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ABSTRACT 

          Carbon fiber reinforced polymer (CFRP) composites are rapidly replacing metallic 

structural components in aerospace and automotive applications owing to their high strength to 

weight ratio and other excellent mechanical properties. Even though the general practice is to keep 

CFRP composites electrically isolated from aluminum alloys in aircraft structures, they can 

become connected when a layer of moisture condenses over their surfaces creating a galvanic 

couple. In such cases, the more noble carbon fibers of the composite material will act as the cathode 

and aid the reduction of dissolved oxygen. The less noble aluminum alloy will become the anode 

and get oxidized at an accelerated rate– so-called galvanic corrosion which can be catastrophic and 

is a significant challenge encountered in aerospace and automotive assets. Corrosion of the 

aluminum alloy can be inhibited by decreasing the rate of aluminum oxidation, decreasing the rate 

of cathodic reaction, or decreasing the rate of both. The cathodic reaction rate can be reduced by 

blocking the active sites of exposed carbon fibers for O2 chemisorption-the first step of oxygen 

reduction reaction (ORR). This is accomplished by chemically modifying the exposed carbon fiber 

surfaces of the composites.  

          The first part of research described herein focuses on exploring the influence of chemical 

modification of carbon fiber epoxy composite edges with substituted phenyl diazonium adlayers 

on the electrochemical reduction of dissolved oxygen, how stable the modified surface is and how 

much the rate of galvanic corrosion of aluminum alloy is reduced during accelerated degradation 

tests. The electrochemically assisted and spontaneous formation of diazonium molecular adlayers 

on the exposed fibers of a carbon fiber reinforced polymer (CFRP) composites were investigated. 

The formation of stable adlayers was confirmed and adlayer coverage was determined by Raman 

spectroscopy and cyclic voltammetry. The influence of diazonium surface treatment on the ORR 



 
 

kinetics was assessed by measuring the voltammetric curves for dissolved oxygen reduction on 

unmodified and chemically modified composites in naturally aerated 0.5 M Na2SO4. Two 

accelerated degradation test paradigms were investigated: (i) neutral salt spray (ASTM B117) and 

(ii) thin layer mist spray. Galvanic corrosion on the aluminum alloy was evaluated by weight 

change measurements, visual observation with digital optical microscopy and scanning electron 

microscopy, and surface topographical analysis by digital optical microscopy, confocal laser 

microscopy, and optical profilometry. The stability of the adlayer after accelerated degradation 

tests was determined by Raman spectroscopy observing for the presence of the adlayer.  

          Due to the growing demand for titanium alloys in the aviation sector and the high cost 

associated with conventional subtractive manufacturing methods for titanium components, there 

has been a significant focus on utilizing additive manufacturing (AM) techniques for fabricating 

titanium components. Fundamental research is needed to better understand how the fabrication 

parameters influence the material density, microhardness, microstructure, and electrochemical 

corrosion susceptibility of such AM titanium alloys. The second part of this dissertation work 

focuses on investigating the material and electrochemical properties of titanium alloys prepared 

by selective laser melting (SLM). The surface morphology and microstructure of the as-processed 

and surface-pretreated titanium alloy (Ti-5553) specimens were investigated employing scanning 

electron microscopy. The surface pretreatment involved abrading and polishing to reduce the 

surface roughness and smooth the surface texture. The electrochemical corrosion behavior of the 

as-processed and surface-pretreated titanium specimens were studied by performing open circuit 

potential and electrochemical impedance spectroscopy (EIS) measurements and recording 

potentiodynamic polarization curves.  
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CHAPTER 1. INTRODUCTION 

1.1 ALUMINUM AND ALUMINUM ALLOYS   

          Aluminum is the most abundant metal element in Earth’s crust with a silver-white metallic 

appearance and ranks only second to steel and iron in terms of tonnage used annually.1-3 Pure 

aluminum exhibits superior corrosion resistance due to the formation of native, self-healing oxide 

films.4,5 The high ductility of aluminum allows it to be easily shaped and formed into products by 

casting, forming, and powder metallurgy.6 The electrical and thermal conductivity of aluminum is 

second only to copper.7 Aluminum is therefore used extensively in electrical transmission lines, 

heat exchangers, evaporators, electrically heated appliances, and automotive cylinder heads and 

radiators.8,9 Aluminum has a low density of 2.7 g.cm3 which is about one-third of that of steel 

making it a primary choice of material in automotive, aviation, and construction sectors where 

lightweight structures are desirable.10-18 

          The alloys of aluminum are formed by mixing metallic or semi-metallic elements in small 

amounts with pure molten aluminum to achieve unique combinations of properties.4,19 Aluminum 

alloys have become one of the most versatile and economical metal alloy categories, and there are 

more than 530 registered aluminum alloy compositions as of today, according to the Aluminum 

Association.20,21 Aluminum alloys have been predominantly used in the aerospace and automotive 

industries owing to their low density and high strength.22,23 AA2024-T3 and AA7075-T6 are two 

of the most sought-after aluminum alloys in aerospace applications. The four-digit number 

followed by the letter “T” denotes that both are wrought alloys subjected to a series of thermal 

treatments during manufacturing.19,24 The registered elemental composition of AA 2024-T3 and 

AA7075-T6 are presented in Table 1.1.25 AA2024-T3 contains copper (Cu) as the primary alloying 

element, while zinc (Zn) is the principal alloying element of AA7075-T6. AA2024-T3 is typically 
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employed in the manufacturing of aircraft fuselages, wings, and roofs. Conversely, AA7075-T6 is 

mainly used in the construction of horizontal and vertical stabilizers of aircraft tails. 22,23 

Table 1.1. The elemental composition of AA 2024-T3 and AA 7075-T6.  

Wt.% Si Fe Cu Mn Mg Cr Zn Ti Al 

2024-T3 0.5 0.5 3.8-4.9 0.3-0.9 1.2-1.8 0.1 0.2 0.2 Rem. 

7075-T6 0.4 0.5 1.2-2.0 0.3 2.1-2.9 0.2-0.3 5.1-6.1 0.2 Rem. 

1.2 CARBON FIBER REINFORCED POLYMER COMPOSITES 

          A composite is a combination of two or more components with notably different physical 

and chemical characteristics from those of its constituent components.26,27  In a composite, the 

constituents remain physically separate and distinct from each other.28,29 Carbon fiber reinforced 

polymer (CFRP) composites, as the name suggests, embody a polymer matrix reinforced by carbon 

fibers. Carbon fibers contain at least 92 wt.% of elemental carbon and are commercially 

manufactured using pitch and polyacrylonitrile (PAN) precursors.30-32 The excellent mechanical 

properties of CFRP composites, including lightweight, high strength, superior corrosion resistance, 

and outstanding fatigue and damage tolerance, have made them an attractive choice as structural 

materials in the aerospace and automotive industries.33-40 CFRP composites have been successfully 

employed in the manufacturing of Boeing 787 and Airbus A380 civilian aircraft,34,40-43 F35 and 

Typhoon military aircraft44-46 and BMW and Audi automobiles.47-48 The lightweight CFRP 

composites are widely used in various sections of aircraft including wings, fuselages, tails, and 

doors to reduce structural weight and fuel consumption. 34,40-43 

1.3 GALVANIC CORROSION 

          Corrosion is a universal phenomenon and a billion dollar problem annually. Although its 

pervasiveness may often go unnoticed in our daily lives, it has severe consequences and can lead 
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to catastrophic events when proper control and prevention measures are not implemented. 

Corrosion is not only detrimental but also costly. In 2013, the worldwide cost of corrosion was 

estimated at US $2.5 trillion, constituting approximately 3.4% of the global Gross Domestic 

Product (GDP). The profound impact of corrosion extends to the aviation and automotive sectors. 

According to the 2019 report from the LMI Department of Defense on the cost of corrosion, the 

United States Navy and Marine Corps spends approximately US $3.7 billion annually to address 

corrosion-related issues within their aircraft systems. In 2016, a survey revealed that the US 

automobile owners spent approximately US $15.4 billion to repair damage due to corrosion from 

2011 to 2016.  

          Galvanic corrosion is one of the most common and aggressive form of corrosion that occurs 

when two (or more) dissimilar conductive materials are in direct electrical contact in the presence 

of an electrolyte facilitating ion conduction. When direct electrical contact is made, a galvanic  

couple is formed changing the self-corrosion rates of the two dissimilar materials. Upon galvanic 

coupling, one material becomes the anode and corrodes faster than it would otherwise be in 

isolation, while the other material becomes the cathode with a decelerated corrosion rate.49,50 The 

three critical elements required for the formation of a galvanic couple are, 

(i) at least two dissimilar conductive materials with different corrosion potentials 

(ii) direct electrical contact between the materials 

(iii) an electrolyte solution (i.e. water, moisture) 

It is crucial to note that galvanic corrosion cannot occur if any one of these elements is absent. 
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          The carbon fibers in CFRP composites are electrically conductive and electrochemically 

more noble than aluminum in the galvanic series.51-52 Hence, when used together in aircraft and 

automotive structures, the CFRP composites and aluminum alloys can become electrically 

connected through a condensed layer of atmospheric moisture forming a galvanic cell. In such 

cases, the more noble carbon fibers of the composite will act as a cathode and support the oxygen 

(O2) reduction reaction thereby accelerating the oxidation or the so-called galvanic corrosion of 

the less noble aluminum alloy.53-56 Figure 1.1 presents a schematic diagram of the galvanic 

coupling between an aluminum alloy and a CFRP composite. The anodic and cathodic reactions 

taking place respectively at the aluminum alloy and CFRP composite during galvanic coupling at 

neutral pH are as follows.  

Anodic Reaction, 

                                                       𝐴𝑙 →    𝐴𝑙3+ +  3𝑒−                            (1)                    

Cathodic Reaction,      

                                          𝑂2 + 2𝐻2𝑂 +  2𝑒− →  𝐻2𝑂2 + 2𝑂𝐻−           (2)     

Figure 1.1. Schematic diagram showing the anodic and cathodic reactions taking place at an 

aluminum alloy-CFRP composite couple. 

Anode 

Cathode 

e- 
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          The anodic reaction is the oxidation of the aluminum alloy (Reaction 1). This metal 

dissolution reaction produces Al3+ ions and electrons. The cathodic reaction at the exposed carbon 

fiber surfaces of the composite is the reduction of atmospheric O2 dissolved in the 

moisture/electrolyte layer consuming  the electron liberated by the metal oxidation. At neutral pH, 

the oxygen reduction reaction typically occurs at carbon cathodes via a two-electron pathway 

generating hydrogen peroxide (H2O2). Since the ORR kinetics are considerably slower at carbon 

electrodes compared to active metal electrodes such as platinum and gold, the four-electron 

reduction pathway is not supported at carbon electrodes unless a catalyst is introduced.156 The 

following mechanism has been proposed for the reduction of O2 at carbon electrodes.156-159 The 

first step of oxygen reduction reaction (ORR) mechanism is the adsorption of O2 molecules onto 

the active sites of exposed carbon fibers (Reaction 3). During the two-electron pathway, O2 

adsorption occurs “end-on” and the reaction proceeds to form H2O2 following the protonation of 

HO2
- intermediate (Reaction 6).160 

                                                              𝑂2 →  𝑂2 (𝑎𝑑𝑠)                                  (3)                    

                                            𝑂2 (𝑎𝑑𝑠) +  𝑒− +  𝐻2𝑂 →  𝐻𝑂2 (𝑎𝑑𝑠) + 𝑂𝐻−     (4) 

                                                         𝐻𝑂2 (𝑎𝑑𝑠) +  𝑒−  →  𝐻𝑂2
−                     (5) 

                                                    𝐻𝑂2
− + 𝐻2𝑂 →  𝐻2𝑂2 + 𝑂𝐻−                  (6) 

          The prolonged consumption of electrons released by metal dissolution in the cathodic 

reaction escalates the oxidation or galvanic corrosion rate of the nearby aluminum (Figure 1.2) and 

can initiate CFRP composite degradation due to the gradual accumulation of H2O2.
57-59 Galvanic 

corrosion adversely affects the structural integrity of both materials and may lead to massive safety 

risks if left unattended. Hence, it has become a well-known and expensive issue in aviation, 

automotive, and marine applications where aluminum alloy-CFRP composite hybrid components 



6 

 

are extensively used. The standard practice to mitigate the galvanic corrosion of aluminum alloys 

in aircraft structures involves the elimination of direct contact between the two materials by 

inserting insulation layers60–63. Additionally, galvanic corrosion of the aluminum alloy can be 

inhibited by decreasing the rate of the metal oxidation, decreasing the rate of the cathodic reaction, 

or decreasing the rate of both. The inhibition of the rate of anodic metal oxidation is often achieved 

by the application of coating systems on the alloy surface64-65 and is discussed in detail under 

sections 1.4 and 1.5. The rate of cathodic reaction can be decreased for reduced galvanic corrosion 

by coatings and or surface treatments that reduce the rate of oxygen reduction at the exposed 

carbon fibers of the composite.  The presence of a coating or an adlayer on CFRP composite surfaces 

inhibits the first step of ORR mechanism (Reaction 3) through blockade of active sites on exposed 

carbon fibers for O2 chemisorption. In this dissertation work, we employ a widely adopted carbon 

surface treatment technique known as diazonium modification (Section 1.6) to form organic 

adlayers on CFRP composites and investigate the efficacy of the chemical modification in 

decreasing the rate of oxygen reduction, thereby reducing the rate of aluminum alloy oxidation in 

joined test specimens. 

Figure 1.2. Galvanic corrosion damage on an aluminum alloy panel (AA2024-T3) joined to an 

unmodified CFRP composite after a 14-day neutral salt spray exposure. Corrosion damage is 

localized near the edges of the CFRP composite since the edge plane sites are more kinetically 

active for O2 reduction. 

CFRP Composite 

Aluminum Alloy 
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1.4 CORROSION PREVENTION  

           When exposed to the atmosphere, aluminum and its alloys spontaneously react with oxygen 

and generate a thin, passive oxide film that is typically  ̴ 2 nm thick on their surface.66 The self-

healing native oxide films protects the aluminum alloy from further oxidation providing a barrier 

layer between the atmosphere and underlying metal and improves the resistance of the metal to 

general corrosion. 4,67,68 They, however, possess many defects through which ions such as chloride 

(Cl-) can penetrate inducing localized corrosion attacks on the metal and promote the breakdown 

of the passive oxide film.69,70 The aerospace industry routinely employs a multilayer coating 

system for corrosion mitigation of  aluminum and its alloys in the field.71,72    

          A multilayer coating system consists of an initial inorganic conversion coating followed by 

a primer, and a topcoat. Figure 1.3 presents a schematic diagram of a multilayer coating system. 

The thin inorganic conversion coating furnishes anti-corrosion properties to the base metal and 

provides improved adhesion for the subsequent primer layer.73,74 The function of the primer is to 

promote the adhesion with the topcoat as well as to impart corrosion protection.75 The topcoat is 

the final layer and is exposed to the outside environment. It predominantly serves as a barrier and 

protects the underlying layers and the metal from ultraviolet radiation, harsh chemicals, and 

Figure 1.3. Schematic diagram of a multilayer coating system used in aerospace applications on 

aluminum substrates for corrosion mitigation.71, 79  

100 – 300 nm 

15 – 25 µm 

60 – 120 µm 
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moisture.75,76 The topcoat is also used for aesthetic purposes.72,75 Each layer plays a vital role and 

contributes to the overall performance of the coating system. Multilayer coating systems protect 

the aluminum alloy components against corrosion, extending their lifespan in the field. 

1.5 CONVERSION COATINGS 

          Conversion coatings, when applied on aluminum alloys, provide improved corrosion 

resistance properties to the underlying metal, and activate the metal surface for better primer 

receptivity.77  They are thin hydrated metal oxide films formed on aluminum alloy components 

either by immersion or spraying.78 Conversion coatings are typically 100 – 300 nm in thickness, 

depending on the formation conditions and constitute the first layer of a multilayer coating 

system.79 In the past, the metal processing and surface finishing industries relied heavily on 

chromate conversion coatings composed of hexavalent chromium - Cr6+/Cr(VI) corrosion 

inhibitors.80-82 Chromate conversion coatings offer an excellent active corrosion protection to 

aluminum alloys by facilitating the release of chromate (CrO4
2-) ions from the coating, which then 

migrate to the nearby corroding areas of the alloy. Upon reaching these sites, CrO4
2- undergoes 

reduction forming a passivating and chemically inert chromium hydroxide - Cr(OH)3 film.83-84 The 

major drawback associated with chromate conversion coatings lies in the toxicity and 

carcinogenicity of the active chrome species, Cr6+/Cr(VI).85-87 Consequently, the use of hexavalent 

chromium species has been limited through numerous acts and regulations enforced by the 

Environmental Protection Agency (EPA) despite their outstanding corrosion protection.86  

          The aerospace and automotive industries have transitioned away from using chromate 

conversion coatings to more environmentally sustainable and equally effective conversion 

coatings. The trivalent chromium process (TCP) coating formulated and developed by the Naval 

Air Systems Command (NAVAIR) for aerospace aluminum alloys is one of the promising 
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replacements for chromate conversion coatings.88-89 TCP is a non-chromate, trivalent chromium 

(Cr3+) and zirconium (Zr)-based conversion coating.90 Cr3+/Cr(III) is considerably a weaker 

oxidizer and possesses a lower health risk as compared to Cr6+/Cr(VI).91,92 TCP is a leading 

chromate-free conversion coating in the market and has been licensed and vended by several 

companies under different names such as Bonderite® M-CR T 5900 AERO also known as Alodine 

T 5900 (Henkel Corporation), CHEMEON TCP-HF™ (CHEMEON Surface Technology), and 

Luster-On® Aluminescent (Luster-On Products Inc.). While these TCP coating baths have 

chemical compositions that vary from the original NAVAIR TCP composition to some extent, they 

typically contain hexafluorozirconate (ZrF6
2-), Cr3+/Cr(III), sulfate (SO4

2-), and fluoroborate (BF4
-

) salts and an acid with a pH between 3.8 and 4.0.90,93  

         TCP coating formation on aluminum alloys can be achieved by immersion or spray.94 The 

metal surface should be cleaned and properly prepared prior to coating application to ensure 

uniform coverage and good adhesion. The TCP coating has a biphasic structure comprised of an 

inner potassium fluoroaluminate (KxAlF3+x) interfacial layer and an outer hydrated zirconia 

(ZrO2.2H2O) layer and grows up to a thickness of  ̴ 100 nm.93  A well-formed TCP coating provides 

aluminum alloys with protection against corrosion through both anodic and cathodic protection 

mechanisms.95-101 The TCP coating furnishes anodic protection by forming a barrier layer over the 

aluminum (Al) rich sites of the alloy, thereby inhibiting the metal oxidation reaction and cathodic 

protection by blocking the Cu and Fe containing intermetallic particles to inhibit the surface-

sensitive ORR. 95-101 
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1.6 REDUCTION OF ARYLDIAZONIUM SALTS 

          Aryldiazonium salts are organic compounds with a common formula, R-N2
+ X-, where R is 

an aryl group and X is an anion such as chloride (Cl-) or tetrafluoroborate (BF4
-). The 

aryldiazonium salts are formed by a process known as diazotization (Scheme 1.1).Diazotization is 

carried out by addition of nitrous acid (HNO2) to aromatic amines at about 0 °C. HNO2 is usually 

generated in situ from sodium nitrite (NaNO2) and inorganic acid (i.e., hydrochloric [HCl] or 

tetrafluoroboric [HBF4] acid).  

Scheme 1.1 Formation of aryldiazonium salt by diazotization.104 

Scheme 1.2. Homolytic and heterolytic dediazoniation pathways.102,105 
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          Aryldiazonium cations can displace the diazo group as stable dinitrogen (N2). This process 

is called “Dediazoniation”. Dediazoniation occurs in two pathways: homolytic and heterolytic 

(Scheme 1.2). The homolytic dediazoniation pathway involves an electron transfer to the 

diazonium cation resulting in aryl radical. The electron transfer can be achieved electrochemically, 

photochemically, or chemically using a reducing agent.102-104 The heterolytic pathway generates 

an aryl cation via thermal decomposition.105 Many diazonium salts are commercially available and 

stable for months at low temperatures.106  

          The electrochemically-assisted reduction of aryldiazonium salts (Scheme 1.3) originally 

reported by Savéant and coworkers is one of the most common and versatile methods used to 

functionalize carbon electrode surfaces.107 This simple and well-established technique modifies 

carbon surfaces by generating aryl radicals through electrochemical reduction of aryldiazonium 

salts that then can covalently bind with nearby surface carbon atoms forming a adlayer as shown 

in Figure 1.4.108-114 These covalently attached adlayers are generally stable to harsh environments 

and high temperatures.112,115 Compared to surface modification methods such as anodization in 

aqueous medium in which corrosion of the carbon surface can be observed, the diazonium method 

is advantageous owing to its non-corrosive and reproducible nature.108 Multilayers can also be 

formed depending on the electrodeposition conditions such as diazonium cation concentration and 

Carbon 

Substrate 

Scheme 1.3. Electrochemically-assisted reduction of aryldiazonium cations. 

+ 
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reduction time employed for the derivatization.108,114 Further, this surface modification method 

allows the formation of a wide variety of organic adlayers with unique chemical properties on 

carbon utilizing commercially available aryldiazonium salts with different substituents on the 

phenyl group.  

          Spontaneous grafting of aryl groups to carbon and metallic surfaces by immersing the 

substrate in an appropriate diazonium salt solution has been extensively reported in literature.116-

118 Spontaneous grafting occurs under open circuit conditions and does not require any 

electrochemical induction. Spontaneous modification generates covalently attached, stable 

adlayers similarly to the electrochemically-assisted modification but at a slower rate. The 

uniformity and thickness of the spontaneously grafted adlayers depend on the deposition 

conditions such as immersion time, concentration of the diazonium salt solution, and temperature 

as well as the condition of the substrate surface.116 Spontaneous grafting offers a simpler and more 

adaptable approach for compared to electrochemical grafting and its straightforward 

implementation holds a considerable appeal in the industrial field.  

Substrate 

Covalently Attached Adlayer 

Figure 1.4. Formation of the covalently attached adlayer. 
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         Organic adlayers formed on carbon surfaces through electrochemically assisted and 

spontaneous reduction of aryldiazonium cations exhibit barrier properties by acting as an 

insulating spacer that separates the redox molecule from the electrode surface.110,119,120 More 

importantly, glassy carbon electrodes electrochemically grafted by this method with phenyl, 4-

methylphenyl, naphthyl and anthracenyl adlayers have been proven to inhibit the oxygen reduction 

reaction by hindering the electron transfer process.121,122 It is hypothesized that the 

electrochemically assisted and spontaneous diazonium surface treatment yields stable adlayers on 

exposed carbon fiber surfaces of the CFRP composites and that these adlayers will inhibit the 

oxygen reduction reaction kinetics by blocking the active sites on the carbon fibers for O2 

chemisorption; the first step in the ORR. Inhibiting the oxygen reduction reaction kinetics will 

inhibit galvanic corrosion of the joined aluminum alloy and the adlayers will be stable during 

environmental exposure. 

1.7 TITANIUM AND TITANIUM ALLOYS 

          Titanium and its alloys  are another popular metal category that offers many advantages, 

including outstanding mechanical properties and high corrosion endurance, making them a widely 

used material in aerospace,123,124 marine,125,126 automotive127-129 and biomedical applications.130,131 

When exposed to the atmosphere, similarly to aluminum and its alloys, titanium and its alloys 

spontaneously react with oxygen and generate passive oxide (mainly TiO2) films that are typically 

2-5 nm thick on their surface.132-134 These ultra-thin native oxide films exert superior resistance to 

general corrosion. Due to the growing demand for titanium alloys and the high cost associated 

with conventional top-down or subtractive manufacturing methods for titanium components, there 

has been a significant focus on utilizing additive manufacturing or bottom-up techniques for 

fabricating titanium components.135,136 
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1.8 ADDITIVE MANUFACTURING 

          Additive manufacturing (AM), commonly known as 3D printing, is a process by which parts 

and components are fabricated one layer at a time directly from a three-dimensional computer-

aided design (3D CAD) as opposed to conventional subtractive and formative manufacturing 

technologies.137-140 Over the past years, AM has gained a significant interest owing to its promising 

potential to accelerate the advancement of next generation manufacturing processes and unveil 

novel design opportunities. The noteworthy advantages AM offers over traditional manufacturing 

and fabrication techniques, such as extrusion, forging, shape casting, and machining, include the 

ability to design and fabricate geometrically intricate, lightweight structures with improved 

performance, reduced design-to-manufacture time, minimized waste production, and lower 

cost.141,142Powder bed fusion (PBF) and directed energy deposition (DED) are two broad classes 

of metal AM technologies. PBF involves the scanning of metal powders laid down on a build 

platform with an intense heat source (laser or electron beam) and are better suited to fabricate 

smaller structures with complex geometries.135,143,144 In contrast, DED dispenses the metal 

powders to a substrate where a high energy density heat source, such as a laser, electron beam or 

plasma electric arc, is focused and these are more appropriate for manufacturing larger parts with 

a coarser finish.135,145,146 Selective laser melting (SLM) is a rapidly evolving PBF AM technique 

that employs a high-power laser beam to melt and fuse metallic powders preplaced on a build 

platform.147-150 The melting of the regions of interest in a layer-by-layer manner fuses the molten 

metal into the desired structure upon solidification. The process is repeated until the final geometry 

is achieved. Recent advancements in SLM have enabled the bottom-up fabrication of 

geometrically complex titanium and titanium alloy components.  
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          A relatively new titanium alloy is Ti-5Al-5Mo-5V-3Cr (Ti-5553 wt.%); a variation of the 

Russian alloy VT22 (Ti-5Al-5Mo-5V-1Cr-1Fe) developed for improved processability with 

excellent mechanical properties.151 Ti-5553 is a near-β alloy with a nominal density of 4.67 g/cm3 

and an ultimate tensile strength up to 1300 MPa.152  This high strength alloy is used in aircraft 

landing gears (i.e. Boeing 787 Dreamliner), where the structural parts are subjected to heavy 

takeoff weight and high impact loads on landing. 152-155 While several studies have explored the 

microstructure and mechanical properties of Ti-5553 prepared by SLM, there is comparatively 

limited research dedicated to the electrochemical characterization of this alloy.  

1.9 RESEARCH MOTIVATION AND SIGNIFICANCE OF THE WORK  

             With the increased usage of CFRP composites with aluminum alloys in the aerospace 

industry, environmentally friendly surface treatments are needed more than ever to solve the 

galvanic corrosion issue. The first part of research presented herein explores a fundamental surface 

modification technique that holds the potential to evolve into a novel approach for mitigating the 

galvanic corrosion rate of aluminum alloys when integrated with carbon fiber reinforced (CFRP) 

composites in aircraft structures. It is hypothesized that the electrochemically assisted and 

spontaneous diazonium surface treatment yields stable adlayers on exposed carbon fiber surfaces 

of the CFRP composites and that these adlayers will inhibit the oxygen reduction reaction kinetics 

by blocking the active sites on the carbon fibers for O2 chemisorption; the first step in the ORR. 

Inhibiting the oxygen reduction reaction kinetics will inhibit galvanic corrosion of the joined 

aluminum alloy. Furthermore, it is hypothesized that the adlayers will be stable during 

environmental exposure and will support adhesion of primer overlayers. This leads to two specific 

aims. 
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(i) To investigate the electrochemically assisted and spontaneous derivatization of CFRP 

composite edges with aryldiazonium salts, characterize the modified surfaces and 

assess the influence of diazonium surface modification of CFRP composite electrodes 

on the kinetics of oxygen reduction reaction.  

(ii) To determine how effectively the diazonium surface treatment inhibits the galvanic 

corrosion on the wrought aluminum alloys surface treated with TCP coating, when 

joined by metal fasteners, during accelerated degradation testing designed to mimic 

conditions of the service environment.  

          The AM processing conditions influence the grain size and shape, porosity, defects, alloying 

elemental distribution within the matrix and intermetallic phase formation. From a corrosion 

perspective, these are all important factors. Although numerous studies have delved into the 

microstructure and mechanical properties of Ti-5553 alloy produced by SLM, there is a notable 

scarcity of research focused on the electrochemical corrosion behavior of this alloy. To bridge this 

gap in knowledge fundamental research is needed to better understand how the microstructure, 

porosity/defects, and intermetallic phases affect the electrochemical corrosion behavior of SLM 

Ti alloy 5553 with and without surface treatment. The second part of this dissertation thus presents 

an investigation into the material characterization and electrochemical properties of Ti-5553 

prepared by SLM in its as-processed state, as well as after abrading and polishing treatments. 

Overall, this dissertation aspires to contribute to the development and advancement of 

environmentally and economically sustainable material processing technologies within the 

aviation industry. 
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CHAPTER 2. INHIBITION OF THE OXYGEN REDUCTION KINETICS ON CARBON 

FIBER REINFORCED POLYMER COMPOSITES TROUGH ELECTROCHEMICALLY 

ASSISTED DIAZONIUM SURFACE MODIFICATION – IMPACTS ON THE 

GALVANIC CORROSION OF COUPLED AA2024-T3 ALUMINUM ALLOYS 

Chapter adapted from J. Electrochem. Soc. 169(7) 071501 (2022).© The Electrochemical Society. 

Reproduced with permission.  All rights reserved. 

Article: Isuri N. Dammulla and Greg M. Swain. Inhibiting the Oxygen Reduction Kinetics on 

Carbon Fiber Epoxy Composites Through Diazonium Surface Modification-Impacts on the 

Galvanic Corrosion of Coupled Aluminum Alloys. 

2.1 INTRODUCTION 

          Aluminum alloys are one of the most popular metal alloys and have been used in the 

aerospace industry since 1930 owing to their low density, high strength, and corrosion resistance.1-

4 Although a plethora of aluminum alloys exist, only a few such as AA 2024, 6061 and 7075 are 

most utilized as structural components of aircraft. To increase fuel efficiency by reducing the 

aircraft weight, the aerospace industry is now employing carbon fiber reinforced polymer (CFRP) 

composites in military (ex: F35, Typhoon) and civilian (ex: Boeing 787, Airbus A380) aircraft.5 

The desirable mechanical properties of CFRP composites include high strength-to-weight ratio, 

high fatigue resistance, high corrosion resistance, and high damage tolerance.6-9 The use of CFRP 

composites as a structural component of aircraft wings, fuselages, tails, and doors also minimizes 

the number of costly inspections over the aircraft’s lifespan.10 CFRP composite parts are 

commonly joined to aluminum alloy structural components via mechanical fastening (e.g. 

bolting).11  

          When a CFRP composite and an aluminum alloy become electrically connected through a 

layer of condensed moisture, a galvanic couple is created with the more noble exposed carbon 

fibers of the composite acting as a cathode supporting the reduction of dissolved oxygen. The less 
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noble aluminum alloy will become the anode and undergo oxidation at an accelerated rate – so-

called galvanic corrosion.12-14 This corrosion can be catastrophic since it would greatly reduce the 

mechanical strength of the aluminum alloy and can lead to massive safety risks if left unattended. 

The general practice to mitigate the galvanic corrosion of aluminum alloys in aircraft structures 

involves the elimination of direct contact between the two materials by inserting insulation layers 15-17 

and application of coating systems on the alloy surface.18-20 In principle, the rate of galvanic corrosion 

can also be reduced by decreasing the rate of the oxygen reduction reaction (ORR) at the exposed 

carbon fibers of the CFRP composite.  We hypothesize that the ORR can be reduced by blocking 

the active sites on exposed carbon fibers for O2 chemisorption, the proposed first step of oxygen 

reduction reaction (ORR)21-23, by surface modification.  

          The electrochemically-assisted reduction of aryl diazonium salts is a versatile and well-

established surface modification method for carbon materials first introduced by Savéant et al. in 

the early 1990s.24 The reduction of aryl diazonium salts leads to covalent attachment of aryl 

radicals onto the carbon surface. Grafting of substituted aryl moieties on a wide variety of carbon 

substrates including glassy carbon (GC),24, 25 highly ordered pyrolytic (HOPG),26,27 carbon 

fibers,28,29 porous graphitic carbon (PGC),30 screen printed carbon films,31,32 pyrolyzed photoresist 

films (PPF),33,34 carbon black,35 carbon nanotubes,36,37 and boron-doped diamond (BDD)38 by 

employing diazonium chemistry has been described in previous reports. This field has been nicely 

reviewed by Downard.40 Several studies have investigated the influence of diazonium-derived 

monolayers on interfacial electron transfer rates of solution species. Organic adlayers generated 

on carbon surfaces by this derivatization method exhibit barrier properties by acting as an 

insulating spacer that separates the redox molecule from the electrode surface.39-41 More 

importantly, glassy carbon electrodes electrografted by this method with phenyl, 4-methylphenyl, 
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naphthyl and anthracenyl adlayers have proven to inhibit the oxygen reduction reaction by 

influencing the electron transfer process.22,42 

          The work reported herein is a part of an effort to devise an approach to attenuate the galvanic 

corrosion of aluminum alloys coupled to CFRP composites by inhibiting the cathodic oxygen 

reduction reaction kinetics. In the present work, we demonstrate the generality of the method by 

reacting diversely substituted phenyl radicals and other aryl radicals with CFRP composites and 

the influence of diazonium surface modification on the reduction of dissolved oxygen.  

2.2 EXPERIMENTAL METHODS 

Chemical and Reagents. Acetonitrile (Sigma Aldrich) was distilled (1x) and stored over activated 

5 Å molecular sieves prior to use. Tetrabutylammonium tetrafluoroborate (NBu4BF4), 4-

nitrophenyl diazonium tetrafluoroborate, potassium chloride (KCl), sodium sulfate (Na2SO4), and 

potassium ferrocyanide (K4Fe(CN)6) were all purchased from a commercial supplier (Sigma 

Aldrich) and used as received. Turco 6849 (20% v/v, Henkel Corp., Madison Heights, MI) was the 

commercial degreasing solution used. Turco Liquid Smut-Go (20% v/v, Henkel Corp., Madison 

Heights, MI) served as the commercial deoxidizing solution. Bonderite T-5900 RTU (Henkel 

Corp., Madison Heights, MI) was the commercial TCP coating bath studied. All aqueous solutions 

were prepared with ultrapure water (> 17 MΩ-cm) from a Barnstead E-Pure water purification 

system. 

Carbon Fiber Reinforced Epoxy (CFRP) Composite Electrodes. A standard airframe composite 

panel (AS4/3501-6) was provided courtesy of the Polymer and Composites Division at the Naval 

Air Systems Command (Patuxent River, MD). The panel was a cross-ply [0/90]4s laminate, which 

is useful for resin-dominated tests of compression, flexure, and shear. It was prepared with an 

intermediate modulus PAN carbon fiber and a toughened epoxy prepreg (3501-6) from Hexcel. 
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The layup was an orthogonally oriented ply (0/90-degree direction 4 times). A symmetric layup at 

the mid-plane was used to keep the composite from warping due to differences in thermal 

expansion coefficients of the epoxy and the carbon. The total layup was 16 plys 

(0/90/0/90/0/90/0/90/90/0/90/0/90/0/90/0).  A phenolic sizing material was applied to the carbon 

fibers before preparing the composite in order to promote stronger bonding with the epoxy matrix. 

The composite thickness was 0.25 cm. The CFRP composite panels were cut into 2.4 cm × 1.8 cm 

pieces and the electrodes were prepared as shown in Figure 2.1 by inserting a copper wire into a 

hole drilled on the topside of the CFRP specimen for electrical connection with the carbon fibers. 

The composite electrode design was validated in a previous work by verifying that the carbon 

fibers on the CFRP composite are electrically connected to the copper wire current collector at the 

top side through electrodeposition of Ag particles.43 The edge of the composite is where the 

exposed and electrochemically active carbon exists. The geometric area of the exposed edge (a 

single edge) used in the electrochemical measurements was 0.45 cm2. Currents and surface 

coverages were normalized to this area. 

Figure 2.1. (A) Diagram of the CFRP composite electrode configuration for the electrochemical 

tests. One polished and cleaned edge of the composite was exposed to the electrolyte solution 

and served as the working electrode. (B) Photograph of the actual CFRP specimen.  
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CFRP Composite 
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Pretreatment of CFRP Composite Electrodes. The edge of the CFRP composite electrode was first 

abraded on a wet P1500 grit aluminum oxide sandpaper for 3 minutes. This was followed by a 10-

minute ultrasonic cleaning in ultrapure water. The composite edge was then mechanically polished 

with decreasing grades of alumina powder (1, 0.3, and 0.05 μm) slurried in ultrapure water on 

separate felt polishing pads to smooth the surface. After each polishing step, the composite was 

rinsed with and ultrasonically cleaned in ultrapure water for 15 minutes to remove polishing 

residue. A final ultrasonic cleaning was then performed in pure acetonitrile for 10 minutes.  

Surface Modification of CFRP Composite Electrodes. The surface modification was performed in 

an electrochemical-assisted mode using a three-compartment, three-electrode glass cell with a 

platinum (Pt) flag counter electrode, a silver quasi-reference electrode (AgQRE), and the 

pretreated CFRP composite working electrode. The aryldiazonium salts utilized in this study were 

(i) 4-nitrophenyldiazonium tetrafluoroborate (NP), (ii) 4-nitroazobenzene tetrafluoroborate (NAB) 

and (iii) 2-fluorenediaazonium tetrafluoroborate (FL) and are presented in Figure 2.2. The 

electrochemical surface modification of the exposed carbon fibers was performed by cyclic 

voltammetry in deaerated acetonitrile containing a solution of 5 mM of the diazonium salt 

dissolved in 0.1 M tetrabutylammonium tetrafluoroborate (NBu4BF4) supporting electrolyte. The 

applied potential was scanned from 0.6 to -0.5 V (vs Ag QRE) at 50 mV/s to electrochemically 

reduce NP and NAB and form the organic adlayer. In an effort to form a dense adlayer, 25 potential 

cycles were used. After the modification, the CFRP composite electrode was thoroughly rinsed 

with water and acetonitrile. The derivatized electrode was then placed in deaerated 0.1 M NBu4BF4 

dissolved in acetonitrile and background cyclic voltammograms were recorded at 50 mV/s. These 

curves were compared with curves recorded for the composite electrode prior to derivatization. 

Raman spectroscopy was performed to confirm the presence of the adlayer.  
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Material Characterization. Scanning electron microscopy was performed at the Center for 

Advanced Microscopy (MSU) using a JSM-6610LV (JEOL USA) general purpose microscope. 

Accelerating voltages used were between 10-15 kV with a working distance 10 – 13 mm. Raman 

spectroscopy was performed using a inVia™ confocal Raman microscope (Renishaw). The 

instrument consisted of a confocal microscope connected to a continuous wave, diode-pumped 

solid-state laser (100 mW with 10 mW applied at the sample) having a fundamental emission at 

532 nm. The CFRP composite specimen was positioned under the laser light using a motorized 

stage. The stage position was controlled, and spectral data acquired with instrument’s software 

(WiREInterface). This software allows for control of the laser power, integration time, spectral 

range covered, and stage positioning for mapping a sample. A Leica (50×/0.75 N.A.) objective lens 

was used for focusing the excitation light and collecting the scattered radiation. A notch filter was 

used to remove the Rayleigh scattered laser light. Each spectrum was acquired using a 1 μm spot 

size with an integration time of 10 s. Each spectrum presented represents the average of 5 spectral 

A 

B 

C 

Figure 2.2. Chemical structures of the (A) 4-Nitrophenyl, (B) 4-nitroazobenzene and (C) 2-

fluorene diazonium cations. 
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acquisitions at each point. An 1800 lines mm–1 holographic grating was used for separating the 

Raman scattered light into its component wavelengths.  

Electrochemical Measurements. All the electrochemical measurements were performed in a three-

compartment, three-electrode glass cell with a platinum (Pt) flag counter electrode, a silver 

chloride reference electrode (Ag/AgCl, 4M KCl) and the chemically modified CFRP composite 

working electrode. The CFRP electrode preparation and electrochemical measurements with it 

were described elsewhere.43 Only the edge opposite of that of the electrical contact was utilized in 

these measurements. The electrochemical measurements were made using a computer-controlled 

workstation (Model 900, CH Instruments, Austin, TX). Cyclic voltammograms were recorded in 

a 1M KCl solution at 50 mV/s to study the influence of diazonium modification on the magnitude 

of the background charging current and capacitance. Open circuit potential (OCP) measurements 

were recorded for at least 30 min until stabilization. Electrochemical impedance spectroscopy 

measurements (EIS) measurements were then performed at the OCP from 106 to 10−2 Hz (10 mV 

sine wave) in naturally aerated 0.5 M Na2SO4. The blocking properties of the NP and NAB adlayers 

were investigated by cyclic voltammetry in naturally aerated 0.5 mM K4Fe(CN)6 + 0.5 M Na2SO4. 

Some electrochemical measurements were made in naturally aerated 0.5 M Na2SO4 (pH 5-6) at 

room temperature to assess the impact of the surface functionalization on the background 

voltametric current and oxygen reduction reaction kinetics. 

Aluminum Alloy Preparation. Wrought aluminum alloy 2024-T3 was obtained as a 1 mm-thick 

sheet (www.onlinemetals.com) and cut into 5.5 cm × 3.6 cm pieces. The specimens were 

mechanically abraded with a 1500 grit sandpaper for 4 minutes and ultrasonically cleaned in 

ultrapure water for 20 minutes. The specimens were then fine polished with 0.3 μm alumina 

powder (Buehler) slurried in ultrapure water on a felt polishing pad for 4 minutes and ultrasonically 

http://www.onlinemetals.com/
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cleaned in ultrapure water for another 20 minutes to remove polishing debris. This was followed 

by a degreasing step at 55 °C for 10 minutes in Turco 6849 (Henkel) alkaline degreaser. The 

specimens were then gently rinsed with flowing city tap water for 2 minutes. The specimens were 

then deoxidized by immersing in Turco Liquid Smut-Go NC (Henkel) at room temperature for 2 

minutes. This will be followed by another 2-minute tap water rinse. The alloy specimens were then 

surface treated with trivalent chromium process (TCP) conversion coating by immersion in 

Alodine T5900 (Henkel) at room temperature for 10 minutes. Finally, the coated specimens were 

immersion rinsed in a beaker full of city tap water for 2 minutes, a beaker of ultrapure water for 

30 seconds, and air dried for at least 12 hours in a covered container before further use. 

Neutral Salt Spray Testing (ASTM B117) Coated aluminum alloy specimens were joined with 

diazonium modified or unmodified CFRP composite specimens, as shown in Figure 2.3, using a 

stainless-steel fastener. The composites were derivatized by immersing the specimens (bottom and 

two sides) and applying 25 potential cycles in a solution of 5 mM of the diazonium salt dissolved 

in 0.1 M tetrabutylammonium tetrafluoroborate (NBu4BF4) supporting electrolyte. In this way, the 

three polished and cleaned edges, as well as the fastener hole, were functionalized at the same 

Figure 2.3. Configuration of the joined aluminum alloy-CFRP composite specimen (A) top view 

(B) side view. The geometric ratio of the cathode to anode exposed areas was 0.3 (5.3 cm2 for 

the CFRP and 19.8 cm2 for the aluminum alloy).  
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time. The top side of the composite specimens with the attached Cu wire was not derivatized. The 

stainless-steel fastener threads were covered with Teflon tape to prevent electrical connection with 

the hole wall. The bolt head and nut were covered with a commercial siliconized sealant (DAP 

KWIK SEAL ULTRA) to repel moisture and electrically isolate the metal from the solution mist. 

The back side of the aluminum alloy specimens was covered with corrosion tape (Corrosion-

Protection, 3M™, Scotchrap™) so that only the front surface and the edges were exposed to the 

salt fog environment.  

          Mechanically fastened aluminum alloy-CFRP composite specimens (Figure 2.4A), joined 

with a torque of 45 lb.-in, were exposed to a continuous salt fog generated with 5 wt. % NaCl at 

35 ± 1 °C in a commercial salt spray chamber (Figure 2.4B, Associated Environmental Systems-

MX 9204) for 7 days according to ASTM B117 (Standard Practice for Operating Salt Spray (Fog) 

Apparatus). At the end of the 7-day test period, the coupled  specimens were removed, 

disassembled, and rinsed thoroughly with and ultrasonically cleaned in ultrapure water for 30 

minutes to remove salt deposits. They were then ultrasonically cleaned in concentrated HNO3 for 

10 minutes to dissolve corrosion product, dried thoroughly with N2 gas, and weighed. Ultrasonic 

A B 

Figure 2.4. Photographs of (A) a joined aluminum alloy-CFRP composite specimen couple and  

(B) the salt spray chamber (Associated Environmental Systems-MX 9204). 
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cleaning in HNO3 was repeated until the mass change of a specimen was negligible (≤ 0.002 g).44 

This was followed by a through rinsing in ultrapure water and drying under a stream of N2 gas 

prior to any weight measurement or additional analysis. The cleaned specimens were analyzed by 

digital optical and scanning electron microscopy to determine the surface texture, pit dimensions, 

and other corrosion damage. 

Corrosion Damage Evaluation. The following scale, developed by the U.S. Army Material 

Command, was used to grade the alloy specimens after the neutral salt-spray exposure: Stage 0 – 

shows no visible corrosion;  Stage 1 – sample discoloration and staining; Stage 2 – loose isolated 

rust or corrosion product and early stage pitting of the surface along with minor etching; Stage 3 

– more extensive rust or corrosion product, minor etching, pitting and more extensive surface 

damage; Stage 4 – extensive rust or corrosion product formation, extensive etching, blistering, 

deadhesion and pitting that has progressed to the point where the life of the specimen has been 

affected.45  

2.3 RESULTS 

Material Characterization. Figure 2.5 presents SEM micrographs of the abraded and polished 

composite electrode edge prior to derivatization. Micrographs at two different magnifications are 

presented, 140× (Figure 2.5A) and 750× (Figure 2.5B), showing the orthogonal arrangement of 

carbon fiber bundles in the laminate. The diameter of the carbon fibers is ca. 6 µm. Full polishing 

followed by ultrasonic cleaning produced a clean surface suitable for electrochemically assisted 

surface modification (Figure 2.5C and D).  The surface is devoid of any detectable polishing debris 

(e.g., alumina powder or carbon particles) meaning that the ultrasonic cleaning in ultrapure water 

and acetonitrile is effective at cleaning the surface. Surface debris, if present, would interfere with 

the surface modification. Previous work revealed a similar morphology of the CFRP composite 
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edges.50 

          A Raman spectrum of the carbon fibers on a polished and unmodified CFRP composite edge 

is shown in Figure 2.6. The Raman spectrum was obtained on a region of the composite edge 

where the cylindrical carbon fibers were exposed. Raman spectral features are sensitive to the 

microstructure of the carbon.53-56 The a-and c-axis coherence lengths, La and Lc, as well as the 

interlayer d002 spacing all affect the spectral features.53,55 The spectrum for highly ordered pyrolytic 

graphite (HOPG; single crystal sp2-bonded carbon) consists of a single narrow peak at ca. 1580 

cm-1.54 This is the so-called G-band with E2g symmetry and arises from the in-plane stretching of 

D 
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A B

Figure 2.5. Backscattered electron SEM micrographs of the CFRP composite edge showing the 

orthogonal arrangement of carbon fiber bundles in the laminate at (A) 140×, (B) 750× 

magnifications. Higher magnification secondary electron SEM micrographs showing regions of 

the composite edge after wet abrading with P1500 grit aluminum oxide, polishing with decreasing 

grades of alumina powder, and ultrasonic cleaning in ultrapure water where the cylindrical carbon 

fibers (C) and the distal ends (D) are exposed.  
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the C−C bonds of the aromatic rings (i.e., lattice vibrational mode). As the amount of 

microstructural disorder in HOPG increases (i.e., the size of the graphite crystallites decreases (< 

1000 Å)), the Raman intensity increases for a so-called D-band or A1g mode at ca. 1350 cm-1. The 

D band corresponds to scattering from local defects or microstructurally disordered regions.53-56 

 A linear relationship between the 1350 cm-1 intensity and increasing values of the quantity, 1/La , 

is well established.53,55 This is reflective of the decreased microcrystallite size (i.e., increased 

microstructural disorder). This A1g vibrational mode becomes active near crystallite edges or 

defects, as discussed by Tuinstra and Koenig.53 The Raman spectrum for the CFRP carbon fibers 

presented in Figure 2.6 consists of two distinct peaks at  1355 cm-1 and  1590 cm-1. The ratio of the 

D/G band intensities is 0.28 indicating that the carbon fibers are of intermediate modulus with a 

relatively low faction of exposed graphitic edge plane (i.e., a more graphitized exterior 

microstructure).  

1355 

1590 

Figure 2.6. First-order Raman spectrum for the carbon fibers exposed on an abraded and 

polished CFRP edge. 
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Surface Functionalization. Three diazonium salts were used to modify the CFRP composite edges, 

NP and NAB. Both molecular structures are presented in Figure 2.2. The diazonium surface 

modification is based on the reductive formation of a para-substituted phenyl radical followed by 

covalent attachment with radical sites on the carbon surface according to the general reaction 

scheme: 

X-C6H4N2
+ + e- → X-C6H4● + N2  (1) 

    X-C6H4● + CF → CF-C6H4-X        (2)  

in which X is the functional group in the para position on the phenyl ring (e.g., NO2 or 

nitroazobenzene) and CF is the exposed carbon fiber surface.  

          Figure 2.7 shows typical cyclic voltammograms recorded during the reduction of 4-

nitrophenyl diazonium tetrafluoroborate (Figure 2.7A), 4-nitroazobenzene diazonium 

tetrafluoroborate (Figure 2.7B) and 2-fluorene diazonium tetrafluoroborate (Figure 2.7C) salts, all 

dissolved in acetonitrile containing 0.1 M NBu4BF4. The solution was deaerated with a 15-minute 

N2 purge prior to the derivatization. The CFRP edge was abraded and polished, as described above, 

prior to derivatization. A well-defined, irreversible reduction peak is seen at -0.1 V for 4-

nitrophenyl diazonium, at 0.1 V for 4-nitroazobenzene diazonium and at -0.2 V for 2-fluorene 

diazonium on the first scan, which is attributed to the 1e- reduction of the aryl diazonium molecule 

to the corresponding aryl radical.28-31,57-59 The potential at which the reduction of each 

aryldiazonium precursor occurs depends on the stability of the aryl radical product. The charge 

passed during the first scan is largest and progressively decreases with cycle number. In other 

words, the irreversible reduction peak disappears after the first scan. This reflects an inhibition of 

the electron transfer reaction due to surface passivation that follows from the attachment of 

nitrophenyl (NP), nitroazobenzene (NAB), and fluorene (FL) molecules on the exposed carbon 
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fibers.28-31,57-59 

 Prior to grafting the NP, NAB and FL groups, the CFRP composite edge was pretreated by 

performing a few cyclic voltammetric scans over the same potential range in a deaerated solution 

containing only the solvent, acetonitrile, and the supporting electrolyte, NBu4BF4. These 

observations point to the covalent attachment of the para-substituted aryl radicals (AR) onto the 

carbon surface. The success of carbon surface derivatization hinges upon the fact that the aryl 

radicals produced by the above reaction are generated in the interfacial region and can immediately 

Figure 2.7. Repetitive cyclic voltammetric i-E curves recorded for a CFRP composite electrode 

edge in deaerated acetonitrile + 0.1 M NBu4BF4 containing (A) 5 mM 4-nitrophenyldiazonium 

tetrafluoroborate (NP), (B) 5 mM 4-nitroazobenzenediazonium tetrafluoroborate (NAB) and (C) 5 

mM 2-fluorenediazonium tetrafluoroborate. Scan rate = 50 mV/s. Total potential cycles = 25. 
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react with the surface. The results observed for the CFRP are consistent with what has been 

previously reported for glassy carbon,28 highly oriented pyrolytic graphite30 and carbon fibers.33 

For example, it has been reported that the electrochemical reduction of nitrophenyl or other 

substituted phenyl diazonium molecules leads to a monolayer film of substituted phenyl groups on 

the surface28,30,57,58 and that the binding is non-selective for basal or edge plane sites on the carbon 

surface28,45,57. Multilayers can also be formed depending on the electrodeposition conditions 

employed for the derivatization.59-61  

 The electrochemically active admolecule coverage can be determined by recording cyclic 

voltammetric i-E curves for the modified surface in the pure electrolyte solution. Figure 2.8A and 

B present representative curves for (A) NP- and (B) NAB- modified CFRP surfaces. The 

measurements were made in deaerated 0.1 M NBu4BF4 in acetonitrile. The curves for both adlayers 

reveal a reduction peak prior to the onset of solvent/electrolyte reduction and a corresponding 

oxidation peak. The redox couple is the one-electron reduction of the nitro group to the radical 

anion and oxidation back to the neutral nitro group (R-NO2 +e- →R-NO2
●-).57 The reduction peak 

Figure 2.8. Cyclic voltammetric i-E curves of a CFRP composite electrode modified with (A) 4-

nitrophenyl diazonium and (B) 4-nitroazobenzene diazonium  adlayers in acetonitrile + 0.1 M 

NBu4BF4. Scan rate = 50 mV/s. Adlayers were formed using 25 potential cycles. 

A 

F
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potential for the NP- and NAB-modified CFRP specimens is -0.9 V. The oxidation peak potentials 

are -0.8 to -0.7 V. The oxidation peak current increased linearly with the scan rate consistent with 

a surface-confined redox species (R2 = 0.9954).  

          Integration of the oxidation peak charge yields the electrochemically active surface 

coverage, 𝑄 = 𝑛𝐹𝐴𝑁,  where Q is the peak area or charge in coulombs, n is the number of electrons 

transferred per molecule, F is the Faraday constant, A is the geometric area of the composite edge 

in cm2 and N is the number of moles electrolyzed. The results from integration of the oxidation 

peaks in Figure 2.8 reveal apparent surface coverages of 14.2 ± 1.7 nmol/cm2 for the NP and 8.7 

± 1.8 nmol/cm2 for the NAB adlayers. These surface coverage values are reported as mean ± std. 

dev. for three composite specimens.  The theoretical monolayer coverages of NP and NAB 

admolecules have been calculated for the case of close packing on a flat surface. Assuming 

bonding at the edge of the phenyl ring, the theoretical coverages are 1.2 nmol/cm2 and 1 nmol/cm2, 

respectively, for NP and NAB.57,62 Both calculated surface coverages on the modified CFRPs are 

larger than the theoretical monolayer coverage. The is because the geometric area of the CFRP 

edge used to normalize the data is significantly lower than the true carbon fiber surface area. 

Another possible explanation is the formation of multilayers because of scanning the potential 

from 0.6 to -0.5 V (vs Ag QRE) at 50 mV/s for 25 potential cycles during the derivatization.59-61 

Control measurements involving immersion of a CFRP edge in the diazonium solution for an 

equivalent time to that used for the electrochemically assisted derivatization (ca. 5-10 min) 

revealed no evidence for surface adsorption or any NO2 group electrochemical activity. This 

observation indicates that the aryl adlayers are in fact grafted to and not just physisorbed on the 

surface. The grafted adlayers are extremely stable and difficult to remove from the CFRP surface, 

like other diazonium modified carbon electrodes.33,40,63-65 Rinsing and ultrasonic cleaning of the 
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composites for up to 30 min in acetonitrile produced no change in the cyclic voltammetric response 

(e.g., Figure 2.8) for the modified CFRP. The adlayer was also stable during a 7-day neutral salt 

spray exposure, as discussed below. The only way to effectively remove the adlayer is by 

mechanical abrading and polishing. It should be noted that the admolecule coverage for FL-

modified CFRP composite surfaces cannot be determined this way due to the absence of the 

electrochemically active -NO2 groups in the structure.    

 Raman spectroscopy was also used to confirm the presence of the adlayer on the CFRP 

surface. The spectrum of a 4-nitrophenyl diazonium tetrafluoroborate salt particle and a CFRP 

surface modified with an NP adlayer are presented in Figure 2.9. The Raman bands were assigned 

to vibrational modes based on assignments reported in the literature.57,62 The Raman band positions 

and assignments for the nitrophenyl solid and NP adsorbate are listed in Table 2.1. In some cases, 

the adsorbate bands were downshifted relative to the nitrophenyl diazonium solid, and others were 

upshifted. In general, the band positions were reproducible for the modified CFRP specimens. The 

spectral features are largely conserved between those of the reference salt and the modified CFRP 

Figure 2.9. Visible Raman spectra of (A) solid 4-nitrophenyl diazonium salt and (B) a 4-

nitrophenyl-modified CFRP composite edge. The spectrum in B has been background corrected 

using the spectral features for the unmodified carbon. 
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surface. Primary peaks seen are for the phenyl ring C=C stretching mode at 1610 cm-1, the NO2 

symmetric stretching mode at 1360 cm-1, aromatic ring C-H bending modes at 988, 1180 and 1210 

cm-1, and an NO2 bending mode at 811 cm-1. These spectra features were not detected on a CFRP 

surface simply immersed in the diazonium solution for a time like that needed for the 

electrochemically assisted derivatization and rinsed in acetonitrile. Taken together, the results 

confirm the grafting of the NP adlayer on the carbon fiber surfaces. 

 Figure 2.10 presents Raman spectra for 4-nitroazobenzene diazonium tetrafluoroborate salt 

and a CFRP surface modified with a NAB adlayer. The Raman band positions and assignments for 

the nitroazobenzene solid and the NAB adsorbate are listed in Table 2.1.57,62 In some cases, the 

adsorbate bands were downshifted relative to the nitroazobenzene diazonium solid, and others 

were upshifted. Primary peaks seen are for the phenyl ring C=C stretching mode at 1598 cm-1, the 

N=N stretching mode at 1450 cm-1, the phenyl-NN stretch at 1130 cm-1, and the NO2 symmetric 

stretching mode at 1340 cm-1. Taken together, the Raman spectra for both the NP and NAB 

modified surfaces are consistent with covalently bonded organic adlayers on the CFRP surface. 

A 

F

Figure 2.10. Visible Raman spectra of (A) solid 4-nitroazobenzene diazonium salt and (B) a 4-

nitroazobenzene-modified CFRP composite edge. The spectrum in B has been background 

corrected using the spectral features for the unmodified carbon. 
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          Raman spectra for 2-fluorene diazonium tetrafluoroborate salt and a CFRP surface modified 

with a FL adlayer are shown in Figure 2.11. The Raman spectrum of 2-fluorene diazonium (Figure 

2.11A) salt exhibits Raman peaks for the -CH2 valence and deformation vibrations at 1471 cm-1 

and 1494 cm-1, the -CH2 hydrogen bending mode at 1178 cm-1, and the bending of benzene 

hydrogen at 1149 and 1184 cm-1. Additionally, the Raman bands between 800 and 1100 cm-1 can 

be attributed to the C-C vibrations and the Raman band at ~1229 cm-1 originates from the vibration 

of the direct C-C linkage between the two benzene rings. All these prominent Raman peaks are 

present on the Raman spectrum of the FL-modified electrode (Figure 2.11B) confirming the 

formation of a FL adlayer on the carbon fiber surface. The absence of the Raman peak at ~1540 

cm-1 corresponding to the N=N stretching mode is ascribed to the elimination of  N2 during the 

reduction of the diazonium cation. 

 

 

 

 

A 
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F

Figure 2.11. Visible Raman spectra of (A) solid 2-fluorene diazonium salt and (B) a 2-fluorene-

modified CFRP composite edge. The spectrum in B has been background corrected using the 

spectral features for the unmodified carbon. 
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Table 2.1. Assignment of the Raman spectral bands observed for the diazonium-modified CFRP 

specimens.57,62. 

 

Electrochemical Properties. The effect of the diazonium adlayers on the electrochemical behavior 

of the CFRP edge was investigated (see Figure 2.1). Figure 2.12 presents background cyclic 

voltammetric i-E curves for unmodified and modified composites in 1M KCl.  The background 

Solid NP 

Raman shift /cm-1 

NP Modified 

Raman shift /cm-1 
Vibrational Mode 

857   812 ± 1 NO2 bend 

1070   988 ± 4 Phenyl in plane C-H bend 

1105 1179 ± 2 Phenyl in plane C-H bend 

1129 1211 ± 2 Phenyl in plane C-H bend 

1357 1358 ± 3 NO2 symmetric stretch 

1576 1615 ± 2 Phenyl C=C stretch 

Solid NAB 

Raman shift /cm-1 

NAB Modified 

Raman shift /cm-1 
Vibrational Mode 

1110 1105 ± 2 Phenyl ring - NO2 

1150 1140 ± 2 Phenyl ring - N=N stretch 

1336 1341 ± 1 NO2 symmetric stretch 

1412 1401 ± 1 N=N stretch + Phenyl ring with NO2 

1450 1450 ± 1 N=N stretch 

1594 1596 ± 2  Phenyl C=C stretch 

Solid FL 

Raman shift /cm-1 

FL Modified  

Raman shift /cm-1 
Vibrational Mode 

850 874 ± 3 C-C vibrations 

1149 1057 ± 2 Phenyl ring H bending  

1178 1110 ± 2 H bending -CH2 

1184 1139 ± 2 Phenyl ring H bending 

1229 1324 ± 1 Direct C-C between phenyl rings 

1471 1452 ± 3 Valence vibrations -CH2 

1494 1471 ± 1 Deformation Vibrations -CH2 

1540 - N=N stretch 
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current and charge within the voltametric envelope decrease in the following order: unmodified 

>> NP modified > NAB modified.  

          The passivation of the composite surface by the diazonium adlayers is the reason for the 

lower current and charge. The adlayer essentially extends the counterbalancing charge on the 

solution side of the interface further away from the charged electrode surface and this results in a 

reduced capacitance. The passivation of the composite surface by the diazonium adlayers is the 

reason for the lower current and charge. The adlayer essentially extends the counterbalancing 

charge on the solution side of the interface further away from the charged electrode surface and 

this results in a reduced capacitance. The background current at several potentials in this range 

increased linearly with the scan rate for both the unmodified and modified composite specimens 

indicating the current is capacitive or pseudocapacitive in nature. The charge within the 

voltammetric envelope is ca. 2× lower for the NP modified and ca. 3× lower for the NAB modified 

specimens, as compared to the unmodified control. The apparent capacitance, Cdl, based on the 

current measured at 0.2 V, is 197, 104 and 70 μF/cm2, respectively, for the unmodified, the NP, 

Figure 2.12. Background cyclic voltammetric i-E curves in 1 M KCl for unmodified, 4-

nitrophenyl-modified, 4-nitroazobenzene-modified and 2-FL modified CFRP composite 

specimens. Scan rate = 50 mV/s. The diazonium adlayers were formed using 25 potential cycles. 
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and the NAB modified specimens. These values are normalized to the geometric area of the CFRP 

edge, which is much lower than the true surface area of the carbon fibers exposed. This leads to a 

relatively large apparent Cdl value. We do not have a good measure of the real surface are exposed. 

Additionally, the background current measured for the CFRP specimen likely contains a 

contribution from pseudocapacitance arising from redox-active and ionizable carbon-oxygen 

functional groups that populate the exposed edge plane sites of the carbon fibers.66-68 This, along 

with the uncertainty in the real surface area of the carbon fibers exposed on the composite edge, 

leads to the larger apparent capacitance values. For low oxygen glassy carbon, for example, a 

capacitance of 20-30 μF/cm2 is expected.67,68 The key take-home message is still clear though and 

that is the reduced background current and charge arises from the presence of the covalently 

attached adlayer.  

 The electrochemically assisted modification of carbon material surfaces with diazonium 

molecule adlayers is straightforward and the modified electrode response toward various solution-

based redox systems has been reported previously.45-47,58,65,69 Experiments were performed in this 

work to probe for the blocking layer effect of the diazonium adlayers using the ferri/ferrocyanide 

redox system. Figure 2.13 presents cyclic voltammetric i-E curves for 0.5 mM Fe(CN)6
-3/-4 in 0.5 

M Na2SO4 under deaerated conditions at 0.05 V/s for the unmodified and diazonium-modified 

CFRP specimens. The Fe(CN)6
-3/-4 redox system exhibits a heterogeneous electron-transfer rate 

constant that strongly depends on the surface cleanliness and exposed microstructure of sp2 carbon 

electrodes.58,70,71 Diazonium adlayers generally totally block electron transfer for this redox 

system.45-47 The data presented here indicate this too is the case for the diazonium-modified CFRP 

specimens. For the unmodified specimen, a well resolved, quasi-reversible redox response is 

observed with an oxidation peak at ca. 0.31 V and a reduction peak at ca. 0.23 V. The Ep is 83 
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mV. Quasi-reversibility was determined from the observation that the peak splitting increased with 

scan rate over the range of 0.05 to 0.25 V/s. The oxidation peak current on the forward sweep was 

ca. 118 μA. The oxidation peak current increased linearly with the scan rate1/2 over the scan rate 

range probed. This indicates the oxidation reaction kinetics are limited by diffusion of Fe(CN)6
-4 

to the CFRP surface. Importantly, both diazonium adlayers totally inhibit the redox reaction. 

Surface interactions of this redox system with the electrode surface are blocked by the adlayer, and 

apparent the electron tunneling probability through the adlayer is  low. 45-47,58,70,71 

Inhibition of the Oxygen Reduction Reaction. Figure 2.14 shows cyclic voltammetric i-E curves 

for an unmodified CFRP specimen in 0.5 M Na2SO4 with and without dissolved oxygen. Clearly, 

in this electrolyte solution at ~pH 6, dissolved oxygen reduction commences at -0.2 V. A reduction 

current of ca. -90 μA is seen at the most negative potential, -0.8 V. 

Figure 2.13. Cyclic voltammetric i-E curves recorded for 0.5 mM Fe(CN)6
-3/-4 in 0.5 M Na2SO4 

at unmodified, 4-nitrophenyl-modified, and 4-nitroazobenzene-modified CFRP composite 

specimens. Scan rate = 50 mV/s. The diazonium adlayers were formed using 25 potential cycles. 
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 Figure 2.15 presents cyclic voltammetric i-E curves for dissolved oxygen reduction at 

unmodified and diazonium-modified CFRP specimens. The curves were recorded in naturally 

aerated 0.5 M Na2SO4 at 0.01 V/s. The least negative onset potential is seen for the unmodified 

specimen with a value of ca. -0.2 V. The largest current for dissolved oxygen reduction is also seen 

for the unmodified specimen with a value of ca. -90 μA at -0.8 V.  For the nitrophenyl and 

nitroazobenzene modified composite specimens, the onset potential for the dissolved oxygen 

reduction current is shifted to more negative potentials of ca. -0.4 V and the current at -0.8 V is 

reduced by close to 50%, as compared to the unmodified specimen. The more negative onset 

potential for the oxygen reduction current at the diazonium-modified specimens is consistent with 

the electron transfer kinetics being inhibited by the adlayer. FL modified composite specimen 

reduced the current by about 34%. However, there is not total inhibition of the current for the 

small, neutral O2 molecule like there is for the anionic Fe(CN)6
-3/-4. Ideally, near total current 

inhibition would be desired for maximum suppression of the aluminum alloy galvanic corrosion 

Figure 2.14. Cyclic voltammetric i-E curves for an unmodified CFRP composite specimen in 

naturally aerated and deaerated 0.5 M Na2SO4.  Scan rate = 0.01 V/s. 
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rate. The fact that there is some reduction current means that there are likely defects in the adlayers 

or incomplete adlayer coverage such that the O2 molecule can penetrate and reach the underlying 

carbon. Apparently, the anionic Fe(CN)6
-3/-4 is unable to penetrate these defects. Data for three 

specimens of each type are summarized in Table 2.2. Preliminary results, not reported herein, 

indicate that spontaneously formed (24 h immersion) NAB diazonium adlayers on the CFRP 

specimens more effectively inhibit the current for dissolved oxygen reduction than do the 

electrochemically assisted formed adlayers suggesting a more complete, less defective adlayer 

coverage is possible. These results will be reported on separately. 

Table 2.2. Summary of electrochemical data for the dissolved oxygen reduction reaction (ORR) 

at unmodified and diazonium-modified CFRP specimens.  

Data are presented as mean ± std. dev. for n=3 specimens of each type. 

 Unmodified NP Modified NAB Modified FL Modified 

ORR Onset 

Potential (V) 
-0.143 ± 0.022 -0.329 ± 0.043 -0.398 ± 0.065 -0.235 ± 0.035 

ORR Current at -

0.8 V (µA) 
-112.2 ± 19.3 -56.3 ± 5.7 -47.7 ± 4.5 -58.1 ± 5.6 

Figure 2.15. Cyclic voltammetric i-E curves for an unmodified CFRP composite specimen (green) 

and CFRP specimens modified with 4-nitrophenyl (blue), 4-nitroazobenzene (red) and 2-fluorene 

adlayers in naturally aerated 0.5 M Na2SO4.  Scan rate = 0.01 V/s. 
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 The nominal open circuit potential (OCP) values for unmodified and diazonium-modified 

CFRP composite specimens recorded vs. Ag/AgCl in 0.5 M Na2SO4 are presented in Table 2.3. 

The nominal OCP values for unmodified, NP-modified, NAB-modified and FL-modified CFRP 

composites are 0.149 ± 0.025 V, 0.275 ± 0.013 V, 0.274 ± 0.017 V and 0.263 0.015 V respectively. 

The positive shift in OCP after the surface modification is reflective of the passivation of exposed 

carbon fiber surfaces on the composite edge due to adlayer formation. The table also presents OCP 

data for TCP-coated AA2024-T3 specimens in the same electrolyte solution.72 The values for the 

CFRPs are 375 to 500 mV more noble than the value for the TCP-coated aluminum alloy. 

Therefore, when a galvanic or contact cell is formed between the two materials, the CFRP will 

serve as the cathode and support the reduction of dissolved oxygen while the aluminum alloy will 

serve as the anode and undergo oxidation and dissolution. 

Table 2.3. Summary of the nominal open circuit potential (OCP) values for unmodified and 

diazonium-modified CFRP specimens in naturally aerated 0.5 M Na2SO4.  

 

 

 

 

 

 

Data are presented as mean ± std. dev. for n=3 specimens of each type. 

Neutral Salt-Spray Exposure. The degree to which galvanic corrosion of TCP-coated AA2024-T3 

alloys is inhibited when coupled with CFRP specimens modified with diazonium adlayers was 

assessed during a 7-day neutral salt spray exposure. The two materials were mechanically joined 

using a stainless-steel fastener, as described in the Experimental  section. Figure 2.16 presents 

digital micrographs of aluminum alloys before and after exposure to the salt spray environment. A 

Material OCP (V) vs. Ag/AgCl 

Unmodified CFRP 0.149 ± 0.025 

NP-modified CFRP 0.275 ± 0.013 

NAB-modified CFRP 0.274 ± 0.017 

FL-modified CFRP 0.263 ± 0.015 

TCP-coated AA2024-T3 -0.225 ± 0.020 (from ref. 72) 
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TCP-coated AA2024-T3 alloy specimen before the salt spray exposure shows no visible defects, 

surface imperfections or discolorations (Figure 2.16A). The uncoated AA2024-T3 alloy coupled 

with an unmodified CFRP composite (Figure 2.16B) shows severe and widespread corrosion 

damage (stage 4) after just 3 days into the salt spray test, even under the area where the composite 

was attached.  This indicates that galvanic corrosion, crevice corrosion, and general corrosion all 

occurred on this specimen.  

B 

F

A 

F

C 

F

D 
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F

Figure 2.16. Digital optical micrographs of the AA2024-T3 panels (5.5 cm × 3.6 cm) (A) with a 

TCP coating and before salt spray exposure, (B) uncoated and joined with an unmodified CFRP 

composite after just 3 days of neutral salt spray exposure, (C) TCP coated and joined with an 

unmodified CFRP composite after 7 days of neutral salt spray exposure, (D) TCP coated and joined 

with a 4-nitrophenyl diazonium adlayer after 7 days of neutral salt spray exposure, and (E) TCP 

coated and joined with a 4-nitroazobenzene diazonium adlayer after 7 days of neutral salt spray 

exposure. TCP coated AA panels joined with 2-FL diazonium were tested for 14 days and the test 

results are reported in Chapter 3. 
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          TCP is a non-chromated, trivalent chromium (Cr3+) and zirconium-based conversion coating 

that provides aluminum alloys with protection against corrosion through anodic protection, 

cathodic protection, or both.72,74-80 The TCP coating furnishes anodic protection by coating the Al 

rich sites of the alloy (physical blocking) thereby inhibiting the metal oxidation reaction and 

cathodic protection by blocking the Cu-containing intermetallics.74-80 Significant corrosion 

damage (stage 3) is observed on TCP-coated AA2024-T3 specimen that was joined with an 

unmodified CFRP composite after 7 days (Figure 2.16C). The TCP coating adheres well to the 

alloy and provides good protection on the panel away from where the CFRP was joined. A few 

discolored areas are seen, as indicated by the yellow circles. The corrosion damage was limited to 

the alloy adjacent to the unmodified composite, mainly in the form of trenching. There was no 

evidence for undercutting of the TCP coating suggestive of strong adhesion with the alloy. The red 

arrows identify the damaged areas. There was also damage in and around the fastener hole on the 

alloy and some corrosion damage underneath the area where the composite was joined. This 

indicates that both galvanic and crevice corrosion occurred on the alloy specimen. The TCP coating 

prohibited general corrosion of the outer panel. The micrographs of TCP-coated alloy specimens 

joined with NP and NAB modified CFRP composites (Figure 2.16D and E), on the other hand, 

reveal much less corrosion damage (stage 2) after 7 days. The trenching degradation near the 

composite edge was greatly reduced by the modified CFRP edges. Crevice corrosion underneath 

the composite was also greatly reduced. Additionally, there was minimal degradation in and around 

the fastener hole. There is some minor discoloration seen, as identified with the yellow circles, and 

some isolated pitting corrosion on the outer panel, as demarked with the red circles. Overall, 

though, the NP and NAB surface modifications greatly reduced the galvanic, crevice and general 

corrosion of the TCP-coated alloy.  The SEM-EDS spectra not reported herein showed that the 
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discolored areas (circled in yellow) on the TCP-coated alloy specimens are the regions where the 

coating coverage has been compromised during the neutral salt spray exposure.  

 A more quantitative corrosion damage assessment was performed by comparing the weight 

loss and corrosion intensity data. The resulting data are presented in Figure 2.17. The uncoated 

AA2024-T3 joined with an unmodified CFRP composite exhibited the largest weight loss per cm2 

because of the extensive corrosion damage after just 3 days. Since the TCP conversion coating 

provides an anodic protection to the aluminum alloy, the weight loss due to corrosion damage after 

7 days was 2× lower as compared to the uncoated aluminum alloy even when joined with an 

unmodified CFRP composite specimen. TCP-coated AA2024-T3 joined with NP and NAB 

modified CFRP composites exhibited the smallest weight loss values. The corrosion intensity, 

defined as the weight loss of the aluminum alloy per m2 per year, decreased in the same order as 

weight loss. Uncoated AA2024-T3 coupled to unmodified CFRP composite > TCP-coated 

AA2024-T3 coupled to unmodified CFRP composite > TCP-coated AA2024-T3 coupled to 

diazonium modified CFRP composites. 

Figure 2.17. Weight loss (blue curve) and corrosion intensity (red curve) data for AA2024-T3 

panels joined with unmodified/diazonium modified CFRP composites after a  (A) 3 or (B,C,D) 7-

day neutral salt spray exposure. Data are presented as mean ± std. dev. for n=3 specimens of each 

type. Blue curve is the weight loss data. Red curve is the corrosion intensity data.  
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          Aluminum alloy corrosion can be greatly accelerated when electrically coupled with a CFRP 

composite consisting of exposed and electrically conducting carbon fibers.15-17,81-84The corrosion 

damage on the TCP-coated alloy when joined with an unmodified CFRP edge (see Figure 2.16C) 

is primarily in the form of localized trenching near the edge of the composite and in the fastener 

hole. Since the TCP coating adhesion is strong, there is no delamination or coating lift off, rather 

the oxidation of the alloy proceeds inward with depth into the alloy right around the edge of the 

composite. 

          Figure 2.18 presents an optical micrograph of the TCP-coated AA2024-T3 specimen where 

an unmodified composite was joined (left, dashed outline). The outline reveals the region where 

the CFRP specimen was joined. There is clearly some significant alloy degradation and dissolution 

around the fastener hole and the hole wall (as evidenced in other microscopy data in Figure 

2.16).22,23,83 Even though the fastener was electrically isolated with insulating tape and sealant, 

moisture was apparently able to penetrate the hole of the CFRP composite and reach the alloy 

surface such that some galvanic corrosion occurred in and around the hole. Clearly, if the alloy 

Figure 2.18. Plan view digital optical micrograph of a TCP-coated AA2024-T3 panel coupled to 

an unmodified CFRP composite specimen after 7 days of continuous neutral salt spray exposure 

(left). 3D contour plots generated from optical microscopy data at points 1-3 along the corrosion 

trench adjacent to the CFRP edges.  
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degradation was caused by galvanic corrosion, then mass transport of oxygen to the interior was 

not inhibited in a major way. There is clearly corrosion damage underneath the CFRP composite, 

so crevice corrosion was also a degradation mechanism.15-17,83 Moisture and dissolved oxygen 

intrusion under the composite may have been the pathway to the hole. At points 1-3 along the alloy 

corrosion trench, digital optical microscopy was used in the 3D contour plot mode to depict the 

alloy dissolution. The degradation was discontinuous in the damaged area ranging from isolated 

pits in region 1 that were 50-100 μm in diameter and 10’s of μm in depth, to coalesced pits in 

region 2, to a large area of metal dissolution 100’s of μm across and 10’s of μm in depth in region 

3. This kind of material loss was not seen near the edges of the diazonium- modified CFRP 

specimens.  

A 

B 

D C 

Figure 2.19. (A) Schematic diagram of a TCP-coated AA2024-T3 panel showing where the CFRP 

composite was joined and where the 3D contour plots  were collected. Optical profilometry 3D 

contour plots of TCP-coated AA22024-T3 panels joined to (B) unmodified, (C) NP modified, and 

(D) NAB modified composites after 7 days of salt spray exposure. 
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          Figure 2.19 presents the optical profilometry 3D contour plots obtained for TCP-coated AA 

panels joined to unmodified, NP modified, and NAB modified CFRP composites after exposing 

them to salt spray for 7 days. Clearly, the average surface roughness and pit depth is greater for 

the alloy panel joined with unmodified composite. In contrast, the 3D contour plots for alloy panels 

joined with electrochemically modified composites reveal relatively smoother surface texture due 

to reduced galvanic corrosion.  

 A key question regards the stability of the diazonium adlayers during the 7-day salt spray 

exposure. Raman spectra presented in Figure 2.20 for NP and NAB modified CFRP composite 

edges reveal that indeed both organic adlayers are still present and are stable at least over 7 days. 

Raman spectra were recorded along an 80 μm line scan at 50×. Spectra were  acquired at 1 μm 

distances and a select number of these are presented in the figure.  The characteristic peaks for NP 

and NAB organic layers (see Table 2.1) are reflected in the spectra. There is some reduction in 

intensity of Raman peaks, as compared to the spectra in Figures 2.9 and 2.10 for modified 

specimens prior to the salt spray exposure.  This suggests there may be some loss of admolecules 

from the surface during the testing period. Overall, though, the general finding is that the adlayers 

are stable during exposure to the continuous salt spray.  

Figure 2.20. Raman spectra of (A) 4-nitrophenyl modified and (B) 4-nitroazobenzene modified 

CFRP composite specimens after a 7-day neutral salt spray test. The line scan spectra were 

collected on both modified specimens on the cylindrically oriented fibers in the composite. 

B 

F

A 
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Carbon Corrosion. Microstructural damage and carbon corrosion were observed on the CFRP 

specimen edge after the 7-day neutral salt spray exposure. Carbon corrosion and composite 

degradation have previously been reported in galvanic corrosion studies of CFRP composites 

joined with metal alloys, and upon exposure to electrochemical conditions.50,82-85 As can be seen 

in the SEM micrographs presented Figure 2.21, quite significant carbon fiber breakage and carbon 

corrosion occurred on the unmodified CFRP specimen during salt spray exposure (Figure 2.21B) 

as compared to the specimen before exposure (Figure 2.21A). Yellow arrows in Figure 2.21B 

identify regions of carbon fiber damage on the cylindrical and distal ends of the fibers. There is 

also detachment of the sizing material and epoxy matrix from some fibers as identified by the red 

arrows. While some carbon fiber damage is present on the NAB modified specimen (Figure 

2.21C), the extent of the damage is less than that seen for the unmodified specimen after 7 days. 

There is some damage on the diazonium  modified specimen, as the electrochemical data presented 

above suggest, the adlayer has defects or is not completely formed across the exposed carbon fibers 

such that dissolved oxygen can penetrate and be reduced at the underlying carbon surface. Of 

course, over a prolonged period, microstructural degradation and carbon corrosion could reduce 

the integrity and mechanical strength of the CFRP. We have previously reported significant epoxy 

debonding and degradation in the forms of cracks and fissures in CFRP composite specimens 

during a 7-day neutral salt spray exposure when electrically connected to an aluminum alloy.50 

There was, however, no apparent microstructural degradation of the carbon fibers or carbon 

corrosion. We believe that the degradation may result from the accumulation of hydrogen peroxide 

in the condensed solution layer at the interface between the CFRP and the TCP-coated aluminum 

alloy.50 The hydrogen peroxide is produced from the reduction of dissolved oxygen by the 2 

proton/2 electron pathway.24-27,85 The molecule is a strong oxidation that chemically attacks both 
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the epoxy and carbon fibers. A second possible mechanism could be the alkaline pH of the 

condensed solution layer due to the proton consuming cathodic reactions. Carbon can undergo 

etching or dissolution in strongly alkaline media.86-88 

2.4 DISCUSSION 

This study revealed that aryl diazonium adlayers can be covalently attached to the exposed carbon 

fibers of CFRP composites using an electrochemically assisted process, and that the surface 

pretreatment reduces the galvanic corrosion damage on TCP-coated aluminum alloy 2024-T3 

specimens when joined with a modified CFRP and subjected to an accelerated degradation test. 

A 

B 

C 

Figure 2.21. SEM micrographs of (A) polished unmodified CFRP composite before, (B) 

unmodified and (C) 4-nitroazobenzene modified CFRP composite specimens after a 7-day neutral 

salt spray test.  
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The test used for assessment was a 7-day continuous neutral salt spray exposure. While there are 

many examples in the literature describing the surface modification of sp2 and sp3 carbon materials 

with diazonium adlayers for various electrochemical purposes, this is the first example of using 

the surface pretreatment to reduce the effects of galvanic corrosion on aerospace aluminum alloys 

and the associated carbon fiber degradation in CFRP composites. At least in a short-term neutral 

salt spray environment, both the 4-nitrophenyl (NP) and 4-nitroazobenzene (NAB) adlayers are 

stable on the carbon fiber surface and significantly reduce the alloy degradation by galvanic and 

crevice corrosion. The electrochemical reduction of either NP or NAB diazonium molecules by a 

one-electron reaction forms a phenyl radical and N2. The phenyl radical then reacts with the carbon 

surface by covalent attachment to an unsatisfied valence or adding to a carbon-carbon double 

bond.28-33 The surface modification can be accomplished in an electrochemically-assisted mode, 

as is the case for this work, or by spontaneous deposition (data to be reported separately).89,90 In 

the electrochemically-assisted mode, a well-defined reduction peak is seen on the first scan that 

decreases in magnitude on the second and subsequent scans. This is because the exposed carbon 

fibers of the CFRP composite (edges and fastener hole wall) undergoes modification with the 

organic adlayer, which tends to inhibit further diazonium reduction. The adlayers will form on both 

the defects and graphitic edge plane sites as well as the basal plane sites of the exposed carbon 

fibers. 28,45,57 

 The adlayers are quite stable and withstand at least 7 days of the neutral salt spray 

environment. This is expected as the diazonium adlayers on carbon are known to be stable with 

solution exposure, ultrasonication, temperature, etc.33,40,63-65  Cyclic voltammetric measurements 

revealed about a 50% reduction in the kinetically controlled reduction current for dissolved O2 

reduction on both the NP and NAB surfaces and about 34% reduction on FL surfaces. Complete 
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inhibition was not achieved because the adlayer may not be fully covering the surface or may 

possess some defects through which O2 can diffuse and reach the underlying carbon surface. 

Recent data for spontaneously formed (24 h soak) NP and NAB  adlayers revealed near complete 

inhibition of the O2 reduction current and even less galvanic corrosion damage than is reported 

herein for TCP-coated AA2024-T3 specimens. The digital microscopy and the weight loss metrics 

revealed significantly reduced galvanic and crevice corrosion of the aluminum alloy when joined 

with either NP or NAB modified CFRP specimens. The decrease in the rate of dissolved O2 

reduction on the more noble CFRP specimens by the aryl diazonium adlayers leads to a decrease 

in the rate of aluminum alloy oxidation and dissolution. This is attributed to the either blocking 

adsorption sites for the O2 and/or reaction intermediates; the first step in the surface-mediated 

reduction reaction, or the adlayer produces an increased electron tunneling barrier to the O2 

molecule.  

 Interesting is the observation that the carbon fibers of the CFRP specimen undergo 

microstructural degradation and corrosion during the 7-day salt spray exposure. We have 

previously reported epoxy debonding and cracking in these composite specimens during a 7-day 

neutral salt spray exposure.50  This damage is linked to electrochemical processes occurring at the 

exposed carbon fibers.85 It was concluded that the damaged under the cathodic conditions is linked 

to H2O2 produced in the electrolyte solution layer from the reduction of dissolved O2. In that work, 

carbon corrosion or microstructural degradation of the carbon fibers was not observed.  

Importantly, the carbon corrosion and microstructural degradation observed in the present work is 

significantly reduced by the diazonium adlayer. 

 During the salt spray test, a thin electrolyte solution layer, rich in O2 from the atmosphere, 

is deposited continuously on the specimen surface.91,92 A high diffusional flux of O2 occurs through 
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the thin solution layer due to the large concentration gradient. The solution layer also serves as a 

reservoir for reduction and oxidation reaction products. The adlayer is not expected to affect the 

O2 flux through the thin solution layer but does serve to inhibit the rate of the reduction reaction. 

Corrosion product accumulation can occur in the thin solution layer. In addition, pH changes and 

increases in the local concentration of pre-existing anions, like chloride,  can occur to increase the 

anodic dissolution rate.91,92 The general carbon corrosion reaction to produce CO2 is shown in 

equation 3.  

C + 2H2O → CO2 + 4H+ + 4e-         (3) 

We suppose that carbon fiber corrosion can occur by one of two mechanisms. If O2 reduction is 

occurring by the 2-electron/2-proton reduction (end-on) to produce H2O2, this strong oxidation 

could accumulate in the solution layer and oxidatively attack the carbon, the epoxy, and the 

interface between the two. Under neutral pH conditions, the redox rection proceeds according to 

equation 4, 

O2 + 2H2O + 2e- → H2O2 + 2OH-      (4) 

H2O2 accumulation in the thin solution layer could lead to carbon oxidation according to the 

following net redox reaction, 

C + 2H2O2 → CO2 + 4H2O       (5) 

Within the thin solution layer, there can be pH changes due to proton consuming cathodic reactions, 

such as the 2-electron/2-proton reduction to H2O2 shown in equation 4. The O2 reduction reaction 

can also proceed by the 4-electron pathway to form hydroxide according to equation 6, 

O2 + 2H2O + 4e- → 4OH-          (6) 

Both reactions would lead to an increasing alkaline solution layer such that the following carbon 

oxidation reaction could occur,86-88 
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C + 6OH- → CO3
2- + 3H2O + 4e-       (7) 

 Finally, the reduced crevice corrosion underneath the CFRP composite seen for the 

diazonium modified specimens could result from greater physical interaction between the 

composite and the alloy. Exposure of the entire CFRP specimen in the diazonium acetonitrile 

solution used for the electrochemically assisted derivatization could soften up the outer region of 

the epoxy layer on the surface of the composite. When the composite is mechanically fastened to 

the aluminum alloy, a tighter seal with more physical interaction with the alloy may result. This 

serves to inhibit the penetration of solution into the crevice between the two.  

2.5 CONCLUSIONS 

We tested the hypothesis that the formation of covalently attached adlayers on the exposed carbon 

fiber surfaces of the CFRP composite edges by the electrochemically assisted reduction of para 

substituted aryldiazonium salts will inhibit the oxygen reduction reaction kinetics and thereby 

reduce the rate of galvanic corrosion of conversion-coated aluminum alloy when mechanically 

joined with the modified composite. Key findings from the work can be summarized as follows. 

1. The electrochemically assisted reduction of 4-nitrophenyl and 4-nitroazobenzene diazonium 

salts generates stable adlayers on CFRP composite edges with apparent electrochemically 

active surface coverage of 14.2 ± 1.7 and 8.7 ± 1.8 nmol/cm2, respectively for NP and NAB 

adlayers.  

2. Cyclic voltametric data reveal reduced background current and capacitance for the diazonium 

modified CFRP edges consistent with the presence of an organic adlayer. Furthermore, the 

redox chemistry of the soluble, surface-sensitive Fe(CN)6
-3/-4 redox couple is blocked by both 

NP and NAB adlayers.  
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3. Raman spectroscopy confirmed the presence of the adlayers after modification and their 

stability during exposure to the 7-day continuous neutral salt spray. 

4. Cyclic voltametric data revealed that both NP and NAB adlayers reduced the current for 

dissolved oxygen reduction by 50%, and FL adlayer suppressed the current for oxygen 

reduction by 34% as compared to the unmodified specimen. Complete inhibition is not 

achieved because the adlayer may not be fully compact across the surface or may possess some 

defects through which O2 can diffuse and reach the underlying carbon surface. 

5. Both adlayers significantly reduce the galvanic, crevice and general corrosion of TCP-coated 

AA2024-T3 alloy specimens when a modified CFRP composite is joined during a 7-day 

continuous neutral salt spray exposure. Visible degradation and weight loss metrics (mass loss 

per cm2 and corrosion intensity) are significantly reduced for the diazonium modified CFRP 

specimens. 

6. The results indicate that this CFRP surface treatment is an effective approach for reducing the 

galvanic corrosion of  aluminum alloys.   
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CHAPTER 3. MITIGATION OF THE GALVANIC AND CARBON CORROSION IN 

AA2024-T3 ALUMINUM ALLOY - CARBON FIBER REINFORCED POLYMER 

COMPOSITE JOINTS BY SPONTANEOUS DEPOSITION OF DIAZONIUM 

ADLAYERS ON EXPOSED CARBON FIBERS 

Chapter adapted from J. Electrochem. Soc. 170(9) 091503 (2023).© The Electrochemical Society. 

Reproduced with permission.  All rights reserved. 

Article: Isuri N. Dammulla and Greg M. Swain. Inhibiting Metal Galvanic and Carbon Corrosion 

in Aluminum Alloy-Carbon Fiber Reinforced Composite Joints by Spontaneous Deposition of 

Diazonium Adlayers on Exposed Carbon Fibers.  

3.1  INTRODUCTION 

          The use of carbon fiber reinforced polymer (CFRP) composites as a structural component 

of military and civilian aircraft has increased over the years owing to their high strength to weight 

ratio, high damage tolerance, fatigue resistance, and corrosion resistance.1-5 In the assembly of 

aircraft structures including wings, fuselages and horizontal and vertical stabilizers of the tail, 

CFRP composites are joined to metallic materials, such as aluminum alloys, by adhesive bonding 

or mechanical fastening using bolts and rivets.6,7 Carbon fibers of the CFRP composite are more 

noble than aluminum alloy in the galvanic series. Therefore, when CFRP composites and 

aluminum alloys are assembled, a galvanic couple can result if a layer of moisture/electrolyte 

condenses over the contact area facilitating ion conduction. In such cases, the more noble carbon 

fibers of the composite will function as a cathode for the reduction of dissolved oxygen and 

accelerate the oxidation rate of the less noble aluminum alloy– so-called galvanic corrosion.8,9 This 

is a significant problem on aerospace assets. The rate of galvanic corrosion can be reduced by 

eliminating the direct contact between the two materials,9 using coating systems that provide a 

corrosion protection for the alloy surface10,11 and/or applying coatings or adlayers on the CFRP 

composite to inhibit the cathodic oxygen reduction reaction.  
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          The electrochemically assisted reduction of aryldiazonium salts is an extensively studied 

surface modification method for carbon electrode materials, which involves a reductive one-

electron transfer to the aryldiazonium cation generating aryl radicals at the electrode interface that 

can covalently bind to carbon,12,13 metal,14,15 and semiconductor16,17 surfaces. The properties of the 

organic adlayers grafted on conductive surfaces by this method can be tailored by simply varying 

the substituent groups on the aryl ring. We have previously reported that the galvanic corrosion of 

aluminum alloys is attenuated when joined with a CFRP composite surface treated with an organic 

adlayer via the electrochemically assisted reduction of aryldiazonium salts. This surface treatment 

inhibits the oxygen reduction reaction by blocking the active sites on exposed carbon fibers for O2 

chemisorption - the first step of oxygen reduction reaction (ORR) in aqueous media.18 Even though 

the electrochemical reduction of aryldiazonium salts is a simple and rapid way of covalently 

attaching aryl groups to the carbon surface, grafting of diazonium salts on CFRP composites 

without any electrochemical assistance would be more practical for application in assembly or 

repair processes.  

          Spontaneous grafting of aryl groups to carbon and metallic surfaces by immersing the 

substrate in an appropriate diazonium salt solution has been reported in literature.19-22 Spontaneous 

modification by immersion under open circuit conditions can produce a covalently attached and 

chemically stable adlayer similar to that produced by the electrochemically assisted process, but 

at a slower rate. The uniformity and thickness of the spontaneously grafted adlayers depend on the 

deposition conditions, such as immersion time, concentration of the diazonium salt solution and 

temperature and the state of the substrate surface.19  

          In the present work, we demonstrate the modification of exposed carbon fiber surfaces of 

CFRP composites by spontaneous covalent attachment of aryl diazonium adlayers and report on 
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their influence on the reduction of dissolved oxygen and the galvanic corrosion of conversion-

coated AA2024-T3 alloys during a 14-day neutral salt spray exposure.  

3.2 EXPERIMENTAL METHODS 

Chemical and Reagents. Acetonitrile (Sigma Aldrich) was distilled and stored over activated 5 Å 

molecular sieves prior to use for removal of water impurity. Tetrabutylammonium 

tetrafluoroborate (NBu4BF4), 4-nitrophenyl diazonium tetrafluoroborate, and sodium sulfate 

(Na2SO4) were all purchased from a commercial supplier (Sigma Aldrich) and used as received. 

The 4-nitroazobenzene diazonium tetrafluoroborate and 2-fluorene diazonium tetrafluoroborate 

salts were provided by Professor Richard McCreery and his group at the University of Alberta. 

Turco 6849 (Henkel Technologies, Madison Heights, MI), after dilution to 20 % v/v, was used for 

degreasing the specimens. Turco Liquid Smut-Go (Henkel Technologies, Madison Heights, MI), 

after dilution to 20% v/v, was used to deoxidize the aluminum alloy specimens. Bonderite T-5900 

RTU (Henkel Technologies, Madison Heights, MI) was the commercial trivalent chromium 

process (TCP) coating bath used as-received. All commercial solution dilutions and aqueous 

electrolyte solutions were prepared with ultrapure water (> 17 Ω-cm) from a Barnstead E-Pure 

water purification system.  

Carbon Fiber Reinforced Epoxy (CFRP) Composite Specimens. A standard airframe composite 

panel (AS4/3501-6) was provided courtesy of the Polymer and Composites Division at the Naval 

Air Systems Command (Patuxent River, MD). The panel was a unidirectional cross-ply [0/90]4s 

laminate prepared with an intermediate modulus polyacrylonitrile (PAN) carbon fiber (7 µm 

diam.) and a toughened epoxy prepreg (3501-6) from Hexcel. The layup was an orthogonally 

oriented ply (0/90-degree direction). A symmetric layup at the mid-plane was used to keep the 

composite from warping due to differences in thermal expansion coefficients of the epoxy and 
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carbon fibers. The total layup was 16 plys (0/90/0/90/0/90/0/90/90/0/90/0/90/0/90/0).  A phenolic 

sizing material was applied to the carbon fibers before preparing the composite to promote stronger 

bonding with the epoxy matrix. The composite specimen thickness was 0.25 cm. The CFRP 

composite panels were cut into 2.4 cm × 1.8 cm pieces for the laboratory tests. Electrical 

connection was made by inserting a copper wire into a hole drilled on one edge of the specimen 

and affixing it in place with conducting epoxy, as previously reported.18,23 Good electrical 

connection with the carbon fibers was verified using the electrodeposition of Ag particles.23 The 

geometric area of the exposed edge (a single edge) used in the electrochemical measurements was 

0.45 cm2. Currents and surface coverages are normalized to this area.  

Pretreatment of CFRP Composite Electrodes. For the electrochemical measurements, the edge 

opposite that where electrical contact was made was first abraded for 3 min on P1500 grit 

aluminum oxide grinding paper wetted with ultrapure water. This was followed by a 10-min 

ultrasonic cleaning (40 kHz) in ultrapure water with the composite suspended in the solution. The 

edge was then mechanically polished with successively smaller grades of alumina powder (1, 0.3, 

and 0.05 μm) slurried in ultrapure water on separate felt polishing pads. After each polishing step, 

the composite was rinsed with and ultrasonically cleaned in ultrapure water for 15 min to remove 

polishing debris. A final ultrasonic cleaning was then performed in pure acetonitrile for 10 min. 

For the CFRP specimens used in the accelerated degradation testing, a lap joint configuration with 

the aluminum alloy was used for testing.18,23 For these tests, all three sides, other than the one with 

the Cu wire contact, were pretreated by abrading, polishing and surface cleaning, as described 

above. 

Surface Modification of CFRP Composite Specimens. The aryldiazonium salts studied were (i) 4-

nitrophenyl diazonium tetrafluoroborate (NP), (ii) 4-nitroazobenzene diazonium tetrafluoroborate 
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(NAB), and 2-fluorene diazonium tetrafluoroborate (FL). The spontaneous surface modification 

was performed under open circuit conditions by immersing the pretreated CFRP composite 

specimen in a solution of 5 mM diazonium salt dissolved in acetonitrile for a specified time (1-24 

h) at room temperature. For the electrochemical tests, just the one pretreated edge opposite the 

edge with the electrical connection was immersed in solution and modified. For the specimens 

used in the salt spray test, the entire specimen, except for the edge with the electrical connection, 

was immersed. The electrochemically assisted  surface modification was performed using a three-

compartment, three-electrode glass cell with a platinum (Pt) flag counter electrode, a silver wire 

quasi-reference electrode (AgQRE), and the pretreated CFRP composite working electrode. For 

this, the entire specimen, except for the edge with the electrical connection, was immersed in 

acetonitrile containing 5 mM of the diazonium salt and 0.1 M NBu4BF4 supporting electrolyte. 

Cyclic voltammetry was used for modification with the applied potential scanned from 0.6 to -0.5 

V (vs. Ag QRE) at 50 mV/s for 25 cycles. After the modification, the specimens were thoroughly 

rinsed with acetonitrile. Raman spectroscopy was then performed to confirm the presence of the 

adlayer. The surface treated composite specimens were then used soon thereafter in either 

electrochemical measurements or accelerated degradation tests. 

Electrochemical Measurements. All the electrochemical measurements were performed in a three-

compartment, three-electrode glass cell with a platinum (Pt) flag counter electrode, a silver 

chloride reference electrode (Ag/AgCl, 4M KCl), and the CFRP specimen edge as the working 

electrode. The measurements were made at room temperature using a computer-controlled 

electrochemical workstation (Model 900, CH Instruments, Austin, TX). A meniscus was formed 

with the electrolyte solution contacting the edge to be examined electrochemically. The blocking 

properties of the adlayers were investigated by cyclic voltammetry in naturally aerated 0.5 mM 
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K4Fe(CN)6 + 0.5 M Na2SO4 at 50 mV/s. Cyclic voltammetric measurements were made in 

naturally aerated 0.5 M Na2SO4 (pH 5-6) at room temperature to assess the impact of the surface 

functionalization on the oxygen reduction reaction kinetics. Cyclic voltammograms were recorded 

at unmodified, electrochemically modified, and spontaneously modified CFRP composite edges 

in 1M KCl as a function of scan rate (from 0.1 to 0.5 V/s) to study the influence of diazonium 

modification on the magnitude of background charging current and capacitance. The capacitance 

was calculated from the slope of the background current-scan rate plots using the equation,  

                                                    j = Cdlν                        (1) 

where, j (A/cm2) is the background current density, Cdl is the capacitance (F/cm2), and ν is the scan 

rate (V/s). The assumption in the analysis is that all the background current is capacitive in nature, 

which is unlikely for the carbon fibers due to the expected presence of electroactive surface carbon-

oxygen functional groups terminating the graphitic edge plane sites. Therefore, the capacitance 

values calculated and reported herein are apparent and overestimates of the true values.  

Mixed Potential Theory. A wrought AA2024-T3 aluminum alloy (2.54 cm × 2.54 cm) specimen 

was first abraded on a P1500 grit aluminum oxide grinding paper for 4 min and ultrasonically 

cleaned  in ultrapure water for 20 min. The specimen was then polished with 0.3 µm alumina for 

4 min. This was followed by a 20-min ultrasonic cleaning in ultrapure water. The alloy specimen 

was then degreased, deoxidized and surface treated with TCP conversion coating by immersion, 

as described previously.24,25 The electrochemical measurements were performed using a computer-

controlled electrochemical workstation (Gamry Instruments, Inc., Reference 600, Warminster, 

PA). The counter electrode was a Pt flag, and the reference was an Ag/AgCl electrode (4 M KCl). 

All measurements were made in naturally aerated 0.5 M Na2SO4 + 0.01 M NaCl at room 

temperature. The TCP-coated alloy specimen was mounted at the bottom of a single-compartment 
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glass electrochemical cell with an O-ring defining the solution contact area (0.2 cm2). The 

electrochemical testing proceeded as follows: (i) measurement of the open circuit potential (OCP) 

for 1 h (until stable); (ii) recording  an anodic potentiodynamic polarization curve from -50 mV vs 

OCP to 1 V. The polarization measurements of the  unmodified, electrochemically modified, and 

spontaneously modified CFRP composite specimens were made in a three-compartment, three-

electrode glass electrochemical cell with the same counter and reference electrodes. The 

composites were modified electrochemically (25 potential cycles) and spontaneously with NP (24-

h immersion). One modified edge, opposite that where the electrical contact was made, was 

contacted with the solution (0.45 cm2). The electrochemical testing proceeded as follows: (i) 

measurement of OCP for 1 h (until stable); (ii) recording a cathodic potentiodynamic polarization 

curve from +50 mV vs OCP to -1 V. All the anodic and cathodic potentiodynamic polarization 

scans were recorded at 1 mV/s.  

Rotating Disk Voltammetry. The rotating disk voltammetric measurements were performed using 

a glassy carbon disk electrode (GC RDE). The electrode diameter was 0.3 cm (0.07 cm2). The 

electrode was pretreated prior to a measurement by mechanical polishing with successively smaller 

grades of alumina (1, 0.3 and 0.05 μm diam.) slurried in ultrapure water. Each polishing step was 

performed for 3 min on separate felt pads to avoid cross contamination of the polishing grit. After 

each step, the electrode was rinsed with and ultrasonically cleaned in ultrapure water for 10 min 

to remove polishing debris. A final ultrasonic cleaning in pure acetonitrile was performed for 10 

min. The GC RDE was then spontaneously modified with NP, as described above, for 24 h under 

open circuit conditions. The electrochemical measurements were performed in the three-

compartment, three-electrode glass cell. The OCP was initially measured for at least 30 min in 

naturally aerated 0.5 M Na2SO4. Cathodic polarization curves were then recorded at 0, 100, 200, 
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300, 400 and 500 rpm from the OCP to a more negative potential of -1.2 V. The scan rate was 1 

mV/s. 

Aluminum Alloy Preparation. Wrought aluminum alloy 2024-T3 was obtained as a 1 mm-thick 

sheet (www.onlinemetals.com) and cut into 5.5 cm × 3.6 cm pieces. The alloy specimens were 

then abraded, polished, degreased, deoxidized and surface treated with TCP, as described 

elsewhere.24,25 The TCP coating was formed by a 10-min immersion at room temperature. 

Neutral Salt Spray Testing (ASTM B117). TCP-coated aluminum alloy specimens were lap joined 

with spontaneously modified or unmodified CFRP composite specimens using a single stainless-

steel 316L fastener. The torque applied was 45 lb-in. The composite specimen edges were 

spontaneously modified by full immersion in 5 mM diazonium salt dissolved in acetonitrile for 24 

h under open circuit conditions. The specimens were then thoroughly rinsed with acetonitrile. The 

stainless-steel fastener threads were wrapped with Teflon tape to prevent direct electrical contact 

with the hole wall. The exposed bolt head and nut were covered with a commercial silicone sealant 

(DAP KWIK SEAL ULTRA) to repel moisture and electrically isolate the metal from the solution 

mist. The back side of the aluminum alloy specimen was covered with corrosion protection tape 

(Scotchrap™, 3M Co.) so that only the front surface and the edges of the alloy were exposed to 

the salt spray environment. Mechanically fastened aluminum alloy-CFRP composite lap joints 

were exposed to a continuous salt fog generated from 5 wt. % NaCl at 35 ± 1 °C in a commercial 

salt spray chamber (Associated Environmental Systems-MX 9204). The test period was 14 days 

according to ASTM B117 (Standard Practice for Operating Salt Spray (Fog) Apparatus). At the 

end of the test period, the joined specimens were removed, disassembled, and rinsed thoroughly 

with and ultrasonically cleaned in ultrapure water for 30 min to remove salt deposits. Additionally, 

the aluminum alloy specimens were ultrasonically cleaned in concentrated HNO3 for 10 min 

http://www.onlinemetals.com/
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increments to dissolve corrosion product, dried thoroughly with N2 gas, and weighed.26 Ultrasonic 

cleaning in HNO3 was repeated until the mass change of a specimen was small (≤ 0.002 g). This 

was followed by a through rinsing in ultrapure water and drying under a stream of N2 gas prior to 

any weight measurement or additional material characterization. 

Galvanic Current Measurements. Galvanic current measurements were conducted with 

mechanically fastened aluminum alloy-CFRP composite lap joints subjected to neutral salt spray 

(ASTM B117, Standard Practice for Operating Salt Spray (Fog) Apparatus). The TCP-coated 

AA2024-T3 panels were joined with unmodified and spontaneously modified (NAB) CFRP 

composites as shown in Figure 3.1. A polyimide film cut into the size of the composite was inserted 

between the composite and the alloy specimen. Insulated wires ran from the aluminum alloy-CFRP 

composite assemblies out of the salt spray chamber. Current measurements were made by placing 

a digital multimeter (EX330, Extech Instruments) in the circuit with each aluminum alloy-CFRP 

composite lap joint several times over the course of the exposure period. The test period was 14 

days.  

Aluminum 
Alloy 

Polyimide 
Film 

Stainless-Steel Fastener 

Figure 3.1. Configuration of the joined aluminum alloy-CFRP composite specimen subjected to 

14-day neutral salt spray for galvanic current measurements. The geometric ratio of the cathode 

to anode exposed areas was 0.3 (5.3 cm2 for the CFRP and 19.8 cm2 for the aluminum alloy).  

 

CFRP Composite 
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Material Characterization. The cleaned aluminum alloy specimens were analyzed by digital 

optical microscopy (Keyence VHX-6000) and laser confocal microscopy (Nikon C2) to assess the 

surface texture and corrosion damage. Scanning electron microscopy was performed at the Center 

for Advanced Microscopy (MSU) using a JSM-6610LV (JEOL USA) general purpose electron 

microscope. Accelerating voltages used were between 10-15 kV with a working distance of 10 – 

13 mm. Raman spectroscopy was performed using an inVia™ confocal instrument(Renishaw). 

The instrument consisted of a confocal microscope connected to a continuous wave, diode-pumped 

solid-state laser (100 mW max. with 10 mW applied at the sample) having a fundamental emission 

at 532 nm. The CFRP composite specimen was positioned under the laser light using a motorized 

stage. The stage position was controlled, and spectral data acquired with instrument’s software 

(WiREInterface). This software allows for control of the laser power, integration time, spectral 

range covered, and stage positioning for mapping a sample. A Leica (50×/0.75 N.A.) objective lens 

was used for focusing the excitation light and collecting the scattered radiation. A notch filter was 

used to remove the Rayleigh scattered laser light. Each spectrum was acquired using a ca. 1 μm 

spot size with an integration time of 10 s. Each spectrum presented represents an average of 5 

spectral acquisitions at each point. An 1800 lines mm–1 holographic grating was used for separating 

the Raman scattered light into its component wavelengths. Wavenumber shift calibration was made 

using the 521 cm-1 phonon line of single crystal Si. 

Corrosion Damage Evaluation. The following scale, proposed by the U.S. Army Material 

Command, was used to grade the alloy specimens after the neutral salt-spray exposure: Stage 0 – 

shows no visible corrosion;  Stage 1 – sample discoloration and staining; Stage 2 – loose isolated 

rust or corrosion product and early stage pitting of the surface along with minor etching; Stage 3 

– more extensive rust or corrosion product, minor etching, pitting and more extensive surface 
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damage; Stage 4 – extensive rust or corrosion product formation, extensive etching, blistering, 

deadhesion and pitting that has progressed to the point where the life of the specimen has been 

affected.27 

3.3 RESULTS 

Raman Spectroscopy. The bonding of a diazonium adlayer on the CFRP composite specimens, 

formed by immersion, was confirmed by Raman spectroscopy.  

Figure 3.2. Raman spectra for (A) solid 4-nitroazobenzene diazonium salt and (B) CFRP 

composite edges after different immersion times (1-24 h) in a 5 mM 4-NAB salt + acetonitrile 

solution. The spectra in B have been background corrected for the spectral features arising from 

the underlying carbon. (C) Plot of 1450 cm-1 peak area vs. immersion time. Data are presented as 

mean ± std. dev. for n=3 specimens at  each immersion time. (D) Plot of 1450 cm-1 peak area 

(t)/peak area (24 h) vs. immersion time. 

B 

C 

A 

D 
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          The spectrum for a 4-nitroazobenzene diazonium tetrafluoroborate salt particle and spectra 

for CFRP composite specimens after immersion in 5 mM NAB dissolved in acetonitrile for 1, 2, 3 

and 24 h are presented in Figure 3.2A and B. The spectral features for the salt are conserved when 

the admolecule is grafted on the composite surface. All the spectra for the modified composites 

exhibit Raman bands characteristic of the aryl diazonium molecule. The peak intensities increased 

with immersion time, as is presented in Figure 3.2B. The primary bands corresponding to NO2 

stretching, N=N stretching, and phenyl ring C=C stretching vibrations are observed at 1350, 1450, 

and 1598 cm-1 respectively.36,37 The increase in Raman peak intensity with immersion time is 

indicative of an increasing surface coverage of NAB admolecules with time. Figure 3.2C presents 

the peak area of the Raman band at 1450 cm-1 as a function of immersion time. The peak area is 

related to the number of Raman scatterers on the surface and this coverage increases with time. 

Figure 3.2D shows how the normalized surface coverage of the aryl diazonium, (1450 cm-1 peak 

area (t)/peak area for 24 h) changes with time for one set of composite measurements. In fact, 

when pooling all the data, there was such a large variation in the mean value for the 24-h immersion  

that we do not yet know how long of an immersion time is needed to achieve maximum coverage.  

          In related work, the surface coverage of the 4-nitrophenyl admolecule as a function of 

immersion time has (i.e., film formation) been previously reported on using Fourier transform 

infrared reflection absorption spectroscopy (FT-IRRAS) and atomic force microscopy (AFM).38 

The FT-IRRAS spectra exhibited bands characteristic of nitrophenyl groups on an iron surface that 

increased in intensity with immersion time. The AFM analysis revealed the grafting of 4-

nitrophenyl diazonium molecules in the first  5 min of immersion occurred through the formation 

of small islands on the electrode. After 30 min immersion, a homogeneous layer was formed. The 

adlayer became more compact as the immersion time was increased to 2 h. The substrate was no 
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longer visible by the dense adlayer formed after a 5-h immersion. Future work will focus on 

investigating how the surface coverage changes with immersion time and diazonium molecule 

concentration. 

Blocking Properties. Molecular adlayer formation on the exposed carbon fibers was achieved 

under open circuit conditions by immersing the specimen in a solution of the aryl diazonium salt 

dissolved in acetonitrile. The surface coverage and blocking properties of the adlayer formed 

depends on the immersion time, as shown in Figure 3.3. The effect of the adlayer on the 

electrochemical properties of the carbon fibers was probed using the surface-sensitive 

ferri/ferrocyanide redox system. Cyclic voltammetric i-E curves for [Fe(CN)6]
-3/-4

 in 0.5 M Na2SO4 

at a typical CFRP composite specimen edge, before and after the spontaneous modification with 

4-nitrophenyl diazonium (NP), are presented.  The immersion times were 5, 15, 30 and 60 min or 

1 h. The curve for the unmodified specimen reflects quasi-reversible electron-transfer kinetics with 

well resolved oxidation and reduction peaks at 0.325 and 0.244 V, respectively, giving a Ep of 81 

mV. The 5-min immersion time produces an NP adlayer that suppresses the oxidation current by 

close to 35%. The oxidation peak is shifted positive to 0.493 V and the reduction peak shifted 

negative to 0.158 V giving a Ep of 335 mV. The increased Ep reflects a more sluggish electron 

transfer kinetics caused by the blocking effects of the adlayer.  

          The 15, 30, and 60-min immersion times suppress the oxidation and reduction reaction 

currents such that no oxidation or reduction peaks are seen for the 30-and 60-min immersed 

specimens. Figure 3.3B provides a better visualization of cyclic voltammetric i-E curves after 15-

, 30- and 60-min immersion times. Immersion times of 30 min, or greater, allow for the 

spontaneous formation of NP adlayers that are low in defects (pin holes) and thicker such that the 

adlayer cannot be penetrated by the [Fe(CN)6]
4- ions. Additionally, the adlayer functions as a 
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barrier to electron tunneling between the redox probe and the exposed carbon fibers. This type of 

blocking behavior is commonly observed for this highly charged redox system at diazonium-

modified carbon electrodes of various types28-31 and metal electrodes.32-35 

Oxygen Reduction Current. Figure 3.4 presents the cyclic voltammetric i-E curves for the reduction 

of dissolved oxygen at a typical CFRP composite edge before and after surface treatment with a 

NP adlayer. The curves were recorded in naturally aerated 0.5 M Na2SO4 between 1.0 and -0.8 V 

vs. Ag/AgCl (4M KCl) at 0.01 V/s. The reduction current for dissolved oxygen at -0.8 V is 

progressively attenuated for NP adlayers formed for 0.25, 0.5, 1, 6, and 24 h. The largest oxygen 

reduction current between -0.4 and -0.8 V (black curve) is seen for the unmodified CFRP edge 

with a current of ca. -155 µA at -0.8 V. Clearly, the current at all potentials is controlled by electron-

transfer kinetics. Mass transfer-controlled currents are not achieved in this potential range. There 

is a progressive diminution in the current at this potential with increasing immersion time for 

Figure 3.3. Cyclic voltammetric i-E curves recorded for (A) 0.5 mM [Fe (CN)6]
-3/-4 in 0.5 M 

Na2SO4 at  unmodified and spontaneously modified CFRP composite specimens after immersion 

for 5, 15, 30 and 60 min under open circuit conditions in a 5 mM 4-nitrophenyldiazonium (NP) 

solution. (B) Expanded axis i-E curves for 0.5 mM [Fe (CN)6]
-3/-4 in 0.5 M Na2SO4 at 

spontaneously modified CFRP composite specimens after immersion for 15-, 30- and 60-min. 

Scan rate = 50 mV/s. Geometric area = 0.45 cm2. 

A B 
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adlayer formation. It should be noted that the 15-, 30-, and 60-min immersion times did not 

produce adlayers compact enough for the total inhibition of the reduction current for the small, 

neutral O2 molecule, as was observed for the highly charged [Fe(CN)6]
-3/-4. Figure 3.4A reveals 

that the reduction current at -0.8 V decreased by 42, 55, and 74% after immersion times of 0.5, 1, 

and 6 h, respectively. The NP adlayer formed during the 24-h immersion, however, reduced the 

oxygen reduction reaction current  by 99% (Figure 3.4A and B). The results indicate that a more 

compact, less defective adlayer preventing dissolved O2 molecules from reaching the underlying 

carbon is formed by immersion for 24 h. 

          The decreased carbon fiber activity for oxygen reduction is not due to contamination by the 

acetonitrile as a 24-h immersion in pure solvent produced little change in the current at -0.8 V as 

compared to the unmodified specimen (i.e., -150 µA). The results from this control experiment 

affirm that the decreased activity for the surface-sensitive oxygen reduction reaction arises from 

the site blocking effect of the NP adlayer. Mechanistically, we suppose the adlayer  prevents 

Figure 3.4. (A) Cyclic voltammetric i-E curves for dissolved oxygen reduction at unmodified and 

spontaneously modified CFRP composite specimens with 4-nitrophenyl diazonium (NP) for 0.5, 

1, 6, and 24 h in naturally aerated 0.5 M Na2SO4. (B) Cyclic voltammetric i-E curve for a CFRP 

composite specimen spontaneously modified with NP for 24 h in naturally aerated 0.5 M Na2SO4. 

Scan rate = 0.01 V/s. Geometric area = 0.45 cm2. 

A B 
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chemisorption of the O2 molecule which is the initial step in the redox reaction in aqueous media. 

The chemisorption  weakens the O=O double bond and lowers the activation energy for electron 

transfer.39-41 In aqueous electrolyte solution, the oxygen reduction reaction involves a multi-step 

proton and electron transfer pathway to form water according to (neutral or alkaline media): 𝑂2 +

2𝐻2𝑂 +  2𝑒− →  𝐻2𝑂2 +  2𝑂𝐻−. Additionally, the compact, less defective adlayer acts as an 

effective tunneling barrier for electron transfer between the dissolved O2 molecule and the 

underlying carbon fiber surface.  

          We recently reported that diazonium modification of the CFRP composite edge by an 

electrochemically assisted process inhibits the oxygen reduction reaction kinetics and leads to less 

galvanic corrosion on aluminum alloy-CFRP composite joints when tested during neutral salt-

spray exposure.18 The adlayer studied in the prior work was NP. The spontaneous modification for 

24 h with NP more effectively inhibits the oxygen reduction reaction kinetics. This can be seen in 

the comparison data shown below. Figure 3.5 presents cyclic voltammetric i-E curves for dissolved 

oxygen reduction in naturally aerated 0.5 M Na2SO4 at unmodified, electrochemically modified 

and spontaneously modified CFRP composite specimens. The electrochemical modification was 

performed by cyclic voltammetry in acetonitrile containing 5 mM NP and 0.1 M NBu4BF4, as 

reported elsewhere.18 No electrolyte salt was added to the acetonitrile solution for the spontaneous 

modification. The electrochemically formed NP adlayer attenuated the oxygen reduction current 

at -0.8 V by only 67% while the spontaneously formed adlayer totally inhibited the current. The 

NP adlayer spontaneously formed for 24 h is more compact, less defective, and perhaps thicker 

than the adlayer formed by the electrochemically assisted grafting. Future work will involve 

studies of the adlayer coverage and thickness across the electrode surface as a function of the 

diazonium concentration and immersion time. 
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Evaluation of the effect of the diazonium admolecule type on the oxygen reduction reaction 

kinetics was also performed. Cyclic voltammetric i-E curves for CFRP composite specimens 

spontaneously modified with NP, NAB, and FL for 24 h are presented in Figure 3.6A. Both the NP 

and NAB modifications attenuated the current for dissolved oxygen reduction by ca. 99%. The FL 

modification, however, reduced the current by only 80%, as compared to the unmodified specimen. 

This suggests that the FL adlayer is not as compact and defect free as are the NP and NAB adlayers. 

The 2-fluorene diazonium cation has three rings covalently bonded together making it slightly 

bulkier than the NP and NAB admolecules. The bulkier nature may limit the coverage and or 

prevent the close packing of FL admolecules. Figure 3.6B shows the i-E curves for the NP and 

NAB modified composites are similar. Future work will involve more detailed studies of the effect 

of the diazonium admolecule structure on suppression of the oxygen reduction reaction kinetics. 

 

Figure 3.5. Cyclic voltammetric i-E curves recorded in naturally aerated 0.5 M Na2SO4 at 

unmodified, electrochemically modified, and spontaneously modified (24 h) CFRP composite 

specimens. The aryl diazonium used for the surface treatment was 4-nitrophenyldiazonium (NP). 

Scan rate = 0.01 V/s.  
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Background Current and Capacitance. Figure 3.7A provides a comparison of background cyclic 

voltammetric i-E curves for unmodified, electrochemically modified, and spontaneously modified 

(24 h) CFRP composite specimens in 1 M KCl. Both the electrochemical and spontaneous 

modifications were performed using NP. The background current decreases in the following order: 

unmodified >>> electrochemically modified > spontaneously modified (24 h). The low 

background current is a result of the passivation of the composite surface by diazonium adlayer. 

The adlayer acts as a dielectric  causing an increase in the separation distance between the charged 

electrode and the electrolyte solution, thereby decreasing the capacitance. The background current 

at 0.2 V vs. scan rate plots for unmodified, electrochemically modified and spontaneously modified 

(24 h) CFRP composite electrodes are presented in Figure 3.7B. The background current at 0.2 V 

increased linearly with the scan rate consistent with the current being capacitive in nature. In cyclic 

voltammetry, excess charge is formed on the electrode surface at each applied potential. This 

excess surface charge is compensated by the reorientation of solvent molecule dipoles at the 

Figure 3.6. Cyclic voltammetric i-E curves for CFRP composite specimens spontaneously 

modified with 4-nitrophenyldiazonium (NP), 4-nitroazobenzenediazonium (NAB), and 2-

fluorenediazonium (FL) adlayers for 24 h. The measurements were made in naturally aerated 0.5 

M Na2SO4.  Scan rate = 0.01 V/s. Geometric area = 0.45 cm2. 

A B 
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electrode surface and the movement of oppositely charged ions toward the surface. This movement 

of counterbalancing charge is the capacitive background current. The scan rate can be considered 

as the rate at which the excess charge on the electrode surface is changed. The excess charge 

density created per unit time increases with the scan rate thereby increasing the number of ions 

moving toward the electrode for charge compensation per unit time; in other words, increasing the  

current. 

As mentioned above, the capacitance was calculated from the slope of the background 

current vs. scan rate plot according to Equation 1. The interfacial capacitance, Cdl, based on the 

current measured at 0.2 V, is estimated to be 108, 47 and 9 μF/cm2, respectively, for an unmodified, 

electrochemically modified, and spontaneously modified (24 h) specimens (single specimens of 

each type). The capacitance is ca. 2× lower for the composite specimen electrochemically modified 

Figure 3.7. (A) Background cyclic voltammetric i-E curves recorded in 1M KCl at an unmodified, 

electrochemically modified, and spontaneously modified (24 h immersion) CFRP composite 

specimen. The diazonium salt used was NP. Scan rate = 50 mV/s. (B) Background current at 0.2 

V vs scan rate plots for unmodified, electrochemically modified and spontaneously modified (24 

h) composites. The linear regression equations for the unmodified, electrochemically modified, 

and spontaneously modified electrodes are y = 48.44x + 11.49, y = 21.33x + 2.02, and y = 4.07x 

+ 0.70, respectively. The R2 values are 0.9709, 0.9956, and 0.9785, respectively.  Geometric area 

= 0.45 cm2. Data reflect single measurements with each modified composite. 

A B 
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with NP and ca. 12× lower for the CFRP composite electrode spontaneously modified with NP, as 

compared to the unmodified control. The decrease in interfacial capacitance arises from a more 

compact and less defective, and a thicker adlayer spacing the counterbalancing charge further away 

from the composite on the solution side of the interface.  

Mixed Potential Theory. Figure 3.8 represents the cathodic and anodic polarization curves recorded 

with (i) unmodified and surface modified CFRP composites and (ii) a TCP-coated AA2024-T3 

specimen in naturally aerated 0.5 M Na2SO4 + 0.01 M NaCl.  

          The data for replicate measurements are summarized in Table 3.1. As can be seen in the 

figure, the OCP of the unmodified CFRP composite is 0.220 V. The OCPs of the CFRP composites 

modified electrochemically and spontaneously with NP are more noble at 0.310 V and 0.347 V, 

respectively. The OCP shifts to more positive (noble) potentials upon diazonium surface 

modification because of the surface passivation by the NP adlayer. The cathodic reaction occurring 

at the unmodified/modified CFRP composite is oxygen reduction. This was confirmed from  

Figure 3.8. Anodic and cathodic potentiodynamic polarization curves recorded in naturally 

aerated 0.5 M Na2SO4 + 0.01 M NaCl at room temperature for the following specimens: TCP-

coated AA2024 with (i) an unmodified CFRP composite, (ii) a CFRP composite modified 

electrochemically with NP and (iii) a CFRP modified spontaneously with NP. Scan rate=1 mV/s. 
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cathodic polarization curves recorded after purging the electrolyte solution with N2, which 

decreased the current in -0.25 to -1.0 V range. 

Data are presented as mean ± std. dev. for n=3 specimens of each type.  

          The largest oxygen reduction current density of 3.8 ×10-3 A cm-2 at -0.8 V is observed for the 

unmodified CFRP composite. The oxygen reduction current density for the electrochemically 

modified and spontaneously modified CFRP composite specimens at -0.8 V is 2.5 × 10-4 A cm-2 

and 6.7 × 10-5 A cm-2, respectively. In other words, the oxygen reduction  current density at -0.8 V 

for the composite electrochemically modified with NP is 15× lower and the current density for the 

composite spontaneously modified with NP is 56× lower than the unmodified composite. This can 

be attributed to the behavior of the NP adlayer as a physical blocking layer, which prevents 

dissolved O2 molecules from reaching the underlying carbon and reduces the rate of electron 

transfer, hence the current. The lower current density for the spontaneously modified as compared 

to the electrochemically modified composite indicates the presence of a less defective NP adlayer. 

This is consistent with the capacitance measurements presented in Figure 3.7. 

 Potentiodynamic polarization curves are presented in Figure 3.8 for a typical TCP-coated 

AA2024-T3 panel and three different CFRP specimens: (i) unmodified, (ii) electrochemically 

modified with NP (25 cycles), and (iii) spontaneously modified with NP (24-h immersion). Using 

mixed potential theory, the crossing point of cathodic curves with the respective anodic curve is 

used to determine the corrosion potential, Ecorr, and estimate the corrosion current density, Jcorr, at 

 

 

Corrosion Potential 

(Ecorr) / mV vs. 

Ag/AgCl 

Corrosion Current Density 

(Jcorr) / Acm-2 

Unmodified CFRP + TCP AA2024 250 ± 53 15.4 (± 5.5) × 10-7 

Echem. Mod. CFRP + TCP AA2024 113 ± 2 6.6 (± 0.2) × 10-7 (2.3× lower) 

Spont. Mod. CFRP + TCP AA2024 -75 ± 16 3.7 (± 0.1) × 10-7 (4.2× lower) 

Table 3.1. A summary of corrosion potential and corrosion current density data.  
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Ecorr. At this intersection, Janodic = -Jcathodic = Jcorr. Corrosion is assumed to be uniform across the 

surface in this analysis, which is not the case for this alloy. Even so, the data in Table 1 reveal that 

Jcorr decreases with the cathodic inhibitor, i.e., the diazonium adlayer, and Ecorr decreases as the 

adlayer decreases the area available for oxygen reduction. Jcorr is decreased by 2.3 and 4.2× for the 

electrochemically and spontaneously modified CFRPs. The negative shift of Ecorr is also reflective 

of the cathodic reaction inhibition provided by the NP adlayer. 

Rotating Disk Voltammetry. The inhibition of the oxygen reduction current was also studied using 

a GC rotating disk electrode after  spontaneous modification with NP in naturally aerated 0.5 M 

Na2SO4. Figure 3.9 shows cathodic potentiodynamic polarization curves for unmodified, 

electrochemically modified (25 cycles), and spontaneously modified (24 h immersion) GC-RDEs 

at different rotation rates. It was confirmed that the current at potentials between -0.4 and -1.2 V 

is due to the reduction of dissolved oxygen based on the decreased current in this potential region 

observed under deaerated conditions (by N2 purging). It can be seen in the curves presented that 

the OCP shifts negative and the oxygen reduction current increases with increasing rotation rate 

for the unmodified GC (Figure 3.9A). In contrast, there is much less of a change in the OCP and 

the oxygen reduction reaction current is changed little by the rotation rate for the electrochemically 

modified GC (Figure 3.9B). Distinctly, there is no change in the OCP or the current for the  

spontaneously modified GC with rotation rate (Figure 3.9C). These results clearly indicate that the 

reaction rate is not limited by mass transport and that NP diazonium adlayer functions as an 

electron transfer barrier for O2. The current density for the spontaneously modified GC at -0.7 V 

at 0 rpm is 10× lower than for the electrochemically modified GC, and both are significantly lower 

than the current for the unmodified electrode. This is consistent with the spontaneous grafting by 

a 24-h immersion forming a  more compact, better blocking  adlayer. 
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          Figure 3.10 presents plots of the limiting current at -0.7 V for the (i) unmodified, (ii) 

electrochemically modified (25 cycles) and (iii) spontaneously modified (24 h immersion) GC 

RDE as a function of the rotation rate1/2. For the unmodified electrode, the current increases 

linearly with the rotation rate1/2 as predicted by the Levich equation (Equation 2).  

                                        𝑖𝑙 = 0.62𝑛𝐹𝐴𝐷𝑂
2/3

𝜔1/2𝜈−1/6𝐶𝑂
∗        (2)                    

Figure 3.9. Cathodic potentiodynamic polarization curves recorded in naturally aerated 0.5 M 

Na2SO4 at room temperature for a glassy carbon rotating disk electrode: (A) unmodified, (B) 

electrochemically modified (25 cycles) and (C) spontaneously modified (24 h immersion). The 

GC RDE was modified with NP. Scan rate = 1 mV/s. Data for rotation rates up to 500 rpm are 

presented. 

A B 

C 
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in which  il is the limiting current (A), A is the electrode area (cm2), C is the concentration of 

dissolved oxygen (mol/cm3), D is the diffusion coefficient for dissolved oxygen (cm2/s), ν is the 

kinematic viscosity (cm2/s), and ω is the electrode rotation rate (s-1). n and F have their usual 

meanings. The linearity of the plot indicates that mass transfer-influenced oxygen reduction is 

occurring.  

           In contrast, the currents for the two modified electrodes are independent of the rotation 

rate1/2 . This means that the mass transfer kinetics are not limiting the current, i.e., the redox 

reaction rate, but rather the electron transfer kinetics are. For a simple and reversible redox reaction 

with no electron-transfer kinetic complications at the potential, the limiting current data are 

expected to fall along a straight line that intercepts the vertical axis at zero. The plots for all three, 

but especially the ones for the two diazonium modified electrodes, have best-fit lines that intercept 

Figure 3.10. Plot of the current density at -0.7 V vs. Ag/AgCl as a function of the square root of 

the rotation rate (ω1/2) for a GC RDE (a) unmodified (black), (B) electrochemically modified (25 

cycles) (red), and spontaneously modified (24 h immersion ) (blue) in naturally aerated 0.5 M 

Na2SO4. The GC RDE was modified with NP. The linear regression equations for the unmodified, 

electrochemically modified and spontaneously modified electrodes are  y = 2.40×10-5x + 2.80×10-

4, y = 2.13×10-7x + 2.86×10-4, and  y = 6.42×10-9x + 2.79×10-5, respectively The R2 values are 

0.9619, 0.6965, and -0.3250, respectively. Data are presented for one electrode of each type. 
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the vertical axis above zero. This is an indication that the oxygen reduction reaction has an electron 

transfer kinetic limitation  at this potential. 

Figure 3.11 presents the Koutecký-Levich plots  of the data (Fig. 3.10) for the unmodified, 

electrochemically modified and, spontaneously modified GC electrodes.  

1

𝑖
=

1

𝑖𝐾
+

1

0.62𝑛𝐹𝐴𝐷𝑂
2/3

𝜔1/2𝜈−1/6𝐶𝑂
∗

    (3) 

Equation 3 represents the Koutecký-Levich equation in which the kinetic current, iK , is the current 

in the absence of any mass transfer effects. In other words, iK is the current that flows under kinetic 

limitation when the mass transfer is efficient enough to maintain a constant concentration 

throughout the electrolyte solution. The iK values extrapolated from the y-intercept (1/ω1/2 = 0) of 

the Koutecký-Levich plots for the unmodified, electrochemically modified and, spontaneously 

modified GC RDEs are 9.03×10-5, 1.33×10-5, and 1.39×10-6 A, respectively. The electrochemically 

formed NP adlayer on GC lowers iK by ca. 6× while the spontaneously grafted NP adlayer reduces 

iK by ca. 65×, as compared to the unmodified electrode.  

Figure 3.11. Variation of 1/ik at -0.7 V vs. 1/ω1/2 for unmodified, electrochemically modified (25 

potential cycles) and spontaneously modified (24 h immersion) GC RDEs in naturally aerated 0.5 

M Na2SO4. The diazonium salt used was NP. These are the data presented in Figure 9. 
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Figure 3.12. Digital optical micrographs of  AA2024-T3 panels (5.5 cm × 3.6 cm) (A) with a TCP 

coating and before salt spray exposure, (B) uncoated and joined with an unmodified CFRP composite 

after just 3 days of neutral salt spray (NSS) exposure, (C) TCP-coated and joined with an unmodified 

composite, (D) TCP-coated and joined to a composite electrochemically modified with a 4-

nitroazobenzene diazonium (NAB) adlayer, and (E) TCP-coated and joined to a composite 

spontaneously grafted with a 4-NAB adlayer after 14 days of NSS exposure. (F) Digital microscope 

3D contour plot of a discolored region observed on the panel away from the  CFRP position demarked 

by the green box in (E) at 1000×. (G) TCP-coated and joined to a composite electrochemically 

modified with a 2-fluorene diazonium (FL) adlayer and (E) TCP-coated and joined to a composite 

spontaneously grafted with a 2-FL adlayer after 14 days of NSS exposure. 

G H 

A B C 

D E F 
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Accelerated Degradation Testing. To assess how effective the diazonium surface treatment is at 

inhibiting galvanic corrosion on the TCP-coated AA2024-T3 alloy, lap joint specimens were 

assembled, as reported elsewhere18, and subjected to a 14-day continuous neutral salt spray  of 5 

wt.% NaCl at 35 °C. The CFRP composites were modified spontaneously by a 24-h immersion in 

NAB solution under open circuit conditions and electrochemically by 25 potential cycles. Figure 

3.12 presents  digital optical micrographs of aluminum alloy specimens before and after exposure 

to the salt spray environment. The TCP-coated AA2024-T3 alloy specimen before exposure has 

no visible defects or discolorations (Stage 0) on the surface (Figure 3.12A). The uncoated AA2024-

T3 alloy coupled with an unmodified CFRP composite (Figure 3.12B) developed  extensive 

corrosion damage (Stage 3-4, see Experimental) after just 3 days into the test, as revealed by the 

micrograph. In the absence of the TCP conversion coating, widespread pitting corrosion damage 

can be seen on the panel away from where the composite was joined, while galvanic corrosion is 

predominant near where the edges of  the composite were positioned (red arrows). Significant 

corrosion underneath the composite is also evident (blue arrow). Finally, there is significant 

corrosion damage around the through-hole (yellow arrow). The corrosion damage on the TCP-

coated alloy joined with an unmodified CFRP specimen after 14 days is limited to trenching along 

where the edges of the composite was positioned (Stage 2) (red arrows).Crevice corrosion under 

the composite is evident (blue arrow), but the damage is far less than that seen on the uncoated 

alloy (Figure 3.12B). Corrosion damage is noticeable on the panel underneath where the composite 

was joined and around the fastener hole (yellow arrow), but both are less severe than that seen on 

the uncoated alloy after just 3 days. Importantly, the TCP coating formed by immersion does an 

effective job of inhibiting corrosion on the alloy panel away from where the composite was joined 

as only a few isolated regions of localized pitting were observed as marked by the green boxes.  
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           Importantly, the micrographs reveal that modifying the edges of the composite with  an 

NAB adlayer dramatically reduces the galvanic corrosion near the composite edges, crevice 

corrosion underneath the composite, and galvanic corrosion around the through-hole after 14 days. 

The TCP-coated aluminum alloy joined to a CFRP composite electrochemically modified with 

NAB (Figure 3.12D) does not show severe trenching along the perimeter of the composite (Stage 

1-2). In other words, the  trenching degradation caused by galvanic corrosion is attenuated when 

the CFRP edges are surface treated. There is, however, some crevice corrosion damage on the alloy 

panel where the composite was joined (blue arrow), but this damage is far less than that seen in 

Figure 3.12B and C for the unmodified composite. Furthermore, there is only minor corrosion 

damage around the through-hole (yellow arrow).  

Importantly, consistent with the electrochemical data presented above, the least damaged 

alloy panel is the one joined to the CFRP composite that was spontaneously modified with a NAB 

adlayer for 24 h. This is apparent in the micrograph (Figure 3.12E) that shows discolorations (Stage 

1) rather than metal dissolution. As identified by purple arrows, the discolorations are observed on 

the alloy along the perimeter of where the composite specimen was joined. The discoloration is an  

impression of the composite specimen left on the TCP-coated alloy. No trenching is observed. No 

corrosion damage is visible around the fastener hole or on the outer alloy panel away from where 

the composite was joined. There are a few discolored areas appearing as white spots (green 

squares) on the alloy away from where the composite was positioned. These discolorations were 

identified by SEM EDXS analysis (data not shown here) as regions where the TCP coating was 

compromised leading to corrosion pit formation. Figure 3.12F presents a 3D contour plot obtained 

by digital optical microscopy showing one such corrosion pit. The blue color represents a 

depression with a depth of  ̴ 50µm. For comparison, the digital optical micrographs of TCP-coated 
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AA2024-T3 panels joined to CFRP composites electrochemically and spontaneously modified 

with 2-fluorene diazonium (FL) adlayers after 14 days of salt spray exposure are presented 

respectively in Figures 3.12G and H. The corrosion damage is relatively higher compared to their 

counterparts joined with NAB modified composites. This is consistent with the ORR current data 

indicating that the FL adlayer is not as compact and defect free as is the NAB adlayer. The 2-

fluorenediazonium cation has three rings covalently bonded together making it slightly bulkier than the 

NAB admolecules. The bulkier nature may limit the coverage and or prevent the close packing of FL 

admolecules. 

A quantitative corrosion damage assessment was performed by comparing the weight loss 

and corrosion intensity metrics for the TCP-coated AA2024-T3 panels joined with unmodified, 

electrochemically modified, and spontaneously modified CFRP composites with NAB. Table 3.2 

presents a summary of the data. The largest weight loss per cm2 was observed for the TCP-coated 

alloy specimen joined with an unmodified CFRP composite due to the significant galvanic and 

crevice corrosion damage. Surface treating the composite with the electrochemically formed NAB 

adlayer reduces weight loss by 3×. Surface treating the composite with the spontaneously formed 

NAB adlayer (24 h) reduces weight loss by 16×. A similar trend is seen for the corrosion intensity 

data. These data are consistent with electrochemical data and optical micrographs. The 

spontaneously formed adlayer (24 h immersion) is the most compact and defect free and, as such, 

provides the best protection against galvanic corrosion on the aluminum alloy. 

Table 3.2. A summary of weight loss and corrosion intensity data for aluminum alloy specimens 

after the 14-day NSS exposure.  

CFRP Composite Aluminum Alloy 
Weight Loss per cm2 

(mg/cm2) 

Corrosion 

Intensity 

(g/m2. y) 

Unmodified TCP-coated AA2024 3.02 ± 1.07 774.36 ± 274.23 

4-NAB Echem. Modified TCP-coated AA2024 1.01 ± 0.42 (3× lower) 259.00 ± 109.56 

4-NAB Spont. Modified TCP-coated AA2024 0.19 ± 0.14 (16× lower) 49.17 ± 35.61 
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Data are presented as mean ± std. dev. for n=3 specimens of each type.     

          A closer examination of the pattern/distribution of galvanic corrosion damage on the TCP-

coated AA2024-T3 panels was performed to further determine how effective the galvanic 

corrosion inhibition is upon the spontaneous grafting of NAB on the exposed carbon fiber surfaces. 

Figure 3.13A is a schematic diagram of a TCP-coated  panel. The black dashed outline represents 

the area where the composite was joined. Figure 3.13B and C are SEM micrographs of TCP-coated 

AA2024-T3 panels joined with unmodified and spontaneously modified  composites after the 14- 

day salt spray test. The red box in Figure 3.13A designates the area on each panel where the  

micrographs were collected. The TCP-coated panel joined with the unmodified composite (3.13B) 

experienced greater corrosion damage that spread laterally and with depth into the alloy (red 

arrows). The TCP-coated panel joined with the spontaneously modified composite (3.13C), on the 

other hand, shows little  corrosion damage. Figure 3.13D and E present 3D contour plots revealing 

the surface texture of TCP-coated panels joined with unmodified and spontaneously modified 

composites, respectively. It should be noted that the area analyzed by digital optical microscopy  

to generate the contour plots is 2500 µm × 2500 µm and is larger than the area shown in the SEM 

micrographs. Figure 3.13D reveals a highly roughened surface on the TCP-coated panel coupled 

with unmodified composite. In comparison, Figure 3.13E reveals a much smoother texture of a 

TCP-coated panel coupled with a composite spontaneously modified with NAB. The smoother 

surface texture is consistent with greatly  reduced corrosion damage. 
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Figure 3.13. (A) Schematic diagram of a TCP-coated AA2024-T3 panel showing where the 

CFRP composite was joined and where the micrographs  were collected. SEM micrographs of 

(B) a TCP-coated panel joined with an unmodified composite  and  (C) a TCP-coated panel joined 

with a composite spontaneously modified with 4-NAB (24 h immersion) after a 14-day salt spray 

test. 3D contour plots generated from stitched digital optical micrographs revealing the surface 

texture  of (C) a TCP-coated panel joined with a composite spontaneously modified with 4-NAB 

(24 h immersion) after a 14-day salt spray test.  

B C 

A 

D E 
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          Digital optical microscopy was used to further quantify changes in the surface texture 

(roughness, peak-to-valley height) of the aluminum alloy specimens before and after the 14-day 

salt spray exposure. Table 3.3 shows the surface roughness and peak-to-valley height parameters 

for TCP-coated AA2024-T3 panels before and after salt spray exposure. The TCP-coated panels 

were joined with (A) unmodified, (B) electrochemically modified (25 cycles) and (C) 

spontaneously modified (24-h immersion) CFRP composite specimens using NAB. Data for the 

TCP-coated panel before exposure are presented for comparison. The surface texture analysis  was 

performed at 5 different spots on each panel in the region adjacent to where the composite was 

joined (i.e., areas of greatest galvanic corrosion or trenching). The area analyzed per spot was  

2500 µm × 2500 µm at a 1000× magnification. A schematic diagram is presented in Figure 3.14 

showing the regions  where the optical micrographs were collected on each panel. 

Figure 3.14. Schematic diagram showing the areas where the micrographs were collected on 

panel. 
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Table 3.3. Summary of surface texture analysis  data for TCP-coated AA2024-T3  alloy specimens 

after 14-day salt spray testing. 
 

Data are presented as mean ± std. dev. for n=15. Roughness data were recorded on 5 spots per 

specimen and 3 specimens of each type were used. 

 

          The TCP-coated  panel joined with an unmodified CFRP composite showed a surface 

roughness increase by 30× and a  peak-to-valley height increase by 37× from 7 to 264 µm, as 

compared to the control specimen, after 14 days of salt spray testing. This reflects the significant 

galvanic corrosion damage that occurs near the composite edge in the form of trenching. In 

contrast, the surface roughness and the peak-to-valley height for the TCP-coated panel increased 

by 12× when joined with a composite electrochemically modified with NAB (25 potential cycles) 

and by only 5× when joined with a composite spontaneously modified with NAB (24 h) after 14 

days of salt spray testing. The respective peak-to-valley height changes are at 21× and 4×, 

respectively. In summary, the surface texture analysis reveals  the significantly reduced galvanic 

corrosion on the TCP-coated alloy panels  when mechanically joined to a CFRP composite 

spontaneously modified with an NAB adlayer.  

 

 
CFRP 

Composite 
Aluminum Alloy 

Surface 

Roughness  

Sq (µm) 

Peak-to-Valley 

Height  

Sz (µm) 

Before  - TCP-coated AA2024 1.5 ± 0.1 7 ± 1 

After  

Unmodified 

 
TCP-coated AA2024 44.7 ± 9.4 264 ± 45 

4-NAB 

Echem. 

Modified 

 

TCP-coated AA2024 17.9 ± 5.8 151 ± 32 

4-NAB Spont. 

Modified 

 

TCP-coated AA2024 8.0 ± 1.6 30  ± 9 
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Table 3.4 presents data for the widths of the galvanically corroded trench regions on the 

TCP-coated alloy panels adjacent to unmodified and spontaneously modified (NAB 24-h 

immersion) CFRP composite panels after 14-day salt spray testing. The lateral distribution of 

corrosion damage is approximately 18× less on the left side, 9× less  on the bottom side, and 15× 

less on the right side of the panel coupled with a spontaneously modified composite.  

Table 3.4. A summary of the widths of trench regions for TCP-coated AA2024-T3 aluminum alloy 

specimens after 14-day salt spray testing when mechanically joined with  unmodified and 

spontaneously modified (24-h immersion) CFRP composites. The composites were modified with 

an NAB adlayer.  

Data are presented as mean ± std. dev. for n=3 specimens of each type.      

          Galvanic corrosion occurs with depth into the trench regions as well. This was assessed by 

digital optical microscopy. Figure 3.15 presents line profiles for TCP-coated panels joined with 

unmodified and spontaneously modified CFRP composites (NAB 24-h immersion) after 14 days 

of salt spray testing. The schematic diagram in Figure 14A indicates in red color where the surface 

line profiles shown in Figure 3.15B, C, and D were collected on each alloy specimen. The line 

scans reveal the galvanic  corrosion damage progresses deep into the alloy panel with a nominal 

depth of  229 ± 54 µm when joined with an  unmodified composite. This damage results after 14 

days. In contrast, the line scans reveal negligible dissolution with depth into the panel when joined 

with a spontaneously modified composite. Collectively, the data indicate that surface treating a 

composite with spontaneously formed NAB (24-h immersion) greatly reduces  galvanic corrosion 

of TCP-coated AA2024-T3 under and around the mechanically joined composite.  

 Unmodified Composite (mm) Spontaneously Modified Composite (mm) 

Left Side 2.96 ± 2.57 0.16 ± 0.09 

Bottom Side 2.86 ± 2.51 0.32 ± 0.58 

Right Side 4.08 ± 1.70 0.26 ± 0.24 
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Inhibition of Carbon Corrosion. In addition to reducing the galvanic corrosion damage on the 

TCP-coated aluminum alloy, surface treatment of the CFRP composite edges also reduces carbon 

corrosion and epoxy debonding. In prior work, we observed degradation of the CFRP composite 

edges in specimens lap joined to TCP-coated alloys during salt spray exposure.18 We hypothesize 

the damage is caused by hydrogen peroxide (H2O2) accumulation in the liquid layer that forms on 

a composite edge. The oxygen reduction reaction can proceed through either a 4e-/4H+ or a 2e-

/2H+ pathway.39-41 On carbon materials, the reaction proceeds by the latter pathway to produce the 

Figure 3.15. Digital optical microscopy surface texture line profiles on AA2024-T3 alloy panels 

after the 14-day neutral salt spray  test revealing the depth of corrosion damage near the edges of 

the unmodified and spontaneously modified composites. (A) Schematic diagram showing where 

the line profiles were recorded on each type of  panel. Line profiles on the TCP-coated alloy panel 

across where the (B) left, (C) right and (D) bottom edges of the unmodified and spontaneously 

modified CFRP composites were positioned on during the test. The surface line profiling was 

performed at 1000× over a 2.5 mm linear distance. 

B A C 

D 
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strong oxidant, H2O2, in acidic and neutral media.  

          To test for the presence of H2O2 during the salt spray exposure, Water WorksTM peroxide test 

strips were positioned near the edge of a CFRP specimen in a lap joint configuration where H2O2 

accumulation is expected to occur. The test strips colorimetrically report on the presence of the 

oxidant in the concentration range from  0.5-100 ppm. If present, H2O2 reacts with peroxidase and 

an organic redox indicator on the test strip forming an oxidation compound that is blue in color. 

During the salt spray exposure, all test specimens turned dark blue qualitatively indicating the 

formation of  H2O2. H2O2 is a strong oxidant, and its accumulation can cause CFRP composite 

degradation. The reaction between H2O2 and the CFRP composite could result in carbon fiber 

oxidation/corrosion and/or debonding of the epoxy and, over time, leading to material fatigue.23 

Degradation of the epoxy resins in acidic media, such as hydrochloric (HCl), nitric (HNO3) and 

sulfuric (H2SO4,) have been reported in literature.43-46 Because the epoxy resin is a thermosetting 

polymer with a highly cross-linked structure, once cured, it cannot be melted down or remodeled 

by applying temperature. 44,46 The decomposition of the epoxy resin matrix in HNO3 solution at 

high temperature leads to the separation of the carbon fibers from the polymer matrix and is  used 

as a chemical recycling method for carbon fiber reuse.43 

          Figure 3.16 presents the SEM micrographs of unmodified composite edges before and after 

14 days of salt spray testing. The composites shown here were mechanically joined to uncoated 

AA2024-T3 alloy panels during the test. Figure 3.16A shows a polished and unmodified CFRP 

composite edge devoid of any detectable damage before testing. SEM micrographs of the 

unmodified composite edge coupled to an uncoated AA2024-T3 alloy panel during the accelerated 

degradation test reveal the most extensive damage (Figures 3.16B, C, and D). There is clearly 

significant epoxy degradation (red arrows) between the carbon fibers resulting in cracks and 
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fissures into the composite. Additionally, damage due to carbon corrosion is seen on some carbon 

fibers as indicated by yellow arrows. These observations are consistent with the uninhibited 

oxygen reduction, resulting in the accumulation of H2O2 at the composite and far greater galvanic 

corrosion damage on the uncoated AA2024-T3 alloy panel. 

          Figure 3.17 presents the SEM micrographs of unmodified and diazonium-modified 

composite edges before and after 14 days of salt spray testing. During the test, the composites were 

mechanically joined to a TCP-coated AA2024-T3 alloy panel. A polished and unmodified CFRP 

composite edge before testing is shown in Figure 3.17A. The micrograph reveals the distal ends 

of the exposed carbon fibers, all undamaged. The interface between the epoxy matrix and the 

Figure 3.16. SEM micrographs of (A) a polished, unmodified CFRP composite edge before 14-

day salt spray exposure and (B), (C), (D) an unmodified CFRP composite edge after 14-day salt 

spray exposure. During the test, the unmodified composite was mechanically joined with an 

uncoated AA2024-T3 panel. composite spontaneously modified with NAB (24 h immersion) 

after a 14-day salt spray test. During the test, the composite was mechanically  joined with a 

TCP-coated AA2024-T3 panel. 

A B 

C D 
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carbon fibers is intact. Signs of significant degradation are noticeable in the SEM image of the 

unmodified CFRP composite edge after the 14-day NSS  shown in Figure 3.17B. Loss of carbon 

leading to voids and pits due to carbon oxidation, gasification, and corrosion  are observed on 

distal end carbon fibers as indicated by yellow arrows. The damage is most severe on the 

unmodified composite but reduced for the spontaneously modified composite such that few 

damage fibers are detected. Additionally, matrix debonding is observed on the unmodified 

specimen, as well. The degree of damage associated with debonding is reduced for the 

spontaneously modified composite. In summary, surface treating the exposed carbon fibers with a 

spontaneously formed NAB adlayer provides superior inhibition of galvanic corrosion on the TCP-

coated aluminum alloy and superior protection against carbon corrosion and epoxy debonding than 

A B 

D C 

Figure 3.17. SEM micrographs of (A) an unmodified CFRP composite edge showing the distal 

ends of carbon fibers before a 14-day salt spray  test. SEM micrographs of (B) an unmodified 

composite, (C) a composite electrochemically modified (25 cycles) with NAB, and (D) a 

composite spontaneously modified with NAB (24 h immersion) after a 14-day salt spray test. 

During the test, the composite was mechanically  joined with a TCP-coated AA2024-T3 panel. 
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does surface treatment by an electrochemically formed adlayer. Prior work has shown that 

diazonium adlayers can protect carbon materials from corrosion and degradation.18,47,48 

Galvanic Current During 14-Day Salt Spray Test. Galvanic current measurements were performed 

to further evaluate the galvanic corrosion inhibition of AA2024-T3 specimens by NAB adlayers 

formed spontaneously on CFRP composite edges during a different 14-day salt spray test. Figure 

3.18 presents the plots of galvanic current measured. A polyimide film was introduced between 

the alloy and composite specimens to trap the electrolyte solution, NaCl in this case and establish 

a conducting medium. All AA202-T3 panels, regardless of the type of composite they were joined 

with, were coated with TCP. TCP coatings provide corrosion protection to the aluminum alloy. 

Consequently, when exposed to a continuous fog of NaCl, no galvanic current flow was detected 

until day 2. An uncoated AA 2024 + unmodified CFRP composite couple was also used in the test. 

This couple showed a current of 4.5 µA just after 24 hours, indicating the onset of galvanic 

corrosion due to the absence of a protective TCP coating on the AA202-T3 panel to delay the 

corrosion process. The galvanic current between unmodified CFRP composite and TCP-coated 

AA2024-T3 ranged from 3 to 11 µm over the test period. In contrast, noticeably lower galvanic 

current was measured between spontaneously modified CFRP composite and TCP-coated 

AA2024-T3 specimens and ranged from 0.5 to 2.5 µm over the test period. Initially, both plots 

displayed an increase in galvanic current. As the galvanic corrosion begins, the TCP coating 

becomes compromised, exposing the underlying aluminum alloy surface. This leads to the 

initiation of localized and pitting corrosion. The simultaneous occurrence of galvanic and pitting 

corrosions results in the observed increase in current. Subsequently, the current began to decrease 

due to the deposition of corrosion products. Overall, the current measured between spontaneously 

modified CFRP composite specimens and TCP coated AA2024-T3 panels was significantly lower 
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than the current measured between unmodified CFRP composite and TCP-coated AA2024-T3 

couples throughout the duration of the test. This quantitative observation serves as an additional 

confirmation of the reduced galvanic corrosion resulting from the diazonium surface treatment of 

CFRP composites.    

          Figure 3.19 presents the digital micrographs of TCP-coated AA2024-T3 panels subjected to 

14-day salt spray exposure for galvanic current measurements. Clearly, the alloy panel joined to 

unmodified CFRP composite reveals extensive galvanic corrosion damage. In contrast, the 

AA2024-T3 panel coupled with spontaneously modified composite during testing shows much 

reduced galvanic corrosion damage. Overall, the TCP-coated AA2024-T3 panels joined 

respectively to unmodified and CFRP composites and used for galvanic corrosion measurements 

show relatively higher damage after 14 days of salt spray exposure as compared to their counterparts 

presented in Figures 3.12C and E. One possible explanation could be the presence of the polyimide 

Figure 3.18. Galvanic currents measured between unmodified/spontaneously modified CFRP 

composite and TCP-coated AA2024-T3 panels at selected time points during the 14-day neutral 

salt spray exposure.   
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membrane inserted between the alloy and composite during galvanic current measurements. This 

may have resulted in the high ionic strength of the salt-spray mist to produce an effective 

conducting medium in the polyamide membrane.  

          SEM micrographs of the CFRP composites after galvanic current measurements are 

presented in Figure 3.20. The unmodified CFRP composite edges ( Figures 3.20A and B) reveal 

signs of carbon corrosion (yellow arrows) and epoxy debonding (red arrows) after galvanic 

corrosion measurements. The unmodified CFRP composite surface that was in contact with the 

polyimide membrane shows significant epoxy degradation exposing the carbon fibers (Figure 

3.20E). Conversely, far less epoxy degradation and carbon corrosion damage was seen on the 

spontaneously modified composite (Figures 3.20C, D, and F. This is attributed to the inhibition of 

the oxygen reduction reaction that produces  H2O2 by the spontaneously formed NAB adlayer. 

 

 

A B C 

Figure 3.19. Digital optical micrographs of  AA2024-T3 panels composite used for galvanic 

current measurements (A) with a TCP coating and before salt spray exposure, (B) TCP-coated and 

joined with an unmodified CFRP after 14-day neutral salt spray exposure, and (C) TCP-coated and 

joined with a CFRP composite spontaneously modified with NAB after 14 days of neutral salt 

spray exposure. 
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Figure 3.20. SEM micrographs of an unmodified CFRP composite edge showing the (A)  

cylindrical carbon fibers and (B) distal ends after galvanic current measurements, a composite 

edge spontaneously modified with NAB, showing the (C) cylindrical carbon fibers and (D) distal 

ends after galvanic current measurements, and the surfaces of the (E) unmodified and (F) 

spontaneously modified composites that were in direct contact with the polyimide membrane 

during galvanic current measurements. 

A B 

C D 

E F 
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3.4 DISCUSSION 

Following up prior work showing the effectiveness of electrochemically formed diazonium 

adlayer18, this study demonstrates that the spontaneously formed diazonium adlayer on the exposed 

edges of CFRP composites is even better at inhibiting the oxygen reduction reaction kinetics (i.e., 

cathodic inhibitor) and provides greater suppression of both aluminum alloy galvanic corrosion 

and carbon fiber corrosion. This is the first time this surface treatment has been applied to CFRP 

exposed surfaces to reduce the rate of galvanic corrosion on mechanically joined aluminum alloy 

specimens. Fabrication and assembly of an aircraft involve a variety of detail part fabrication and 

assembly operations.49 For example, fuselage assembly involves riveting and fastening operations 

at five major assembly levels. The wing has three major levels of assembly. We believe this surface 

treatment could be applied as part of the normal process flow for fabrication and assembly without 

significantly increasing the overall processing time.  

          The immersion of CFRP composites in aryl diazonium salt solutions under open circuit 

conditions leads to spontaneous formation of an organic adlayer that provides barrier protection 

against direct contact with the solution layer and kinetic inhibition of surface-sensitive 

electrochemical reactions, in this case,  dissolved oxygen reduction. If there are electrons available 

in electronic states of the carbon that are higher in energy than the LUMO of the diazonium 

molecule, thermodynamically, electron transfer can occur from the electrode to the diazonium to 

produce the reactive radical species. This radical then reacts with the electrode surface to form a 

stable, covalently bonded admolecule. While the blocking effect of the (NP and NAB) adlayer 

formed at  different immersion times was studied, further investigation of the formation kinetics 

is still needed to better inform on how parameters, such as diazonium concentration, temperature, 

and immersion time, affect the adlayer density, thickness, and performance. In other words, process 
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parameter optimization is needed. Nevertheless, the data presented herein reveal that the 

spontaneously formed adlayer provides better blocking and kinetic inhibition than does the 

electrochemically formed adlayer. The degree of kinetic inhibition for surface-sensitive 

electrochemical reactions provided by the adlayer depends on the soluble redox system – its size 

and charge. For example, a 5-min immersion of a CFRP composite in a 5 mM NP solution produces 

an adlayer that decreases the oxidation current for the [Fe(CN)6]
-3/-4 redox system by ca. 35% and 

increases the cyclic voltammetric Ep reflecting more sluggish electron transfer kinetics. The 

surface coverage, density, and thickness of the adlayer are proportional to the immersion time. The 

surface coverage effect is evidenced by the increase in the Raman spectroscopy peak intensities 

recorded for an admolecule (e.g., NAB) with immersion time. The 15 and 30-min immersion times 

largely suppress [Fe(CN)6]
-3/-4 redox chemistry. However, these immersion times do not fully 

inhibit the reduction current for the smaller and electrically neutral O2 molecule. At least a 24-h 

immersion is needed to form a fully blocking adlayer. The existence of some reduction current at 

the shorter immersion times suggests there are defects in the adlayer or incomplete adlayer 

coverage such that the O2 molecule can penetrate and reach the underlying carbon where it can 

undergo electron transfer at unmodified edge plane sites. Additionally, the O2 molecule may 

undergo more effective electron tunneling (i.e., closer approach) through the adlayer than does the 

highly charged [Fe(CN)6]
-3/-4 so speculatively, longer immersion times are needed  to increase the 

adlayer thickness. For long immersion times of 6 and 24 h, cyclic voltammetric measurements 

reveal about a 74% decrease in the kinetically controlled reduction current for dissolved O2 after 

6 h and near complete inhibition (99%) of the reduction current after 24 h.  NP and NAB modified 

surfaces behaved similarly. This is attributed to the formation of a more compact and denser 

adlayer during the 24-h immersion that effectively blocks adsorption sites for the O2 molecule on 
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the carbon surface, which is the first step in the surface-mediated reduction reaction.39-41  

          The near complete inhibition of the rate of dissolved O2 reduction on the more noble CFRP 

specimens then leads to significantly lower galvanic corrosion damage on TCP-coated AA2024-

T3 panels during a 14-day continuous neutral salt spray exposure owing to the decreased rate of 

aluminum alloy oxidation and dissolution. The weight loss and surface roughness data reveal that 

the metal dissolution and the length, width  and depth of the galvanic corrosion damage is 

remarkably attenuated when TCP-coated AA2024-T3 is mechanically joined to a CFRP composite 

spontaneously modified with NAB (24-h immersion). The typical damage pattern on the alloy of 

trenching near the composite edges, crevice corrosion underneath the composite, and galvanic 

corrosion damage on the walls of the fastener through-hole are not seen during a 14-day salt spray 

exposure. We suppose the reduction in crevice corrosion on the panel underneath the joined 

composite is reduced because of a better seal between the two. When the composite specimen is 

immersed in the diazonium-containing acetonitrile solution, the epoxy is slightly softened so that 

when joined with the alloy panel, an interface is formed with greater contact area than is formed 

with a normal untreated composite which consist of a hard and irregularly shaped epoxy layer. The 

reduction in corrosion damage in the through-hole region is attributed to the treatment of the hole 

wall on the composited with a diazonium adlayer. This reduces the rate of dissolved oxygen 

reduction on the nearby carbon and lessens the metal dissolution. The tighter seal between the 

composite and the alloy panel also serves to prevent moisture and oxygen ingress to the through-

hole region. 

          The kinetic inhibition of the diazonium adlayer (NP) on the O2 reduction reaction was 

demonstrated clearly with the rotating disk voltammetric experiments using a modified glassy 

carbon working electrode. Unchanging il versus ω1/2 plots for both the electrochemically- and 
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spontaneously-modified electrodes with a non-zero y-axis intercept indicates the adlayer provides 

a kinetic barrier to the reduction of O2. In other words, the rate of reaction is limited by the electron-

transfer kinetics rather than mass transfer kinetics. The kinetic currents, iK, obtained  from 

extrapolation of the Koutecký-Levich plots to ω-1/2 = 0 for the unmodified, electrochemically 

modified, and spontaneously modified glassy carbon RDEs are 9.03×10-5, 1.33×10-5 (6× lower) 

and 1.39×10-6 A (65× lower), respectively, reflecting the kinetic inhibition provided by the adlayer.  

          The spontaneous formation of the diazonium adlayer (NAB) also has a dramatic effect at 

reducing carbon corrosion and epoxy debonding on the CFRP composite.18 In the salt spray mist, 

dissolved O2 molecules get reduced to H2O2, which is a strong oxidant. The concentration in mist 

droplets contacting the carbon edge increases over time, likely producing relatively high levels. 

H2O2 accumulation in the thin solution layer leads to carbon oxidation according to the following 

net redox reaction, 

C + 2H2O2 → CO2 + 2H2O                   (4) 

The more compact, spontaneously formed NAB adlayer inhibits carbon oxidation/corrosion and 

epoxy debonding by acting as a barrier layer for direct solution contact with the surface and a 

kinetic inhibitor of H2O2 production.  

          Translational research is needed to (i) optimize the parameters for applying the surface 

treatment through a spontaneous formation process (solution immersion) so as to maximize the 

degree of galvanic corrosion suppression on the aluminum alloy while minimizing the overall 

processing time, (ii) investigating the application of the surface treatment using brush and spray-

on applications, and (iv) subsystem demonstration of test assemblies in a service environment (e.g., 

sea-side beach exposure). 
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3.5 CONCLUSIONS 

Carbon fiber reinforced polymer (CFRP) composites and aluminum alloys are widely used 

as integrated structural components in military and civilian aircraft, military transport vehicles, 

automobiles for transportation, and marine vessels. Severe galvanic corrosion can develop at 

locations where these dissimilar materials are joined and become electrically connected by a 

condensed layer of atmospheric moisture. The more noble carbon fibers act as a cathode and 

support the electrochemical reduction of dissolved oxygen. The consumption of electrons in this 

cathodic reaction accelerates the electrochemical oxidation rate of the nearby aluminum alloy, so-

called galvanic corrosion. Galvanic corrosion causes a metal to degrade at a faster rate than it 

otherwise would in the absence of a dissimilar material. Galvanic corrosion of aluminum alloy 

with carbon fiber materials is a serious and well-known issue. Strategies for more effectively 

mitigating galvanic corrosion at CFRP composite-metal alloy joints represent the unmet 

technological need. 

          We believe that the aryl diazonium surface treatment technology reported herein for treating 

exposed carbon fibers in CFRP composites joined with metal alloys will result in less galvanic 

corrosion damage to the alloy, and reduced costs for repair and maintenance. Cyclic voltammetric 

data revealed that both NP and NAB adlayers spontaneously grafted by a 24-h immersion reduces 

the current for dissolved oxygen reduction by 99%, as compared to the unmodified specimen. 

Complete inhibition was not achieved by the 2-FL grafting because the adlayer may not be fully 

compact across the surface or may possess some holes/defects through which O2 can diffuse and 

reach the underlying carbon surface. The 4-NAB adlayer spontaneously grafted on the exposed 

carbon fiber surfaces of the composite by a 24-h immersion significantly attenuated the galvanic 
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corrosion of TCP-coated AA2024-T3 alloy specimens during a 14-day salt spray exposure when 

coupled together. The key findings from the work can be summarized as follows: 

1. Diazonium adlayers can be formed on the exposed carbon fibers of CFRPs by spontaneous 

immersion. The adlayers are perhaps thicker but are certainly more defect free than adlayers 

formed by the electrochemically assisted method. 

2. Immersion times of 30 min, or greater, allow for the spontaneous formation of NP adlayers that 

are low in defects (pin holes) and perhaps thicker such that the adlayer cannot be penetrated 

by the [Fe(CN)6]
4- ions. 

3. The capacitance is ca. 2× lower for the composite specimen electrochemically modified with 

NP and ca. 12× lower for the CFRP composite electrode spontaneously modified with NP, as 

compared to the unmodified control. The decrease in interfacial capacitance arises from a more 

compact, less defective, and thicker adlayer spacing the counterbalancing charge further away 

from the composite on the solution side of the interface.  

4. The electrochemically formed NP adlayer attenuated the kinetically controlled oxygen 

reduction current at -0.8 V by only 67% while the spontaneously formed adlayer totally 

inhibited the current. The NP adlayer spontaneously formed for 24 h is more compact, less 

defective, and perhaps thicker than the adlayer formed by the electrochemically assisted 

grafting.  

5. The oxygen reduction current density at -0.8 V in potentiodynamic polarization curves for the 

composite electrochemically modified with NP is 15× lower and the current density for the 

composite spontaneously modified with NP is 56× lower than the unmodified composite. This 

is attributed to the behavior of the NP adlayer as a physical blocking layer, which prevents 
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dissolved O2 molecules from reaching the underlying carbon and reduces the rate of electron 

transfer, hence the current. 

6. In rotating disk voltammetric measurements, the current for dissolved oxygen reduction at a 

glassy carbon electrode was independent of the rotation when spontaneously modified with an 

NP adlayer. The electrochemically formed NP adlayer on GC lowers the kinetic current, iK, by 

ca. 6× while the spontaneously grafted NP adlayer reduces iK by ca. 64× as compared to the 

unmodified electrode. 

7. Consistent with the electrochemical test data, results from a 14-day neutral salt spray exposure 

of CFRP composite/TCP-coated lap joint specimens revealed that surface treating the 

composite with an electrochemically formed (25 cycles) NAB adlayer reduces weight loss and 

corrosion intensity by 3×. Surface treating the composite with the spontaneously formed NAB 

adlayer (24 h) reduces weight loss  and corrosion intensity by 16×. 

8. All signs of carbon corrosion and epoxy debonding were absent on CFRP specimens when 

spontaneously modified (24 h immersion) with NAB after a 14-day salt spray exposure.  
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CHAPTER 4. THE EFFECT OF SPONTANEOUS DERIVATIZATION OF CARBON 

FIBER REINFORCED POLYMER COMPOSITES ON THE GALVANIC CORROSION 

INHIBITION OF COUPLED AA7075-T6 ALUMINUM ALLOYS 

Chapter adapted from the manuscript in preparation to be submitted to Corrosion. 

Article: Isuri N. Dammulla and Greg M. Swain. Spontaneous Modification of Carbon Fiber 

Composite Edges: Impacts on Galvanic Corrosion of Joined AA7075-T6 Aluminum Alloy During 

Neutral Salt Spray and Thin Layer Mist Accelerated Degradation Testing. 

4.1 INTRODUCTION 

Recent efforts to achieve weight reduction of aircraft and automobile structures for 

improved fuel efficiency and reduced carbon dioxide (CO2) emission have led to the extensive 

employment of carbon fiber reinforced polymer (CFRP) composites in the aerospace and 

automotive industries.1-8 Owing to their lightweight, high strength and outstanding fatigue 

endurance, CFRP composites are used in long-range civilian aircraft, such as the Boeing 787 and 

Airbus A350, and German cars including BMW and Audi. Carbon fibers in CFRP composites are 

electrically conductive and more noble in the galvanic series than most metals. 9,10 Hence, when 

using dissimilar material assemblies encompassing composites and metal alloys, precautions must 

be taken to eliminate direct contact between the materials to prevent galvanic corrosion.11-14 The 

general engineering practice involves keeping the dissimilar materials electrically isolated using 

interlayers of glass fiber-reinforced composites or protective coating systems.15-17 Nevertheless, 

severe galvanic corrosion can develop when CFRP composite edges and aluminum alloys come 

into direct electrical contact through a condensed layer of atmospheric moisture.18,19 In such 

situations, the more noble carbon fibers act as a cathode and facilitate the electrochemical 

reduction of dissolved oxygen or protons, depending on the pH of the moisture layer.15,20,21 The 

consumption of electrons in this cathodic reaction accelerates the electro-oxidation or galvanic 

corrosion rate of the nearby aluminum alloy. Galvanic corrosion and degradation can adversely 
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affect the structural integrity of both materials.9,14,22 One viable approach for mitigating galvanic 

corrosion entails the surface treatment of CFRP composites with aryldiazonium adlayers to inhibit 

the oxygen reduction reaction (ORR) kinetics by blocking the active sites on exposed carbon fibers 

for O2 chemisorption; the initial step of the ORR mechanism.  

A significant body of work has reported the grafting of covalently attached, organic 

adlayers on carbon, metal, and semiconductor surfaces using aryldiazonium salts.23-27 The simple 

and rapid electrochemically-assisted reduction of aryldiazonium salts modifies substrates by 

generating aryl radicals near the electrode surface that then bind covalently to the surface, 

producing a stable adlayer.28,29 Spontaneous grafting involves the immersion of substrates in 

aryldiazonium salt solutions under open circuit conditions with no electrochemical induction.30-33 

While both methods yield adlayers with similar characteristics, spontaneous grafting is more 

practical in real-world applications involving large component assemblies or repair processes. We 

have previously reported on the electrochemically-assisted and spontaneous grafting of diazonium 

adlayers on CFRP composites and showed that the galvanic corrosion of AA2024-T3 aluminum 

alloys is mitigated most effectively when joining with a surface-treated CFRP composite during 

neutral salt spray exposure (ASTM B117, 5 wt.% NaCl) due to the inhibition of cathodic ORR. 34, 

35 

We investigated and compared the extent of galvanic corrosion damage on TCP-coated 

AA7075-T6 aluminum alloys when mechanically joined with NAB-treated CFRP composites 

during 14-day neutral salt spray (ASTM B117, 5 wt.% NaCl, at 35 °C) and 14-day thin layer mist 

(3.5 wt.% NaCl, 55 °C) exposures. In this work, we build upon past work on NAB adlayer 

formation on CFRP composites electrochemically and spontaneously and the effectiveness of the 

surface treatment at reducing galvanic corrosion on TCP-coated AA7075-T6 lap joint specimens 
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during exposure to neutral salt spray and thin layer mist tests. Thin layer mist accelerated 

degradation test is more aggressive than a continuous neutral salt spray and more resemble real 

environmental exposure by a coast mist wetting, evaporation, salt concentration changes and 

heating and cooling cycles.36 The results demonstrate that the galvanic corrosion damage is 

significantly reduced on the alloy when the CFRP composite is surface treated with a 

spontaneously formed NAB adlayer, during an aggressive thin layer mist test. The reason for this 

is the blocking properties of the spontaneously formed adlayer that serve to inhibit the oxygen 

reduction reaction kinetics. The spontaneously formed adlayers appear more dense and compact, 

have fewer pinholes and defects, and may readily form multilayers. Clearly, the adlayers are stable 

during 14 days of neutral salt spray and thin layer mist  testing. The results further portend the 

effectiveness of this surface treatment to reduce aluminum alloy galvanic corrosion rates and 

damage in aircraft structures. 

4.2 EXPERIMENTAL METHODS 

Chemicals and Reagents. Acetonitrile (Sigma Aldrich) was distilled and stored over activated 5 Å 

molecular sieves prior to use for water impurity removal. Tetrabutylammonium tetrafluoroborate 

(NBu4BF4) was purchased from a commercial supplier (Sigma Aldrich) and used as received. The 

4-nitroazobenzene diazonium tetrafluoroborate (NAB) was provided by Professor Richard 

McCreery and his group at the University of Alberta. Bonderite C-AK 6849 AERO (Henkel 

Technologies, Madison Heights, MI) was the commercial solution used for degreasing the 

specimens. Bonderite C-IC SMUTGO NC AERO (Henkel Technologies, Madison Heights, MI) 

was the commercial solution used to desmut the aluminum alloy specimens. Bonderite T-5900 

RTU (Henkel Technologies, Madison Heights, MI) was the commercial trivalent chromium 

process (TCP) coating bath used. All aqueous solutions were prepared with ultrapure water (> 17 
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Ω-cm) from a Barnstead E-Pure water purification system. 

Pretreatment of CFRP Composite Specimens. A standard airframe composite panel (AS4/3501-6) 

was prepared by and provided courtesy of the Polymer and Composites Division at the Naval Air 

Systems Command (Patuxent River, MD). The panel was a unidirectional cross-ply [0/90]4s 

laminate prepared with an intermediate modulus polyacrylonitrile (PAN) carbon fiber (7 µm diam.) 

and a toughened epoxy prepreg (3501-6) from Hexcel. The layup was an orthogonally oriented ply 

(0/90-degree direction 4 times). The composite specimen thickness was 0.25 cm. Composite panels 

(1 Ft2) cut into 2.4 cm × 1.8 cm pieces were used for testing. Electrical connection was made by 

inserting a copper wire into a hole drilled on one side of the specimen and affixing it with 

conducting epoxy, as previously reported.34,35 All three sides, other than the one with the Cu wire 

contact, were first abraded for 3 min on P1500 grit aluminum oxide sandpaper wetted with 

ultrapure water. This was followed by a 10-min ultrasonic cleaning in ultrapure water with the 

composite suspended in solution. Each abraded edge was then polished for 5 min with successively 

smaller grades of alumina powder (1, 0.3, and 0.05 μm) slurried in ultrapure water on separate felt 

polishing pads. After each polishing step, the composite was rinsed with and ultrasonically cleaned 

in ultrapure water for 15 min to remove polishing debris. A final ultrasonic cleaning was then 

performed in pure acetonitrile for 10 min. For the CFRP specimens used in the accelerated 

degradation testing, a lap joint configuration with the aluminum alloy was used for testing, as has 

been described in other publications.34,35. 

Surface Modification of CFRP Composite Specimens. The aryldiazonium salt studied was 4-

nitroazobenzenediazonium tetrafluoroborate (NAB). The electrochemically-assisted surface 

modification was performed as reported elsewhere by cyclic voltammetry.34 The spontaneous 

surface modification was performed under open circuit conditions by immersing the pretreated 
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CFRP composite specimen in a solution of 5 mM NAB salt dissolved in acetonitrile for 24 h at 

room temperature.35 After modification, the specimens were thoroughly rinsed with acetonitrile to 

remove any unbound diazonium molecules.  

Contact Angle Measurements. The wettability of the CFRE composite specimens before and after 

surface modification was investigated by static contact angle measurements. The contact angles 

were recorded on the composite edge surfaces with ultrapure water using a VCA OptimaTM (AST 

Products, Inc.) video contact angle system. The volume of a water droplet used was 0.5 µL. All 

measurements were made in a dry room with a relative humidity of ≤ 0.1 %.  

Electrochemical Measurements. All the electrochemical measurements were performed using a 

Reference 600TM (Gamry Instruments, Inc.) computer-controlled workstation in a three-

compartment, three-electrode glass cell. A platinum (Pt) flag was used as the counter electrode and 

a silver wire  quasi-reversible electrode (AgQRE) was employed as the reference. The CFRP 

composite served as the working electrode. Only the edge opposite of that where the electrical 

contact was affixed was utilized in these measurements. The change in the open circuit potential 

(OCP) during which spontaneous adlayer formation occurred was recorded for abraded and 

polished CFRP composite electrodes in acetonitrile solutions containing 5 mM  NAB + 0.1 M 

NBu4BF4. The electrochemically-active NAB admolecule coverage on the modified edge was 

determined by cyclic voltammetry in deaerated acetonitrile containing 0.1 M NBu4BF4. The 

potential was cycled between 0.4 and -1.2 V vs AgQRE at a scan rate of 50 mV/s.  

Preparation of Aluminum Alloy (AA) Specimens. Commercial wrought aluminum alloy 7075-T6 

was obtained as a 1 mm-thick sheet (www.onlinemetals.com) and cut into 5.5 cm × 3.0 cm pieces.  

The alloy specimens were mechanically abraded with a 1500 grit aluminum oxide sandpaper for 

4 min and ultrasonically cleaned in ultrapure water for 20 min. The specimens were then fine 

http://www.onlinemetals.com/
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polished with 0.3 μm alumina powder (Buehler) slurried in ultrapure water on a felt polishing pad 

for 4 min and ultrasonically cleaned in ultrapure water for another 20 min to remove polishing 

debris. This was followed by a degreasing step at 55 °C for 10 min in 20% v/v Bonderite C-AK 

6849 AERO alkaline degreaser. The specimens were then gently rinsed with flowing city tap water 

for 2 min. The specimens were then deoxidized by immersion in 20% v/v Bonderite C-IC 

SMUTGO NC AERO at room temperature for 2 min. This was followed by another 2-min tap 

water rinse. The alloy specimens were then surface treated with a trivalent chromium process 

(TCP) conversion coating by immersion in Bonderite T5900 (Henkel Technologies) at room 

temperature for 10 min. Finally, the coated specimens were immersion rinsed in a beaker full of 

city tap water for 2 min, a beaker of ultrapure water for 30 s, and air dried for at least 12 h in a 

covered dish before further use. 

Configuration of the CFRP Composite and AA7075-T6 Specimens in Lap Joints. The TCP-coated 

AA7075-T6 specimens were joined with unmodified and modified CFRP composite specimens, 

as presented in Figure 4.1, using a stainless-steel fastener. The mechanical fastener was tightened 

with a torque of 45 lb-in. The threads of the stainless-steel fasteners were covered with Teflon tape 

to prevent direct electrical contact with the composite and through-hole wall. The bolt head and 

nut were wet sealed with a commercial silicon sealant (DAP KWIK SEAL ULTRA) to repel water 

and to electrically isolate the metal from the solution mist. The back side of each aluminum alloy 

specimen was covered with corrosion protection tape (Scotchrap™, 3M Company) so that only 

the front surface of the alloy was exposed during the accelerated degradation testing. The 

geometric cathode/anode are ratio was 0.36. (6.0 cm2 for the CFRP composite and 16.5 cm2 for the 

aluminum alloy). 
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Neutral Salt Spray Accelerated Degradation Test (ASTM B117). Mechanically fastened aluminum 

alloy-CFRP composite specimens were placed at a  ̴ 20° angle (with respect to the vertical axis) on 

plastic racks inside a commercial salt spray chamber (Associated Environmental Systems-MX 

9204). The bolted end of the specimen was highest on the rack. The specimens were then exposed 

to a continuous salt fog generated with 5 wt.% NaCl at 35 ± 1 °C for 14 days according to ASTM 

B117 (Standard Practice for Operating Salt Spray (Fog) Apparatus). At the end of the 14-day test 

period, the coupled specimens were removed, disassembled, and rinsed thoroughly with and 

ultrasonically cleaned in ultrapure water for 30 min to remove salt deposits. The alloy specimens 

were then ultrasonically cleaned in concentrated HNO3 for 10 min periods to dissolve corrosion 

product, dried thoroughly with N2 gas, and weighed. Ultrasonic cleaning in HNO3 was repeated 

until a constant weight was achieved.51 The mass loss of the aluminum alloy provided a measure 

of the galvanic corrosion rate. 

 Thin Layer Mist Accelerated Degradation Test. Lap joint aluminum alloy-CFRP composite 

specimens were positioned horizontally on a platform above an ultrapure water layer inside a 

sealed polypropylene container, as shown in Figure 4.2. Separate containers were used for each 

Figure 4.1. Configuration of the lap joined aluminum alloy-CFRP composite specimens used in 

the accelerated degradation testing. (A) Top view. (B) Side view. Dimensions: CFRP composite 

(2.4 × 1.8 × 0.25 cm), AA2024-T3 (5.5 × 3.0 × 0.1 cm). 

Stainless-Steel Fastener 

CFRP Composite 

Aluminum 

Alloy 

A B 
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joined specimen. During a test, each specimen was misted with one spray ( ̴ 1 ft distance) of 3.5 

wt.% NaCl from a nebulizing spray bottle at room temperature. The closed polypropylene 

containers containing the joined specimens were then placed in an oven at 55°C. The water in the 

bottom of the container ensured that the relative humidity inside the container was at 100% during 

the test.  

          One test cycle was 24 h, during which the specimen surfaces experienced mist droplet 

evaporation, but did not completely dry out. After each 24 h test cycle, the containers were 

removed from the oven, cooled to room temperature for 30 min, and the specimens were resprayed 

with 3.5 wt.% NaCl. The containers remained open to the atmosphere for 15 min after applying 

3.5 wt.% NaCl mist to replenish oxygen inside before being closed and placed back in the oven at 

55 °C. The entire test lasted for 14 cycles. At the end of the 14-day test period, the coupled 

specimens were removed, disassembled, and rinsed thoroughly with and ultrasonically cleaned in 

ultrapure water for 30 min to remove salt deposits. The accumulated corrosion product on the alloy 

specimens was then removed by ultrasonically cleaning them in concentrated HNO3 for 10 min 

Ultrapure 

Water 

Ultrapure 

Water 

3.5 wt.% NaCl 

AA + CFRP Composite  

Figure 4.2. A schematic diagram of the thin layer mist (TLM) test configuration and specimen 

positioning.36 
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periods followed by thorough rinsing with ultrapure water and drying under a stream of N2 gas. 

Ultrasonic cleaning in HNO3 was repeated until the weight change of a specimen was negligible 

(≤ 0.002 g).51 

Evaluation of Corrosion Damage. The galvanic corrosion damage on each AA7075-T6 panel was 

assessed both qualitatively and quantitatively. The surface texture and other corrosion damage on 

cleaned AA7075-T6 specimens were evaluated using a Keyence VHX 6000 digital optical and a 

Nikon C2 laser scanning confocal microscope. For higher resolution imaging, a JEOL 6610LV 

scanning electron microscope housed at the MSU Center for Advanced Microscopy was used. The 

weight loss of aluminum alloy panels due to corrosion damage was determined by comparing the 

weights measured before and after the accelerated degradation testing. The corrosion intensity (CI) 

was calculated using Equation 1, in which 𝑦 = 14 𝑑𝑎𝑦 ×  
1 𝑦𝑟

365 𝐷𝑎𝑦
 . 

                                                        𝐶𝐼 =
𝑔 𝐿𝑜𝑠𝑠

𝑚2.𝑦
           (1) 

          The following scale, developed by the U.S. Army Material Command, was utilized to grade 

the corrosion damage on the aluminum alloy panels after the 14-day neutral salt spray and thin 

layer mist exposure. The grading scale is as follows: Stage 0- No visible corrosion, Stage 1- Simple 

discoloration and staining, Stage 2- Loose rust or corrosion product and early stage pitting along 

with minor etching, Stage 3- Rust or corrosion product, minor etching, pitting, and more extensive 

surface damage, Stage 4- Significant rust or corrosion product formation, extensive etching, 

blistering, and pitting that has progressed to the point where the life of the specimen has been 

affected.41 

4.3 RESULTS 

Surface Modification. Figure 4.3 presents the E-t curve of the OCP recorded during the 

spontaneous NAB adlayer formation on a pretreated CFRP composite. The immersion was for 24 
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h under ambient condition. The potential measurement began immediately upon immersion in the 

NAB diazonium salt solution. The OCP exhibits an initial negative shift from 0.346 V to ca. -0.440 

V (vs AgQRE) within the first 3 h of the grafting process. Vautrin-UI et al. observed a similar shift 

in the OCP towards negative potentials during the spontaneous organic adlayer formation on 

carbon and metal surfaces using diazonium salts which can be attributed to a change in the 

accumulated charge on the electrode surface.32 After 3 h, the OCP stabilizes at ca. -0.430 V (vs. 

AgQRE). The stable OCP indicates an unchanging condition at the electrode surface. This potential 

has no thermodynamic significance. 

            The spontaneous grafting of an NAB adlayer on the CFRP composite electrode was 

achieved by immersing the specimen in a 5 mM diazonium salt solution under open conditions for 

24 h. Prior work showed that the oxygen reduction reaction current was suppressed the most by an 

adlayer formed for this time.35 The successful attachment of NAB admolecules on a CFRP 

composite surfaces in the absence of electrochemical assistance was confirmed by Raman 

spectroscopy in previous work.35 The electrochemical characterization of the modified surface was 

Figure 4.3. Plot of the OCP with time during a 24-h immersion of a polished CFRP composite 

electrode in acetonitrile + 0.1 M NBu4BF4  + 5 mM  NAB under ambient condition. 
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performed by cyclic voltammetry.23,32,37-39 Figure 4.4 reveals the electrochemical response 

acquired for a typical spontaneously grafted CFRE composite electrode in acetonitrile containing 

0.1 M NBu4BF4. The reduction and oxidation peaks observed, respectively, at -0.9 and -0.7 V (vs. 

AgQRE) correspond to the reversible 1e- reduction of the pendant nitro (-NO2) group on the grafted 

NAB admolecules to the radical anion (-NO2
˙-).37  

             The electrochemically active surface coverage of the NAB adlayer was determined by 

integrating the oxidation peak, as reported elsewhere.34 A nominal surface coverage of 4.3 ± 0.4 

nmol/cm2 was determined for the 24-h immersion. This surface coverage is about 50% of that for 

4-NAB formed on the CFRP composite by the electrochemically-assisted method.34 The surface 

coverage is reported as mean ± std. dev. for three different composites. The data are normalized to 

the geometric area of the composite edge. It should be noted that the surface coverage calculation 

by cyclic voltammetry only considers the electrochemically detected admolecules that are located 

at the electrode-adlayer interface.31 Hence, the true surface coverage may be higher than the 

Figure 4.4. (A) Cyclic voltammetric i-E curve of a spontaneously modified CFRE composite 

electrode recorded in acetonitrile + 0.1 M NBu4BF4 at a scan rate of 50 mV/s. Grafting was 

performed by immersing the composite edge for 24 h in 5 mM NAB diazonium salt dissolved in 

deaerated acetonitrile. (B) The redox reaction of the pendant NO2 functional group. 

+ e- 

- e- 

A B . 
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electrochemically-active coverage. The theoretical coverage for a monolayer of closely packed 

NAB admolecules on a flat surface, assuming end-on bonding through the phenyl ring, is 1 

nmol/cm2.40 The 4× larger apparent surface coverage may be caused by an underestimation of the 

true surface coverage of carbon fibers exposed on the edge or multilayer formation.  

           The ability of the adlayer to repel water is an important property. Figure 4.5 presents 

photographs of ultrapure water droplets on (A) unmodified and (B) spontaneously modified (24 h) 

CFRP composite edge surfaces. The nominal static contact angles for ultrapure water on an 

unmodified CFRP composite was 57.3 ± 1.6° while the contact angle on the spontaneously 

modified CFRP composite edge was higher at 74.5 ± 2.6°. The higher contact angle is attributed 

to the reduced wettability and increased hydrophobicity of the NAB modified carbon surface. 

Remember that the carbon fibers are embedded in epoxy so the contact angle measurement is 

affected by both the epoxy and the surface chemistry of the carbon fibers. In the absence of the 

NAB adlayer, the carbon surfaces are composed of the carbon-oxygen functional groups.   

Figure 4.5. Photographs of water droplets and static contact angles for CFRP composite edges (A) 

unmodified and (B) spontaneously modified with NAB. The composites were spontaneously grafted 

by immersion in a 5 mM NAB diazonium salt + acetonitrile solution under open circuit condition 

for 24 h.   

A B 
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Neutral Salt Spray Accelerated Degradation Test (ASTM B117). To investigate the degree to which 

galvanic corrosion of a TCP-coated AA7075-T6 panel is reduced when it is mechanically joined 

to a CFRP composite treated with 4-NAB adlayer, the lap joined specimen was subjected to a 

continuous neutral spray of 5 wt.% NaCl at 35 ± 1 °C for 14 days. The corrosion damage on 

AA7075-T6 panels was graded according to the scale proposed by the U.S. Army Material 

Command.41  

Figure 4.6. Digital optical micrographs of AA7075-T6 panels (A) TCP-coated and before neutral 

salt spray exposure, (B) uncoated and joined with an unmodified CFRP composite after just 3 days 

of NSS exposure, (C) uncoated and joined with an unmodified CFRP composite after 14 days of NSS 

exposure, (D) TCP-coated and joined to an unmodified composite after 14 days of NSS exposure, 

(E) TCP-coated and joined to an electrochemically-modified composite after 14 days of NSS 

exposure, and (F) TCP-coated with a spontaneously-modified CFRP composite after 14 days of NSS 

spray exposure at 30×. 
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          Figure 4.6 presents the digital optical micrographs of the different  AA7075-T6 panels 

before and after the 14-day neutral salt spray (NSS) exposure. The uncoated (Figure 4.6B and C) 

and TCP-coated (Figure 4.6D) alloy panels joined with an unmodified CFRP composite show 

widespread corrosion degradation, metal dissolution, and discoloration across the panels near and 

away from where the composite was joined. No visible of the TCP-coated AA7075-T6 panel prior 

to NSS exposure (Figure 4.6A). Figures 4.6B and C reveal the corrosion damage to uncoated 

AA7075-T6 panels that were joined to unmodified CFRP composites after 3 and 14 days of 

exposure. The uncoated AA7075-T6 panel in Figure 4.6B was exposed to neutral salt spray for 

only 3 days, while the uncoated A7075-T6 panel in Figure 4.6C was exposed for the entire test 

period of 14 days. Without either alloy panel or composite being surface treated, widespread 

corrosion damage (stage 3) is seen that results from a combination of galvanic, crevice underneath 

the composite specimen, and general corrosion, even after just 3 days. When exposed for 14 days, 

the corrosion damage develops to a point where there is extensive dissolution and corrosion 

product formation across the entire panel (stage 4). There is also trenching on both AA7075-T6 

panels as indicated by the yellow arrows along where the edges of the unmodified composites were 

positioned. This trenching results from dissolution of the metal with depth into the alloy, driven 

galvanically by the oxygen reduction on the exposed CFRP composite edges. Figure 4.6D presents 

a TCP-coated AA7075-T6 panel that was joined to unmodified CFRP composite during the 14-

day test. The TCP coating effectively inhibits general and pitting corrosion on the alloy panel away 

from the composite (green arrows), as compared to the widespread damage seen on the uncoated 

panel. When applied, the TCP conversion coating protects the AA7075-T6 alloy against corrosion 

through both anodic and cathodic protection mechanisms. The approximate composition of 

AA7075-T6 includes 5.1%-6.1% Zn, 2.1%-2.9% Mg, 1.2-2.0 % Cu and less than 0.5% of Si, Fe, 
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Mn, Ti, Cr etc.42 The TCP coating (100-200 nm thick) provides cathodic protection by acting as a 

physical barrier to the transport of dissolved oxygen to surface Fe-rich and/or Cu-rich intermetallic 

sites.43-50 The anodic protection is provided by coating the Al rich sites of the alloy (physical 

blocking), thereby inhibiting the metal oxidation reaction.44-50 In other words, the TCP coating 

provided barrier layer protection to the underlying alloy prohibiting direct contact with the 

environment. The damage on the TCP-coated panel is more localized to trenching near where the 

edges of the composite were positioned and underneath the composite as crevice corrosion.  

             In contrast, micrographs in Figures 4.6E and F display a lower level of corrosion damage 

near the composite edges and underneath the composite, when the composites were modified with 

NAB adlayers. The TCP-coated AA7075-T6 panel joined to a CFRP composite electrochemically 

modified with NAB (Figure 4.6E) exhibits far less trenching along the perimeter of where the 

composite was positioned and significantly reduced corrosion damage (Stage 2) underneath the 

composite as compared to the TCP-coated AA7075-T6 panel joined to an unmodified composite 

(Figure 4.6D). No corrosion damage is visible on the panel away from where the composite was 

contacting. Importantly, neither trenching nor corrosion damage underneath the composite are 

present on the TCP-coated AA7075-T6 panel joined to a CFRP composite spontaneously modified 

with NAB for 24 h (Figure 4.6F). Only minor discoloration and staining (Stage 1) are observed on 

the AA7075-T6 panel. Clearly, the 24-h spontaneously formed NAB adlayer is more effective at 

inhibiting galvanic corrosion of the TCP-coated alloy. This is attenuated because of the decreased 

current for O2 reduction, as has previously been reported.35 

             The galvanic corrosion damage was assessed quantitatively using surface texture analysis 

with a digital optical microscope. The surface texture analysis was performed at five different spots 

on each alloy panel in the region adjacent to where the composite was joined (i.e., areas of greatest 
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galvanic corrosion or trenching). The area analyzed per spot was 1000 μm × 1000 μm at a 500× 

magnification. A schematic diagram is presented in Figure 4.7A showing the regions where the 3D 

micrographs were collected on each panel. Figure 4.7B shows the average roughness and peak-to-

valley height data for TCP-coated AA7075-T6 panels joined with unmodified, electrochemically-

modified, and spontaneously-modified CFRP composites with NAB after 14 days of NSS 

exposure.  

             The average surface roughness measured for TCP-coated AA7075-T6 panels prior to salt 

spray exposure was 0.9 ± 0.3 µm. The average surface roughness of TCP-coated AA7075-T6 

panels joined to CFRP composites unmodified, electrochemically modified, and spontaneously 

modified with NAB after 14 days were 50.8 ± 9.8, 23.8 ± 8.7, and  2.8 ± 0.9 µm, respectively. The 

largest surface roughness is seen for the TCP-coated AA7075-T6 panels joined to unmodified 

Figure 4.7. (A) Schematic diagram showing the areas where the surface texture analysis was 

performed on the TCP-coated AA7075-T6 panel and (B) the average surface roughness and peak-

to-valley height data for specimens before and after 14 days of NSS exposure. Data are presented 

for TCP-coated AA 7075-T6 panels joined with CFRP composites unmodified, electrochemically 

modified, and spontaneously modified (24 h immersion) with NAB. Data are presented as mean 

± std. dev for n=15, measurements per panel. Roughness data were recorded on 5 spots per 

AA7075-T6 panel and 3 panels of each type were used to generate the posted data. 

A 

B 
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CFRP composites due to the extensive galvanic corrosion damage the specimens experienced. The 

surface roughness is 60× larger, as compared to the unexposed panel. The TCP-coated aluminum 

panels joined with electrochemically-modified composites showed a surface roughness increase 

of 28× with respect to the control panel and a surface roughness decrease of 2× as compared to the 

panels joined to unmodified composites. The lowest surface roughness is seen for the TCP-coated 

panels joined to spontaneously modified CFRP composites. The surface roughness increased by 

only 3× after the 14-day NSS test as compared to the unexposed panel.  

             The peak-to-valley height recorded for the unexposed alloy panel was 4.1 ± 0.7 µm. After 

14 days of NSS exposure, TCP-coated panels joined to unmodified, electrochemically modified, 

and spontaneously modified CFRP composites had nominal peak-to-valley heights of 248.8 ± 52.6, 

154.0 ± 24.8, and 13.4 ± 2.1 µm, respectively. These values reflect the galvanic corrosion that 

occurs leading to trench formation. The peak-to-valley height is approximately 61× higher for the 

TCP-coated AA7075-T6 panel joined to unmodified composite, 38× higher for the TCP-coated 

AA7075-T6 panel joined to electrochemically modified composite, and merely 3× higher for the 

TCP-coated AA7075-T6 panel joined to spontaneously modified composite, as compared to the 

unexposed control panel. Following a similar trend as the surface roughness, the  TCP-coated 

AA7075-T6 panel joined to unmodified composite exhibited the largest peak-to-valley height 

reflective of significant galvanic corrosion damage that progressed deep into the alloy panel over 

14 days. In contrast, the surface treatment of CFRP composites with an electrochemically-formed 

NAB adlayer decreased the peak-to-valley height of the TCP-coated AA7075-T6 panel by 2×. The 

TCP-coated AA7075-T6 panels joined to CFRP composites with spontaneously formed NAB 

adlayers remarkably lowered the peak-to-valley height by 19× during the14-day NSS test. In 

summary, the surface texture analysis provides evidence for the notably reduced galvanic corrosion 
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damage and negligible progression of metal dissolution with depth into the AA7075-T6 panel 

leading to trench formation when joined with a spontaneously modified CFRP composite.  

             Figure 4.8 presents weight loss and corrosion intensity data for TCP-coated AA7075-T6 

panels joined with unmodified, electrochemically-modified, and spontaneously-modified CFRP 

composites after the 14-day NSS test. The TCP-coated AA7075-T6 panels joined with an 

unmodified CFRP composite exhibited the largest weight loss per unit area. The weight loss due 

to corrosion damage was lower 3× for the TCP-coated AA7075-T6 panels coupled to 

electrochemically-modified CFRP composites. The smallest weight loss was observed for the 

TCP-coated AA7075-T6 panels joined to CFRP composites surface treated with a spontaneously 

grafted NAB adlayer. This weight loss was 75× lower, as compared to the alloy joined with 

Figure 4.8. Weight loss and corrosion intensity data for TCP-coated AA7075-T6 panels joined 

with unmodified, electrochemically-modified (NAB) and spontaneously-modified (NAB) CFRP 

composites after 14 days of NSS exposure. Data are presented as mean ± std. dev. for n=3 

specimens of each type. 
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unmodified CFRP composites. The corrosion intensity, defined as the weight loss of the aluminum 

alloy per m2 per year, revealed the same trend as the weight loss data and decreased in the following 

order. TCP-coated AA7075-T6 coupled to unmodified CFRP composite > TCP-coated AA7075-

T6 coupled to electrochemically-modified CFRP composite > TCP-coated AA7075-T6 coupled to 

spontaneously-modified CFRP composite. Collectively, the NAB adlayer spontaneously formed 

during a 24-h immersion provides superior inhibition of the ORR kinetics and therefore 

significantly attenuates the galvanic corrosion of the alloy panel. 

Thin Layer Mist Accelerated Degradation Test. Figure 4.9 shows the digital micrographs of TCP-

coated alloy panels before and after the 14-day thin layer mist (TLM) test. Since the CFRP 

composites modified with spontaneously grafted NAB adlayers through 24-h immersion exhibited 

ORR currents reduced by close to 99%, as compared to the unmodified composites, the TLM 

exposure was performed using TCP-coated alloy panels joined to unmodified and spontaneously 

modified composites. The TCP-coated AA7075-T6 specimens did not show any visible defects, 

surface imperfections or discolorations prior to the test (Figure 4.9A). Figures 4.9B and C reveal 

the extent of corrosion damage on TCP-coated alloy panels joined with unmodified and 

spontaneously modified CFRP composite specimens, respectively. On both panels, an outline of 

where the composite specimen was positioned can be seen. The TCP-coated alloy panel coupled 

to an unmodified composite (Figure 4.9B) is extensively corroded. Galvanic (nearby trenching) 

and crevice (underneath the composite) corrosion damage are seen on the surface. This damage is 

confined to the region in direct contact with the composite. The blue arrows identify the crevice 

corrosion damage on the alloy panel underneath the composite. Trenching due to severe galvanic 

corrosion was observed on the panel as indicated by red arrows along the three edges of the 

unmodified CFRP composite. This is expected since the ORR rate is greater at the exposed carbon 
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fibers of the unmodified composite edge. Another noteworthy observation, as designated by green 

arrows, is the corrosion damage on the TCP-coated AA7075-T6 panel that emanates from the 

trenches and spreads laterally on the alloy away from where the composite was joined. This lateral 

distribution of corrosion damage will be discussed later below. 

             Figure 4.9C shows a micrograph of the TCP-coated alloy specimen joined with a 

composite modified spontaneously with NAB. Clearly, there is far less galvanic and crevice 

corrosion damage on the alloy panel. The trenching degradation near the composite edges, as 

indicated by yellow arrows, is substantially reduced. The damage on the alloy panel along the three 

edges of the spontaneously modified CFRP composite resembles more of a discoloration of the 

composite perimeter rather than trenching degradation. This implies that the spontaneous 

modification of the CFRP composite by simple immersion for 24 h remarkably inhibits the 

cathodic ORR thereby attenuating the galvanic corrosion of the AA7075-T6. Additionally, the 

crevice corrosion underneath the composite is minimal. Only minor discolorations are present as 

Figure 4.9. Digital micrographs of AA7075 panels (A) TCP-coated before testing, (B) TCP-coated 

and joined with an unmodified CFRP composite and (C) TCP-coated and joined with a 

spontaneously-modified (NAB) CFRP composite after 14 days of thin layer mist exposure at 30×. 
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identified by purple arrows. These discolorations are a sign of a weakened TCP coating. This was 

confirmed by comparing EDS spectra collected over discolored regions after 14-days of TLM 

exposure and freshly TCP-coated AA7075-T6 panels. This results suggest a tighter seal of the 

composite with the aluminum panel. The immersion in the acetonitrile makes the surface epoxy 

slightly softened so that a tight seal results after joining with the metal. 

Figure 4.10. Digital micrographs of A) a TCP-coated AA7075-T6 specimen joined to an 

unmodified CFRP composite and B) a TCP-coated AA7075-T6 specimen joined to a 

spontaneously-modified CFRP composite showing the lateral distribution of corrosion damage 

on the AA panels. (C) Lateral corrosion distribution data for TCP-coated AA7075-T6 

specimens joined to unmodified and spontaneously modified CFRP composites. Data are 

presented as mean ± SEM for n=9 measurements per edge. 

A B 

C 
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             Digital microscopy was used to measure the lateral distribution of corrosion damage on 

alloy panels in the trenching areas. Data are presented in Figures 4.10A and B. A comparison of 

the lateral distribution of the trenches is presented graphically in Figure 4.10C. The AA7075-T6 

panel joined to unmodified CFRP composite shows a considerably higher lateral distribution of 

corrosion. The galvanic corrosion damage originates on the aluminum alloy panel adjacent to the 

unmodified CFRP composite edges consisting of exposed cathodic carbon fiber sites and 

progresses laterally away from the composite edge during the 14-day TLM test. The lateral 

corrosion distribution is approximately 3×, 7×, and 4× higher, respectively, on the left, bottom, 

and right sides of the alloy panel coupled with the unmodified composite as compared to that of 

the aluminum alloy specimen coupled with the spontaneously modified composite. With CFRP 

composite edges spontaneously modified to block the exposed carbon fibers, the lateral corrosion 

distribution on the TCP-coated AA7075-T6 panel is significantly mitigated.  

          

Figure 4.11. Digital micrographs of (A) TCP-coated AA7075-T6 joined to an unmodified CFRP 

composite and (B) TCP-coated AA7075-T6 joined to a spontaneously modified CFRP composite 

at 30× showing the areas on each specimen analyzed during the surface texture study. 

Bottom Edge 

R
ig

h
t 

E
d

g
e
 

R
ig

h
t 

E
d

g
e
 

Bottom Edge 

L
e

ft
 

E
d

g
e
 

L
e

ft
 

E
d

g
e
 

A B 



151 

 

          The galvanic corrosion of an aluminum alloy panel joined to a CFRP composite tends to 

occur more rapidly near composite edges, prompting trench formation. Such vertical and localized 

corrosion can severely reduce the mechanical strength of the metal. The surface topography 

profiles were mapped using stitched 3D micrographs collected at 500× to assess the extent to which 

the more problematic vertical distribution of galvanic corrosion damage into the AA7075-T6 panel 

is attenuated due to composite surface treatment after the 14-day TLM test. The galvanic corrosion 

damage in the form of trenching mainly occurs on the AA7075-T6 panel along where the three 

edges (two sides and bottom) were sitting on during the degradation test. Hence, the areas indicated 

by red and blue rectangles in Figure 4.11 were specifically selected for analysis for the purpose of 

illustrating the difference between the surface profiles across these trenching-prone areas of the 

two sets of AA7075-T6 panels joined respectively with unmodified and spontaneously modified 

CFRP composites.  

          Figure 4.12 reveals the surface topography plots for TCP-coated AA7075-T6 panels joined 

with unmodified and spontaneously modified CFRP composites after 14 days of TLM exposure. 

The surface topography plots of the TCP-coated AA7075-T6 panel joined to an unmodified 

composite shown in Figures 4.12A, C, and E reveal extensive galvanic corrosion damage and metal 

dissolution leading to trench formation, as indicated by green arrows. In contrast, the surface 

topography plots of the TCP-coated AA7075-T6 panel joined to spontaneously modified 

composite exhibit no such trenching and possess a low surface roughness after the TLM exposure. 
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E F

Figure 4.12. Surface topography plots of a TCP-coated AA7075-T6 panel joined to an 

unmodified CFRP composite in areas indicated in red in Figure 4.11A. (A) left, (B) right and 

(C) bottom. Surface topography plots of a TCP-coated AA7075-T6 panel joined to a 

spontaneously modified CFRP composite in areas indicated in blue in Figure 4.11B.  (D) left, 

(E) right and (F) bottom. Plots were acquired after the 14-day TLM test. 
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          A better representation of the depth of corrosion damage after 14 days of TLM exposure on 

TCP-coated AA7075-T6 specimens joined respectively with unmodified and spontaneously 

modified CFRP composites is provided by Figure 4.13. The surface line scans were probed across 

three regions of each AA7075-T6 panel as shown by the schematic diagram in Figure 4.13A. The 

distance profiled was 8 mm at 500×.The surface topography line profiles for TCP-coated AA7075-

T6 panels joined with unmodified composites demonstrate the galvanic corrosion damage 

progresses into the alloy panel with a nominal depth of 113.0 ± 22.9 µm. On the contrary, the TCP-

coated AA7075-T6 panels coupled with spontaneously modified CFRP composite specimens 

reveal no such damage. The surface texture of the AA7075-T6 panels near the edges of the CFRP 

composite was further examined by confocal laser scanning microscopy using the reflection mode 

with 488 nm laser at 10×. The confocal micrographs acquired for TCP-coated AA7075-T6 joined 

to unmodified and spontaneously modified CFRP composites are presented in Figure 4.14 

A 
B 

Figure 4.13. Digital optical microscopy surface topography line profiles after the 14-day TLM 

test revealing the depth of corrosion damage on AA panels near the edges of the unmodified and 

spontaneously-modified composites. (A) Schematic diagram showing where the line profiles 

were recorded on each type of AA panel. (B) Line profiles on the TCP-coated AA7075-T6 panels 

at the left, right and bottom edges of the unmodified and spontaneously-modified CFRP 

composites were sitting on during the TLM test.  
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Figure 4.14. (A) Schematic diagram showing where the confocal imaging was performed on the 

alloy panel. Maximum intensity projection (MIP) images acquired by confocal laser scanning 

microscopy showing the (B) side view of a TCP-coated AA7075-T6 joined to an unmodified 

CFRP composite when the 3D profile is rotated by 90° around y axis, (C) side view of a TCP-

coated AA7075-T6 joined to a spontaneously-modified CFRP composite when the 3D profile is 

rotated by 90° around y axis, (D) top view of a TCP-coated AA7075-T6 joined to an unmodified 

CFRP composite and (E) top view of a TCP-coated AA7075-T6 joined to a spontaneously-

modified CFRP composite. The confocal micrographs were collected over the area indicated in 

red in A at 10× with reflective 488 nm laser. 

A B 

C 

D E 
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          The schematic diagram in Figure 4.14A indicates in red box where the confocal imaging 

was performed on each alloy specimen. The maximum intensity projection (MIP) projection 

images for TCP-coated AA7075-T6 panel coupled to unmodified CFRP composite (Figures 4.14D 

and E) clearly show the deep pitting due to substantial metal dissolution after the test period while 

the MIP projection images for TCP-coated AA7075-T6 joined with spontaneously modified CFRP 

composite reveal a comparatively smoother surface texture over the same area.  

          Figure 4.15 presents surface line scan profiles recorded from confocal laser scanning 

microscopy over the same area shown in Figure 4.14 for each aluminum alloy specimen. It should 

be noted that the confocal micrographs in Figure 4.14 represent only a fraction of a trench region  

due to the limited field of view, as compared to the digital optical microscope. Hence, the line 

profile in Figure 4.15 represent the surface texture across only a portion of a trench region. It, 

however, reveals how corrosion damage has formed a valley on the alloy specimen due to the 

vertical metal dissolution.  

 

Figure 4.15. Surface line scan profiles generated from the confocal laser scanning microscope 

over a 1200 µm distance for (A) TCP-coated AA 7075-T6 joined to an unmodified CFRP 

composite and (B) TCP-coated AA 7075-T6 joined to a spontaneously modified CFRP composite 

at 10×. 
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Figure 4.16 shows 

Figure 4.16. SEM micrographs of (A) a top view of the fastener hole on the surface of an 

AA7075-T6 panel joined to an unmodified CFRP composite, (B) a top view of the hole on the 

surface of an AA7075-T6 panel joined to a spontaneously-modified composite, (C) the hole wall 

of the alloy joined to an unmodified composite at a 28˚ tilt angle, (D) the hole wall of the alloy 

joined to a spontaneously-modified composite at a 28˚ tilt angle, (E) the hole wall of the alloy 

joined to an unmodified composite at a 40˚ tilt angle, (F) the hole wall of the alloy joined to a 

spontaneously-modified CFRP composite at a 40˚ tilt angle. 
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          Figure 4.16 shows the SEM micrographs of the through-hole surface and walls on TCP-

coated alloy panels joined with unmodified and spontaneously-modified composites after the 14-

day TLM exposure. The top view of the hole on an alloy pane joined with an unmodified composite 

is presented in Figure 4.16A. Significant corrosion damage is present on the panel surface near the 

hole, under the composite, as indicated by yellow arrows. In contrast, there is no such damage near 

the hole of an alloy panel joined to a spontaneously modified composite, as shown in Figure 4.16B. 

A slight discoloration can be noticed on the panel near the hole as indicated by green arrows. 

According to the damage scale established by the U.S. Army Corrosion Control and Prevention 

Group, the TCP-coated alloy panel joined to spontaneously-modified composite shows Stage 1 

damage in the form of sample discoloration and staining whereas the alloy panel joined to the 

unmodified composite exhibits Stage 3 damage with more extensive corrosion product formation, 

minor etching, pitting and more extensive surface damage.  

          During the degradation test, TCP-coated alloy and composite specimens were joined 

together using a stainless-steel metal fastener in which the threads were covered with Teflon tape 

to prevent direct electrical contact of the metal fastener with the alloy or composite. It should be 

noted, however, that stainless-steel is less susceptible to galvanic corrosion when coupled with 

carbon composites, but has the risk of undergoing pitting or crevice corrosion. Although the metal 

fastener threads were wrapped with Teflon tape, the hole walls of the AA panels showed signs of 

degradation after the TLM test. The hole wall damage for an alloy panel joined to an unmodified 

composite is indicated by red arrows in Figures 4.16C and E. The two SEM micrographs show 

extensive degradation in the hole wall. The damage is more extensive for the alloy joined to an 

unmodified composite. The hole wall damage on the alloy coupled to the spontaneously-modified 

composite is much less and the hole wall texture is much smoother. Figures 4.16D and F show the 
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SEM micrographs of the hole wall damage at different tilt angles. The diazonium modification of 

the composite edges reduces the galvanic corrosion in the form of trenching, and the modification 

of the composite through-hole reduces the galvanic corrosion damage in and around the through 

hole.  

          The weight loss and corrosion intensity data after the 14-day (14, 24 h cycles) TLM exposure 

for the TCP-coated alloy panels joined with unmodified and spontaneously-modified composites 

are presented in Figure 4.17. The TCP-coated alloy joined with an unmodified composite exhibited 

weight loss and corrosion intensity values 84% greater than the values for the TCP-coated alloy 

joined with the spontaneously-modified composite. Both the weight loss and corrosion intensity 

values are 6× lower with the composite surface treated with the NAB adlayer. 

4.4 DISCUSSION 

          Following up prior work, we investigated the surface treatment of CFRP composites 

spontaneously grafted with NAB adlayers and how effective these adlayers are at mitigating the 

Figure 4.17. Weight loss and corrosion intensity of TCP-coated AA7075-T6 panels joined with 

an unmodified and spontaneously-modified (NAB) CFRP composites after 14 days of TLM 

exposure. Data are presented as mean ± std. dev. for n=3 specimens of each type. 
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galvanic corrosion of AA7075-T6 aluminum specimens through inhibition of the cathodic oxygen 

reduction reaction when exposed to NSS and TLM accelerated degradation tests. We believe that 

the spontaneous grafting of substituted aryldiazonium cations can be developed into a more 

convenient, low cost, environmentally friendly surface treatment process for reduced galvanic 

corrosion in aluminum alloy-CFRP composite hybrids. The immersion of CFRP composite edges 

under open circuit conditions in aryl diazonium salt solutions lead to the formation of bonded, aryl 

adlayers. In a previous study, we showed that the immersion of CFRP composites in solutions of 

4-nitroazobenzene and 4-nitrophenyl diazonium salt for 24 h respectively yield compact NAB and 

NP adlayers with the ability to suppress oxygen reduction current by 99%.35 In this study, we 

further explored the characteristics and effectiveness of NAB adlayers spontaneously grafted on 

CFRP composites during 24-h immersion. Cyclic voltammetry data confirmed the spontaneous 

attachment of NAB admolecules on the CFRP composite edges and provided evidence of 

multilayer formation. An electrolyte to aid ion conduction is a key element necessary for galvanic 

corrosion. The isolation of substrate from electrolytes to prevent galvanic corrosion is commonly 

accomplished by the application of water repellent paints, coating, oils, and greases with barrier 

properties. The static contact angle measurements for water revealed that the spontaneously 

formed NAB adlayers decrease the wettability and improve the hydrophobicity of the CFRP 

composite exhibiting a greater moisture repulsion potential. The level of hydrophobicity imparted 

by the adlayer can be tailored as needed by changing the substituent groups of the aryl diazonium 

salt used. The ability to attain a wide variety of adlayers from commercially available and 

inexpensive reagents is a major advantage afforded by this surface treatment.  

          When in service aluminum alloy-composite hybrids interact with various atmospheric 

environments. The continuous exposure of these hybrid components to humid air, droplets of 
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spray, condensation, and precipitation can lead to the initiation and growth of different forms of 

corrosion including galvanic, pitting, and crevice corrosion. The efficiency of CFRP composite 

surface treatment on galvanic corrosion mitigation of AA7075-T6 was assessed by performing 14-

day (i) neutral salt spray and (ii) thin layer mist accelerated degradation tests. During the neutral 

salt spray test, the specimens are exposed to a continuous fog of 5 wt.% NaCl at 35 ± 1 °C.   The 

electrochemically formed adlayers on CFRP composites resulted in a moderate mitigation of 

galvanic corrosion after 14-day neutral salt spray exposure as revealed by the digital optical 

micrographs, surface texture parameters, and weight loss metrics. This observation is attributed to 

an incompletely packed adlayer with holes and defects through which small, neutral O2 molecules 

can tunnel and reach the underlying carbon surface initiating chemisorption, the first step of 

oxygen reduction mechanism.34 In contrast, the surface treatment of CFRP composites with 

spontaneous grafted adlayers provides superior galvanic corrosion protection to the TCP coated 

AA7075-T6 panels upon joining in this environment. The thin layer mist test employs a less 

aggressive salt solution (3.5 wt.% NaCl) than the neutral salt spray test (5 wt.% NaCl) and involves 

thermal cycling between 55 °C and room temperature with solution evaporation. Widespread 

galvanic corrosion damage was seen on the TCP coated AA7075-T6 panels joined to unmodified 

composites after 14 days of thin layer mist exposure. In contrast, the metal dissolution due to 

galvanic corrosion damage was significantly lower on the TCP coated AA7075-T6 panels joined 

to spontaneously modified CFRP composites after the 14-day thin layer mist exposure. This was 

further confirmed by the weight loss and corrosion intensity data. The surface texture analysis 

revealed substantially reduced lateral distribution of galvanic corrosion damage and remarkably 

attenuated galvanic corrosion progression into the aluminum panel. Further, the galvanic corrosion 

damage on the walls of the fastener through-hole was not seen when joined with spontaneously 
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modified composites. 

          Overall, the surface treatment of CFRP composites with spontaneously grafted NAB 

adlayers exceptionally mitigates the galvanic corrosion leading to trenching near the composite 

edges and the crevice corrosion on the AA7075-T6 panel underneath the composite during both 

neutral salt spray and thin layer mist degradation tests. The slow grafting rate in the absence of 

electrical induction enables the development of a more compact, closely packed adlayer over time 

with outstanding barrier properties towards O2 molecules, as evident by the nearly complete 

suppression of oxygen reduction current, 35 ultimately inhibiting the galvanic corrosion.  Future 

work will focus on optimizing the surface treatment parameters and investigating the surface 

treatment through brush and spray-on applications. 

4.5 CONCLUSIONS 

The NAB adlayer spontaneously grafted on the exposed carbon fiber surfaces of the composite by 

a 24-h immersion significantly attenuated the galvanic corrosion of TCP-coated AA7075-T6 alloy 

specimens when coupled together during 14-day neutral salt spray and thin layer mist exposures. 

The key findings from the work can be summarized as follows: 

1. Diazonium adlayers can be spontaneously formed on the exposed carbon fibers of CFRP 

composites by immersion without electrochemical induction.  

2. The spontaneously formed NAB adlayers after 24 h immersion improve the hydrophobicity of 

the CFRP composite by functioning as a moisture repellent barrier.  

3. NAB organic adlayers formed spontaneously during a 24h immersion are more compact, have 

fewer defects, and higher apparent coverages than adlayers formed by electrochemically-

assisted derivatization.  
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4. Spontaneously formed NAB adlayers (24 h immersion) provide much improved resistance to 

galvanic, crevice, and general alloy corrosion, as compared to the electrochemically-formed 

NAB adlayers during 14-day neutral salt spray exposure. 

5. The weight loss metrics all indicate substantial reductions in mass loss, mass loss per cm2, and 

corrosion intensity (g/m2-yr) on TCP-coated AA7075-T6 alloys when joined with a CFRP 

modified with a more compact spontaneously formed adlayer during both 14-day neutral salt 

spray and 14-day thin layer mist exposures. 

6. The weight loss (mg/cm2) and corrosion intensity (g/m2-yr) of TCP coated AA 7075-T6 joined 

with spontaneously modified CFRP composites are 6× lower compared to that of TCP coated 

AA7075-T6 joined with unmodified CFRP composites. 

7. The progression of galvanic corrosion damage (lateral and vertical/trenching) on the aluminum 

alloy near the CFRP composite edges as well as the through-hole damage were greatly 

inhibited when joined with spontaneously modified CFRP composites. 
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CHAPTER 5. MATERIAL CHARACTERIZATION AND ELECTROCHEMICAL 

CORROSION BEHAVIOR OF TITANIUM ALLOY TI-5553 PREPARED BY 

SELECTIVE LASER MELTING 

Chapter adapted from the manuscript in preparation to be submitted to ACS Omega. 

Article: Isuri N. Dammulla, Ryan Weston, Zia Uddin Mahmud, Sujoy Saha, Sarah McFall-

Boegeman, Luke Rice, Jonathan H. Dwyer, Taylor Kmetz, Carl J. Boehlert, and Greg M. Swain. 

Material Characterization and Electrochemical Properties of Titanium alloy Prepared by Selective 

Laser Melting As-Processed and After Abrading and Polishing. 

5.1 INTRODUCTION 

          Titanium alloys (Ti) are widely used in the aerospace (e.g., landing gear) and biomedical 

(e.g., implants) fields owing to their excellent mechanical properties such as high strength, high 

fracture resistance, good formability, high temperature properties, and corrosion resistance.1-8 The 

increased demand for these alloys and the high cost of conventional Ti components prepared using 

subtractive machining have driven interest in the bottom-up fabrication of intricate Ti parts needed 

for these applications using additive manufacturing (AM) techniques.9-16 

          AM, also known as 3D printing, is a process whereby parts and components are fabricated 

from the bottom up using a layer-by-layer approach following a three-dimensional computer-aided 

design (3D CAD). This fabrication method contrasts with the  conventional subtractive and 

formative manufacturing techniques, such as extrusion, forging, shape casting, machining, etc.14-

21 The notable advantages of AM fabrication include the ability to design and prepare geometrically 

complex, lightweight structures with improved performance,  reduced design-to-manufacture time, 

minimized waste production, and lower cost.12-15,20,21 Two broad classes of metal AM technologies 

are powder bed fusion (PBF) and directed energy deposition (DED). PBF methods enable 

manufacturing of geometrically complex products using a heat source, mainly laser or electron 

beams, to fuse powder particles layer-by-layer, forming a solid part. There are different types of 
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PBF methods including selective laser sintering (SLS), selective laser melting (SLM), and electron 

beam melting (EBM). DED AM technologies, on the other hand, inject the metal powders to a 

substrate where a high energy density heat source, such as a laser, electron beam or plasma electric 

arc, is focused and these are more appropriate for manufacturing larger parts with a coarser 

finish.9,17,20-22  DED processes involve adding material alongside the heat input simultaneously. 

          Selective laser melting (SLM) employs a high-power laser beam to raster scan and melt the 

metal powder particles  preplaced on a build platform. The melting of the regions of interest in a 

layer-by-layer manner fuses the molten metal into the desired structure upon cooling and 

solidification.12-15,20-25 The process is repeated until the final part geometry is achieved. The 

powder particle fusion depends on multiple process variables including laser power, scanning 

speed, scanning pattern, and part geometry. These parameters influence the size of the melt pool 

around the scanning laser beam and the thermal gradient experienced by nearby particles.15 Ti-

6Al-4V (wt.%) is one of the Ti alloys most frequently prepared using SLM. 26-43  

A less-studied alloy, particularly in terms of its electrochemical properties, is Ti-5Al-5V-

5Mo-3Cr (wt.%) (Ti-5553). This near-β phase alloy has several manufacturing advantages, such 

as castability and weldability.44-45 This alloy exhibits excellent hardenability through thermal 

treatment45 and high strength (up to 1300 MPa) with more than 10% elongation.43,46 Given these 

desirable properties, efforts are underway within the scientific community to prepare this alloy 

using AM technologies.  

     Fundamental research is needed to better understand (i) how the fabrication parameters 

influence the material density, defects, microstructure, and electrochemical corrosion 

susceptibility, and (ii) how different surface pretreatments and finishes can be optimally applied to 

mitigate corrosion. These structure-function relationships are well established for wrought and die-
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cast alloys, but have yet to be established for AM parts. Some work has been published describing 

the microstructure and mechanical properties of SLM processed Ti-5553.13,14,47-53 However, there 

is very little published research regarding the electrochemical characterization of this SLM or die 

cast Ti-5553 alloy.11,54-56 To address this knowledge gap, we report herein on the material 

characterization and  electrochemical properties of SLM-prepared Ti-5553 specimens as-

processed (i.e., with their native surface roughness and oxide film) and after abrading and polishing 

to smooth the surface texture thereby reducing the surface roughness and enabling the formation 

of a less defective and more compact oxide film.       

5.2 EXPERIMENTAL METHODS 

Chemicals and Reagents. All chemicals used were of analytical grade quality or better. Sodium 

chloride (NaCl) was purchased from a commercial supplier (Sigma Aldrich) and used as received. 

The BONDERITE C-AK 6849 AERO and BONDERITE C-IC SMUTGO NC AERO solutions 

were provided by Henkel Technologies, Inc. (Madison Heights, MI). Both were diluted with 

ultrapure water to 20% (v/v) before use. All aqueous solutions were prepared with ultrapure water 

(> 17 Ω-cm) from a Barnstead E-Pure water purification system. 

Fabrication of AM Ti-5553. An Additive Industries (AI) MetalFab1 laser powder bed fusion 

(LPBF) system was used to manufacture the specimens using Ti-5553 powder purchased from 

AP&C (Montreal, Canada). MetalFab1 is a four-laser system, each of which is full-field. The lasers 

were ytterbium (Yb)-doped fiber type with a maximum power of 500 W, a fundamental output 

wavelength of 1070 nm, and spot size of 100-105 µm. The specimens were built via a continuous 

wave exposure strategy involving scan-path striping for each layer. Scan-path striping is a laser 

scanning strategy that divides the area to be consolidated into smaller sets of laser raster vectors. 

Each build layer is rotated 67 degrees to avoid stacking scan corners and interior seams (this is a 
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common build practice). The laser power during the build ranged from 120 to 160 W and the laser 

scan speed varied between 600 to 950 mm/s, depending on the cross-sectional geometry and layer. 

The powder layer thickness remained a constant 40 µm. All specimens were built with long 

dimensions perpendicular to the surface of the plate to minimize the area needed to be cut for 

removal. The parts were removed from the build plate by wire electrical discharge machining and 

cleaned by an in-house process, including media blasting, to remove the excess powder. The media 

blast step removed semi-sintered particles from the specimen and provided a matte finish to the 

exterior. The specimens were sand blasted at a pressure between 50-70 psi. Cleaning consisted of 

the five steps: (i) high pressure spray with detergent followed by water rinsing, (ii) multifrequency 

(40-280 kHz) ultrasonication in detergent followed by water rinsing, (iii) ultrasonication (40 kHz) 

in deionized water and drying with a stream of N2 gas, (iv) vacuum oven drying (10-2 torr), and (v) 

packaging the cooled specimens into nylon bag for shipment to Michigan State University. No 

thermal annealing was applied. These specimens are referred to as-processed. The powder used 

for the alloy preparation is proprietary but had the following general composition in wt.% as 

indicated in Aerospace Material Specification AMS7026: Al (4.4-5.7), V (4.0-5.5), Mo (4.0-5.5), 

Cr (2.5-3.5), with the balance as Ti. The particle size used in the builds had a diameter ranging 

from 20 – 63 µm. Two batches of material were used: Batch #1 (2021) and Batch #2 (2022). The 

deposition conditions were adjusted leading to less surface roughness and porosity in the Batch #2 

specimens. Specifics on the differences in fabrication conditions are proprietary. Material 

characterization was performed on both batches, while the electrochemical measurements were 

performed using Batch #2 specimens only. 

Digital Optical Microscopy. The surface texture of the as-processed Ti-5553 specimens, before 

and after smoothing by mechanical abrading and polishing, was investigated using a VHX-6000 
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(Keyence Corp. USA) optical microscope. The as-processed specimen was abraded with P1500 

grit aluminum oxide grinding paper for 4 min on a polishing wheel and then ultrasonically cleaned 

in ultrapure water for 10 min. The specimen was then polished by hand for 5 min using 0.3 μm 

alumina powder (Buehler) slurried in ultrapure water on a felt pad and then was ultrasonically 

cleaned in ultrapure water for 10 min. This was followed by polishing with 0.05 μm alumina 

powder (Buehler) slurried in ultrapure water on a separate felt pad by hand for 5 min and ultrasonic 

cleaning in ultrapure water for 10-20 min. Optical microscopy was then used to image the 

specimen and to quantitatively assess the surface texture. The root-mean-square of the surface 

roughness (Sq) and the maximum peak-to-valley height (Sz) were calculated by analyzing five spots 

on three specimens from each batch (area of a single spot = 1000 × 1000 μm2). 

Scanning Electron Microscopy (SEM). SEM was performed using JSM-6610LV (JEOL USA, Inc.) 

and TESCAN MIRA3 FEG-SEM (TESCAN USA, Inc.) scanning electron microscopes. The as-

processed specimens were characterized before and after abrading and polishing. The abrading 

and polishing steps are described in section 2.7 and were slightly different from the procedure used 

to smooth the specimens for optical microscopy. A smoother surface provides a better visualization 

of the grain boundaries, second-phase particles, microvoids and other defects that might be present. 

These specimens were imaged using both secondary (SE) and backscattered electrons (BSE) 

detectors at an accelerating voltage of 20 kV and a working distance of  approximately 11 mm. 

X-Ray Diffraction Analysis. A 1” × 1” as-processed specimen was ultrasonically- cleaned in 

ethanol for 15 min. The specimen was then air dried. A Rigaku SmartLab X-ray diffractometer 

was used to characterize the crystallographic structure of the specimen. A Cu (K-α) X-ray source 

(1.54 Å) was used at 40 kV and 44 mA over a 2θ scan range of 20-90 degrees. The scan speed was 

3.03 degrees/min with a step width of 0.01 degrees. The spot size was 0.4 mm × 12.0 mm. 
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Microhardness Measurements. As-processed specimens were first abraded on a wet P1500 grit 

aluminum oxide grinding paper for 10 min and ultrasonically cleaned in ultrapure water for 20 

min. The specimens were then polished on a polishing wheel with 1.0 and 0.3 µm alumina 

powder/H2O slurries. Each polishing step was performed for 10 min. After each, the specimens 

were both rinsed and ultrasonically cleaned in ultrapure water for 20 min. The Vickers 

microhardness measurements were then performed on three smoothed specimens using the 

pyramidally-shaped diamond indenter of a Clark CM-800AT microhardness tester (Figure 5.1). 

Measurements were made at 5 different spots (four corner regions and center) on each specimen 

by applying an indentation load of 500 gf for 15 s. The measurements and analysis were performed 

according to ASTM E384 (Standard Test for Microhardness of Materials).  

Specimen Preparation for Microstructure Analysis. The sample preparation method used for the 

metallographic analysis of the specimens involved a series of abrading and polishing steps 

followed by wet chemical etching was. The specimens were first mechanically abraded on wet 12 

and 8 µm aluminum oxide grinding paper, respectively, for 20 min each. This was followed by 

Figure 5.1. Photographs of (A) the diamond indenter making an indentation on a Ti 5553 and (B) 

the indentation imprint at 50×. The indentation load was 500 gf and the dwelling time was 15s. 

Diamond Indenter 

Ti-5553 Specimen 

A B 
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ultrasonic cleaning in ultrapure water (10 min) before sequentially polishing with 6, 3, 1 and 0.25 

µm alumina/H2O slurries. Each polishing step was performed for 20 min on a polishing wheel. 

The specimens were rinsed with and ultrasonically cleaned in ultrapure water after each polishing 

step. The specimens were then polished with 0.04 µm colloidal silica for 40 min on a polishing 

wheel and rinsed with and ultrasonicated in ethanol for 10 min. Kroll’s solution was then used as 

the etchant. Kroll’s solution is specifically used for Ti alloys. It has a composition of 6 wt.% HNO3 

and 1 wt. % HF, with the balance as water. The etching was performed by immersion of the sample 

for 30 s at room temperature. After etching, the specimens were removed, rinsed with ultrapure 

water and isopropanol, respectively, and dried with N2 gas flow. 

Electrochemical Measurements. The specimens were electrochemically characterized using open 

circuit potential (OCP) measurements, linear polarization resistance (Rp) measurements, anodic 

and cathodic potentiodynamic polarization curves, and full frequency electrochemical impedance 

spectroscopy (EIS) at the OCP. The electrolyte was naturally aerated 3.5 wt.% NaCl.  

          All electrochemical measurements were made at room temperature using a 1 cm2 flat cell as 

shown in Figure 5.2. (BioLogic Science Instruments, France) design in combination with a 

Ag/AgCl Electrode 

(Reference Electrode)  

Ti-5553 Specimen 

(Working Electrode) 

Pt Flag Electrode 

(Counter Electrode) 

Figure 5.2. Cell set-up used for electrochemical measurements. 
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computer-controlled electrochemical workstation (Gamry Instruments, Inc, Reference 600, 

Warminster, PA). A specimen was mounted in the cell against a Viton® O-ring that defined  the 

exposed geometric area, 1 cm2. All currents reported herein are normalized to this geometric area. 

The counter electrode was a Pt flag, and the reference was a home-made silver chloride electrode 

(Ag/AgCl, 4M KCl) that was housed in a Luggin capillary with a cracked glass tip.  

          The OCP was measured for at least 1 h after the initial alloy contact with the electrolyte 

solution. Linear polarization resistance measurements were performed using linear sweep 

voltammetry over a ΔE of ± 20 mV relative to the OCP. The scan rate was 1 mV/s. The reciprocal 

slope of the i-E curve is the polarization resistance, Rp.
57  

                                                    (𝑅𝑝 =  
∆𝐸

∆𝑖
 𝑎𝑠 ∆𝐸 → 0)             (1) 

          Potentiodynamic polarization curves were recorded from ± 0.050 V vs. OCP to either a 

positive limit of 1.0 V vs. Ag/AgCl for the anodic curves or to a negative limit of -1.0 V vs. 

Ag/AgCl for the cathodic curves. The scan rate was 1 mV/s. These curves provided insight on the 

anodic (oxide formation and localized pitting corrosion) and cathodic (oxygen and water 

reduction) reaction rates as a function of electrode potential. EIS measurements were made at the 

stable OCP using a 10-mV sine wave with seven  points per decade of frequency collected for 

analysis. A range from 105 to 10-2 Hz was employed to determine the frequency dependence of the 

real (ohmic) and imaginary (capacitive) components of the total impedance. The experimental data 

were analyzed by fitting to an appropriate equivalent circuit using the ZView software (version 

3.5a). This was performed to determine the numerical magnitudes of the circuit components (i.e., 

the electrochemical parameters). The measurements were repeated with at least three specimens 

of each type (as processed and abraded and polished) to assess response reproducibility. The 

electrochemical analyses were performed using as-processed, and abraded and polished 
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specimens. As-processed specimens were only degreased and deoxidized, as described below, 

prior to use in the electrochemical measurements. The as-processed specimens were smoothed by 

first abrading (by hand) on P1500 grit aluminum oxide grinding paper for 4 min followed by 

ultrasonic cleaning in ultrapure water for 20 min. The specimens were then polished (by hand) 

with a 0.3 µm alumina powder/H2O slurry on a felt pad for 20 min. This was followed by ultrasonic 

cleaning in ultrapure water for 20 min. The as-processed and polished specimens were degreased 

by immersion in an alkaline cleaner (BONDERITE C-AK 6849 AERO, Henkel Technologies) for 

10 min at 55 °C followed by a 2-min flowing city tap water rinse. The degreased specimens were 

then deoxidized (BONDERITE C-IC SMUTGO NC AERO, Henkel Technologies) by immersion 

for 2 min at room temperature. The specimens were rinsed again in flowing city tap water for 2 

min, dried with a low pressure N2 gas flow, and tested immediately thereafter. All specimens were 

used immediately afterward in the electrochemical measurements. 

5.3 RESULTS 

Density Measurements. The density of as-processed Ti-5553 specimens (Batch #2) was determined 

from (i) weight and volume measurements and (ii) water volume displacement. Both methods 

returned similar values of the density. The average density for five different specimens determined 

from weight and volume measurements was 4.55 ± 0.02 g/cm³. The density determined using the 

volume displacement method for three specimens from a different batch was 4.70 ± 0.03 g/cm3. 

The volume displacement method value is statistically similar to the value reported for the fully 

dense die-cast alloy (4.65 g/cm3).48,58 This indicates the as-processed SLM alloy was nearly fully 

densified or at most possessed 1-2% porosity. 

 Specimen Texture and Morphology. Figure 5.3 presents optical micrographs of an as-processed 

specimen (Batch #1) surface before and after abrading on a wet P1500 grit aluminum oxide 
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grinding paper and polishing with decreasing grades of alumina powder. The yellow arrow in 

Figure 5.3A shows the build direction. The micrograph of the specimen before any abrading and 

polishing (Figure 5.3A) revealed a rough surface texture characteristic of the SLM fabrication 

process. As-processed surface roughness was reduced by the abrading and polishing steps. The 

abrading on wet P1500 grit aluminum oxide grinding paper produced a smoother surface texture 

with visible striations, as indicated by the black arrows in Figure 5.3B. An even smoother, striation-

free surface resulted after the abrading and the alumina powder polishing, as shown in Figure 5.3C.     

Figure 5.3. Optical micrographs of a typical specimen  (Batch #1) (A) as-processed, (B) after 

mechanically abrading on wet P1500 grit aluminum oxide grinding paper, and (C) after 

mechanical abrading and polishing with decreasing grades of alumina powder. The full 2.54 × 

2.54 cm2 specimen is shown. The yellow arrow shows the build direction. The micrographs are 

of the XZ plane orthogonal to the build plane. The scale bar in the micrographs is 5 mm. (D) 

Schematic diagram indicating the build direction and X,Y, and Z axes. 
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Figure 5.3D illustrates the build direction and the X, Y, Z axes of the specimens. In the present 

example, the abrading and polishing were performed by hand using alumina powder. While the 

abrading does smooth the surface, polishing by hand for less than 20 min under these conditions 

had less of an effect on the surface texture. Better surface finishes were achieved using the 

polishing wheel for periods of time  ≥ 20 min (see below). 

          Figure 5.4 height color plots of the surface topography  of as-processed specimens from (A 

and B) Batch #1 and (C and D) Batch #2. The plots reveal a rough surface texture for both specimen 

types with the red regions being elevated and blue regions being valleys. In Figure 5.4A and B, the 

Figure 5.4. Height color maps of the surface topography of the two batches of as-processed (no 

abrading or polishing) Ti-5553 alloy specimens: (A and B) and (C and D) Batch #2. The maps 

were generated from 3D images collected at 1000×. The XZ plane is shown. 
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maximum in the color scale is 184 µm. In Figure 5.4C and D, the maximum in the color scale is 

82 µm. Table 1 presents a summary of the surface texture analysis of the 3D raw images. The data 

reveal that the arithmetical mean height (Sa), maximum peak-to-valley height (Sz), and surface 

roughness (Sq) of the Batch #2 specimens were lower than those from the Batch #1 specimens. In 

other words, the Batch #2 specimens exhibited a smoother native surface texture. All surface 

texture parameters were 2× lower for the Batch #2 specimens. The Batch #2 specimens were 

exclusively used for the XRD, density, microhardness, and electrochemical measurement data 

presented herein given the smoother surface texture. 

Data are reported as mean ± std. dev. for five spots each on three different specimens from each 

batch. The 3D images were collected at 1000× and the surface texture data are for regions 1000× 

1000 µm2. Values were determined using the Keyence microscope software. 

          3D optical micrographs are presented in Figure 5.5 for a small area (1000 × 200 μm2) of the 

same alloy specimen (Batch #1)  presented in Figure 5.3. The micrographs reveal differences in 

the surface texture for as-processed (Fig. 5.5A), abraded (Fig. 5.5B), and abraded and polished 

(Fig. 5.5C) specimens. The surface texture parameters are presented in Table 5.2. The as-processed 

specimen exhibited some balling. This is a common defect and arises due to competition between 

melt spreading and solidification during the laser heating. In other words, melted droplets solidify 

before spreading completely to create a flat layer.12-16,59 Clearly, the surface was smoothed by 

abrading with P1500 grit alumina grinding paper on a mechanical polisher as both the surface 

roughness and  maximum peak-to-valley height were reduced by an order of magnitude.  

Surface Texture Parameter Batch #1 Batch #2 

Sa, Arithmetical Mean Height 25.5 ± 2.4 µm 13.3 ± 4.3 µm 

Sz Maximum Peak-to-Valley Height 189 ± 21 µm 111 ± 29 µm 

Sq, Root Mean Square Height 

(Surface Roughness) 
31.6 ± 2.8 µm 16.7 ± 5.3 µm 

Table 5.1. Surface texture analysis of the 3D image data of as-processed specimens from the two 

different batches. 
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Table 5.2. Surface texture analysis of the 3D image data of the Batch #2 alloy specimens in Figure 

3 as-processed, after abrading on a wheel, and after abrading and polishing by hand.  

 

The table shows compiled data for Sq and Sz over five spots on a single specimen. Area of a single 

spot = 1000 × 200 μm2. Values were determined using the Keyence microscope software. 

          The striations or scratches produced by the mechanical abrading are apparent in Figure 5.5B. 

The grit diameter was 13 µm and the striation widths are this dimension. The abrading revealed 

some microvoids and pores in the material that were not visible on the rough, as-processed 

specimen. Micropores are another type of defect commonly found in SLM alloys. Such defects 

result from the layer-by-layer build. It is likely that this results from the entrapment of residual gas 

Batch #2  Specimen 
As 

Processed 

After Abrading on 

a Polishing Wheel 

After Abrading and 

Polishing by Hand 

Sq, Root Mean Square Height 

(Surface Roughness) 
29 ± 7  μm 1.8 ± 0.1  μm 1.5 ± 0.1  μm 

Sz Maximum Peak-to-Valley 

Height 
127 ± 25 μm 6.4 ± 0.4  μm 5.6 ± 0.2  μm 

A 

B 

C 

Microvoids 

Microvoids 

Striations 

Figure 5.5 Optical micrographs of a specimen (Batch #1)  (A) as-processed, (B) the same 

specimen a in A after mechanically abrading on wet P1500 grit aluminum oxide grinding paper 

using a polishing wheel , and (C) the same specimen and in B after polishing with decreasing 

grades of alumina powder by hand. All micrographs were obtained at 2000× magnification. The 

XZ plane is shown. The scale bar in all the micrographs is 100 μm. 
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during the fabrication process.12-15,19,20,59 This prohibits particle fusion and packing, and leads to 

voids during the solidification process. Figure 5.5C demonstrates that further polishing by hand 

with 0.3 and 0.05 µm alumina grit does not lead to much additional smoothing. The alloy was so 

hard that a few minutes of hand polishing with alumina powder does not alter the surface texture 

much. The hand polishing did reveal some of the native pores characteristic of the alloy. 

          The striations produced by the mechanical abrading can be seen in the secondary electron 

(SE) SEM micrograph of a specimen (Batch #1) presented in Figure 5.6A. The surface texture 

across the specimen was homogeneous after the abrading. Striations from the abrading formed 

directionally from the upper left to lower right across the micrograph (Fig. 5.6A). There were also 

a few brighter particulates decorating the surface that originated from contamination during the 

abrading step. Cracks and fissures formed on the specimen (XZ plane) as seen in Figure 5.6A. 

These defects only observed on some of the Batch #1 specimens were visible only after smoothing 

the surface by abrading and or polishing. The fissure was 100 μm in length and 2-3 μm wide. High 

heating (laser power) and cooling (scan speed) rates experienced locally in the specimen during 

fabrication can lead to thermal or residual stress. The relief of this stress sometimes manifests itself 

in the form of cracks and fissures.6,59 Figure 5.6B shows another type of defect that is referred to 

as a fusion hole. These fusion holes result from incomplete melting and fusion of powder 

particles.13-16,59 These were better revealed on the smoother surface texture. There were balling 

features and powder particles in the hole. Some of the particles might have resulted from the 

accumulation of grinding debris that was not fully removed by the ultrasonic cleaning. This grit 

might “fill in” the depression as depicted in the schematic provided in Figure 5.6C. Another 

possibility is smearing from displacement and spreading of material across the surface during the 

abrading and polishing steps.60 Such debris could obscure morphological features and be 
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detrimental to the formation and adhesion of surface finishes used for appearance and corrosion 

control.  

          Scanning electron microscopy was used to further compare the morphological and 

microstructural differences between the two batches of alloys and the effect of mechanical 

abrading with wet P1500 grit aluminum oxide paper had on each. Figure 5.7 presents SEM 

Figure 5.6. Secondary electron (SE) SEM micrographs of a specimen (Batch #1, XZ plane) after 

(A) mechanical abrading on wet P1500 grit aluminum oxide grinding paper on a polishing wheel 

showing the presence of striations (green arrows) and a fissure (red arrows) at 500×. The yellow 

arrow indicates the build direction. (B) SE SEM micrograph revealing depressions and valleys 

on the surface after abrading. The scale bar in the micrograph is 100 μm. (C) A schematic showing 

how the abrading smooths down high points on the surface and fills in depressions and valleys 

with grinding debris that was not removed by ultrasonic cleaning. The presence of the debris can 

obscure morphological features. 

Fissure 

Striations 

A B 
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micrographs at two magnifications showing the differences in surface texture of as-processed 

specimens from the two batches. Figure 5.7A and B show a specimen from Batch #1 and C and D 

show a specimen from Batch #2. The micrographs reveal a similar surface morphology for both. 

Rough surface textures are seen for both alloys with partially melted and fully melted powder 

particles. The ball features reflect powder particles that have only been partially melted during the 

laser scanning process. These powder particles, while not fully melted adhere to the surface. Both 

surfaces are largely devoid of micropores and cracks that, at least in these regions, that develop in 

SLM prepared alloys.13-16   

Figure 5.7. SEM micrographs (secondary electron images) of as-processed specimens  (A and B) 

from Batch #1 and (C and D) from Batch #2. The XZ plane is shown. The scale bar is 100 µm. 
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          Figure 5.8 presents SEM micrographs of specimens from the two batches after abrading 

with  P1500 grit alumina grinding paper for 4 min on a polishing wheel. This was followed by a 

20-min ultrasonic cleaning in ultrapure water. Figure 6A and B show a specimen from Batch #1 

and Figure 5.8C and D show a specimen from Batch #2. After abrading, differences in the surface 

morphology can be seen. The Batch #1 specimen exhibits plateaus where the surface features were 

smoothed down along with remaining multiple fusion pores, some of which were long (i.e., tens 

of micrometers) and deep. In contrast, the smoothed Batch #2 specimen exhibited smaller fusion 

pores. This is consistent with the Batch #2 specimens being denser than the Batch #1 specimens.  
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Figure 5.8. SEM micrographs (secondary electron images) of a Batch #1 specimen (A and B) 

and a Batch #2 specimen (C and D) after abrading. The XZ plane is shown. The micrographs (C 

and D) for the Batch #2 specimen were obtained at 10× higher magnifications than the 

micrographs for the Batch #1 specimen. The scale bars on Figures 6A, B, C, and D are 100 µm, 

50 µm, 10 µm, and 5 µm, respectively. 
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          Figure 5.9 presents an SEM micrograph for an as-processed Batch #2 specimen along with 

associated EDXS elemental maps for Ti, Al, Mo, V, Cr and O from the imaged area. Semi-

quantitative x-ray analysis revealed weight percents of the alloying elements as the following: Al 

(4.1%), Mo (4.4%), V (5.3%) and Cr (2.1%), were close to the expected weight percents of Al 

(5%), Mo (5%), V (5%) and Cr (3%). The measured Ti content was 78%, while the measured O 

content (5.6%) arises from the surface oxide layer.  The maps provide some confirmation of the 

alloy composition. 

Figure 5.9. SEM micrograph (secondary electron image) of an as-processed specimen from Batch 

#2. The XZ plane is shown. The EDXS elemental maps for Ti, Al, Mo, V, Cr and O  were obtained 

from the same area shown in the micrograph.  
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Figure 5.10.  SEM micrographs of the same area for a specimen (Batch #2, XZ plane) in the (A) 

BSE image at 5000×(scale bar =20 µm), (B) SE image at 5000× (scale bar =20 µm), (C) BSE 

image at 10,000× (scale bar =10 µm),  and (D) SE image  at 10,000× (scale bar =10 µm), imaging 

modes after wet grinding on P1500 grit aluminum oxide grinding paper for 4 min followed by 

ultrasonic cleaning in ultrapure water for 20 min, polishing with a 0.25 µm alumina/H2O slurry 

on a polishing wheel for 30 min, rinsing with ultrapure water, polishing with a 0.04 µm a colloidal 

silica/H2O slurry on a polishing wheel for 40 min, rinsing with ethanol, rubbing on a felt pad 

wetted with ethanol to remove polishing debris and a final ultrasonic cleaning in ethanol for 10 

min. The specimen was then etched in Kroll’s solution.  The β phase is brighter while the α phase 

is darker in the BSE images. (E) EDXS line spectra collected across a microvoid. 
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          SEM micrographs for a specimen after abrading, polishing and wet chemical etching are 

presented in Figure 5.10. Figures 5.10A and B reveal some irregularly shaped microvoids and 

circular pores across the surface. Some of these pores were localized corrosion pits formed during 

the etching step. Areas consisting of heavier elements (higher atomic number)  appear brighter in 

BSE SEM micrographs, while areas with higher concentration of lighter elements (lower atomic 

number) appear darker in BSE SEM micrographs. Higher magnification SE and BSE SEM 

micrographs for an abraded, polished, and etched specimen (XZ plane) are presented in Figures 

5.10C and D. Pores and microvoids in the material were evident. Dark rod-like regions, as 

indicated by the yellow arrows, may represent the α phase. The brighter regions, indicated with 

the red arrows, are  the β phase. The fine α precipitates dispersed in the β matrix strengthen the 

alloy. To confirm that the larger dark regions observed in the micrographs are microvoids and 

pores, energy dispersive x-ray (EDXS) line scan analysis was performed across one of these 

regions, The data are presented in Figure 5.10E.  

X-Ray Diffraction Analysis. A typical x-ray diffraction spectrum for an as-processed specimen is 

shown in Figure 5.11. High intensity and symmetric diffraction peaks corresponding to the β phase 

were present at 2θ values (deg) of 39.45 (172,771 counts, 0.52 deg FWHM), 58.54 (10,855 counts, 

1.47 deg), and 72.02 (6,248 counts, 2.19 deg FWHM). The weakly intense, symmetric peak at a 

2θ value of 35.45 deg (1,632 counts, 0.49 deg FWHM) and asymmetric peak at a 2-θ value of 

85.40 deg (3,254 counts, 1.33 deg FWHM) are associated with  α and α" phases, respectively. The 

peak assignments are based on comparison of  diffraction pattern data for this alloy.2,6,63-65 The 

high intensity of the peak at a 2θ of 39.45 deg indicated that the alloy has a considerable amount 

of β phase. This is expected because Ti-5553 consists of high atomic levels of the β phase 

stabilizing elements Mo, V and Cr.  
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Vickers Microhardness. The microhardness data revealed good reproducibility across multiple 

points in a single specimen and from specimen to specimen (n=5). For measurements performed 

at multiple spots in a single 1" × 1" specimen (Dwell time = 15 s. Load = 500 gf), a nominal 

hardness of 287 ± 5 HV was determined. This hardness is lower than the value reported for heat 

treated, die-cast Ti-5553 specimens (i.e., 311 ± 8 HV).14,15,64,66 This high hardness value is 

consistent with the near full density of the materials (i.e., low porosity). The nominal hardness 

over three different 1" × 1" specimens (Batch #2) was 292 ± 2 HV (Dwell time = 15 s. Load = 200 

gf). The lower value for the specimens used in this work was attributed to the microporosity (~2% 

porosity from the density measurement) and voids that are not present in the die-cast counterpart. 

Increasing hardness for Ti-5533 has been correlated with increasing aging temperature.14,15,64,66 

Electrochemical Properties of As-Processed and Abraded and Polished Alloys. The main purpose 

for this paper is to present a body of electrochemical data for this SLM alloy before and after 

smoothing the surface texture. All the electrochemical data reported below are for Batch #2 

specimens. Potentiodynamic polarization curves, both anodic and cathodic, were recorded for 

Figure 5.11. X-ray diffraction pattern for an as-received Ti-5553 alloy specimen (Batch #2). 
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multiple as-processed specimens to assess the reproducibility of the electrochemical behavior from 

specimen to specimen.  

          Figure 5.12 presents anodic (left) and cathodic (right) curves for three separate specimens. 

The same specimens were used to record both curves with the cathodic ones being recorded first. 

Importantly, the curve shapes were reproducible from specimen to specimen. The anodic curves 

were scanned from 0.050 V negative of the OCP, which ranged from 0 to 0.050 V, to 1.0 V vs. 

Ag/AgCl. A special focus was given to detecting oxide film breakdown and the development of 

localized pitting. The current increased significantly with increasing potential immediately 

positive of the OCP. A steady-state passivation current, ipass, was quickly reached by ca. 0.2 V for 

all three specimens with a value of ca. 1 × 10-4 A/cm2 at 0.8 V. The current was normalized to the 

geometric and not the true surface area, so the actual current density was less. The steady-state 

current was associated with the formation of a passivating oxide film (TiO2). Below 0.2 V, the 

alloy was actively oxidizing to form Ti+4 ions that then react with H2O in the interfacial layer to 

form TiO2  (Ti + 2H2O → TiO2 + 4H+ + 4e-).67  The passivation current in this naturally aerated 

Figure 5.12. (A) Anodic and (B) cathodic potentiodynamic polarization curves for as-processed 

specimens (Batch #2) in naturally aerated 3.5 wt.% NaCl. Scan rate = 1 mV/s. Three specimens 

were used for both the anodic and cathodic measurements. 
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aggressive electrolyte was stable out to at least 1.0 V with no evidence of oxide film breakdown 

or initiation of stable pit formation and growth. In fact, some specimens were polarized out to 2.4 

V with no oxide film breakdown observed. In other words, well-defined transition from passive to 

active behavior was not observed up to 1.0 V vs. Ag/AgCl in this high chloride electrolyte. 

          The cathodic curves were recorded from 0.050 V positive of the OCP to -1.0 V vs. Ag/AgCl. 

The cathodic current increases steeply with increasing negative potential with a near steady-state 

current reached by -0.6 V. The steady-state current is associated, at least in part, with the diffusion-

controlled reduction of dissolved oxygen. This was confirmed by observing a decrease in the 

steady-state current at these potentials after deaerating the electrolyte solution with N2 gas. Some 

of the current at negative potentials in this neutral pH electrolyte is likely due to the reduction of 

the passivating TiO2 to hydrated Ti(OH)3 (𝑇𝑖𝑂2 + 2𝐻2𝑂 +  𝑒− → 𝑇𝑖(𝑂𝐻)3 +  𝑂𝐻−). The oxygen 

reduction reaction on TiO2 is complicated and can involve both a 2-electron/2-proton or a 4-

electron/4-proton pathway.68 More research is needed to better understand the oxygen reduction 

reaction mechanism in this alloy but we suppose the reaction proceeds following the 2-electron/2-

proton pathway (1/2O2 + H2O + 2e- → 2OH-). 

          The impact of smoothing the rough alloy surface texture on the electrochemical properties 

was investigated next. Specimens for these measurements were prepared by first abrading and 

polishing, and then degreasing and deoxidizing. As evident in Figure 5.13A and B, which presents 

anodic and cathodic curves for three separate abraded and polished specimens, the behavior is 

reproducible. In the anodic potentiodynamic polarization curves (Fig. 5.13A), as the potential is 

scanned positive, there is a gradual increase in the anodic current up to about 0.6 V than was 

observed for the as-processed specimens. A steady-state  or passivation current, ipass, was reached 

at 0.6 V with a value of ca. 2 × 10-6 A/cm2. This current is about 100× lower than that seen for the 
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as-processed specimens. No breakdown of the passivation layer or onset of localized pitting 

corrosion was observed on any of three specimens out to at least 1.0 V vs. Ag/AgCl. The smoothed 

specimens were passivated by a low defect and continuous, electrochemically formed,  oxide  layer 

(TiO2) that is likely on the order of a few nanometers thick. The oxide formed on the smoothed 

surface passivates the alloy better than does the oxide layer formed on the rough as-processed 

surface making the alloy more resistant to corrosion. The passivating oxide layer can form more 

continuously and with fewer defects on smoother surfaces. The alloying elements are mainly 

dissolved in the Ti matrix. However, over time, the dissolution of the alloying elements may impact 

the corrosion resistance by degrading the overall integrity of the oxide.68 As the potential was 

scanned toward lower values in the cathodic polarization curves (Figure 5.13B), there is a gradual 

increase in current up to about -0.5 V, at which point a steady-state current is reached. The 

reproducible current magnitude at this potential is ca. 2×10-5 A/cm2. This current is associated with 

dissolved oxygen reduction. Figure 5.13C compares anodic potentiodynamic polarization curves 

for representative as-processed and abraded and polished specimens in naturally aerated 3.5 wt.% 

NaCl. A steady-state passivation current was reached at 0.6 V for both specimens, but the 

magnitude for the as-processed specimen, ca. 1 × 10-4 A/cm2, is 100× larger than the magnitude 

for the abraded and polished specimen, ca. 2 × 10-6 A/cm2. Additionally, the OCP values for the 

as-processed specimens are about 100 mV less noble (more negative) than the values for the 

abraded and polished specimens. This together with the passivating current differences is 

consistent with the abraded and polished specimens being more passivating by the oxide layer than 

are the rough as-processed specimens. Figure 5.13D compares cathodic potentiodynamic 

polarization curves for an as-processed  and an abraded and polished specimen in naturally aerated 

3.5 wt.% NaCl. The cathodic current increases with increasing negative potential, with respect to 
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the OCP, for both specimens with a near steady-state current reached by -0.6 V. This current is 

associated with the reduction of dissolved oxygen. The steady-state current for the as-processed 

specimen is ca. 2 × 10-4 A/cm2. In contrast, the current for the abraded and polished specimen is 

an order of magnitude lower at ca. 2 × 10-5 A/cm2. The higher surface area of the as-processed 

specimen leads to higher rates of oxygen reduction as there are more active sites available for the 

reaction to occur. Thus, the morphology and roughness of the Ti-5553 surface can affect the rate 

of oxygen reduction.           

A B 

C D 

Figure 5.13. (A) Anodic and (B) cathodic potentiodynamic polarization curves for abraded and 

polished specimens (Batch #2) in naturally aerated 3.5 wt.% NaCl. Scan rate = 1 mV/s. Three 

specimens were used for both the anodic and cathodic measurements. Comparison of (C) anodic 

and (D) cathodic potentiodynamic polarization curves for an as-processed and an abraded and 

polished specimen in naturally aerated 3.5 wt.% NaCl. Scan rate = 1 mV/s. All specimens were 

degreased and deoxidized similarly. 
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          Numerical electrochemical data obtained from the polarization curves are summarized in 

Table 5.3. The nominal OCP value for the abraded and polished specimens is more noble by 200 

Mv as compared to the value for the as-processed specimens. The nominal polarization resistance 

(Rp) value was larger for the abraded and polished specimens at 1.99 (± 0.77) × 106 Ω-cm2  versus  

4.67 (± 1.78) × 103  Ω-cm2  for the as-processed specimens. Thus, the Rp value for the abraded and 

polished specimens was ca. 3 orders of magnitude larger than the value for the as-processed 

specimens. The nominal anodic current in the polarization curves at 0.8 V for the abraded and 

polished specimens was 2 orders of magnitude smaller than the value for the as-processed 

specimens, 2.92 (± 0.19) × 10-6 vs. 2.10 (± 0.77) × 10-4 A/cm2, respectively. Finally, the nominal 

cathodic current in the polarization curves at -0.8 V for the abraded and polished specimens was 

one order of magnitude lower than the value for the as-processed specimens, 2.26 (± 0.38) × 10-5 

vs. 1.75 (±0.77) × 10-4 A/cm2, respectively. 

Data are presented as mean ± std. dev for n ≥ 3 specimens. Potentials are reported versus Ag/AgCl 

(4 M NaCl).         

          Electrochemical impedance spectroscopy measurements were performed at the OCP in 

naturally aerated 3.5% NaCl using as-processed and abraded and polished Ti-5553 specimens. 

Figure 5.14 presents impedance spectra in the forms of Bode diagrams for (A) as-processed and 

(B) abraded and polished specimens. A high degree of reproducibility between the replicate curves 

for each specimen type. At high frequencies, the Bode diagrams for both specimen types  exhibit 

 As-Processed Abraded and Polished 

OCP (mV vs. Ag/AgCl) -118 ± 7 107 ± 26 

Rp - LPR (Ω-cm2) 4.67 (± 1.78) × 103 1.99 (± 0.77) × 106 

j at 0.8 V (A/cm2) 2.10 (± 0.77) × 10-4 2.92 (± 0.19) × 10-6 

j at -0.8 V (A/cm2) 1.75 (± 0.77) × 10-4 2.26 (± 0.38) × 10-5 

Table 5.3. A summary of numerical electrochemical parameters for specimens in the as-processed 

and after abrading and polishing conditions in naturally aerated 3.5 wt.% NaCl . 

 

 

Table 3. A summary of numerical electrochemical parameters for specimens in the as received 

and after abrading and polishing conditions in naturally aerated 3.5 wt.% NaCl . 
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a constant impedance of ca. 20 Ω cm2 with a phase angle near 0o. This corresponds to the series 

resistance which is the sum of the ohmic resistances of the metal alloy and electrolyte solution. At 

middle frequencies, the impedance increases linearly with decreasing frequency while the phase 

shift approaches -70o for the as-processed and -80o for the abraded and polished specimens. The 

slope of the log Z vs. log frequency plot is close to -1. These trends are reflective of ideal capacitive 

behavior of the surface oxide film. The larger phase angle for the abraded and polished specimens 

and the fact that the phase angle remains near -80o to lower frequencies is consistent with the 

formation of  a more compact and less defective oxide on these specimens.  

          At low frequencies, the phase angle decreases toward 0o and the impedance reaches a 

maximum. Importantly, the magnitude of the impedance at 0.01 Hz (see Table 5. 4) is 35× larger 

for the abraded and polished specimens as compared to the as-processed specimens, 1.84 (± 0.49) 

×105 vs. 5.19 (± 1.29) × 103 Ω-cm2, respectively. The low frequency impedance magnitude if 

reflective of the polarization or charge transfer resistance and therefore the corrosion resistance of 

the alloy. The increased low frequency impedance for the abraded and polished specimens is 

consistent with the trends in Rp and the anodic and cathodic polarization currents; all reflective of 

A B 

Figure 5.14. Bode plots of electrochemical impedance data recorded at the OCP for specimens 

(A) as-processed and (B) abraded and polished in naturally aerated 3.5 wt.% NaCl. All specimens 

were degreased and deoxidized similarly. AC amplitude = 0.010 V. 
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increased alloy corrosion resistance after smoothing the surface texture. 

          The EIS data were then fit to a simple Randles equivalent circuit consisting of an e resistance 

equivalent series (Rs) in series with the parallel combination of a constant phase element, in place 

of a capacitor, and a polarization resistance (Rp). The equivalent series resistance is the sum of the 

ohmic resistance of the electrolyte solution, electrode, and electrical contact. These values were 

then be used to calculate the effective capacitance using the following equation69.  

The CPE components were expressed by mathematical parameters, Q, and α, where Q is the quasi-

capacitance and α is the so-called homogeneity factor (α = 1 for an ideal capacitor).  

Data are presented as mean ± std. dev. for n = 3 specimens of each type. EIS measurements were 

made at the OCP. χ2  values for the as-processed and the abraded and polished specimens 5.1 × 10-

4 and 4.2 × 10-4, respectively. 

        Table 5.4 presents a summary of the numerical parameters extracted from the EIS analysis. 

The nominal Rp value for the abraded and polished specimens was 300× larger than the value for 

the as-processed specimen, 1.66 (± 0.97) × 106 vs. 5.21 (± 1.33) × 103 Ω-cm2. This is consistent 

with Rp values determined from the LPR measurements presented in Table 5.3, and indicates the 

increased corrosion resistance of the alloy with reduced surface roughness. The equivalent series 

resistance, Rs, is the same for both specimens. This is expected because the magnitude of Rs is 

dominated by the electrolyte resistance. The effective capacitance, Ceff, is lower for the abraded 

 
As Processed 

Abraded and 

Polished 

Polarization Resistance - Rp (Ω-cm2) 5.21 (±1.33) × 103 1.66 (±0.97) × 106 

Equivalent Series Resistance - Rs (Ω) 22.20 ± 0.40 24.30 ± 1.98 

Effective Capacitance - Ceff (F/cm2) 5.29 (± 2.61) × 10-5 1.05 (± 0.12) × 10-5 

Impedance Modulus - ZMod at 0.01 Hz (Ω-cm2) 5.19 (± 1.29) × 103 1.84 (± 0.49) × 105 

Table 5.4. A summary of numerical EIS parameters for specimens in the as-processed condition  

and after abrading and polishing in naturally aerated 3.5 wt.% NaCl. 

 

 

Table 4. A summary of numerical EIS parameters for specimens in the as-received condition  and 

after abrading and polishing in naturally aerated 3.5 wt.% NaCl. 

 

(2) 
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and polished specimens, 1.05 (± 0.12) ×10-5 vs. 5.29 (± 2.61) × 10-5 F/cm2. This is due to the 

improved dielectric properties of the passivating oxide layer on the abraded and polished 

specimens. A thicker or more dielectric oxide layer would reduce Ceff. 

Effect of Deoxidation on Electrochemical Properties. The data show that the abraded and polished 

specimens exhibit improved corrosion resistance. The specimens were also degreased and 

deoxidized with commercial solutions as a final surface pretreatment prior to the electrochemical 

measurements. An important question is, “does this surface pretreatment alter the surface 

chemistry of the alloy and impact the electrochemical properties in any significant way?” The 

deoxidizer or desmutter employed was designed for use with aluminum alloys to dissolve smut 

and other contaminants from the alloy surface. Smut refers to solid products, typically aluminum 

oxide, and other impurities, that form on the alloy surface during material processing. These 

surface contaminants can negatively impact the formation of coatings and surface finished used to 

mitigate corrosion and therefore must be removed. This can be done with a deoxidizing acidic 

bath, such as the Smut-go bath used herein. The solution is free of chromate and is ideal for 

processing aluminum alloys that require low surface resistance, prior to anodizing, conversion 

coating, bonding, or welding. The solution will pit and etch aluminum alloys during the chemical 

dissolution process for control over contact time is critical. It is unknown how this surface 

pretreatment affects the surface morphology, microstructure, and chemistry of Ti-5553. 

Preliminary studies were therefore conducted to learn its effect on the electrochemical properties.  

 All alloy specimens used in these measurements were abraded and polished, as follows, 

using slightly different from the protocol listed in the Experimental section for the specimens used 

in the electrochemical measurements. As-processed specimens were smoothed by first abrading 

on P1500 grit aluminum oxide grinding paper for 20 min using the polishing wheel followed by  
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ultrasonic cleaning in ultrapure water for 30 min. The specimens were then polished (by hand) 

using 1 and 0.3 alumina powder/H2O slurries for 30 min each. After each polishing step, the 

specimens  were ultrasonically cleaned in ultrapure water for 30 min. As a final step, the specimens 

were polished with a 0.05 µm alumina powder/H2O slurry followed by ultrasonic cleaning in 

ultrapure water for 30 min. One set of three received no additional surface pretreatment (i.e., no 

degreasing and deoxidation) and were used immediately in the electrochemical measurements. 

Another set of three was degreased and deoxidized (2 min), as described in the Experimental 

section,  and then used in the electrochemical measurements.  

Table 5.5. A summary of numerical electrochemical parameters for abraded and polished Ti-5553 

specimens before and after degreasing and deoxidation in naturally aerated 3.5 wt.% NaCl. 

           

Data are presented as mean ± std. dev. for n = 3 specimens of each type. 

          Table 5.5 presents a summary of some preliminary electrochemical data obtained from OCP 

measurements, anodic and cathodic potentiodynamic polarization curves, and linear polarization 

resistance measurements in 3.5 wt. % NaCl at room temperature. These preliminary data reveal 

that the Smut-go deoxidation does affect the alloy chemistry in such a way as to cause a slight 

noble shift in the OCP and a five-fold increase in Rp. The anodic and cathodic polarization curve 

currents at the selected potentials are similar for naturally aerated conditions with the degreased 

and desmutted alloy being a little more active for oxygen reduction at the selected potential of -

Electrode 

Pretreatment 

OCP 

(mV vs. 

Ag/AgCl 

3 M NaCl) 

j at 0.6 V 

(A/cm2) 

j at -0.6 V 

(A/cm2) 

Rp 

(Ω cm2) 

× 106 

Polished and Abraded 

(naturally aerated) 
-214 ± 49 5.59 (±0.48) × 10-6 5.59 (±0.48) × 10-6 0.85 ± 0.48 

Polished and Abraded 

(deaerated) 
-458 ± 41 5.49 (±0.86) × 10-6 3.97 (±0.45) × 10-7 1.64 ± 0.21 

Polished and Abraded 

Plus Degreased and 

Deoxidized 

(naturally aerated) 

-25 ± 6 3.95 (±1.06) × 10-6 3.38 (±0.77) × 10-5 4.97 ± 0.08 
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0.6 V. Future work will examine the electrochemical properties in more detail as well as 

morphology and microstructure of the alloy after different deoxidation times using digital optical 

and scanning electron microscopy. Future work will also investigate the surface chemistry changes 

to alloy using x-ray photoelectron spectroscopy. 

5.4 DISCUSSION 

          Given the lack of scientific literature reports on the electrochemical properties of Ti-5553 

alloys prepared by SLM processing, the results reported herein address this knowledge gap. In this 

work, the electrochemical properties of alloy specimens as-processed and after mechanical 

abrading and polishing to renew and smooth the surface texture. Metal alloys prepared by SLM  

tend to possess significant surface roughness. The surface roughness can vary depending on several 

factors including the SLM processing parameters, powder characteristics, laser parameters, and 

post-processing techniques.  The as-processed specimens used in this work had  surface roughness, 

Sq, and maximum peak-to-valley height, Sz, values of 16.7 ± 5.3 and 111 ± 29 μm, respectively 

(n=5 spots on three specimens). The specimens were comprised of balling features with some 

micropore and fusion pore defects. After abrading and polishing the Sq and Sz values decreased to 

1.8 ± 0.1 and 6.4 ± 0.4 μm, respectively. Given the hardness and density of this alloy, 287 ± 5 HV 

and 4.70 ± 0.03 g/cm3, respectively, smoothing the surface texture is most effectively 

accomplished using a polishing wheel with a series of alumina grit sizes. It's important to optimize 

these build parameters based on specific material requirements and the desired surface finish for a 

particular application. A key finding from the results reported herein is that reducing the surface 

roughness by abrading and polishing, coupled with the degreasing and deoxidation pretreatments, 

improves the corrosion resistance of the alloy. In general, Ti and Ti alloys have excellent resistance 

against corrosion even in concentrated Cl- electrolyte solutions. They are susceptible, however, to 
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erosion corrosion, stress corrosion cracking, corrosion fatigue, and crevice corrosion. The 

corrosion resistance of Ti and its alloys is due to the formation of a protective oxide layer, 

consisting of TiO2, with a morphology that depends on the surface condition of the alloy on which 

it forms.68,70   The improved corrosion resistance of the alloy after smoothing is attributed to the 

removal of the native and more defective oxide film on the as-processed alloy and reforming a 

more compact and less defective oxide on the smoothed surface. The surface area of the metal 

alloy exposed to the solution is also reduced after abrading and polishing. This also serves to make 

the alloy more corrosion resistant as decreasing the surface area exposed lessens the rate of 

corrosion processes. Reducing the  surface area  will generally produce lower corrosion rates due 

to decreased reaction site density, decreased mass transport pathways, and a diminished 

susceptibility to localized corrosion processes.     

The native defects and surface microstructure will impact the electrochemical properties 

and corrosion susceptibility of the Ti-5553 alloy. Microvoids and pores are defects inherent to the 

SLM alloy because of incomplete annealing and particle fusion.70 These defects represent sites 

where solution could penetrate the alloy and cause localized corrosion. These are also sites where 

there would be incomplete coverage of a passivating native oxide layer on the Ti. Some microvoids 

and pores were revealed on the alloy specimens used in this work, although from a bulk 

perspective, the specimens are nearly fully dense based on comparison of the measured density 

with the value reported for the die cast alloy. We estimate about a 1% porosity based on density 

measurements and detailed scanning electron micrographs that have been analyzed to yield a void 

volume. It is unclear at present how much of this surface porosity is native to the SLM alloy versus 

how much is introduced by the Smut-go deoxidation pretreatment and or the wet chemical etching 

by the Kroll’s solution used as part of the metallographic finishing process. This needs to be 
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investigated further as these defects will deleteriously impact the formation of coatings and other 

surface finished for corrosion mitigation.  

A detailed microstructural characterization of the SLM Ti-5553 alloys was not part of this 

work, but a significant body of literature exists on this. The crystal structure of pure Ti at ambient 

temperature and pressure is close-packed hexagonal, known as the α phase. At about 890 oC, the 

Ti undergoes an allotropic transformation to a body-centered cubic structure, known as the β 

phase.8,9,13-15,61,62 This β phase remains stable to the melting temperature (1700 oC). The alloying 

elements can be categorized according to their stabilizing effect on the α and β phases.8,9,13-15,61,62 

Some alloying elements, such Al, are α stabilizers, while other elements, such as Mo, Nb, Ta, V 

and Cr, are β stabilizers. The presence of the α and β phases depends on the relative amounts of 

the respective stabilizers. Ti-5553 is a near-β phase alloy consisting of some α phase within a 

matrix of the β phase. Ti-5553 that was multi-directionally forged in the two-phase α+β phase 

field, exhibits microstructures containing large globular and rod-like, needle-shaped α precipitates 

within the β phase matrix.72  The XRD data for Ti-5553 specimens used in this work indicate a 

largely β phase alloy based on higher intensity of the β phase peaks relative to the α  phase ones.    

          The electrochemical properties of as-processed alloy specimens in naturally aerated 3.5% 

NaCl can be improved by abrading and polishing. OCP values were shifted to more noble 

potentials, Rp values increased by 2-3 orders of magnitude (106 Ω-cm2), anodic and cathodic 

currents at selected potentials in potentiodynamic polarization curves decreased by 1-2 orders of 

magnitude, and the low frequency  impedance modulus at 0.01 Hz increased by at least one order 

of magnitude after smoothing. Taken together, the data indicate that surface pretreatment to reduce 

the surface roughness and smooth the surface texture of the as-processed Ti-5553 alloy renders the 

metal less susceptible to corrosion. There are two related reasons for this. First, the abrading, 
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polishing, degreasing, and deoxidizing steps remove smut, impurities and the native oxide, thus 

exposing a fresh surface, and reducing the surface roughness. This allows for the formation of a 

less defective, more passivating oxide layer on the smooth surface.9 This chemically stable oxide 

layer is primarily composed of titanium dioxide (TiO2). It serves a crucial role by providing barrier 

layer and corrosion resistance to underlying metal and protecting it from further oxidation or 

chemical attack. The smoother the metal surface is and the more devoid it is of defects such as 

pores, cracks, and voids, the less defective the passivating oxide film will be and the better the 

corrosion protection it will provide. Second, as mentioned above, smoothing the surface reduces 

the area available for anodic and cathodic reactions. A larger surface area provides more pathways 

for the diffusion of reactants to the metal surface and removal of reaction produces and more sites 

for localized degradation; all of which impact corrosion rates.  

5.5 CONCLUSIONS 

          The electrochemical behavior and corrosion susceptibility of Ti-5553 alloys prepared by 

selective laser melt (SLM) fabrication can be improved by abrading and polishing. Abrading and 

polishing produces a surface finish that renders Ti-5553 more resistant to electrochemical 

corrosion due to the removal of the defective native oxide on the as-processed specimens and 

formation of a more compact and less defective oxide film on the refreshed and smoothed surfaces. 

Additionally, the abrading and polishing reduce the surface area exposed to the solution leading to 

diminished corrosion susceptibility. Preliminary results indicate that the deoxidizing Smut-go 

pretreatment of the smoothed alloy, designed for desmutting aluminum alloys, has an impact on 

the electrochemical behavior by apparently altering the surface chemistry in such a way as to 

slightly enhance the corrosion resistance. 

The key findings from the work are summarized as follows: 
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1. The surface roughness, Sq, and maximum peak-to-valley height, Sz, values of the as-processed 

specimens were 16.7 ± 5.3 and 111 ± 29 μm, respectively (n=5 spots on three specimens). The 

specimens were comprised of balling features, micropore and fusion pore defects. After 

abrading and polishing Sq and Sz decreased to 1.8 ± 0.1 and 6.4 ± 0.4 μm, respectively. 

2. The nominal density of the as-processed specimens ranged from 4.55 ± 0.02 to 4.70 ± 0.03 

g/cm3 depending on the batch processed. Based on comparison with the reported density for 

the die-cast alloy, the specimens were 98-100% dense with 1-2% porosity. Vickers 

microhardness measurements revealed a nominal value of 292 ± 2 HV, a value slightly lower 

than the reported value for the die cast alloy of 311 ± 8 HV.  

3. The open circuit potential (OCP) for the abraded and polished specimens in naturally aerated 

3.5% NaCl was more noble or positive of the value for the as-processed specimens, 107 ± 26 

vs. -118 ± 7 mV vs. Ag/AgCl (4 M NaCl). The nominal polarization resistance (Rp) obtained 

from linear polarization resistance measurements for the abraded and polished specimens was  

two orders of magnitude higher than the value for the as-processed specimens, 2 × 106  vs. 5 × 

104 Ω-cm2. Both are consistent with the corrosion resistance of the alloy being improved by 

the abrading and polishing. 

4. Anodic potentiodynamic polarization curves revealed an anodic current of  1 × 10-4 A/cm2 at 

0.8 V vs. Ag/AgCl (4M NaCl) for the as-processed specimens that decreased to 2 × 10-6 A/cm2 

after abrading and polishing. The cathodic current in the potentiodynamic polarization curves 

at -0.8 V was one order of magnitude lower than the value for the as-processed specimens, 2.3  

× 10-5 vs. 1.8 × 10-4 A/cm2, respectively. Both indicate reduced oxidation and reduction 

reaction rates. 
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5. EIS data revealed a nominal low frequency impedance modulus at 0.01 Hz that was 35× larger 

and a polarization resistance from equivalent circuit fitting that was 300× larger (1.7 × 106 vs. 

5.1 × 103 Ω-cm2) for the abraded and polished specimens as compared to the rougher as-

processed specimens. This is reflective of the improved corrosion resistance after smoothing 

the alloy. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1 CONCLUSIONS 

          Carbon fiber reinforced polymer (CFRP) composites and aluminum alloys serve as integral 

structural elements in aircraft, automobiles, marine vessels, and military transport vehicles. When 

these two materials are assembled, a galvanic couple can result when a conducting solution layer 

condenses on the surfaces. The more noble carbon fibers in the galvanic series will act as a cathode 

and effectively support the reduction of dissolved oxygen or water. The cathodic reaction rate 

escalates the oxidation rate of the less noble aluminum alloy– so-called galvanic corrosion. 

Corrosion of the aluminum alloy can be inhibited by decreasing the rate of the metal oxidation, 

decreasing the rate of the cathodic reaction, or decreasing the rate of both. This dissertation work 

primarily investigates the effectiveness of the surface treatment of CFRP composite edges with 

substituted phenyl diazonium adlayers towards the inhibition of cathodic oxygen reaction kinetics 

by blocking the active sites on the carbon fibers for O2 chemisorption; the first step of oxygen 

reduction. The purpose of the surface treatment is to reduce the extent of galvanic corrosion on a 

trivalent chromium process (TCP) conversion-coated aluminum alloy when the two materials are 

mechanically joined.  

          The two surface treatment approaches discussed herein are (i) electrochemically-assisted 

and (ii) spontaneous grafting of organic adlayers through reduction of para substituted 

aryldiazonium salts. Raman spectra of the chemically modified composites confirmed that the 

electrochemically-assisted and spontaneous reduction of aryldiazonium salts generate stable 

covalently attached adlayers on CFRP composite edges. The adlayers are believed to function as 

physical barriers and reduce the rate of dissolved oxygen reduction on the more noble carbon by 

blocking reactive surface sites for O2 chemisorption thereby mitigating the rate of galvanic 
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corrosion on the more active metal alloy. Electrochemically-formed adlayers suppressed the 

current for ORR by 50%, as compared to the unmodified CFRP composite specimen. 

Spontaneously-formed adlayers (24h immersion) reduced the current for ORR by 99%. The 

organic adlayers formed spontaneously during a 24h immersion are more compact, have fewer 

defects, and higher apparent coverages than adlayers formed by electrochemically-assisted 

derivatization. Results reveal that the adlayers are stable during accelerated degradation tests and 

the extent of galvanic corrosion on trivalent chromium process (TCP) conversion-coated 

aluminum alloys is significantly reduced when joined with a surface treated composite. 

Spontaneously formed adlayers provide much improved resistance to galvanic, crevice and general 

aluminum alloy corrosion, as compared to the electrochemically-formed adlayers. The weight loss 

metrics all indicate substantial reductions in mass loss, mass loss per cm2 , and corrosion intensity 

(g/m2-yr) on both TCP-coated alloys when joined with a CFRP modified with a more compact 

spontaneously formed adlayer. The extent of carbon corrosion and microstructural degradation of 

carbon fibers is also attenuated by the organic adlayers. Carbon corrosion damage seen on the 

unmodified CFRP specimens after a degradation test joined with a TCP-coated aluminum alloy is 

somewhat reduced by the electrochemically-formed adlayers, but is significantly reduced by the 

spontaneously formed adlayers. The research highlights that the spontaneously formed adlayers 

by 24h immersion offer superior inhibition of galvanic corrosion on aluminum alloy and greater 

resistance to carbon corrosion than do adlayers formed through an electrochemically assisted 

process. The diazonium surface treatment holds a promising potential for reduced corrosion in 

CFRP composite/metal hybrids. 

          Fabrication of advanced titanium alloys via additive manufacturing (AM) techniques 

including selective laser melting (SLM), has sparked a newfound interest over recent years. 



212 

 

Although the enhanced flexibility in producing parts with greater complexity and reduced waste 

offered by AM is highly sought after, structure-function relationships are yet to be established for 

new AM titanium alloy materials through in-depth testing. Chapter 5 of this dissertation work 

focuses on investigating the material properties and understanding the influence of surface 

pretreatments on the electrochemical corrosion behavior of titanium alloys prepared by SLM. The 

surface pretreatment consists of abrading and polishing to reduce the surface roughness and 

smooth the surface texture. The specimens were comprised of balling features, micropore and 

fusion pore defects. The results reveal that the abrading and polishing improve the corrosion and 

degradation resistance of the SLM titanium alloys specimens. The open circuit potential was 225 

mV more noble, the anodic current in potentiodynamic polarization curves were two orders of 

magnitude lower, and the cathodic current was one order of magnitude lower for abraded and 

polished titanium alloy specimens compared to as-processed specimens. The polarization 

resistance increased by 425× after smoothing the surface texture. The superior electrochemical 

properties are attributed to a less defective and more continuous passivating oxide layer that 

formed on the surface-pretreated specimens.  

6.2 FUTURE WORK 

          The surface treatment of exposed carbon fibers in CFRP composites with diazonium 

adlayers resulted in substantially suppressed oxygen reduction currents and notably reduced 

galvanic corrosion damage to the aluminum alloy coupled. The adlayers achieved by spontaneous 

grafting during 24-h immersion in particular exhibited near complete inhibition of the oxygen 

reduction reaction. Further work is needed to optimize the spontaneous grafting parameters such 

as diazonium concentration, temperature, and immersion time for improved performance of the 

adlayers. Additionally, the stability and performance of the adlayers should be evaluated during 
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long term exposure in the field (i.e. beach exposure). Another avenue worth exploring for practical 

applications is the spontaneous deposition of adlayers through spray application of diazonium salt 

solutions on CFRP composite edges. A deeper understanding of the surface treatment parameters 

and performance of the diazonium adlayers will advance the development of more effective, 

environmentally friendly corrosion protection coatings. 

 

 

 


