxed region in Figure 13(a). Figure
13(c) and (d) exhibit the cross section of specimens lami-
nated with triaxial hollow fibers before bending. SEM
images of both specimens before the application of flex-
ural force confirm that fibers are satisfactorily wetted by
matrix. The failure behaviors of both neat specimen and
specimen with triaxial hollow fibers after bending are
shown in Figure 13(e—i). In Figure 13(e) and (f), only
the first outer layer (specimen surface at the support
side) of the neat specimen is broken down after bending.
On the other hand, higher stress is required to break
down the layers of specimen laminated with triaxial
hollow fibers and after bending, cracks start at both
inner (Figure 13(h)) and outer layers, and the crack
initiated at outer layer (Figure 13(i)) propagates
toward inner layers (Figure 13(g)).

Conclusions

Novel architecture of triaxial electrospun hollow fibers
with controlled diameter and morphology is fabricated
by multiaxial electrospinning technique. The effect of

electrospun fibers with different wall materials, morph-
ology, diameter, and fiber content on the mechanical
performance of composite specimens is studied. Two
different composite production techniques which are
casting onto a Teflon mold and vacuum infusion are
applied to produce composite structures. Some of the
most important findings of the current study might be
concisely summarized as;

e Electrospun fibers with PMMA outer shell enhance
the flexural modulus and strength without affecting
the toughness of samples, whereas PS outer wall
enhances the flexural modulus and strength at the
expense of reducing the toughness.

e Specimens reinforced by finer electrospun fibers
show higher enhancement in flexural modulus at
the price of shifting the failure strain to lower
strain levels.

e The increase in the amount of electrospun fibers aug-
ments accessible interfaces between reinforcing electro-
spun fibers and epoxy matrix in composites, thereby
improving load transfer capability and in turn the flex-
ural modulus of the composites. However, the asso-
ciated increase in the stress concentration points
due to the higher number of interfaces degrade the
flexural strength as well as strain at breakage.

e The utilization of PMMA-PAAm hollow fiber as
inter layers of glass fiber-laminated composites,
enhances the flexural modulus by 6.5%, flexural
strength by 14%, the onset of first layer of glass
fabric failure strain by 12.5%, and final failure
strain by 20%. DMA results for glass fiber-rein-
forced specimens laminated with nanofiber inter-
layers show 7°C increase in 7T, in comparison to
neat specimens. Especially, these improvements in
conventional glass fiber composites open up new
way to produce more reliable and long-lasting com-
posites. Consequently, hollow fiber reinforcement is
a promising material for the production of advance
composites with ultra lightweight, multifunctionality
and an improved structural performance.

The future studies will involve the integration of nano-
particles into the outer layer of multi-walled hollow
fibers to further enhance the performance of epoxy
composites. Also, the desired materials can be encapsu-
lated inside the hollow fibers in a single step during
electrospinning process, which will bring additional
functionalities into epoxy composite structures such
as vascular self-healing.
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