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Abstract: Novel polyhedral oligomeric silsesquioxanes (POSS)-filled thermoplastic electrospun veils
were used to tailor the properties of the interlaminar region of epoxy-based composites. The veils
were designed to be soluble upon curing in the epoxy matrix, so that POSS could be released within
the interlaminar region. Three different POSS contents, varying from 1 to 10 wt %, were tested
while the percentage of coPolyethersulphone (coPES) dissolved in the epoxy resin was kept to a
fixed value of 10 wt %. Good quality veils could be obtained at up to 10 wt % of POSS addition,
with the nanofibers’ diameters varying from 861 nm for the coPES to 428 nm upon POSS addition.
The feasibility of the soluble veils to disperse POSS in the interlaminar region was proved, and the
effect of POSS on phase morphology and viscoelastic properties studied. POSS was demonstrated
to significantly affect the morphology and viscoelastic properties of epoxy composites, especially
for the percentages 1% and 5%, which enabled the composites to avoid POSS segregates occurring.
A dynamic mechanical analysis showed a significant improvement to the storage modulus, and a
shift of more than 30 ◦ C due to the POSS cages hindering the motion of the molecular chains and
network junctions.
Keywords: electrospinning; epoxy; POSS; composites

1. Introduction
Thermosets are widely used in polymer matrix-reinforced composites because of their easy
processing and good mechanical properties. However, the inherent brittleness of thermosets led to the
development of different toughening strategies. Among the most recent toughening approaches, the
use of electrospun veils is particularly advantageous.
Some authors have focused on non-soluble electrospun fibers based on the use of Nylon fibers.
Akangah et al. [1] showed that nylon-6,6 veils improved the impact force by about 60%, while reducing
the damage growth rate to one-half. The nylon-6,6 veils also reduced the impact damage growth
rate with impact force. Palazzeti et al. [2] confirmed similar results. Beckermann et al. [3] reported a
detailed study on nylon-based commercial veils, which are based on the same concept.
Other authors have proposed a different approach, based on the use of soluble veils that dissolve
under resin curing and phase separately, generating specific phase morphology. Li et al. [4] showed that
polysulfone veils can be dissolved in the interlaminar region, giving rise to a particulate morphology
that led to toughness improvements of up to 42%. Cicala et al. [5] showed that by varying the
veil content and the resin formulation, a full range of morphologies in the interlaminar region can
be obtained.
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Recently, electrospun fibers that can be used to selectively disperse carbon nanotubes in the
interlaminar region upon veil dissolution were reported [6]. Cicala et al. [7] extended this concept in
order to develop a multifunctional composite. Lionetto et al. [8] showed that this approach can be used
to orient carbon nanotubes in a thermosetting matrix. Hamer et al. [9] showed that nylon electrospun
fibers filled with carbon nanotubes performed better in improving toughness compared to unfilled
nylon electrospun fibers. Despite the interest for this approach, to the best of our knowledge, only
carbon nanotubes have been studied.
Nanofillers have shown their efficiencies for the toughening of epoxy resin, too. Gojny et al. [10]
studied the effect of carbon nanotubes on the fracture resistance of epoxy resins. They showed an
increase of toughness from 0.65 MPa·m1/2 for the unmodified resin to 0.80 MPa·m1/2 by adding 1% of
multiwall carbon nanotubes functionalized with amine groups. Chul Kim et al. [11] reported a similar
improvement of fracture resistance by adding carbon black or nanoclay. Commercial core-shell rubber
nanoparticles were reported as efficient toughening modifiers by Carolan et al. [12]. In situ-formed
silica nanoparticles were shown to improve both toughness and the interfacial bonding between carbon
fibers and matrix [13].
Among the different nanofillers that can be added to epoxy resins for tailoring their properties,
polyhedral oligomeric silsesquioxanes (POSSs) are of high interest. POSSs are of interest as they can
combine a hybrid inorganic–organic composition with nanosized silica-like cage structures. In addition
to that, their dimensions are comparable to those of most polymeric segment or coil, and they can be
bound to polymer chains. These properties allow POSS to reinforce systems at the molecular level.
Finally, as for other nanoparticles, the large surface area allows the use of only small amounts to
cause significant changes in the properties of the matrix [14]. In several reviews, the advantages of
POSS as functional fillers were discussed. POSS can be used to improve: glass transition temperature
(Tg ) [15,16], fire resistance [17], resistance to photo-degradation [18], and electrical and mechanical
properties. POSS is truly a multifunctional filler. Recently, Konnola et al. [19] reported about the
efficiency of POSS for the tailoring of complex epoxy/rubber blends.
The effect of POSS on the viscoelastic properties of an epoxy network is discussed in the literature.
Lee and Lichtenhan [15] observed an increasing and broadening of the glass transition, which were
explained as the result of the nanoscopic size of these POSS cages and their ability to hinder the
motion of the molecular chains and network junctions. Many other authors reported POSS to lead
to Tg increases for epoxy resins [20]. However, a reduction of Tg with increasing POSS content is
also reported [21]. Frank et al. [22] investigated the influence of the multiscale (i.e., nano and micro)
dispersion of POSS, hypothesizing that well-dispersed POSS tended to plasticize polymers, lowering
Tg by increasing free volume and reducing interaction between polymer chains. This result contrasted
with other findings, but it must be observed that the amino-propylisobutyl POSS used by Frank et al.
had a long aliphatic chain, which might have affected the result.
Some authors have reported the addition of POSS to electrospun fibers [23], but to the best of
our knowledge, no report on the electrospinning of POSS dispersed in polyethersulphone has ever
been reported. In addition to that, no one has ever tried to selectively disperse POSS by using soluble
fibers or veils. The aim of the present paper is to prepare electrospun coPolyethersulphone (coPES)
veils embedding POSS fillers, and to verify the use of these veils to selectively disperse POSS in the
interlaminar region of composites manufactured by resin infusion.
2. Experimental
Here, we report for the first time the use of POSS-filled electrospun soluble veils for the delivery of
POSS into the interlaminar region of advanced composites manufactured by resin infusion. The proof
of the concept is achieved combining both miscroscopic and spectroscopic techniques. In addition to
that, the effect of POSS on the viscoelastic properties of the composites are discussed.

Polymers 2017, 9, 281
Polymers 2017, 9, 281

3 of 16
3 of 15

2.1. Materials and Methods
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Figure 1. The chemical structure of the 4-chlorophenyl hepta isobutyl–polyhedral oligomeric
Figure 1. The chemical structure of the 4-chlorophenyl hepta isobutyl–polyhedral oligomeric
silsesquioxane (POSS) synthetized.
silsesquioxane (POSS) synthetized.

2.1.3. Electrospun Veils Preparation
2.1.3. Electrospun Veils Preparation
The coPolyethersulphone (coPES) veils were prepared by dissolving the coPES (5.00 g) powder
The coPolyethersulphone (coPES) veils were prepared by dissolving the coPES (5.00 g) powder
in a solvent mixture (5.00 mL N,N-dimethylformamide (DMF) and 5.00 mL of toluene). The solution
in a solvent mixture (5.00 mL N,N-dimethylformamide (DMF) and 5.00 mL of toluene). The solution
obtained was mixed for 2 h at 40 ◦°C. This solution was positioned in a 3 mL medical syringe. The
obtained was mixed for 2 h at 40 C. This solution was positioned in a 3 mL medical syringe. The
processing parameters to electrospin the coPES veils were as follows: flow rate of 60 µL/min, voltage
processing parameters to electrospin the coPES veils were as follows: flow rate of 60 µL/min, voltage
of 21 kV ddp, and a needle–collector gap of 10 cm. The collector used was a rotating drum (200 rpm)
of 21 kV ddp, and a needle–collector gap of 10 cm. The collector used was a rotating drum (200 rpm)
covered with antistatic paper. Electrospinning was carried out on an EC-DIG electrospinning
covered with antistatic paper. Electrospinning was carried out on an EC-DIG electrospinning apparatus
apparatus purchased from IME Technologies, Geldrop, the Netherlands.
purchased from IME Technologies, Geldrop, The Netherlands.
For the preparation of the coPES fibers with POSS embedded in them, three different solutions
(with 1%, 5%, and 10% of POSS to PES, respectively) were prepared. The starting solution, for all of
the three cases, was that one of coPES prepared by using the same procedure described above. When
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For the preparation of the coPES fibers with POSS embedded in them, three different solutions
(with 1%, 5%, and 10% of POSS to PES, respectively) were prepared. The starting solution, for all of
the three cases, was that one of coPES prepared by using the same procedure described above. When
the polymer was completely solubilized, POSS powder (in the three different percentages) was added
into the solution and uniformly dispersed by using the ultrasaunder UP 200 Ht by Hielscher, Teltow,
Germany. After 1 h, the three solutions were electrospun with the same conditions used for coPES.
2.1.4. Composites Manufacturing
Six layers of dry carbon fabrics with electrospun veils were laid down on a flat steel plate. The
proper sealing was ensured by placing an adhesive silicone tape around the perimeter of the layered
stack. A flexible vacuum bag was placed on top of the assembly. An inlet tube and an outlet tube were
placed inside the vacuum bag. The vacuum was applied, through a valve, while the inlet valve was
closed to compact the layers and to remove excess air. After the proper fabric degassing was ensured,
the stacked layers were placed in an oven preheated to 130 ◦ C. The epoxy resin was then vacuum
infused into the stacked layers. The temperature was kept at 130 ◦ C for 30 min, and then increased by
2 ◦ C/min up to 180 ◦ C and held at that value for 3 h. Considering the weight of the carbon fabric (i.e.,
200 gsm), the correct amount of coPES veil was laid in the interlaminar regions to obtain 10 wt % of
the toughener in the final laminate.
2.2. Characterization
2.2.1. Hot Stage Microscopy Analysis of the Veils’ Dissolution into the Unmodified Epoxy Matrix
A hot-stage microscopy analysis was carried out to monitor the dissolution of coPES veils in the
epoxy resin formulation at different temperatures. The Linkam THMS 600 hot-stage with a TP-90
controller (Tadworth, UK) was fitted to an Olympus BX60 optical microscope (Milan, Italy). The
unmodified epoxy resin (i.e., an uncured mixture of DGEBA and MDEA) was preheated to the testing
temperature. After that, a single drop of resin was laid down on a thin glass microscope slide. The
coPES veil was then placed on top of the resin droplet, after which another thin glass slide was placed
on top of the veil wetted by the resin droplet. The specimen was held in the hot-stage at the testing
temperature for the time needed to observe the complete dissolution of the veil. This procedure was
carried out for testing temperatures of 80, 90, 100, 110, 120, and 130 ◦ C.
2.2.2. Dynamic Mechanical Analysis (DMA) of Cured Composites
The viscoelastic behavior of the materials was investigated using a DMTA device (TRITEC
by Triton Technology, Lincolnshire, UK) by single cantilever geometry and using samples of size
(20 × 10 × 3) mm3 . The tests were carried out at 1 Hz with a 2 ◦ C/min heating rate ranging from −100
to 130 ◦ C, using liquid nitrogen for sub-ambient scans.
2.2.3. Scanning Electron Microscopy (SEM)
Micrographs were obtained by using a SEM: Zeiss EVO, Cambridge (UK). SEM analysis was
carried out on the electrospun veils and on the cured laminates. The electrospun veils were gold
sputtered before the analysis without any other pre-treatment. The diameter of the nanofibers was
determined from the SEM images with the software Fibraquant. The interlaminar regions of the
composite laminates were examined by SEM after polishing before etching. In one case, a crio-fractured
surface was also analyzed for comparison purposes. An acid mixture was used to etch the epoxy phase.
The effect of the etching procedure was to increase the contrast between the thermoplastic and epoxy
phases. The etching treatment was carried out by the immersion of the samples in the acid mixture,
followed by a stirring time of 20 min. The samples were always washed with water after etching, and
were then sputtered with gold. The etching time did not alter the phase morphology [5].
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2.2.4. Thermogravimetric Analysis (TGA)
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Figure 2. SEM images of electrospun PES veils: (a) coPES; (b) coPES/1%POSS; (c) coPES/5%POSS; and
Figure 2. SEM images of electrospun PES veils: (a) coPES; (b) coPES/1% POSS; (c) coPES/5% POSS;
(d) coPES/10%POSS.
and (d) coPES/10% POSS.

For the 0 wt % and the 1 wt % POSS veils, the electrospun fibers appear uniform and with very
For
theWhen
0 wt the
% and
the
1 wt %
POSS veils,
the electrospun
fibers
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andrange
with
few beads.
POSS
content
increased
to 5 and
10 wt %, more
beads
in theuniform
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very
few
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When
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5
and
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wt
%,
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in
the
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appeared. By increasing the POSS loading in the PES, large agglomerates tend to crystallize by
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in achieved
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tend percentage
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by
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sinceBy
a uniform
dispersion
POSS is
by limiting
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[31].
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by
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[31].
In fact, at higher concentrations, POSS units in polymers tend to aggregate or even form crystallites.
In
at 3,
higher
POSS
units revealed
in polymers
to found
aggregate
or PES
evenveils
formwith
crystallites.
In fact,
Figure
high concentrations,
magnification SEM
images
thattend
beads
in the
a POSS
content of 5 and 10 wt % (Figure 2c,d) had a porous structure with squared POSS nanocrystallites
(Figure 3a, POSS 5%) and microcrystallites (Figure 3b, POSS 10%) visible within the pores.
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In Figure 3, high magnification SEM images revealed that beads found in the PES veils with a POSS
content of 5 and 10 wt % (Figure 2c,d) had a porous structure with squared POSS nanocrystallites
(Figure 3a, 5% POSS) and microcrystallites (Figure 3b, 10% POSS) visible within the pores.
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Figure 3. SEM images of electrospun PES containing 5% (a) and 10% POSS (b) (POSS micro and
Figure 3. SEM images of electrospun PES containing 5% (a) and 10% POSS (b) (POSS micro and
nanocrystallites are indicated by red dotted circles).
nanocrystallites are indicated by red dotted circles).
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The average fiber diameters for the electrospun veils were calculated by the SEM images with
the image software analysis Fibraquant, which has been specifically developed for the analysis of
electrospun fibers. The software allows for the exclusion of the beads from the calculation. An example
of the distribution graph for the average fiber diameters in the case of the coPES veils is shown in
Figure 5. The results for the veils, excluding the beads’ contribution, is reported in Figure 6. The
average fiber diameters varied from 861 nm for the coPES to 428 nm for the veil with a 10 wt % of
POSS, confirming that upon the POSS’ addition the nanofibers get thinner, but also more beads appear.
When the beads are considered in the measurement, the trend does not change, but a smaller apparent
average fiber diameter is calculated.

Figure 4. XRD patterns of electrospun PES containing variable wt % of POSS (solid line). The POSS
powders’ diffractogram is shown for comparison (dotted line).

The average fiber diameters for the electrospun veils were calculated by the SEM images with
the image software analysis Fibraquant, which has been specifically developed for the analysis of
electrospun fibers. The software allows for the exclusion of the beads from the calculation. An

It is noteworthy that the chlorine presence in the POSS structure is detectable, by EDX, in the
sample containing the high percentage of POSS.
More evidence of the presence of crystallised agglomerates of POSS in the PES veils is provided
by the XRD analysis. The diffraction spectrum reported in Figure 4 shows a peak at 2Q = 8° consistent
Polymers 2017, 9, 281
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with the presence of POSS cages in the materials (corresponding to the lattice spacing of 10.8 A), thus
confirming that POSS segregates in the hybrid composites.
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shown in Figure 5. The results for the veils, excluding the beads’ contribution, is reported in Figure 6.
The average fiber diameters varied from 861 nm for the coPES to 428 nm for the veil with a 10 wt % of
Figure
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PES containing
variable wtthinner,
% of POSS
(solid
line). The
POSS
POSS,
confirming
upon
POSS’ addition
the nanofibers
but(solid
also line).
more
beads
appear.
Figure
4. XRD that
patterns
ofthe
electrospun
PES containing
variableget
wt % of POSS
The
POSS
powders’
diffractogram
is
shown
for
comparison
(dotted
line).
When
the beads
are considered
measurement,
the trend does not change, but a smaller
powders’
diffractogram
is shownin
forthe
comparison
(dotted line).
apparent average fiber diameter is calculated.
The average fiber diameters for the electrospun veils were calculated by the SEM images with
the image software analysis Fibraquant, which has been specifically developed for the analysis of
electrospun fibers. The software allows for the exclusion of the beads from the calculation. An
example of the distribution graph for the average fiber diameters in the case of the coPES veils is

Figure
of the
Figure 5.
5. Histogram
Histogram and
and Gaussian
Gaussian distribution
distribution of
the fiber
fiber diameters
diameters for
for the
the veil
veil with
with 10
10 wt
wt %
% POSS
POSS
when
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including the
thebeads
beadsin
inthe
thecalculation.
calculation.

Figure 6.
6. Average
%%
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thethe
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Figure
Average fiber
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forthe
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with1010wtwt
POSS
when
excluding
beads
from
calculation.
the
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becausecharge
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were reported by Cozza et al. [23] for a cellulose acetate nanofiber loaded with
epoxycyclohexylisobutyl POSS.
3.2. Veil Dissolution in Neat Epoxy and Morphological Analysis of the Cured Composites
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charge carrying capacity of the jet results in higher tension on the jet with the applied electric
field [32]. Similar results were reported by Cozza et al. [23] for a cellulose acetate nanofiber loaded
with epoxycyclohexylisobutyl POSS.
3.2. Veil Dissolution in Neat Epoxy and Morphological Analysis of the Cured Composites
Hot-stage microscopy was used to evaluate the dissolution rate in the uncured epoxy matrix of
the electrospun veils at different temperatures. This is a first test used to assess the behavior upon the
curing of the soluble veils. The time required to obtain the full dissolution of the veils is summarized
Polymersin
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7.

Figure 7. Time to dissolution for different POSS contents as observed by the hot-stage analysis.

Figure 7. Time to dissolution for different POSS contents as observed by the hot-stage analysis.
The graph shows that increasing the POSS content resulted in a delayed time for the veil’s full

The graph shows that increasing the POSS content resulted in a delayed time for the veil’s full
dissolution. Similar results were found previously for higher molar mass coPES [5]. The epoxy resin
dissolution.
Similar results were found previously for higher molar mass coPES [5]. The epoxy resin
acts as a solvent for the coPES-based veil. Veil dissolution follows the rules of polymer dissolution into
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only
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rate. This is the case for the nanoscopic POSS cages, which can interact with polymer chain diffusion.
tested at high temperature (i.e., 130 ◦ C), while the other two formulations had a higher dissolution
It is important
to note that the system with 1% POSS showed minor differences with the coPES only
time even at this temperature.
when tested at high temperature (i.e., 130 °C), while the other two formulations had a higher
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and crio-fractured sample with a 10 wt % of coPES veil after the full cure cycle. The sample showed
the full dissolution of the nanofibers with the development of a particulate morphology, with the
coPES-rich particles having an average diameter of 1–3 µm. The coPES-rich particles are found in the
intralaminar region too, confirming the high level of polymer diffusion upon its dissolution during
Polymers 2017, 9, 281
9 of 16
the curing cycle, which lead to the phase separation occurring between the carbon fibers’ tow.
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The interlaminar region of the sample with 10 wt % of coPES/1% POSS showed distinctive
features with respect to that with a coPES veil (Figure 9). In this sample, a bimodal distribution of
coPES rich particles appeared, with small 1–3 µm particles and bigger 5–7 µm particles (for
Figure
8. 8.SEM
ofthe
theinterlaminar
interlaminar
region
forcomposite
the composite
10 wtveil
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Figure 9. SEM of the interlaminar region for the composites with dissolved in 10 wt % of coPES/1%
Figure 9. SEM of the interlaminar region for the composites with dissolved in 10 wt % of coPES/1%
POSS. On the right is the magnification (1000×) view of a POSS micro agglomerate.
POSS. On the right is the magnification (1000×) view of a POSS micro agglomerate.

A higher resolution SEM coupled with EDX analysis was performed on the same sample. The
A
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the same(Figure
sample.
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analysis
at a magnification
of 80,000×
revealed
the presence
nanoscaled
POSS
10).
analysis at a magnification of 80,000× revealed the presence of nanoscaled POSS crystallites (Figure 10).
An EDX analysis has been performed in three of the interlaminar regions characterized,
respectively, by uniform resin morphology (Figure 11, zone 1), coPES spherical particles (zone 2), and
POSS squared crystallites (zone 3). Table 2 reports the related quantitative analysis. The data reported
showed the presence of Si and Cl in zone 3, which is clearly characterized by the presence of POSS
agglomerates. The EDX analysis of zone 1 and 2 did not show clearly the presence of Si and Cl, but
due to the resolution of the EDX, this result cannot be used to assess the presence or absence of POSS
at the nanoscale. In zone 2, above the micrometer sphere, the EDX analysis revealed the presence of S,
which is coming from the coPES polymer. The presence of a rich S area confirms that the spherical
particles are coPES rich.

Figure 10. High resolution SEM images of the laminate obtained with the coPES/1% POSS veil.

Figure 9. SEM of the interlaminar region for the composites with dissolved in 10 wt % of coPES/1%
POSS. On the right is the magnification (1000×) view of a POSS micro agglomerate.
Polymers
9, 281
A 2017,
higher
resolution

10 of
16
SEM coupled with EDX analysis was performed on the same sample.
The
analysis at a magnification of 80,000× revealed the presence of nanoscaled POSS crystallites (Figure 10).

Figure 10. High resolution SEM images of the laminate obtained with the coPES/1% POSS veil.
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An EDX analysis has been performed in three of the interlaminar regions characterized,
respectively, by uniform resin morphology (Figure 11, zone 1), coPES spherical particles (zone 2), and
POSS squared crystallites (zone 3). Table 2 reports the related quantitative analysis. The data reported
showed the presence of Si and Cl in zone 3, which is clearly characterized by the presence of POSS
agglomerates. The EDX analysis of zone 1 and 2 did not show clearly the presence of Si and Cl, but
due to the resolution of the EDX, this result cannot be used to assess the presence or absence of POSS
at the nanoscale. In zone 2, above the micrometer sphere, the EDX analysis revealed the presence of
S, which is coming from the coPES polymer. The presence of a rich S area confirms that the spherical
particles are coPES rich.

Figure 11. SEM images of the region analyzed by EDX for the laminate obtained with the coPES/1%
Figure 11. SEM images of the region analyzed by EDX for the laminate obtained with the coPES/
POSS veil.
1% POSS veil.
Table 2. EDX analysis for the zones of the interlaminar region (see Figure 10) analyzed by EDX for
Table 2. EDX analysis for the zones of the interlaminar region (see Figure 10) analyzed by EDX for the
the laminate obtained with the coPES/1% POSS veil.
laminate obtained with the coPES/1% POSS veil.

Zone
Zone

C1

1
2
3

88
2
86
3
67

C
O
88
10
86
10
67
19

O
10
10
19

S
-S
2-2
-

Si
8.2

Au
2Si
25.1
8.2

Cl
- Au
- 2
0.7 2
5.1

Cl
0.7
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coPES particles (<1 µm) and micro squared POSS crystallites (Figure 2a). High resolution SEM
coPES
particles
(<1 µm)
andcrystallites
micro squared
POSS
(Figure
showed
nanoscaled
POSS
in this
case,crystallites
too (Figure
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resolution
SEM
was
performed on this sample, nanoscaled POSS were found again (Figure 14).
performed on this sample, nanoscaled POSS were found again (Figure 14).

POSS (Figure 13) showed morphologies that deviated from the morphological behavior of the sample
with the coPES veil only. The morphology for the coPES/5%POSS appeared particulate, with smaller
coPES particles (<1 µm) and micro squared POSS crystallites (Figure 2a). High resolution SEM
showed nanoscaled POSS crystallites in this case, too (Figure 12b).
When the coPES/10%POSS veil was used, a dominant particulate morphology (Figure 13a) and
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some 2017,
regions
with salami morphology (Figure 13b) were observed. When high resolution SEM was
performed on this sample, nanoscaled POSS were found again (Figure 14).

(a)

(b)

Figure 12. SEM of the laminate with the coPES/5% POSS veil dissolved in it: (a) low resolution (4000×, sx)
Figure 12. SEM of the laminate with the coPES/5% POSS veil dissolved in it: (a) low resolution (4000×,
and (b) high resolution (60,000×, dx).
sx) and (b) high resolution (60,000×, dx).

Polymers
2017,
9, 281
Polymers
2017,
9, 281

11 of
1115
of 15

Figure 13. SEM of the laminate with the coPES/10% POSS veil dissolved in it: High resolution (1000×, sx)
Figure 13. SEM of the laminate with the coPES/10% POSS veil dissolved in it: High resolution (1000×,
and low
resolution
dx).with the coPES/10% POSS veil dissolved in it: High resolution (1000×, sx)
Figure
13. SEM
of the(200×,
laminate
sx) and low resolution (200×, dx).
and low resolution (200×, dx).

Figure 14. Higher resolution SEM of the laminate with the coPES/10% POSS veil dissolved in showing
nanoscaled POSS (60,000×).

Figure 14. Higher resolution SEM of the laminate with the coPES/10% POSS veil dissolved in showing
Figure 14. Higher resolution SEM of the laminate with the coPES/10% POSS veil dissolved in showing
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the interlaminar region upon the dissolution of the nanofibers by the curing epoxy resin. The same
mechanism is thought to occur for the nanoscaled POSS, which are also seen in the electrospun veils.
The morphological differences observed in the interlaminar region for the samples with
coPES/POSS veils, if coupled with the delayed dissolution times (i.e., Figure 7), revealed that POSS
influenced the dissolution/phase separation mechanism. In particular, the interaction of POSS
molecules with coPES chains can hinder its diffusion, resulting in slower dissolution and phase
separation kinetics, which results in a smaller or non-uniform particulate morphology. In addition to
that, the presence of beads rich in microscaled POSS could have impacted the homogenous dispersion
of the coPES, resulting in an area with phase-inverted or salami morphologies.
3.3. DMA Properties of Composites
The viscoelastic properties of the POSS epoxies were measured by DMA (Figure 15). DMA is
sensitive to molecular-level heterogeneities, and can give insight into the epoxy/coPES/POSS network
architecture. The sample containing the coPES veil showed (Figure 15b) the presence of two distinct
tan δ peaks at 161 and 193 ◦ C, corresponding to the α-relaxations of the epoxy-rich and the coPES-rich
phases, respectively. The laminates cured with coPES/POSS veils showed more complex behavior.
In the glassy and rubbery regions, the samples with coPES/POSS veils showed a higher storage
modulus (E’). The increase of the storage modulus was the result of the reinforcing effect of the POSS
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Figure 15. DMA analysis of the cured laminates: (a) storage modulus (E’) vs T; (b) tan δ vs T.
Figure
15. DMA analysis of the cured laminates: (a) storage modulus (E’) vs. T; (b) tan δ vs. T.
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can conclude that at high POSS percentages, the presence of more POSS segregates leads to a smaller
dispersed in the epoxy and coPES phase affected the resultant viscoelastic behavior. In addition to
that, the tan δ peak height was higher for the laminate with the coPES/10% POSS veils than for those
with veils modified by 1% and 5% of POSS. This finding confirmed the minor presence of POSS
nanocages for the sample with a higher number of segregates. The laminates obtained with veils
containing 1% and 5% of POSS showed higher reductions for the tan δ peak, and its shape turned to
be a single peak.
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influence on the dissolution/phase separation behavior, but, still, the presence of POSS dispersed in
the epoxy and coPES phase affected the resultant viscoelastic behavior. In addition to that, the tan
δ peak height was higher for the laminate with the coPES/10% POSS veils than for those with veils
modified by 1% and 5% of POSS. This finding confirmed the minor presence of POSS nanocages for
the sample with a higher number of segregates. The laminates obtained with veils containing 1% and
5% of POSS showed higher reductions for the tan δ peak, and its shape turned to be a single peak.
For the sample with coPES/1% POSS, the phase separation process led to a complex particulate
morphology coupled with phase-inverted regions. As shown previously [34,35], the viscoelastic
behavior of coPES/Epoxy blends is sensitive to the blend’s morphology. Therefore, the tan δ trace is
the combined result of the peculiar morphology and the dispersion of nanogaged POSS.
The sample with coPES/5% POSS had even smaller and uniform coPES particles than for the
other samples, which can justify the presence of a single peak in the tan δ trace. The shift to a higher
temperature of the tan δ peak could be the result of a higher amount of CoPES dissolved in the
epoxy-rich sample and of the presence of a higher amount of POSS nanocage reinforcement.
3.4. Thermal Stability
The thermal behaviour of the composites was investigated, together with that of the pristine PES,
which
was
also studied for comparison. The aim was to determine if, and if so, and by how much13 of 15
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neat resin.
The morphological analysis carried out on the electrospun veils demonstrated that
electrospinning is an efficient technique to obtain thermoplastic veils with a high content of POSS
dispersed both at the nano and microscale.
The analysis on the cured laminates confirmed the full dissolution of the coPES nanofibers
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The morphological analysis carried out on the electrospun veils demonstrated that electrospinning
is an efficient technique to obtain thermoplastic veils with a high content of POSS dispersed both at
the nano and microscale.
The analysis on the cured laminates confirmed the full dissolution of the coPES nanofibers within
the processing ranges used, and, of foremost importance, proved that nanofillers can be effectively
dispersed by using the soluble thermoplastic veils. The addition of POSS showed to have a significant
effect on the final interlaminar morphology, and, in turn, on the viscoelastic properties of the laminates.
The veils filled with 5% of POSS showed the best improvement in terms of glass transition temperature
because of the synergetic effect of morphology control and POSS dispersion level.
The results achieved in this paper could be further expanded by filling the coPES veils with
different types of nanofillers, such as carbon nanotubes or nanoclay. The use of filled thermoplastic
veils is a promising approach to develop laminates with multiple layers of different types of nanofillers
in a single processing step.
Acknowledgments: The authors acknowledge MIUR for the financial support under the NanoBioMat project
within the DISAM initiative.
Author Contributions: Gianluca Cicala conceived the experimental work and wrote most of the paper;
Giulia Ognibene prepared the specimens (both the electrospun veils and the composites) and performed the
DMA testing; Alberta Latteri performed the SEM experiments; Maria Elena Fragalà performed the high resolution
SEM, EDX, and XRD analyses; Ignazio Blanco performed all the calorimetric and thermogravimetric studies;
Francesco Agatino Bottino provided to the synthesis of POSS. All of the authors contributed to the interpretation
of the data and to the writing and revision of the paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.

5.

6.

7.
8.
9.

10.

Akangah, P.; Lingaiah, S.; Shivakumar, K. Effect of Nylon-66 nano-fiber interleaving on impact damage
resistance of epoxy/carbon fiber composite laminates. Compos. Struct. 2010, 92, 1432–1439. [CrossRef]
Palazzetti, R.; Zucchelli, A.; Gualandi, C.; Focarete, M.L.; Donati, L.; Minak, G.; Ramakrishna, S. Influence of
electrospun Nylon 6,6 nanofibrous mats on the interlaminar properties of Gr-epoxy composite laminates.
Compos. Struct. 2012, 94, 571–579. [CrossRef]
Beckermann, G.W.; Pickering, K.L. Mode I and Mode II interlaminar fracture toughness of composite
laminates interleaved with electrospun nanofibre veils. Compos. A Appl. Sci. Manuf. 2015, 72, 11–21.
[CrossRef]
Li, G.; Huang, Z.; Xin, C.; Li, P.; Jia, X.; Wang, B.; He, Y.; Ryu, S.; Yang, X. Morphology evolution of
polysulfone nanofibrous membranes toughened epoxy resin during reaction-induced phase separation.
Mater. Chem. Phys. 2009, 118, 398–404. [CrossRef]
Cicala, G.; Latteri, A.; Mannino, S.; Ognibene, G.; Blanco, I. Influence of Soluble Electrospun
Co-Polyethersulfone Veils on Dynamic Mechanical and Morphological Properties of Epoxy Composites:
Effect of Polymer Molar Mass. Adv. Polym. Technol. 2016, in press. [CrossRef]
Li, G.; Jia, X.; Huang, Z.; Zhu, B.; Li, P.; Yang, X.; Dai, W. Prescribed morphology and interface correlation of
MWNTs–EP/PSF hybrid nanofibers reinforced and toughened epoxy matrix. Mater. Chem. Phys. 2012, 134,
958–965. [CrossRef]
Cicala, G.; Latteri, A.; Mannino, S.; Cozzo, G.; Ognibene, G.; Recca, A. Thermoplastic veils as advanced
modifiers for multifunctional fiber reinforced composites. AIP Conf. Proc. 2014, 1599, 46–49. [CrossRef]
Lionetto, F.; Calò, E.; Di Benedetto, F.; Pisignano, D.; Maffezzoli, A. A methodology to orient carbon
nanotubes in a thermosetting matrix. Compos. Sci. Technol. 2014, 96, 47–55. [CrossRef]
Hamer, S.; Leibovich, H.; Green, A.; Avrahami, R.; Zussman, E.; Siegmann, A.; Sherman, D. Mode I and
Mode II fracture energy of MWCNT reinforced nanofibrilmats interleaved carbon/epoxy laminates. Compos.
Sci. Technol. 2014, 90, 48–56. [CrossRef]
Gojny, F.H.; Wichmann, M.H.G.; Köpke, U.; Fiedler, B.; Schulte, K. Carbon nanotube-reinforced
epoxy-composites: Enhanced stiffness and fracture toughness at low nanotube content. Compos. Sci.
Technol. 2004, 64, 2363–2371. [CrossRef]

Polymers 2017, 9, 281

11.
12.
13.
14.

15.
16.
17.
18.

19.
20.
21.
22.

23.
24.
25.

26.

27.
28.
29.
30.

31.
32.
33.

15 of 16

Kim, B.C.; Park, S.W.; Lee, D.G. Fracture toughness of the nano-particle reinforced epoxy composite.
Compos. Struct. 2008, 86, 69–77. [CrossRef]
Carolan, D.; Ivankovic, A.; Kinloch, A.J.; Sprenger, S.; Taylor, A.C. Toughened carbon fibre-reinforced polymer
composites with nanoparticle-modified epoxy matrices. J. Mater. Sci. 2017, 52, 1767–1788. [CrossRef]
Tian, Y.; Zhang, H.; Zhang, Z. Influence of nanoparticles on the interfacial properties of fiber-reinforced-epoxy
composites. Composites A 2017, 98, 1–8. [CrossRef]
Liu, L.; Tian, M.; Zhang, W.; Zhang, L.; Mark, J.E. Crystallization and morphology study of polyhedral
oligomeric silsesquioxane (POSS)/polysiloxane elastomer composites prepared by melt blending. Polymer
2007, 48, 3201–3212. [CrossRef]
Lee, A.; Lichtenhan, J. Viscoelastic Responses of Polyhedral Oligosilsesquioxane Reinforced Epoxy Systems.
Macromolecules 1998, 31, 4970–4974. [CrossRef] [PubMed]
Pistor, V.; Puziski, L.; Zattera, A.J. Influence of different concentrations of glycidylisobutyl–POSS on the glass
transition of cured epoxy resin. J. Appl. Polym. Sci. 2015, 132, 1–8. [CrossRef]
Zhang, W.; Camino, G.; Yang, R. Polymer/polyhedral oligomeric silsesquioxane (POSS) nanocomposites:
An overview of fire retardance. Prog. Polym. Sci. 2017, 67, 77–125. [CrossRef]
Dintcheva, N.T.; Morici, E.; Arrigo, R.; La Mantia, F.P.; Malatesta, V.; Schwab, J.J. UV-stabilisation
of polystyrene-based nanocomposites provided by polyhedral oligomeric silsesquioxanes (POSS).
Polym. Degrad. Stab. 2012, 97, 2313–2322. [CrossRef]
Konnola, R.; Parameswaranpillai, J.; Joseph, K. Mechanical, thermal and Viscoelastic response of Novel In
Situ CTBN/POSS/Epoxy Hybrid Composite System. Polym. Compos. 2016, 37, 2109–2120. [CrossRef]
Kuo, S.W.; Chang, F.C. POSS related polymer nanocomposites. Prog. Polym. Sci. 2011, 36, 1649–1696.
[CrossRef]
Zhang, J.; Zhang, W.; Guan, D. Preparation and properties of epoxy resin/polyhedral oligomeric
silsesquioxane hybrid materials. Polym. Bull. 2016, 73, 113–123. [CrossRef]
Frank, K.L.; Exley, S.E.; Thornell, T.L.; Morgan, S.E.; Wiggins, J.S. Investigation of pre-reaction and cure
temperature on multiscale dispersion in POSS–epoxy nanocomposites. Polymer 2012, 53, 4643–4651.
[CrossRef]
Cozza, E.S.; Monticelli, O.; Marsano, E. Electrospinning: A novel method to incorporate POSS into a polymer
matrix. Macromol. Mater. Eng. 2010, 295, 791–795. [CrossRef]
Puglisi, C.; Samperi, F.; Cicala, G.; Recca, A.; Restuccia, C.L. Combined MALDI-TOF MS and NMR
characterization of copoly(arylen ether sulphone)s. Polymer 2006, 47, 1861–1874. [CrossRef]
Abate, L.; Blanco, I.; Cicala, G.; Recca, A.; Restuccia, C.L. Thermal and rheological behaviours of some
random aromatic amino-ended polyethersulfone/polyetherethersulfone copolymers. Polym. Degrad. Stab.
2006, 91, 3230–3236. [CrossRef]
Abate, L.; Blanco, I.; Cicala, G.; Recca, G.; Scamporrino, A. The Influence of Chain-Ends on the Thermal
and Rheological Properties of Some 40/60 PES/PEES Copolymers. Polym. Eng. Sci. 2009, 49, 1477–1483.
[CrossRef]
Rosenberg, S.D.; Walburn, J.J.; Ramsden, H.E. Preparation of Some Arylchlorosilanes with Arylmagnesium
Chlorides. J. Org. Chem. 1967, 22, 6–7.
Breed, L.W.; Haggerty, W.J. Aryl and Alkylchlorodialkoxysilanes. J. Org. Chem. 1960, 25, 126–128. [CrossRef]
Feher, F.J.; Newman, D.A. Enhanced silylation reactivity of a model for silica surfaces. J. Am. Chem. Soc.
1990, 112, 1931–1936. [CrossRef]
Blanco, I.; Abate, L.; Bottino, F.A.; Cicala, G.; Latteri, A. Dumbbell-shaped polyhedral oligomeric
silsesquioxanes/polystyrene nanocomposites: The influence of the bridge rigidity on the resistance to
thermal degradation. Polym. Compos. 2015, 49, 2509–2517. [CrossRef]
Zhang, D.; Liu, Y.; Shi, Y.; Huang, G. Effect of polyhedral oligomeric silsesquioxane (POSS) on crystallization
behaviors of POSS/polydimethylsiloxane rubber nanocomposites. RSC Adv. 2014, 4, 6275–6283. [CrossRef]
Subbiah, T.; Bhat, G.S.; Tock, R.W.; Parameswaran, S.; Ramkumar, S.S. Electrospinning of nanofibers. J. Appl.
Polym. Sci. 2005, 96, 557–569. [CrossRef]
Zhang, Z.; Liang, G.; Wang, X. The effect of POSS on the thermal properties of epoxy. Polym. Bull. 2007, 58,
1013–1020. [CrossRef]

Polymers 2017, 9, 281

34.
35.

16 of 16

Blanco, I.; Cicala, G.; Motta, O.; Recca, A. Influence of a selected hardener on the phase separation in
epoxy/thermoplastic polymer blends. J. Appl. Polym. Sci. 2004, 94, 361–371. [CrossRef]
Cicala, G.; La Spina, R.; Recca, A.; Sturiale, S. Influence of copolymer’s end groups and molecular weights
on the rheological and thermomechanical properties of blends of novel thermoplastic copolymers and epoxy
resins. J. Appl. Polym. Sci. 2006, 101, 250–257. [CrossRef]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

