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Figure S1. Raman spectra acquired for few-layered graphite platelets and thinner exfoliated sheets 

recovered upon exfoliating graphite in NMP at concentrations of A) 5, B) 10, and C) 20 mg/mL at 

514.5 nm laser excitation. The vertical dashed lines demarcate the positions of the D-band at ca. 

1,350 cm-1, G-band at ca. 1,580 cm-1, and 2D-band at ca. 2,700 cm-1. 
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Figure S2. Optical microscopy images of the surfaces of A,B) PEI-coated AA7075; C,D) 5 wt.% 

UFG/PEI; E,F) 10 wt.% UFG/PEI; and G,H) 17 wt.% UFG/PEI on AA7075 surfaces. The textured 

surface of the abraded AA7075 substrate is discernible in (A) and (B) given the transparent nature 

of the PEI coating. The incorporation of graphene diminishes the optical transparency of the 

coatings. 
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Figure S3. A) Elastic modulus and B) hardness measured for each loading of UFG/PEI. 

 

Figure S4. EIS spectrum monitored for 17 wt. % UFG/PEI on Al 7075 immersed in a 3.5 wt.% 

aqueous solution of NaCl for up to 100 days. 
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ABSTRACT: Increased adoption of engineered aluminum alloys in vehicular components is 

imperative for automotive lightweighting but such alloys are oftentimes prone to degradation upon 

exposure to corrosive environments. The design of coatings to inhibit corrosion of aluminum 

alloys has emerged as a critical need but given the electropositive nature of the substrates, only a 

sparse few options are available. In this article, we explore the corrosion resistance afforded to 
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aluminum alloy AA7075 substrates by polyetherimide-graphene nanocomposite coatings as a 

function of the graphene loading. Detailed mechanistic understanding is developed through 

monitoring progression of the open circuit potential and electrochemical impedance response of 

the substrates over 100 days of immersion in a saline environment along with post-mortem cross-

sectional scanning electron microscopy and energy dispersive X-ray spectroscopy analysis of 

sectioned interfaces. Electrochemical studies along with nanoindendation, AC conductivity 

measurements, and salt spray exposure studies allow for a direct evaluation of the role of graphene 

in inhibiting/accelerating corrosion, which has been a point of considerable debate in the literature. 

Indeed, we identify two distinctive regimes: excellent long-term corrosion resistance is obtained 

at low graphene loadings as a result of a substantial enhancement in the tortuosity of ion transport 

pathways for diffusion of corrosive species; however, further inclusion of graphene results in 

formation of a percolative network that gives rise to accelerated galvanic corrosion of the 

underlying substrate. The results provide a clear resolution to the controversial role of graphene in 

inhibiting corrosion and suggest an approach for enhancing barrier protection through increased 

resistance to pore transport enabled by the excellent dispersion of graphene nanosheets within 

polymeric matrices.  

INTRODUCTION 

The strong impetus for reducing fuel consumption along with increasingly stringent global 

emissions standards have spurred a worldwide push towards lightweighting of vehicles.1–5 

Lightweighting of vehicular components is most often targeted through (a) the replacement of steel 

by magnesium and aluminum alloys, engineered polymers, or carbon fiber composites or (b) 

through the design of porous monolithic forms (increasingly accessible from additive 
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manufacturing methods) that provide load-bearing capabilities and mechanical resilience 

comparable to fully dense fabricated parts but with much greater economy of material 

consumption.6,7 In contrast to vehicular transportation, the use of light-weight metal alloys is much 

more prevalent in other sectors where they are designed to meet demanding structural 

specifications. For instance, high-strength aluminum alloys have served for over 80 years as the 

primary structural material in aircraft design.8 While aluminum metal itself is known to form 

excellent passivating layers, the addition of other metals, as required to stabilize high-strength 

alloys, gives rise to a complex microstructure with a diverse range of intermetallic inclusions and 

precipitates that render the resulting alloy much more vulnerable to local corrosion. Indeed, 

corrosion cells are readily established across the surface of a heterogeneous alloy upon exposure 

to an electrolyte environment. Failure of vehicular structural components because of corrosion can 

give rise to serious passenger safety issues. The need to replace failing parts furthermore decreases 

service life and thereby increases the cradle-to-grave environmental impact of engineered alloys.2,3 

Chromium-based conversion coatings provide excellent corrosion protection of aluminum and 

have been the mainstay for corrosion protection in the aerospace industry; however, it is well 

established that hexavalent chromium effluents released at various points in production, use, and 

as a byproduct of protection are highly toxic as well as carcinogenic.9 Indeed, concerns regarding 

the ecological toxicity and human health impact of hexavalent chrome have led to strict regulation 

of its use in products.10,11 With increasing use of aluminum alloys for vehicular applications, the 

development of sustainable chrome-free coatings has emerged as an urgent imperative. The -1.66 

V value of the Al3+/Al redox couple (versus SHE) implies that zinc and trivalent chrome commonly 

used to protect steel substrates are ineffective at providing sacrificial cathodic protection to 

aluminum alloys. Magnesium-based nanocomposite coatings have instead been developed to 
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provide sacrificial protection to aluminum alloy substrates and are effective under certain 

environments,12,13 but are plagued by issues such as the typically high reactivity of Mg particles, 

the complexity of preparing surface-passivated Mg pigments that can be safely handled, and the 

need for relatively thick coatings spanning scores of microns. In this article, we demonstrate an 

alternative approach wherein graphene nanocomposite coatings with sub-30 μm thickness 

dispersed within a polyetherimide matrix show excellent corrosion inhibition of Al 7075 substrates 

upon prolonged exposure to saline environments. A detailed mechanistic elucidation of the origins 

of corrosion protection afforded by such coatings has been performed using open circuit potential 

measurements, electrochemical impedance spectroscopy, salt spray exposure testing, and post-

mortem analysis of interfacial layers between the coating and substrate. The measurements suggest 

the excellent ability of graphene to enhance the resistance to transport of corrosive species through 

barrier protection and increased tortuosity, but emphasize the need to prevent galvanic corrosion, 

which can be activated when a percolative network of graphene is constituted within the polymeric 

matrix.  

The efficacy and mechanism of corrosion inhibition provided by graphene remains somewhat 

controversial; the debate derives in part from the diversity of materials delineated as graphene 

coatings (ranging from monolayer graphene grown by chemical vapor deposition and transferred 

onto metal substrates to exfoliated graphene and graphene oxide dispersed within polymeric 

matrices and cast as nanocomposite coatings and electroplated graphene/metal thin films)14,15 and 

the differences in their mode of interfacial interaction with the surfaces sought to be protected.11,16 

The tendency for galvanic corrosion to occur between two coupled materials is most frequently 

predicted using the galvanic series measured in sea water. While the value of the electrode potential 

of graphene, or for that matter, graphite, varies as a function of the surface chemistry, the reported 



5 

 

value of +0.150 V (pure graphite versus SCE)17 is substantially higher as compared to pure 

aluminum (-0.76 V versus SCE; corrosion potential of Al 7075-T6 is -0.765 V versus SCE);18 

consequently, galvanic corrosion of the latter is possible upon direct coupling.19 Zettl and co-

workers have shown that the corrosion of Cu is initially diminished by the presence of graphene 

layers deposited directly onto the substrates owing to the impermeability of graphene.20 However, 

in the presence of defects, the permeated electrolyte establishes a corrosion cell between the 

graphene layer and the underlying copper substrate, bringing about accelerated galvanic corrosion 

of the underlying metal. Recent studies indicate that the accumulation of chloride ions at the edges 

of graphene facilitates metal oxidation and dissolution.21 However, this picture is complicated by 

the strong interfacial hybridization of graphene to several transition metals, which results in 

substantial charge transfer and can give rise to potential barriers at the interface that can endow 

corrosion protection.22–24 An alternative strand of research has focused on the corrosion protection 

endowed by graphene nanocomposites wherein few-layered chemically derived graphene flakes 

are incorporated within a polymeric matrix. As an impermeable 2D material,25 inclusion of 

graphene adds substantial tortuosity to pathways for diffusion of species participating in the redox 

reactions of corrosion. Functionalization of graphene and/or incorporation of graphene in non-

conductive polymers results in a considerable enhancement of the tortuosity of ion diffusion 

pathways and a substantially increased pore transport resistance while preventing direct 

electrochemical coupling with the substrate.26–31  

The utilization of graphene as a filler within a polymeric system necessitates its effective 

dispersion within the host matrix, which can be achieved through surface functionalization, 

selection of a compatible polymer, achieving high loadings in solvents prior to mixing, or 

application of shear forces.11,32 Graphene has a tendency to agglomerate and restack within 
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composites when chemical compatibility is poor; the resulting larger agglomerations form phase 

segregated domains that are much less effective at increasing the tortuosity of pathways for ion 

transport.33 Achieving higher loadings of graphene in coatings is potentially beneficial for 

corrosion protection provided that electrochemical coupling resulting in galvanic corrosion can be 

avoided. Yang and co-workers have shown improved corrosion inhibition performance with higher 

loadings of graphene, which is attributed in part to the greater tendency of graphene to align at 

higher loadings, which extends the effective diffusion path that needs to be traversed by corrosive 

species from the surface to the substrate.34 In addition to dispersibility at high loadings, several 

studies of graphene nanocomposite coatings have shown a dependence of functional performance 

on graphene flake size,35 positioning within the polymer,36,37 and the use of high-surface-area 

‘crumpled’ graphene.38  

With a view towards the stabilization of few-layered nanosheets that can enhance the tortuosity 

of ion diffusion pathways, we eschew harsh oxidation methods that can introduce vacancies and 

holes and instead utilize unfunctionalized exfoliated graphite (UFG) derived from non-oxidative 

methods as our filler material. Solvent-assisted exfoliation of graphite allows for retention of the 

conjugated π-framework without creation of porosity, thereby enabling π—π interactions with the 

host polymeric matrix to be utilized to achieve effective dispersion at high loadings. In previous 

work, we have shown the remarkable corrosion resistance afforded by UFG/polyetherimide (PEI) 

composites for the protection of mild steel.11,34 UFG is incorporated in situ during condensation of 

the anhydride with two different amines to form polyamic acid; subsequently, polyamic acid is 

imidized to form PEI by thermal annealing after casting the films onto the metal substrates. The 

nanocomposite coatings show excellent corrosion performance based on Tafel analysis and 

extended exposure testing.13,39 A life cycle assessment independently performed by Koratkar and 
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co-workers has indicated that these coatings have a substantially lower cradle-to-grave 

environmental impact as compared to hot-dipped galvanized steel.35  

In this article, we examine the corrosion protection afforded to aluminum alloy AA7075 

substrates by graphene/PEI nanocomposites as a function of the graphene loading. A detailed 

mechanistic study based on extensive electrochemical characterization allows for two distinct 

regimes to be distinguished: excellent corrosion protection is obtained at relatively low loadings 

of UFG, but higher UFG loadings result in establishment of a percolative network that promotes 

galvanic corrosion. The electrochemical impedance response of the coatings immersed in salt 

water is monitored for 100 days yielding unprecedented mechanistic insight into the origins of the 

corrosion protection derived from the nanocomposite coatings. Consequently, effective coatings 

must provide extensive tortuosity of diffusion paths for ionic species but ensure that an extended 

percolative network is not stabilized across extended length scales. 

MATERIALS & METHODS 

Synthesis of UFG. UFG was prepared by exfoliation of graphite in N-methyl-2-pyrrolidone 

(NMP, Honeywell Research Chemicals) as described in previous work34 and is described more 

fully here. In order to prepare different loadings of UFG dispersions, 5, 10, and 20 mg/mL of 

graphite (Bay carbon, SP-1 graphite powder) was ultrasonicated for 6 h and shaken every hour to 

avoid settling of larger unexfoliated graphite particles. The prepared UFG was examined by 

Raman spectroscopy and scanning electron microscopy (SEM). 

Preparation of UFG/Polyamic Acid Dispersions. Polyamic acid was prepared by the 

polymerization of 3,3',4,4'-biphenyltetracarboxylic dianhydride with 2,2'-

(ethylenedioxy)bis(ethylamine) and m-phenylenediamine in NMP. In brief, the two diamines 

dissolved in NMP were heated to 70C under a stream of nitrogen within a round-bottom flask. 
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The dianhydride was slowly added over the course of 5 min with rapid stirring. The resulting 

clear, yellow solution was further stirred under a stream of nitrogen for 8 h. In order to prepare 

UFG/PEI dispersions, the two diamines were added to UFG dispersions in NMP, followed by 

addition of the dianhydride as noted above.13,40 Where required, additional UFG solution was 

added post-synthesis to achieve the intended UFG/polymer loadings.  

AA7075 Substrate and Surface Preparation. Clad AA7075-T6 substrates were obtained from 

Aerotech Alloys. The nominal composition of AA7075-T6 is listed in Table 1. Prior to application 

of the coatings, the AA7075 substrates were abraded with P150 and P400 grit sand paper and 

washed with hexanes followed by acetone.  

Table 1. Nominal chemical composition (wt.%) of aluminum alloy AA7075-T6. 

 Mg Si Cu Cr Mn Zn Fe Ti Al 

7075-T6 2.1–2.9 0–0.4 1.2–2.0 0.18–0.28 0–0.30 5.1–6.1 0–0.5 0–0.2 Balance 

 

UFG/PEI Coatings. The UFG/polyamic acid dispersions were spray coated onto the cleaned 

AA7075 substrates using a TCP Global spray gun with an output pressure of 45 psi and a nozzle 

diameter of 1.00 mm. Substrates were held at a temperature of 250C during application of the 

coating and were subsequently cured for an additional 5 min. The thickness of the coatings was 

monitored using a Byko-test 8500 thickness gauge. All coatings were applied at a thickness of 

20—30 µm. 

Optical Microscopy and Raman Spectroscopy. Raman spectra were acquired using a Jobin-

Yvon Horiba Labram HR instrument coupled with an Olympus BX41 optical microscope. A 514.5 

nm Ar-ion laser was used as the excitation source. Each of the prepared graphene solutions were 

drop casted onto heated silicon substrates for analysis. Optical images were acquired using the 

Olympus BX41 optical microscope.  
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AC Conductivity Measurements. AC conductivity measurements were performed using a 

Gamry potentiostat/galvanostat/ZRA Reference 1000TM in the frequency range from 100 kHz to 

10 mHz at an amplitude of 10 mV.  The samples were sandwiched between two circular stainless 

steel electrodes, and the entire cell configuration was tightened with a screw. All samples were 

tested under dry conditions at room temperature.  

Adhesion Testing. Adhesion testing was performed using three American Society for Testing 

of Materials (ASTM) standardized methods. As per ASTM D3359, a cross-cut test was performed 

using a test kit procured from BYK. Cross-cuts were made with 1 mm spacing between blades, 

and the adhesive tape was subsequently applied and removed. A classification of 0—5B was 

assigned to each of the coatings tested as per the specifications of the testing protocol. A rating of 

5B corresponds to no discernible removal of the coating, whereas a designation of 0B is reflective 

of significant damage. ASTM D4541-09 was used to evaluate the pull-off strength of the coatings. 

A 14 mm diameter dolly was applied to the surface of the coating using a two-part epoxy and 

allowed to cure for 24 h. The pucks were removed at a pull-off rate of 0.7 MPa/s using a PosiTest 

AT-A automatic adhesion tester manufactured by DeFelsko. ASTM D2197-16 was performed to 

evaluate scrape adhesion using a balance beam scrape adhesion tester. Samples were aligned under 

the scraping loop that supported the specified applied load. The samples were then slid along a 

linear path of 3 in. and monitored for damage. All adhesion testing was repeated in triplicate for 

each type of coating.  

Nanoindentation Experiments. The elastic modulus and hardness of the films were measured 

using a Nanomechanics iMicro nanoindenter with an InForce 50 actuator and diamond Berkovich 

tip. Elastic analysis follows the procedure of Oliver—Pharr,41 wherein the contact stiffness, 𝑆, was 

related to the elastic modulus, 𝐸, through the universal stiffness equation: 
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𝑆 = 𝛽
2

√𝜋
𝐸𝑟√𝐴…(1) 

where 𝛽 is a geometric constant that depends on the indenter geometry (taken as 1 in this work), 

and A is the area of the elastic contact. Meanwhile, 𝐸𝑟 is the effective modulus given as follows: 

𝐸𝑟 = (
1−𝜈𝑖

𝐸𝑖
+

1−𝜈

𝐸
)

−1

…(2) 

where 𝐸𝑖 and 𝜈𝑖 represent the elastic modulus and Poisson’s ratio of the indenter, whereas 𝐸 and 

 𝜈 represent the elastic modulus and Poisson’s ratio of the indented sample. The hardness was 

estimated from the contact area as  

𝐻 =
𝑃𝑚𝑎𝑥

𝐴
…(3) 

where Pmax is the peak indentation load. Both the frame stiffness and the depth-area relationship 

were empirically determined based upon the indentation response of a fused silica standard sample. 

Constant loading rate tests were conducted on each sample at rates of 0.05, 0.1, 0.2, and 0.3 
1

𝑠
. 

Salt Spray Exposure. Samples were exposed to salt spray conditions following procedures 

outlined in the ASTM B117 standard. The pressure of the chamber was kept at 15 psi. During 

exposure, the distribution of the spray was monitored using graduated cylinders distributed 

throughout the chamber. The collection volume for all cylinders was consistently between 20 and 

50 mL per day. The back of the samples and edges were protected with tape to prevent preferential 

corrosion of uncoated sections. A 5 cm × 5 cm cross-sectional cut was made in each of the coatings 

using a diamond-tipped scribe. As specified in the standard, the samples were exposed to a spray 

generated from a 5 wt.% aqueous solution of NaCl in a chamber held at 35C for the entirety of 

the testing cycle. Samples were monitored at 24 h intervals for 12 days.  

Electrochemical Impedance Spectroscopy (EIS). EIS measurements were performed to 

characterize the electrochemical response and degradation of the different systems under 
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consideration up to a period of 100 days in an aerated aqueous solution of 3.5 wt.% NaCl at room 

temperature. The measurements were performed in a conventional three-electrode cell using the 

coated sample as the working electrode, a saturated calomel electrode (SCE) as the reference 

electrode, and a Pt/Nb mesh as the counter electrode. A cylindrical glass vessel was utilized as the 

electrochemical cell exposing an area of 4.67 cm2 on the working electrode; an O-ring and a 

metallic clamp were used to hold together the working electrode and the glass vessel. 

Electrochemical data was collected using a Gamry potentiostat/galvanostat/ZRA Reference 

1000TM instrument surrounded by a Faraday cage to minimize electromagnetic interference. The 

open circuit potential (OCP) was measured for 10 min before each EIS measurement. The EIS 

measurements were carried out at the OCP in the frequency range of 100 kHz—10 mHz at 10 

points per decade using a sinusoidal perturbation signal of ±10 mV. The electrochemical 

measurements were conducted on duplicate samples to ensure repeatability. The EIS spectra were 

fitted to appropriate equivalent circuit models using the EC-lab V10.40 fitting software.  

Cross-sectional Analysis of the Coating/Substrate Interface. Cross-sections of a set of 

unexposed coatings as well as all those exposed for 100 days as part of the EIS study were prepared 

by immersing the coatings in epoxy (EpoxiCure 2, Buehler) and subsequently cutting the samples 

to expose the metal/coating interface using a Buehler Isomet 5000 system. The cross-sectional 

samples were sanded using 600, 1000, and 1200 grit paper and polished successively with 9, 6, 

and 1 µm diamond paste prior to imaging. The samples were subsequently sputtered with ca. 3 nm 

of Pt and imaged using a JEOL JSM-7500F SEM equipped with an Oxford Instruments energy 

dispersive X-ray spectroscopy (EDS) detector. EDS maps were obtained for each of the interfaces 

with an acceleration voltage of 10 kV, an emission current of 10 μA, and a probe current of 8 μA. 

RESULTS & DISCUSSION 
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Characterization of UFG and UFG/PEI Nanocomposite Coatings on AA7075. Challenges 

related to the dispersion of few-layered graphene at high loadings within solvents and polymeric 

matrices represent a significant constraint to the design of high-performance graphene inks and 

composites.32,42,43 Exfoliation of unfunctionalized graphene monolayers in solution has been 

accomplished by Hernandez et al. but is limited to concentrations of ca. 1 wt.% in NMP.44 

Exfoliated graphene prepared in this manner is characterized by extended π-conjugated domains 

without a high concentration of pores and damaged regions observed in graphene oxide;45 given 

that such pores in oxidatively functionalized graphene can potentially mediate undesirable ionic 

diffusion,46 exfoliated UFG has been selected as the filler of choice for corrosion-resistant 

composites. Problematically, attempting to achieve higher-concentration UFG dispersions 

inevitably results in a greater abundance of thicker few-layered graphitic platelets. While the 

effective dispersion of individual sheets within the polymeric matrix is most desirable to maximize 

tortuosity, low-solid-content dispersions do not yield robust pinhole free coatings given the large 

solvent volume that has to be removed during curing. Surfactants can be utilized to aid 

dispersibility at higher concentrations but often give rise to deleterious porosity. In order to balance 

the above constraints, extended ultrasonication has been used to obtain dispersions with relatively 

high loadings of 5, 10, and 20 mg/L of UFG without the addition of surfactants and without further 

fractionation, thereby yielding a mixture of larger few-layered platelets and thinner exfoliated 

flakes. Figure 1 indicates that the flake size is reduced at lower concentrations of graphite. These 

loadings allow for preparation of UFG/polyamic acid formulations that yield pinhole-free 

continuous films upon spray-coating while limiting the amount of NMP that has to be used within 

the formulations. The heterogeneity of sizes is furthermore likely beneficial for precluding long-
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range ordering of graphene within the host matrix, which could further help define undesirable 

diffusion pathways in the matrix. 

 

Figure 1. SEM images acquired for A, C, E) larger few-layered graphite platelets; B, D, F) thinner 

exfoliated sheets present within A, B) 5; C, D) 10; and E, F) 20 mg/mL dispersions prepared by 

exfoliation of graphite in NMP. 

Raman spectroscopy data collected for the larger graphitic platelets and thinner exfoliated sheets 

from 5, 10, and 20 mg/mL UFG dispersions are shown in Figure S1 (Supporting Information). 
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The vertical dashed lines demarcate the positions of the D-band at ca. 1,350 cm-1, G-band at ca. 

1,580 cm-1, and 2D band at ca. 2,700 cm-1.47 The position of the G-band indicates that the recovered 

materials are few-layered graphene. The thinner exfoliated sheets show prominent D-bands as a 

result of edge effects.   

 

Figure 2. Schematic illustration of the preparation of nanocomposite graphene coatings based on 

in situ synthesis of polyamic acid in the presence of UFG followed by imidization during curing. 

Two distinct regimes can be distinguished as a function of the UFG loading: A) the incorporation 

of UFG imbues considerable additional barrier protection at low loadings (of ca. 5 wt.% UFG) as 

a result of increased tortuosity of ion transport pathways, whereas at higher loadings (ca. 10 wt.% 

and higher), B) galvanic corrosion is initiated owing to the coupling of the percolative graphene 

network with the underlying Al substrate. 

Figure 2 schematically illustrates the preparation of UFG/polyamic acid nanocomposites and 

their casting onto abraded AA7075 substrates whereupon imidization is accomplished in situ 

through thermal annealing to obtain the UFG/PEI nanocomposite coating. The stochastic inclusion 
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of m-phenylenediamine units within polyamic acid inhibits crystallization and thus yields a non-

regular, amorphous, pliant, and formable polymer matrix. The excellent dispersion of graphene 

within polyamic acid has been extensively characterized in our previous work,11,16,34 and is 

facilitated by the in situ synthesis of the polymer around the graphene platelets; π—π interactions 

of the basal planes of the graphene framework with the conjugated anhydride result in the growing 

polymer framework encasing the filler UFG nanoplatelets. UFG/polyamic acid formulations have 

been prepared with 5, 10, and 17 wt.% UFG loadings, which as delineated in Figure 2 correspond 

to two different regimes (vide infra): the 5 wt.% sample corresponds to well-dispersed UFG below 

the percolation threshold, whereas the 10 and 17 wt.% samples correspond to stabilization of 

continuous percolative networks across the polymer matrix. The connectivity of graphene 

inclusions within the coating has a profound influence on the activation of galvanic corrosion 

mechanisms as will be discussed in later sections. 

Figure S2 (Supporting Information) shows optical microscopy images of the coated AA7075 

surfaces. The inclusion of increasing amounts of UFG in the coatings brings about in a decrease 

in transparency of the coatings. The 5 and 10 wt.% UFG/PEI coatings show similar dispersion, 

whereas in the 17 wt.% UFG/PEI coating, some larger graphitic agglomerates are observed to 

segregate at the surfaces.  

Figure 3 shows AC conductivity data acquired as a function of frequency for bare AA7075, a 

PEI-coated AA7075 substrate, and graphene/PEI-coated substrates with different UFG loadings. 

The evolution of AC conductivity in terms of frequency is reflective of the overall electrical 

conductivity of the composite and is strongly dependent on the extent of dispersion and the 

dimensions of the conductive filler.48 Based on the evolution of AC conductivity in terms of 

frequency, composite coatings containing conductive particles can be categorized in three main 
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groups.48 Below the percolation threshold, the composite material behaves as a dielectric, with the 

AC conductivity linearly increasing as a function of the frequency. In proximity to the percolation 

threshold, the AC conductivity is independent of the frequency up to a certain characteristic 

frequency value. Beyond this point, the AC conductivity again linearly increases as a function of 

the frequency. Finally, above the percolation threshold, the AC conductivity remains constant over 

the entire frequency range. In Figure 3, bare AA7075 not surprisingly behaves as a conductive 

material, whereas the PEI coating shows characteristic dielectric behavior with an AC conductivity 

that increases linearly as a function of the frequency. The AC conductivity response of the 5 wt.% 

UFG/PEI coating is essentially the same as that of the pristine PEI coating, suggesting that the 

graphene content in this coating is below the percolation threshold of the material. Interestingly, 

when the concentration of UFG is increased to 10 wt.%, the AC conductivity shows a strongly 

frequency dependent response with a linear variation of the conductivity as a function of frequency 

above ca. 0.3 Hz but a frequency-invariant response below this value. In other words, a 10 wt.% 

loading of UFG brings the composite close to its percolative threshold. The 17 wt.% UFG/PEI 

composite shows a frequency-invariant response characteristic of metallic materials suggesting 

that the percolation threshold has been reached and that the graphene flakes form a continuous 

electrical network within the polymeric matrix. The data in Figure 3 thus underpins the delineation 

of the distinctive regimes schematically illustrated in Figure 2, which as described below strongly 

influences the corrosion performance of these nanocomposite coatings. 
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Figure 3. AC conductivity measurements of bare AA7075, PEI coated onto AA7075, and 

UFG/PEI coatings on AA 7075 with different graphene loadings. 

Adhesion testing has been performed on each type of coating using ASTM testing procedures 

(Table 2). Evaluation of the coatings by ASTM D3359, the cross-cut test, shows excellent 

adhesion of the PEI and UFG/PEI nanocomposite coatings to the abraded AA7075 substrates with 

all of the coatings earning a rating of 5B, corresponding to no measurable loss of the coating upon 

peeling of the adhesive tape. Additionally, the ASTM D2197-13 scrape test shows no break in the 

coatings at the maximum loading of 10 kg. Pull-off testing has also been performed as per ASTM 

D4541-09. The point of failure for all coatings is the contact between the coating and metal; pull-

off pressures for each of the coatings are listed in Table 2. These results demonstrate that the 

adhesive properties are dominated by the interfacial bonding between PEI and the abraded 

AA7075 substrate and are not substantially altered by inclusion of UFG. 

 In contrast, the mechanical properties measured by nanoindentation indicate that the addition 

of graphene indeed influences the elastic and plastic properties of the resulting nanocomposite. As 

seen in Table 2, the elastic modulus of PEI has been measured to be 5.17 GPa, which is similar to 
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the 2.775 GPa value reported by Khatam and Ravi-Chandar for a PEI strip49 and the modulus 

measured using ASTM Standard D638 for PEI resin.50 Interestingly, in the nanocomposite coating, 

the addition of graphene first leads to a decrease in the elastic modulus and hardness. However, 

with increasing graphene incorporation, the elastic modulus and hardness are substantially 

increased, surpassing that of the host matrix. The observed non-monotonic behavior highlights the 

complex mechanical interaction between the graphene and PEI. At low UFG loadings, the 

graphene inclusions disrupt cross-linking of the polyamic acid chains resulting in a resin that is 

softer than the host matrix alone. However, at higher UFG loadings, the rule of mixtures prevails 

and the filler brings about an increase in the elastic modulus and hardness of the composite 

coatings. Values of elastic modulus in Table 2 are averages of the measured moduli from all 

loading rates for the specified coating. The elastic moduli measured at each specific loading rate 

for each coating are shown in Figure S3 (Supporting Information).  

Table 2. Summary of adhesion testing and mechanical properties measured for PEI and 

UFG/PEI nanocomposite coatings on AA7075 

 
ASTM D4541-09 

(Pull Off) 

ASTM 

D3359 

(Tape) 

ASTM 

D2197-13 

(Scrape) 

Nanoindentation 

Sample Average Pull off 

pressure (MPa) 

 

 

 

 

5B 

 

 

 

 

>10 kg 

Elastic 

Modulus (GPa) 

Hardness 

(MPa) 

PEI 0.73 ± 0.02 5.17 ± 0.10 422 ± 15 

5 wt.% 

UFG/PEI 
0.76 ± 0.13 4.92 ± 0.32 401 ± 20 

10 wt.% 

UFG/PEI 
0.77 ± 0.07 4.45 ± 0.30 395 ± 10 

17 wt.% 

UFG/PEI 
0.67 ± 0.10 5.44 ± 0.31 463 ± 30 
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Evaluation of Corrosion Protection Endowed by Nanocomposite Coatings. As an initial 

qualitative means of evaluating the corrosion protection afforded to the AA7075 substrates by PEI 

and UFG/PEI nanocomposite coatings, coated samples with cross-sectional cuts have been 

exposed to a salt spray chamber for 12 days. Figure 4 shows digital photographs of the coatings 

after 12 days of exposure. The areas at some distance from the cross-sectional cut are unaffected 

by salt spray exposure, attesting to the excellent barrier properties of the coatings. For the coating 

comprising just PEI, accumulation of corrosion products is confined to the exposed region of the 

metal surface. Indeed, the PEI coating functions solely as a barrier, and thus when the barrier is 

compromised, corrosion is initiated at the exposed metal surface. In contrast, the UFG/PEI 

composites show the corrosion product spreading outwards from the cross-sectional cut; the 

amount of the product and the extent of its accumulation scales roughly proportionately to the 

graphene loading. Creation of a scratch within these coatings allows for contact between the 

graphene, the electrolyte medium, and the exposed aluminum substrate, thereby establishing a 

corrosion cell. Given the relative differentials of reduction potentials noted above, graphene thus 

promotes the galvanic corrosion of the AA7075 substrate (Fig. 2). Consequently, the mitigation of 

galvanic couples between conductive graphene and the aluminum substrate is imperative in order 

to utilize the potential strongly enhanced tortuosity of diffusion pathways accessible upon 

incorporation of graphene. 
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Figure 4. Digital photographs of the cross-sectional cuts after 12 days of salt spray exposure for 

A) PEI-coated AA7075 as well as B) 5; C) 10; and D) 17 wt.% UFG/PEI coatings. 

The evolution of the OCP for the UFG/PEI coatings, PEI coated onto AA7075, and bare AA7075 

immersed in a 3.5 wt.% aqueous solution of NaCl for 100 days is shown in Figure 5. The bare 

AA7075 substrate exhibits OCP values close to -0.88 mV versus SCE during the first few days of 

salt water immersion. These OCP values are associated with active corrosion processes that 

involve the breakdown of the native oxide film as a result of attack by reactive Cl- ions in the 

electrolyte and the initiation of charge transfer processes at the metal/electrolyte interface.51,52 

After ca. 20 days of immersion, the OCP values of AA7075 are shifted to more anodic values, 

which suggests the formation of passivating corrosion products at the metal surface that decelerate 

the corrosion process. In contrast, the measured OCP for the PEI coating is -0.50 V versus SCE 

for the first day of immersion indicating negligible or absent corrosion processes immediately after 
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immersion. However, the OCP value for the PEI-coated AA7075 substrate is dramatically 

decreased to more negative values after ca. 24 h of salt water immersion, approaching values 

comparable to those measured for bare AA7075. The observed shift can be ascribed to the diffusion 

of water and ionic species through the coating, which results in the initiation of corrosion processes 

at the metal/coating interface. However, after 5 days of immersion, the OCP values for PEI are 

increased to more positive values indicating the entrapment of corrosion products underneath the 

coating, which results in the formation of a passivation layer. Indeed, a gradual increase of the 

OCP values is observed over 20 days of salt water immersion. Subsequently, the OCP values 

fluctuate between approximately -0.45 and -0.6 V versus SCE. This fluctuation is likely derived 

from the operation of the pitting corrosion process wherein pit formation and repassivation occur 

alternately at the active zones on the metal surface. Interestingly, the OCP values for the 5 wt.% 

UFG/PEI coating are suggestive of significantly improved stability against corrosion. As shown 

in Figure 5, the OCP values remain constant around -0.55 V versus SCE during the entire 

immersion time, which indicates that the coating is effective in protecting the metallic substrate 

from attack by the corrosive medium and thus corrosion processes are not initiated at the 

coating/metal interface. However, further addition of graphene to the PEI coating appears to be 

somewhat detrimental in terms of corrosion inhibition; Figure 5 shows that the OCP values for the 

10 and 17 wt.% UFG/PEI coatings are slightly more negative as compared to the OCP values for 

bare AA7075, suggesting greater corrosion activity at the aluminum surface in the presence of 

relatively high amounts of graphene. The values do not increase upon prolonged exposure, which 

suggests that high amounts of graphene inclusions (≥10 wt.%) accelerate the corrosion process 

without allowing for formation of an effective passivation layer due to the formation of galvanic 

cells. 
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Figure 5. Evolution of the OCP for UFG/PEI coatings, PEI-coated AA7075, and bare AA7075 

immersed in an aerated aqueous solution of 3.5 wt.% NaCl for 100 days at room temperature. 

Electrochemical impedance spectroscopy (EIS) has been used to investigate the evolution of the 

electrochemical response of the different coatings and the bare AA7075 substrate upon immersion 

in a 3.5 wt.% aqueous solution of NaCl for up to 100 days. Figure 6 plots the Nyquist and Bode 

representations of EIS data measured for bare AA7075 and PEI-coated AA7075 at different 

immersion times. In Figure 6A, it can be seen that during the first 10 days of immersion, the 

Nyquist plot for the bare AA7075 substrate is characterized by a capacitive loop from high to 

intermediate frequencies, which is related to the charge transfer processes at the metal/electrolyte 

interface; an inductive loop is furthermore observed at the low frequencies and is associated with 

adsorbed intermediate species (charge transfer process) present during the breakdown of the 

passivating film and the initiation of pitting corrosion.53,54 These features can also be identified in 

the phase angle plot shown in Figure 6B where the capacitive response corresponds to the region 

from 103 to 10-1 Hz and is characterized by a negative peak value, whereas the inductive response 

is observed at the lowest frequencies and exhibits a positive peak value. After 20 days of 
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immersion, the Nyquist representation (Figure 6A) shows that the inductive loop at low 

frequencies is no longer present and a diffusion tail is instead observed in this frequency range. 

The appearance of this feature at low frequencies is indicative of a diffusion-controlled corrosion 

process such that the formation of corrosion products at the metal/electrolyte interface is limited 

by the diffusion of reacting species towards and away from the metal surface. The appearance of 

the diffusion tail after 20 days of immersion is consistent with the increase of the OCP to more 

positive values at this time (Figure 5) and indicates that the corrosion products formed at the 

surface are somewhat passivating and can modestly impede the corrosion process and limit charge 

transfer.   

 

Figure 6. EIS spectra monitored for A, B) AA7075 and C, D) PEI-coated AA7075 immersed in a 

3.5 wt.% aqueous solution of NaCl for up to 100 days.  
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EIS data for the PEI-coated AA7075 substrate is shown in Figure 6C. The Nyquist representation 

exhibits a large capacitive loop during the first day of immersion covering the entire measured 

frequency range; such an extended loop derives from the dielectric properties of the organic 

coating and its resistance to the diffusion of water and ionic species. Notably, the magnitude of the 

impedance at the lowest frequency (|Z|0.01Hz) approaches a value higher than 1010 Ω cm2. 

Since|Z|0.01Hz provides an estimation of the effective resistance of the coating system, the high 

value suggests that the PEI coating provides good barrier protection against aggressive species 

immediately upon immersion. However, a stark change is observed within 24 h; the |Z|0.01Hz value 

is decreased by almost one order of magnitude upon salt water immersion for 3 days. Furthermore, 

the phase angle plot shows that after 3 days of immersion, a second time constant at a lower 

frequency of ca. 0.4 Hz is observed, which can be ascribed to the initiation of pitting corrosion at 

the metal/coating interface. Indeed, this data is consistent with the drastic decrease of the OCP 

value at this immersion time shown in Figure 5. However, upon prolonged immersion, the |Z|0.01Hz 

value in Figure 6D as well as the radius of the semicircles in the Nyquist plot of Figure 6C are 

monotonically increased up until 20 days of immersion as a result of the formation and growth of 

corrosion products at the active sites. These corrosion products are entrapped within the PEI 

coating and impede the migration of ionic species from and towards the incipient pits formed on 

the substrate. In other words, the local accumulation of corrosion products at the pit sites delay 

further propagation of the pit.55 Further exposure to the electrolyte solution brings about a 

continuous decrease of |Z|0.01Hz, which reaches a value <109 Ω·cm2 at 100 days when the immersion 

test is concluded. In addition, a third time constant at intermediate frequencies (ca. 0.1—25 Hz) 

can be distinguished after 50 days of immersion. This response can be attributed to the 

accumulation of corrosion products at the pit sites. As the corrosion products build up at the pit 
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sites, internal tensile stresses start to develop at the coating/metal interface. These internal stresses 

weaken the adhesion between the metal and the coating, resulting eventually in local delamination 

of the coating at the active sites.55 The continuing partial delamination of the coating from the 

metal substrate underpins the overall reduction in the corrosion resistance of the system as a 

function of time.  

 

Figure 7. EIS spectra monitored for A, B) 5 wt. % UFG/PEI and C, D) 10 wt.% UFG/PEI on Al 

7075 immersed in a 3.5 wt.% aqueous solution of NaCl for up to 100 days.  

Figures 7A and B plot EIS data acquired for AA7075 substrates with a 5 wt.% UFG/PEI coating. 

A singular time constant is observed during the entire immersion time. In addition, the EIS signal 
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shows an almost ideal capacitive behavior with |Z|0.01Hz values ranging between ca. 3×1010 Ω·cm2 

for the first day of immersion to 1.1×1010 Ω·cm2 upon 100 days of salt water immersion. The slight 

decrease of |Z|0.01Hz values corresponds to the slow diffusion of water and ionic species, which 

have to navigate a path made much more tortuous by the inclusion of graphene, into the coating. 

Indeed, the results suggest that the 5 wt.% UFG/PEI coating shows excellent barrier protection 

without any signatures of corrosion processes being operational at the coating/metal interface over 

the duration of the testing period. The substantial enhancement in the barrier properties of the 

nanocomposite as compared to PEI alone can be ascribed to several reasons. At these loadings 

(below percolation as per Fig. 3), 2D sheets of few-layered graphene serve as excellent water-

impermeable25 and unreactive barriers and greatly reduce the concentration of microscopic defects 

and pores within the polymeric matrix. As such, the graphene inclusions substantially increase the 

effective pathlengths for the diffusion of water and aggressive species towards the metal 

surface.30,39,56,57 The increase in tortuosity is reflected in a substantially enhanced pore transport 

resistance. The strong interaction between the π-conjugated basal planes of graphene and the 

aromatic groups of PEI further ensures excellent adhesion without development of porosity at the 

filler/matrix interface as is often the case with less compatible fillers. The high elastic modulus of 

graphene and the strong interfacial adhesion ensures that the composite as a whole is able to 

withstand strains developed during local corrosion without delamination (Fig. S3).34,39  

Figures 7C and D plot analogous EIS data acquired for an AA7075 substrate coated with 10 

wt.% UFG/PEI. Figure S4 (Supporting Information) shows similar data measured for the 17 wt.% 

UFG/PEI coating. Interestingly, the excellent corrosion inhibition of UFG/PEI nanocomposites at 

low concentrations of graphene is severely compromised when the graphene concentration is 

increased above the percolation threshold. During the first day of salt water immersion, the EIS 
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signal for both coatings is characterized by a singular time constant (Figs. 7D and S4B) suggesting 

that similar to the 5 wt.% UFG/PEI sample, no corrosion processes are occurring at the 

metal/coating interface. However, the |Z|0.01Hz values for the 10 and 17 wt.% UFG/PEI coatings 

(Figs. 7D and S4B) are approximately one and two orders of magnitude lower than that of the 5 

wt.% UFG/PEI coating (Fig. 7B), which connotes decreased efficacy of barrier protection upon 

increased graphene incorporation. Upon 3 days of salt water immersion, a drastic decrease of the 

|Z|0.01Hz values is observed for both the high-graphene-loading coatings, decreasing to values <106 

Ω·cm2. Furthermore, Figures 7D and S4B indicate the appearance of another time constant in the 

range between intermediate and low frequencies (102 Hz to 10-1 Hz), which is ascribed to the 

initiation of corrosion processes at the coating/metal interface. This latter behavior persists till the 

end of the exposure period and along with the successive diminution of |Z|0.01Hz values with 

prolonged immersion suggests that the corrosion process proceeds under charge transfer control 

during the entire time period. It is additionally worth noting that the EIS data for these two coatings 

do not show the diffusion tail observed for bare AA7075 or the third time constant observed for 

the PEI coating that are indicative of the accumulation of corrosion products at the metal surface. 

Instead, it appears that electrochemical activity proceeds for the entire 100 days and the 10 and 17 

wt.% UFG/PEI coatings promote continuous dissolution of the corrosion products without 

formation of a passivation layer. The aggressive corrosion observed in the presence of these 

coatings above percolation threshold can be ascribed to galvanic coupling established between 

graphene and the metal substrate.20,58–60 Since graphite has a substantially more positive corrosion 

potential (+0.150 V)17 as compared to AA7075-T6 (-0.765 V)18, cathodic reactions are likely for 

graphene, whereas anodic dissolution reactions are anticipated for the Al alloy substrates when the 

two are electrochemically coupled. The establishment of a percolative graphene network renders 
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the underlying aluminum substrate particularly vulnerable to galvanic corrosion since local 

oxidative processes at specific pit sites can then be balanced by reductive processes at graphene 

sites located at a substantial distance from the coating/metal interface within the bulk of the 

coating. Furthermore, the incipient corrosion products are unable to achieve local passivation since 

the substrate is coupled to an extended graphene network and as such corrosion continues unabated 

as oxidized Al3+ species can traverse through the film and be reduced at graphene surfaces. Such 

corrosion acceleration as a result of galvanic coupling has been observed for bare graphene films 

and is strongly dependent on the electrical conductivity of the graphene coating and its ease of 

degradation such as to form a corrosion cell.20,31,57,61  

In order to provide a more quantitative perspective of the performance of the coatings, the 

equivalent electrical circuits (EECs) sketched in Figure 8A have been used to fit the EIS data 

plotted in Figures 6 and 7. The equivalent circuit shown in Figure 8A(i) has been used to model 

the EIS response for bare AA7075 over the first 10 days of salt water immersion. In this circuit, 

Rs corresponds to the electrolyte resistance; Qdl and Rct denote the double layer capacitance and 

the charge transfer resistance, respectively, of the pitting corrosion process taking place at the 

aluminum surface; and RL and L represent the resistance and the inductance, respectively, 

associated with adsorption of intermediate species at the metal surface during the initiation of the 

pitting corrosion process.53 For longer immersion times, beyond 20 days of salt water immersion, 

the inductance response is no longer observed and thus a Warburg impedance (W) component is 

added to describe the diffusion-controlled process derived from the accumulation of corrosion 

products at the metal surface (Fig. 8A(ii)). The EIS response for the pristine PEI coating has been 

fitted using the equivalent circuits sketched in Figure 8A(iii)-(v); circuit (iii) has been used for the 

first day of immersion, circuit (iv) for 3—20 days of immersion, and circuit (v) for 50—100 days 
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of immersion. In these circuit diagrams, Qc and Rc represent the capacitance and resistance of the 

pristine PEI coating, respectively; Qdl and Rct represent the double layer capacitance and charge 

transfer resistance, respectively, as delineated above for bare AA7075; and Qox and Rox describe 

the capacitance and the resistance, respectively, of the corrosion products that are locally 

accumulated at the coating/electrolyte interface (and bring about local stresses and delamination 

as discussed above). The equivalent circuit in Figure 8A(iii) suffices to fit the EIS response of the 

5 wt.% UFG/PEI coating for the entire immersion time, since no corrosion processes are 

operational at the metal/electrolyte interface, and only slight diffusion of water and ionic species 

within the polymeric matrix is observed. Circuits (iii) and (iv) have been used to fit the EIS 

response measured for 10 and 17 wt.% UFG/PEI coatings; only the former is necessary for the 

first day of immersion, whereas the latter captures the continuing corrosion for the remaining 

duration of salt water immersion. For all the equivalent circuits diagrammed in Fig. 8, constant 

phase elements (CPE) have been used instead of capacitances to take into consideration deviations 

from ideal capacitive behavior.62,63 The impedance of the CPE is defined as ZQ = 1 
Y0(j𝜔𝑛)⁄ , 

where Yo is the admittance of the constant phase element, j is an imaginary number, ω is the 

frequency, and n is an empirical exponent in the range between 0 to 1; n = 0 corresponds to a 

resistor, whereas n = 1 describes a purely capacitive element.63,64  
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Figure 8. A) Equivalent electrical circuits used to model the EIS response for bare AA7075, PEI, 

and UFG/PEI coatings immersed in a 3.5 wt.% aqueous solution of NaCl for 100 days. Evolution 

of equivalent circuit elements derived from fitting of EIS spectra of AA7075 and graphene/PEI 

coatings; B) coating capacitance (Qc), C) coating resistance (Rc), D) double layer capacitance (Qdl), 

and E) charge-transfer resistance (Rct). 
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Modeling the EIS response of the different coatings using the equivalent circuits noted above 

allows for systematic comparison of the magnitude of individual elements as a function of the 

immersion time. Figure 8B plots the time evolution of the coating capacitance (Qc), which is 

related to the dielectric properties of the coatings and is a measure of the efficacy of barrier 

protection that the coatings provide against permeation of water and ionic species. Figure 8B 

indicates that the 5 wt.% UFG/PEI coating exhibits the lowest capacitance values of all of the 

samples, almost an order of magnitude lower than PEI, during the entire immersion time, thereby 

indicating that it provides the best barrier protection against diffusion of water and ionic species. 

In addition, the Qc values remain most constant across the 100 days of salt water immersion with 

only a slight increase suggestive of some permeation of the electrolyte within the coating. In 

contrast, the Qc values for the PEI coating without graphene initially increase during the first 5 

days of immersion as a result of water uptake (water permeation is substantially increased in the 

absence of graphene) by the coating. The Qc value remain essentially constant up to 20 days, 

suggestive of water saturation. However, after 20 days of immersion, a substantial increase of the 

Qc value is observed and can be related to the local delamination of the coating as noted above. 

The Qc values for 10 and 17 wt.% UFG/PEI coatings are significantly higher as compared to the 5 

wt.% UFG/PEI and PEI coatings, suggesting that high concentrations of graphene compromise the 

barrier properties of the polymeric matrix, likely by forming phase segregated domains (Figure 

S2). For these coatings, the Qc value again shows a rapid increase over the first 10 days of salt 

water immersion, followed by a slower increase at longer immersion times. The observed 

trajectory suggests rapid diffusion of the electrolyte during the early stages of salt water immersion 

and continuous deterioration of the coating upon prolonged immersion. The evolution of the 

coating resistance (Rc), shown in Figure 8C is furthermore concordant with the trends observed for 



32 

 

Qc values of the different coatings. Figure 8c shows that the 5 wt.% UFG/PEI coating has the 

highest resistance value with Rc approaching 1011 Ω·cm2 and holding fairly constant over the entire 

immersion time. The PEI coating without graphene also has a high Rc value for the first day of 

immersion (ca. 3×1010 Ω·cm2); however, this value rapidly plummets by over two orders of 

magnitude as a result of the diffusion of electrolyte, which increases the electrical conductivity of 

the coating and eventually results in delamination of the coating from the metal surface. The Rc 

values for the 10 and 17 wt.% UFG/PEI coatings during the first day of immersion are significantly 

lower as compared to the 5 wt.% UFG/PEI coating (ca. 8×108 and 2×108 Ω·cm2, respectively), 

reflective of their greater porosity. A drastic decrease of Rc by almost five orders of magnitude is 

observed upon prolonged immersion of these higher-graphene-content substrates in salt water.  

The Qdl and Rct circuit elements delineated in Figure 8A (i-ii, and iv-v) are related to the charge 

transfer process at the coating/metal interface. No such process is observed for 5 wt.% UFG/PEI. 

Qdl is associated with the distribution of ionic charges at the metal/coating interface, and is 

proportional to the electrochemically active area at the interface.65 Bare AA7075 shows the highest 

Qdl values, which reflects current leakage and the high accessible surface area for activation of 

corrosion processes in the absence of a protective coating. For the PEI-coated sample, relatively 

small and constant Qdl values are observed upon initial immersion (Figure 8D). However, these 

values are increased upon 50 days of immersion as a result of the delamination of the coating from 

the metal substrate, which exposes a larger area for subsequent corrosive attack. The Qdl values 

for 10 and 17 wt.% UFG/PEI coatings are more than two orders of magnitude higher than the 

corresponding values for the PEI coating (Figure 8D). The significant enhancement in 

electrochemically active sites is suggestive of the operation of galvanic corrosion processes, which 

accelerate the anodic dissolution of the aluminum substrate. Notably, the Qdl values continuously 
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increase as a function of the immersion time, which supports the notion stated above that as a result 

of the galvanically coupled corrosion, a passivating layer of solid corrosion products is not formed 

at the metal/coating interface. The charge transfer resistance (Rct) values plotted in Figure 8E are 

in good agreement with the Qdl trends for the different coatings. PEI exhibits the highest charge 

transfer resistance, which increases during the first few days of immersion owing to the 

accumulation of corrosion products at the pit sites, and subsequently decreases as a result of 

delamination of the coating from the substrate. The evolution of Rct for the 10 and 17 wt.% 

UFG/PEI coatings corroborate the proposed galvanically accelerated active corrosion hypothesis 

noted above with no evidence for an increase of charge transfer resistance anticipated when a 

passivating layer is formed at the coating/metal interface. Taken together, analysis of impedance 

data acquired over 100 days of salt water exposure provides unprecedented mechanistic insight 

into the corrosion protection/acceleration endowed by UFG/PEI coatings to aluminum substrates. 

Below the percolation threshold of graphene, the graphene inclusions provide substantially 

increased tortuosity of diffusion pathways and yield an excellent barrier film that protects the 

aluminum substrate from attack by ionic species. In contrast, PEI without graphene is much more 

susceptible to permeation of water and ionic species. Remarkably, above the percolation threshold, 

continuous charge-transfer controlled electrochemical activity continues to occur at the 

electrolyte/metal interface and corrosion proceeds without stabilization of the interfacial 

passivating layer observed for bare AA7075. 
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Figure 9. Cross-sectional SEM images of coatings on Al 7075: A, B) PEI; C, D) 5 wt.% UFG/PEI; 

E, F) 10 wt.% UFG/PEI; and G, H) 17 wt.% UFG/PEI coatings shown before and after exposure 
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to a 3.5 wt.% aqueous solution of NaCl for 100 days. The red arrow delineates a delaminated 

region. 

Figure 9 shows cross-sectional SEM images of the aluminum/coating interface for the PEI 

coating and 5, 10, and 17 wt.% UFG/PEI coatings before and after 100 days of immersion in salt 

water. The PEI coating shows accumulation of corrosion products at the interface as well as notable 

delamination as surmised above from the observed modulation of the OCP (Fig. 5) and Qc circuit 

element values (Fig. 8). As discussed above, preferential deposition of corrosion product at the 

most active sites can give rise to inhomogeneous stress at the interface, resulting in localized 

delamination of the coating. Consistent with the electrochemical characterization discussed above, 

the 5 wt.% UFG/PEI coating is essentially unchanged following salt water exposure without any 

discernible delamination or accumulation of corrosion product across the entire cross-sectional 

area. In stark contrast, the 10 and 17 wt.% UFG/PEI coatings show signs of corrosion of the 

aluminum as well as the accumulation of corrosion product at the surface of the coating. Figure 

10 exhibits Al compositional maps acquired across the interfaces for the four coated samples using 

EDS. While the Al-signal is localized at the substrate for the 5 wt.% UFG/PEI coating, the 

diffusion of Al across the polymer with deposition on the coating surface is observed for the 10 

and 17 wt.% UFG/PEI coatings. This observation is consistent with the mechanism proposed 

above wherein as a result of galvanic coupling of aluminum to the percolative graphene network, 

cathodic reduction of Al3+ species can occur throughout the graphene network or sparingly soluble 

oxidized aluminum species can be deposited onto the coating surface.  
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Figure 10. SEM images and corresponding Al elemental distribution maps measured by EDS for 

each of the coatings exposed through to a 3.5 wt.% aqueous solution of NaCl for 100 days. A, B) 

PEI-coated AA7075; C, D) 5 wt.% UFG/PEI; E, F) 10 wt.% UFG/PEI; G, H) 17 wt.% UFG/PEI. 
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CONCLUSIONS 

In summary, graphene/PEI coatings have been examined for their ability to inhibit the corrosion 

of an aerospace alloy, AA7075, as a function of the graphene loading upon protracted exposure to 

saline environments. Two distinct regimes are distinguished: at low graphene loadings, below the 

percolation threshold, the composite coatings endow long-term corrosion protection as a result of 

the substantially enhanced barrier properties realized by inclusion and dispersion of graphene 

within the polymeric matrix. In contrast, at high graphene loadings, above the percolation 

threshold, the large differential in redox potentials of the AA7075 substrate and the graphene 

network results in galvanic corrosion of the former (Fig. 2). A loading of 5 wt.% exfoliated 

graphite within PEI provides excellent corrosion resistance for aluminum AA7075 surfaces with 

a |Z|0.01Hz maintained in the range of 1.1—3×1010 Ω·cm2 over the course of 100 days of submersion 

in a 3.5 wt.% aqueous solution of NaCl. The in situ synthesis of the polymeric matrix around the 

dispersed graphene platelets and the strong π—π interactions between the basal planes of graphene 

and the aromatic rings of the anhydride precursor ensures a dense nanocomposite with excellent 

dispersion of the filler. The graphene inclusions greatly increase the tortuosity of water permeation 

and ion diffusion pathways from the surface to the substrate as compared to a PEI film of 

comparable thickness that does not include graphene. The latter film does endow some corrosion 

protection by trapping corrosion products at the interface but is nevertheless prone to delamination 

and continued corrosion. 

When the graphene loading is above the threshold value needed to achieve percolation, the 

challenges with corrosion protection of electropositive metals are manifested in full measure. 

Indeed, loadings of 10 and 17 wt.% graphene in PEI accelerate corrosion as a result of pronounced 

differential in redox potentials. Oxidation at the substrate, Al3+ diffusion, and deposition across 
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the graphene network and at the surface is observed without stabilization of a passivating 

interfacial layer. Such coatings with percolative networks of graphene could potentially be used 

for anodic protection upon application of a voltage. Detailed impedance studies allow for 

evaluation of capacitance and resistance elements across 100 days corroborating the distinctive 

mechanisms observed as a function of graphene loadings. The materials developed here thus 

provide an excellent addition to the sparse repertoire of composites that are viable for the 

protection of engineered aluminum alloys. Future work will focus on inclusion of electroactive 

layers such as surface-passivated Mg nanoparticles to additionally impart cathodic protection12,13 

as well as application of recently developed omniphobic composite coatings to limit fluid 

interactions.66  
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