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Taking advance of the fiber-reinforced polymer process, commonly used in the fabrication
of polymer composites, in this work we used electrospun microfibers to reinforce
self-healing ionomeric polymers producing sandwich-type composites. In particular,
three-layer stack with poly(lactic acid), PLA, electrospun fibers in between two layers of
commercial smart polymers has been obtained based on poly(ethylene-co-methacrylic
acid) (EMAA) copolymers, well-know with the tradename of Nucrel® and Surlyn®, both
of them manufactured by Dupont™ Company. Surlyn® is the corresponding ionomer
of Nucrel® in which the MAA groups are partially neutralized with sodium ions. In
general, one of the main problems of thermoplastic composites, that provoke a lower
impregnation of the fiber, is the high viscosity of the molten matrix. Therefore, in
this work, we used electrospun microfibers in order to solve impregnation problem,
thus considering that electrospinning process is an accessible, versatile and low-cost
technique for fibers formation in the range of micron and nanometers. In order to
create the sandwich-type structure, firstly, the optimization of the processing window
has achieved in order to maintain the randomly oriented fiber structure on the final
composites. In particular, the creation of sandwich-type structure with Surlyn® reinforced
with woven non-woven electrospun fibers based on PLA with enhanced mechanical as
well as hardness and wear resistance can be used for future active packaging solutions.

Keywords: sandwich, electrospun microfibers, PLA, ionomers, EMAA copolymers, polymer composite

INTRODUCTION

From the beginning, polymeric composite materials play a very important rule in the field
of engineering materials. In general, with the term composite material we refer to a material
prepared starting from two or more components with significantly different physical or chemical
properties that, when combined, produce a material with characteristics completely different from
the individual ones (Kar, 2016; Sessini et al., 2019). Thermosetting as well as thermoplastic polymers
can be used in order to obtain polymer composite materials (Salomi et al., 2007; Zhu et al,
2011). Their applications are disparate covering all the fields that surround us, from aeronautics to
construction, from biomedicine to diary-use objects, among others (Wang et al., 2017). Nowadays
particular importance is also focused on nanocomposites materials, where at least one component
has to show dimension in the nano range (Peponi et al., 2014).
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Different and many are the techniques used to obtain
polymeric composite materials such as compression molding,
autoclave and vacuum bag, preforming, filament winding,
pultrusion, resin transfer molding and so on, depending on the
thermo-response of the polymeric matrix used (Kim and Lee,
2016).

Another important process used when working with polymer
composites is the fiber-reinforced polymer (FRP) commonly used
in aerospace, automotive, construction, marine and ballistic field
(Ku et al., 2011; Pickering et al., 2016). In this case, glass fibers
as well as carbon fibers are generally used and the process can
be divided in two main part, (i) the fibers fabrication and (ii)
the molding process used to bond the fibers with the polymeric
matrix. In general, one of the main problems of thermoplastic
composites, that provoke a lower impregnation of the fiber,
is the high viscosity of the molten matrix. In order to solve
the problem, many manufacturing processes for thermoplastic
composites have been developed and in particular, the use of a
prepreg is commonly preferred in industrial practice (Dell’Anna
etal., 2018).

Taking advance of the FRP process, commonly used in
the fabrication of polymer composites, in this study we used
electrospun microfibers to reinforce self-healing ionomeric
polymers creating sandwich-type structures, in order to solve the
impregnation problem of the fibers.

The idea of using fibers obtained by electrospinning is based
on the increasing development of electrospinning technique
in the last years as well as on the characteristics own of the
electrospun fibers that is both high surface-to-volume and large
length-to-diameter ratios (Fang et al., 2008; Persano et al., 2013).

Electrospinning process is an accessible, versatile and low-
cost technique for fibers formation in the range of micron,
and nanometers. This technique usually consists in a syringe
containing the polymeric solution which flows through the
needle connected to an electrode. The other electrode is
connected to the collector and when a voltage is applied, the
electrostatic force stronger than gravity force transforms the
solution drop in a cone, named “Taylor cone” from which
fibers are ejected (Amiraliyan et al., 2009). The distance between
the needle and the collector has to be enough to permit the
evaporation of solvent and the fibers are randomly collected in
woven non-woven fiber mats. Apparently simple, this technique
required the optimization of different parameters, such as those
related to the polymeric solution like the solution concentration,
solvent type, superficial tension of solutions, those relate with
the electrospinning itself as applied voltage, solution flow rate,
distance between the needle and the collector, and also ambient
parameters such as temperature and humidity conditions, to
control uniformity on geometry and diameter of the fibers
(Carrasco-Hernandez et al., 2017).

Additionally, due to the very high surface-to-volume ratio
typical of electrospun fibers, the interaction with a matrix,
is expected to be significantly enhanced, leading to a high
strengthening efficiency. For these reasons, electrospun mats
have been recently proposed as reinforcement of polymers
as a good alternative to conventional reinforcing fibers (Li
and Xia, 2004). Moreover, electrospun fibers can be used

to incorporate nanoscale fillers and/or plasticizer to enhance
mechanical properties as well as to give a multi-functionality and
multi-response behavior to the electrospun fibers (Sonseca et al.,
2012; Peponi et al., 2014; Arrieta et al., 2016a,b; Leonés et al.,
2019).

The use of electrospun fibers to reinforce polymer composite
materials is quite new thus considering that very few scientific
articles, about 10 from Scopus source, were published up to now
and most of them were published on 2019.

Lamastra et al. (2012) published for the first time in 2012a
study to fabricate nanocomposites with electrospun fibers as
reinforcing element. In particular, they used polycaprolactone,
PCL, as matrix and electrospun fibers of polymetilmetachrilate,
PMMA reinforced with both multiwall carbon nanotubes
(MWCNT) and graphene nanoplatelets (GNP). They fabricated
the composite by using 5 layers of the matrix and 4 layers of
the electrospun fiber reinforcements alternatively stacked. They
found that all composites show a strong interface necessary for
an efficient load transfer from the matrix to the electrospun
fiber reinforcement.

In Kim et al. (2013) studied composites based on electrospun
SiC fibers and phenolic resin for application as high thermal
conducting substrate for the fabrication of heat dissipating
microelectronic components. In particular, they synthesized
silicon carbide from the pyrolysis of cured polycarbosilane
fibers and obtained that for 40 wt% SiC content the thermal
conductivity strongly increases.

In Cherpinski et al. (2018) reported a work on multilayer
structures based on annealed electrospun biopolymer of interest
in water and aroma barrier for food packaging applications, in
particular for fiber-based packaging.

In Cai et al. (2019) studied the effect of electrospun
polysulfone/cellulose nanocrystals interleaves on
the  interlaminar  fracture  toughness of  carbon
fiber/epoxy composites.

The use of electrospun nanofibers loaded with active
compounds as layer in composites materials is starting to focus
the attention of scientist in last years. Arrieta et al. (2019) studied
the antioxidant effect on biodegradable bilayers based on PHBV
and plasticized electrospun fibers obtained by encapsulating
catechin in the electrospun fibers as antioxidant carrier for
food packaging application. Quiles-Carrillo et al. (2019) use
electrospun fiber to produce PLA-based films multilayer with
controlled release of garlic acid as antioxidant agent.

Lopez-Cordoba et al. (2019) added electrospun PVA fibers to
a starch matrix for active food packaging. Their cross-sections
images revealed a sandwich-type structure, indicating that the
electrospun mat was fully incorporated into the composites. In
particular, the presence of the electrospun PVA mats provoked a
significant reduction in the water vapor permeability of the film.

Moreover, Kimna et al. (2019) reported the fabrication of
multilayer wound dressing membranes with controlled release of
gentamicin to prevent the possible infections at the injured site.

Electrospun mats also showed high porosity and excellent
flexibility so can be added in composites to achieve new small
sized and weight light devices. Some examples of these kinds
of materials can be found in the literature. For example,
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Khalid et al. (2019) fabricated a highly sensitive biodegradable
pressure sensor based on nanofibrous dielectric to be used in
biomedical implants or short-term communication devices based
on electrospun PLGA-PCL membranes. Moreover, Oroujzadeh
et al. (2019) studied electrospun fibers of non-sulfonated
poly(ether ketone) PEK obtained by electrospinning and the
fibers were impregnated with 70% sulfonated polymer solution
to make blend membranes with controlled water absorption and
increased mechanical strength.

Therefore, electrospun fibers characteristics provide a wide
range of advantages in the fabrication of composite materials
whose applicability is being studied in different fields such as the
fabrication of epoxy composite (Cai et al., 2019) fabrication of
resin (Kim et al., 2013) or water and aroma filters (Cherpinski
et al., 2018) as well as packaging application (Arrieta et al.,
2015). Among their different advantages, electrospun fibers are
widely used as carriers for active compounds. The controlled
release of chemicals provides for example, an efficient mechanism
for preventing infections or for protecting food products from
the contamination.

Consequently, based on these advances in the use of
electrospun fibers, in this work we obtain PLA electrospun
fibers to achieve a sandwich-type structure in between matrix
of commercial smart polymers. In particular two different
matrices have been used based on poly(ethylene-co-methacrylic
acid) (EMAA) copolymer well-know with the tradename
of Nucrel® and Surlyn® both of them manufactured by
DupontTM Company.

In particular, Nucrel® is an EMAA copolymer used for foil
adhesive and heat sealant coating (DiPoto, 1996; Krabbenborg
et al, 2007). Surlyn® is its corresponding ionomer in which
the MAA groups are partially neutralized with sodium ions and
it is used as material for innovative packaging in photovoltaic
applications (Lertngim et al., 2017), traditional packaging from
cosmetic to food (Varley, 2007) and for golf ball encapsulation
(Varley, 2007). Surlyn® is able to present both shape memory
and self-healing behavior (Varley et al., 2010; Lu and Li, 2016).
Sessini et al. (2018) studied the shape memory response of
nanocomposites based on both Nucrel® and Surlyn® reinforced
with different amount of silica nanoparticles.

Lu and Li (2016) reported that commercial Surlyn® 8940,
neutralized with sodium, exhibits both one-way multi-shape
memory effects and tunable two-way reversible actuation. Zhao
et al. (2017) demonstrated shape memory behavior of 3D
printed objects using the same commercially available zinc
neutralized EMAA without any modification. Calderén-Villajos
et al. (2019) also demonstrate that 3D-printing Surlyn® based
nanocomposites, reinforced with multiwall carbon nanotubes,
show increasing mechanical response maintaining its self-
healing properties.

The self-healing properties of this polymer under high speed
impact (Varley and van der Zwaag, 2008; Varley et al., 2010),
and even under hyper-velocity impacts simulating space debris
impacts (Francesconi et al., 2013) has been also studied.

Thermal response of this thermoplastic copolymer was
studied by Kalista and Ward (2007) to better understand the
self-healing capabilities and the mechanism taking place in the

material not only at room temperature, but even under low
temperature damaging of the polymer.

Scratch healing behavior of this ionomer and the influence
of free carboxylic groups was evaluated by Vega et al. (2014).
This scratch resistance is vital in packaging and encapsulating
applications of the ionomer.

Sundaresan et al. (2013) studied the self-healing properties of
composites based on woven carbon fibers embedded on Surlyn®
indicating that the composite can sustain damage from medium-
velocity impact and heal from the energy of the impact.

Therefore, in this work, woven non-woven PLA electrospun
fibers randomly oriented are arranged in between two layers
of Nucrel® and Surlyn® sheets (0.500 mm thick) and melt-
pressed into an innovative composite. Particular care has
been taken on the processing window to obtain the final
composite. In particular, the creation of sandwich-type
structure with Surlyn® reinforced with woven non-woven
electrospun fibers based on PLA with enhance mechanical
as well as hardness and wear resistance can be used for
potential innovative packaging, from cosmetic, food and
photovoltaic applications.

MATERIALS AND METHODS

Materials

Commercial ~ poly(ethylen-co-methacrylic  acid)  random
copolymer named Nucrel® 960 [contained 15 wt.% of
methacrylic acid (MAA) comonomer] and its ionomer, Surlyn®
8940, with 30% of MAA comonomer neutralized by sodium,

were kindly provided by DupontTM Company. Nucrel® 960 and
Surlyn® 8940 referred to as “Nucrel” and “Surlyn” respectively,
from this point forward.

Polylactic acid (PLA2003D, molecular weight 12 x 10*
g/mol, 4.25% of D-lactic acid monomer) was supplied by
Nature Works®.

Chloroform (CHCIl3) from Sigma Aldrich was used as solvent.

Production of Microfiber by

Electrospinning

PLA pellets were dried in oven overnight at 60°C before use.
PLA solution with a concentration of 10 wt% in CHCl; was
stirred overnight at room temperature before the electrospinning
process as indicating in our previous work (Mujica-Garcia et al.,
2014).

The polymer solution of PLA was pumped through the inner
needle and chloroform as solvent was pumped through the
outer needle.

A voltage of 10.5 kV was applied in positive pole and —10.5
kV in negative pole producing the electric field. The solvent
solution and polymer solution flow rates were fixed at 0.30
and 0.3 mL/h, respectively. This formulation was electrospun
for 4h over a metal plane collector covered with aluminum
foil placed at 17.5cm distance from the needle, obtaining a
woven non-woven electrospun mat with thickness of 0.5 jum. The
obtained mats were vacuum dried for 24 h in order to remove any
solvent residues.
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Fabrication of Sandwich-Type Composites
Before their processing, the polymers and the electrospun
microfibers, named ePLA, were dried at 60°C for 48 h.

The composite sandwich-type structures were processed
following two steps.

In the first one the films based on Nucrel and Surlyn of
0.5mm were processed by compression molding of the pellets
in a Dr. Collin 200 x 200mm press at 160°C applying 50
bars of pressure for 3 and 2 min with water circulation to cool
down the temperature. This procedure was used to produce the
unreinforced polymer films.

In the second step, the sandwich-type structure was
prepared by placing the electrospun PLA microfiber mat
in between two layer of Nucrel or Surlyn, as reported
in the Figurel and compressed, obtaining a three-layer
stack of Nucrel/ePLA/Nucrel or Surlyn/ePLA/Surlin, named
Nu/ePLA/Nu and Su/ePLA/Su, respectively.

The compression molding of the sandwich-type structure
was performed using two different processing window in order
to study how the processing conditions can influence the
fibers structure into the sandwich-type structures and their
impregnation as well as their adhesion within the polymeric
layers of the final composites.

In particular, in the first case, the compression molding was
performed at 160°C, 50 bars for 3min and cooling down the
temperature for 2 min by water circulation. In the second case,
the parameters have been fixed at 120°C, 50 bars of pressure
for 3min and cooling down the temperature for 2min by
water circulation.

In order to compare the effect of the electrospun fiber
addition procedure in the composite a bilayer of Nucrel/Nucrel
(Nu/Nu) and Surlyn/Surlyn (Su/Su) have been also processed as
reference samples.

Characterization Methods

The morphology of the sandwich-type composites was first
studied by optical microscopy and by using of 3D Optical
Profilometry (Zeta 20 from Zeta Instrument).

In order to better characterize the morphology at the interface
between the different polymeric layers, SEM micrographs of
the cryo-fracture surface of the Nucrel- and Surlyn-based
composites, were obtained by scanning electron microscopy,
SEM, PHILIPS XL30 with a tungsten filament. The sandwich-
type composites were frozen using liquid nitrogen and then cryo-
fractured. All the samples were gold/palladium coated by an
automatic sputter coated Polaron SC7640.

SEM PHILIPS XL30 has been used also to characterize the
PLA electrospun fibers, ePLA.

PLA | | Nucrel
electrospun — ¢ J or
microfibers ¢ 1 Surlyn

FIGURE 1 | Schematic representation of the sandwich-type structure.

The thermal properties were investigated by Differential
Scanning Calorimetry (DSC) analysis using a Mettler Toledo
DSC822e instrument, under nitrogen flow (30 ml/min). Samples
of about 10 mg were sealed in aluminum pans. The thermal
analysis was programmed at 10°C min~! from 0°C up
to 200°C obtaining the melting temperature (Tm) and the
melting enthalpy (AHm). Moreover, the degree of crystallinity
(Xc) of each sample was calculated, according with the
equation below:

AH,,
Xc (%) = <AHi.?°) x 100 (1)

where, AHm!? is the specific melting enthalpy for a 100 %
crystalline PE (278 J/g) (Weigel, 1981). The degree of crystallinity
was calculated considering both melting peaks showed by the
EMMA copolymers.

For the PLA electrospun fiber also a DSC scan has been
obtained at the same experimental condition than the sandwich-
type composite structures.

Thermogravimetric analysis (TGA) was carried out using a
TGA Q500 thermal analyzer from TA Instrument. All samples
were analyzed by dynamic mode using about 10 milligrams of
sample from room temperature to 800°C at 10°C min~! under
nitrogen atmosphere with a flow of 60 mL min~!. Temperatures
at the maximum degradation rate (Tp,ax) were calculated from
the first derivative of the TGA curves (DTG).

Dynamic Mechanical Thermal Analisys (DMTA) of the
samples was carried out using a DMA Q800 from TA Instrument
in film tension mode with an amplitude of 5 um, a frequency of
1 Hz, a force track of 125 %, and a heating rate of 2°C min~!.
Samples subjected to DMA were cut from compression-molded
films into regular specimens of approximately 20 mm x 5mm x
0.90 mm.

Mechanical properties were determined using an Instron
Universal Testing Machine at a strain rate of 150 mm min~!.
Tensile test measurements were performed on 5 dog-bone
specimens with a width of 2mm, thickness of 0.90 mm and
leaving an initial length between the clamps of 20 mm. From
these experiments were obtained the elastic modulus, as the slope
of the curve between 0 and 2 % of deformation, the elongation at
break and the tensile strength.

Hardness tests using Shore D standard ASTM D2240-05
(ASTM, 2015) were conducted on the surface of the specimens,
using a maximum load of 10 kg applied during 10 s on the surface
of each samples. At least 10 measurements were conducted on
each sample in order to have representative mean values.

Wear tests were carried out at room temperature and under
dry sliding condition with a pin-on-disc configuration (Microtest
tribometre) using the polymer specimens as the discs, with
a size in mm of 4 x 4 x 3mm. The counterbody was a
carbon steel ball of 6mm of diameter. The wear tests were
carried out at room temperature in dry conditions under a
load of 10N and using 200 rpm as rotational speed of the
specimens. The test was maintained until wear depth a total
sliding distance of 1,000 m. The wear testing machine recorded
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continuously the friction coefficient and the wear depth over
the specimens.

3D Optical Profilometry was also used to study the wear
mechanism of the materials and to calculate the lost volume of
the worn track of each sample after the wear test. Big areas of the
sample can be analyzed in 2D and 3D mode due to the ability of
the equipment to electronically move the sample holder platform,
take individual micrograph and rebuild the whole scanned area.
Mountain Map software was used to create 3D micrographs from
the data obtained from the 3D Optical Profilometer.

Volume loss during the wear tests was determined from
the volume of the worn track. This volume was calculated
during the test using the 3D micrographs obtained from the

3D optical Profiles and the subsequent treatment with Mountain
Map software. To evaluate the wear mechanism of the material
under different conditions, the Archards law was applied
(Archard, 1953):

\% w

— =K— =k,W 2

I 7=k 2

where, V is the wear volume, L is the sliding distance, being the
coefficient V/L the wear rate, W is the applied load, H is the
hardness of the sample, K is the Archard’s constant and ky is the
specific wear rate calculated from volume lost.

10 ym

_ N

FIGURE 3 | OM images of Nucrel- and Surlyn-based multilayer composites reinforced with PLA electrospun microfibers.

Nu/ePLA/Nu

Frontiers in Materials | www.frontiersin.org

December 2019 | Volume 6 | Article 301


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sessini et al. Electrospun Fibers for Sandwich-Type Composites

Nu/mePLA/Nu

\_ -4 -l £
otMagn Det WD Exp p————| 50um SpotMagn Det WD Exp —————f 204m
500x  SE 199 1 250KkV30 1000x SE 199 1

Nu/ePLA/Nu

AccV SpotMagn Det WD Exp ———— 504m AccV SpotMagn Det WD Exp ——] 20sm
500x SE 192 1 250kV30 1000x SE 193 1

=
7]
<
g
S~
-
7]

SpotMagn Det WD Exp ————— 50m ccV SpotMagn De

250KkV30 500x SE 204 1 0KkV30 1000x SE

F 4

=
7]
<
Y
o
=
(7]

| A ) 4
I9A 8 :
AccV SpotMagn Det WD Exp —————— 50um cc. tMagn Det WD Exp f——————{ 204m

250kv30 500x SE 205 1 5. 1000x SE 206 1
Y

&

FIGURE 4 | SEM images of the cross-section of Nucrel- and Surlyn-based multilayer composites reinforced with PLA electrospun microfibers.
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RESULTS AND DISCUSSION

Typically, carbon fiber structural composite materials are
manufactured using layers of a woven fabric containing a
few thousand reinforcing fibers stacked in different angular
orientations (Barile and Casavola, 2019). In our case, randomly
oriented woven non-woven PLA electrospun fiber mats are used
in a three-layer stack of Nu/ePLA/Nu or Su/ePLA/Su.

First of all, once obtained the electrospun mats, their fiber
morphologies were studied by scanning electron microscopy.
SEM images of PLA electrospun microfibers are shown in
Figure 2. As it can be seen, straight, randomly oriented and
bead-free fibers were obtained with an average diameter of
about 3.5 £+ 0.7 um.

On the other hands, the morphology of the sandwich-type
composites obtained with the different temperature processing
was firstly studied by OM and the OM micrographs are reported
in Figure 3.

It is important to note that for the three-layer stack processed
at 160°C the fibers lost their shape and are completely melted,
in both Nucrel- and Surlyn-based multilayer composites. In this
case, when the PLA electrospun fibers are completely melted, the
samples are named Nu/mePLA/Nu and Su/mePLA/Su.

In the case of processing temperature of 120°C, non-melted
fibers-based composites, have been obtained. This temperature
ensures the adhesion between the polymeric layers of the
sandwich structure but at the same time it is lower than the
melting temperature of PLA maintaining the fiber structure.
Therefore, it is clear to note, due to their transparency, that
the final composites reinforced with not melted ePLA conserve
the random oriented structure of the woven non-woven PLA
electrospun fibers.

Asitis possible to notice, there is a clear difference between the

their values. In particular, for Nu/ePLA/Nu we obtained an
average diameter of 7.3 £ 1.9 um while for Su/ePLA/Su an
average value of 10.6 £ 2.1 um has been calculated based on 50
different measurements.

The morphology observed by OM was confirmed by SEM
analysis. In Figure4, the cryo-fractured surface micrographs
of the three-layer stack composites are reported. The melting
of the electrospun fibers is confirmed in both Nucrel- and
Surlyn-based composites when the temperature of 160°C has
been used during the manufacturing process. As it is easy
to notice in Figure4 (inset), in the case of Nucrel-based
composites an empty interface between the Nucrel matrix and the
ePLA reinforcement is obtained. Completely different behavior
was observed for Surlyn-based sandwich structures. This gap
indicates low interaction between the PLA-based reinforcement
and the Nucrel matrix, suggesting that the presence of the
Na™ ions in Surlyn-based composites increase the compatibility
with PLA. Supporting this result, Jantanasakulwong et al. (2016)
reported a similar result in 2016, for ternary blends based on
PLA, acrylic rubber (ACM), and ethylene-methacrylic acid with
sodium ions (EMAA-Na). They reported that the EMAA-Na can
interact with both PLA and the ACM acting as compatibilizer
between PLA and ACM. They demonstrated that the Na™ ions
in EMAA-Na were able to improve the interfacial adhesion
through the end groups of PLA and the epoxy group of ACM
because the Na™ ion acted as a catalyst to accelerate the
interfacial reaction.

TABLE 1 | Thermal properties of all the processed samples.

Sample T2  Tmi Tm PLA
(C) (€ (C)

AH;, Xc Tmax PLA Tmax
W-g (%) (°C) (°C)

sample with melted and non-melted fibers. When the fibers are ~ Nu 45 93 - 36 12 461
non-melted, their morphology is unmodified inside the sandwich ~ Nu/Nu 45 92 - 50 17 467
structure while melted fibers-based samples show the coalescence ~ NuwmePLANu 52 93 - 35 12 362 467
of the fibers due to their melting, being this effect stronger in  NuePLA/Nu 45 93 148 63 22 368 472
Nu/mePLA/Nu than the Surlyn-based sample, probably due to  su 47 9 - 38 13 483
the elastomeric character of the Nucrel. However, in the case  su/su 51 92 - 36 12 480
of non-melted fibers, the diameters of the PLA electrospun  suwmePLA/SU 45 9 - 33 11 480
fibers incorporated in the sandwich structure change, enlarging  su/ePLA/SU 50 92 149 38 13 482

: —Su

21 A ePLA ¢ :zﬁipwsl‘

o N
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3 |34 ol
T T T T v

0 50 100 150 200 o 50
Temperature °C

multilayers composites, and (C) Surlyn-based multilayer composites.
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The DSC thermograms for the electrospun fibers as well
as for the sandwich structures are showed in Figure5. In
particular DSC thermogram for PLA electrospun fibers are
reported in Figure 5A. Sandwich-type structure based on
Nucrel® are reported in Figure 5B and the ones based on
Surlyn® in Figure 5C. As it is possible to note, all the composite
formulations exhibited the two characteristic endothermal peaks
of EMAA-based materials. As reported in our previous work
(Sessini et al., 2018), the highest temperature peak corresponds
to the melting temperature of polyethylene crystals while the
lowest temperature peak is ascribed to the melting of small
polyethylene secondary crystals that slowly form following the
primary crystallization (Marx and Cooper, 1974; Tsujita et al,,
1987; Kuwabara and Horii, 2002; Loo et al., 2005; Dolog
and Weiss, 2013). Moreover, the samples Nu/ePLA/Nu and
Su/ePLA/Su showed an additional small endothermic peak at
about 150°C, attributed to the melting of the semi-crystalline
PLA electrospun microfibers impregnated inside to the sandwich
structure. Moreover, thus comparing the sandwich structure
obtained with the different processing temperature, it is easy
to note the fiber structure is not modified when PLA melting
temperature is not reached in the fabrication process.

The thermal properties of all the processed materials are
summarized in Table 1. As it is possible to notice, an increase of
the degree of crystallinity was observed for Nu/Nu probably due
to the double processing that works as an annealing treatment
for the sample. Furthermore, the presence of non-melted PLA
microfiber in the sandwich structure of Nu/ePLA/Nu lead to
the highest value of the degree of crystallinity. Nevertheless, no
significant changes were observed in the degree of crystallinity
value for Surlyn-based materials.

The TGA and DTG thermograms are reported in Figure 6
for all the materials. Comparing the neat materials, Nucrel
and Surlyn single films and bilayers, the presence of the
neutralized MAA comonomer fraction with Na™ increases the
thermal stability of the EMAA copolymers shiftin the Tpax
of about 20°C, as reported previously (Sessini et al., 2018).
Surprising, the presence of the PLA microfibers mat inside

the sandwich-type structure increased the thermal stability of
Nucrel based materials of 6 and 11°C for Nu/mePLA/Nu
and Nu/ePLA/Nu, respectively. Nevertheless, no significant
changes in the thermal stability of Surlyn-based sandwich
structure, due to the presence of PLA microfiber mat were
observed. This behavior confirms the results previously obtained,
Nucrel-based materials show less compatibility with PLA
microfiber mat than Surlyn-based materials. This is due to
the presence of the neutralized MAA comonomer fraction
with Nat in Surlyn-based materials, as previously reported in
literature (Jantanasakulwong et al., 2016).

Dynamic thermo-mechanical analysis was performed in order
to study the main chain relaxation in all EMAA-based materials
and their composites. The storage modulus, loss modulus and
tan8 curves are reported in Figure 7 for all the processed and
fabricated materials. All EMAA-based materials have similar
elastic properties. As reported in our previous work (Sessini et al.,
2018), Nucrel-based materials showed three main relaxations.
The first one is ascribed to a local molecular motion of the
amorphous segment of PE (Tachino et al.,, 1993). The second
one was assigned to a micro-Brownian segmental motion in
the amorphous region (Eisenberg and Navratil, 1974; Tachino
et al., 1993). While the third one was assigned to the melting
of secondary crystals. However, for Surlyn-based materials, the
same relaxations were observed but the peak corresponding to its
T2 is shifted to higher temperature compared with the Nucrel-
based materials and a fourth relaxation was observed which was
ascribed to the devitrification of ion-reach regions (Tachino et al.,
1993). Furthermore, a latest peak was observed for both Nucrel-
and Surlyn-based sandwich-type structure containing the melted
and non-melted PLA microfiber mats which was ascribed to the
Tg of PLA.

Figure 8 presents an example of the stress-strain curves
obtained for all the processed materials.

Comparing Nucrel- and Surlyn-based materials, the
neutralization of the MAA comonomer with Nat provokes
an increase of the mechanical properties showing higher elastic
modulus and higher maximum stress values, as it was previously
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FIGURE 7 | Dynamic mechanical properties: storage modulus (E’), loss modulus (E”) and damping factor (tans) as a function of temperature of (A,C,E) Nucrel-based
multilayer reinforced with PLA electrospun microfibers (B,D,F) Surlyn-based multilayer reinforced with PLA electrospun microfibers.

reported (Sessini et al., 2018). The mechanical properties of
all the processed materials are summarized in Table 2. As it is
possible to notice, the elastic modulus of the reference samples
increased more than three times for Nu/Nu and almost twice for
Su/Su, probably due to the double processing treatment that in
case of Nucrel increased also the degree of crystallinity, as it was
observed in DSC analysis for Nucrel-based materials.

However, in the final part of this work, we prefer to focus the
attention on the composite materials obtained with no-melted
PLA electrospun fibers thus considering that, in case of melted

fibers we obtain a blend of two different materials rather than a
sandwich-type structure.

Figure 9 shows a plain view micrograph of PLA reinforced
Surlyn after its manufacturing process at 120°C. The 3D
Optical Profiler used in this research has the ability to process
2D (Figure 9A) and 3D micrographs in which the different
compositional planes of the transparent material are seen
(Figure 9B). In 2D image the PLA electrospun fibers can be seen
due to the optical transparency of Surlyn. In the 3D micrograph
of Figure 9B the superior plane of Surlyn polymer can be seen
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TABLE 2 | Mechanical properties of the processed materials.

Sample Elastic modulus Tensile strength Elongation at
(MPa) (MPa) break (%)
Nu 32+3 236 +£0.2 405 + 11
Nu/Nu 109 +£3 235+04 414 £ 15
Nu/mePLA/Nu 126 £ 17 21.5+07 347 £ 13
Nu/ePLA/Nu 109 + 10 221+£02 394 + 14
Su 198 £8 41+3 336 + 28
Su/Su 307 + 4 33+2 294 +19
Su/mePLA/Su 318+ 8 35 +2 297 +8
Su/ePLA/Su 305 + 12 33.6 +£0.9 325+ 20

(with a scratch due to material manipulation) and also the inner
plane of the material in which the PLA fibers are located, between
the two plates of Surlyn can be seen. Post treatment of the digital
micrograph allows to build up a 3D micrograph in which the
higher Surlyn layer is delated and the PLA random mat can
be observed in 3D. The individual PLA fibers are not melted
because of the thermal treatment used to incorporate them in
the final polymer matrix, as it was seen in the micrographs of
Figures 9A,C.

Shore D hardness tests were conducted on the unreinforced
and PLA reinforced composites (Figure 10A). Hardness values of
unreinforced thermoplastics are quite similar, with values around
46. The addition of PLA in the polymer matrix increases around
a 30 % the hardness of the material, with final values around 60.
This higher hardness must lead to a better wear performance of
both reinforced polymers.

In order to confirm this, wear tests at room temperature were
carried out using the procedure and the configuration indicated
in the experimental section. Coefficient of Friction (CoF) and
the specific wear rate (k,) was determined for the different
tested specimens.

Nucrel, Surlyn and its PLA reinforced composites are plotted
in Figure 10B in terms of CoF and sliding distance recorded

during the wear tests. CoF increases during the test in the case of
unreinforced polymers and in the case of Nu/ePLA/Nu sample,
but in the case of the reinforced inomer, Su/ePLA/Su, there is a
stabilization of CoF after 100 m of sliding distance. The highest
friction takes place in the case of the unreinforced polymers,
with values above 0.8 at the end of the tests, meanwhile in
the case of the reinforced polymers the values are maintained
below 0.5, indicating a higher wear performance of the PLA
reinforced matrix.

Worn track observation using optical microscopy reveals the
causes of the different CoF obtained (Figure 11). Pure Nucrel and
Surlyn polymers present a worn track with plowing marks in the
sliding direction of the steel counterbody. These marks reveal
that the main wear mechanism for these specimens is abrasion,
and this is the reason for the high CoF obtained. Debris produced
by the abrasion of the tested material is usually attached to the
counterbody, and the worn track itself is increasing its roughness
due to the plowing marks due to the material removal. Both
factors deal with the increase in the CoF as the sliding distance
over the surface of the unreinforced specimen increases during
the whole test (Figure 10B).

In the case of the reinforced polymers (Figures 11C,D), a
change in the wear mechanism was observed. Nu/ePLA/Nu
specimen shows a decrease in the abrasion (Figure 11C), with
plowing marks only localized in the lateral zone of the worn
track; but the central part of the track without evident signs
of abrasion. Meanwhile, the Su/ePLA/Su ionomer sandwich-
type structure composite (Figure 11D) shows a clear different
worn track after the tribological tests. There is no evidence of
abrasion, with a total absence of plowing marks in the sliding
direction (arrow marked in Figure 11D), but some marks in the
track perpendicular to the sliding direction are observed. The
observation of the worn track at higher magnifications using
3D optical profilometer (Figure 11E) reveals the morphology
of the worn track. The marks on the track are micro-plastic
deformation of the material, revealing that this is the main
wear mechanism of the PLA reinforced ionomer composite. This
material has the ability to repair the mechanical damages at low
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100 pm

FIGURE 9 | 3D micrographs of the Su/ePLA/Su reinforced sandwich obtained with 3D Optical Profilometry: (A) plain view; (B) 3D micrograph with observation of the
Surlyn® superior layer and the inner PLA layer: (C) 3D micrograph of the PLA inner layer.

temperature (above 40°C) when the own damage mechanism
creates the enough temperature in the material, i.e., by friction
between the damage object and the material, or an external heat
source is applied to the material (Lopez et al., 2018).

Table 3 collects some of the main morphological aspects of
the worn tracks obtained after the wear tests. Roughness of the
tracks was measured using 3D Optical Profilometry. Quadratic
Surface Roughness (Sq) is used as a representative roughness
value of the surface of the worn track of the specimens tested on
its central zone.

It is clear that the abrasive mechanism creates a high
roughness in the worn track, due to the detaching of material
creating plowing marks, with Sq values between 2.1 and 3.8 pm.
Meanwhile, in the case of the Su/ePLA7Su specimen, the Sgq
value decreases to 0.7 um. The worn track of this specimen
is smooth, with micro-plastic deformations in the track and
absence of abrasion lines (Figures 11D-F). Furthermore, the
worn depths calculated with the 3D Optical Profilometer of the
different samples (Figure 12) reveal the different response to
the wear test. Depth of the worn track is maximum in the case
of the Nucrel copolymer, with a value of 70 um, as calculated
using the 3D Optical Profilometry and the data analysis using

Mountain Map software (Figure 12A). The 3D reconstruction
of the micrographs obtained, shown in Figure 12 for the case of
Nucrel and Su/ePLA/Su, as representative responses, allows the
calculation of the volume of the worn track using the Mountain
software and with the use of the Equation (2), the Specific wear
rate (k,) can be determined, with a value of 2.8 103 (mm?/N m)
for this sample.

The superior wear performance of the ionomer polymer
Surlyn is clear, with a decrease of about 34 % in the worn track
depth and of 46.4 % regarding to that of the Nucrel copolymer.

Addition of PLA electrospun fibers in the polymer matrix
has beneficial effects in the case of both Nucrel and Surlyn
matrix, mainly by the increase in the final material hardness, as
reported in Figure 10. But the specific wear rate in the case of
Su/ePLA/Su is two orders of magnitude lower than in the case of
the unreinforced polymer, and this improvement is not obtained
in the case of reinforced Nucrel. Therefore, the change in the
wear mechanism from abrasion to micro-plastic deformation
has a beneficial effect in terms of wear performance and may
be associated in some way to the self-healing ability of the
ionomer. When observing a 3D micrograph of them, worn tracks
in the case of Surlyn, the worn track depth is 41.5 um in the
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FIGURE 10 | (A) Mean hardness values of the different specimens; (B) Coefficient of Friction vs. sliding distance of the samples recorded during the wear tests.
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FIGURE 11 | Optical microscopy micrographs of the different tested specimen (A-D) with sliding direction arrow marked: unreinforced Nucrel (A) and Surlyn (B);
reinforced Nucrel (C), and reinforced Surlyn (D). Optical profilometer data: (E) high magnification 3D micrograph of the central part of the worn track of Su/ePLA/Su
specimen and (F) cross-section profile of the central part of the worn track of this sample.
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unreinforced material and just of 7.6 um in the case of the
reinforced sample (Figure 12B). The depth of this worn track
is very low, and this reflect the high response against wear of
this Su/ePLA/Su composite with the lowest Specific wear rate of
the studied materials in this work, 2.1 x 107> mm?/N m. This
material has the ability to micro-deform plastically and in this
way dissipates the energy of the wear process, without losing
material due to abrasion, and without creating a hole as in the
case of the rest of the tested materials (Figures 11, 12A).

TABLE 3 | Surface roughness, worn depth and Specific wear rate of the worn
tracks of the different specimens.

CONCLUSIONS

Sandwich-type composites have been successfully obtained
by adding electrospun microfibers to reinforce self-healing
ionomeric polymers. In particular, three-layer stack based on
PLA electrospun fibers in between two layers of commercial
poly(ethylene-co-methacrylic acid) (EMAA) copolymers, well-
know with the tradename of Nucrel® and Surlyn®, both of them

manufactured by DupontTM Company have been processed.
Surlyn® is the corresponding ionomer of Nucrel® in which
the MAA groups are partially neutralized with sodium ions. In
these composites we solve the impregnation problem typically of
composite materials. Therefore, in order to create the sandwich-
type structure, firstly, the optimization of the processing window
has achieved in order to maintain the randomly oriented fiber
structure on the final composites. In particular, the creation of
sandwich-type structure with Surlyn® reinforced with woven
non-woven electrospun fibers based on PLA present enhanced
mechanical response as well as hardness and wear resistance are
improved. In particular, abrasion is the main wear mechanism

Sample Quadratic surface Worn track Specific wear
roughness Sq (.m) depth (um) rate k, (mm3/N m)
Nu 2.5 70.0 2.8 x107°
Su 21 46.1 1.5 x 1078
Nu/ePLA/Nu 3.8 41.5 1.3 x 1078
Su/ePLA/Su 0.7 7.6 2.1 x 107°°
pm

(B) Su/ePLA/Su specimen and cross-line profile (inset).

FIGURE 12 | 3D Optical Profilometry micrographs, with cross-lines arrow marked, obtained from the worn track of: (A) Nucrel specimen and cross-line profile (inset)

os

os 06 oy os oy

Frontiers in Materials | www.frontiersin.org

13

December 2019 | Volume 6 | Article 301


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sessini et al.

Electrospun Fibers for Sandwich-Type Composites

in all of the specimens with the exception of Su/ePLA/Su
sample in which there is a change of behavior, with micro-
plastic deformation as the main wear mechanism. Furthermore,
wear resistance of Su/ePLA/Su specimen is two orders of
magnitude higher than the rest of the materials tested, as a
result of the specific wear rate obtained. Therefore, processing
of sandwich-type composites reinforced with electrospun fibers
can be considered as promising processing for future active
packaging solutions.
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