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Electrospinning is a unique technology that can produce nano-woven fibrous structures with fiber
diameters ranging from tens of nanometers to microns. In this work the novel application of this
technique as a coating process was investigated and presented. Thus, the electrospun polymer
nanofiber coating of PVC was successfully deposited on aluminum, steel and brass. The coated
samples were then tested to assess the corrosion properties and the characteristics of the coated
surfaces in 3.5 wt.% NaCl solutions using cyclic potentiodynamic polarization (CPP) and
electrochemical impedance spectroscopy (EIS). The morphologies and the microstructures of the
nanofiber coatings are characterized and assessed using scanning electron microscopy (SEM) and
thermal degradation analysis (TGA). The nanofiber coatings were of diameters from 80 to 100 nm and
lengths from 3 to 5 um and were compact and entangled with each other. This new promising success
of the electrospinning process for coating is believed to have a big impact on corrosion and
maintenance cost savings in the various industries.
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1. INTRODUCTION

Electrospinning is a unique technology that can produce nano-woven fibrous structures with
fiber diameters ranging from tens of nanometers to microns. It has been widely used in various
applications in many fields such like, medical, Energy, engineering, and nano-industry [1-3]. In the last
few years electrospinning process attracted increasing attention from the research community.
Recently, a huge number of research works, on the process parameters, materials, characterization, and
applications has been published [1-5].

When the diameters of polymer fiber materials are shrunk from micrometers to submicrons or
nanometers, there appear several amazing characteristics such as large surface area to volume ratio,
flexibility in surface functionalities, and superior mechanical performance (e.g. stiffness and tensile
strength) compared with any other known form of the material. These outstanding properties make the
polymer nanofibers to be optimal candidates for many important applications. A number of processing
techniques such as drawing [6], template synthesis [7], phase separation [8], self-assembly [9], and
electrospinning [10] have been used to prepare polymer nanofibers in recent years.

There are many ways to design nanostructured coatings, such as in the form of nanocomposite
coatings, nano-scale multilayer coating, super-lattice coating, and nano-graded coatings. Designing of
nanostructured coatings will depend on the applications and needs consideration of many factors such
as the interface volume, crystallite size, single layer thickness, surface and interfacial energy, texture,
epitaxial stress and strain, etc., all of which depend on materials selection, deposition methods and
process parameters [11]. Good mechanical properties of a coating require high hardness, high
toughness, low friction, high adhesion strength on a substrate, good load support capability, chemical
and thermal stability. However, inspire these intensive investigations carried out on the various
processes and their parameters and applications and reported in the literature, little or no work has been
reported on coating aspects using electrospinning technique.

Coatings impart specific engineering properties of a substrate material by modifying or
applying a thin layer at its surface. A nanocoating is a coating that comprises of at least one constituent
with dimensions in nano-scale. Small particle size (hanoscale) imparts nanocoatings with a large
number of surface atoms, high surface energy, spatial confinement and reduced imperfections resulting
in improved physical, mechanical, chemical and optoelectronic properties. Due to this reason, there is
considerable interest among researchers to use nanomaterials for a range of products including
nanocoatings [12, 13] with improved strength, hardness, corrosion behavior and/or increased wear-,
friction-, abrasion- and scratch resistance. The availability of nanoparticles has spurred the
development of nanocoatings with superior properties. Nanocoatings find wide ranging utilization in
optical, magnetic, electronic, catalytic, mechanical, chemical and tribological applications. They are
used in high speed machining [14], tooling [15], optical equipment [16], magnetic storage devices [17]
and bearings, engine parts and seals [18].

There is an increasing demand placed by legislation to use coatings which are environmentally
friendly and thereby minimize damage to the environment. For instance, there is a need to replace
chromate conversion coatings widely used to protect Al alloys against corrosion due to their
deleterious effect on human health. Many alternative coatings based on manganese [19], molybdenum
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[20], vanadium [21], cerium [22] and silica [23] have been used. Silica based coatings have been
suggested as one of the most environmentally friendly alternatives to chromate conversion coatings for
the protection of Al alloys. However, no or little researches are found on coatings using electro-
spinning technique. Careful control of parameters such as composition, voltage, injection pressure and
speed, temperature and over potential is required to produce optimal electrospun fibers.

For the present study, the novel use of a polymeric material will be explored to prepare
corrosion resistant coatings using electrospinning deposition of nanofiber of polyvinyl chloride (PVC)
on aluminum, stainless steel and brass substrates. The corrosion tests were obtained by using cyclic
potentiodynamic polarization and electrochemical impedance spectroscopy measurements. The
surfaces of Al, brass and their PVC coated surfaces before and after performing the corrosion
techniques were investigated using scanning electron microscope and energy dispersive X-ray
analyzer.

2. MATERIALS AND EXPERIMENTAL TECHNIQUES

2.1 Electrospinning setup

The polymer solutions were electrospun using a needleless laboratory machine called a nano
spider laboratory (NSLAB 500S), which consists of a spinning head tube where the rotating spinning
electrode is wetted in solution under high voltage. Nanofibers are coating exchangeable substrate belt
which is moving along the static collecting electrode. Internal control parameters of the process are
electrode distance, high voltage, electrode speed and substrate speed. External parameters used for
control of electrospinning throughput and nanofiber quality are solution characteristics (viscosity,
conductivity) and air properties (temperature, relative humidity).

2.2 Electrospinning of PVC

Processing of polymer nanofiber was generally as follows; The PVC solution in a concentration
of 12 wt.% was prepared by dissolving the polymer pellets in a tetrahydrofuran (THF) solvent at 30°C
and stirring overnight to be used for electrospinning the nanofiber on Steel, aluminum and brass
surfaces.

The polymer solution was spun under the following conditions; distance from the active
electrode to collecting electrode is 18 cm at a driving voltage of 70 KV, electrode speed 1.6 rounds per
minute (rpm), temperature of 25°C and humidity of 33%. The fibers were collected on target metals.
The electrospun fibers were first air dried in the hood at room temperature (overnight quickly rinsed
with distilled water; air dried again and then dried in vacuum oven overnight).

2.3 Nanofibers morphological characterization

The surface morphology of electrospun nanofibers on aluminum, stainless steel and brass
surfaces were examined by scanning electron microscopy (JSM-7100F). After sputter coating with
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Gold, the fiber size distribution was measured up to five frames of randomly selected SEM micrograph
using software.

2.4 ThermoGravimetric Analysis

Thermo gravimetric analysis was carried out using a TA Instruments, Q500 TGA, using
platinum cell in nitrogen atmosphere 20 ml/min.

2.5 Corrosion tests

The test solution, 3.5 wt.% NaCl, was prepared by dissolving 35 g of NaCl in 1 L glass flask.
The aluminum, steel, and brass with and without the PVC coatings for corrosion measurements were
prepared by attaching an insulated copper wire to one face of the sample using an aluminum
conducting tape, and then isolated by cold mounted in resin before letting it to dry in air for 24 h at
room temperature. To prevent the possibility of crevice corrosion during measurement, the interface
between sample and resin was coated with Bostik Quickset, a polyacrylate resin. The area of the other
face of the samples, on which the measurements were carried out, was 1.0 cm?.

Electrochemical experiments were performed by using a PARC Parstat-2273 Advanced
Electrochemical System after immersing the bare and coated PVC electrodes for 20 minutes in freely
aerated stagnant 3.5 wt.% NaCl solutions. The cyclic potentiodynamic polarization (CPP) curves for
aluminum were obtained by sweeping the potential from -1800 mV in the positive direction up to -500
mV vs. Ag/AgCI at a scan rate of 1 mV/s. The CPP curves for steel and brass were scanned from -
1200 mV in the less positive direction up to 500 mV vs. Ag/AgCl at the same scan rate for aluminum.
For electrochemical impedance spectroscopy (EIS) experiments, the frequency was scanned at the
open-circuit potential from 100 kHz to 0.1 Hz with an ac wave of +5 mV peak-to-peak overlaid on a dc
bias potential, and the Nyquist plots were acquired using Powersine software at a rate of 10 points per
decade change in frequency.

3. RESULTS AND DISCUSSION

3.1. Optical microscopy (OM) investigations

The OM micrographs for (a) bare aluminum, (b) PVC coated aluminum, (c) bare steel, (d) PVC
coated steel, (e) bare brass, and (f) PVC coated brass, respectively are shown in Fig. 1. It is clearly
seen from Fig. 1 that, the PVC coated images show that the PVC layers on the surface are compact and
look homogeneously distributed on the surface. The coating of aluminum, steel and brass with PVC
led also to changing the morphology and color of their surfaces.
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Figure 1. The optical microscopy images for aluminum, stainless steel, and brass surfaces before and
after PVC coating using the electrospinning technique.

3.2. Thermal degradation analysis

The thermal behavior of prepared PVC electrospun fiber was characterized by thermal
degradation analysis (TGA). The TGA thermogram in nitrogen atmosphere for electrospun PVC fiber
is shown in Fig.2. The results revealed that PVC electrospun fiber decomposes in three stages. The
weight loss at 29.51 - 170 °C was due to the loss of humidity water and the water of crystallinity. The
weight loss at the stage 220 - 336.80 °C was due to dechloronation and the formation of intermediate.
On the other hand, the weight loss at the last stage 400.00 - 450.50 °C was probably due to
decomposition to carbon oxide and volatile hydrocarbons [24].
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Figure 2. The TGA thermogram in nitrogen atmosphere for electrospun PVC fiber.

3.3. Cyclic potentiodynamic polarization (CPP) measurements

In order to report the corrosion parameters for uncoated and coated aluminum, steel, and brass
in the freely aerated stagnant 3.5 wt.% NaCl solution, CPP experiments were carried out. Fig. 3 shows
the CPP curves obtained for (a) bare Al and (b) Al coated with PVC electrodes after their immersion
for 20 min in freely aerated 3.5 wt.% NaCl solutions. Similar CPP curves were also obtained for bare
and coated steel and brass in 3.5 wt.% NaCl solutions as shown in Fig. 4 and Fig. 5, respectively. The
corrosion parameters, cathodic (Bc) and anodic (B,) Tafel slopes, corrosion potential (Ecorr), corrosion
current (jcorr), pitting potential (Epi;), protection potential (Eprot), polarization resistance (Rp), and
corrosion rate (Kcorr), Obtained from the polarization curves shown in Fig. 3, Fig. 4 and Fig. 5 are
presented in Table 1. Some of these parameters were calculated as previously reported in our work
[25-35]. The values of Rp and Kcorr Were calculated from the polarization data as follows [36-45]:

Rp = — 1 ( ﬂc 'ﬂa j (1)
JCorr 23(ﬁc +ﬂa)
K _ jCorr k EW (2)

Corr = d A
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Where, Kk is a constant that defines the units for the corrosion rate (= 3272 mm/ (amp. cm.
year)), Ew the equivalent weight in grams/equivalent of the tested materials (Ew = 9 for Al, = 27.9 for
steel, and = 32.1 grams/equivalent for brass), d the density in g cm ™ (d = 2.7 for Al, = 7.85 for steel,
and = 8.32 g/cm®), and at the area of the exposed surface of the electrode in cm? (A = 1 cm? for all
materials).
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Figure 3. Cyclic potentiodynamic polarization curves obtained for (a) bare Al, (b) and (b) Al coated
with PVC electrodes after their immersion for 20 min in freely aerated 3.5 wt.% NaCl
solutions.

It is clearly seen from the polarization curves shown in Fig. 3, Fig. 4, Fig. 5 and Table 1 that
the PVC coated samples show lower cathodic and anodic currents and lower values of jcor, anodic
currents and Kcorr. This effect also largely shifted the Ecqr to the less negative potential values as well
as highly increased the values of Rp. The presence of PVC coatings on the surfaces of the tested
materials prevented to a great extent their dissolution in the chloride solution. For example, aluminum
is well known to develop an oxide film on its surface when exposed to near neutral aerated solutions
on two steps according to the following reactions [46-53],

Al(g s +30H = Al(OH), 4 +3¢ ©)

ads.

2AI(OH), .., = Al,0,-3H,0 (4)
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Figure 4. Cyclic potentiodynamic polarization curves obtained for (a) bare stainless steel and (b)
stainless steel coated with PVC electrodes after their immersion for 20 min in freely aerated 3.5
wt.% NaCl solutions.
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Figure 5. Cyclic potentiodynamic polarization curves obtained for (a) bare brass and (b) brass coated
with PVC electrodes after their immersion for 20 min in freely aerated 3.5 wt.% NaCl
solutions.
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In the presence of high concentrations of chloride ions, 3.5 wt.% NaCl solutions, pitting
corrosion occurs due to the breakdown of the formed oxide film [46,47]. At these conditions, the
chloride ions attack the weak parts of the oxide film and reach the aluminum surface to produce
aluminum chloride complex as follows,

AP + 4CI™ = AICI, (5)

The AI(111) resulted due to the chloride ions attack and the application of the negative potential
(Fig. 3a) on the aluminum surface as previously reported [46],

Al = AP +3e” (6)

The formation of AICI;~ complex compound (Eq. 5) leads to the occurrence of pitting corrosion
due to its diffusion into the bulk of the solution [46-50]. The chloride ions may work by adsorption
onto the aluminum surface and then react with Al(111) that is existed in the aluminum oxide lattice and
form an oxychloride complex, AI(OH),Cl,~, as stated by Eq. (7). This complex dissolves into the
solution once it is formed, which leads to increasing the corrosion rate of Al.

AI3+(in crystal lattice of the oxide) +2CI"+20H" = Al(OH)ZC|2_ (7)

On the other hand and according to the data listed in Table 1, the coated Al surface showed
much less corrosion current and corrosion rate and high polarization resistance because the dissolution
reactions seen by Eqs 5-7. This indicates that the PVC coating provides high corrosion protection to
the aluminum surface. This effect is also provided for the PVC coated steel and brass surfaces as
shown by Table 1, Fig. 4 and Fig. 5.

Table 1. Parameters obtained from polarization curves shown in Fig. 3, Fig. 4 and Fig. 5 for
aluminum, steel, and brass electrodes, respectively after their immersion in 3.5% NaCl
solutions for 20 min before measurement.

Parameter
Bare Al 0.11 —1.485 100 0.11 -0.70 | -0.745 0.24 1.091
Al coated PVC 0.12 —-0.890 0.25 0.21 -0.710 | -0.730 | 132.8 | 0.0027
Steel 0.36 —-0.630 60 0.30 0.300 | -0.105 1.17 0.698
Steel coated PVC 0.21 -0.540 13 0.275 0.345 | -0.150 3.98 0.151
Brass 0.30 -0.670 78 0.21 - - 0.69 0.985
Brass coated PVC | 0.15 -0.225 8.5 0.21 - - 4.46 0.107
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3.3. Electrochemical impedance spectroscopy (EIS) measurements
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Figure 6. EIS Nyquist plots obtained for (a) bare Al and (b) Al coated with PVC electrodes after their
immersion for 20 min in freely aerated 3.5 wt.% NaCl solutions.
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Figure 7. EIS Nyquist plots obtained for (a) bare stainless steel and (b) stainless steel coated with PVC
electrodes after their immersion for 20 min in freely aerated 3.5 wt.% NaCl solutions.
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EIS technique provides important mechanistic and kinetic information for an electrochemical
system under investigation [46,47,54-59]. The method was successfully employed to explain the
pitting and passivation phenomena on Al [46-50], copper [54-59] and iron [27,45,60] in chloride
solutions. Typical Nyquist impedance plots obtained for (a) bare Al and (b) PVC coated Al electrodes
at an open-circuit potential after 20 min immersion in 3.5 wt.% NaCl solutions are shown in Fig. 6.
The EIS spectra were also obtained at the same conditions on (a) bare and (b) PVC coated electrodes
of steel and brass as respectively shown in Fig. 7 and Fig. 8.

It is clearly seen from Fig. 6 that the Al electrode shows only a single but distorted semicircle is
observed for the Al electrode regardless of whether the surface is coated or not. Coating the Al surface
with PVC increased the diameter of the semicircle indicating that the surface is more passivated. Here,
the semicircles at high frequencies are generally associated with the relaxation of electrical double
layer capacitors and the diameters of the high frequency semicircles can be considered as the charge
transfer resistance [61]. This effect at high frequencies is due to the decrease of the electrochemical
active and flawed areas on the aluminum surface by both stabilizing the formed oxide film on Al,
which increases in case of PVC coated surface. As well as, the diameter of the semicircle for Al at low
frequency also increased for the coated PVC sample. This is due to the increase of the aluminum
impedance values, which in turn indicates on the high passivation of the surface against corrosion [53].
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Figure 8. EIS Nyquist plots obtained for (a) bare brass and (b) brass coated with PVC electrodes after
their immersion for 20 min in freely aerated 3.5 wt.% NacCl solutions.
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The EIS Nyquist plots for steel and brass (Fig. 7 and Fig. 8, respectively) showed much better
behavior compared to that obtained for Al, Fig. 6. Where, the diameter of the semicircle was
increasing in case of steel by about 10 times more and for brass recorded about 200 times bigger. This
confirms the data obtained by polarization curves shown in Fig. 3, Fig. 4 and Fig. 5 that coating Al,
steel and brass with PVC nanofiber passivates their surface to the extent that precludes their corrosion
reactions in the 3.5 wt.% test solution.

3.4. Scanning electron microscopy (SEM) investigations
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Figure 9. SEM images for PVC electrospun fiber coated over (a) aluminum, (b) steel, and (c) brass
plates.

The morphology, structure and the distribution of the PVC on the coated surfaces were also
investigated using SEM. Fig. 9 shows the SEM micrographs for the PVC coated surfaces on (a)
aluminum, (b) steel, and (c) brass, respectively. It is clearly seen that the SEM images exhibit a web of
random oriented fiber with abroad distribution from 115 to 400 nm in case of PVC/AIl sample, from
160 to 400 nm in case of PVC/steel sample, and from 200 to 400 nm in case of PVVC/brass sample.

4. CONCLUSION

In this investigation, we have successfully fabricated an electrospun polymer nanofiber coating
of PVC on aluminum, steel and brass surfaces. The surface morphology of these materials with and
without coatings was examined using optical microscope. The effect of PVC coatings on the corrosion
behavior of aluminum, steel, and brass in 3.5 wt.% NaCl solutions was also tested using both cyclic
potentiodynamic polarization (CPP) and electrochemical impedance spectroscopy (EIS)
measurements. The morphologies and the microstructures of the nanofiber coatings are characterized
and assessed using scanning electron microscopy (SEM) and thermal degradation analysis (TGA).
CPP measurements indicated that the materials coated with PVC showed much lower corrosion
currents and corrosion rates and higher polarization resistances compared to the uncoated samples. The
PVC coating also shifted to the corrosion potential towards the less negative potential for all materials.
EIS spectra confirmed that the PVC coated surfaces provided semicircles with larger diameters, which
indicates that these surfaces are more passivated. All measurements were in good agreement and
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confirmed that the deposited PVVC coatings can to a great extent protect the aluminum, steel, and brass
surface against corrosion in 3.5 wt.% NaCl solution.
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