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Abstract: Polymeric nanofibers are a promising technology to protect the metal surfaces from corrosion. Through the literature search, the use of polyacrylonitrile nanofibres (PANNFs) as a corrosion inhibitor coating for aluminum alloys has not been evaluated. This work includes the development of a new, lightweight, high surface area and efficient coating of PANNFs that produced using electrospinning process to resist the corrosion of aluminum alloys (AA5083) which immersed in 0.6 M NaCl at alkaline medium (pH = 12) and acidic medium (pH = 1) at a range of temperatures (293–323) K. The PANNFs coating was successfully deposited on AA 5083 specimens, where these samples were considered as a collector electrode in the electrospinning process. The corrosion experiments of the aluminum alloys coated with PANNFs before and after immersion in both corrosive mediums were investigated using cyclic potential polarization (CPP). The results confirmed that the PANNFs coating was able to protect the surface of the aluminum specimens from corrosion, by reducing the corrosion current and increasing the surface polarization resistance, thus reducing the corrosion rate. The protection efficiency was found in the alkaline medium 98.8% while in the acidic medium 83.3%. So, it was in both mediums decreased with the increase in temperature. The shape, distribution and size of the polymeric nanofibers that formed the coating were also examined using field emission scanning electron microscopy (FE-SEM) and the percentages of the structural components of these fibers were detected using the X-ray dispersion spectroscopy (EDS). The surface of aluminum specimens was completely covered by PANNFs. These electrospun nanofibers have worn out and lined up spacing after immersion in the corrosive mediums. The diameters average of PANNFs was found to be about 200 and 150 nm before and after immersion, respectively.
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1  Introduction

Metallic materials are widely used for a wide variety of industrial applications and emerging alloys were already produced to best suit the specifications for a particular application. The methods of surface engineering developing also made possible a range of surface treatments or coatings to increase the resistance of corrosion for metallic materials. For this reason, conventional methods such as electrodeposition [1], electrochemical coating [2], chemical conversion [3] and anodizing [4] have become the most commonly used, while others include the use of chromates, which pose a significant hazard to the environment and human health.

The promising alternative for this purpose is the ability to develop and modify materials at the nano-scale, as the ability to incorporate nanometric-scale features on the materials will improve the ratio of surface to volume and offer advanced functionalities.

Aluminum alloys (AA) are commonly used in several products as their low density and cost in addition to high thermal and electrical conductivity. These benefits make them useful in diverse fields, such as transportation, food processing, scrubbers, electronics, petroleum heat exchangers, storage tanks and marine applications [5–8]. In general, aluminum forms a transparent protective passive oxide layer on its surface when exposed to an aqueous solution. Because of the high solubility of this oxide film does not give adequate protection against both acidic and alkaline environments that increases the corrosion rate.

Any coaters, such as polymers, organic and inorganic materials have been used to mitigate electrochemical aluminum corrosion by isolating its surface from the medium of corrosion by creating a resistant layer of oxide on the metal surface [9–11].

Electrospinning was chosen as the manufacturing technique for the nanofibers coting on aluminum substrates. It is a simple and flexible deposition technique that uses the electrostatic forces to create very fine polymeric fibers in nano-scale [12]. Moreover, this method is a very effective instrument for the manufacture of high surface area materials [13]. Hence, electrospun nanofibres (ENFs) can be composed of various polymer forms, such as natural [14], synthetic [15] and copolymer [16]. Nanofibers have diverse applications in three main areas; water treatment, biomedical care and energy generation or storage that represented in photocatalysis, ultrafiltration, drug delivery, wound dressing, tissue engineering, solar cells, batteries, supercapacitors and fuel cells [17].

Aluminum electrochemical corrosion was examined by Sherif et al. using cyclic potentiodynamic polarization (CPP) and electrochemical impedance spectroscopy (EIS) measurements in freely aerated stagnant solutions of 3.5 wt% NaCl with and without coatings of polyvinyl alcohol nanofibers (PVANFs) and polyvinyl chloride nanofibers (PVCNFs). The deposited nanofibers coatings have been found to minimize the currents and rate of corrosion as well as improve the aluminum corrosion resistance in NaCl solution [18]. Firouzi et al. succeeded in protection of the aluminum alloy 6082 that immersed in 3.5 wt% NaCl medium against corrosion utilizing electrospinning technique, by coating it with nanofibers of crosslinked polyvinyl alcohol (PVANFs). A significant resistance of corrosion of approximately 26 kX with reference to the alloy of blank (about 3.8 kX) was reported after 270 h [19].

Moreover, the hydrophobic property can improve the protection against corrosion. Li et al. demonstrated the use of polystyrene nanofibers (PSNFs) which are superior hydrophobic to protect an aluminum mesh, and the results of the cyclic potentiodynamic polarization (CPP) showed that the coating is highly resistant in 3.5 wt% NaCl aqueous solution [20]. Cui et al. reported the great potential of highly hydrophobic surfaces vs. corrosion, where electrospun nanofibers of polyvinylidenefluoride (PVDF)/stearic acid (SA) that was characterized by their superior anti-corrosion performances of aluminum alloy even after immersion in aqueous solutions of 3.5 wt% NaCl for 30 days [21].

According to our knowledge, no work carried out on the efficiency investigation of polyacrylonitrile nanofibers coating in corrosion inhibition of aluminum alloys. Thus, the influence of PANNFs coating on the activity of 5083 AA corrosion using cyclic potentiodynamic polarization method in a medium of 0.6 M NaCl at acidic medium pH = 1 and alkaline medium pH = 12 was studied in the current research. The coated aluminum surface with PANNFs were characterized before and after immersing in corrosive solutions utilizing field emission scanning electron microscope (FE-SEM) and X-ray dispersion spectroscopy (EDS).

2  Experimental

2.1 Materials

Hydrochloric acid HCl, potassium hydroxide KOH and sodium chloride NaCl were obtained from BDH. Polyacrylonitrile (C3H3N)n and dimethylformamide (DMF) were supplied from Sigma Aldrich.

2.2 Corrosive Medium

Double distilled water has been used in all preparations of the corrosive mediums. All measurements were performed in a saline aqueous solution containing 0.6 M NaCl which has a comparable level to that of seawater at acidic medium pH = 1 and alkaline medium pH = 12 using aqueous solution of 0.1 M HCl and 0.01 M KOH, respectively.

2.3 Aluminum Alloy Specimens

The corrosion experiments were performed on 5083 aluminium alloy specimens of the following composition (weight %): 4.5 Mg, 0.50 Mn, 0.40 Fe, 0.40 Si, 0.20 Cr, 0.25 Zn, 0.10 Cu and balance Al. The aluminum plate was cut into a circular shape with a diameter 2 cm and thickness 2 mm. Before immersing in the corrosive solutions, the specimens surfaces were abraded using various grades of emery paper (200, 400, 800, 1200 and 2000), then rinsed by acetone and washed by distilled water, and dried with a cloth, finally kept in a desiccator. The exposed surface area to the aggressive medium was 1 cm2.

2.4 Electrospining Process

The electrospinning solution of polyacrylonitrile 4% w/v was prepared by dissolving its granules in DMF with a continuous stirring for 240 min at a temperature 50°C until a homogeneous solution was obtained, as in a similar way to previous work [22]. The electrospinning process was carried out under a pressure 25 kV, PAN solution was extruded through a nozzle 0.9 mm at a velocity rate 0.02 mL/min towards the aluminum alloy species that were fixed on the collector electrode at a distance 0.15 m. The coated alloys with PANNFs were dried in a vacuum oven for 120 min at 80°C to get rid of the solvent residue. The coated alloys specimens are showed in Fig. 1.
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Figure 1: Photograph of 5083 AA specimen: A; uncoated and B; coated by PANNFs

2.5 Cyclic Potentiodynamic Polarization Measurements

The cyclic potentiodynamic polarization measurements were conducted using Wenking M lab potentiostat in a conventional three-electrode glass cell double-wall pyrex glass with working volume 1L capacity. A three-electrode configuration was used that consists of the studied sample (1.5 cm2) as a working electrode, a saturated Ag/AgCl reference electrode and a platinum counter electrode. After steady-state potential was identified in the cathodic or anodic direction and a potential from −200 mV to + 200 mV, the polarization measurements were carried out at a scan rate of 2 mV/s. All measurements were performed in 0.6 M NaCl medium at pH = 1 and pH = 12 in a presence and absence of the coating layer of PANNFs. Each experiment was conducted at least twice and the results were reproducible.

3  Results and Discussion

3.1 Surface Morphology Analysis

3.1.1 FE-SEM Analysis

The analysis of (FE-SEM) has been performed by a field emission scanning electron microscope (ZEISS ZEISS SIGMA VP) to investigate the morphology, structure and distribution of the coated 5083 AA surface with PANNFs (Fig. 2). The coated alloys surface were examined before and after the immersion in 0.6 M NaCl medium at pH = 1 and pH = 12. In comparing these surfaces before and after the corrosion tests, it can be seen that the PANNFs have worn out and lined up spacing than they were before the immersion, while the surface of aluminum specimens was completely covered by nanofibers. This conclusion means that the solution of NaCl has reached to parts of the alloy surface. The micrograph of FE-SEM also shows that the change in the surface appearance of the coated aluminum specimen immersed in pH = 12 is less compared to pH = 1. It was also found that the fibers diameter average of PANNFs was about 200 nm ± 50 before immersion, while it became 150 nm ± 50 after the immersion in both corrosive mediums. Also, there is a decrease in the thickness of nanofibres and the surface erosion of aluminum alloy in some areas. Additionally to a presence of clusters aggregation of salt on their grid after the exposure to the saline solutions. This may be attributed to the pH enhancing the molecular interactions between the corrosive products and PANNFs [23].

3.1.2 EDS Analysis

The analysis of EDS was conducted by an energy dispersive spectrometer (Oxford Instru EDS X-MAX-80) to evaluate the elements weight percentage of the coated 5083 AA surface with PANNFs before and after the immersion in 0.6 M NaCl at pH = 1 and pH = 12, Fig. 3. It shows the presence of carbon and nitrogen as major components of PANNFs. So, it is noticed that the percentage of elements was close together before and after immersion in the corrosive medium. All spectrums had a small peak approximately at 1.1 keV attributed to coat the sample with a thin layer of gold as a requirement for FE-SEM and EDS techniques.
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Figure 2: FE-SEM micrograph of the coated 5083 AA surface by PANNFs: (A) before the immersion in 0.6 M NaCl medium, (B) after the immersion in 0.6 M NaCl medium at pH = 1 and (C) after the immersion in 0.6 M NaCl medium at pH = 12
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Figure 3: EDS spectrum and elements weight percentages of the coated 5083 AA surface by PANNFs: A; before the immersion in 0.6 M NaCl medium, B; after the immersion in 0.6 M NaCl medium at pH = 1 and C; after the immersion in 0.6 M NaCl medium at pH = 12

3.2 Polarization Curves

Figs. 4–7 show the polarization curves of anodic and cathodic for uncoated and coated 5083 AA with PANNFs in 0.6 M NaCl at pH = 1 and 12, respectively in the range of temperatures (293–323)K. Tafel extrapolation method was used to calculate the corrosion parameters (Ecorr), (icorr) (bc) and (ba) from the polarization curves.
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Figure 4: Polarization behavior of corrosion of the uncoated 5083 AA and immersed in 0.6 M NaCl medium at pH = 1
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Figure 5: Polarization behavior of corrosion of the uncoated 5083 AA and immersed in 0.6 M NaCl medium at pH = 12
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Figure 6: Polarization behavior of corrosion of the coated 5083 AA and immersed in 0.6 M NaCl medium at pH = 1
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Figure 7: Polarization behavior of corrosion of the coated 5083 AA and immersed in 0.6 M NaCl medium at pH = 12

The experimental data are displayed in Tabs. 1 and 2. These data show with increasing temperature, the corrosion current density (icorr) increases. Thus, the corrosion potential (Ecorr) nearly becomes more negative with increasing temperature. It is obvious from the results of potentiodynamic which listed in Tabs. 1 and 2 that the coating layer of PANNFs decreased the corrosion rate in different mediums, as a result to the coverage of the specimens surface. The values changes of Tafel constants refer to the inhibition effect of the electrospun nanofibers coating which dominates the reactions of anodic and cathodic compared to the uncoated aluminum alloy, as it is consistent with the obtained result in reference [24].

Table 1: Data of polarization behavior of corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 1 and a range of temperature (293–323) K
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Table 2: Data of polarization curve for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 12 and a range of temperature (293–323) K
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3.3 Kinetic Parameters

The temperature has a significant impact on the rate of electrochemical corrosion of metals as in the majority of chemical reactions, it is the accelerating factor. It enhances the reacted species energy, resulting in a much faster chemical reaction. From Tabs. 1 and 2 we found that the values of icorr increases with temperature increasing and protection efficiency decreases with temperature increasing.

Arrhenius equation was used to calculate activation energy for corrosion of uncoated and coated 5083 AA by PANNFs in alkaline and acidic mediums, as shown expression [25]:

ln(icorr)=​lnA−Ea∗/RT
(1)

where, A is the pre-exponential factor, Ea* is the energy of activation, R is the gas constant and T is the temperature in Kelvin. Eq. (1) predicts that plotting of ln (icorr) against 1/T that should be linear as experimentally observed in Figs. 8 and 9.
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Figure 8: Arrhenius plot for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 1 and a range of temperature (293–323) K
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Figure 9: Arrhenius plot for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 12 and a range of temperature (293–323) K

The slope of line represents (–Ea*/RT), whereas the intercept expresses ln A. The activation entropy ΔS* was culculated from the A value utilizing the following equation [26]:

A=kBT/hexp(ΔS∗/R)
(2)

where kB is Boltzmann’s constant, h is Planck’s constant and T is the absolute temperature of the medium.

The estimated values of Ea* and ΔS* are abstracted in Tabs. 3 and 4. It was noticed that Ea* values was increase for 5083 AA after coating with PANNFs in alkaline and acidic medium. The entropy of activation ΔS* values are negative that suggests there is an association rather than dissociation in the rate determining step. This implies that the activated complex is in higher-order state than the initial state [27].

Table 3: Activation value of energy (Ea*) and entropy (ΔS*) for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 1
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Table 4: Activation value of energy (Ea*) and entropy (ΔS*) for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 12
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3.4 Thermodynamic Parameters

The values of enthalpy ΔH° and entropy ΔS° for the corrosion of the uncoated and coated 5083 AA by PANNFs that immersed in 0.6 M NaCl medium have been estimated according the following relation [28]:

icorr=RT/Nhexp(ΔS°)exp(−ΔH°/RT)
(3)

where h is Plank’s constant, N is Avogadro’s number, ΔS° is the entropy and ΔH° is the enthalpy. Figs. 10 and 11 show a plot of (ln icorr/T) versus 1/T. Hence, the values of ΔH° and ΔS° can be obtained from the slope and intercept of the straight, respectively.
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Figure 10: Plot of ln (icorr /T) against 1/T for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 1
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Figure 11: Plot of ln (icorr/T) against 1/T for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 12

The protection efficiency values (PE%) were calculated according to the following equation [29] and listed in Tab. 5.

PE%=[((icorr)uncoated−(icorr)coated)/(icorr)uncoated]×100(4)

where (icorr) uncoated and (icorr) coated are corrosion current densities for uncoated and coated 5083 AA by PANNFs, respectively. The coated specimens showed good enhancing against corrosion, and the maximum value of efficiency was found to be 98.6 in basic medium and 83.3 in acidic medium.

Table 5: Surface coverage, protection efficiency and thermodynamic parameters for corrosion of the uncoated and coated 5083 AA that immersed in 0.6 M NaCl medium at pH = 1 and pH = 12
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The calculated values ΔG°, ΔS° and ΔH° that are summarized in Tab. 5. The entropy values ΔS° for uncoated and coated 5083 AA are negative implying that there was the association of PANNFs rather than dissociation. The negative values of ΔH° demonstrate that corrosion is an exothermic process [30]. Thermodynamically, ΔG° were associated with the standard enthalpy ΔH° and standard entropy ΔS° according to the following express [31]:

ΔG°=ΔH°−TΔS°(5)

ΔG° values for uncoated and coated 5083 AA in acidic and basic medium were negative suggesting spontaneously of the corrosion process [11]. Therefore, the ΔG° values of coated specimens are higher than those of uncoated, which means the PANNFs coating increase the resistance of aluminum alloys surface against corrosion.

It has been found that PANNFs coating reduces the current and corrosion rate of aluminum 5083 in a solution of 0.6 M NaCl at an acidic and basic medium, thus electrospining is a preferred technique compared to conventional techniques. Therefore, it is possible to protect the aluminium surfaces of cans food, pipes and tanks from corrosion by coating them with nanofibers.

4  Conclusions

The effect of the PANNFs coating on the corrosion behavior of 5083 AA specimens immersed in alkaline medium (pH = 12) KOH and acidic medium (pH = 1) of HCl that containing a concentration of 0.6 M NaCl was studied using cyclic potential polarization (CPP) at a range of temperatures (293–323) K. The surface morphology of the produced nanofibres coating before and after immersion in corrosive solution at pH = 1 and pH = 12 was examined using a scanning electron microscopy (FE-SEM), and the average of diameter nanofibers was about 200 and 150 nm before and after immersion in corrosive mediums, respectively. The results of the cyclic potential polarization showed that the coated aluminum surface by PANNFs reduces the corrosion rate due to decrease of the corrosion current value and increase of the polarization resistance value of compared to the uncoated surface. The measurements also exhibited that the corrosion rate in the alkaline medium is less than that in the acidic medium. In general, all results confirmed that coating the aluminum alloy surface by PANNFs could protect it from corrosion in saline water. Thus, the use of electrospining has proven to be a promising coating technique to protect aluminium against corrosion in marine environments and heat exchangers units.
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