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a b s t r a c t

This work demonstrates the potential of aligned electrospun fibers as the sole reinforcement in nanocom-
posite materials. Poly(vinyl alcohol) and epoxy resin were selected as a model system and the effect of
electrospun fiber loading on polymer properties was examined in conjunction with two manufacturing
methods. A proprietary electrospinning technology for production of uniaxially aligned electrospun fiber
arrays was used. A conventional wet lay-up fabrication method is compared against a novel, hybrid
electrospinning–electrospraying approach. The structure and thermomechanical properties of resulting
composite materials were examined using scanning electron microscopy, dynamic mechanical analysis,
thermogravimetric analysis, differential scanning calorimetry, Fourier transform infrared spectroscopy,
and tensile testing. The result demonstrate that using aligned electrospun fibers significantly enhances
material properties compared to unreinforced resin, especially when manufactured using the hybrid
electrospinning–electrospraying method. For example, tensile strength of such a material containing only
0.13 vol% of fiber was increased by �700%, and Young’s modulus by �250%, with concomitant increase in
ductility.

� 2015 Published by Elsevier Ltd.
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1. Introduction

Electrospun fibers are highly drawn and so should exhibit a
high degree of molecular order, thence approaching the theoretical
maximum strength of the parent material. The draw ratio for a typ-
ical PVOH fiber measured as the ratio of diameters at the beginning
of the spinning process (measured by light photographic image
analysis), and the final drawn fiber size (measured by automated
SEM image analysis) is about 100. It is expected that the process
of fiber drawing from a polymer solution leads to a decrease in voi-
dage, and an increase in tensile strength, tensile modulus and yield
stress [1]. The effect has been specifically noted for PVA by Heikens
et al. [2]. There is also readily observable empirical evidence,
observed as fiber shrinkage associated with temperature increase.
As a composite reinforcement, electrospun fibers will certainly
exceed the critical fiber length over which the fiber itself must
break if the composite article is to be broken. It is also known that
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80

81
nano-scale fillers and extenders have a significant effect at low
levels of addition. This paper therefore examines the use of low
volume fractions of aligned electrospun fibers as the sole reinforce-
ment in nano-composite materials. On a semantic note, the
authors acknowledge that the electrospun fibers used are strictly
sub-micron sized since their diameters are >100 nm, but they are
small enough to be influencing the bulk properties of the compos-
ites by nanoscale interactions, and thus the product may be consid-
ered as a nanocomposite. This is evinced by the low percentage of
fiber required to achieve a significant increase in macroscale
properties.

The effects of nano-scale particulates, platelets and short fibers
have been widely examined as thermoplastic polymer filler-
extenders [3,4]. The significant effect of a low volume fraction of
nanoscale materials is due to the formation of an interphase zone
in the vicinity of the reinforcement surface where the dynamics of
host polymermolecules are affected [5]. The high surface to volume
ratio of these materials means that a significant volume fraction of
the composite material is within this zone leading to a substantial
effect on the mechanical properties of the manufactured article.
ystem.

http://dx.doi.org/10.1016/j.compositesa.2015.11.016
mailto:Samaneh.Karimi@plantandfood.co.nz
http://dx.doi.org/10.1016/j.compositesa.2015.11.016
http://www.sciencedirect.com/science/journal/1359835X
http://www.elsevier.com/locate/compositesa
http://dx.doi.org/10.1016/j.compositesa.2015.11.016
Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
givenname

Original text:
Inserted Text
surname

Original text:
Inserted Text
-

Original text:
Inserted Text
-

Original text:
Inserted Text
fibre 

Original text:
Inserted Text
fibre 

Original text:
Inserted Text
fibre 

Original text:
Inserted Text
fibre 

Original text:
Inserted Text
Your article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact c.emmanuel@elsevier.com immediately prior to returning your corrections.

Original text:
Inserted Text
Please confirm that given name(s) and surname(s) have been identified correctly.

Original text:
Inserted Text
The affiliation ‘b’ has been split into two different affiliations. Please check, and correct if necessary.

Original text:
Inserted Text
Keywords ‘A. Nanocomposites’ and ‘E. Electrospinning’ do not match from the journal-specific list. Please check, and correct if necessary.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

Fig. 1. Number of electrospun fibers per mm of mat width as a function of
deposition time.
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The conceptual step of manufacturing composite articles by fol-
lowing best practice for macro-scale advanced composites – long
fibers in aligned arrays [6], has not been widely explored. This is
perhaps because at the established macro-scale, to make compos-
ites with high levels of mechanical performance, high fractions of
reinforcement in the composite are required. These high volume
fractions may be difficult achieve with electrospun fibers due to
the low rates of production achieved by wholly electrostatic pro-
cessing. In addition, the ability to control the orientation of electro-
spun fibers when manufacturing in quantity is known, but not
highly developed.

Electrospun fibers have been used as a component with
macro-scale fibers to improve interlaminar shear properties of
epoxy–carbon fiber composites [7], and as random oriented
reinforcement improving the toughness of an epoxy resin, and the
Young’s modulus and tear strength of a styrene–butadiene rubber
[8]. The need for highly aligned nano-fiber reinforcement has also
been previously noted [9].

Numerous methods for the fabrication of aligned electrospun
fibers have been described [10,11]. However, the mechanism for
fabrication of aligned electrospun fibers is still an open problem,
lacking much in theoretical analysis of the process, work by Liu
et al. [12] being a notable exception. With electrospun fiber man-
ufacture, the fiber production rate is typically low and collection
and handling the fibers without distortion of alignment or damage
is challenging.

The aligned fiber arrays used in the work described in this paper
are made using a proprietary technology, developed from a pro-
posal by Nurfaizey et al. [13] which addresses the twin difficulties
of control of production rate and fiber handling. The method uses a
hybrid approach combining gap spinning with synchronized varia-
tion in the electrostatic field which allows the deposition of a con-
trolled number of highly aligned fibers. There have been previous
attempts at producing stacked arrays of oriented fiber. Li et al.
[14] used a gap spinning method coupled with sequential earthing
of a radial electrode array to produce multi-layer stacks of con-
trolled orientation fibers. However, no method of scale up, or pro-
posal for a technique to remove the fiber from the collector
substrate is given.

Materials were selected based on processability and successful
use in the manufacture of macro scale composites [15], poly(vinyl
alcohol) being chosen for the fiber, and epoxy resin for the matrix.
Two different composite manufacturing methods were explored:

(i) Conventional wet lay-up followed by vacuum consolidation.
(ii) Deposition of the uncured epoxy matrix into the reinforce-

ment layer-by-layer using electrospraying, followed by vac-
uum consolidation.

These methods were chosen to minimize disturbance to the
fiber layup pattern by fiber wash. The different approaches to pro-
cessing were expected to result in different degrees of fiber-resin
interaction, and thence differing mechanical properties in the final
composite materials. The morphology, chemical structure and
thermo-mechanical properties of fabricated materials were stud-
ied and analyzed as described below.

2. Experimental procedures

2.1. Materials

The poly(vinyl alcohol) (PVOH) used as reinforcement was sup-
plied as pellets (Mw = 118,000–124,000 g/mol, DH = 86–89,
Chemiplas NZ limited, New Zealand). The pellets were dissolved
in distilled water by stirring at 60 �C for 2 h. The final PVOH con-
centration of the aqueous solution was adjusted to 8 wt%. The
Please cite this article in press as: Karimi S et al. Uniaxially aligned electrospun fi
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epoxy resin and hardener (West System 105 resin, West System
206 hardener, Nuplex Ltd., New Zealand.) were mixed in the mass
ratio of 5:1 for use as the matrix polymer.

2.2. Production of uniaxially aligned fibers

The electrospinning process was carried out using a proprietary
gap spinning and field control method. Aligned PVOH fibers were
made using an applied voltage of 12 kV and a nozzle-to-collector
distance of 160 mm to produce mats with nominal dimensions of
96 � 60 mm (l � w). The mats were collected after deposition
times of 30, 60 and 90 min on a stainless steel plate covered with
silicone release paper. All electrospun materials were dried in a
vacuum oven at 50 �C overnight prior to further measurements.

Attempts were made to weigh the mats using a four figure
microbalance (Mettler Toledo AE 166) to quantify the rate of fiber
production. However, the microbalance readings were unstable
even with the use the Ionizer Antistatic System (Mettler Toledo)
designed to remove surface charge build-up from specimens. This
is because the transient imbalance in the number of electrons on
the surface of the fibers is not the only way that electrospun fibers
retain charge. It is known that electrospun fibers retain charge for
periods of years [16,17]. This more persistent charge is due to the
change of state of the polymer from liquid to solid whilst inside a
strong electrical field, leading to the formation of a stable electric
charge held within the fiber (an electret) as a result of dipole polar-
ization [18]. It is the presence of this internal charge that leads to
the difficulties in weighing small samples of electrospun fibers –
the effect of this phenomenon on electrospinning is the subject
of on-going research to be described in a future publication. There-
fore, an alternative method of estimating the volume of electro-
spun fiber by image analysis of scanning electron micrographs
was used. The spinning method gives a high degree of control of
the thread count of the finished product, and this was exploited
to measure the fiber volume of the finished composites. The num-
bers of fibers per mm of width of electrospun mat were counted
and the results were used in conjunction with fiber diameter mea-
surements to create a calibration curve that was then used to esti-
mate the volume of electrospun fiber in the finished composite
(Fig. 1).

2.3. Preparation of nanocomposites using the wet lay-up method

A single layer of electrospunmatwas placed onto silicone release
paper. 0.2 g of pre-mixed epoxy resin andhardenerwas poured onto
the top surface of themat, allowing the resin to fully impregnate the
mat and form a thin film. The surface of the film was then covered
with another sheet of silicone release paper. The film was then
bers for advanced nanocomposites based on a model PVOH-epoxy system.
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Fig. 2. Schematic of the electrospinning process (top) and the electrospraying
process (bottom).

Table 1
Treatments guide.

Deposition time
(min)

Fiber loading
(vol%)

Processing method

Wet lay-up Hybrid electrospinning–
electrospraying

0 0 URE (unreinforced epoxy)
30 0.045 WL30 HEE30
60 0.090 WL60 HEE60
90 0.130 WL90 HEE90
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loaded onto a stainless steel support plate, placed inside a
280 � 400 mm metallized foil pouch (3 seal silver foil pouch,
Cas-Pak Products Ltd., New Zealand), evacuated and sealed using
an A300/16 Multivac vacuum sealer (Sepp Haggenmüller GmbH &
Co, Germany) prior to being subjected to a curing cycle of 45 �C for
24 h. Films made by this method were labeled WL (wet lay-up)
along with the fiber deposition time in minutes (e.g. WL30).

2.4. Preparation of nanocomposites using the hybrid electrospinning–
electrospraying method

An electrospinning machine (Model ES1, Electrospinz Ltd., New
Zealand) was used to electrospray epoxy resin onto the electrospun
mat using an applied voltage of 12 kV.

The plate holding the electrospun fiber mat was installed on a
moving rail to give a set distance from the spraying tip (15 cm)
and the plate was moved through the field of spray at constant rate
three times. This deposited the same amount of epoxy/hardener
mixture that was used in the wet lay-up approach (0.2 g). Then
similarly to the wet lay-up approach, the film was loaded onto a
stainless steel support plate, vacuumed, sealed and cured at
45 �C for 24 h. Films made through this processing technique were
labeled as HEE (hybrid electrospinning–electrospraying) along
with the fiber deposition time in minutes (e.g. HEE30). A schematic
of the hybrid process is presented in Fig. 2.

Using the calibration curve (Fig. 1) 30, 60 and 90 min of fiber
deposition gave 0.045, 0.09 and 0.13 vol% of fibers in the used
amount of matrix. All of the fabricated films maintained a similar
range of final thickness of 0.1 ± 0.02 mm. Specimens were condi-
tioned at a nominal temperature of 20 ± 1 �C and relative humidity
of 35 ± 1% for 4 days prior to testing.

Various treatments and their associated labels are summarized
in Table 1.

2.5. Materials characterization

The surface morphology, diameter and alignment of the electro-
spun fibers, and fracture surfaces of the thin films were examined
by scanning electron microscopy (SEM) (JEOL Neoscope JCM-5000,
USA). Specimens were sputter-coated with gold for 240 s (Quorum
Q150R sputter coater, Quorum Technologies Ltd., UK). The average
diameter of the PVOH fiber was based on the measurement of
�200 fibers by computer image analysis of scanning electron
micrographs (Electrospinz SEM Analyser software, Electrospinz
Ltd., New Zealand) [19].

The tensile properties of the nanocomposite materials were
measured using a universal testing machine (Instron 4444)
equipped with a 0.5 kN load cell. Rectangular coupons (80 (l) � 6
(w) � 0.1 (t) mm) were tested at room temperature using a gauge
length of 25 mm in accordance with ASTM D882 using a crosshead
speed of 50 mm/min. The quoted Young’s modulus, ultimate ten-
sile strength and elongation at break of each composite material
were averaged from at least 4 replicates. A pair of 3D printed dumb
bell-shaped tensile specimens were also prepared from polylactide
(Maker Gear 3D printer, MakerGear LLC, USA) to provide a non-slip
gripping surface during the testing of the composite films (Fig. 3).
The middle gauge section of the dumb bells was removed and a
coupon of the composite film was then sandwiched between the
two dumb bells for tensile testing. This method reliably produced
a breakage point in the middle of the specimen.

Dynamic mechanical analysis (DMA) is a commonly ascribed
method of estimating the glass transition point [20]. DMA was car-
ried out within the linear viscoelastic range of the samples by
means of a TA Instruments Q800 machine (TA Instruments, USA)
in tensile mode using rectangular specimens (15 (l) � 5 (w) � 0.1
(t) mm). The storage (E0) and loss (E00) moduli were measured at a
Please cite this article in press as: Karimi S et al. Uniaxially aligned electrospun fi
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frequency of 1 Hz over a temperature range of 20 to 150 �C. The
temperature ramp rate was 5 �C/min.

Thermogravimetric analysis (TGA) was carried out using a TA
Instruments Q600 (TA Instruments, USA). Specimens (�3 mg) were
placed in platinum pans and heated from 20 to 500 �C at a heating
rate of 10 �C/min under a nitrogen atmosphere.

Differential scanning calorimetry (DSC) was performed using a
TA Instruments Q2000 (TA Instruments, USA) equipped with a
refrigerated cooling system (RCS90). Specimens (�1.5 mg) were
cut to lay flat on the base of the low mass Tzero aluminum pan.
To remove any effects of prior thermal history, specimens were
first heated for 10 min, cooled, and then reheated over a tempera-
ture range of 20–250 �C at a heating rate of 10 �C/min.
bers for advanced nanocomposites based on a model PVOH-epoxy system.
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Fig. 3. Photograph of tensile sample preparation: 3D printed specimen (top), and
one of the fabricated samples sandwiched between the two printed specimens
(bottom). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fourier transform infrared spectroscopy (FT-IR) was carried out
on the electrospun mat, the unreinforced epoxy resin and the pro-
duct nanocomposites using a Bruker ALPHA series spectrometer
(Bruker Optics GmbH, Germany) equipped with an ALPHA plat-
inum ATR single-reflection diamond ATR module. Samples were
placed directly on the ATR plate for measurements. Spectra were
averaged over 16 scans using a resolution of 2 cm�1 over the
mid-IR range (4000–400 cm�1). The data was analyzed using OPUS
software (Bruker).

3. Results and discussion

3.1. Microstructural analysis

The average diameter of the uniaxially aligned PVOH fibers was
267 nm, (Fig. 4a-b). SEM image analysis also revealed that almost
Fig. 4. (a and b) Scanning electron micrographs of electros

Please cite this article in press as: Karimi S et al. Uniaxially aligned electrospun fi
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96% of fibers are uniaxially aligned. The distribution of fiber diam-
eters is depicted in Fig. 4c.

The unreinforced epoxy films exhibited brittle fracture, this
being denoted by the presence of smooth fracture surfaces
(Fig. 5a). The presence of epoxy beads on the broken fibers at the
fracture surface of the wet layup films implies significant interfa-
cial adhesion between the two phases (Fig. 5b). This is attributed
to a degree of fiber/matrix compatibility and the possible presence
of hydrogen bonding interactions existing at the PVOH-epoxy
interface. Chihani et al. [21] have observed that PVOH is retained
at the surface of an epoxy resin following washing with hot water,
indicating that PVOH may form a bond with epoxy resin via its
hydroxyl groups. Peijs et al. investigated the mechanical properties
of composites based on conventional scale solution spun PVOH
fibers and epoxy resin and showed that, in general, their structural
performance is between those of plasma-treated High Density
Polyethylene (HDPE) and aramid fiber-reinforced composites, due
to the combination of a strong interfacial bond strength and fibers
with isotropy [22].

The hybrid electrospin/spray films revealed considerably dif-
ferent fractographic features (Fig. 5c), implying an enhancement
in the level of the fiber/matrix interaction resulting from the
application of the electrosprayed resin. Electrospraying produces
a fine atomized spray, as the formation of droplets is not just
the result of the action of surface tension, but there may also
be an element of electrostatic influence leading to Rayleigh scat-
tering of the droplets. The rough fracture surface and indistinct
epoxy/fiber interface qualitatively indicate an enhanced interfa-
cial interaction of the two phases. The reinforced epoxy exhibited
a ductile fracture surface, implying that the addition of fibers was
effective in reducing the brittleness inherent in an epoxy matrix.
pun fibers and (c) aligned fibers diameter distribution.

bers for advanced nanocomposites based on a model PVOH-epoxy system.
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Additional SEM micrographs is provided in the related Data in
Brief paper [23].
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3.2. Tensile properties

The tensile strength, Young’s modulus and elongation at break
all showed significant and progressive enhancement proportional
to the level of fiber loading for both types of nanocomposites
(Fig. 6). Engineering stress–strain curves and additional data can
be found in the related data in Brief paper [23].

Significant increases in tensile strength (472%), Young’s modu-
lus (234%) and elongation at break (278%) against unreinforced
matrix, were recorded for WL90. Changing the processing tech-
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of fabricated materials with varying fiber content.
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nique to the hybrid electrospun/spraying method lifted these val-
ues to a tensile strength of 695%, Young’s modulus of 246% and
elongation of break of 286% (data from HEE90). In the case of the
conventionally manufactured wet layup samples, it is proposed
that the electrospun fibers bridge across cracks that develop in
the epoxy matrix, thereby contributing to a redistribution of stres-
ses where damage mechanisms are initiated (e.g. interfacial
debonding). This has the effect of delaying failure, resulting in
the observed elevation in mechanical performance of the rein-
forced epoxy.

The significant contrast in results of the hybrid electrospin/
spray versus wet layup films suggests that this novel hybrid pro-
cessing approach increases the fiber/matrix interfacial contact
area. This should improve the efficiency of interfacial interaction
and encourage the formation of a 3D fiber/matrix network, secur-
ing a percolation electrospun fiber network within the matrix,
although further work is needed to confirm this.

The improved stiffness and ductility is a departure from the
usually observed properties of nanocomposites, when increases
in modulus occur at the expense of elongation at break [24–26].
The improved ductility, observed as an increase of elongation in
break is due to fiber related delocalization of strain.

The alignment of electrospun fibers is a noteworthy feature
which is likely to have led to this significant enhancement in
mechanical properties as aligned fiber arrays are classically more
efficient reinforcements than randomly orientated fibers. For
example, the tensile strength in the longitudinal direction is
increased seven fold compared to that of a random mat in a study
of epoxy reinforced with an aligned electrospun cellulose nanofi-
brous mat [27].

3.3. Dynamic mechanical analysis

The temperature dependence of the dynamic mechanical
behavior of the materials is depicted in Fig. 7. The unreinforced
epoxy resin exhibited a more rapid decrease in the storage modu-
lus (E0) with temperature as compared to the composites (Fig. 7).

The glass transition temperature (Tg) of the unreinforced epoxy
was increased by the presence of PVOH fibers from 68 �C to a value
in the range of 71–92 �C, indicating a strong interaction between
the PVOH fibers and epoxy matrix. Overall, the PVOH-reinforced
epoxy showed an increased E0 over the investigated temperature
range and the greatest increase was observed in the HEE90 film
(Fig 7).

The storage modulus of WL90 and HEE90 films at 75 �C was
increased by 28 and 38 fold over that of the unreinforced matrix;
these are significant results considering the low volume fraction
of the reinforcing phase (PVOH). Miyagawa et al. investigated the
thermophysical properties of epoxy nanocomposites reinforced
by two types of carbon nanotubes (CNT) prepared by a sonication
method [28]. They reported a decrease in glass transition temper-
ature and decomposition temperature of nanocomposites with
increasing amount of CNT. Only when they modified their
bers for advanced nanocomposites based on a model PVOH-epoxy system.
6

http://dx.doi.org/10.1016/j.compositesa.2015.11.016
Original text:
Inserted Text
-

Original text:
Inserted Text
-

Original text:
Inserted Text
fibre 



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

Fig. 7. (a) The storage modulus (E0) and (b) tand curves as a function of
temperature.

Fig. 8. (a) TG and (b) DTG curves of studied materials.
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manufacturing process, did they achieve a 20% boost in storage
modulus of CNT/epoxy nanocomposites at a level of nanotube
incorporation of 0.21 vol%.

According to obtained data, with increasing fiber content, the
tand peak shifted toward higher temperatures. Typically the higher
the Tg, the higher the cross-linked density and the higher the mod-
ulus. As expected, the most prominent temperature peak shift
occurred in the HEE90 which was +24 �C. The height of tan d peaks
decreased for the fiber/epoxy nanocomposite films, suggesting that
the dampening effect was reduced by fibers embedded in the
matrix. The significant reinforcing effect observed in the hybrid
electrospin/spray material is ascribed to the intimacy of the
fiber/epoxy interfaces which allow the fibers to efficiently commu-
nicate loads through the matrix via the percolation network held
by hydrogen bonds, thus reducing the effect of force impact and
deformation and thereby enhancing the storage modulus above Tg.

3.4. Thermogravimetric analysis

To help to understand the nature of the interactions between
the constituent phases and to examine the effect of manufacturing
methods and fiber loading on the thermal stability of fabricated
films, TGA experiments were carried out and main data are sum-
marized in the related Data in Breif paper [23]. The PVOH electro-
spun fiber mats had the lowest thermal stability of the studied
materials (onset of degradation at 268 �C) with a three-stage ther-
mal decomposition process. The first stage presents the loss of
weak physically absorbed water from the fibers and second stage
Please cite this article in press as: Karimi S et al. Uniaxially aligned electrospun fi
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exhibits the decomposition of the PVOH side chains. The third
stage shows the decomposition of the main chain structure of
the PVOH [29] with the recorded Tmax of 308 �C. Based on the
DTG profile, thermal degradation of epoxy was a two-step process.
In the first stage, which involves a mass loss of 13.24%, is for drying
and loss of volatile compounds (at 125 �C). The second stage is
thermal decomposition of epoxy with onset temperature of
326 �C resulting in a mass loss of 42% and continuing to a signifi-
cant mass loss of about 69% or 83% of the total mass of original
sample at 355 �C.

The thermal degradation profile of these materials when com-
bined into nanocomposite films showed similar effects. HEE90 film
presented the most prominent Tmax shift of +9 �C (Fig. 8). This
observation reinforces the arguments proposed in the previous
section.

3.5. Differential scanning calorimetry

The DSC analysis of the PVOH electrospun fiber mats revealed
an endothermic melting peak at �192 �C with an enthalpy of
fusion of 35 J/g. The complete disappearance of this peak after
the first heating run in all of the nanocomposite films is evidence
of efficient fiber/matrix interaction (Fig. 9a). Superimposing the
DSC thermograms of second heating run (thus removing the ther-
mal history of the samples) on the nanocomposites made by the
two different techniques allowing comparison with the unrein-
forced epoxy film, revealed a smooth progressive Tg shift, similar
to that revealed by the DMA observations (Fig. 9b).

Overall, all three thermal analysis techniques (DMA, TGA and
DSC) produced consistent results indicating a general increase in
the thermal stability of the fabricated composite materials associ-
ated with the level of electrospun fiber addition, and demonstrated
the superiority of nanocomposites made by the hybrid electrospin-
ning–electrospraying approach.
bers for advanced nanocomposites based on a model PVOH-epoxy system.
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3.6. Fourier transform infrared spectroscopy

The mid-IR spectrum of unreinforced epoxy exhibited several
bands characteristic of bending and stretching vibrations of OAH,
CAH, CAC, C@C and CAO groups (Fig. 10). An expanded short peak
observed around 3500 cm�1 in the unreinforced epoxy spectrum
corresponds to the presence of the hydroxyl groups. In this range,
the addition of PVOH electrospun fibers induces a greater peak, due
to the presence of OAH groups in PVOH electrospun fibers. The
strong and noticeably expanded peak around 2900 cm�1 is
assigned to the CAH groups of the aromatic rings of unreinforced
epoxy. The addition of PVOH electrospun fibers to the epoxymatrix
produces a higher peak, due to the multitude of CAH bonds in the
structure of the PVOH polymer. At 1600 cm�1, a peak which corre-
sponds to the CAC bond of epoxy molecule is observed, and is
greater in magnitude in the nanocomposite samples. This is related
to absorbance of CAC bond which is higher for the nanocompos-
ites, as the PVOH molecule is mainly created by CAC liaisons
(shown by the high peak at 1700 cm�1 for the PVOH sample).

The strong double peak at 1500 cm�1 is assigned to the C@C
vibration in the aromatic rings of unreinforced epoxy. The addition
of the PVOH electrospun fibers has only a slight effect on the inten-
sity of the peak, as there is no C@C vibration in PVOH polymer.
Observing the spectrum of unreinforced epoxy in the range
1250–800 cm�1, the bands are assigned to the CAO bonds between
the aromatic rings and OAH groups. The addition of the PVOH elec-
trospun fibers has a great effect on the intensity of the peak,
because the CAO stretching in PVOH electrospun fibers is very high
(as shown by the peaks at 1250 cm�1 and around 1000 cm�1).
Fig. 9. DSC graphs of (a) first and (b) second heating runs.
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The main peaks of the nanocomposites samples can be observed
at higher wave numbers than those of the unreinforced epoxy. It is
also significant that the general absorbance is generally higher for
the nanocomposites than for unreinforced epoxy, and that the
absorbance increases with the proportion of electrospun fibers in
the sample. These findings could be evidence of chemical bonding
and interfacial interactions between the electrospun fibers and the
epoxy matrix.
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3.7. Optical transparency

The unreinforced epoxy resin is optically transparent and the
addition of electrospun fibers did not cause any visual change in
the transparency of the final product. In most cases the light trans-
mittance is decreased by the addition of fibers to composite films
unless the refractive index of the fibers and the matrix match. All
of the nanocomposite films made in this work exhibited high light
transmittance in the visible light region regardless of fiber content
or processing approach (Fig. 11). This high level of transparency is
attributable to minimal light scattering due to the small diameter
of the reinforcing fibers (�267 nm) that is below the wavelength of
visible light (380–750 nm) [30,31].
Fig. 11. A photograph of fabricated films demonstrating optical transparency: (A)
URE, (B) HEE30, (C) WL90, (D) HEE90. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

This research demonstrates that by using uniaxially aligned
electrospun fibers, it is possible to make a considerable shift in
thermal and mechanical performance of nanocomposite materials
whilst simultaneously increasing the modulus and elongation at
break, a rare combination that has not been demonstrated with
traditional nanoscale short fibers or carbon nanotubes. The signif-
icant increase in mechanical properties at low levels of fiber addi-
tion indicates that the presence of aligned electrospun fibers made
by electrospinning, with evident good interfacial adhesion
between matrix and filler, are efficient reinforcements for compos-
ite articles. The novel hybrid electrospinning–electrospraying pro-
cessing approach, further improved the properties of the
nanocomposites, and is a robust manufacturing method with a
ready potential for scale-up to automated processing. It is worth
noting that conventional injection based composite manufacturing
techniques may not be suitable for use with electrospun fibers due
to the combined risk of fiber wash and poor impregnation. Electro-
spraying protects the electrospun fibers from handling damage,
and importantly does not affect fiber alignment.
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