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Nanocomposite coatings exhibit superior properties including corrosion and wear resistances 

compared to the plain non-composite ones. In this work, the deposition of polyvinyl chloride (PVC) 

and polystyrene (PS) nanofiber coatings on brass surface was carried out. The work was also extended 

to study the effects of PVC and PS on the corrosion passivation of brass in aerated 3.5 wt.% sodium 

chloride (NaCl) solutions. The PVC and PS coatings were prepared and deposited on brass surface 

using electrospinning technique. The nanofibers coating layers were characterized using optical (OM) 

and scanning electron (SEM) microscopes. The OM and SEM micrographs depicted that the PVC and 

PS coatings consist of dense and compact entangled nanofibers that completely cover up the brass 

surface. The corrosion measurements were performed by cyclic potentiodynamic polarization (CPP) 

and electrochemical impedance spectroscopy (EIS) techniques on the uncoated and PVC and PS 

coated brass surfaces in NaCl solutions. Both CPP and EIS data confirmed that PVC and PS coatings 

protect the brass surface from being corroded through minimizing its corrosion current and corrosion 

rate and increasing its polarization resistance. 
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1. INTRODUCTION 

Brass materials are relatively noble for which brass possesses attractive properties, namely, 

good corrosion resistance, good machinability, high thermal and electrical conductivity and better 

resistance to biofouling.  It has been widely used in water distribution systems, water treatment units, 

condensers, desalination, power plant condensers and petrochemical heat exchangers, shipboard 

condensers, and many other applications [1-8]. Brass with 65% Cu and 35% Zn is prone to corrosion 

attack when exposed to a corrosive media because of the brass α-phase. Increasing the zinc content in 

the alloy changes the α-phase to β-phase and accelerates corrosion damage [1]. Dezincification of 

brass is one of the well-known and common processes by means of which brass loses its valuable 

physical and mechanical properties leading to failure of structure [1,9-13]. Therefore, the corrosion 

mechanism and corrosion prevention of brass in different corrosive media has been attracted many 

investigators [10-15]. 

One of the most important methods and is considered as the first line defense in the protection 

of metal and alloy structures against corrosion in harsh environments is the use of protective coatings. 

Coatings impart specific engineering properties of a substrate material by modifying or applying a thin 

layer at its surface and there have been trials to develop nano-protective coatings [16-19]. A 

nanocoating is a coating that comprises of at least one constituent with dimensions in nano-scale. 

Small particle size (nanoscale) imparts nanocoating 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 [20,21] with improved 

strength, hardness, corrosion behavior and/or increased wear, friction, abrasion, and scratch resistance. 

Due to the large number of possible combinations between coating materials and the substrate, 

a wide variety of technological applications can be met by nanocomposite coatings [22]. The 

preparation of these coatings has been produced using different methods such as electrospinning, 

phase’s separation, self-assembly, drawing, and template synthesis [23-27]. Electrospinning technique 

produces nano-woven fibrous structures of polymer coatings with fiber diameters ranging from tens of 

nanometers to microns deposited on the surface of materials. At these conditions, the materials earn 

excellent properties like large surface area to volume ratio, flexibility in surface functionalities, and 

superior mechanical performance [17-20]. In some cases, the nanofiber coatings enhance reliability 

and performance of various structural components to enable them to resist corrosion, pitting, 

exfoliation, erosion, sliding and wear. Corrosion and wear resistant coatings can be used in a variety of 

industries such as in automobile, power generation, utility, aerospace, defense, optical equipment, 

magnetic storage devices and bearings, engine parts and seals, etc [20,21,28-32]. These outstanding 

properties make the polymer nanofibers to be optimal candidates for many important applications. 

We have been studying the deposition of polymer coating nanofibers on metallic substrates and 

reporting their corrosion behavior in corrosive media [33,34]. In this work, we report the fabrication of 

polyvinyl chloride (PVC) and polystyrene (PS) nanofiber coatings, then their deposition on a brass 

substrate by using the electrospinning of the PVC and PS polymer solutions. The effects of PVC and 

PS on the corrosion protection of brass (65 wt.% Cu / 35 wt.% Zn) in 3.5% NaCl solutions were also 
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examined using cyclic polarization, electrochemical impedance spectroscopy and scanning electron 

microscope investigations. 

 

 

 

2. EXPERIMENTAL PROCEDURES 

2.1. Electrospinning deposition of polymer coatings 

The electrospinning process was carried out using separated solutions of PVC and PS 

polymers. The PS solution in a concentration of 10 wt. % was prepared by adding appropriate amount 

of PS into tetrahydrofuran (THF) and stirring over the whole night at room temperature. This solution 

was used for electrospinning under the following conditions; 70 KV applied voltage, 4 round per 

minute (rpm) rotating speed of electrospinning electrode, 14 cm the distance of the collecting electrode 

and collector, and 70 % was the ambient humidity.  The PVC solution in a concentration of 12 wt. % 

was prepared by dissolving the polymer in a THF solvent at 30
o
C and stirring overnight to be used for 

electrospinning the nanofiber on brass sheet surfaces. The electrospinning conditions were of 80 KV, 

the distance between the electrode and collector was 18 cm, and range of the speed of rotating 

electrode was from 4 to 5 rpm. 

 

2.2. Electrospinning setup 

The polymer solutions were electrospun using needleless laboratory machine called a nano 

spider laboratory (NSLAB 500S), which is represented by the image shown in Fig 1. The NSLAB 

500S consists of spinning head tub where rotating spinning electrode is wetted in solution under high 

voltage.  

 
 

Figure 1. The nano spider laboratory (NSLAB) 500S instrument. 
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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).The prepared PVC and PS solutions were electrospun at 15-kV positive voltage, 15-

cm working distance, and 0.3-mL/h solution flow rate. The electrospun nanofibers were collected on 

brass (65 wt.% Cu / 35 wt.% Zn) surfaces, air dried in a hood at room temperature for overnight, then 

quickly rinsed in distilled water, and finally dried under vacuum oven at room temperature overnight. 

The schematic representation on how the nanofiber coatings were applied onto the surfaces of the 

tested substrates is shown in Fig. 2. 

 

 
 

Figure 2. A schematic representation shows the production of the PVA and PVC nanofiber coatings. 

 

2.3. Nanofibers morphological characterization 

Surface morphology of electrospun nanofibers on the brass surface were investigated using 

scanning electron microscopy (JSM-7100F). After sputter coating with Gold, the fiber size distribution 

was measured up to five frames of randomly selected SEM micrograph using software. The thickness 

of electrospun mats and films was measured using PRECISION MICROMETER, Model No. 49-61, 

Range0-1.270 mm, Testing Machines INC. AMITVILLE N.Y. (USA). 

 

2.4. Electrochemical corrosion measurements 

The uncoated and PVC and PS coated brass 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 polyacrelate resin. The area of the other face of the samples, 
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on which the measurements was carried out, was 1.0 cm2. The test solution, 3.5 wt.% NaCl, was 

prepared by dissolving 35 g of NaCl in 1 L glass flask. 

Electrochemical measurements were carried out by using a PARC Parstat-2273 Advanced 

Electrochemical System after immersing the uncoated and coated electrodes for 20 minutes in freely 

aerated stagnant 3.5 wt.% NaCl solutions. The cyclic potentiodynamic polarization (CPP) curves were 

obtained by sweeping the potential from -1200 mV in the positive direction up to 500 mV vs. Ag/AgCl 

at a scan rate of 1 mV/s. The potential was also swept in the backward direction with the same scan 

rate from 500 mV towards the more negative direction, in order to see whether pitting corrosion of 

brass occurs. Electrochemical impedance spectroscopy (EIS) experiments were collected at the open-

circuit potential of brass by scanning the frequency 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 (OM) and scanning electron microscopy (SEM) investigations 

The optical micrographs for (a) uncoated brass, (b) PVC coated brass and (c) PS coated brass 

surfaces are shown respectively in Fig. 3. It is clearly seen from Fig. 3 that, the PVC and PS coating 

layers fully covered the brass surface, which could led to the change of surface morphology and color 

seen for image (b) and image (c) of Fig. 3. These layers look also compact and homogeneously 

distributed on the brass surface. 

In order to report the morphology of the coated PVC and PS films on the brass surface, 

scanning electron microscopy (SEM) investigations were carried out and the images are shown 

respectively in Fig. 4 and Fig. 5. A typical SEM micrograph, Fig.4a, exhibits a web of randomly 

oriented PVC fibers on a large area the brass surface. A high magnification SEM image as shown in 

Fig. 4b, also exhibits a web of randomly oriented fiber with a broad distribution from 205 to 250 nm. 

As well as, the SEM images for PS/brass shown in Fig. 5 (a) and Fig. 5 (b) indicate that the PS fiber 

layers are denser and compact on the brass surface. The PS fibers were also oriented and distributed 

randomly with a broad thickness from 1.05 µm to 1.8 µm. 

For more confirmation on the thickness of the coated PVC and PS layers on the brass surface, 

the SEM side view images were taken as shown in Fig. 6a and Fig. 6b, respectively. The coated PVC 

film on the brass surface as depicted in Fig. 6a recorded an average thickness size of about 6.0 μm. 

This is because the PVC layer is compact and dense enough to homogenously cover up the brass 

surface. As well as, the PS coated layer and represented in Fig. 6b proves that the PS coating is also 

uniformly distributed, compact, and dense on the brass surface and the thickness of the electrospun 

deposited film  vary from 10 to 14 μm. 
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Figure 3. The Optical microscopy images for (a) uncoated brass, (b) PVC coated brass and (c) PS 

coated brass surfaces, respectively. 

 

 
 

Figure 4. SEM micrographs for the coated PVC on the brass surface; (a) a large area of the surface 

and (b) a high magnification image shows a small area of the surface. 
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Figure 5. SEM micrographs for the polystyrene coating deposited on the brass surface; (a) a large area 

of the surface and (b) a high magnification image shows a small area of the surface.  

 

 
 

Figure 6. Scanning electron microscopy (SEM) images for (a) PVC and (b) PS electrospun fiber films 

over brass substrate (Side View). 
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3.2. Cyclic potentiodynamic polarization (CPP) curves 

The CPP curves obtained for (a) bare brass, (b) PVC coated brass, and (c) PS coated brass 

electrodes after their immersion for 20 min in freely aerated 3.5 wt.% NaCl solution are shown 

respectively in Fig. 7. The corrosion parameters, the corrosion potential (ECorr), corrosion current 

(jCorr), cathodic (βc) and anodic (βa) Tafel slopes, polarization resistance (RP), and corrosion rate 

(KCorr), obtained from the polarization data are presented in Table 1. The jCorr and ECorr parameters 

were obtained from the extrapolation of anodic and cathodic Tafel lines located next to the linearized 

current regions [35-40]. The values of RP and KCorr were calculated from the polarization curves 

according to the following equations [39,40]: 
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Figure 7. Cyclic potentiodynamic polarization curves obtained for (a) bare brass, (b) brass coated with 

PVC, and (c) brass coated with PS electrodes after their immersion for 20 min in 3.5 wt.% 

NaCl solution. 
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The cathodic reaction for metals and alloys in aerated neutral solutions has been reported to be 

the oxygen reduction as follows [41,42], 

 

2H2O + O2 + 4e
−
 = 4OH

−
                                               (3) 

 

According to Karpagavalli and Rajeswari [43], when brass electrode is exposed to a saline 

electrolyte, its anodic reactions will take place according to the following reactions, 

  

2Cu + H2O = Cu2O + 2H
+
 + 2e

−
                                    (4) 

 

Zn = Zn
2+

 + 2e
−
                                                               (5) 

 

This means that the corrosion of the uncoated brass occurs mainly due to the dissolution of Zn, 

in addition the presence of high concentration of chloride ions, 3.5 wt.% also increases the corrosion of 

brass by dissolving the formed copper oxide on the surface of the alloy [43]. For the PVC and PS 

coated brass surfaces, these reactions (Eq. 4 and Eq. 5) seem to be less likely to occur due to the 

presence of the homogenous layers of PVC and PS coatings. This is confirmed by the values of the 

corrosion parameters listed in Table 1. Where, the corrosion current for brass in the presence of the 

polymer coatings was reduced from 78 μA / cm
2
 for uncoated brass to only 8.5 μA / cm

2
 for PVC 

coated brass and 22 μA / cm
2
 for PS coated surface. This effect also increased the values of 

polarization resistance, RP, and decreased the values of corrosion rate, KCorr. The obtained polarization 

data thus proved that the presence of PVC and PS nanofiber coatings on the brass surface eliminates 

the corrosion of brass in 3.5 wt.% NaCl solutions and effect increases in the order PVC > PS. 

 

Table 1. Corrosion parameters obtained from polarization curves shown in Fig. 7 for uncoated and 

PVC and PS coated brass electrodes after their immersion in 3.5% NaCl solutions for 20 min 

before measurement. 

 

 

 

  Material 

Parameter 

-βc / Vdec
-1

 ECorr / V јCorr / μAcm
-2

 βa / Vdec
-1

 RP / k cm
2
 KCorr / mmy

-1
 

Uncoated Brass 0.30 ‒0.670 78 0.21 0.69 0.985 

PVC coated Brass 0.15 ‒0.225 8.5 0.21 4.46 0.107 

PS coated Brass 0.23 ‒0.632 22 0.235 2.30 0.278 

 

3.3. Electrochemical impedance spectroscopy (EIS) measurements 

In order to shed more light on the effect of PVC and PS nanofiber coatings on the protection of 

brass surface from being corroded and to determine kinetic parameters for electron transfer reactions at 

the brass/electrolyte and brass-coating/electrolyte interface, the EIS investigations were carried out. 

We have been successfully using the EIS technique to study the corrosion and corrosion inhibition of 
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metals and alloys at similar conditions [44-49]. Fig. 8 shows the typical Nyquist impedance plots 

obtained at an open-circuit potential value for (a) uncoated brass, (b) PVC coated brass and (c) PS 

coated brass electrodes, respectively after 20 min of their immersion in 3.5 wt.% NaCl solutions. The 

EIS plots were also analysed by best fitting to an equivalent circuit model as shown in Fig. 9. The 

impedance parameters obtained from the equivalent circuit are recorded in Table 2. 
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Figure 8. EIS Nyquist plots obtained for (a) bare brass, (b) brass coated with PVC, and (c) brass 

coated with polystyrene electrodes after their immersion for 20 min in freely aerated 3.5 wt.% 

NaCl solutions. 

 

It is clearly seen from Fig. 8a that the brass electrode shows only a single distorted semicircle. 

The diameter of this semicircle widely increased with the presence of PVC, Fig. 8b as well as PS 

nanofiber coating on the brass surface. This indicates that the surface gets more protected against 

corrosion in the chloride solution by coating it with electrospun PVC and PS nanofibers. According to 

Ma et. al (50), the semicircles at high frequencies are generally associated with the relaxation of 
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electrical double layer capacitors due to the decrease of brass corrosion by stabilizing the formed oxide 

film, Cu2O, Eq. (4), on its surface and the decrease of the corrosivity of the chloride ions. Here, the 

diameters of the high frequency semicircles are usually considered as the charge transfer resistance, 

which increase in case of PVC and PS coated brass surfaces. 

 

 
 

Figure 9. Equivalent circuit model used to fit the Nyquist plots presented in Fig. 8. 

 

The EIS parameters of the circuit shown in Fig. 9 and listed in Table 2 can be defined as 

follows; RS represents the solution resistance between aluminum electrodes and the counter (platinum) 

electrode, Q1 and Q2 the constant phase elements (CPEs), RP1 the resistance of a film layer formed on 

the surface of aluminum, RP2 accounts for the polarization resistance at the aluminum surface, and W 

the Warburg impedance. Table 2 shows that the values of RS, RP1 and RP2 recorded higher values for 

the PVC and PS coated brass surfaces. The CPEs, Q1 with its n value exactly 1.0 represent double 

layer capacitors. The CPEs, Q2 with its n value is almost 1.0 represent another double layer capacitors 

with some pores; the CPEs decrease, while their n-values increase with the case of PVC and further 

with PS coated surface. The decrease of both Q1 and Q2 values in the presence of PVC and PS 

indicates that the coated brass surface is more protected against corrosion compared to the uncoated 

brass. The presence of the Warburg impedance (W) gives another confirmation that the brass surface is 

well protected and its corrosion in the chloride solutions via mass transport is very unlikely to occur in 

the case of PVC and PS nanofiber coatings. 

 

Table 2. Impedance parameters obtained by fitting the Nyquist plots shown in Fig. 7 with the 

equivalent circuit shown in Fig. 8 for brass electrodes after their immersion in 3.5 wt.% NaCl 

solutions for 20 min before measurements. 

 

 

 

   

Material 

Parameter 

RS / 

Ω cm
2
 

Q1 RP1 / 

Ω cm
2
 

W 

Ω S
−1/2

 

Q2 RP2 / 

Ω cm
2
 YQ1/µF cm

-2
 n YQ2/µF cm

-2
 n 

Uncoated brass 3.7 20.53 1.00 40.60 16.1x10
−8

 0.156 0.87 995 

PVC coated brass 12.4 0.384 1.00 4681 4.14x10
−5

 0.048 0.92 232600 

PS coated brass 15.1 0.050 1.00 14900 3.99x10
−7

 0.009 0.95 905300 
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Figure 10. Typical impedance Bode plots obtained for (1) uncoated brass, (2) PVC coated brass, and 

(3) PS coated brass electrodes after their immersion for 20 min in freely aerated 3.5 wt.% NaCl 

solutions. 

 

The data obtained from Nyquist plots were also confirmed by plotting the values of impedance 

(|Z|) against frequency for (a) uncoated brass, (b) PVC coated brass, and (c) PS coated brass as 

presented by the Bode plots shown in Fig. 10. The lowest impedance values were recorded for the bare 

brass in the chloride solution, Fig. 10a. In the presence of PVC coating, Fig. 10b, brass recorded higher 

impedance values over the whole frequency range of the experiment. Further increments were obtained 

for the PS coated brass, Fig. 10c. According to Mansfeld et. al [51] the higher the impedance at low 

frequency values the higher the passivation of the surface against corrosion. The EIS data thus agree 

with the polarization data and both proved that PVC and PS nanofiber coatings provide enough 

protection for brass surface against corrosion in 3.5 wt.% NaCl solutions.   

 

 

 

4. CONCLUSION 

The passivation of brass corrosion in aerated stagnant 3.5% NaCl solutions by polyvinyl 

chloride (PVC) and polystyrene (PS) nanofiber coatings has been investigated. The deposition of PVC 

and PS layers on the brass surface was applied by using electrospinning technology. The optical (OM) 

and scanning electron (SEM) microscopes were employed to characterize the layer of the nanofibers 

coatings. It was found that the coating layers of PVC and PS are homogenously distributed on the 

brass surface with an average thickness of about 6.0 μm for PVC and 10.0 ~ 14 μm for PS. The effects 

of PVC and PS as protective coatings for brass against corrosion in 3.5 wt.% NaCl solutions were 

evaluated by cyclic potentiodynamic polarization (CPP) and electrochemical impedance spectroscopy 
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(EIS) techniques on the uncoated and PVC and PS coated brass surfaces in NaCl solutions. It has been 

found that the presence of PVC and PS on the brass surface decreases its corrosion in the test solution. 

The PVC and PS coatings decreased the corrosion current and corrosion rate of brass by decreasing its 

anodic and cathodic reactions as reported by the CPP data. This effect also increased the surface and 

polarization resistances for brass as was achieved by the EIS measurements. The combined results 

indicate that PVC and PS can be deposited on the brass surface and can be used as good protective 

coatings against corrosion in 3.5 wt.% NaCl solutions.  
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