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Abstract: This research endeavors to advance the anti-cor-
rosive characteristics, mainly the physico-mechanical proper-
ties, by incorporating graphene oxide (GO) into a polyimide
(PD matrix. So, a nanocomposite coating is fabricated for an
aluminum alloy substrate. Results reveal that the coating was
uniformly dispersed across the surface signifying that the
inclusion of GO increased the PI dispersion. The n—n stacking
interactions between the aromatic rings of PI and GO contri-
bute to their stability and improved anticorrosive properties.
The incorporation of GO to PI films significantly enhances
hydrophobicity, as evidenced by the increased contact angles.
Assessing the corrosion resistance of the coating in a 3.5 wt%
NaCl solution through electrochemical impedance spectroscopy
and potentio-dynamic polarization establishes a prominent
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correlation between the percentage of GO and the anticorro-
sion efficiency of the composite coating. Precisely, the nano-
composite coating containing 5 wt% GO exhibits an impressive
impedance modulus value of 107, and the corrosion current
density (I.o) is drastically reduced by over three orders of
magnitude, reaching 4.8 x 10 A cm™ as indicated by the polar-
ization curve. Also, prolonged immersion tests confirm the
exceptional protective ability of the Ss coating (5 wt% GO),
effectively shielding the metal for up to 100 h. After conducting
diagnostic measurements, the hybrid nanocomposites of GO/PI
examined in this study showcased their effectiveness as inhi-
bitors in anticorrosive coatings. These composites played a vital
role to hinder the oxidation of underlying aluminum alloy
when exposed to oxidizing chemicals, water, or air, thereby
extending the protective duration.

Keywords: graphene oxide, corrosion resistance, compo-
site coating, active corrosion inhibition

1 Introduction

Metal corrosion is a key economic and industrial issue,
causing deterioration through chemical or electrochemical
reactions. Mild steel is favorable across industries due to
its remarkable mechanical ability and affordability. The
exposure of mild steel to environmental elements can under-
mine its integrity, prompting the need for corrosion protec-
tion. Unfortunately, achieving absolute corrosion prevention
is impossible. However, the pragmatic approaches involve
controlling corrosion by either slowing down its progression
or altering its mechanism [1-3]. Several techniques have been
established to protect against corrosion, including cathodic
protection, protective coating applications, and the usage of
corrosion inhibitors [4-6]. Among them, polymeric protective
coatings are highly appreciated for their effectiveness in miti-
gating the impact of corrosion on metals [7-9].

Polymeric protective coatings are extensively utilized
due to their exceptional processability, chemical
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resistance, and strong adhesion to metallic surfaces. The
involvement of nanoparticles in polymers presents a pro-
mising solution by developing corrosion-resistant nano-
composites to overcome these issues [10-12]. The homogenous
dispersion of nanoparticles within the polymer matrix
establishes strong interactions among the matrix and
fillers contributing to enhanced electronic conductivity
and corrosion resistance [13,14]. The nanoparticles in anti-
corrosion coatings develop intricate barriers, thus slowing
down corrosive substance diffusion and delaying metallic cor-
rosion [15-17]. Several simple techniques, such as solution
methods, spin coating, spray coating, and others, have been
employed to fabricate anticorrosion polymer/nanocomposite
coatings on metal surfaces [18-20]. The anticorrosion and bar-
rier properties of these coatings depend on achieving a uni-
form dispersion of nanofillers and establishing favorable
interfaces within the nanocomposites. To further improve
barrier properties, nanoparticle integration has emerged as a
promising route, enhancing anodic/cathodic protection and
adhesion [21-23].

Recently, graphene (G) and graphene oxide (GO) have
gained researchers’ interest due to their impressive attri-
butes — high thermal, electronic, and mechanical proper-
ties — making them perfect for various applications. GO,
particularly, establishes substantial potential across fields
like supercapacitors, electronics, batteries, fuel cells, solar
cells, bioscience, biotechnology, and nanosensors [24-27].
Its excellent barrier properties, rooted in high surface area
and impermeability, are perfect for thin layers [28-30].
Also, GO serves as a lubricant, minimizing friction and
reinforcing wear resistance to mitigate mechanical failure.
The GO contains functional groups such as hydroxyl, car-
bonyl, carboxyl, and epoxide, which offer suitable reaction
sites for covalent bonding. Also, GO contains the tendency
to interact with water molecules, effectively trapping them
and limiting their access to the metal surface [31-33]. More-
over, because of the functional groups presented in GO, it
facilitates the covalent or non-covalent bonding which
further enhances its compatibility with solvents/polymers
[34]. As a result, GO is widely recognized as an excellent
nanofiller for preparing composites, particularly in the
realm of anticorrosion applications [35-37].

In this study, aromatic polyimide (PI) is used, which has
exceptional thermal and mechanical capabilities, strong
chemical stability, and distinctive optical features [38,39].
Owing to these remarkable qualities, PI films offer a great
deal of potential for cutting-edge uses in the electronics
sector [40], including as gas separation membranes [41]
and anticorrosion materials [42]. Dorigatoa et al. [43] and Gul
et al [44] have also proposed the incorporation of PI and
nanofillers into epoxy coatings to enhance coating toughness,
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tensile strength, and flexural modulus and improve the disper-
sion of nanofillers within the organic coating. Research now
focuses on two key areas: first, it aims to further enhance the
barrier performance and protective impact of organic compo-
site coatings by improving the dispersion and compatibility of
GO in polymer matrix [45]. According to the literature, incor-
poration of PI films into GO is suggested for the preparation of
coatings having improved anticorrosive properties. This work
is an attempt to explore the enhancement in physiochemical
properties of PI films when bonded with different concentra-
tions of GO nanoparticles.

Due to the anti-corrosion performance of GO nanopar-
ticles and PI films, we prepared composites with different
PI/GO wt%. The corrosion resistance of developed coatings
is investigated using different diagnostic techniques. To
enhance the interaction between PI and GO, a coupling
agent called “molecular bridge” is utilized. Surface modifi-
cation of pyromellitic dianhydride (PMDA) was applied on
the PI/GO anti-corrosive composite coating of an aluminum
alloy matrix to improve the extent of crosslinking and the
functionality of the outer layer of the coating. Fourier trans-
form infrared (FTIR) spectrum is used to inspect the chemical
composition of the coatings, while an scanning electron
microscope (SEM) is used to investigate the morphology of
PI/GO. The anti-corrosion mechanism of pristine PI and PI/GO
composites is examined by the electrochemical impedance
spectroscopy (EIS) and Tafel polarization techniques.

2 Experimental

2.1 Materials synthesis

The objective of this research study is to fabricate samples
of GO and PI nanosheets. For that purpose, we sourced GO
nanosheet, 10-50 nm in diameter and one- to two-layer thick
(0.334-0.668 nm), from China’s Sixth Element Materials
Technology Co., Ltd. The necessary materials, including 4,4
diamino diphenyl ether (ODA), PMDA, and N,N-dimethylace-
tamide (DMAc), having 99.8% purity and water content of
30 ppm, were acquired from Alfa Aesar and Thermo Fisher
Scientific Co., Ltd., China. Especially, the PMDA underwent
vacuum drying for 2 h at 100°C before the reaction.

2.2 Fabrication procedure for P1/GO-based
coatings

First, GO was mixed with 100% ethyl alcohol. To create PI
films, PMDA and DMAc were gradually added at a
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temperature of 25°C with a ratio of 1.02/1 (mol/mol), respec-
tively. The fabrication procedure for PI/GO composite coatings
is illustrated in Figure 1. Following the volatilization of the
DMACc solvent, imidization was carried out for 30 min at 150,
200, 250, and 300°C. After that, ODA was added to the solution
for creating pure PI films. The mixture was then agitated for 2h
while being surrounded by nitrogen to create the PI solution.
The produced PI solution was then added, and various amounts
of GO suspension (0.1, 0.5, 1, 5, and 10 wt%) were mixed for 1 h at
room temperature on the magnetic stirrer. To obtain the pro-
tective layer of the coating, the chemical solution was then
applied to the metallic surface of the aluminum alloy using
the spin coating process and allowed to dry for 6 h at 100°C
in a vacuum drying oven (DZF-6020). The list of prepared coat-
ings is represented in Table 1.

2.3 Characterization
2.3.1 Morphological observations

The morphological variations in the PI/GO composites with
varying concentrations of GO are analyzed using the National
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Table 1: Symbols and weight percentage of prepared coatings

Sr. # Coating symbol Coating composition
1 So 100% GO

2 S 100% PI film

3 S, 99.9% PI + 0.1% GO

4 S3 99.5% PI + 0.5% GO
5 S4 99% PI + 1% GO

6 Ss 95% PI + 5% GO

7 Se 90% PI + 10% GO

Optical Advanced Trinocular LED Microscope and scanning
electron microscopy obtained from Thermo Fisher Scientific,
Waltham, MA, USA. Prior to the measurements, gold sput-
tering was applied to the samples. Images with different mag-
nifications have been captured to observe the morphological
differences among the composite coatings.

2.3.2 FTIR spectroscopy

The Nicolet FTIR spectroscope (Thermo-fisher Scientific, Waltham,
MA, USA) in transmission mode is used to examine the micro-
scopic presence of the function group of PI/GO composites. The
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Figure 1: Fabrication procedure for PI/GO composite coatings.
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spectral range of 500—4,000 cm™ is considered. For accuracy, the
measurement of three samples was considered. The resolution for
spectroscopy was better than 04 cm™ [46].

2.3.3 X-ray diffraction (XRD)

The crystal structure of composite coatings is examined
using the XRD method. The XRD instrument utilized is
the D8 ADVANCE-Bruker. The measurements were taken
at 80° with an angle rate of 1°/min.

2.3.4 EIS analysis

EIS (three-electrode system) and polarization curve in 3.5
wt% NaCl solution were used to characterize the corrosion
properties of the samples. Electrochemical testing was con-
ducted using CHI606 having a three-electrode setup consisting
of a platinum counter electrode, a silver/silver chloride refer-
ence electrode, and an aluminum plate electrode coated with
various coatings as the working electrode. The sample had a
surface area of 1 cm? and room temperature was used for the
test procedure. The EIS test had a frequency range of 10°~1072
Hz and an amplitude of 10 mV. The polarization curve’s vol-
tage range was -1.4 to 0 V, and its scanning rate was 10 mV/s.
The samples were all submerged for 30 min prior to the test
in a 3.5% NaCl solution.

2.3.5 Tafel polarization analysis

In assessing anticorrosive properties, Tafel polarization
was employed. It involves an electrochemical cell with a
metal substrate and a counter electrode in a controlled
electrolyte environment. By applying different potentials
to the metal substrate and measuring resulting current
densities, the effectiveness of corrosion inhibitors or coat-
ings can be determined. The Tafel plot derived from this
data reveals corrosion kinetics, offering insights into pro-
tective mechanisms and material durability.

3 Results and discussion

3.1 Infrared spectrum analysis of PI/GO
composite coatings

In Figure 2, the infrared spectrum of Sy, S;, S4, and Sg compo-
sites are illustrated. Investigating the distinct infrared spectra
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Figure 2: Infrared spectrum of Sq, Sy, S4, and Se.

of GO and PI is essential for comprehending the chemical
change mechanism within PI/GO composites. In Figure 2, Sy
exhibits a peak for absorption that is both wide and strong at
a wavelength of 3,460 cm ™. This peak is connected with the
vibration caused by the stretching of the hydroxyl group
(OH). Moreover, the vibrations of stretching of C-0 and the
deformity vibrations of OH in the carboxyl groups are corre-
lated with the peaks of absorptions at 1,740 and 1,400 em™)
respectively. Asymmetric C—C double bonds, ether bonds, and
epoxy groups are confirmed by absorption peaks at 1,260,
1,100, and 1,630 cm™%, respectively [27,33]. Oxidation of GO
resulted in a significant increase in functional groups that
include oxygen, such as ether bonds, carboxyl, hydroxyl,
and epoxy groups. This expansion in function groups created
enhanced prospects for subsequent chemical reactions [41].

Figure 2 also reveals the infrared absorption peaks of
PI and PI/GO composites. PI (S,) exhibits hydrophobic fea-
tures due to its strong bounded molecular structure and high
cross-linking among DMAc and ODA. PI contains benzene rings,
carboxylic anhydride groups, amino acids, and ethers that allow
conducting a wide range of chemical reactions. The blending of
PI with GO generates chemical reactions depending on the
specific conditions and functional groups. The amino groups
(-NH,) present in PI react with the carboxyl groups (~COOH)
present in GO, forming amide bonds (-CONH-) and resulting in
the attachment of PI chains onto the GO surface. For PI/GO
composites, the amino (-NH,) groups typically exhibit charac-
teristic peaks near 3,370 cm™.. This region is known as the
“Amide A” or “N-H stretching” region and illustrates strong
covalent bonding among PI and GO.

The aromatic rings present in both PI and GO engage
in -7 stacking interactions. This non-covalent interaction
allows for strong intermolecular bonding between the PI
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and GO sheets, leading to improved dispersion and compat-
ibility of PI within the PI matrix. Both PI and GO contain
functional groups that can participate in hydrogen bonding.
Hydrogen bonds can form between hydroxyl groups (-OH) in
GO and amide groups (-CONH-) in PI, enhancing the inter-
facial interactions between the two materials. Aromatic C-H
stretching vibrations typically occur in the range of 2,966 cm ™,
while aromatic C=C stretching vibrations typically
appear around 1,630 cm™* which can also be seen in
FTIR spectrograms.

3.2 Hydrophobicity of PI/GO composite
coatings

The contact angles for coatings of PI and PI/GO composites
are shown in Figure 3. As seen in Figure 3, the highest
contact angle of 121° was recorded for Ss (5% nano-GO)
and the lowest contact angle of 92° was for pristine PI,
i.e., S;. It is found that the coated surface’s contact angle
without a coupling agent was 92°, indicating the hydro-
phobic characteristics of PI films. The alloying of GO nano-
particles in the PI matrix can further enhance the contact
angle specifying better hydrophobicity of PI/GO compo-
sites. In other words, upon incorporating GO concentrations
into the PI matrix, the nanofillers dispersed uniformly,
revealing no visible agglomeration. The introduction of GO
resulted in a rough surface for PI/GO composites, contri-
buting to improved hydrophobicity which is also reported
inref. [47]. If the contact angle of coating is below 90°, then it
will be hydrophilic, permitting water molecules to accumu-
late on the surface and infiltrate the metal through diffusion
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Figure 3: Contact angle of prepared composites showing the increased
hydrophobicity with the addition of GO nanoparticles.
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channels, thereby accelerating metal corrosion. The anti-
corrosive nature of the coating is significantly influenced
by PT's low surface energy and its rough surface structure.
The hydrophobic surface, which prevents the adsorption of
water molecules and corrosive ions, helps minimize the
infiltration of ions into metal substrates through the coating
[48]. The anti-corrosion components and hydrophobic sur-
face structure give a dual protection mechanism for alu-
minum. The increase in contact angle to 121° for sample Ss
is much higher than the contact angle of 102° in a recently
reported study employing 5% GO into epoxy resins [49].

3.3 Morphological analysis of PI/GO
composites

The dispersion of PI/GO composite coatings on the alu-
minum surface is observed using the SEM in Figure 4. In
Figure 4(a), analysis reveals a smooth surface for the 100%
pure PI film protective coating. As presented in Figure
4(b)-(e), the coatings with different GO wt% added to the
PI films also reveal smooth surfaces without any apparent
flaws. The homogeneous and substantial microstructure of
the coatings effectively hinders the entrance of corrosive
ions. However, a modification homogeneity is noticeable in
Figure 4(d) and (e) due to the higher wt% of GO nanopar-
ticles. This leads to non-uniform distribution across the
sample surface, resulting in the development of a cotton
flocculent structure. By comparing PI and PI/GO composite
coatings of Figure 4(a)-(c), the roughness of the PI/GO com-
posites coated samples shown in Figure 4(d) and (e) is
evident due to higher GO wt%. Nevertheless, all developed
coatings are evenly dispersed across the surface, illus-
trating that the GO incorporation improves the dispersion
of PI within the system. At 50 um magnification, the surface
morphologies of GO/PI composites are far better than the
recently reported study [49]. The inclusion of dispersed GO
nanoparticles complicates the diffusion pathway for corro-
sive ions, effectively elongating the course of corrosive ions
to reach the aluminum surface. Therefore, the metal sub-
strate attains enhanced protection.

3.4 Crystal structure analysis

XRD examination of PI/GO composites reveals specific dif-
fraction patterns for crystallographic planes (002), (110),
and (004), marking the presence of graphite-like structures
and the arrangement of graphene layers within the com-
posite. Variations in these planes’ diffraction angles or
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Figure 4: SEM micrographs of PI and PI/GO composites at different resolutions. (a) Sy, (b) Ss, (c) S, (d) Ss, (e) Se.

intensities indicate changes in interlayer spacing and mole-
cular arrangements induced by GO doping. These alterations
impact crucial material properties such as conductivity, crys-
tallinity, and mechanical strength.

Figure 5 shows the diffraction patterns of GO/PI com-
posites containing various levels of GO. The occurrence of
the diffraction peak near 26 degrees signifies the emer-
gence of (002) planes, while the presence of the (004)
peak confirms the establishment of a graphite structure.
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Figure 5: XRD pattern for PI/GO composites.

The (110) plane represents another specific set of crystal-
lographic planes within the lattice structure. In a compo-
site material like PI/GO, these planes could refer to specific
orientations or arrangements of atoms or molecular struc-
tures. The diffraction peaks related to these planes provide
information about their presence and arrangement within
the material. As the GO content rises, the angle of diffraction
for (002) shifts to a higher degree, signifying a reduction in
dyoy, thus suggesting that GO doping prompts crystallization.
It is observed that the GO doping triggers the amplification
of graphite crystallite dimensions.

The extensive surface area of GO seems to serve as a
crucial catalyst for initiating the crystallization of graphite
fibers. As previously discussed, the molecular chains of PI
adhered to the graphene sheets and underwent graphitiza-
tion, transforming into a graphene network during the
process. Continuing through graphitization, the layers of
graphene sheets expanded, indicating the progressive for-
mation of graphite crystallites. The rise in GO content
directly correlated with an escalation in the degree of gra-
phitization, substantiating our initial conjecture.

3.5 EIS analysis of PI/GO composite coatings

Figure 6 illustrates the relationship between the impe-
dance modulus, phase angle, and frequency of composite
coating systems. The corrosion resistance of the coating is
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Figure 6: Bode diagrams of bare Al, Pristine PI, and PI/GO composite coatings for anti-corrosion analysis: (a) logarithmic resistivity versus logarithmic

frequency curve and (b) phase angle versus logarithmic frequency curve.

significantly influenced by the impedance value in the low-
frequency band. The performance of corrosion resistance
in the coatings is reflected by the magnitude of its low-
frequency impedance modulus, as highlighted in previous
research [50]. In Figure 6, it is observed that the impedance
of samples coated with various GO wt% exhibit a remark-
able surge achieving several orders of magnitude at lower
frequencies when compared with the untreated samples.
Furthermore, the impedance modulus of the PI/GO composite
surpassed three orders of magnitude, reaching a pinnacle of
108 cm? at a 5 wt% GO. This achievement is significant when
considering the contrast with previous findings [51], as it
clearly underscores a more than one order enhancement in
the low-frequency impedance modulus.

In the midway frequency range of Figure 6, a single
high-phase angle peak was observed for bare aluminum,
likely arising from the parallel influence of alumina and
surface corrosion processes [52]. However, PI/GO coating
systems showed a broad phase angle peak in a wide fre-
quency band. It demonstrated that the metal matrix was
somewhat shielded from corrosion ions and that the PI/GO
coating systems had stronger barriers to corrosive medium.
Referring to Figure 6(a), the increase in frequency from -2 to
5Hz causes a decrease in values of logarithmic resistance
for all samples. It can be seen from the curves of Figure 6(a)
that the addition of nano-GO wt% in PI matrix improves the
logarithmic resistance of samples. The improvement in loga-
rithmic resistance was highest for sample S5 (5% nano-GO)
whereas, the addition of nano-GO in PI films showed much-
improved results than bare aluminum. Referring to Figure
6(b), with increasing frequency, i.e., from -2 to 5 Hz the GO is

significant in increasing phase angle with increasing GO wt
%. The phase angle was recorded highest for sample S5 (5%
nano-GO), whereas S, (1% nano-GO) and Sg (10% nano-GO)
showed comparable rise in the phase angles. Moreover, all
the samples having nano-GO had more phase angles than
bare aluminum showing the impact of nano-GO in PI films.

Figure 7 depicts distinctive capacitive resistance arc config-
urations for various systems, highlighting their unique equiva-
lent circuits and corrosion resistance mechanisms. Notably, the
presence of two capacitive reactance arcs, linked to distinct
time constants, reveals significant differences among these sys-
tems. Particularly, noteworthy is the substantial superiority of
the S5 coating system capacitive reactance arc compared to the
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Figure 7: Nyquist plots for bare Al, Pristine PI, and PI/GO composite
coatings for anti-corrosion analysis.
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others. In the high-frequency range, the coating resistance and
capacitance are linked to the capacitive reactance arc, while the
lower-frequency range is associated with both charge transfer
and solution resistance. A bigger capacitive-reactance arc indi-
cates that the coating is more resistant to corrosion [53].

Enhanced corrosion resistance of the PI/GO composite
coatings is indicated by a notable expansion of the capaci-
tive reactance arc. In the context of a 5 wt% GO, as shown
in Figure 7, this arc exhibited substantial enlargement
compared to other GO concentrations, thus confirming
the coating’s optimal anti-corrosive efficacy. To investigate
deeper into the anti-corrosion mechanism of the PI/GO
coating system, the data from experiments were evaluated
and an appropriate equal circuit was discerned through
the utilization of ZSimDemo software. The fitting para-
meters for various coating systems are shown in Table 2.
In Figure 7, the analogous circuit for PI and PI/GO compo-
sites portrays the anticorrosion mechanisms within the
coating system.

In this circuit, C, indicates the capacitance, while R spe-
cifies the solution resistance, situated among the working
electrodes and the electrolytes. The phase element constant
(Q) indicates the resistance of the outer layer of the coating
along with R, (the coating resistance) and can be thought of as
a particular coating capacitor with poor surface roughness
[50]. The charge transfer resistance, or R, is an important
measure to describe the coating’s resistance characteristics.
Its value describes the movement of electrons across the sur-
face. According to Figure 8, the R, of the coatings with var-
ious GO contents all exceeds 10° and for sample S it was
further increased by 107 showed strong resistance values,
and consequently provided a greater level of protection for
the metal matrix. The coating resistance of sample S5 was far
better than the samples prepared in a recent research study
[54]. The resistance of the inner layer of the coating is repre-
sented by the double-layer capacitance (Cq) and resistance
(Ra) [55-57].

In Table 2, with the increase in nano-GO in PI films the
value of series resistance R, increases. The maximum value
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Figure 8: Equivalent circuit illustration for Pristine PI, and PI/GO com-
posites with varying GO wt% coatings.

of 512.5 @ cm?* was recorded for sample S5 followed by 231.9
and 198.3 Q cm? for samples Sg and Sy, respectively. More-
over, the other resistances R.., R., and Ry followed the
same trend. The increase in values of resistance is attrib-
uted to the increased anti-corrosion ability of PI/GO com-
posites having varied nano-GO compositions. Moreover,
the decrease in values of C. was recorded for each compo-
site having nano-GO. The lowest value of 4.6 x 10™° F cm ™
was recorded for sample S5 which showed the highest anti-
corrosion ability of this sample. The capacitance of other
samples Sg and S, had 8.5 x 107™° and 9.5 x 107" Fem ™2,
respectively. This result elucidates that the impact of nano-
GO in PI films can enhance the anti-corrosion abilities up to
a certain concentration (5% nano-GO), further increase in
nano-GO in the PI film reduces the anti-corrosion ability of
these composites.

3.6 Tafel analysis of PI/GO composite
coatings

The Tafel curve of PI and PI/GO composites is illustrated in
Figure 9 and the corrosion parameters are listed in Table 3.
The current density (I.,,) illustrates the immediate rate of
corrosion reaction from the kinetics prospect and corrosion
potential (E..,) signifies the corrosion tendency of materials
from the thermodynamics prospect [54]. To vividly illustrate
the protective impact of different systems of coating on an

Table 2: Equivalent circuit parameters for pristine PI, and PI/GO composites with varying GO wt% coatings

Sample C.(Fcm™?) Rs (Qcm?) Rer (Qcm?) Q R. (Qcm?) Rgi (Qcm?) Cai (Qcm?)
Yo (Q'sncm™) n
S 35x107° 92.5 2.2 x10° 3.4x107 0.7 1.6 x 10* 21x10° 2.5x107°
S, 2.8x107° 104.2 5.8 x 10° 2.1 %1077 0.8 4.1 %10 3.5 x 10° 12x1078
S3 1.5x107° 145.8 8.9 x 108 1.1x 1077 0.6 9.5 x 10 4.6 x 103 3.5%x107°
S, 9.5 x 107" 198.3 1.6 x 107 7.4%x1078 0.5 4.5 x 103 8.2 x 10* 2.9x1078
Ss 46 %1070 512.5 6.1x 107 22x%x1078 0.4 1.1 x 102 9.6 x 10° 22x1078
Se 8.5x 107" 231.9 3.2 x10° 44 %1078 0.5 3.5x10° 4.1 %108 3.5x107
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Figure 9: Investigating current density (I.o,) and corrosion potential (Eo;)
by Tafel curve of bare Al, pristine PI, and PI/GO composite coatings.

aluminum alloy substrate, the protection efficiency (n) of the
coatings was estimated by utilizing the following equation:

’

n= IcorlI_ Leor2 0
corl

where Iy and I.o represent I, of bare aluminum and
PI/GO composite coatings, respectively.

Figure 9 signifies that the E_,, of S5 coating system was
0.78 V which is 80 mV higher in the positive direction than
the E.,. of bare aluminum, i.e., 0.86 V. Also, the I, of the S5
surface coating system is more than 2 orders of magnitude
lower than that of pure aluminum. This confirmed that the
rate of corrosion is relatively low and could effectively
protect the matrix. The values of I, for all samples pre-
pared in this work are much higher than the samples used
in the recent study [58,59]. The strongest protective effect
on the aluminum matrix is attained when the 5 wt% GO is
incorporated in the PI matrix, as shown in Figure 9 and the
Ior reached 4.8 x 10° A cm ™2 Table 3 depicts the calculation

Table 3: Polarization parameters of bare Al, pristine PI, and PI/GO
composite coatings

Sample Lo (Acm®)  Ecor(V) R (Qcm?) (%)
Bare Al 85x107° -0.86 2.0x10°

S, 11x1077 -0.85 8.9 x 10* 98.5954
S, 2.8x1077 -0.84 9.8 x 10* 99.9545
S3 5.4 %1078 -0.82 4.6 x10° 99.9885
S4 8.8 x107° -0.80 2.8 x 108 99.9902
Ss 4.8 x107° -0.78 6.1 x 10° 99.9998
Se 7.4 x107° -0.79 4.2 x10° 99.9991

Incorporating GO in PI matrix to advance nanocomposite coating =—— 9

of experimental findings of bare aluminum, pristine P, and
PI/GO composite coating systems. It was found that each
coating on the aluminum substrate had a protective
efficiency of over 99%. When the GO concentration was
5 wt%, the best protection efficiency was 99.9998%. More-
over, the resistance R, was increased with the increase
of nano-GO content in PI films. The highest resistance of
6.1 x 10° Q cm* was recorded for sample S; which was
again attributed to its optimum inclusion of 5% nano-
GO into PI films. The other samples having nano-GO
showed better anti-corrosion resistance compared with
bare aluminum and pristine PI film.

3.7 EIS analysis of PI/GO composite coatings
after NaCl immersion test

The NaCl immersion test was performed on S; and S5 sam-
ples to observe the long-term reliability of developed coat-
ings. Figure 10 demonstrates the electrochemical analysis
of the S3 and Ss coatings after immersion in a 3.5 wt% NaCl
solution. Compared to the impedance of the S; coating after
1h of immersion, the coating’s impedance reduced to
107 cm? after one day of immersion. Following 10 days of
immersion, changes in the impedance frequency curve
shape were observed, and the impedance modulus of the
surface coating was reduced to slightly above 10°cm?
(Figure 10(a)). The curve of frequency related to phase
angle has undergone alterations, revealing two discernible
peaks upon a thorough examination of Figure 10(b). The
observations indicate that corrosion ions infiltrated the
coating’s surface, causing erosion, while corrosion products
accumulated, leading to a modification in the protection
process of the surface coating on the metal alloy substrate.
Also, following 100 days of immersion, the coating’s impe-
dance module at low frequencies almost approached the
level seen in bare aluminum. The phase angle frequency
curve has undergone further changes in comparison to
the 20-day immersion, as depicted in Figure 10(b). Especially,
a broader peak emerged within the medium frequency
range, replacing the previous two peaks. This observation
suggests the potential infiltration of corrosion ions in the
inner system of the protective coating, their traversal within
the coating, and eventual interaction with the metal alloy
substrate, leading to metal corrosion while concurrently
accumulating more corrosive by-products on the outer
surface of the coating. On the other hand, in Figure
10(c), the S5 coating, which demonstrated superior perfor-
mance, exhibited an impedance of 108 after just 1h of
immersion. Impressively, this coating’s efficacy endured
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Figure 10: Bode diagram of coatings after immersion in NaCl solution in comparison with bare aluminum: (a) logarithmic curve of resistivity versus
frequency of S, (b) difference in phase angle versus frequency range of Ss, (c) logarithmic curve of resistivity versus frequency of Ss, and (d) difference

in phase angle versus frequency range of Ss.

even after 100 h of exposure to the NaCl solution, with its
impedance value nearly tenfold higher than that of bare
aluminum. This substantial improvement highlights the favor-
able performance of the nano-GO composition. Thus, it can be
asserted that the current level of protection this coating offers
for the metal substrate surpasses that of previously employed
coatings [24].

4 Conclusions

Successfully manufactured, the PI/GO composite coatings
serve as an effective shield against corrosion for aluminum
alloy substrates. The infusion of GO within the PI matrix
leads to increased contact angles and a roughened surface,

advancing hydrophobicity and resistance against corro-
sion. This incorporation ensures a uniform, compact sur-
face that firmly adheres to the metal substrate. With an
optimal GO concentration of 5 wt%, the low-frequency
impedance modulus experiences an exponential three-
order increase, reaching an impressive 10® cm? in compar-
ison to bare aluminum. Demonstrated by the polarization
curve, the corrosion current (I,,) witnesses a remarkable
reduction of nearly three orders of magnitude, registering
at 4.8 x 109 A cm™2 Immersion tests in a 3.5wt% NaCl
solution exhibit the extraordinary durability of the compo-
site coating, showcasing its ability to withstand corrosion
for up to 100 days. This strategic integration of GO within
the PI matrix strengthens the aluminum alloy substrate,
significantly improving its properties and extending its
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lifespan in moist environments. Prospects for GO/PI com-
posite coatings in the future include improved durability,
low production costs, and customized formulations for a
range of applications. The potential for revolutionizing cor-
rosion protection across industries lies in the integration of
smart coatings with sensing capabilities for real-time cor-
rosion monitoring. These coatings have exceptional hydro-
phobicity, electrical conductivity, and corrosion resistance,
making them suitable for applications in industrial machinery,
oil and gas equipment, automobile parts, marine vessels, aero-
space structures, and infrastructure. By providing protection
from moisture, salt, chemicals, and contaminants, these coat-
ings increase asset longevity, lower maintenance costs, and
guarantee operational dependability.
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