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a b s t r a c t

Electrospun fibers are a promising method for encapsulation of reactive agents in self-healing coatings.
Healing is initiated by mechanical damage to the coating causing the fibers to rupture and release their
core materials into the damage region. Prior work has demonstrated autonomous healing in coatings
containing electrospun fibers, but full characterization of the electrospun fiber microstructure and
healing performance of the coating is lacking. In this study, we utilize electrospun fibers containing liquid
healing agents to achieve a crosslinking reaction of poly(dimethylsiloxane) (PDMS) to a crosslinking
agent poly(diethoxysiloxane) (PDES), initiated by the catalyst dibutyltindilaurate (DBTL), to fill a
damaged region and reseal the metal substrate. Fiber morphology is characterized using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and confocal fluorescence micro-
scopy (CFM). Successful delivery of healing agents to the damage region and subsequent crosslinking
reaction is observed using SEM and chemically using infrared spectroscopy. The performance of the
healed coating is evaluated electrochemically using linear polarization, where the coatings were sub-
jected to a corrosive environment. The self-healing electrospun coating exhibits lower corrosion current
than in control cases, resulting in an 88% corrosion inhibition efficiency.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most common methods to protect metals from
corrosion is the application of a protective polymer coating. Once a
coating is damaged and the underlying material exposed, the
protective ability is compromised and corrosion initiates. Self-
healing strategies have been explored to restore protection to
damaged coatings [1e8]. Autonomous repair can increase the life-
time of coatings, thereby reducing the economic and environ-
mental impact of corrosion.

Two common self-healing strategies for coating materials are
intrinsic and capsule-based systems [5]. Intrinsic systems achieve
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healing through reversible hydrogen bonding [6], metal-ligand
bonding [9], or covalent bonding [8]. Kotteritzsch et al. demon-
strated that coatings made from polymers with complementary
Diels-Alder chemistry within the same polymer chain reversibly
heal upon thermal treatment [8]. Although the reversible bonding
intrinsic systems can provide multiple healing cycles, external
intervention (such as thermal treatment of the damaged material)
is typically needed to induce healing. Capsule-based healing sys-
tems have been implemented for a wide range of materials and
applications [5]. In this strategy, healing agents are encapsulated
and dispersed in a matrix. Upon damage the capsules rupture,
releasing their contents into the damaged region. Common
capsule-based sequestration approaches include capsules that
react to 1) a catalyst phase that is dispersed in the matrix, 2) a
second capsule with a complementary chemistry, 3) a latent
functionality in the matrix, and 4) reactive agents that are phase
separated in the matrix [5]. Cho et al. demonstrated self-healing of
a polymeric coating containing microencapsulated tin catalyst and
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phase separated poly(dimethylsiloxane) [1]. Upon mechanical
damage, the capsules released the catalyst into the damage zone,
which reacted with the phase separated polymer thereby resealing
the coating and effectively protecting the underlying steel substrate
from corrosion.

Fibers are another promising strategy for storing healing agents
in amaterial [3,10e13]. One versatile method for producing fibers is
electrospinning. Electrospinning (ES) produces fibers by applying a
high voltage to a solution droplet that is delivered through a
metallic nozzle. When sufficient surface charge builds up on the
droplet, the solution surface is stretched and a Taylor cone is
formed [14]. As electrical force overcomes the surface energy, fluid
jets are ejected from the solution surface and accelerate through
the electric field. As the jet travels towards the grounded electrode,
the volatile solvents evaporate resulting in solid fibers at the col-
lector. ES typically produces nonwoven fibers in the diameter range
of 10 nm to 10 mm [15,16]. Moreover, a wide range of materials can
be processed using this method, including polymers, ceramics, and
inorganics [15e23]. The versatility of ES allows for tailoring to
specific applications by strategic selection of starting materials.

In coaxial ES, two immiscible liquids are pumped through inner
and outer coaxial needles to form a core-shell fiber, as shown in
Fig.1. Using this modification to ES the core could be either liquid or
solid [24e26]. For self-healing applications, the inner liquid is the
healing agent and the outer liquid forms the encapsulating polymer
shell wall. Coaxially spun materials have been utilized a variety of
applications, such as biomedical applications for tissue engineering
and drug delivery [27e29]. The use of ES for encapsulating healing
agents has only recently been explored. Mitchell and Keller showed
that fibers containing an epoxy healing agent could be synthesized
but no demonstration of healing ability was discussed [10]. Park
Fig. 1. Fabrication of core-shell electrospun fibers: a) schematic of coaxial electrospinning s
(core, shown in green), and c) SEM image of randomly deposited core-shell fibers. (For inte
web version of this article.)
and Braun reported a self-healing coating system with a two-part
polysiloxane based healing system contained in electrospun fi-
bers [3]. Upon damage, the healing agents in the fibers wicked into
the crack plane. Although this coating system successfully reduced
corrosion in a damaged region, the degree of mixing and cross-
linking reaction between the two healing agents was not evaluated.
Without confirmation that the healing agents successfully reacted,
the coatings may have only unreacted (liquid) healing agents in the
damage region, which acts only as a temporary physical barrier
between the metal substrate and the environment. Electrospinning
has also been used to develop flexible transparent self-healing
coatings for optical devices [30]. In addition to coatings, electro-
spun fibers have also been used to add healing functionality into
composites [11,31e35]. Lee et al. reported an electrospun fiber
system containing two-part polysiloxane healing chemistry that
recovered mechanical properties (Young's modulus and adhesion)
after several cycles of mechanical testing [34,35]. Wu et al. reported
a system where electrospun fibers containing dicyclopentadience
(DCPD) were incorporated between carbon fiber plies and pro-
cessed to make a composite that could recover some mechanical
properties after damage, due to the reaction of DCPD with the
Grubb's catalyst in the matrix [11].

In this work, we develop a self-healing coating material with
electrospun core-shell fibers to protect steel. We focus our efforts
on characterizing the morphology of the electrospun fibers and the
healing performance of the coating through the use of several
microscopy techniques, infrared spectroscopy, and electrochemical
characterization. In our coatings, the liquid healing agents are
contained in two types of fibers, type A and B. The core material of
type A fibers contain a stoichiometric mixture of poly(-
dimethylsiloxane) and crosslinker poly(diethoxysiloxane) (PDES),
etup, b) schematic of core-shell fibers of PVA (shell, shown in blue) and healing agent
rpretation of the references to colour in this figure legend, the reader is referred to the
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while the core material of type B fibers contain the crosslinking
catalyst dibutyltindilaurate (DBTL). When the fibers rupture, the
healing agents mix and initiate crosslinking of polysiloxanes. This
healing system is chosen due to prior success in repairing bulk
materials and coatings when microencapsulated [7,36,37]. Several
microscopy methods are employed to characterize these fibers and
confirm successful encapsulation of healing agents. Furthermore,
we also explore how experimental parameters of ES affect fiber
morphology and adjust accordingly to eliminate the bead-on-string
morphology and produce smooth fibers. The fibers are embedded
in a polymer matrix to produce a coating and subsequently
damaged to elicit an autonomic healing response. Healing perfor-
mance is evaluated visually (SEM), chemically (FTIR), and electro-
chemically (linear polarization).

2. Experimental

2.1. Materials

Poly(vinyl alcohol) (PVA, 87e89% hydrolyzed, average
Mw ¼ 85,000e124,000 g/mol, Sigma-Aldrich), silanol terminated
poly(dimethylsiloxane) (PDMS, DMS-S21, Gelest), poly(-
diethoxysiloxane) (PDES, PSI-021, Gelest), dibutyltindilaurate
(DBTL, Gelest), sodium chloride (Sigma-Aldrich), acetone (Sigma-
Aldrich), sudan blue (Sigma-Aldrich), coumarin 6 (Sigma-Aldrich),
and silicone conformal coating (KO805A, Miller-Stephenson) were
used without further purification. Deionized water (DI H2O) was
prepared using a Milli-Q Biocel Millipore purification system and
had a resistivity of at least 18 MU/cm. Purchased hot rolled carbon
steel sheets (4.76 mm thick) were sandblasted (180 grit), rinsed in
acetone, and sprayed with compressed air before use.

2.2. Coaxial electrospinning

2.2.1. Preparation of electrospinning solutions
Two types of core-shell electrospun fibers were fabricated: type

A (PDMS) and type B (DBTL catalyst). The core of type A (PDMS)
fibers contained a solution of PDMS (main healing agent) and PDES
(crosslinking agent). This solution was made by mixing 3.2 g of
PDMS and 2.9 g of PDES, and was allowed to stir overnight before
use. The core material of type B (DBTL catalyst) fibers contained the
crosslinking catalyst DBTL and was used as received. The shell of
both types of fibers was PVA, prepared as an aqueous solution of
20% by wt. PVA powder in DI H2O and stirred for 24 h before use.

2.2.2. Electrospinning conditions
Our custom-built electrospinning setup is shown schematically

in Fig. 1. A portion of the PVA shell solution was drawn into a 5 mL
syringe and affixed within a syringe pump (KDScientific, Model
780101). The syringe was then connected to a sealed stainless steel
coaxial needle (Linari Biomedical, Model COAX-2DISP, inner (core)
needle: outer diameter (OD)/inner diameter (ID) ¼ 0.83mm/
0.51 mm, outer (shell) needle: OD/ID ¼ 1.83 mm/1.37 mm) via
polypropylene luer lock couplings and chemical-resistant poly(vi-
nyl carbonate) (PVC) Tygon tubing (OD/ID ¼ 4.76 mm/1.59 mm).
Another syringe was filled with either type A (PDMS) solution or
type B (DBTL catalyst) liquid and attached to the coaxial needle and
a second syringe pump in a similar fashion. The syringe pump flow
rates were 6.0 mL/min (shell) and 3.0 mL/min (core). A high voltage
power supply (Spellman, Bertan Series 230) was connected to the
metal needle with an electrode. For a vertical electrospinning
orientation, a 10 � 10 cm steel collector plate was mounted 14 cm
above the needle and connected to the ground electrode on the
power supply. For each coating sample, a new 5 � 5 cm hot-rolled,
sandblasted (180 grit) carbon steel coupon was attached to the
collector using conductive carbon tape. The voltages used for
electrospinning were 12 kV (type A) and 15 kV (type B). Addition-
ally, the effect of varying the shell solution flow rate was also
studied in order to optimize core-shell fiber morphology. The so-
lution flow rate for the shell material was varied from 4 mL/min to
6 mL/min, while all other variables remained constant.

2.3. Characterization of core-shell fibers

The core-shell fibers were characterized using several micro-
scopy techniques including scanning electron microscopy (SEM),
transmission electronmicroscopy (TEM), and confocal fluorescence
microscopy (CFM). The surface morphology of the core-shell fibers
was visualized using SEM (FEI/Philips XL30 ESEM-FEG). The sam-
ples were prepared by affixing the ES fibers deposited on the steel
sheet to a metal stub using conductive carbon tape and then
sputtercoated with a thin layer of Au/Pd before SEM analysis. The
samples were imaged at an accelerating voltage of 3e5 kV. The
core-shell structure was observed via TEM (JEOL 2100 Cryo TEM)
and CFM(Leica TCS SP2 RBB). For TEM, the fibers were electrospun
onto a steel parallel plate collector that resulted in fibers suspended
in a 0.5 cm gap in the collector. A carbon coated copper TEM grid
was then placed in the gap to gently lift off fibers from the collector
onto the grid. The samples were imaged via TEM without further
preparation. For CFM, the solutions for the core material were
fluorescently dyed before electrospinning. To prepare the dyed core
solutions, the dye powder (Sudan blue for type A (PDMS), coumarin
6 for type B (DBTL catalyst)) was mixed with the core material and
allowed to stir overnight to produce a 0.01% dyed core solution. The
dyed fiber samples were analyzedwithout further preparation after
the fibers were deposited onto the steel. The samples were illu-
minated with a laser (488 nm) and fluorescence micrographs were
collected at 637e678 nm for type A (PDMS) and 501e546 nm for
type B (DBTL catalyst).

2.4. Coating fabrication

The self-healing coatings were produced by electrospinning
alternate layers of fiber type A (PDMS) and type B (DBTL catalyst),
which were then permanently fixed to steel substrate using a sili-
cone binder matrix. A schematic of the coating fabrication is shown
in Fig. 2. For each sample, a 5 � 5 cm hot-rolled steel sheet was
sandblasted (180 grit), sprayed with air, rinsed with acetone, and
sprayed with compressed air. The electrospun fibers were depos-
ited directly onto the steel coupon, alternating layer by layer of each
fiber type. The first layer (type B, DBTL catalyst) was deposited for
1 h and then dried in a desiccator for 1 h. The process was repeated
with type A (PDMS) fibers, until 4 layers were deposited to obtain a
coating where the order of electrospinning was type B, A, B, and A.
Each fiber layer was approximately the same thickness (~5 mm),
since the electrospinning deposition time controls thickness and
was kept constant. A silicone binder was spun cast (500 rpm for
60 s) onto the fibers and cured at room temperature for 24 h to
produce the final coating material (thickness ~ 20 mm). For control
experiments, coatings containing no fibers (silicone binder only),
coating with type A (PDMS) fibers (electrospinning time ¼ 4 h) and
silicone binder, and coating with type B (DBTL catalyst) fibers
(electrospinning time ¼ 4 h) and silicone binder were produced,
and each control type had a final coating thickness of about 20 mm.

For healing experiments, the coating was damaged using a
corrocutter (Erichsen Model 639) with a razor blade tip to produce
a 2.5 cm length linear scribe. The coating was allowed to heal at
room temperature for 24 h before further characterization. These
control coatings were similarly damaged with a corrocutter and
characterized 24 h after scribing.



Fig. 2. Schematic of coating fabrication process. Samples were prepared on clean sandblasted steel by 1) electrospinning fibers directly onto steel, 2) depositing a silicone binder to
affix fibers on steel, 3) scribing the coating with a corrocutter, and 4) allowing the coating to heal for 24 h before further characterization.
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2.5. Characterization of coating and corrosion inhibition

2.5.1. Microscopy of damaged region
Healing performance of self-healing and control coatings was

assessed by microscopy (SEM), chemical analysis (FTIR), and elec-
trochemical analysis (potentiostat). For SEM, all scribed coatings
were mounted onto a metal stub using conductive carbon tape and
sputtercoated for 70 s to obtain a thin layer of Au/Pd before analysis.
Images of the coating surface were taken to visualize healing agent
release into the scribed region. The healed coating was submerged
in PET ether (solvent for unreacted PDMS) for 15 min, allowed to
dry, and then analyzed under SEM to visually confirm the cross-
linking of the healed region. A control case was performed by
comparing the healed coating to a type A (PDMS) fibers only
coating.

2.5.2. Chemical analysis of coating
Chemical analysis of the coatings was performed using Fourier

transform infrared spectroscopy (FTIR, Perkin Elmer Spotlight 400
with a liquid nitrogen cooled mercury cadmium telluride (MCT)
linear array detector). Pixel size at the sample plane was 6.25 mm
and the spectral range collected was 4000e750 cm�1. Spectra were
acquired at a 8 cm�1 resolution using an interferometer speed of
1 cm/s with a single scan. For each image, 64 scans were averaged
per pixel and the scan area was variable. The coating samples used
for FTIR analysis were electrospun fibers on steel without a silicone
binder to ensure that contributions to the FTIR data were only from
the fibers. Healed regions and undamaged regions on the coating
were examined. FTIR spectra of the undamaged region was ac-
quired from a region at least 10 mm away from the scribed area. The
fiber samples were analyzed without further preparation. Neat
solutions of the core materials (PDMS and DBTL) and a mixture of
the two neat solutions (allowed to react for at least 24 h) were also
analyzed for comparison.
2.5.3. Electrochemical analysis of coating
For electrochemical analysis, the coatings were characterized

using a linear polarization sweep (BioLogic, Model VSP). The three-
electrode system consisted of the coating on steel for the working
electrode, a Pt counter electrode, and a Ag/AgCl reference electrode.
Each specimen was exposed to a freshly prepared aqueous salt
solution (5% NaCl, 30 mL total volume) on the coated side and
immediately connected to the potentiostat. The samples were
allowed to equilibrate for 20 min and the voltage was recorded
every 0.100 s during this resting period. The final voltage at the end
of the resting period was used as the open circuit voltage, Eoc. The
potential of the working electrode was from the range of �0.100 V
vs. Eoc to 0.100 V vs. Eoc at a rate of 0.200 mV/s. The logarithm of the
current was plotted as a function of the working electrode voltage.
(log I vs. Ewe) and then processed using a commercial software (Bio-
Logic EC-Lab Software version 10.34) to obtain a Tafel fit. The Tafel
plot was calculated byminimizing the chi-squared (c2) distribution
value. The corrosion current (Icorr) was determined by the inter-
section of the slopes of the Tafel plot and averaged over 5 samples
(a representative curve is shown in Fig. 9). Corrosion inhibition
efficiency (IE%) was defined by Eq. (1), where Icontrolcorr is the average
corrosion current for control coatings with no fibers and Isample

corr is
the corrosion current for a coating with fibers:

IE% ¼ Icontolcorr � Isample
corr

Icontrolcorr
� 100% (1)

2.5.4. Visual analysis of coatings after exposure to corrosion
The coatings were observed for visual signs of corrosion after

prolonged immersion in the subjected corrosive aqueous salt so-
lution for electrochemical evaluation. When linear polarization
measurements were completed, the coatings were removed from
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the test chamber and allowed to dry. The samples were stored for 4
months and images of the coatings were taken using a digital
camera.

3. Results and discussion

3.1. Fiber characterization

3.1.1. Surface and core-shell fiber morphology
Smooth fibers with uniform diameters containing encapsulated

healing agents were produced from electrospinning. SEM micro-
graphs (Fig. 3a and d) show that fibers are randomly deposited on
to the steel substrate and have an average diameter of 300 nm (type
A, PDMS) and 400 nm (type B, DBTL catalyst). The full distribution
of fiber diameters is included in Supporting Information. TEM and
CFM were performed to verify the core-shell structure. TEM of in-
dividual fibers reveals distinctive core-shell morphology (Fig. 3b
and e). Based on the inner core diameter in these images, we es-
timate the volume fraction healing agent is approximately 41% for
fiber type A and 12% for fiber type B. Hence, we estimate the ratio of
A:B available to the crack region to be 7:2. CFM images (Fig. 3c and
f) confirmed uniform distribution of core material throughout the
fibers and that most fibers contained core material.

3.1.2. Control of fiber morphology
Electrospun core-shell fibers reported in the literature are pro-

duced in different shapes, such as bead-on-string and straight
uniform fibers [15,16]. Here, the fiber morphology can be controlled
by varying the solution flow rate for the shell material. As shown in
Fig. 4, lower shell solution pumping rates led to the bead-on-string
morphology (4.0 mL/min), while a higher pumping rate resulted in
fibers with uniform diameters (6.0 mL/min). This trend is consistent
with prior work that showed that the spacing between the beads
and bead diameter was controlled by varying the inner solution
flow rate [38]. Fiber morphology can be tailored to specific appli-
cations, where a certain morphology type may be favored. For self-
healing coatings using coaxially electrospun fibers, prior studies
[3,10] only utilized the bead-on-string morphology, where the
Fig. 3. Evidence of core-shell fiber structure: (a) SEM, (b) TEM, and (c) fluorescence microsco
TEM, and (f) fluorescence microscopy of fibers containing PDMS core with sudan blue fluores
is referred to the web version of this article.)
healing agent core material was concentrated in discrete regions
along a fiber. We anticipate that bead-free fibers will result in more
uniform distribution of healing agents and improved healing
performance.

3.2. Coating characterization

3.2.1. Visual analysis of healed coatings
Coatings containing self-healing fibers and control coatings

with no fibers, i.e. silicone binder coating only, were damaged and
compared under SEM to inspect for evidence of healing. As ex-
pected, images of control coatings that did not contain fibers
revealed only exposed steel substrate in the scribed region (Fig. 5a).
In contrast, images of self-healing coatings (Fig. 5b) showed poly-
merized material in the damage zones, indicating that the liquid
core materials contained in the electrospun fibers were released
into the damaged region. Although the healed material did not
completely fill the entire depth of the damage region, it provided
some level of protection as long as the exposed metal surface was
covered. We confirmed that the material in the damaged region of
the self-healing coating was crosslinked PDMS, by immersing both
self-healing samples and control samples with type A (PDMS) fibers
only in an organic solvent for PDMS (PET ether) to remove any
unreacted healing agents (PDMS and DBTL). PDMS and PDES will
not react without the presence of the catalyst (DBTL) [7,37]. As
expected, bare steel was observed for the damaged type A (PDMS)
coating after solvent treatment, (Fig. 5c and e). For comparison, a
bare steel sample was also scribed and imaged (see Supporting
Information). In contrast, polymerized material remained present
in the damaged region of the self-healing coating (Fig. 5d).

3.2.2. Chemical analysis of healed coatings
FTIR analysis was used to characterize chemical changes that

occurred after release of the healing agents in the crack plane. Fig. 6
summarizes the chemical analysis of different areas of the scribed
sample along with the authentic components in the coating for
comparison. FTIR samples of the healed and undamaged region
were of the electrospun fibers only and did not contain the silicone
py of fibers containing DBTL catalyst core with coumarin 6 fluorescent dye, (d) SEM, (e)
cent dye. (For interpretation of the references to colour in this figure legend, the reader



Fig. 4. Effect of processing parameters on core-shell morphology. SEM and confocal fluorescence microscopy images of core-shell fibers electrospun at increasing solution pumping
rate: (a, d) 4.0 mL/min (shell) and 3 mL/min (core), (b,e) 5.0 mL/min (shell) and 3 mL/min (core), (c, f) 6.0 mL/min (shell) and 3 mL/min (core). Insets in SEM images are shown at 6500�
magnification.

Fig. 5. Evidence of released material in the damaged region of the coatings. SEM images of coatings (48 h after damage) before and after solvent treatment to remove unreacted
healing agents. (a) Control coating control coating without self-healing fibers and only silicone binder is shown for comparison. Before solvent treatment images of (b) self-healing
coating and (c) type A (PDMS) only control coating. After solvent treatment, (d) the polymerized healing agents are retained in the scribed region and (e) unreacted PDMS is
removed showing the underlying steel substrate.
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binder to simplify data interpretation.
The FTIR spectra in the undamaged region (Fig. 6a) has the

characteristic bands corresponding to PDMS and crosslinker PDES
from Fig. 6b, as well as some contribution from the PVA shell wall
(eOH stretch at 3300-3400 cm�1). The presence of PDMS, PDES,
and PVA peaks is expected since the top fiber layer is composed of
type A (PDMS) fibers. The spectra for type A core material solution
containing PDMS and crosslinker PDES is shown in Fig. 6b. The
characteristic CeH stretching of CH3 at 2964 cm�1, CH3 symmetric
deformation of SieCH3 at 1256 cm�1, SieOeSi stretching vibration
at 1080 cm�1 and 1012 cm�1, and SieC stretching and CH3 rocking
at 862 cm�1 and 792 cm�1 are observed. The peak values are in
agreement with the literature [39,40].
For comparison, the PDMS with PDES solution (Fig. 6b) and

DBTL catalyst (Fig. 6c) were simply mixed in a 1:1 ratio and allowed
to react for 24 h. The FTIR spectrum for the mixed solution showed
contributions from both healing agents (Fig. 6e). This spectrum can
be separated into three regions and attributed to the corresponding
chemical agent: 2800-2950 cm�1 (alkyl stretch from DBTL and
PDMS), 1300-1750 cm�1 (DBTL), and 790-1260 cm�1 (mostly PDMS
with some small contribution from DBTL). The FTIR spectrum from
the healed region (Fig. 6d) was observed to be very similar to the
mixture of PDMS and DBTL (Fig. 6e), indicating that both types of
fibers were released into the damaged region and mixed.



Fig. 6. Chemical analysis of damaged region. Summary of FTIR spectra for a) self-healing coating in the undamaged region, b) solution of PDMS and PDES, c) neat DBTL catalyst, d)
self-healing coating in the damaged region, and e) mixture of both healing agents (PDMS and DBTL). The full spectral range of the FTIR experiments are shown in (1) and the
fingerprint region (2) is expanded for clarity.

T.Q. Doan et al. / Polymer 107 (2016) 263e272 269



Fig. 8. Electrochemical characterization of coating types. Linear polarization sweep
plot of current (I) vs. time for coatings containing control with silicone binder only and
no fibers (black), type A (PDMS) fibers (red), and type B (DBTL catalyst) fibers (green).
The healed coating (blue) has a lower corrosion current than any of the control cases.
[Note: Curves are from one representative sample of each coating type]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

T.Q. Doan et al. / Polymer 107 (2016) 263e272270
To determine the difference in the FTIR spectrum between
crosslinked and uncrosslinked polymer, we collected FTIR spectra
from PDMS specimens of different crosslink densities and used to
compare to the spectrum of the healed coating (see Supporting
Information, Fig. SI4). A drop of PDMS and PDES was placed next to
a droplet of DBTL catalyst, allowed to react for 24 h, and then
spatially analyzed with FTIR. Crosslinking density was determined
spatially (PDMS in areas near DBTL catalyst would have higher
crosslinking) and confirmed by changes in spectral peaks. FTIR
spectroscopy showed that increasing crosslink density resulted in
an increased wavenumber shift for the SieOeSi peak around
1120e1010 cm�1 and SieC stretching and CH3 rocking around 862
and 792 cm�1. The upshift in these and related peaks have been
used to track PDMS crosslinking in other studies [41]. The presence
of a broad range of peaks from 1012 to 1200 cm�1 indicates that the
healed region contains several chemical species that vary in
crosslinking density.

3.2.3. Electrochemical analysis and corrosion inhibition
The self-healed and control coatings were inspected after

exposure to corrosive aqueous salt solution during electrochemical
testing for visual signs of corrosion. Optical images of the coatings 4
months after exposure to a corrosive environment are shown in
Fig. 7. Before electrochemical analysis, the scribed coatings had no
visual signs of corrosion. After exposure to the corrosive environ-
ment, the three control cases containing type A (PDMS) fibers only,
type B (DBTL catalyst) fibers only, and no fibers all have significant
onset of corrosion damage and undercutting. In contrast, the healed
coating showed minimal signs corrosion restricted to only the
scribed region.

The protective performance of the self-healing and control
coatings were also evaluated by electrochemical analysis. Linear
polarization measurements of the healed sample and each of the
control cases (no fibers, type A (PDMS), type B (DBTL catalyst)) are
shown in Fig. 8. The corrosion current increased with applied po-
tential. The corrosion current for healed coatings was significantly
lower than the control coatings, indicating effective healing
behavior and reduction of corrosion. To quantify corrosion inhibi-
tion, we determined the corrosion current (Icorr) by extrapolation of
the cathodic and anodic Tafel lines for each sample. A representa-
tive curve for a control case (no fibers) with Tafel extrapolation is
shown in Supporting Information. The corrosion current and
corrosion inhibition efficiency (IE%) are reported for the healed
coating and the control cases (Fig. 9).

The corrosion current for the healed coating was 0.17 ± 0.10 mA,
an order of magnitude less than the control cases. Using Eq. (1), a
Fig. 7. Optical images of healed and control coatings 4 months after exposure to corrosive a
and after corrosion exposure is similar. However, the control cases of type A (PDMS) fibers o
signs of corrosion damage.
corrosion inhibition efficiency of 88% corrosion was calculated for
the self-healing coating. The corrosion current values for the con-
trol cases were 1.46 ± 0.32 mA (no fibers), 1.86 ± 0.22 mA (type A
fibers only), and 1.24 ± 0.24 mA (type B fibers only). The higher rate
of corrosion observed in the type A (PDMS) coatings was attributed
to the hydrolysis of uncrosslinked PDMS core material, which could
lead to partial disintegration of coating material [42]. Electrospun
PVA nanofibers also have been shown to reduce corrosion for
aluminum [43], which could explain the slightly lower corrosion
rate of the type B (DBTL catalyst) coatings as compared to the
coatings with no fibers. Lastly, the corrosion current for an un-
damaged coating was Icorr ¼ 0.002 mA, indicating that the undam-
aged coating is an effective barrier against corrosion and that a
coating with a 100% healing efficiency should approach this value.
4. Conclusions

The self-healing performance of a polymer coating containing
electrospun core-shell fibers of PDMS based healing agents were
queous salt solution during electrochemical characterization. The healed coating before
nly, type B (DBTL catalyst) fibers only, and no fibers (silicone binder only) show obvious



Fig. 9. Assessment of corrosion inhibition. Comparison of a) corrosion current (Icorr) and b) corrosion inhibition efficiency (IE%) for each coating type: control coating with no fibers,
type A (PDMS) fibers only, type B (DBTL catalyst) fiber only, and healed coating containing both type A and B fibers. [Note: vertical error bars represent the standard error from five
samples tested].
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characterized via SEM, TEM, and confocal fluorescence microscopy.
The beading morphology was controlled by optimization of solu-
tion flow rate during electrospinning. Damage initiated by a scribe
caused a catalyst-initiated crosslinking reaction of poly(-
dimethylsiloxane) (PDMS) and poly(diethoxysiloxane) (PDES).
Crosslinking of the released core materials was verified using FTIR
analysis, as evidenced by the broad range of peaks from the
SieOeSi bond around 1012-1200 cm�1 shifting 10 to 50 cm�1

higher. SEM images revealed new polymer in the healed region
even after a solvent treatment. Finally, the effectiveness of the
healed coating towards preventing corrosion was demonstrated
using linear polarization experiments, where the healed coating
exhibited 88% corrosion inhibition efficiency.
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