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Polyaniline coatings of various controlled thicknesses are applied to 7075-T6 aluminum alloy substrates
and evaluated for their corrosion protection ability in a corrosive saline environment using
electrochemical techniques. The coating thicknesses are in the range of approximately 5 to 35 um
and they increase linearly with increasing quantities of PANI solution deposited on the substrate. The
relationship between the coating thickness, roughness, and hydrophilicity is examined. Coatings ranging

KeyWO@-’ ) from 12 to 23 wm in thickness have the lowest roughness values and highest contact angles with water.
COTOSIF;_“ protection The PANI-coated 7075 alloy electrodes with low roughness and high contact angles show better corrosion
polyaniline

protection properties in saline solution (3.5% NaCl), as determined by electrochemical impedance
spectroscopy (EIS) and voltammetric polarization measurements. Scanning electronic microscopy (SEM)
images demonstrate the homogenous surface morphology of the PANI coatings on the micrometer scale.
Even after prolonged exposure to corrosive media, no cracks were found.
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1. INTRODUCTION

Nowadays, great attention is given to the study of corrosion
protection with the goal of extending the lifetime of metal and
metal alloy objects. The aluminum alloys are important materials
in manufacturing of automobiles and aircrafts, among other
applications [1,2]. The 7075-T6 aluminum alloy is widely used in
the aerospace industry due its high strength, fatigue resistance,
ductility, and toughness. However, the presence of copper in T6
promotes the formation of localized corrosion features such as pits
[3]. Coatings made from organic conductive polymers such as
polypyrrole (PPy), polythiophene (PTh) and polyaniline (PANI) are
often used for the purpose of preventing corrosion of aluminum
and its alloys [4-6]. PANI is a polymer from the class of intrinsically
conductive polymers, which has been applied with versatility in
various technological applications due to its high conductivity,
processability, ease of synthesis, and the non-toxicity of the
resulting product. The redox properties of PANI are utilized for pH-
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sensitive membranes, electrocatalysis of the oxygen reduction
reaction, conductive films in electronic devices, capacitors,
batteries, gas sensors, and corrosion protection [7-16]. The use
of PANI as an organic coating for corrosion protection of metals is
mainly due to its easy and eco-friendly synthesis, low cost, high
stability, and redox function [17,18]. There are a variety of synthetic
procedures for obtaining PANI by chemical and electrochemical
methods. The chemical synthesis method is advantageous for the
ease with which the anticorrosion coating can be applied on
different types of metal structures after synthesis. When applied to
a metal surface, PANI coatings can undergo oxidation-reduction
processes, also known as doping-undoping, which leads to the
passivation of the surface which they are covering [19-22]. This
protection mechanism for conducting polymers, like PANI, is not
completely understood. Some hypotheses have been presented: (i)
the polymer in the oxidized form releases the dopant anion by a
defect in the coating and, via a reduction mechanism, eliminates
the dopant acid that is soluble in water; (ii) anodic protection is
achieved when a passive oxide layer is formed on the base metal;
(iii) the presence of a conducting polymer doped with metal near
the interface of the coating and substrate generates an electric field
which decreases the electron flow and therefore reduces the rate of
corrosion; and (iv) the simple fact of the polymer coating present
in a dense form, with good adhesion and low porosity, leads to a
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restricted access of oxidizing species to the metal surface [23].
Epstein et al. studied the corrosion protection of AA2024-T3 alloy
by PANI in the emeraldine base form and sulfonated PANI cast-
deposited [24]. They found the corrosion rate of the protected alloy
in 0.1 M NaCl to be diminished, and determined by XPS analysis
that there was a reduction in the copper concentration at the
surface of electrodes. The PANI coating enabled the extraction of
copper from the surface of the AA2024-T3 alloy, thus reducing the
galvanic couple between aluminum and copper that usually leads
to accelerated corrosion for the AA2024-T3 alloy. Kamaraj et al.
electrodeposited PANI on AA7075 alloy and showed that PANI was
not protective due to the presence of cracks in the coating [25,26].
They concluded that the presence of cracks in the morphology of
PANI was responsible for the poor performance as a corrosion
protection coating because they allowed localized attack of the
aluminum alloy. One of the current problems associated with the
use of pure PANI coatings is the presence of defects which leads to
an accelerated electrolyte migration process for through the PANI
to the metal interface. In some cases, the pore resistance was
increased with ceria in hybrid films [25-27]. Gupta et al. used
polyaniline-lignosulfonate (PANI-LGS) added in epoxy to increase
corrosion protection of AA2024-T3 and found that a 5wt% PANI-
LGS mixture provided greater pore resistance values, a compact
coating structure, and the best adhesion [28]. They also observed a
uniform distribution of PANI particles which and a thicker
underlying oxide layer. The authors proposed two possible
mechanisms of corrosion protection: (i) the coating acting as
physical barrier avoid diffusion of aggressive ions, or, (ii) anodic
protection by reduction of the PANI coating (i.e. from emeraldine
salt to emeraldine base) promoting the formation of a protective
layer. Although some strategies have been developed to create
coating with more favorable morphologies and structures, it is of
fundamental importance to understand the defects inherent to
PANI coatings; how do they form and how to avoid them.

In the case of certain metals, the presence of a PANI coating
results in the formation of an improved interfacial passive layer.
[18,20,29,30]. Lu et al. removed the PANI coating from mild steel
and analyzed the gray oxide layer formed on the substrate by XPS
measurements to determine that Fe,03 and Fe304 were present in
the oxide layer, with the more reduced species predominating [31].
Rohwerder et al. presented important findings regarding the
interaction between the conducting polymer and the passive metal
surface [32]. In this study they suggested that the formation of an
insulating interface is possibly promoted by the conductive coating
which culminates in a loss of electronic contact and consequently
leads to inactivity of the conductive polymer. In another study, Sein
Jr. et al. used a computational density functional theory (DFT)
approach to study corrosion inhibition of iron or aluminum by
aniline oligomers and found that the transfer of electrons from the
metallic surface to the protective trimer is energetically favorable
with fast kinetics at the interface [33]. Also, they concluded that
the oxidized metal atoms at the surface are protected from
dissolution and that charge builds up at the polymer interface very
slowly toward the trimer/air or trimer/water interface.

It is not known with certainty the influence of the PANI coating
thickness on the protective properties. Kralji¢ et al. have suggested
that, since PANI layers are porous, the corrosion protection is
dependent on the amount of PANI and the quality of the protective
oxide layer, thus thicker layers offer more effective protection for a
longer time [34]. However it was found in other studies that
thicker PANI coatings are more susceptible to increased roughness
and cracking [25,35]. Conversely, Martins et al. electrodeposited
PANI films on aluminum and found that thinner coatings (0.8 Lm)
presented a cauliflower structure regardless of the formation
procedure. With this structure the PANI coatings were not found to
improve the corrosion resistance of the aluminum substrate [36].

Thus, both thicker and thinner coatings could lead to high diffusion
of solution, depending on the morphology of the resulting film. On
the other hand, the barrier effect is found to be more significant
with thicker coatings that possess uniform surfaces (low
roughness) and, in this case, could be crucial for the reducing
the solution diffusion into the coating. Therefore, these two
characteristics, thickness and roughness, may influence the barrier
effect (blocking the interaction between the solution and the metal
surface) and are relevant for understanding the protective effect of
PANI on aluminum alloys. In this work, we investigated the effects
of thickness and roughness of PANI coatings on the corrosion of the
underlying 7075-T6 aluminum alloy. The investigation is carried
out using electrochemical methods (voltammetric polarization
curves and electrochemical impedance spectroscopy).

2. EXPERIMENTAL
2.1. Composition and preparation of AA7075-T6 substrate

The AA7075-T6 alloy used in this work was obtained from CEFAL
Comercial Metaltirgica LTDA. Rods of the AA7075-T6 alloy were
machined into disks with areas equal to 6.6 & 0.2 cm? which were
subsequently covered with PANI coatings and used for the tests
described herein. Prior to being used as substrates in any
application (as electrodes, or to undergo microscopic or morpho-
logical analysis), all of the disks were polished with silica carbide
papers up to 2000 grit, in order to remove any coarse scratches.
Then, a finer polishing with alumina suspension to 0.05pwm
particles was used to smooth the surface. No chemical pre-
treatment was carried out on the substrates. After polishing, the
disks were cleaned in pure acetone and Milli-Q water by sonication
for 10 minutes in each solvent in to remove any undesirable agents
from the surface. The composition of the AA7075-T6 alloy is: Al,
88.71%; Zn, 5.87%; Mg, 2.72%; Cu, 1.75%; Mn, 0.28%; Cr, 0.23%; Ti,
0.21%; Fe, 0.17%, and Si, 0.06%.

2.2. Synthesis of PANI

The polyaniline used in the coatings was prepared using a
chemical synthesis method and later treated by ammonium
hydroxide to obtain the emeraldine base state [37]. Briefly, 20 mL
of double distilled aniline (Sigma Aldrich 99.5%) was oxidized in a
0.5 M ethanolic solution of sulfuric acid (Vetec 95-99%) and 2.5 M
ammonium persulfate (Sigma Aldrich 98%). This process was
carried out in a thermal bath at —10°C. After obtaining the green
powder (emeraldine salt) by vacuum filtration, it was treated with
1M ammonium hydroxide solution for 24 hours at 25°C while
stirring (Sigma Aldrich 28-30%) to obtained PANI in the emeraldine
base state. Finally the PANI was abundantly washed in deionized
water under vacuum filtration and dried at 60 °C for 24 hours.

2.3. Application of Synthesized Coatings and Nomenclature of the
Electrodes

Following the synthesis, the PANI powder was dispersed in N-
methyl-2-pyrrolidone (NMP) (Sigma Aldrich) by stirring for 1 hour.
The PANI/NMP ink with a proportion of 30 mL of NMP for 1g of
PANI powder was stirred by 1hour and filtered using a Unifil
cellulose acetate membrane with a porosity of 0.45pum to
eliminate any polymeric agglomerate. The effective dispersion of
the polymer in the solvent, and the fact that the powder has been
macerated before use, has enabled the ink to be filtered with very
low material retention. Next, the cleaned AA7075-T6 alloy
electrodes were coated by casting method by depositing a
measured volume (200, 400, 600, 800, 1000, or 1200 L) of the
PANI/NMP ink and dried at 60°C for 12hours. The ink was
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deposited drop by drop on substrates placed on a leveled glass
plate within the laboratory oven to prevent uneven flow of the
liquid to any one side of the substrate. To name the electrodes, the
following method is followed: the electrode formed by depositing
200 L of ink is PANI200 and so forth.

2.4. Instrumentation

2.4.1. Optical Profilometry Analysis of the Coatings

The profilometry analysis was performed by using a NANOVEA
optical profilometer (model PB1000); the images from optical
analysis were used to determine the roughness parameters. The
area examined was 1cm?. An ISO 25178 compliant filter (Robust
Gaussian filter, 250 wm) was applied for the surface texture
analysis and determination of the roughness parameters [38].

The thickness of the coatings resulting from the application of
different volumetric quantities of PANI solution on the AA7075-T6
substrates was measured using the same profilometer as above.
The coatings were cut in the middle and analyzed by scanning the
difference of level between the top of coating and the substrate
base to determine the coating thickness.

2.4.2. Coating-Water Contact Angle

The contact angles were measured with a KSV CAM200
tensiometer at room temperature. Deionized water was used as
the test liquid. The angles were analyzed on PANI coatings of
various thicknesses on AA7075-T6 substrates using 5 L of water.
For each coating the contact angle was measured at 5 different
locations on the PANI surface.

2.4.3. Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were carried out with a Metrohm Autolab
potentiostat/galvanostat (model PGSTAT30) equipped with a
frequency response analyzer (FRA 2 module). A conventional
three-electrode set up was employed within a standard glass
electrochemical cell using naturally aerated 3.5% NacCl electrolyte
solution as a simulated corrosive media. The working electrodes
were the AA7075-T6 alloy disks with various PANI coatings. The
contact area of the working electrode was delimited by an O-ring to
1 cm? of the total disk area. The counter electrode was platinum foil
(3cm?) and the reference electrode was Ag/AgCl in saturated KCI
solution. At open circuit potential (OCP), a potential perturbation
signal with an amplitude of 20 mV was applied with frequencies
ranging from 10° to 1072Hz; 10 frequencies per decade were
applied. The EIS measurements were carried out after contact with
the electrolyte for 6, 12, 24, and 48 hours. The OCP values were
verified before and after each EIS experiment to ensure that they
had not drifted over the course of the measurement. The EIS data
analysis and equivalent circuit fit and simulation were carried out
with Nova 1.11 electrochemical software.

2.4.4. Voltammetric polarization measurements

Voltammetric polarization measurements were conducted
after 24 and 48 hours of exposure of the electrodes to 3.5% NacCl
solution. The polarization measurements were carried out by
sweeping the potential using a staircase ramp with a step size of
1mV and a scan rate of 1.0mV s~ The electrochemical instru-
mentation, equipment, reference, working, and counter electrodes
were the same as described above for the EIS measurements.

2.4.5. Scanning Electronic Microscopy

Scanning Electron Microscopy (SEM) was performed with a
Zeiss microscope model LEO 440, operating at 20kV using Si(Li)
detector from Pentaflet. Prior to SEM analysis, the samples were
exposed for 48 hours to NaCl 3.5% solution then washed with
deionized water to clean the surfaces. The electrodes were dried

and stored in a desiccator until they could be prepared for SEM
analysis. A thin layer of gold was coated over the samples via
electron beam vaporization under vacuum. The gold coating was
carried out with a BAL-TEC model 020 coating system. The images
were acquired with the secondary electron detector at 1 Pa.

3. RESULTS AND DISCUSSION
3.1. UV-vis Spectroscopy

Depending on the oxidation state or level of doping of the PANI
structure, different peaks will be observed in the ultraviolet and
visible region of the spectra [39-41]. For this reason, UV-vis
spectroscopy was applied to characterize the PANI obtained from
the chemical synthesis method. When dispersed in NMP, the
emeraldine base (EB) form of PANI presents two characteristic
peaks as shown in Fig. 1. The first peak at 325 nm is due to w-7*
transition of the electrons in the benzene rings (B peak), which is
mainly a function of an intra-chain interaction. The second, at
633 nm, is known as the Q peak and is assigned to the excitation of
an electron from the highest occupied molecular orbital (HOMO) of
the benzenoid rings (HOMO,,) to the lowest unoccupied molecular
orbital (LUMO) of the quinoid rings (LUMO,). The intensity ratio of
the Q and B peaks (Q/B ratio) is proportional to the ratio of quinoid
and benzenoid units in the chain of PANI. A typical Q/B ratio for EB
in NMP solution is 0.86 + 0.05, for solutions <1 wt% [39]. For the
PANI NMP solution prepared herein the Q/B ratio is 0.87 +0.02.

3.2. Roughness and Thickness of the Coatings

The thickness of the PANI coating was controlled through the
deposition of specific volume quantities of PANI ink onto each
AA7075-T6 substrate. Fig. 2a shows a schematic diagram to
illustrate how the determination of the coating thickness was
carried out using optical profilometry. Fig. 2b presents the
thickness values of the PANI coatings as a function of the volume
of PANI solution deposited on the aluminum substrates. The
thicknesses of the coatings increase linearly with the volume of the
PANI/NMP solution deposited. This relationship presents a simple
and convenient way of controlling the thickness of the polymer
coating by adjusting the volume of solution deposited.

The roughness of the polymer coating is an important factor for
its performance in terms of corrosion protection, and also it can
influence other properties such as adhesion, hydrophobicity and
appearance [42,43]. The surface morphology of polymer coating,
even those with lower roughness, is affected by several factors
such as nature of solvent, temperature, doping degree of the
polymer, counter ions, and due to the substrate roughness [44].
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Fig.1. UV-vis spectrum of the chemically synthesized PANI dispersed in N-methyl-
2-pyrrolidone.
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Fig. 2. (a) lllustration of the optical profilometry method used for determining the
thickness of the PANI coatings. (b) Thickness dependence of the PANI coatings on
the volume of PANI/NMP solution.

Fig. 3 shows optical profilometry topography images for the
PANI coating surfaces. These images illustrate the 3D surface
morphology of the PANI coatings formed from the deposition of
various volume quantities of solution. For each coating, a 1cm?
area was analyzed. The height of the z axis scale is proportional to
the maximum peak roughness for each surface. From these images
is evident that the roughness of the PANI400 and PANI800 coatings
is lower than that of the PANI200 and PANI1000 coatings. The
substrate roughness is also an important factor when the coatings
are thinner. Buron et al. showed that thin PANI films obtained by
electrosynthesis have larger roughness and thicker films had low
roughness. This is due to progressive and homogenous buildup of
the polymer layers [35]. Therefore, thick coatings are not directly
influenced by the roughness of the substrate, but can be influenced
by other factors as mentioned above. The high roughness
presented by the PANI200 electrode can be associated with the
roughness of the substrate. We assume that the roughness of all
substrates are approximately identical since all substrates were
subjected to the same polishing procedure.

The quantification of “surface roughness” may be carried out by
considering a variety of different parameters that measure ways

that the actual surface differs from a flat line (2D) or ideal plane
(3D). In this study, the following parameters are examined: root
mean square height of the surface (Rq), maximum height of peaks
(Rp), maximum depth of valleys (Rv), ten-point height (Rz), and
arithmetic average height of the surface (Ra). Physical and
mathematical descriptions of these parameters are given by
Galdelmawla and collaborators [45]. Fig. 4 displays several
roughness parameters determined by surface profilometry for
PANI coatings of various thicknesses.

All of the roughness parameters presented in Fig. 4 follow a
similar trend. The values are high for low PANI thickness, then they
decrease with increasing thickness of the polymer coating, and
reach a minimum when the quantity of coating used for the
deposition is between 600 and 800 L, which corresponds to
coatings that are 20.8 +2.4 pm thick. For coatings thicker than
~20 m, the roughness values begin to increase again. The thickest
coatings examined were 3244133 wm (1200 L deposited);
these coatings exhibit increased values for the roughness
parameters as compared with the minimum values. Therefore, it
could be possible to establish a relationship between the thickness
and the surface roughness of the coatings. This relationship makes
it possible to propose a strategy for producing homogeneous
coatings in terms of thickness and roughness by controlling the
amount of PANI deposited.

The Ra (also known as center line average, CLA) is a
measurement of the average absolute deviation of roughness
irregularities from a mean straight horizontal line; this is a
common measurement of roughness in materials analysis. The Rq
(also known as root mean square, RMS) measures the standard
deviation of surface heights. Rq and Ra are similar methods for
analyzing roughness because they both provide an idea about the
frequency of irregularities from a smooth surface by examining a
continuous surface profile. However, considering the Ra only, one
does not know if the irregularities are large and infrequent, or
small and frequent. In general, the values of Ra and Rq for the PANI
coatings were found to be low (between 0.5-2 um) and do not
have a large variation across the range of coating thicknesses of 12
to 23 wm. This indicates that the surfaces are homogeneous,
especially considering the relatively large area (cm?) used in the
analysis of these parameters. Nevertheless, close inspection
reveals smaller Ra and Rq values for coatings with intermediate
thicknesses. The ten-point height (Rz) measurement evaluates
surface roughness based on the five highest peaks and the five
deepest valleys relative to a straight center line. Thus, this method
provides information about the extremes of the irregularities.
Therefore, Rz values have greater signal intensity than Ra and Rq
rough parameters. There was a more effective differentiation
between different coatings based on the Rz values, which had
lower values for the coatings with intermediate thickness. This
indicates that the surface of the coatings named PANI400, PANIGOO
and PANI800 are more homogeneous than the other coatings. The
thinnest and thickest coatings have irregularities that are more
extreme. The Rp (maximum height of peaks) and Rv (maximum
depth of valleys) provide, in a sense, a breakdown of the Rz
information. For example, the Rv may be useful for examining pits
and cracks in a surface whereas the Rp can help to detect impurity
particles. Through comparison of the Rp and Rv values presented in
Fig. 4 it is noted that the height of the Rv values are consistently
higher than the Rp values for all coating thicknesses. This indicates
that the origin of the “roughness” are measured by the Rz
parameter being associated with valleys (pores, pits, or cracks) as
opposed to extreme peaks which may indicate the presence of
impurity particles in the coating. Prior to deposition, the PANI
solution is filtered through a fine (0.45 .m) cellulose membrane in
order to prevent the introduction of particulate material into the
coating.



R.M. Bandeira et al./Electrochimica Acta 240 (2017) 215-224 219t

9.618

3.141

6.721

Fig. 3. Optical profilometry images obtained for PANI films of various thicknesses prepared through the deposition of the following volume quantities of dispersed PANI: (a)

200, (b) 400, (c) 800 and (d) 1000 L.

The influence of thickness and roughness of the coating on its
ability to protect against corrosion is related, in part, to the path
that a corrosive liquid can follow to make contact with the metal
substrate. When a coating is thin, the corrosive solution is in closer
proximity to the metal/polymer interface. In this case, the barrier
effect is less effective in blocking the solution from reaching the
metal surface. Thus, the relationship between thickness and
corrosion protection via the barrier effect is obvious. Data
presented in the following section of this article demonstrates
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Fig. 4. Roughness of height parameters obtained for PANI electrodes formed by
different ratios of PANI solution deposited on AA7075-T6 alloy.

that coatings with thicknesses between 18 to 23 pum have better
corrosion protection performance. These coatings also possess
lowest surface roughness. Furthermore, some electrodes showed
high surface roughness that can be related to cracks, pits,
embedded particles, and other irregularities in the coating. High
surface roughness can directly influence that path that the
corrosive solution takes to reach the metal surface. Thus, we
believe that these two parameters are fundamentally important for
corrosion protection ability of the coating and need to work
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Fig. 5. Dependence of the coating-water contact angles on the volume of PANI/NMP
coating solution.
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together to maximize the performance. This hypothesis is further
discussed in relation to the electrochemical analysis carried out
below.

3.3. Wettability of the PANI coatings

Fig. 5 displays images of 5 L drops of water on the surfaces of
different PANI coatings (PANI200 to PANI1200) as well as the
measured the contact angles of these drops with the coating
surface. The values plotted are the arithmetic means of 5
reproducible measurements; the experimental uncertainty of
the measurement is estimated to be +0.5° for each data point.
The PANI coatings with the lowest and highest thickness values
exhibited lower contact angles when compared to the PANI
coatings with intermediate thicknesses. PANIGOO and PANI800
have the highest contact angles with the water droplet, at 90 + 0.5°
and 88+0.5°, respectively. By combining this data with the
roughness properties, it becomes evident that the contact angles
and the roughness of the samples are inversely proportional. High
contact angles are indicative of hydrophobicity which should
impact the coatings corrosion protection properties by decreasing
the penetration of the electrolyte through the coating and reducing
the diffusion of electrolyte into pores or cracks. This information
corroborates with the data from the electrochemical studies
presented below which demonstrates that coatings with lower
roughness (thus, higher contact angles) exhibit higher pore
resistance values as measured by electrochemical impedance
spectroscopy.
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3.4. EIS evaluation of the coatings

Fig. 6 shows Nyquist diagrams for AA7075-T6 alloy covered by
PANI coatings from different volume quantities of PANI ink
collected after 6, 12, 24 and 48 hours of exposure time in 3.5%
Nacl solution.

Considering the Nyquist plots, the aluminum substrates with
PANI coatings exhibit expected behavior. There are two partially
superimposed semicircles corresponding to two processes. These
processes have similar time constants and so the two semicircles
somewhat overlap. The widths of these semicircles decrease with
increasing exposure time. There is also a diffusional behavior at
low frequencies, as indicated by the development of a straight line
at various angles between 45° and 90° to the x-axis. Nyquist curves
with angles closer to 90° are more strongly influenced by diffusion.
This diffusional component increases with increased exposure
time in to the NaCl solution. These changes in the appearance of the
Nyquist plots (the decrease in the width of the capacitive
semicircles and growth of the diffusional component) could be
associated with an increase in the porosity of the coatings that
allows the solution to travel through channels and reach the
metallic surface. Once the solution reaches the inner structure of
the coating it can promote the formation of the oxide layer at the
coating/substrate interface. In this condition the coating is in direct
contact with the corrosive electrolyte, in contrast to the situation
when the electrolyte is only at the solution/coating interface. This
physical process is observed in the EIS data by a significant
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Fig. 6. Nyquist impedance plots for AA7075-T6 alloy coated with different thicknesses of the PANI film. The electrodes were exposed in 3.5% NaCl solution for (a) 6, (b) 12, (c)

24, and (d) 48 hours.
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R

Fig. 7. Equivalent circuit used for EIS modeling.

ct CPEdiff

decrease of the polarization resistance values from 6 to 12 hours of
exposure.

An electrical equivalent circuit (Fig. 7) made up of elements that
represent the physical components of the system was used to
model the experimental results. This circuit is formed by solution
resistance (R;), coating capacitance (C.), pore resistance (Rpore),
constant phase element representing the double layer capacitance
for the interface coating-oxide layer (CPEgjjo)), charge transfer
resistance (Rc), and constant phase element (CPEq;fr)) represent-
ing the diffusion processes in the oxide layer under the polymer
coating [46]. Banora et al. pointed that the presence of diffusion in
the corrosion products is in the third time constant and it is
described by the diffusion capacitance (Cgj¢r) in parallel with a
diffusion resistance (Rq;sr) [46]. In order to simplify the equivalent
circuit, these two elements were replaced by a CPEg;s The first
semicircle is due to C. and Rpqre, and the second is due to CPEgy(co)
and R elements. The first and second semicircles have close time
constants and, therefore, the sum of these components overlap,
appearing on the Nyquist plot as one depressed semicircle.
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The variation of C, Rpore and R are shown in Fig. 8, as well as
the value of polarization resistance (Rp) that is a reflection of the
corrosion-resistance performance of the coatings. The R, is equal
to the sum of the Rpore and Re; values [47]. Other parameters
obtained from the equivalent circuit are shown in Table 1.

The increase of C. with exposure time in the corrosive media
suggests that growth of pores is occurring within the coatings; in
other words, the polymer structure is relaxing. Once the polymer
has relaxed, the Ri and Ryore remain similar even over long
exposure times. Higher C. values were observed for thinner
coatings. The C. for PANI200 and PANI1200 electrodes were 0.86
and 0.35nF cm?, respectively, with 48 hours of exposure in the
corrosive solution. In previous work, Mansfeld indicated that C.
could be lowest for thickest coatings with little or no exposure to
the electrolyte, and that further increase of the C. values in the first
days of exposure corresponds to water absorption into the coating
[48]. This suggests that more water is absorbed into the coatings
with higher porosity; this culminates in the observed decrease of
Rp. What naturally occurs with the uptake of water is the entry of
oxidizing species, such as chloride and oxygen, this also results in a
decrease of the polarization resistance. The Ryore values decreased
with increasing exposure time to the corrosive media, which is
consistent with the relaxation of the polymer. Those coatings with
the lowest roughness and the highest hydrophobicity also
exhibited larger Rpqre values, as expected. For example, the Rpyore
value for PANI600 value was around 5.53 M{) cm? after 48 hours of
exposure. The differences in the Ryqre values of PANIG0O, compared
with PANI200 and 1200, were 2.5 and 4.9 times lower, respectively,
after 48 hours of exposure. The R, values also decreased with
increasing electrolyte exposure time. The three electrodes with
lowest roughness properties (PANI400, PANI600 and PANI800) also
stood out for having high R values following 6 hours of exposure.
The diffusion behavior is represented in the equivalent circuit as a
CPE element. Table 1 displays the ng;s values, which are between
0.46 and 0.99. The use of a CPE in the equivalent circuit model
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Fig. 8. EIS data obtained from equivalent circuit model for 6,12, 24 and 48 hours of exposure in 3.5% NaCl solution. (a) coating capacitance (C), (b) pore resistance (Ryore), (€)

transfer charger resistance (R.¢) and (d) polarization resistance (Rp).
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Table 1
Fitted impedance parameters obtained from the equivalent circuit for AA7075-T6 alloy covered by different volumes of PANI solution.
Electrode Time (hours) Rs CPEgy(cjo)/Yo (nF cm2) Neja CPEiee/Yo Ngiff
(Q cm?) (WFcm™2)
PANI200 6 340 22 0.82 14 0.69
PANI 400 515 11 0.75 3.0 0.97
PANI 600 456 11 0.78 0.9 0.47
PANI 800 613 11 0.81 4.2 1.00
PANI 1000 439 19 0.80 33 0.96
PANI 1200 537 19 0.79 1.9 0.86
PANI200 12 327 2.8 0.77 2.2 0.82
PANI 400 492 1.8 0.68 2.7 0.89
PANI 600 438 17 0.76 21 0.75
PANI 800 573 1.7 0.78 4.0 0.99
PANI 1000 442 24 0.80 23 0.81
PANI 1200 497 2.2 0.81 1.6 0.79
PANI200 24 326 4.4 0.76 1.8 0.76
PANI 400 477 31 0.65 2.0 0.84
PANI 600 432 2.2 0.78 14 0.64
PANI 800 435 2.4 0.79 2.1 0.79
PANI 1000 441 2.6 0.78 1.8 0.73
PANI 1200 475 2.4 0.85 1.5 0.75
PANI200 48 281 6.0 0.73 21 0.78
PANI 400 427 4.4 0.62 1.6 0.79
PANI 600 398 35 0.72 1.5 0.70
PANI 800 547 38 0.72 19 0.77
PANI 1000 436 3.2 0.77 1.8 0.70
PANI 1200 456 21 0.81 1.5 0.76

accounts for behavior that is it neither that of a pure resistor, nor a
pure capacitor. The closer the n value is to 1, the closer the behavior
matches that of a pure capacitor. It is worth noting that there is a
general decrease in the ng;¢r values with increasing exposure to the
NaCl electrolyte. We found from the equivalent circuit that some
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Fig. 9. Linear polarization curves for PANI coatings with different quantities of PANI
solution used in form to grown different thickness of this coating. (a) After 24 h and
(b) 48 h of exposure in 3.5% NaCl solution.

electrodes presented lower diffusion coefficients for the corrosion
products under the coating, and that these values increased with
increasing exposure time. After 48 hours, PANI6G00 presented one
of the lowest diffusion coefficient values, which indicates that this
coating promoted an efficient barrier effect against diffusion of the
corrosive electrolyte in the oxide layer under the coating; thus, the
oxide layer presented a higher corrosion resistance and was less
porous.

3.5. Voltammetric polarization measurements results

In order to confirm the corrosion properties determined with
EIS measurements, voltammetric polarization tests following 24
and 48 hours of exposure time in NaCl 3.5% solution were carried
out. Fig. 9 shows the polarization curves for AA7075-T6 alloy
covered with PANI coatings of various thicknesses. Corrosion
parameters, such as corrosion potential (Eo,), corrosion current
density (jeorr), anodic and cathodic (Ba and Bc) Tafel coefficients,
and polarization resistance (Rpo1), are summarized in Table 2. The
Ba and Bc Tafel coefficients were determined by extrapolation of
lines tangent to linear portions of the log j vs. potential polarization
curves, according to the Tafel approximation. The Ry, values were
calculated using the Stern-Geary equation[49]:

Babc

R = —
Pol = 33303(B,+A, Jicor

Comparison of the EIS and polarization measurements demon-
strates similar resistance values, around the order 107 {) cm?. The
profiles of the polarization curves for the various coated electrodes
after 24 and 48 hours of exposure time were similar to each other,
indicating that similar electrochemical behavior occurs with all of
the electrodes. However, the electrodes covered by intermediate
volumetric quantities of PANI solution (also the electrodes with
low roughness properties) displayed more positive E,; values and
smaller values of j.,. Both of these properties are indicative of
corrosion protection. The values of j.,,, did not change significantly
from 24 to 48 hours of exposure. Low j.or values for PANI400,
PANI600 and PANI80O0 electrodes were observed. The Ba values
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Table 2

Linear polarization measurements results from Tafel extrapolation method.
Electrode Time/h Ecors/mV jeorr/A cm™2 Ba/V dec! Bc/V dec™! Rpol/Q) cm?
PANI200 24 -298 8.8x1071° 0.26 0.09 33x107
PANI400 —-234 8.6x1071° 0.26 0.10 3.7 x 107
PANI6G00 —205 1.0x1071° 0.07 0.08 1.6 x 108
PANIS00 -313 24x1071° 0.09 0.02 33x107
PANI1000 —287 6.9x10°1° 0.15 0.06 2.6 x 107
PANI1200 —336 1.3x107° 0.18 0.08 1.8 x 107
PANI200 48 —285 1.5x107° 0.19 0.05 1.2 x107
PANI400 —252 1.0x107° 0.19 0.08 2.4 %107
PANI600 —187 7.9 x1071° 0.18 0.09 3.3 x107
PANIS00 -251 8.9x 10710 0.16 0.10 3.0x 107
PANI1000 -313 15x107° 0.15 0.08 1.6 x 107
PANI1200 —358 9.7 x1071° 0.18 0.04 1.5 x 107

(2) (b)|
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Fig. 10. SEM images of the PANI coatings deposited on AA7075-T6 surface after linear polarization measurements (48 hours of exposed in NaCl 3.5% solution) formed by (a)

200, (b) 400, (c) 600 and 1000 L of PANI/NMP solution.

were also low for these electrodes, demonstrating a low corrosive
attack when compared with the other electrodes. On the other
hand, high values of Bc were observed for these electrodes,
indicating that the formation of an effective oxide layer is
occurring.

3.6. Morphology of PANI coatings surface

The surface morphology of the PANI coatings was analyzed after
48 hours of exposure to the NaCl electrolyte and following the
voltammetric polarization measurements. The SEM images are
displayed in Fig. 10. These images show that the coatings maintain
homogeneous surface morphologies on the micrometer scale
following exposure to the corrosive media; no cracks, holes,
blisters, or peeling is observed. Salt deposits are not observed
because the samples were cleaned with deionized water before the
obtaining of the images. The regular surface morphology of the
coatings is an important factor in the impressive performance for

corrosion protection observed in the electrochemical measure-
ments, for example the low jo and high impedance values.

4. Conclusions

Polyaniline coatings with controlled thicknesses were success-
fully formed on AA7075-T6 aluminum alloy from emeraldine base
solution. Coatings with intermediate thicknesses have lower
roughness, higher contact angles, and show better corrosion
protection performance; this was observed with coatings formed
by 600 and 800 p.L of PANI/NMP solution. On the contrary, thinner
and thicker PANI coatings have higher superficial roughness, lower
contact angles and exhibit lower corrosion resistance. Therefore,
the roughness of the coating directly influenced the corrosion
protection performance. In addition, for this deposition method
and the range of coating thicknesses considered, the thickness of
the coating greatly influenced the roughness. Controlled PANI
coating fabrication for the purpose of obtaining low roughness
leads to homogenous surfaces that favor better corrosion
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protection; this benefit could be independent of the metal or alloy
substrate material and surface morphology. The morphology of the
coatings showed no cracks or holes after exposure to the corrosive
solution, indicating that the PANI coatings are stable, adhere
strongly to the substrate surface, and are generally protective of the
aluminum surface.
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