
 

Universidade de Aveiro 

2018 

  Departamento de Engenharia de Materiais e Cerâmica 

Stanley  Udochukwu  
Ofoegbu 
 

Corrosão e inibição de corrosão em combinações 
multi-materiais 
 

Corrosion and corrosion inhibition in multi-material 
combinations  
 

 

 



ii 

 

 

 

Universidade de Aveiro 

2018 

  Departamento de Engenharia de Materiais e Cerâmica 

Stanley  Udochukwu  
Ofoegbu 
 
 

Corrosão e inibição de corrosão em combinações 
multi-materiais 
 

Corrosion and corrosion inhibition in multi-material 
combinations  
 
 

 Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 
necessários à obtenção do grau de Doutor em Ciência e Engenharia 
de Materiais, realizada sob a orientação  científica do  Professor Mikhail 
Zheludkevich, Professor e Investigador Principal Convidado da Departamento 
de Engenharia de Materiais e Cerâmica  da Universidade de Aveiro, e do Doutor 
Mário Guerreiro Silva Ferreira, Professor Catedrático do Departamento de 
Engenharia de Materiais e Cerâmica  da Universidade de Aveiro. 

 

  Apoio financeiro da FCT, referência 
SFRH/BD/75167/2010, e do FSE no 
âmbito do III Quadro Comunitário de 
Apoio. 
 

 
 



iii 

 

 

  

  
 

 

 
This work is dedicated to the blessed memory of my parents,  Benjamin and 
Joyce Ofoegbu who taught me quite early that I can be whatever I choose to 
be. 
 

 
 

 



iv 

 

 

  
 

 
 
 

 
 

o júri   
 

presidente Prof. Doutora Maria Ana Dias Monteiro Santos 
Professora Catedrática, Universidade de Aveiro 

  

 

 Prof. Doutor Christopher Michael Ashton Brett 
Professor Catedrático, Faculdade de Ciências e Tecnologia, Universidade de Coimbra  

  

 

 Prof. Doutor Jorge Ribeiro Frade 
Professor Catedrático, Universidade de Aveiro  

  

 

 Doutora Alda Maria Pereira Simões 
Professora associada com agregação, Universidade Técnica de Lisboa  

  
 

 Doutor Mikhail Larionovich Zheludkevich 
Investigador Principal Convidado, Universidade de Aveiro (Orientador) 

  
 

 Doutor Jorge  Manuel Palma Correia 
Investigador Auxiliar,  Faculdade de ciencias da Universidade de Lisboa  

  
 

  
 

 

 

 



v 

 

 

  

  
 

agradecimentos 

 
Gostaria de agradecer aos meus orientadores, Prof. Mikhail L. Zheludkevich e 
Prof. Doutor Mário Guerreiro Silva Ferreira pela orientação, encorajamento e 
análise crítica durante todo o trabalho. Gostaria também de agradecer aos 
Doutores Silvar Kallip, Alexandre Bastos e Marcela Quevedo Reyes, pelo 
apoio em algumas partes do trabalho experimental e pelas frutuosas e 
interessantes discussões. 
Agradeço à Prof. Helena I.S. Nogueira do Departamento de Química da 
Universidade de Aveiro pela ajuda com as medições de Microscopia Confocal 
de Raman.Agradeço também ao Prof. José António Paixão e ao Dr. Pedro 
Sidónio do Departamento de Física da Universidade de Coimbra pela 
possibilidade de utilizar o espectrómetro de fluorescência de raios-X e pela 
ajuda nas medições experimentais.  
Não posso deixar de agradecer aos colegas do meu grupo, Olga Karavai, 
Jorge Carneiro, Maksim Starykevich, André Oliveira e Marco Oliveira. O meu 
agradecimento estende-se ao pessoal técnico e administrativo do 
Departamento de Engenharia de Materiais e Cerâmica da Universidade de 
Aveiro.  
Agradeço à Fundação para a Ciência e a Tecnologia pela bolsa de 
doutoramento SFRH/BD/75167/2010 a qual permitiu a conclusão deste 
trabalho. 
Finalmente, expresso reconhecimento à minha família, pelo encorajamento, 
compreensão e apoio durante todo o tempo que despendi nas longas horas de 
trabalho no laboratório. 

 
 

 



vi 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

palavras-chave 

 
corrosão galvânica, eficiência de inibição, multi-materiais, polímeros reforçado 
com fibra de carbono, impedância, alumínio, cobre, zinco, ferro, SVET, SIET. 
 

resumo 
 

 

Os projectos mais recentes de veículos usados pelas indústrias aeronáutica e 
dos transportes combinam alta resistência, baixo peso, consumo eficiente de 
combustível e reduzido impacto ambiental, para o que juntam no mesmo 
desenho materiais muito diversos. A corrosão destas combinações multi-
materiais pode ser acelerada quando se unem materiais com propriedades 
químicas e electroquímicas bastante diferentes. Como as estratégias actuais 
de mitigação da corrosão não focam sistemas multi-materiais, há a 
necessidade urgente em caracterizar os mecanismos da corrosão nestes 
novos sistemas a fim de desenvolver soluções eficazes para a sua prevenção. 
Este trabalho centrou-se na compreensão dos mecanismos da corrosão de 
dois sistemas multimateriais com relevância para as indústrias aeronáutica e 
dos transportes: Al - Cu - CFRP (polímeros reforçado com fibra de carbono) e 
Zn - Fe - CFRP, respectivamente. Com base nos resultados obtidos procurou-
se identificar, à escala laboratorial, inibidores de corrosão eficazes. 
Começou-se por estudar separadamente cada um dos cinco materiais 
constituintes das combinações multi-materiais, em solução aquosa NaCl 50 
mM com e sem inibidores de corrosão. O CFRP, o único material não metálico, 
foi estudado extensivamente para caracterizar a sua acção electroquímica 
como cátodo, pois esta torna-se prejudicial quando o CFRP está ligado a 
metais. Estudou-se também formas de minimizar a reacção catódica no CFRP 
e a corrosão dos outros metais. O passo seguinte foi o estudo de pares desses 
materiais à micro e macro-escala admitindo que os inibidores de corrosão 
capazes de reduzir a corrosão galvânica nestes sistemas simples (Al - CFRP, 
Al - Cu, e Cu - CFRP para o sistema galvânico Al - Cu - CFRP) e (Fe - CFRP, 
Zn - CFRP, e Zn - Fe para o sistema Zn - Fe - CFRP) serão também eficazes 
na protecção da estrutura multi-material real. Por fim os inibidores mais 
eficientes foram estados para as combinações multi-marieriais completas, Al - 
Cu - CFRP e Zn - Fe - CFRP. 
Os resultados obtidos trazem uma melhor compreensão do comportamento 
electroquímico do CFRP quando sujeito a polarização catódica ou quando 
ligado galvanicamente a vários metais. Os resultados apresentam também 
estratégias  possíveis para impedir o processo catódico à superfície do CFRP. 
Identificou-se ainda vários compostos com a capacidade de inibir a corrosão 
nos sistemas Al - Cu - CFRP e Zn - Fe - CFRP. Como resultado do trabalho 
realizado para esta Tese, desenvolveu-se um procedimento para 
monitorização da degradação do “plástico” reforçado com fibra de carbono 
(CFRP). Propõem-se também mecanismos para a corrosão e inibição em 
sistemas multi-material como por exemplo, Al - Cu - CFRP e Zn - Fe - CFRP. 
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abstract 

 
Modern high-strength but  environmentally friendly, fuel-efficient and weight-
optimized designs vital to the aeronautical and transport industries have 
resulted in the multi-material concept in which a wide range of materials are 
employed to exploit the various desirable mechanical and physical properties. 
These multi-material design concepts are susceptible to corrosion as the 
chemical and electrochemical properties of their constituent materials can vary 
widely. Since current corrosion mitigation strategies are not focused on these 
multi-material systems, there is an urgent need to understand the mechanism 
of the corrosion processes operative in these multi-material assemblies and 
develop suitable multi-material corrosion mitigation solutions in tandem with the 
increasing design trend towards multi-material structures. 
This work has focused on understanding the mechanism of multi-material 
corrosion in two multi-material systems  that are of relevance to the 
aeronautical and transport industries; Al - Cu - CFRP (carbon fiber reinforced 
polymers) and Zn - Fe - CFRP galvanic systems respectively. On the basis of 
the insights obtained, appropriate multi-material corrosion mitigation options 
using inhibitors are to be identified and verified at the laboratory scale.  
The thesis objectives have been pursued by an incremental escalation 
technique in which the five individual materials constituting the two multi-
material galvanic systems were first studied at the macro-scale in quiescent 50 
mM NaCl  solutions with and without inhibitors. Particularly, CFRP the only 
non-metallic material used  was extensively studied with a view to 
understanding its deleterious electrochemical action as an efficient cathode 
when coupled to metals and how to mitigate it. Next technologically relevant 
dual material couples most relevant to the two galvanic systems were studied 
at the macro- and micro-scales,  on the premise that  inhibitors efficient at 
mitigating galvanic corrosion in these simpler components (Al - CFRP, Al - Cu, 
and Cu - CFRP for the Al - Cu - CFRP  galvanic system) and (Fe - CFRP, Zn - 
CFRP, and Zn - Fe for the  Zn - Fe - CFRP galvanic system) are prone to be 
effective for an entire multi-material system. Finally, promising inhibitors 
identified from dual material galvanic studies are tested on the multi-material 
combinations leading to identification of efficient multi-material corrosion 
inhibitors for both  the Al - Cu - CFRP and Zn - Fe - CFRP multi-material 
combinations.  
The results demonstrate  better understanding of the electrochemical behaviour 
of CFRP under cathodic polarization on galvanic coupling with metals and 
potential strategies  to suppressing its ability to support cathodic reactions, and 
successful identification of potential inhibitors for mitigating multi-material 
corrosion in both systems. On the basis of results obtained in this work a 
scheme for monitoring degradation of  CFRP was postulated as  well as 
plausible mechanism(s) of  multi-material corrosion and multi-material corrosion 
inhibition in  Al - Cu - CFRP and Zn - Fe - CFRP multi-material galvanic 
systems, respectively. 
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CHAPTER 1 
INTRODUCTION 
 
1.1.  Background to Research  

 Corrosion which is the loss or degradation of a material or its functional properties due 

to interaction with environment [1] has been calculated to cost between 3.5 to 5 % of an 

industrialized nation´s  Gross National Product (GNP) out of which about 10 to 45 % can be 

prevented  [2,3]. The  cost of corrosion is composed of direct costs due to the cost of protection 

and replacement of corroded equipment, and indirect costs due to plant shutdown, over-design 

to hedge against corrosion, corrosion related explosions and accidents, loss of efficiency and/or 

products, cost of environmental pollution and/or product contamination and the associated 

remediation cost [4]. The "preventable corrosion costs" are costs that can be avoided by more 

efficient utilization of currently available corrosion mitigation technologies coupled with greater 

corrosion education and awareness, while the "unavoidable corrosion costs" arise from the 

nature of the corrosion process [5], and the limitations of available corrosion mitigation 

technologies. However, through research and development of new and improved corrosion 

mitigation strategies, the possibility of reducing the currently high percentage of  "unavoidable 

corrosion costs" can be achieved. The achievement of this goal is however greatly dependent on 

better understanding of the corrosion mechanisms in applications of interest. 

 The trend towards complex design in engineering structure, is prevalent today and  has 

resulted in the emergence of multi-material combinations with attendant corrosion implications.  

This multi-material  design trend is driven by new design demands and concepts. For instance in 

the transport industry the demand and concepts of “light car” and “green aircraft” which 

requires significant weight reduction aimed at reducing fuel consumption and CO2 emissions, 

have resulted in the use of new material combinations for increased strengths at reduced 

weights.  Efforts at such weight optimized structures predominant in the aeronautical and 

aerospace industries results in the use of hybrid structures composed of multi-material 

combinations. The most technologically relevant of these multi-material combinations to the  

transport industry involves the use of carbon fibre reinforced composites together with high 

strength but low density metals and alloys, a combination that yields composite structures with 

spectacular mechanical properties and light weight. Success with these multi-material 

combinations have led to progressive increase in percentage of the non-metallic constituents in 

transport vessels, the development of super-light cars and the emergence of the more 

technologically advanced and environmentally benign class of aircrafts such as Boeing 787 



 

2 

Dreamliner, with ≈50 % composite content in the airframe [6], Airbus's A350 XWB with 52 % 

composite content in the airframe [7], and 90% composite content in the experimental aircraft 

Voyager [8,9]. 

 However, these multi-material combinations are particularly susceptible to galvanic 

corrosion. For multi-material combinations composed exclusively of metals and alloys several 

corrosion mitigation strategies initially developed for individual metals and alloys involving smart 

usage of corrosion inhibitors such as active corrosion protection [10-13], self-healing coatings  

[12,14-17], sol-gel coatings [18], use of single inhibitor with mixed inhibition capability [19] and 

use of synergistic mixture of corrosion inhibitors [20,21]  were reported. 

 Galvanic corrosion  in multi-material combinations incorporating carbon fibre reinforced 

polymers is favoured by the carbon's well known ability to support cathodic reactions [22-30] 

that makes galvanic corrosion mitigation in such assemblies a difficult task. The carbon in the 

carbon fibre reinforced polymers (CFRP) not being metallic, is not very receptive to corrosion 

mitigation strategies employed for metals acting as cathodes, creating a need for application-

sensitive galvanic corrosion protection solutions. To develop such corrosion mitigation strategies 

targeted at multi-material assemblies incorporating carbon fibre reinforced polymers (CFRP), it is 

necessary to understand the electrochemical behaviour of CFRP under a wide range of cathodic 

polarizations it can be polarized to in its different applications with a variety of metals and alloys. 

Hence, for those multi-material combinations incorporating carbon fibre reinforced polymers, 

there is a need for sufficient understanding of the corrosion mechanisms involved, and 

development of appropriate corrosion mitigation solutions that can potentially enhance the 

safety and service life of such hybrid structures. This thesis is therefore, the product of an effort 

to meet this technological need. 

 

1.2. Significance of Study 
 
 The main aim of this work is to achieve a better understanding of the corrosion 

mechanism(s) due to galvanic coupling in different multi-material combinations of metals 

incorporating carbon fiber reinforced polymers (CFRP), and based on these findings recommend 

possible multi-material corrosion inhibition strategies.  

 Deeper understanding of the corrosion issues and mechanism in such complex material 

combinations is vital to the development of corrosion mitigation (inhibition) solutions capable of 

multiple or simultaneous protection of the various materials employed in complex structures. A 

lack of this knowledge can be a limiting factor to the application of the multi-material design 
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concept in a variety of applications or a significant reduction in the service life of such 

structures. Since the current anti-corrosion approaches are mainly suitable for single material 

structures and to a smaller degree multi-metal/alloy structures, it is a crucial need to develop 

new strategies of active and passive corrosion protection for multi-material applications. This is 

not possible in the absence of a detailed knowledge of the mechanisms of the corrosion 

processes. Though lighter metals (aluminium, magnesium) and alloys are widely used in such 

combinations, multi-material combinations involving carbon fiber reinforced plastics (CFRP) 

continue to gain acceptance. The knowledge of galvanic corrosion of multi-material 

combinations, especially in the case of new alloys and CFRPs, is limited and scarce in published 

literature. The situation is much more difficult in the case of triple or more combinations.  

 
1.3. Study Objectives 
 
The objective of this thesis is to investigate the mechanism of corrosion processes caused by 

galvanic coupling effects in a variety of multi-material systems employed particularly in the 

transport industry incorporating and not incorporating CFRP and then; 

(a) Based on the insight obtained from the above step(s), to develop the basic strategies for 

active corrosion protection in multi-material structures. 

(b) Undertake a multi-scale study of the kinetics and corrosion mechanisms present. 

(c)  To screen and select potential corrosion inhibitors suitable to selected multi-material 

combinations.  

(d) Make recommendations on possible practical multi-material combinations from the 

corrosion point of view. 

 

1.4.  Research Strategy  

 

To achieve the study objectives stated above,  it was necessary to; 

(a) Develop macro-/micro-cells for evaluating galvanic corrosion in combinations of two and 

more materials. 

(b) Conduct tests at the macro-level using conventional electrochemical techniques 

(potentiodynamic polarization tests, open circuit potential measurements, galvanic 

current density measurements and electrochemical impedance spectroscopy). 

(c) Test at the micro-level using localized methods such as Scanning Vibrating Electrode 

Technique (SVET), and Scanning Ion-selective Electrode Technique (SIET). 
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 This thesis is divided into eight  chapters. Chapter 1 introduces the work, its objectives 

and significance. Chapter 2 is a review of scientific literature relevant to the understanding of the 

present work with emphasis on galvanic corrosion and the corrosion/degradation of the 

constituents of the multi-material combinations (aluminium, copper, iron, zinc, and carbon fibre 

reinforced polymer (CFRP)). Chapter 3 describes the principles of the experimental techniques 

employed in the study. Chapter 4 presents the actual experimental procedures employed and 

chapter 5 is a presentation and comparison of results of the electrochemical tests on the 

individual materials constituting the multi-material combinations, and the results and 

discussions of results of detailed study on CFRP. Chapter 6 presents the results and discussion of 

results from tests on the Al-Cu-CFRP multi-material system and its constituent dual galvanic 

couples while chapter 7 presents and discusses the results of tests on the Zn-Fe-CFRP multi-

material system and its constituent dual galvanic couples. Chapter 8 is a presentation of 

conclusions drawn from the results and suggestions for further work. 
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CHAPTER 2 
 

LITERATURE REVIEW 
2.0   Introduction 
 

  Corrosion cost more than 3% of world GDP (1.17-1.56 € trillion), and is in excess 

of 200€ billion annually [31]. Galvanic corrosion is a major cause of corrosion damage in 

multi-material combinations. It can be defined as the accelerated corrosion of a metal due to 

electrical contact with a more noble metal or non-metallic conductor in a corrosive 

electrolyte [32]. In spite of galvanic corrosion effects, multi-material combinations are 

becoming more attractive for different applications especially in applications in which high 

mechanical properties and reduction in weight are simultaneously desirable as in the 

automotive and aerospace industries. The superlight car program launched by European car 

producers is one of such initiatives devoted to the development of new approaches for the 

design of cars using new and lighter materials [33], with the automotive industry aiming to 

reduce car body weight by around 35% [34]. The multi-material concept for automotive 

applications is being actively developed under the framework of European projects, 

Superlight Car [33-39] and  NADIA European Project - New Automotive components 

Designed for and manufactured by Intelligent processing of light Alloys (NADIA) [40] aiming 

at weight reduction by using Al and Mg alloys together with composite materials. Multi-

material design is probably quite common in the electronics industry. This multi-material 

design concept is most likely to be embraced in more sectors. However, the challenge of 

galvanic corrosion in multi-material combinations is crucial, hence the need for this study.  

  Among  the materials increasingly employed in these multi-material (composite) 

design concepts aimed at weight reduction is carbon fiber reinforced plastics (CFRP). It is 

obvious that if carbon fiber reinforced plastic (CFRP) is brought into contact with for 

instance, aluminium alloy a strong galvanic couple is created due to difference in the 

electrochemical potential between the composite (cathode) and aluminium (anode). This is 

corroborated by a report [41] citing galvanic corrosion as one of the major challenges to the 

development of the multi-material automobiles. This problem of multi-material 

combinations is not restricted to the automobile industry, as the program of "green aircraft" 

promoted by Airbusaims at the reduction of aircraft weight by more extensive use of 

composite materials including CFRPs. Composite materials account for about 22% of the 

total weight of the A380 Airbus [42], while the content of composites in the Boeing 787 is 

roughly 50% [43,44]. 
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Fig. 2.1. Illustration of the multi-material design concept as employed in the “Superlight 

car”[39]. 

 This multi-material design concept can be optimized with respect to production cost of 

an item or with respect to weight reduction as is predominant in the transport industry. With 

reference to Fig. 2.2 below, it can be inferred that galvanic corrosion challenges are more likely in 

the weight–optimized multi-material designs.  

 

 
Fig. 2.2. Illustration of Multi-Material design concepts [45]. 
 

 
Fig. 2.3. Illustration of extensive use of composites in a multi-material design concept in the 
Boeing 787 [46]. 
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 In these applications carbon fiber reinforced plastic (CFRP) is introduced as a novel 

material component of composite and/or hybrid multi-material structures. Consequently 

knowledge of the galvanic compatibility of the electrically conductive CFRP with the different 

metallic constituents of such structures in possible operating environments is of utmost 

importance. However, reports in literature on galvanic compatibility of CFRP with several metals 

for other applications are limited. Brown and Coomber [47] reported a serious risk of galvanic 

corrosion at electrically connected  graphite-epoxy composite materials (GECM)-aluminum 

joints and graphite-epoxy composite materials (GECM)-cadmium plated mild steel joints, but no 

risk for graphite-epoxy composite materials (GECM)-stainless steel or graphite-epoxy composite 

materials (GECM)-Ti-6A1-4V couples in aqueous 5% NaCl solutions. Johnston et al. [48], 

reported significant galvanic corrosion on coupling steel, aluminum and titanium with  graphite-

epoxy composite materials (GECM) in 1 M air saturated NaCl solution.Miller and Lee [49,50] 

measured the corrosion rates of selected aerospace alloys coupled to graphite-epoxy composite 

materials (GECM) in aerated neutral 3.5% NaCl solution (pH = 7) and determined acceptable 

galvanic compatibility only with T1-6A1-4V, Ti-6Al-2Sn-4Zr-2Mo, Rene' 41, Inconel X, Inconel, 

AFC-77, PH 17-7, SS304,Be-Cu, SS301. Fischer and DeLuccia [51] confirmed Ti-6A1-4V alloy's 

superior galvanic corrosion resistance on coupling with graphite-epoxy composite materials 

(GECM) in neutral NaCl solution. Mueller et al., [52] reported remarkable localized corrosion on 

the stainless steel in contact with CFRP when immersed in simulated body fluid and corrosion 

induced delamination of carbon fibers in the composite. Danford and Higginns [53] working on 

effects of galvanic coupling between D6AC steel, 6061-T6 aluminum, Inconel 718, and Graphite-

Epoxy Composite Material (GECM) in 3.5% NaCl reported severe galvanic corrosion occuring 

when bare 6061-T6 Al and D6AC steel are coupled to graphite-epoxy composite materials 

(GECM), while bare Inconel 718 is relatively unaffected and is compatible with graphite-epoxy 

composite materials (GECM). It has been reported also that CFRPs accelerate corrosion of 

reinforcing steel bars in concrete [54]. From the above reports, the galvanic corrosion challenge 

of galvanic coupling of CFRP/GECM to most metals and alloys with the exception of T1-6A1-4V 

and stainless steel and a few specialty alloys, is obvious. 

 Reports in the scientific literature on multi-material corrosion have been scarce as most 

research reported has been limited to dual material corrosion or galvanic couples. The earliest 

and very significant work on multi-material corrosion was probably by Danford and Higginns [53] 

who reported that in a triple material galvanic couple comprising  6061-T6 Al  - D6AC steel - 

Graphite-Epoxy Composite Material (GECM) that 6061-T6 Al act as an effective sacrificial anode, 



 

8 

providing cathodic protection to D6AC steel. Ambat and  Per Møller with respect to corrosion in 

the electronic industry reported [55] the corrosion of the multi-material combinations in a 

mobile phone dome–key pad system consisting of Ag, AISI 202 steel in the dome and Au/Ni/Cu 

on the pad. Corrosion challenges in the electronic industry are promoted by the multi-material 

design and increasing miniaturization which reduces the electron path in the presence of an 

electrolyte [56]. 

 Corrosion mitigation efforts in tandem with this emergent multi-material design concept 

is neccessary to maintain and extend the integrity and service life of structures from this design 

concept. Corrosion mitigation efforts in this regard seem to lag the multi-material design 

concept. 

 One of the ways of mitigating corrosion  is by the use of corrosion inhibitors, hence in 

this work the use of corrosion inhibitors on multi-material combinations have been attempted in 

a bid to obtain information that will be vital to the development of multi-material mitigation 

solutions employing inhibitors. Generally research on the use of inhibitors is presently leaning 

towards active corrosion protection as evidenced by many reports [11-13,15,18,57-60], with 

interesting results on the testing and characterization of new corrosion inhibitors [59,60]. 

Furthermore current corrosion research is also focusing on  investigation of intimate details of 

corrosion mechanisms down to the micro and nano-scale  in attempts to acquire better 

understanding of corrosion mechanism(s)  that is/are vital to the development of corrosion 

inhibition solutions [61-64], self-healing coating effects [15,65-66], and the development of a 

multi-electrode method for the rapid screening and evaluation of corrosion inhibitors [67-68].  It 

is hoped that this thesis based on experimental studies, can be a source of important data and 

information for the development of multi-material corrosion inhibition strategies. 

 In this review of literature a brief overview of corrosion, its types with emphasis on 

galvanic corrosion which is the most relevant to this work, contributing factors and 

mechanismsare presented, with a robust discussion of the corrosion/degradation of each of the 

five materials employed in this study (aluminium, copper, iron, zinc and CFRP), oxygen reduction 

on carbon electrodes, galvanic corrosion in near neutral aqueous chloride media, corrosion 

inhibition and corrosion inhibitors.  

 

2.1  What is corrosion? 

 Corrosion is a degradative process which has been defined as the "physicochemical 

interaction between a metal and its environment which results in changes in the properties of 
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the metal and which may often lead to impairment of the function of the metal, the 

environment, or the technical system of which these form a part" [69]. The corrosion process 

results in degradation or deterioration of a material on interaction with its environment, and 

since this is not peculiar to metals alone a more encompassing definition of corrosion by (IUPAC) 

defines corrosion as, " an irreversible interfacial reaction of a material (metal, ceramic, polymer) 

with its environment which results in consumption of the material or in dissolution into the 

material of a component of the environment". Often, but not necessarily, corrosion results in 

effects detrimental to the usage of the material considered. Exclusively physical or mechanical 

processes such as melting or evaporation, abrasion or mechanical fracture are not included in 

the term corrosion" [70]. Generally, the corrosion process has an electrochemical nature 

meaning spatialy separated oxidation and reduction processes with electron transfer  ensured 

by an electronic conductor. For the corrosion process to be initiated, three conditions must be 

present: an anode, a cathode and an electrolyte.  In the corrosion process, two types of 

reactions occur simultaneously; an oxidation reaction at the anode and at least a reduction 

reaction at the cathode. 

The sole anodic reaction in a corroding system is metal oxidation/dissolution by electron loss.  

Anodic Reaction:  

(Metal dissolution) 𝑀(𝑠) ⟶ 𝑀𝑛+  + 𝑛𝑒−.................................................................(eqn. 2.1) 

The possible cathodic reaction(s) can be many and diverse depending on the metal, the pH, the 

oxygen concentration, the nature of electrode surface, and the ions (mainly cations) present in 

the solution. However, there is usually a dominant cathodic reaction. Possible cathodic reactions 

in a corroding system include: water splitting into hydrogen and OH- leading to local alkalization 

(eqn 2.2).  This cathodic reaction is feasible for metals like Mg, Al, and Zn with high enough 

electronegative potentials for hydrogen evolution [71]. Other cathodic reactions include oxygen 

reduction with water formation (eqn. 2.3), oxygen reduction with OH- formation (eqn. 2.4), 

hydrogen evolution by proton reduction (eqn. 2.5), metal ion reduction (eqn. 2.6), with possible    

metal  deposition/redeposition (eqn. 2.7).  

Cathodic Reactions: 

(a) At nearly neutral pH and in  the absence of oxygen water splitting reaction is possible (eqn. 2. 

2), and is so thermodynamically favoured (Eo = -830 mVSHE ≈ -1074 mVSCE) that it can take place 

on metals like aluminium, zinc and magnesium: 

2𝐻2𝑂 +   2𝑒−   ⇌   𝐻2  +  2𝑂𝐻−  (Eo = -0.83 VSHE) ....................................... (eqn. 2.2) 

(b) In aerated acid solutions:In aerated acid solutions , due to the presence of oxygen in the 



 

10 

solution another possible cathodic reactions is oxygen reduction to water either through a 4 

electron step (eqn. 2.3a) [72] or a 2-step 2 electron process (eqn. 2.3b and 2.3c); 

𝑂2  +  4𝐻+  +  4𝑒−    ⇌   2𝐻2𝑂   (Eo = +1.23 VSHE) ...................................... (eqn. 2.3a) 

𝑂2   +  2𝐻+  +  2𝑒−   ⇌   𝐻2𝑂2   (Eo = +0.70 VSHE) ....................................... (eqn. 2.3b) 

𝐻2𝑂2  +   2𝐻+  +   2𝑒−    ⇌   2𝐻2𝑂  (Eo = +1.76 VSHE ) ...................................(eqn. 2.3c) 

(c) In aerated neutral and basic solutions, having a dearth of protons (H+), oxygen can be 

reduced to hydroxyl ions via either the 2 electron or 4 electron pathway as in equations 2.4a and 

2.4b below, the main pathway for O2 reduction being dependent on the electrode [73]: 

𝑂2  +   2𝐻2𝑂  +   4𝑒−    ⇌   4𝑂𝐻−  (Eo = +0.401 VSHE) ................................... (eqn. 2.4a) 

𝑂2  +   2𝐻2𝑂  +   2𝑒−    ⇌   𝐻2𝑂2   + 2𝑂𝐻−(Eo = -0.146 VSHE) ...................... (eqn. 2.4b) 

and also via the 2 step oxygen reduction to HO-
2 and then to OH- thus: 

𝑂2  +  𝐻2𝑂  +  2𝑒  ⇌    𝐻𝑂2
−   +    𝑂𝐻−    (Eo = -0.076 VSHE) ...................... (eqn. 2.4c) 

which undergoes further reaction to yield OH- thus: 

𝐻𝑂2
−  +   𝐻2𝑂 +   2𝑒−    ⇌    3𝑂𝐻−   (Eo = +0.878 VSHE) ................................. (eqn. 2.4d) 

 Other  possible  cathodic reactions in a corroding  system are  metal deposition and metal  

cation reduction under which hydrogen ion reduction or hydrogen evolution can be classified.  

(d) Metal deposition occurs if there is present in the solution near the electrode, cations of a 

metal more noble than the corroding metal. The less noble and corroding metal acts as an 

reducing agent, entering into solution by forcing the cations of the nobler metal to accept 

electrons and be reduced thus; 

Metal cation reduction:  𝑀𝑛+  + 𝑛𝑒−   ⟶   𝑀𝑜   ................................................ (eqn. 2.5) 

Hydrogen evolution:  2𝐻+  + 2𝑒− ⟶   𝐻2(𝑔) .................................................... (eqn. 2.5a) 

Copper cation reduction:  𝐶𝑢2+  +   2𝑒−   ⇌   𝐶𝑢𝑜 (Eo = +0.340 VSHE) .................(eqn. 2.5b) 

(e) Metal ion reduction can occur when there is a metal ion with multiple oxidation states and 

thus able to accept electron(s) without being reduced to the metallic state thus: 

Metal ion reduction: 𝑀 𝑛+𝑦 +   + 𝑦𝑒− ⟶   𝑀𝑛+................................................(eqn. 2.6)  

Ferric  ion reduction: 𝐹𝑒3+  +   𝑒−   ⇌   𝐹𝑒2+(Eo = +0.771 VSHE) .......................... (eqn. 2.6a) 

 It can be observed from the above (eqn. 2.2 to 2.6a) that with the exception of metal 

deposition and metal ion reduction reactions, most of the cathodic reactions result in the 

production of OH- near the electrode surface. This is exploited in the use of precipitating 

corrosion inhibitors in which cations capable of forming insoluble hydroxides/oxides (such as 

rare-earths, calcium,zinc and magnesium) are introduced in a corroding system as a salt; the 

cation precipitating on active cathodic sites as a very thin layer of the corresponding insoluble 
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hyroxide/oxide inhibits the cathodic reaction by retarding the mass transport of oxygen to the 

metal surface [74-76]. 

 

2.2.  Thermodynamics of Corrosion/ Electrochemical Processes 

The corrosion of metals can be seen as an energy minimization process in which the metals seek 

to reduce the energy injected in transforming them from their native states. For this reason, 

metals requiring large input of energy in transformation from the native state do have the 

greater tendency to revert to the native state via the corrosion process. Besides energy 

minimization certain conditions (e.g. presence of an oxidant,an electrolyte, the correct pH, etc.) 

are neccessary for corrosion to take place. Thermodynamics gives information on the possibility 

of a corrosion reaction taking place under conditions of interest.  Corrosion involves electrode 

processes composed of anodic and cathodic reactions with their respective equilibrum 

potentials and associated free energies (ΔGo). The summation of these respective equilibrum 

potentials yields the measurable equilibrum potential (Eeq) of the electrode process. 

Since corrosion processes involve chemical reactions, the thermodynamic principles applied to 

chemical reactions are applicable to corrosion processes as well, and enable prediction of which 

reactions and hence reaction schemes/mechanisms are feasible or not, under defined prevailing 

conditions (e.g. temperature, concentation or pressure etc.). The free energy change (ΔG) 

associated with corrosion reaction is related to the equilibrum potential (Eo) by eqn. 2.7:    

∆𝐺𝑜   =  −n F Eeq ...................................................................... (eqn. 2.7) 

where ΔGo is the free energy change, n is the number of electrons involved in the electrode 

reaction, F is Faraday's constant (96487 C mol−1), and Eeq  is the equilibrium potential. 

∆𝐺𝑜   =  −RT ln 𝐾...................................................................... (eqn. 2.8) 

where R is the gas constant, T is the absolute temperature and K is the equilibrim constant. 

Combining equations (2.7) and (2.8) which are different expressions of the free energy change, 

and expressing in terms of the potential; 

𝐸eq   =  
RT

− n F
  ln 𝐾.................................................................... (eqn. 2.9) 

Equation (2.9) is of great importance as it links the potential to important experimental 

parameters such as temperature, pressure and partial pressure of active species, and the 

concentration and activities of relevant species. 

On the basis of this (eqn. 2.9), it is possible to construct a thermodynamic map; the Pourbaix 

diagram which gives information on the regions of thermodynamic stability for any 

metal/electrolyte systems and the possibility of corrosion under different conditions.  
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2.3.  Equilibrium (Pourbaix) Diagrams 

 Pourbaix diagrams are electrochemical maps indicating the domain of stability of ions, 

oxides and hydroxides [77]. The Pourbaix diagram or equilibrum diagram is a vital tool in 

corrosion research. It is based on thermodynamics, and expresses feasible reactions but 

provides no information on the kinetics. This important diagram lists all the thermodynamically 

possible chemical and electrochemical reactions that can take place between a metal and water 

and defines the domains of "stability" for each  chemical species. For corrosion studies 10−6 M 

concentration is usually used as the boundary and as a practical indication of the corrosion 

stability of a metal and its solid products, as a function of the pH for chemical reactions and as a 

function of the potential for electrochemical reactions [78,79].  Equilibrum diagrams are very 

important in corrosion and corrosion mitigation studies as it gives the ability to predict the 

possibility of corrosion occuring, estimate the composition of corrosion products and predict 

environmental changes (e.g. pH) that might be neccessary to prevent or mitigate corrosion [79]. 

In spite of the usefulness of equilibrium diagram, they are limited by the lack of kinetic 

information, the assumption of equilibrium conditions, being specific to metals and not alloys, 

assumption of passivity for all oxides and hydroxides irrespective of actual protective properties 

[80]. 

 The equilbrium diagram for aluminium below (Fig. 2.4), will be used herein to 

demonstrate the use of equilibrum diagrams in corrosion studies without discussion of the 

procedure for creating the equilibrum diagrams. The two parallel lines marked "a" and "b" 

between them delineate the region of stability of water. Above the line marked "a" water is 

unstable and liable to be oxidized to oxygen while below the line marked "b" it can be reduced 

to hydrogen gas. The hatched area (in grey colour) is used herein to indicate the range of 

potentials (-0.55 to -1.50 VSCE) measured on aluminium samples in this work. Since the work was 

done  with test solutions with bulk pH in the near-neutral pH range ( based on 50 mM NaCl with 

and without inhibitors), it is obvious from Fig. 2.4, that this work was carried out at potentials 

and pH ranges in which aluminium is most likely to be passivated due to stability of Al2O3 in 

these potential and pH ranges. In addition, it can be observed that within these ranges and at 

potentials lower than -0.7 VSCE water is unstable and liable to be reduced to hydrogen gas on 

aluminium surfaces. 
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Fig. 2.4.   E-pH diagram for pure Al at 25˚C in aqueous solution for activities of ionic species ≈ 10-

6 (adapted from Pourbaix 1974  [77]) [81]. 
 

Hence under the test conditions employed in this work both passivation of aluminium surface 

and hydrogen evolution reactions are predicted to be feasible from the Pourbaix diagram, but 

without information on their kinetics, which have to be evaluated experimentally. It must be 

emphasized that, due to localized electrochemical processes, the local pH can vary widely from 

the bulk pH employed resulting to variations in trends predicted on the basis of the bulk 

solution. In such localised areas with pH significantly different from the bulk, the trends will be 

based on the effective local pH and potentials rather than the bulk pH values. From this brief 

excursion through the aluminium equilibrium diagram it is obvious that alumnium is susceptible 

to acid and alkaline corrosion, and that the corrosion of aluminium structures can be mitigated 

where possible by pH control to the passivity range. 

 

2.4.  Kinetics of Corrosion processes 

 Thermodynamics and particularly the Pourbaix diagram gives information on the 

possible reactions under specified conditions, but not the possible reaction rates (kinetics) 

which is of vital importance for corrosion mitigation and management. Since corrosion is 

eletrochemical in nature it involves the flow of current (charges), and thus the measurement of 

the rate of passage of these charges will give information on the kinetics of the corrosion 

process(es). Furthermore, factors that seek to impede the passage of charges exert influence on 
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the kinetics of corrosion processes. These factors that affect the flow of current and hence the 

kinetics of corrosion are discussed below. 

 

2.4.1.  Polarization 

 An electrode at the equilibrum potential experiences no net current flow, as reduction  

reactions are counter-balanced by oxidation processes. Polarization occurs in non-equilibrium 

conditions as a result of a net flow of current to or from an electrode, manifesting as a shift in 

potential from equilibrum values.  

𝜂   =   𝐸 − 𝐸𝑜 .......................................................... (eqn. 2.10) 

where ŋ is the polarization or overvoltage, E is the actual potential, and Eo is the equilibrum 

potential. 

The factors influencing polarization also have the capacity to affect (impede) the rates of 

electrochemical reactions/processes, and thus related to the kinetics of corrosion processes. 

The three main factors capable of retarding the rates of electrochemical reaction are ; the 

presence of an energy barrier to the process(es) (activation polarization), mass transport 

constraints on reactive species at reaction sites (concentration polarization), and the presence 

of resistance to the flow of electrons between the cathode and anode (ohmic polarization). 

Hence the total polarization on an electrode is the sum of these three; 

𝜂𝑡𝑜𝑡𝑎𝑙  =   𝜂𝑐𝑜𝑛𝑐  +  𝜂𝑎𝑐𝑡   + 𝑖𝑅......................................... (eqn. 2.11) 

where ŋtotal is the total or summation of the different constituent polarizations, ŋconc is the 

concentration polarization, ŋact is the activation polarization, and iR is the ohmic drop. 

 
2.5.  The Mixed Potential Theory 

 The mixed potential theory, a concept put forward by Wagner and Traud [82] is an 

important tool in analysing the electrochemistry of corrosion processes. It can be  useful in the 

treatment of galvanic corrosion. The mixed potential theory is based on two assumptions; (a) 

that every electrochemical process can be decomposed into two or more partial oxidation and 

reduction reactions, and (b) that charges are conserved in the course of an electrochemical 

reaction, hence with  no net accumulation of charges. With respect to the first assumption, the 

mixed potential theory sees a corroding metal surface in contact with an electrolyte as if it were 

made up of two or more electrodes. On the basis of these assumptions, it follows that in a freely 

corroding system (without impressed current or voltage), the total rate of oxidation must equal 

the total rate of reduction reactions, or expressed in electrochemical terms, the sum of anodic 
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currents must equal the sum of cathodic currents.The classification of the possible reactions in a 

corroding system into oxidation (anodic) and reduction (cathodic) reactions permits the 

identification of the complementary half-cell reactions or redox couple. From the mixed 

potential theory, it follows and has been proven experimentally [82-84] that the rate of partial 

electrode reactions (faradaic processes) on an electrode solely depends on the electrode 

potential and is independent of the rates of other partial electrode (faradaic processes) taking 

place simultaneously. This deduction from the mixed potential theory permits the prediction of 

the over-all rates and potentials existing when more than one reaction occur simultaneously on 

an electrode surface by a combination of the polarization curves for the independent oxidation 

and reduction processes [85]. From the mixed potential theory the existence of two or more 

independent electrochemical reactions on a metal surface undergoing dissolution related only 

by the operative potential difference between the metal and solution was concluded [84].  The 

mixed potential theory is usually illustrated in an Evans diagram as in Fig. 2.5  for zinc in de-

aerated acid. In the diagram the two relevant half-cell reactions; the cathodic hydrogen 

evolution reaction (upper descending line), and zinc oxidation to yield  Zn2+ (lower ascending 

line) cross each other at a point denoted as icorr on the current axis and Ecorr on the potential axis. 

Ecorr is the mixed potential due to the two afore-mentioned half-cell reactions. At this potential 

the rates at which electrons are produced and consumed due to anodic and cathodic half-cell 

reactions are equal, so that no net current flows in the absence of impressed voltage. 

 
Fig. 2.5.  Illustration of mixed-potential theory for zinc corrosion in de-aerated acid [86]. 
 
 The mixed potential theory is applied in corrosion studies as valuable tool in predicting 

corrosion phenomena from the polarization curves for the partial processes, identification of the 

rate-determining processes, and thus in suggesting corrosion mitigation solutions [85].  The 
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mixed potential theory is of great importance in studies of galvanically coupled metals [87], and 

is fundamental to electrochemical techniques for predicting galvanic corrosion [88]. However, it 

should be noted that construction of mixed-potential diagrams for modelling corrosion 

scenarios, requires prior knowledge of the activation overpotential for each relevant process, 

and information relating to processes that are sensitive to concentration polarization [89]. 

 

2.6.  Corrosion Measurement/Evaluation 

 Generally, the extent of corrosion is measured as the rate of material loss from the 

metal/alloy per unit time. In principle any parameter that is linked to metal loss (like hydrogen 

evolution in metal corrosion in acidic media) can be used to monitor corrosion by appropriate 

conversion to material loss per unit time. This method of evaluating corrosion assumes uniform 

material loss across the metal surface and gives rise to diverse corrosion rate expressions. For 

localized corrosion like pitting, the assumption of uniform material loss does not hold and 

material failure is possible with little material loss. For pitting corrosion, corrosion rate is 

evaluated as pit depth per unit time. Corrosion rates are therefore expressed in many ways and 

diferent units such as; in terms of the corrosion curent density in milliamperes per square 

centimetre (mA cm-2) in electrochemical tests, in terms of penetration rates per unit time in 

millimetre per year (mm y-1) and milli-inch per year (mpy), and in terms of mass loss per unit 

area per unit time in gramme per square metre per day (g m-2 day-1). Measurements in terms of 

current density as in this work are convertible to other units if  the corrosion is uniform [90-91]. 

From Faraday´s law the measured corrosion current density,icorr, from electrochemical tests can 

be related to corrosion rate (CR) in mil per year (mpy) as: 

CR =  
icorr   Aw

F n ρ
  ......................................................................(eqn. 2.11) 

where CR is the corrosion rate in mils per year (mpy), icorr is corrosion current density (A.cm-2), 

Aw is atomic weight (g.mole-1), F is  Faraday's constant (96487 C.mole-1), ρ is density of metal 

(g.cm-3), and n is numberof electrons involved in the reaction. 

Furthermore measurements of corrosion rates in mA cm-2 are convertible to other units using 

the following relations; 

1 𝑚𝐴 cm−2 =   
3.28 Aw

n ρ
 mmy−1  ......................................... (eqn. 2.12) 

1 𝑚𝐴 𝑐𝑚−2 =   
129 𝐴𝑤

𝑛  𝜌
 𝑚𝑝𝑦     .............................................. (eqn. 2.13) 

1 𝑚𝐴 𝑐𝑚−2 =   
8.95 𝐴𝑤

𝑛  𝜌
 𝑔𝑚−2  𝑑𝑎𝑦−1   ................................. (eqn. 2.14) 

where Aw is atomic weight (g.mole-1), ρ is density of metal (g.cm-3), and n is numberof electrons 
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involved in the reaction. 

 

2.7  Forms of corrosion 

 Corrosion can be classified into different forms/types on the basis of its presentation or 

effect of the corrosion on surface morphology, e.g., general corrosion and pitting corrosion, or 

the nature of the corrosion, e.g., galvanic corrosion and crevice corrosion, or on the basis of its 

effect on bulk material properties, e.g., intergranular corrosion and stress corrosion cracking 

[92]. The corrosion of metals manifest in different forms and can be classified into many forms 

such as uniform or general corrosion, pitting corrosion, crevice corrosion, filiform corrosion, 

erosion corrosion, cavitation corrosion, fretting corrosion, dealloying/selective leaching, galvanic 

corrosion, intergranular corrosion, and environmentally induced corrosion under which stress 

corrosion cracking, hydrogen embrittlement/hydrogen induced cracking, and corrosion induced 

fatigue may be listed. Since the present work deals more with galvanic corrosion scenarios, 

emphasis is placed on galvanic corrosion. 

 

2.7.1.  Galvanic Corrosion 

 Galvanic corrosion is the accelerated corrosion of a metal immersed in a corrosive media 

and electrically coupled to a more noble metal. The above definition seems to be based on the 

assumption that it can only be observed when two metals are galvanically coupled. However 

galvanic corrosion have been reported when a conductor is coupled to a metal in an electrolyte 

irrespective of whether the second component is a metal [93,94].  In cognisance of these 

observations, galvanic corrosion is herein defined in a broader concept as the accelerated 

deterioration of the more active metal (material) observed when two dissimilar (materials) are 

immersed in an electrolyte while they are electrically connected. In galvanic corrosion the 

corrosion rate of the more anodic component is enhanced and that of the cathodic component 

reduced. In galvanically coupled systems the bulk of anodic reactions (metal dissolution) take 

place on the more active metal while the bulk of the cathodic reactions (hydrogen evolution or 

oxygen  reduction) occur on the nobler member (the cathode). According to Mansfeld et al., [95] 

the magnitude of galvanic corrosion is not always dependent on the potential difference of 

uncoupled dissimilar metals, but the relative values of the corrosion potentials of uncoupled 

materials is in most cases a good predictor of the direction of current flow.  

In electrochemical measurement of galvanic corrosion, it is reported [96] that if the magnitudes 

of the current produced by the couples are insufficient to repress local cell activity completely, 
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the measured galvanic current may not be representative of the total corrosion, instead the 

current becomes a function of the accelerated attack of the anodic member as a result of the 

galvanic coupling, which is more likely in low conductance test electrolytes. In galvanically 

coupled metals, kinetic parameters such as corrosion rates of the uncoupled materials, Tafel 

slopes and area ratios  are reportedly important determinants of the observed galvanic 

corrosion rate. The often observed decrease in galvanic current with time, has been linked to 

changes in the rates of the electrochemical reactions on the coupled metals which itself is linked 

to changes in properties of the oxides and the coating on the alloys and, also from changes in 

the electrolyte [97]. The measured galvanic corrosion rate from galvanic current measurements 

often differs from  real metal dissolution rates evaluated from weight loss measurements on the 

anode [98]. With respect to this observation, Mansfeld and Parry proposed three scenarios.  In 

the first case (Case I), three assumptions were made; (1) that the process is under diffusion 

control, (2) that there is an equal rate of depolarizer (oxygen) reduction on the anode and 

cathode, and (3) that the only significant process on the cathode is the reduction of the 

depolarizer (most of the time oxygen reduction in the absence of added inhibitors). Under these 

3 assumptions, the measured galvanic current equals the limiting diffusion current (of oxygen 

reduction) and thus the anode dissolution current is related to the measured galvanic current.  If 

in addition to these 3 assumptions, the cathodic and anodic areas are equal (Case 1a) , the 

anode dissolution current (real dissolution rate) is twice as large as the measured galvanic 

current. However, in the absence of assumption 2 (Case 1b), where the rate of oxygen reduction 

on the anode and cathode are unequal for instance due to oxide film formation on the anode, 

then the measured galvanic current equals the limiting diffusion current of the uncoupled anode 

or cathode or the limiting currents on the cathode if the oxygen diffusion currents on anode and 

cathode are unequal [97,98].  In the second case (Case II), three assumptions were also made, 

(1) that the only significant process taking place on the anode on galvanic coupling is metal 

oxidation (anodic dissolution), (2) that the only significant process on the cathode is the 

reduction of the oxidizer, and (3) that Tafel behaviour is operative for these reactions at the 

galvanic potential. Under the conditions of these 3 assumptions, the measured galvanic current 

equals the true anodic dissolution current. In the third case (Case III), the galvanic potential of 

the coupled metals is located very close to the corrosion potential of the uncoupled anode that 

both anodic and cathodic reaction(s) occur at significant rate at the anode, and thus, Tafel 

behavior is not observed for the dissolution reaction on the anode. Under these conditions, the 

actual dissolution current of the anode will be somewhere between the measured galvanic 
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current and the measured galvanic current plus the corrosion current measured on the 

uncoupled anode [97-99]. 

 There is an area effect in galvanic corrosion [100] in which the galvanic current has been 

shown to be independent of the anode area but directly proportional to the cathode area while 

the galvanic current density with respect to the anode is directly proportional to the ratio of the 

cathode and anode areas. Since there is electro-neutrality criterion in corrosion and hence no 

net accumulation of charges on a corroding system, the total anodic current equals the total 

cathodic current. However, the values of the anodic and cathodic current densities can vary 

based on the ratios of their areas. 

𝐼𝑎𝑛𝑜𝑑𝑖𝑐   =   𝐼𝑐𝑎𝑡𝑜𝑑𝑖𝑐 ..............................................................................(eqn. 2.15) 

Introducing the surface areas of the cathode (SC) and the anode (SA) into the equation (2.15) 

yields: 

𝑖 𝑎𝑛𝑜𝑑𝑖𝑐  ×   𝑆𝐴 =   𝑖𝑐𝑎𝑡𝑜𝑑𝑖𝑐   ×   𝑆𝐶.........................................................(eqn. 2.16) 

where ianodic and icathodic are the anodic and cathodic current densities respectively, measured in 

mA cm-2 or µA cm-2 and of practical relevance. 

From equation (2.16) above it is obvious that knowledge of the value of the cathodic and anodic 

surface areas and any of the cathodic or anodic current densities enables the calculation of the 

other; 

𝑖𝑎𝑛𝑜𝑑𝑖𝑐    =   𝑖𝑐𝑎𝑡𝑜𝑑𝑖𝑐     ×   
𝑆𝐶

𝑆𝐴
....................................................................(eqn. 2.17) 

From equation (2.25) above it is evident the magnitude of anodic current (which correlates to 

the corrosion rate) is very sensitive to the ratio of the surface area of the cathode (SC) to that of 

the anode (SA). This is of great importance in engineering design of systems with possibilities of 

localized and/or galvanic corrosion, in which smaller values for the ratio (i.e a higher anodic 

surface area relative to the cathodic surface area) is desirable to ensure reduced corrosion rates. 

Ratios of SC/SA >> 1 are regarded as amplifying factor with respect to the anodic current, while 

values << 1 are regarded as a stifling factor [101]. The galvanic corrosion of the anode is 

enhanced as the ratio of the area of the cathode to anode is increased. However, there can exist 

local anodic and cathodic activities on each of the components of the galvanic couple. Thus 

accurate evaluation of the component of the corrosion of the anodic member due to galvanic 

corrosion requires a knowledge of its corrosion rates without galvanic coupling in the test media. 

This is very important in galvanic corrosion rates evaluated by weight loss methods but of little 

consequence in electrochemical galvanic measurements (ZRA), which measures the net electron 

flow from the anode to the cathode thus discriminating the self corrosion effects in the system. 
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 Galvanic corrosion mechanisms are obviously more complex than single metal corrosion 

as the species resulting from interaction of one metal (usually the nobler) can affect reactions on 

the other (mostly less noble) in the solution. For instance the presence of Cu2+, Fe2+, Sn2+, Ni2+, 

As3+, and Sb3+ ions have been reported to enhance hydrogen evolution on zinc [102-106], as 

these elements having more positive reversible potentials and lower hydrogen over-potentials 

than zinc, on precipitating on zinc surface any of these elements enhance the rate of hydrogen 

evolution. Conversely, Pb2+ ions in alkaline solution (6N KOH) have been reported to inhibit 

hydrogen evolution [102-106]. In acid solutions also, the presence of a trace quantities of lead in 

zinc have been reported to cause significant reduction in the hydrogen evolution kinetics [107].    

 The galvanic corrosion phenomenon is exploited in the cathodic protection of metal 

structures in which the more active metal is designed to sacrificially corrode and protect the 

more cathodic metal. However, the galvanic corrosion of an anode does not always translate to 

cathodic protection of the cathode. For instance, though zinc can be anodic to aluminum in 

some instances (.e.g. due to passivation of aluminium surface), it has been reported that 

aluminum corrosion was enhanced on coupling to zinc in 3.5% NaCI solution compared to the 

corrosion rate in the uncoupled state [100]. Mansfeld et al., [95,108] attributed the enhanced 

aluminium dissolution rate on coupling with zinc to increase in alkalinity on the aluminium alloy 

surface due to enhanced cathodic reaction on the aluminium on coupling to zinc, as the 

aluminium corrosion products are unstable at the prevalent high pH.  

 

2.8.  Corrosion of Metals 

 Metals are mostly employed in engineering applications as alloys in which form a lot of 

metal become more susceptible to corrosion. A metal/alloy in contact with an electrolyte has a 

unique potential (electrode potential).  The value of this potential is dependent on (a) the 

nature of the metal, (b) the chemical nature of the aqueous solution (e.g. pH and chemical 

species present), (c) the presence of oxide films on the metal surface, (d) the presence of 

adsorbed gases on the metal surface, and (e) the presence of mechanical stresses on the metal 

[109]. Corrosion resistance may be defined as the ability of a metal to withstand deterioration 

due to oxidative or other chemical reactions in an environment. This is usually expressed as 

corrosion rate with respect to the test environment. The lower the measured corrosion rate, the 

higher is the corrosion resistance of the metal or alloy. The corrosion resistance of a metal is 

often linked to its ability to form a protective film with good barrier properties against 

aggressive ions coupled with a good resistance to transport of electronic and ionic species 
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across it. For brevity, review of the corrosion of each of the metals (aluminium, copper, iron, 

and zinc) will be mainly focused on works carried out at neutral and near-neutral pH, and 

consistent with the bulk solution pH employed in this work. 

 

2. 8.1.  Corrosion of Aluminium  

 Aluminium is mostly used in alloy form as the use of pure aluminium accounts for not 

more than 10% of the annual worldwide consumption [78]. There are significant similarities and 

differences in the corrosion behaviour of pure aluminium, aluminium alloys, and aluminium 

alloys of different series. Aluminium has been reported to maintain its passivity in neutral 

solutions  if it contains some dissolved oxygen and activating anions or noble metal cations are 

absent [110]. Aluminium is very reactive in acidic and alkaline solutions as its protective oxide 

film being unstable at these pH ranges dissolves, exposing bare aluminium surface to attack by 

the aggressive electrolyte. In less pure grades of aluminium (commercial alloys), pitting under 

immersion is very common behaviour and thought to be due to probable incomplete passivation 

of weak spots in the amorphous film which result from the impurities concentrated beneath 

them on the metal surface [111]. It has also been suggested that impurities in the aluminium 

solid solution may increase the film's electrical conductivity, so that the film becomes able to 

function as a more efficient cathode towards the metal exposed at gaps than the pure oxide 

formed on high grade metal [112]. 

 The corrosion rate of of aluminium was found to depend logarithmically on the pH, with 

different dependencies on either side of the pH value (close to 6)  at which the corrosion rate is 

a minimum reported by Chatalov [113],  and pH greater than 7 reported by Vujičid and Lovreček 

[110]. Interestingly these pH values fall within the range for the minimum solubilities of 

hydrated alumina compounds (e.g. pH 5.5 - 7.8 for Al(OH)3 as reported by Deltombe and 

Pourbaix [77,114] which can compose the corrosion products.  The thermodynamic prediction 

of this dependency is illustrated in the Pourbaix diagram for aluminium above (Fig 2.4 ; section 

2.3) [77,81,114], showing the regions of stability of aluminium and pH ranges in which it is 

susceptible to corrosion. 

 Fig 2.6  is a plot of corrosion rate of aluminium as a function of pH illustrating how pH 

affects aluminium corrosion kinetics. By comparison of Fig. 2.4 (the predicted) and Fig. 2.6 (the 

actual), the good correlation between the thermodynamically predicted behaviour of aluminium 

as a function of pH and the actual kinetics is obvious.  
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Fig. 2.6.  The corrosion rate of Aluminium as a function of pH, (2.6a)  [Adapted from ref: 110]), 
and (2.6b)   [Adapted from ref: 113]). 
 

 Nguyen and Foley [115] in their studies of the chemical nature of aluminium corrosion 

and dissolution mechanism of aluminium oxide concluded that the corrosion behaviour of 

aluminium in a given environment is dependent on the stability of the complex species formed 

on the film, and on the affinity of the anion present to react with the exposed metal. In their 

explaination the observed reduction in aggressiveness of the nitrate ion (in some cases even 

inhibiting) which is normally very reactive towards elemental aluminium to produce ammonia is 

attributed to the ability of the complex species formed on the oxide film to remain attached to 

the oxide surface.Aluminium and its alloys are susceptible to a variety of forms of corrosion such 

as; alkaline corrosion [116], exfoliation corrosion [117],crevice corrosion and pitting corrosion 

[118], intergranular corrosion [119], stress corrosion cracking [120], and filiform corrosion [121].  

 

Fig. 2.7.  The composite potentiodynamic polarization of aluminum polarized in the anodic and 
cathodic direction from Ecorr in 0.05 M Na2SO4 adjusted to (a) pH 2, (b) pH 7 and (c) pH 10. 
[Adapted from ref: 122] 
 
From Fig. 2.7 above it can be observed that aluminum responds to the anodic polarization in 
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acidic solution (pH 2) by dissolving, at neutral and near-neutral (pH 7) by forming a passive film 

to limit attack, and in alkaline media (pH 10) by formation of a film that does not protect the 

substrate from attack as deducted from the considerable amount of persistent higher frequency 

noise, indicating an instability in the surface film [122]. Although the differences in the 

electrochemical response of aluminium as a function of the solution pH is obvious, the ensuing 

discussion of aluminium corrosion in aqueous media is limited to the neutral and/or near-

neutral  pH ranges for brevity. 

 Some of the possible  reactions on aluminium immersed in chloride media are [123,124]: 

𝐴𝑙3+  + 𝐻2𝑂 ⟶  𝐴𝑙(𝑂𝐻)2+ +   𝐻+ ....................................................... (eqn. 2.18) 

𝐴𝑙3+ + 𝐶𝑙− ⟶ 𝐴𝑙𝐶𝑙2+          ....................................................................(eqn. 2.19) 

𝐴𝑙𝑂𝐻2+   +  𝐶𝑙− ⟶    𝐴𝑙(𝑂𝐻)𝐶𝑙+           .................................................(eqn. 2.20)  

𝐴𝑙 𝑂𝐻 𝐶𝑙+   +    2𝐻2𝑂 ⟶    𝐴𝑙(𝑂𝐻)2𝐶𝑙 +    2𝐻+        ..........................(eqn. 2.21) 

𝐴𝑙 𝑂𝐻 𝐶𝑙+      +    𝐻2𝑂 ⟶    𝐴𝑙(𝑂𝐻)3  +   𝐻+         ................................(eqn. 2.22) 

𝐴𝑙 𝑂𝐻 2𝐶𝑙     +    𝐻2𝑂 ⟶    𝐴𝑙(𝑂𝐻)3  +    𝐻+  +  𝐶𝑙−  .........................(eqn. 2.23) 

𝐴𝑙(𝑂𝐻)3  (𝑎𝑚𝑜𝑟𝑝 𝑜𝑢𝑠 ) ⟶   𝛾 𝐴𝑙2𝑂3 . 𝐻2𝑂  ................................................(eqn. 2.24) 

And in sulphate solutions the  reactions in addition to aluminium hydroxylation reactions are 

[124]: 

𝐴𝑙3+  +    𝑆𝑂4
2− ⟶ 𝐴𝑙𝑆𝑂4

+         ...........................................................(eqn. 2.25) 

𝐴𝑙𝑂𝐻2+  +    𝑆𝑂4
2− ⟶ 𝐴𝑙 𝑂𝐻 𝑆𝑂4  ....................................................(eqn. 2.26) 

It is observed from the equations above that the cathodic reactions involving hyroxylation lead 

to production of H+ which can cause local acidification. This local acidification has been 

postulated to be the factor responsible for pit initiation in metals [125]. Diverse mechanisms 

have been proposed to explain the breakdown of the passive film on aluminium [126], but 

general opinion seem to favour the mechanism in which the chloride do not enter the oxide film 

but are chemisorbed onto the oxide surface,and by acting as a reaction partner, aids dissolution 

via the formation of oxide-chloride complexes [127]. 

 

2. 8.1.1.  Corrosion of Aluminium in Near-Neutral Media 

Aluminium exhibits its lowest corrosion rates in neutral and near neutral solutions because its 

thin protective oxide film is most stable in this pH range and has a low permeability for ions, 

electrons, or molecules (H2O) [128]. Consequently the mechanism of aluminium corrosion in this 

range is dependent on the enhancement of the barrier properties of this layer by the formation 

of additional adherent hydrated aluminium oxides on the metal surface, hence its excellent 
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corrosion resistance in this pH range (Figs. 2.4 and 2.6). In order to build up this extra protective 

passive layer the presence of some dissolved oxygen in the solution is beneficial, with the 

corrosion rates tending to be highest soon after immersion as a thicker corrosion product layer is 

built up [129]. Consequently corrosion kinetics for aluminium in near-neutral solutions is mainly 

dependent on the solubility of the corrosion products in the test solution and its barrier 

properties. 

 The corrosion behaviour of aluminium in aerated near-neutral solutions is observed to 

vary significantly depending on the temperature range, exposure time, and concentration of the 

solution. Khairy and Hussein [130] working with aluminium in solutions of varying chloride 

concentrations in a pH range 4-8 that is consistent with near-neutral pH reported that the 

electrode potential is not sensitive to variations of pH, but changes linearly with the logarithm of 

the chloride concentration, and yielding a fairly constant potential, Eo of ≈ 546 mV. Studies 

[131,132] on aluminium corrosion kinetics at near-neutral pH shows that in quiescent solutions 

with access to air in this pH range and at low temperatures (≤ 25oC) aluminium corrosion is 

slow even in the presence of significant concentrations of chloride (as KCl) in the solution, 

following a linear law  with a rate contant that is sensitive to/dependent on the chloride 

concentration. The observed linear relation is explained to arise from the fact that, during the 

observation time range (up to 360 - 720 hours) the process takes place on an unbroken primary 

film, in the presence of a small but constant quantity of secondary corrosion products 

(amorphous aluminium hydroxides) [133] that are not firmly attached to the surface [128]. In 

this region in which the linear law describes the corrosion kinetics, a relationship has been 

reported [128] between the electrode potential of the aluminium and the KCl concentrations 

(equation 2.27), in which the electrode potential of aluminium increases with KCl 

concentrations, with the rate constants in the linear equations going through a maximum as the 

chloride concentration changes; the position of this maximum being dependent on the 

temperature  such  that  at  20 - 25°C  it  lies  between  1.4 - 2.0 N (≈1.4 - 2.0 M), and  at  28°C  

shifts  sharply  to 0.1 N (≈ 0.1 M) (much lower chloride concentrations). 

𝐸  =   𝐸𝑜  +   𝑘 log 𝐶𝐾𝐶𝑙   ............................................................(eqn. 2.27) 

where Eo≈ 500 mV at 20oC and 520 mV at 30oC and k ≈ 60-70 mV. 

These values of Eo obtained by Lepin and Kadev [128] are similar to the 546 mV reported by 

Khairy and Hussein [130].  This concentration dependence was taken by Lepin and Kadev [128] 

as proof that that at the temperatures and timescales concerned, the aluminium electrode 

functions as a complex electrode with an intact primary film that is partly transformed in its 
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surface layer to a complex oxychloride. 

 In dilute solutions at higher temperatures in the range 25-35°C the trend undergoes a 

sharp change with increased corrosion rates that follow a power law (equation 2.28) [128]. 

∆𝑤  =    𝑘𝑡2  ..................................................................................... (eqn. 2.28) 

where Δw is the weight loss, k a constant and t the time. 

This power law relationship is explained to be directly associated with the fact that the process 

takes place in the kinetic region of heterogeneous reactions, on a metal surface devoid of its 

primary film [134]. 

With the formation of new films the corrosion rate is retarded with the process following a 

logarithmic law (equation 2.29) [128]. 

∆𝑤  =   k1log 𝑡   +   𝑘2  ......................................................................... (eqn. 2.29) 

In concentrated solutions with the chloride concentration measured in normality less than 2 (N < 

2 which is. equuivvalent to M < 2), these transitions were not observed as a linear law is 

maintained throughout the exposure duration [128].  

 

2. 8.1.2.  Corrosion of Aluminium in Alkaline Media 

 Macdonald et al., [135] proposed a model for anodic aluminium dissolution in strongly 

alkaline solutions involving stepwise addition of hydroxide ions to surface aluminium atoms 

leading to the formation of AI(OH)4
-.  Pyun and Moon [136] studied the corrosion mechanism of 

pure aluminium in aqueous alkaline media (0.01 M, 0.1 M and 1 M NaOH) and reported that the 

steady-state value of the open circuit potential of pure aluminium in alkaline solution decreased 

with increasing rotation speed of the specimen, attributing this to enhanced anodic reaction and 

growth of a surface oxide film, and greater anodic polarization at the steady-state value open 

circuit potential compared to the cathodic polarization, and concluded that this was indicative 

that the rate of corrosion of pure aluminium is predominantly determined by the anodic 

reaction in alkaline solution. On the basis of their result a mechanism for the corrosion of pure 

aluminium in alkaline solution in the presence of the native surface oxide involving consecutive 

oxide formation and dissolution with simultaneous water reduction was proposed. In this 

proposed mechanism the anodic partial reaction on pure aluminium in alkaline solution consists 

of sequential electrochemical film formation at the aluminium/film interface due to the 

movement of OH- through the film towards the aluminium, and chemical film dissolution due to 

OH- attack at the film/solution interface (equations 2.30 and 2.31), while the coupled major 

cathodic partial reaction is water reduction (equation 2.32) [136].  
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Anodic Reactions: 

Electrochemical film formation 

𝐴𝑙 +   3𝑂𝐻− ⟶   𝐴𝑙(𝑂𝐻)3  + 3𝑒−  ......................................................... (eqn. 2.30) 

Chemical attack of film 

𝐴𝑙(𝑂𝐻)3 +    𝑂𝐻− ⟶ 𝐴𝑙(𝑂𝐻)4
−   ............................................................ (eqn. 2.31) 

Cathodic Reactions: 

3𝐻2𝑂  +   3𝑒− ⟶ 3

2 
𝐻2  + 3𝑂𝐻− ............................................................ (eqn. 2.32) 

3

4
𝑂2   +  3

2
𝐻2𝑂 +   3𝑒− ⟶ 3𝑂𝐻−  ........................................................... (eqn. 2.33) 

Based on their observation of gas bubbles on the aluminium surface, the water reduction 

reaction (equation 2.44) was concluded to be the dominant cathodic reaction [136]. 

 Adhikari and Hebert [137] studied open circuit corrosion of aluminium in alkaline 

solutions and attributed the long term anodic polarization changes to surface enrichment by 

impurities, and short term polarization changes to accumulation of AlH3 corrosion products. On 

the basis of their detection of particles of AlH3 using secondary ion mass spectrometry (SIMS) 

[138] during the open cicuit potential dissolution of aluminium in 1M NaOH solution a 

mechanism was proposed [137-140] for alkaline dissolution of aluminium involving surface 

hydride species. In this proposed mechanism cathodically formed hydrogen reacts with 

aluminium to form a hydride thus (equations 2.34 and 2.35): 

𝐻2𝑂  +   𝑒− ⟶ 𝑂𝐻− +   𝐻   ............................................................. (eqn. 2.34) 

𝐴𝑙  +    3𝐻  ⟶  𝐴𝑙𝐻3         ................................................................ (eqn. 2.35) 

The cathodically formed hydride being unstable in the high pH environment reacts anodically to 

yield aluminate ions which are the stable form in the alkaline pH thus: 

𝐴𝑙𝐻3  +   7𝑂𝐻− ⟶ 𝐴𝑙(𝑂𝐻) 4
−  +   3𝐻2𝑂  +   6𝑒− ............................(eqn. 2.36) 

The overall reaction (combining the anodic and cathodic reactions) resulting in formation of the 

hydride and aluminate ions was presented as (equation 2.37 below) indicating that during its 

alkaline dissoluton the aluminium surface is in direct contact with a layer of AlH3 [136]; 

2𝐴𝑙 +  𝑂𝐻−   +   3𝐻2𝑂 ⟶   𝐴𝑙(𝑂𝐻)4
−   +   𝐴𝑙𝐻3  ...............................(eqn. 2.37) 

This proposed mechanism is supported by recent work [138] that indicates that the potential at 

the aluminium interface during anodic alkaline dissolution near the open circuit potential is 

close to the equilibrium Nernst potential of the proposed hydride anodic reaction (equation 

2.37) [136]. The formation of interfacial AlH3   is reported [138] to occur readily at the higher pH 

values, but stifled as the pH tends to neutral. 

 The corrosion rate of aluminium in alkaline solutions is dependent on the operating 
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conditions such as temperature, solution properties, fluid dynamics, pH, and particularly 

strongly dependent on the exposure time, with corrosion rate decreasing with increasing 

exposure time. This strong dependence of aluminium corrosion rate in quiescent alkaline 

solutions on the exposure time is thought [141] to account for the wide differences in reported 

[77,110,113,129,141-142] corrosion rates with variations of up to 50%. This trend of decreasing 

corrosion rate with increasing exposure time for aluminium in quiescent alkaline solutions is due 

to increasing aluminate ion concentration with time, the rate of which is determined by  the 

ratio of the sample surface to volume of solution [141].  

 

Fig.  2.8. Effect of addition of impurities (FeCI3 and CuCI2) on the dissolution of Aluminium in 
0.30 N sodium hydroxide at 23oC [Adapted from ref: 129]. 
 

 The presence of metal cations can affect aluminium dissolution kinetics in alkaline 

solutions as  illustrated  by Fig. 2.8 [129] above for a high purity aluminium sample (Al = 

99.998%, Fe = 0.0005%, Cu = 0.0005%, Si = 0.001%)  immersed in 0.30N sodium hydroxide at 

23oC to which Fe3+ and Cu2+ ions are added to  respectively as FeCI3 and CuCI2.  It can be seen 

that the presence of these cations in solution accelerated the dissolution rate of aluminium in 

the alkaline solution with the presence of iron ions enhancing the dissolution rates by a factor of 

8, and more deleterious than copper ions [129]. 

 

2. 8.2.  Corrosion of  Copper 

 The corrosion resistance of copper is attributable to its noble potential and the formation 

of a protective oxide/hydroxide film under exposure conditions. From the potential-pH diagram 

(Fig. 2.12) for the Cu-Cl-H2O ternary system, at 25oC Cu2O and CuO are stable in the alkaline 

region; Cu2O, CuCI, and Cu2(OH)3CI are stable in the acidic region [143], and the presence of 
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CuCI, Cu2O, and Cu2(OH)3CI has been confirmed on copper and copper alloys in slightly acidic or 

neutral solutions with NaCl during their electrochemical oxidation [144-147]. These oxides are 

capable of strongly catalyzing the O2 reduction reaction on oxide/metal interfaces with mixed 

oxidation states [148]. Copper is cathodic to most metals except titanium, gold, silver, platinum, 

and palladium and the non-metallic carbon fiber reinforced polymer (CFRP) in near neutral 

chloride media.  Hence on galvanic coupling to most materials copper acts as the cathode, 

except titanium, gold, silver, platinum, palladium, and CFRP to which it is anodic and thus 

undergoes enhanced dissolution. There is general agreement that copper dissolution is not 

activation-controlled, but a diffusion controlled process [149-151]. The mechanism of the 

electro-dissolution of copper and copper based alloys in chloride media has been the subject of 

much investigation [151-158], and a mechanism proposed .In this mechanism the first step in 

the anodic dissolution of copper in chloride solution is thought to be the formation of the 

complex CuCl-2 like species, with the dissolution rate controlled by its diffusion from the metal 

surface to the bulk of the solution [150,159-160], or by the diffusion of Cl- ions from the solution 

to the copper surface [151]. Chemical precipitation of CuCl from the saturated solution leads to 

formation of a thin loose and porous film on the metal. The loose and porous nature of this film 

enables the continuation of the reaction by Cl- diffusion through the porous layer with the rate 

of this step being controlled by the resistance of the electrolyte in the pores of the film [153]. 

Depending on the Cl- concentration in the bulk solution these complexes may be involved: CuCl, 

CuCl-2, and CuCl3
2-. However for chloride concentrations less than 2 M, CuCl3

2- formation is 

considered negligible [151]. 

 Copper dissolves anodically in Cl- media to yield mainly a complex anion CuCl, [161] but 

the stability of the oxide layers on copper of which Cu(I)oxide is the main component under 

open-circuit potential conditions is significantly lowered by the presence of Cl- ions in the 

solution [150,152]. The surface oxide layer on copper under these conditions is said to be partly 

formed by the hydrolysis of CuCl within the diffusion layer [150]. Since the corrosion of copper in 

chloride environments can be very sensitive to the chloride concentration irrespective of pH, Fig. 

2.13 is presented below illustrating how changes in chloride concentrations (a) 10-3 M, (b) 10-2 

M, (c) 0.1 M, and (d) 1.0 M, affect the regions of stabilities of species in the Pourbaix diagrams 

for Cu - Cl-- H2O system [162,163]. 
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Fig. 2.9.  Pourbaix diagrams for Cu - Cl-- H2O system for various chloride concentrations. (a) 10-3 
M, (b) 10-2 M, (c) 0.1 M, and (d) 1.0 M. [Adapted from ref: 162,163] 
 
 

2. 8.2.1.  Corrosion of Copper in Neutral and Near-Neutral Media. 

 There have been several reports on the neutral or near-neutral chloride solutions [164-

166].  The corrosion resistance of copper alloys in seawater and chloride containing solutions 

has been linked to the inhibition of oxygen reduction on the oxide film formed under corroding 

conditions [145,146,167-169]. Regarding the effect of chloride concentration on copper 

corrosion, Tourky and El Wakkad [170] have suggested that the presence of chloride ions in high 

concentrations trigger dissolution of the oxide layer so that the electrode behaves as it would in 

hydrochloric acid solutions [164]. 

 Feng et al., [171] studied the corrosion behaviour of copper in neutral aerated simulated 

tap water and reported increases in the very low frequency polarization resistance (Rp) with 

immersion time, attributed  this to the growth of oxide film composed mainly of cuprous oxide 

on copper, that had little effect on the cathodic process but considerably reduced the anodic 

dissolution current.  They concluded that the overall corrosion rate is controlled by the diffusion 

of copper ions in the oxide film and that thickening of the oxide film with immersion time 

increased the diffusional resistance of copper ions in the oxide film. They also reported a pH 

dependence of the diffusion effects, with the corrosion process controlled by the mixed 



 

30 

diffusion of copper ions in both solution and oxide film at a low pH of 5, dissapearance of the 

solution diffusion phenomenon and dominance of the diffusion of copper ions in the oxide film 

at pH of 7.6. leading to a conclusion of a more protective oxide layer at pH of 7.6, and the 

diplacement of diffusion effects by passivation at a high pH of 10. 

 Chloride ions accelerate copper corrosion by complexing Cu(I) ions in solution [163]. In 

alkaline solutions [77] and even in the presence of up to 1 mole per liter Cl-  which reduces the 

region of stability of the copper oxides [162,163], the formation of Cu (I) oxide films equation 

(2.38), and its subsequent oxidation to Cu(II) films equation (2.39) and equation (2.40) at higher 

potentials is favoured, and proceeds with the generation of protons at the electrode/electrolyte 

interface. The generation of these protons lead to a local decrease in pH that promotes 

disintegration of the passive film as the film is thermodynamically unstable at acidic pH. This can 

only be averted in buffered solutions in which the bulk solution has the ability to maintain the 

high pH at the interface [172].  Thus local acidification leads to a breakdown of the passive layer 

on copper even in unbuffered alkaline solutions. 

2𝐶𝑢    +   𝐻2𝑂 ⟶ 𝐶𝑢2𝑂   +   2𝐻+  + 2𝑒−........................................(eqn.  2.38) 

𝐶𝑢2𝑂  +    𝐻2𝑂 ⟶   2𝐶𝑢𝑂  +  2𝐻+  +   2𝑒−.....................................(eqn. 2.39) 

𝐶𝑢2𝑂  +   3𝐻2𝑂 ⟶   2𝐶𝑢(𝑂𝐻)2 +  2𝐻+  +  2𝑒−...............................(eqn.  2.40) 

From the Pourbaix diagram for copper in chloride solution [162,163,173], formation of Cu2O 

is feasible in neutral solutions, and Desilovis et al., [155,156] and Otmačid et al., [174] have 

demonstrated that this occurs after long immersion times of about 3 hours by CuCl hydrolysis. 

Millet et al., [161] reported Cu2O reduction peak near -650 mVSHE (≈ -894 mVSCE), which shifted 

towards more negative values with longer immersion times and with the addition of 

benzotriazole respectively. In oxide layers formed under open circuit or non-anodic conditions 

displacement of the reduction peak of Cu2O may be attributed to the thickening of the oxide 

layer [161]. However for anodically grown oxides films this correlation of Cu2O peak 

displacement to oxide layer thickness does not apply as the peak displacement can also be 

related with ageing processes of Cu (I) oxide in anodically grown oxides [175-177]. This 

observation of Cu2O reduction peak close to -900 mV SCE is of some concern in the Al-Cu 

galvanic couple as the aluminum can cathodically polarize copper to such potentials, and thus 

initiate Cu2O dissolution and enhanced copper dissolution with respect to open circuit 

dissolution rates. At longer immersion times a basic cupric hydroxychloride Cu2(OH)3Cl was 

reportedly formed on top of Cu2O [178,179]  in 0.5M NaCl after 72 hour immersion. 

 The cathodic reaction of oxygen reduction is of great significance in corrosion processes 
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since in neutral solutions and in the absence of any other depolarizer the corrosion rate is 

controlled by the kinetics of oxygen reduction reaction [169]. Regarding the cathodic behaviour 

of copper, King et al., [180] reported cathodic oxygen reduction peaks between -0.3 and -0.4 VSCE 

in 1 M NaCl solution and that the reaction was dominated by a four electron oxygen reduction to 

OH- with the formation of small quantities of peroxide.  They proposed that the mechanism 

involved oxygen reduction on two types of surface sites with different reactivities; the less 

catalytic site consisting of Cu(o) only, and the more catalytic site thought to consist of Cu(o) and 

Cu(I) sites, on which Cu(I) species are stabilized as Cu(OH)ads and or sub monolayer Cu2O. They 

hinted that the observed differences in site reactivities might also be linked to difference in 

reactivities of different copper crystal planes, a position supported by Brisard et al’s [181] report 

that the oxygen reduction reaction on Cu(111) and Cu(100) surfaces in sulfuric acid are 

structure-sensitive processes, and Jiang and Brisard’s [182] report on variation in the activity and 

reaction pathway for oxygen reduction on crystal faces in different electrolytes which they 

related to the surface characteristics of Cu(h k l) and the structure-sensitive inhibiting effect of 

the adsorbed anions on their surfaces. 

 About the actual mechanism, King et al., [180] posited that oxygen reduction on copper 

in neutral NaCl solution involves molecular oxygen adsorption onto copper surface and not 

dissociative adsorption based on several observations; the observed reaction order (m ≥ 1), the 

existence of at least two types of adsorption sites, that the surface coverage of the more active 

site increases with oxygen concentration, that the more catalytic surface sites unambiguously 

involve Cu (I) species and may also involve Cu(o) while the less catalytic surface involves Cu(o) 

only, that the formation of Cu(o)/ Cu(I) sites is favoured by high local pH and a more positive 

potential, that oxygen reduction occurs in a four electron process via a series pathway involving 

an adsorbed peroxide intermediate, that the rate determining step is the first electron transfer, 

and two possible pathways for oxygen reduction. Correlating the surface coverage of Cu2O to 

increased peroxide release in solution they considered this to indicate that Cu2O sites (i.e. Cu(I) 

sites) might be good catalysts for O2 reduction to HO2
-, but less efficient for HO2

- reduction to 

OH-, while Cu(o) sites, are more effective at reducing HO2
- to OH- since at more negative and/or 

lower oxygen concentration in solution, fast peroxide reduction before its desorption from the 

surface ensures increased difficulty in its detection in solution [180]. Cyclic voltammograms of 

copper in near neutral chloride solutions have been reported to present several anodic peaks 

and always only one cathodic peak [153,174]. This observation was explained according to the 

generaly accepted mechanism of copper dissolution in chloride media (at the [Cl-] < 1M) 
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[152,155,156,173,183] in which the first anodic peak is attributed to the formation of a porous 

CuCl precipitate on the electrode surface through which species can pass through, enabling the 

continuation of the electrochemical reaction. A second anodic peak is observed and followed by 

a current plateau whose intensity indicates the existence of a poorly protective film [153].   

 

2. 8.2.2.  Corrosion of Copper in Alkaline Media 

 The corrosion of copper in alkaline solution has received much research attention 

[176,184-188]. Since copper is cathodic to other metals of interest in this work (aluminum, zinc, 

and iron), and on galvanic coupling to these other metals a higher pH is expected in the 

electrolyte above the copper surface, more emphasis will be on copper corrosion in alkaline 

chloride media. Depending on the electrolyte composition and electrochemical conditions the 

anodic behaviour of copper in alkaline environments is reported to lead to the formation of an 

oxide film consisting of either Cu2O or a duplex layer of Cu2O and CuO [189-191]. The formation 

of Cu2O in the course of copper dissolution in alkaline solutions have been severally reported 

[184,186,188]. 

 Droog et al., [189] studied the initial stages  of anodic oxidation of polycrystalline copper 

electrodes in alkaline solution and concluded that the first stage in the anodic oxidation of 

polycrystalline copper electrodes in NaOH solutions is the electrosorption of oxygen species in a 

process that occur in two successive stages. Drogowska et al., [147] studied copper dissolution in 

an alkaline aqueous solution at pH 12 (0.01 M NaOH) containing up to 1 M NaCI at 25oC using 

cyclic voltammetry and demonstrated the existence of two electrochemically different, oxidized 

species identified as Cu2O and CuO [192] on the electrode surface.  In the presence of NaCI in 

solution a third cathodic peak corresponding to the reduction of CuCI was observed, the 

presence of which was suggested to indicate that the copper oxides/solution interface becomes 

acidic during the dissolution. Furthermore the morphology of the accumulated CuCI and the 

presence of holes in it reportedly suggest that the corrosion product is non-protective, and on 

detaching from the electrode surface into the alkaline solution, reacts with the electrolyte forms 

a final product that is a mixture of (Cu2O), (CuCl2)·3Cu(OH)2, and (CuCI2·3Cu(OH)2·3H2O) [147]. 

Antonijevic et al., [193] studied the influence of pH on electrochemical behaviour of copper in 

presence of chloride ions and reported that chloride ions have smaller effect at higher pH, and 

that the presence of chloride ions renders the open circuit potentials more negative.  Becerra et 

al., [176] studied the influence of slow Cu(OH)2 phase formation on the electrochemical 

behaviour of copper in (in 0.1 M NaOH) alkaline solutions and reported that the complex 
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electrochemical behaviour of copper in alkaline solutions involves the electroformation and 

electroreduction of different oxides or hydroxides layers accompanied by the formation of Cu(I) 

and Cu(II) soluble species depending on the potential and time windows used in the 

electrochemical measurements, and evidences of a slow Cu(OH)2 phase formation, explained by 

proposing the existence of two limiting complex structures of the anodic layers namely Cu/Cu2O 

(porous inner layer)/CuO (outer layer) and Cu/Cu2O (porous inner layer)/CuO/Cu(OH)2, (outer 

layer).  

 
Fig. 2.10. Schematic illustration showing the possible passive layer structures on copper at 
different constant potential (Es) values. [Adapted from ref: 176] 
 

Fig. 2.10. above adapted from Becerra et al., [176] shows that the composition and structure of 

the film formed on copper in alkaline media can vary significantly depending on the polarization 

applied and the duration of the polarization. These have important implications in galvanic 

couples of copper with other metals such as aluminium, zinc and iron, which will place the 

copper under significant cathodic polarization with possible effects on the mechanism of the 

cathodic activities on copper. 

 

2. 8.3.  Corrosion of Iron 

 Without the use of inhibitors and with respect to pH, iron is best employed in the pH 

range ≥ 4 ≤ 9,  as  from pH 4 to 9 its corrosion rate is practically independent of pH, forms 

protective films of corrosion products at higher pH values, and undergoes rapid dissolution with 

hydrogen evolution at pH less than 4 [194]. The corrosion rate of steel is reported to increase 

with aeration of the water, and that oxygen is five to ten times more aggressive than carbonic 
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acid [195].  The corrosion of iron proceeds in almost all environments with the production of a 

noticeable corrosion product layer; the rust layer. The rust layer formed on iron decreases the 

corrosion rate, the effectiveness of this inhibiting effect being dependent on the film's specific 

resistance to oxygen diffusion and to its uniformity over the metal surface. The specific 

resistance of films is determined by its composition and the distribution of the consituents from 

the metal-oxide interface surfaces outwards, while the uniformity of the film is dependent on a 

variety of factors the most of which are the original condition of the metals, the local 

distribution of dissolved oxygen and hydrogen ions (pH) [196]. The corrosion products formed 

on iron can also interfere with the corrosion mechanism. Forrest et al., [196] have established 

the corrosion products formed in iron immersed in water, deduced the mechanism of their 

formation and using the then available literature data on chemical equilibria, solubilities, 

thermal properties, and the free-energy contents, calculated the free-energy decreases 

accompanying reactions involved in the formation of corrosion products that can constitute the 

corrosion product film/layer(s) on iron.  The corrosion product on iron (rust) is composed of a 

variety of iron oxides and oxyhydroxides, the particular composition being dependent on the 

physico-chemical conditions near the immersed iron surface and usually exhibits increasing iron 

to oxygen ratios  from the metal oxide interface towards the oxide water interface. 

 An increase in the OH- concentration near the iron surface and reduced oxygen supply 

are reported as the most important factors favouring the precipitation of ferrous hydroxide 

(Fe(OH)2) while a low pH in the solution near the iron surface coupled with plentiful oxygen 

supply favours the precipitation of ferric oxide (Fe(OH)3) [196]. In iron immersed in distilled 

water magnetic iron oxide (Fe3O4), which is not not very resistant to ionic and oxygen diffusion 

towards the metal, is the predominant component of the rust layer formed when the diffusion 

of ions from the diffusion layer to the bulk solution proceeds slowly or non-uniformly [196]. 

Diverse mechanisms have been advanced to explain the dissolution kinetics of iron in aqueous 

solutions [197]. 

 Since the corrosion resistance of iron is related to the properties of the corrosion 

product layer on it, and the nature of this layer dependent on pH, the Pourbaix diagram for iron  

(Fig 2.11) illustrates the thermodynamically determined dissolution behaviour of iron as a 

function of pH at 25oC for an Fe-Cl- H2O system since all tests in the present work was done in 

the presence of chloride ions. Lines (a) and (b) represent the equilibrium potentials for the 

hydrogen evolution and the oxygen reduction reactions in aqueous solutions, respectively, the 
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dotted lines correspond to the equilibria involving ionic species only, while the solid lines 

correspond to equilibria between the different solid and ionic species considered. 

 

Fig.  2.11.  Pourbaix diagram for Fe-Cl- H2O at 25oC. [Adapted from ref: 198] 
 

2. 8.3.1.  Corrosion of Iron in Neutral and Near-Neutral Media 

 Stratman and Müller [199] reported significant increase in oxygen reduction on iron 

electrodes on formation of rust. This was linked to an increase in the effective surface area on 

rust formation, and more importantly on the presence of Fe2O3 an n-type semiconductor in the 

rust, which enhances cathodic reactions while suppressing anodic reactions [199,200]. They 

established that for iron in near neutral aqueous solutions, the electron transfer reaction (of 

oxygen reduction) takes place within the oxide scale on reduced (Fe2+ states) and thus electron 

conducting iron oxides and not on the metal/oxide interface, with the rate strongly dependent 

on the electronic properties of the oxide [199]. Oxygen reduction on iron is reported to occur 

through two different pathways and at different rates depending on the nature of the electrode 

[201]. Oxygen reduction proceeds through 4e- pathways on bare iron with very little H2O2 

formation as an intermediate, but proceeds at a greater rate through a 2e- pathway with the 

formation of hydrogen peroxide as a reaction product on passive iron. According to Jovancicevic 

and Bockris, [201] the rate determining step  involves O2
  formation on bare iron but is O2

- 

chemisorption on passive layer. You et al., [202] concluded that in neutral chloride solutions, 

iron corrosion is initiated in pits that quickly become blocked by corrosion products causing 
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propagation around pits and the formation of passive layers. They observed a time dependent 

corrosion process in which for very short immersion times before the formation of the porous 

layer, the cathodic reaction of dissolved oxygen reduction proceeds on a bare surface, while 

anodic reaction proceeds on a very small area, while at longer immersion times, the anodic sites 

(pits) become less active with oxygen reduction taking places through the porous layer, the area 

of the bare metal thus decreased, corrosion becomes generalized. 

 Bonnel et al., [203], demonstrated that at the corrosion potential the oxygen reduction 

reaction on iron in neutral chloride solution is under  diffusional or mixed (activation + diffusion) 

control depending on test conditions,that oxygen transport takes place in the liquid phase and 

also through a porous layer of corrosion products, and that the oxygen consumption occurs not 

only by electrochemical reduction but also by chemical oxidation of ferrous to ferric ions.The 

corrosion rate of carbon steel in aerated sodium chloride solution is reported to be controlled by 

the reduction of dissolved oxygen [204]. 

For iron dissolution in neutral aqueous media, the mechanisms based on that proposed by 

Bockris et al., [197] have been employed in which the rate determining step is equation 2.42. 

𝐹𝑒  +   𝑂𝐻−    ⇌    𝐹𝑒(𝑂𝐻)𝑎𝑑𝑠   +   𝑒− ......................................... (eqn. 2.41) 

 𝐹𝑒𝑂𝐻 ⟶   𝐹𝑒 𝑂𝐻 +  +     𝑒−      ................................................ (eqn. 2.42)  

𝐹𝑒 𝑂𝐻 +    ⇌    𝐹𝑒2+   +   𝑂𝐻−        ............................................... (eqn. 2.43) 

 

2. 8.3.2.  Corrosion of Iron in Alkaline Media 

 Due to challenges with steady state measurements on iron in alkaline solutions [205], 

most investigations have been carried out in non-steady state conditions. Asakura and Nobe 

[206] have noted that the mechanism of iron dissolution in chloride containing alkaline solution 

differs from that in neutral solutions in three ways; (a) due to the high concentration of OH- the 

surface coverage of the reaction intermediate Fe(OH) is considerably larger, (b) pH changes at 

the electrode surface is not significant, and (c) the nature of the hydroxochloro-iron complex 

complex ,[Fe(OH)m(Cl)n]2m-n, in alkaline solutions is different from that in neutral solutions.In 

alkaline solutions iron exists predominantly in the form of HFeO2
-  ions [207].  Kabanov et al., 

[208] showed that at equal potentials the anodic dissolution of iron in chloride free alkaline 

solutions proceeds about 104  times as fast as in acids, but slows down drastically with time and 

finally completely ceases due to passivation; a phenomenon not observed in acid solutions. 

These observations of greater dissolution rate and passivation in alkalis were attributed to 

anodic deposition of oxygen on the iron surface, which in alkaline solutions is triggered by the 
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large concentration of hydroxyl ions, so that the oxygen on the iron surface plays a dual role of 

accelerating dissolution, and passivating the iron to stop iron dissolution. In chloride containing 

alkaline solutions passivation was not observed especially at significant chloride concentrations 

leading to a conclusion that the accelerating effect of Cl- ions on the corrosion of iron is due it 

hindering the passivation of iron by adsorbed oxygen, which otherwise would put an end to the 

dissolution of the iron. In the light of experimental observations, they [208] suggested the 

formation of Fe(OH)2 and  Fe(OH)3  and  proposed a mechanism of anodic dissolution of iron in 

alkaline solutions that occur not by direct transition of hydrated metal ions into the solution, but 

by formation of intermediate surface iron-hydroxyl complex(es). 

 Guzman et al., [209] studied the potentiodynamic behaviour of iron in alkaline solutions 

and reported that the electrochemical characteristics of the systems can be explained through a 

series of successive conjugated redox couples principally involving Fe(OH), Fe(OH)2, and FeOOH 

as limiting stoichiometric species with the yield of soluble species such as either FeO2
2- or HFeO2

̅ 

increasing with increase in the pH of the solution. They put forward a mechanism for iron 

corrosion and passivation in KOH solutions under the potentiodynamic conditions in terms of a 

reaction sequence containing only hydroxo- and oxo-species participating in different proton 

transfer processes (equation 2.76 to 2.81). The square brackets denote reaction intermediates 

whose surface coverage is of the order of a fraction of the monolayer and the angle brackets 

indicate species eventually related to the formation of new phases and which may undergo 

ageing in the equations below [209].   

𝐹𝑒 +   𝑂𝐻−   ⇌     𝐹𝑒(𝑂𝐻) 𝑎𝑑𝑠  +  𝑒−     ................................... (eqn. 2.44) 

 𝐹𝑒(𝑂𝐻) 𝑎𝑑𝑠  ⇌    𝐹𝑒(𝑂𝐻) 𝑎𝑑𝑠
+  +   𝑒−     ................................... (eqn. 2.45) 

 𝐹𝑒(𝑂𝐻) 𝑎𝑑𝑠
+  +  𝑂𝐻− ⇌  𝐹𝑒(𝑂𝐻)2     ....................................... (eqn. 2.46) 

 𝐹𝑒(𝑂𝐻)2    +  𝑂𝐻−   ⇌  𝐻𝐹𝑒𝑂2
−  + 𝐻2𝑂 ................................. (eqn. 2.47) 

𝐻𝐹𝑒𝑂2
−  +   𝑂𝐻−   ⇌   𝐹𝑒𝑂2

2  +   𝐻2𝑂      ..................................... (eqn. 2.48) 

 𝐹𝑒(𝑂𝐻)2  + 𝑂𝐻−   ⇌    𝐹𝑒𝑂𝑂𝐻   + 𝐻2𝑂 +   𝑒− .................... (eqn. 2.49) 

 𝐹𝑒𝑂𝑂𝐻  +    𝐹𝑒𝑂𝑂𝐻   ⇌    𝐹𝑒2𝑂3 ⋅ 𝐻2𝑂  .............................. (eqn. 2.50) 

 Zou and Chin [210] studied the anodic behaviour of carbon steel in deaerated 

concentrated (1-19 N) NaOH solutions at 25-80°C over a range of potentials from the active to 

transpassive regimes and reported that in the active dissolution potential regime, steel 

dissolution occur primarily via a two-electron transfer reaction to HFeO2
- ion, and as the 

potential approaches the active-passive transition potential, a parallel reaction occur, which 

produces the soluble trivalent iron species; FeO2
- ion. The formation of this species was 
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attributed  to the oxidation of an intermediate Fe(OH)2 surface species in the active dissolution 

reaction. At the active-passive transition potential, the Fe(OH)2 intermediate was reportedly 

further oxidized to a passive Fe3O4 film, leading to reduction in the current with further increase 

in potential, and its further oxidation to a Fe2O3 film in the the course of the current drop from 

the active to passive state that presents as a small second current peak on the anodic 

polarization curves [210].  

 

2. 8.5.  Corrosion of  Zinc 

 Zinc is reported to be divalent in all its compounds, as compounds of Zn(l) are not 

existent in nature [211]. Temperature and crystal orientation have been reported to have little 

effect on the zinc potential, as the equilibrium potential difference measured between different 

crystal surfaces of a zinc single crystal and polycrystalline zinc was less than 10 mV [212].  Zinc in 

aqueous media can form insoluble compounds like zinc carbonate, sulphate, and phosphate 

which are commonly found in corrosion products particularly zinc carbonate. As a consequence 

these compounds enhance the corrosion resistance of zinc in diverse environments [213]. The 

enhanced atmospheric corrosion resistance of zinc and its corrosion resistance in aqueous 

media rich in dissolved carbon dioxide is linked to the formation of insoluble and protective 

layer of zinc carbonate. The two-step mechanism of the formation of zinc carbonate in aqueous 

solutions containing carbonates and bicarbonates can be expressed by the following reactions 

(equation. 2.51 and 2.52) below [214,215]: 

𝑍𝑛𝑂 +   2𝐻+   ⇌   𝑍𝑛2+   +   𝐻2𝑂..............................................(eqn. 2.51) 

𝑍𝑛2+  +   𝐻2𝐶𝑂3   ⇌    𝑍𝑛𝐶𝑂3(𝑠)   +   𝐻2....................................(eqn. 2.52) 

 

From Fig. 2.12, it is evident that zinc is thermodynamically unstable in water and aqueous 

solutions being prone to dissolution with hydrogen evolution over the entire pH range. If the 

solutions pH falls between about 8.5 and 12, zinc can be covered with a hydroxide film, with a 

resultant inhibition of zinc dissolution rates. This is the principle of one of the corrosion 

mitigation strategies employed in corrosion inhibition of metals in aqueous media wherein the 

local change in pH due to metal dissolution reactions is used as a trigger to effect the deposition 

of insoluble species on the metal surface either from the system itself or from interaction of 

added chemical species (corrosion inhibitors). While the Pourbaix diagram below (Fig. 2.12)  

gives information of equilibrium behaviour of zinc as a function of pH, it gives no information on 

the rate of zinc dissolution in real systems as a fuction of pH. 
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Fig. 2.12. Potential-pH equilibrium diagram for the zinc-water system at 25oC [Adapted from 
ref: 77]. 
 
 For an insight into the kinetics of zinc dissolution as a function of pH, the fairly recent 

work by Thomas et al., [216] is a good resource. Fig 2.13 below, adapted from a unique recent 

report [216] illustrates the combination of electrochemically acquired thermodynamic (Ecorr) and 

kinetic (icorr) information for zinc as a function of pH. It is obvious from the plot that the 

corrosion rate of zinc is pH dependent, with the lowest corrosion rates at very alkaline potential, 

and that the corrosion rate is under cathodic control in acidic pH region evidenced by decreasing 

Ecorr with decreasing icorr, but under anodic control at alkaline pH as observed from decrease in 

Ecorr with increase in icorr. 

 
Fig. 2.13.  Plot of Ecorr vs. icorr for zinc at different pH in 0.1 M NaCl [Adapted from ref: 216]. 
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 Other important factors that influence zinc corrosion rates are temperature and chloride 

content of the aqueous media. Increase in temperature in aqueous media is reported to 

enhance the dissolution of zinc up to 60oC after which dissolution rate decreases at higher 

temperatures [217].  The chloride ion is the most corrosive to zinc in aqueous media, especially 

if present in amounts in excess of 50 mg/l (50 ppm), the effect being enhanced in soft waters 

with low carbonate content [218]. On the contrary the presence of carbonates, silicates, alkali 

and alkaline earth compounds, and free carbon dioxide have a tendency to inhibit zinc corrosion 

in aqueous media [219]. Since chlorides have such deleterious effects on zinc corrosion rates in 

aqueous media, and the corrosion resistance of zinc is based on the nature and type of 

corrosion product formed on its surface. Fig 2.14 below [220] is used to illustrate how variations 

of the chloride content and pH influence the corrosion product formed in aqueous media. 

 
Fig. 2.14.  Regions of existence of zinc corrosion products in aqueous media as a function of pH 
and Cl- concentration [Adapted from ref: 220]. 
 

 Roetheli et al., [221], investigating zinc corrosion in HCl and NaOH of varying pH 

reported that no corrosion films are formed on zinc samples at pH lower than 5 or higher than 

13.5 even after 30 days immersion and that films observed at pH between 6 and 12.5 were not 

adherent. Baugh [222] reported the formation of a porous non-passivating oxide film in the pH 

range 3.8 - 5.8 in slightly acidic solutions of NaCl, NaClO4, and Na2SO4. Boto and Williams [223] 
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observed that buffering sulphate solution in the pH range 5.6 to 6.2 yielded no corrosion 

products whereas corrosion products were formed in unbuffered solution in the same pH range. 

In explaining this observation, it was remarked that a higher bulk pH than the surface pH is 

necessary for hydroxide formation and this being absent in the buffered solution due to the 

buffering effect no corrosion products are formed in contrast to unbuffered solution [223,224]. 

 Macias and Andrade [225] investigating corrosion products on zinc surfaces in alkaline 

solutions reported that in KOH solutions of varying concentrations the initial corrosion product 

was ZnO but became mainly Zn(OH)2 after about 30 days immersion, with the rate of 

transformation from ZnO to Zn(OH)2 increasing with increasing pH. The morphology of the 

corrosion products was also reported to be dependent on pH with the zinc oxide formed 

between pH 11-12 porous and non-adherent but porous and a continuous layer at pH greater 

than 13.4. However, between pH 12 and 12.8 they reported a thin and compact ZnO layer, and a 

layer of well-packed Zn(OH)2 crystals at pH 12.8 to 13.4. 

 Since the morphology and type of zinc corrosion products from the reports above are 

sensitive to pH, the dependence of zinc corrosion rates on pH is obvious. Although slight 

differences are observed in literature [221,226,227,228] on the pH ranges for formation and 

nature of zinc corrosion products, most probably due to slight differences in test conditions, 

Zhang [224] had summarized that , in general at pH values lower than 5, zinc corrosion rate is 

high as no corrosion product is formed on zinc surface and consequently the corrosion of zinc in 

this region is solely dependent on the cathodic reaction rates. Between pH 5 and 9, zinc 

corrosion rate is reduced by the formation of bulky but porous corrosion products, and least in 

the pH range 9 to 12 due to formation of  a passive thin and compact corrosion product layer. In 

contrast at pH higher than 13, the corrosion rate rises sharply due to difficulty in maintaining a 

stable corrosion product layer [224].  Reduction in corrosion rate of zinc at pH close to 14 had 

been attributed to decreased solubility of oxygen in strongly alkaline solutions [221]. 

 The formation of corrosion products on zinc immersed in aqueous solutions can manifest 

in changes in measured double layer capacitances. The measured capacitance value on zinc is a 

function of the potential, solution concentration, and also the pH as strong interaction with OH- 

have been reported at pH greater than 3.8 [228]. Prominent values of double layer capacitance 

on zinc electrode immersed in aqueous media around its reversible potential have been 

reported to be in the range of 16 to 20 µF cm-2 [212,230-232]. Higher measured values of 

capacitance on zinc in neutral and alkaline solutions with prolonged immersion time may be due 

to slow formation of a solid film on the electrode surface [233]. In addition measured 
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capacitance values higher than 20 µF cm-2 have been attributed to faradaic and specific 

adsorption processes [234].  However, capacitance values up to 600 µF cm-2 have been reported 

in KOH solutions as a result of OH- adsorption [235-237]. 

 

2. 8.4.1.  Corrosion of Zinc in Neutral and Near-Neutral Media 

 The mechanism of zinc corrosion in aerated neutral and near neutral solutions can be 

complex due to the formation of a wide range of compounds in the corrosion product layer on 

the metal [238], mainly composed of zinc oxide, zinc hydroxide and zinc hydroxide chloride or 

simonkolleite (Zn5(OH)8Cl2·2H2O). The zinc hydroxide chloride and zinc oxide are the dominant 

corrosion products [239]. There have been slight variations in the compounds detected on 

corrosion product layers formed on zinc in aerated near neutral solutions [239-241]. At ambient 

CO2 levels, zinc hydroxide carbonate (Zn5(OH)6(CO3)2·H2O have been an additional observation in 

the corrosion product layer on zinc  [238,240]. 

 Mouanga  et al., [238] in studies on the corrosion product layer formed on zinc in aerated 

0.6M NaCl (pH = 6.5) and 0.5M NaOH (pH = 13.69) solutions at ambient reported a less compact 

corrosion product layer in NaCl and the presence of zinc oxide (ZnO), zinc chloride (ZnCl2), zinc 

hydroxide (Zn(OH)2), zinc hydroxide chloride (Zn5(OH)8Cl2·2H2O) and zinc hydroxide carbonate 

(Zn5(OH)6(CO3)2) and proposed a mechanism for their formation. Their proposed mechanism for 

zinc corrosion in near neutral NaCl at ambient is composed of two partial reactions; the anodic 

dissolution of zinc (equation 2.53) and the cathodic reduction of oxygen to yield hydroxide ions 

(equation 2.54).  Further reaction of the products of these partial electrode reactions (Zn2+ and 

OH-) with other species in the solution depending on the local pH and concentration of species 

yields the observed constituents of the corrosion product layer(s) on zinc.  

𝑍𝑛   ⟶    𝑍𝑛2+   +  2𝑒−           ............................................................................ (eqn. 2.53) 

𝑂2  +  2𝐻2𝑂 +   4𝑒− ⟶ 4𝑂𝐻−   ....................................................................... (eqn. 2.54) 

The zinc hydroxide is formed by the reaction of the zinc cations and the hydroxide ions (eqn. 

2.55). 

𝑍𝑛2+   +   2𝑂𝐻− ⟶ 𝑍𝑛(𝑂𝐻)2 ............................................................................ (eqn. 2.55) 

At very active cathodic sites with high enough local pH values the formation of zincate ions 

(Zn(OH)4
2─) may occur according to equation 2.96,  by further reaction of zinc hydroxide with 

the excess hydroxide ions. 

𝑍𝑛 𝑂𝐻 2 +    2𝑂𝐻− ⟶ 𝑍𝑛(𝑂𝐻)4
2− .................................................................... (eqn. 2.56) 

By the migration of chloride ions to the anodic sites rich in zinc ions, zinc hydroxide chloride is 
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formed (equation 2.57). 

5𝑍𝑛 𝑂𝐻 2  +   2𝐶𝑙−   + 𝐻2𝑂 ⟶    𝑍𝑛5 𝑂𝐻 8𝐶𝑙2 ∙ 𝐻2𝑂  .................................... (eqn. 2.57) 

The absorption of atmospheric carbon dioxide by the test electrolyte leads to the formation of 

carbonate(equation 2.58) and bicarbonate ions (equation 2.59), which leads ultimately to the 

formation of zinc hydroxide carbonate by the reaction of zinc hydroxide and hydrogen carbonate 

ions (equation 2.60). 

𝐶𝑂2     +    2𝑂𝐻− ⟶ 𝐶𝑂3
2−    +   𝐻2𝑂     ............................................................. (eqn. 2.58) 

𝐶𝑂3
2−  +   𝐻2𝑂 ⟶     𝐻𝐶𝑂3

−   +   𝑂𝐻−     ............................................................ (eqn. 2.59) 

5𝑍𝑛 𝑂𝐻 2 +  2𝐻𝐶𝑂3
− +  2𝐻+ ⟶ 𝑍𝑛5 𝑂𝐻 6 𝐶𝑂3 2 +  4𝐻2𝑂  ......................... (eqn. 2.60) 

Based on the above proposed mechanism of Mouanga et al., [238] it is obvious that formation 

of Zn(OH)2 is the pivotal step on which the formation of the more complex corrosion products 

depend. 

  

2. 8.4.2.  Corrosion of Zinc in Alkaline Media 

 Mokaddem et al., [227] studied anodic dissolution of zinc and zinc alloys in alkaline 

solution and by independently measuring the oxidation rate of zinc (electrical current) and the 

rate of Zn2+ dissolution (partial elemental current) calculated the amount of insoluble zinc 

cations produced at any time, and by assuming that the insoluble cations are present as a zinc 

oxide film, determined the growth of the oxide film as a function of potential and time. Based on 

their results they concluded that at least three forms of zinc based oxide/hydroxide films form 

during the anodic polarization; Type I oxide which is formed when the metal/electrolyte 

interface becomes locally saturated with Zn2+ ions, Type II oxide which forms on the metal 

surface underneath the film of Type I oxide but has little inhibiting effect on zinc dissolution, and 

Type III oxide which is produced in much smaller quantity and result in a transition to the passive 

state,possibly by a potential induced transition of Type II to Type III oxide. 

They proposed a mechanism to match their observations which involves the sequential addition 

of OH− to Zn  (equation 2.61 to 2.64): 

𝑍𝑛 +   𝑂𝐻𝑎𝑑𝑠
−   ⇌   𝑍𝑛𝑂𝐻𝑎𝑑𝑠  +   𝑒−          .............................................. (eqn. 2.61) 

𝑍𝑛𝑂𝐻𝑎𝑑𝑠  +  𝑂𝐻− ⟶ 𝑍𝑛 𝑂𝐻 2 (𝑠)   +   𝑒−   ........................................... (eqn. 2.62) RDS 

𝑍𝑛 𝑂𝐻 2 (𝑠)  +   𝑂𝐻−   ⇌   𝑍𝑛(𝑂𝐻)3
−  .        ............................................. (eqn. 2.63) 

𝑍𝑛(𝑂𝐻)3
−  +    𝑂𝐻−   ⇌    𝑍𝑛(𝑂𝐻)4

−           ............................................. (eqn. 2.64) 

 In another instance, Mouanga et al., [238] in studies on the corrosion product layer 

formed on zinc in aerated 0.6M NaCl (pH = 6.5) and 0.5M NaOH (pH = 13.69) solutions at 
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ambient reported a more compact corrosion product layer in NaOH and the presence of zinc 

oxide (ZnO), zinc hydroxide (Zn(OH)2), and zinc hydroxide carbonate (Zn5(OH)6(CO3)2) and 

proposed a mechanism for their formation. In their proposed mechanism the main cathodic 

reaction  (equation 2.65) is hydrogen evolution by water reduction while zinc dissolution is via 

"alkaline attack" to yield zincate ion in a reaction (equation 2.66) earlier proposed by Youssef et 

al., [242], with the production of zinc oxide and hydroxide involving the afore produced zincate 

ions according to equations 2.67 and 2.68 respectively, and that of zinc hydroxide carbonate 

following the same scheme as in NaCl above (equations 2.58. 2.59 and 2.60). 

2𝐻2𝑂  +  2𝑒− ⟶ 2𝑂𝐻−   +  𝐻2      ...........................................................(eqn. 2.65) 

𝑍𝑛  +   4𝑂𝐻− ⟶ 𝑍𝑛 𝑂𝐻 4
2−  +   2𝑒−  .....................................................(eqn. 2.66) 

𝑍𝑛 𝑂𝐻 4
2− ⟶ 𝑍𝑛 𝑂𝐻 2  +   2𝑂𝐻−     ........................................................(eqn. 2.67) 

𝑍𝑛 𝑂𝐻 2 ⟶    𝑍𝑛𝑂  + 𝐻2𝑂........................................................................(eqn. 2.68) 

 

2. 9.  "Corrosion" (Degradation) of Carbon Fiber Reinforced Plastics (CFRPs) 

 Carbon fiber reinforced polymers being a composite material are capable of exhibiting at 

least two and practically three forms of degradation, related to the degradation of the matrix, 

the carbon fibers, and the interface between them. Degradation of carbon fiber reinforced 

polymerscan be accelerated under polarization (either cathodic and anodic polarization) [243].  

However in this work, the degradation of CFRP under cathodic polarization is of much greater 

relevance as the CFRP is cathodically polarized on galvanic coupling with metals used. Carbon 

fibers for structural material applications aredesigned to have the graphitic a-axis oriented along 

the fiber length in order to maximize the tensile strength [244]. 

 

2.9.1.   The Surface Chemistry of Carbon  

 A review of literature reveals that the carbon fiber surface composition under the test 

conditions employed in this work is bound to be complex and dynamic, as carbon is capable of 

forming "surface oxides" of oxygen containing  and even nitrogen containing functional groups 

[245-248] which affect surface reactivity. These "surface oxides" have been classified as basic 

[249] or acidic [250] depending on the acidity of the functional group.  

 The introduction of oxidizing agents to carbon materials under wet or dry conditions can 

lead to the formation of  either of three types of oxygen containing surface groups; acidic, basic, 

and neutral [251-253].  Gas phase oxidation of the carbon is reported to lead mainly to increase 

in the concentration of hydroxyl and carbonyl surface groups, while oxidations in an electrolyte 
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predominantly increases the concentration of carboxylic acid groups [254]. The application of 

electrochemical polarization as employed in this work is capable of changing the type of surface 

groups [255]. Anodic oxidation of graphitic materials in aqueous solutions reportedly leads to 

formation of  surface oxides predominantly composed of carboxylic and phenolic groups [256-

258]. Cathodic polarizaton of carbon surfaces containing "surface oxides" is likely to result in 

some reduction of these oxides [259-262]. The specific capacitance of carbon is reportedly 

structure sensitive [263] and increases with formation of carboxyl groups on the surface during 

anodic oxidation [264-266].  Without special pretreatments almost all carbon surfaces are prone 

to reactions with oxygen and water, resulting in the formation of oxygen-containing functional 

groups on the carbon surfaces. Hence the exposed surfaces of carbon fibers in the carbon fiber 

reinforced polymers, used in this work were most probably oxygen terminated. This can result 

information of "surface oxides" or oxygen-containing functional groups on the carbon fiber 

surfaces on interaction with air and moisture during polishing, and also on immersion in 

aqueous media whilst galvanically coupled to metals which leads to a high pH environment near 

the CFRP. These surface oxide species can have effects on the general electrochemical 

behaviour of the carbon fibers, and on specific processes such as adsorption, electron transfer 

kinetics, electrocatalysis, etc. For instance, negative surface charge due to carboxylates as 

surface oxides on carbon, have been reported to exert marked electrochemical effects on 

adsorption and electron transfer rates [267-269]. Though the presence of these surface oxides 

are almost inevitable and undesirable, it is possible in some situations to manipulate them for 

beneficial electrochemical performance [244].  

 
Fig. 2.15. Functional groups on carbon surfaces [Adapted from ref: 248]. 
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 Graphitic materials are regarded to be composed of at least two well defined surface 

sites; the edge plane sites perceived to be the active sites for electrochemical reactions, and the 

the basal plane sites regarded as relatively inactive electrochemically, as improvements in 

electrohemical behaviour have been reported by increasing the edge sites [29]. The application 

of a high current density through carbon fibers in an electrolyte solution is reported to have 

extraordinary effects on the fiber morphology, by the generation of a very high surface area 

with an apparent capacitance up to 4000 µF cm-2, which is more than two orders of magnitude 

higher than the typical values for glassy carbon and carbon fibers [244,270-273]. Generally the 

double layer capacitance of carbon materials is reported to be about 20 μF cm-2 or less [274]. 

However, marked differences have been reported in the double layer capacitances of the basal 

and edge sites of graphite with capacitance values of 3-16 μF cm-2 reported for the basal sites, 

and 50-70 μF cm-2 for the edge sites respectively in 0.9 M NaF solutions [275].  Chu and 

Kinoshita [29] have suggeted that such marked differences in  the double layer capacitance of 

basal and edge plane sites can be exploited as a convenient diagnostic tool to monitor changes 

to the carbon surface, and  anticipated that modifications to the carbon surface that increase 

the concentration of exposed edge sites on the basal plane surface will result in  higher values of 

double layer capacitance. Conversely, it is anticipated in this work that surface modifications to 

the carbon surface that result in decrease in the concentration of exposed edge sites on the 

basal plane surface is likely to result in lower double layer capacitances. 

 In energy research pertaining to fuel cells and batteries, iron, platinum, and nitrogen are 

incorporated into carbon electrode materials to provide catalytic sites for electrocatalysis of O2 

reduction to both hydrogen peroxide and water [244,276-278]. This is interesting with respect 

to the present work as it reveals the possibility of enhanced cathodic activity on CFRP 

galvanically coupled to metals, if metal cations precipitate from solution onto carbon surfaces in 

the local high pH zones (as observed in Fig. 6.5) around galvanically coupled CFRP surface as a 

film of metal oxide(s)/hydroxide(s).  Since the main cathodic reaction on CFRP used in this work 

is oxygen reduction by the carbon fibres, oxygen reduction on carbon electrodes is discussed 

before CFRP degradation. 

 

2. 9.2.  Oxygen reduction on carbon electrodes 

 Oxygen reduction on carbon and graphite electrodes reportedly proceeds mainly through 

the peroxide pathway [22,25,279]. The general mechanism of oxygen reduction on ordinary 
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graphitic electrode in the absence of added catalysts involves two successive oxygen reduction 

processes (eqns. 2.69 and 2.70) [22-25,27,276,280]; 

𝑂2  + 𝐻2𝑂 +  2𝑒− ⇌ 𝐻𝑂2
−  +  𝑂𝐻−(𝐸𝑜 ≈ −309 𝑚𝑉 𝑣𝑠. 𝑆𝐶𝐸)  ..............  (eqn.2.69) 

The reaction of equation (2.69) is either followed by another 2-electron (electrochemical) 

reduction of the hydroperoxyl (HO2
–) ion to hydroxyl ion (OH–), expressed in equation (2.70); 

𝐻𝑂2
−  + 𝐻2𝑂 +   2𝑒−   ⇌   3𝑂𝐻− (𝐸𝑜 ≈  −1111 𝑚𝑉 𝑣𝑠. 𝑆𝐶𝐸)  ..............  (eqn.2.70) 

or  by a fast chemical decomposition of the hydroperoxyl (HO2
–) ion that leads to regenerative 

production of oxygen (eqn 2.71); 

𝐻𝑂2
−    ⇌    1

2
 𝑂2   + 𝑂𝐻−       ......................................................................  (eqn.2.71) 

The rate of the chemical decomposition of the hydroperoxyl (HO2
–) ion (equation 2.71) relative 

to its consumption rate in the 2-electron electrochemical reduction process (equation 2.70) is a 

factor in detection of a second peak in cyclic voltammograms attributable to the electrochemical 

reduction of the hydroperoxyl (HO2
–) ion to hydroxyl ion (OH–) [276]. 

In spite of the fact that a full-scale mechanistic analysis of the oxygen reduction reaction is 

inexpedient [276], there appears to be a general consensus [25,281-283] that  the process starts 

with or involves surface adsorption of oxygen on metal-free carbon surfaces (equation2.72), 

followed by an initial electron-transfer step leading to  O2 reduction to superoxide (equation 

2.73), a protonation step leading to formation of  hydroperoxide radical (equation 2.74), and its 

subsequent reduction to hydroperoxide (equation 2.75) [276]. This treatment is equivalent to 

considering the first 2-electron reaction (equation 2.69) to take place as a four-step 2-electron 

process  expressed in (equation 2.72 to 2.75) below. 

An adsorption step: 

𝑂2   →   𝑂2 (𝑎𝑑𝑠 )    ........................................................................................(eqn.2.72) 

An electron-transfer step which is reportedly [23,283] the likely rate determining step at pH < 10 

while surface migration of O2
− ions to active sites on the electrode surface is reported to be the 

rate determining step at pH > 10 [24]. 

𝑂2 (𝑎𝑑𝑠 )  ⇌    𝑂2 (𝑎𝑑𝑠)

∗─
  ..................................................................................(eqn.2.73) 

A proton-transfer step 

𝑂2 (𝑎𝑑𝑠 )

∗─
 +   𝐻2𝑂  ⇌   𝐻𝑂2 

∗─
+   𝑂𝐻−  ........................................................(eqn.2.74) 

and then another electron transfer process 

𝐻𝑂2   𝑎𝑑𝑠  
∗ +  𝑒−   ⇌   𝐻𝑂2  (𝑎𝑞 )

−    ................................................................(eqn.2.75) 
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 For a single layer graphene sheet much larger specific capacitance, faster electron 

transfer rate and stronger electrocatalytic activity have been reported for the graphene edge 

compared to the basal plane [284]. Recently direct evidence of the greater electrochemical 

activity of graphite edge sites towards  the oxygen reduction reaction has been demonstrated 

[285]. 

 In addition, the type of surface functional group on the carbon surface can affect the 

kinetics of oxygen reduction on carbon electrodes. Rao et al., [287], reported best ORR 

performance from vertically aligned carbon nanotubes (VA-CNTs)  with a nitrogen concentration 

of 8.4 atom %  and ascribed it to a greater number  of  pyridinic-type nitrogen sites.   Maldonado 

and Stevenson [276], using electrochemical methods  studied the influence of nitrogen doping 

on the oxygen reduction reaction (ORR) on carbon nanofiber (CNF)  electrodes  in aqueous KNO3 

solutions at neutral to basic pH, and reported differences in the mechanism of oxygen reduction 

in which  ORR proceeds by the peroxide pathway via two successive two-electron reductions but 

for N-doped CNF electrodes, proceeds as a catalytic regenerative process in which the 

intermediate hydroperoxide (HO2
-) is chemically decomposed to regenerate oxygen, with a 

spectacular  ≈100 fold enhancement of hydroperoxide decomposition process.  This observed 

enhanced activity  was attributed to the presence of edge plane defects and nitrogen 

functionalities within the carbon nanofiber (CNF) structure. 

 
Fig.2.16. Illustration of edge and basal plane sites on carbon materials and their different 
electrochemical response,[Adapted from ref: 286]. 
 

 Working with un-doped and nitrogen doped carbon nanotubes, Wiggins-Camacho and 

Stevenson [288], established  a  positive correlation between nitrogen content and ORR 

activities in which  the ORR  at undoped CNTs proceeds via two successive two-electron 

processes with hydroperoxide (HO2
–) as the intermediate, but  proceeds  via a “pseudo” four-

electron pathway involving a catalytic regenerative process in which hydroperoxide is chemically 

decomposed to form hydroxide (OH–) and molecular oxygen (O2) at nitrogen-doped carbon 
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nanotubes, and reported an even better >1000-fold  enhancement for hydroperoxide 

disproportionation.  By analysis of  observed charge-transfer coefficients, αobs  in an earlier 

article [276] they had concluded that for N-doped CNFs  the charge-transfer coefficient, was 

consistent with a strongly adsorptive pathway while that of the nondoped CNFs being invariant 

to solution pH, was suggestive of the absence of  strongly adsorbed  O2 at the undoped CNFs in 

the studied pH range. Furthermore, they [276] concluded that the absence of the second 

reduction peak in the N-doped CNF electrode  in contrast to its presence in the un-doped CNF 

electrode was suggestive of faster rate of chemical decomposition of the electrochemically 

generated hydroperoxide to oxygen compared to the rate at which it is electrochemically 

reduced to OH-. 

 

2.9. 3. Effect of Polarization on Carbon Fiber 

 Uvarov et al., [289] studied the effect of electrochemical treatment (cathodic, anodic, 

and combination of these) on the morphology and surface chemical composition of carbon fiber 

materials  and reported that whereas anodic polarization resulted in a marked decrease in 

conductivity with signficant weight gain, a single cathodic polarization had no effect on specific 

conductivity  but resulted in slight reduction in weight due to ´degradation of fiber surface and 

the attendant loss of material. 

 

2.9.4. CFRP Degradation under Cathodic Polarization 

 As on most metals [223,290-292], the reduction of oxygen on CFRP, especially when 

under cathodic polarization on coupling with most metals, most probably occur  in two well-

defined steps. Tucker et al., [293] studied  the behaviour of graphite/epoxy composites 

galvanically coupled to a range of metals in seawater and reported degradation in form of 

blisters on the composite when active corrosion of aluminum occurred which is not observed 

without galvanic coupling and hence linked to enhanced cathodic chemical reactions associated 

with galvanic corrosion of the metal. 

 Sloan [294] studied the degradation of graphite/epoxy composites (with the matrix 

composed of tetraglycidyl diaminodiphenyl methane (TGDDM) epoxy systems cross-linked with 

the use of the bifunctional cross-linking agent diaminodiphenylsulfone (DDS)), after long-term 

environmental exposure (one year) in 5 % solutions of H2O2  at pH values of 6, 10 and 12 for a 

period of one year using scanning electron microscopy and FT-IR analysis, and reported based 

on the spectroscopic results that hydrogen peroxide electrophilically attacks the secondary 
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amines in the cured epoxy structure with SEM images showing general decomposition of the 

matrix, but found no evidence of attack by the high pH solutions.  On the mechanism of this 

degradation, Sloan [294] proposed a mechanism in which the hydrogen peroxide would first 

form the amine hydroxide, which under mildly acidic conditions undergoes hydrolysis (dilute 

solutions of H2O2 being mildly acidic [295], followed by an H2O addition reaction and finally the 

formation of an aldehyde. 

 Sloan and Talbot [296] in a later study on the evolution of perhydroxyl ions on 

graphite/epoxy cathodes deminstrated clearly that  both hydroxyl and perhydroxyl ions are 

evolved during cathodic polarization of graphite/epoxy, and  concluded that the earlier 

mechanism explaining the degradation of polymeric matrix materials in carbon fiber reinforced 

polymer (CFRP) composites, in which damage is attributed to nucleophilic attack of hydrolyzable 

polymer linkages (e.g., esters, imides, etc.) by hydroxyl ions (OH-) evolved at the cathode. 

Though seemingly plausible for damage to the hyrolyzable polymers this postulation is 

insufficient to explain the damage observed in non-hydrolyzable polymers. On the basis of their 

experimental observations they proposed a new mechanism accounting for the degradation of 

both hydrolyzable and non-hydrolyzable polymers in which degradation is attributed to the build 

up of deleterious concentrations of highly reactive perhydroxyl ions (HO2
─ ) in occluded regions 

of the composite with high pH solutions, in which the evolved perhydroxyl ion is both stable and 

highly reactive as these are strongly dependent on solution pH. 

 Taylor et al., [297] studied electrochemical damage in bismaleimide/graphite fiber 

composites in aerated 0.6 M NaCl and 0.1, 1.0, and 2.0 M NaOH solutions  using mainly 

electrochemical impedance spectroscopy and reported that cathodic polarization of graphite 

fiber composites produced porous electrode behaviour which was attributed to breakdown of 

the fiber/matrix interface and subsequent moisture intrusion whereas exposure to caustic 

solutions yielded no porous electrode response leading them to conclude that the reaction 

intermediates generated during the oxygen reduction reaction, such as peroxide and superoxide 

radicals, are the main species responsible for degradation and not OH- ions. Their conclusion of 

fiber/matrix breakdown was based on the observations of increase in capacitance with time 

coupled with a decrease in impedance with time, consistent with an increasing 

electrochemically active area, absence of fiber surface roughening and the presence of small 

gaps between fiber and matrix (both observed from scanning electron microscopy), and 

decreasing  slope of the impedance magnitude plot coupled with decreasing phase angle peak 

which are indicative of the "squaring effect" that is characteristic of porous electrodes [298-
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300]. Based on their analysis of impedance spectroscopy data, they [297,301] concluded that 

the phase angle was the most sensitive indicator of changes (damage) in the composite, and 

employed "delta phase angle" plots to compare interfacial changes (or material damage) as a 

function of exposure conditions (exposure time and cathodic polarization) with interesting 

results. The delta phase angle plot is a frequency by frequency subtraction of the phase angle 

value at an exposure condition (e.g. an exposure time (t=t1) or polarization (η = η1)) from a 

baseline exposure condition (exposure time (t=t0) or polarization (η = η0)); smaller values of the 

output tending to zero being indicative of smaller interfacial changes from initial conditions and 

higher values suggesting more profound changes.A time based "delta phase angle" plot may be 

calculated or expressed thus  [297]: 

∆𝜃(𝜔𝑡=𝑡1 )  = 𝜃(𝜔𝑡=𝑡0 )   −   𝜃(𝜔𝑡=𝑡1 ) ...............................(eqn.2.76) 

where θ is the phase angle, ω is the frequency and t is time. 

 Their delta phase angle plots showed that cathodic polarization produces a delta-phase 

angle plot with characteristic peak between 10 and 100 Hz and a gradually increasing value 

below 1 Hz  referred to as a low fequency "tail".  The peak was attributed to parallel shift of the 

phase angle response to lower frequencies with increasing damage (increasing time or 

potential), and the tail to decreased impedance and accompanying phase angles at lower 

frequencies.   On the strength of experimental evidence of the absence of these "tails" in tests in 

caustic solutions (with abundance of OH-) and their emergence in same solutions on addition of 

H2O2 without cathodic polarization, these tails were associated to the accumulation of 

cathodically produced electroactive species which are most probably electrochemically 

generated peroxide and peroxide intermediates (e.g. superoxide radicals) which were not 

present in the caustic solutions [297]. 

 
Fig. 2.17. Schematic illustration of proposed model for the origin of the porous electrode effect 
in cathodically polarized CFRP samples (a) Intact CFRP sample (b) Degraded CFRP sample 
[Adapted from ref: 297]. 
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 Pauly et al., [302] in the section of their work on effect of cathodic polarization on the 

durability of pultruded graphite/epoxy compositesin aerated 0.6 M NaCl, concluded that the 

high pH environment generated during the oxygen reduction reaction was a  necessary  but not 

a sufficient condition for composite degradation because unpolarized specimens exposed to a 

pH 13 environment exhibited no degradation, and postulated that cathodic polarization of a 

magnitude achieveable by galvanic coupling to steel or aluminum is needed, and that 

degradation of the fiber/matrix interface is most probably due to the intermediates (peroxide 

(HO2
-) and long-lived super oxide species) generated during the oxygen reduction reaction and 

not the OH- that are final reaction products. They [302] emphasized a damage mechanism for 

CFRP degradation under cathodic polarization proposed by earlier authors [243,297,303]  based 

on the premise that the  two-electron pathway capable of producing deleterious intermediate 

species that are able to interact with certain polymer bonds in the matrix and in a lot of cases 

degrade it is the favoured mechanism for oxygen reduction on carbon. In this proposed 

mechanism, oxygen is reduced to hydroxyl ions at the surface of the graphite fibers leading to 

the generation of local areas of high pH which in occluded areas near the fibers is even higher 

promoting the build-up of peroxide radicals. These reactive peroxide radicals then attack and 

degrade the polymer matrix in close proximity to the graphite fiber, leading to a break-down of 

the fiber/matrix interface; a process which continues until solution ingress occurs along the fiber 

causing an increase in the active surface area of the electrode and inducing a porous electrode 

response. In addition to the mechanism summarized above, Taylor et al., [297] have postulated 

from their results that, although hydroxyl ions were regarded to be the damaging species, the 

superoxide radicals produced during homogeneous peroxide decomposition can be the major 

deleterious species owing to their ability to react with labile hydrogens on the polymer surface 

to produce the even more highly reactive hydroperoxyl radical (HOO*) which being hydrocarbon 

soluble can readily diffuse through the polymer matrix in which its further reaction with labile 

hydrogens produces peroxide [304]. 

 Tang et al., [305] studied the  degradation of carbon/vinyl ester composites under 

cathodic polarization in seawater and reported that both the flexural modulus and flexural 

strength decreased with the increase in cathodic polarization, with thescanning electron 

micrographs showing that under cathodic polarization the polymer matrix was locally detached 

and some carbon fibers released from the specimens. 

 

 



 

53 

2.9.5. CFRP Degradation under Anodic Polarization 

 Also under anodic polarization in aqueous electrolytes, which can arise in practice from 

stray currents, CFRP can be susceptible to degradation. Sloan and Talbot [306] have reported 

that anodic polarization of graphite/epoxy composites at applied current densities as low as 1 

μA cm-2 are capable of causing rapid and substantial corrosion damage, with the graphite-

reinforcing fibers attacked by atomic oxygen that is produced as an intermediate in the oxygen 

evolution reaction. However unlike metals that degrade under anodic polarization by 

electrochemical dissolution, CFRP degradation under this condition is due to secondary chemical 

reactions involving electrochemically evolved species which have been linked to oxygen 

evolution at the (CFRP) anode. The mechanism of CFRP degradation under anodic polarization is 

perceived to involve attack by adsorbed atomic oxygen; an intermediate in the oxygenevolution 

reaction. [306]. 

 Stafford et al., [307] studied electrochemical stability of  graphite fiber‐polymer matrix 

composites as electrolysis electrodes in simulated seawater electrolyte, and reported 

electrochemical and mechanical stability as a cathode, but significant interfacial attack directed 

toward the fiber/resin interface with about 15% reduction in the average fiber diameter as an 

anode. This interfacial loss was attributed to a combination of chemical and electrochemical 

graphite oxidation and cavitation, due to the evolution of oxygen and chlorine , and almost 

entirely to oxidation by active chlorine in acidic chloride solutions at moderate current densities, 

since the current efficiency for chlorine evolution is close to 100% under these conditions. 

According to Stafford et al., [307] increased graphite oxidation is generally observed at pH 

greater than 4 depending on the temperature and chloride concentration of the electrolyte. 

Furthermore they [307] reported initial capacitance increases (during the first few hours) of 

immersion for graphite fiber‐polymer matrix composites under anodic polarization after which 

the capacitance tended towards intial values and ultimately decreased, and attributed the initial 

increase to a combination of fiber roughening and surface oxidation. 

 Bismarck et al., [308] studied the surface properties of of PAN-based carbon fibers after 

anodic oxidation by cyclic voltammetry in different alkaline electrolyte systems, and reported 

increased fiber surface tension due to increased number of oxygen containing surface groups 

and roughening of the fiber surfaces as a result of their anodic oxidation.Anodic oxidation of 

fiber surface is one of the methods used to improve the fiber-matrix adhesion for improved load 

transfer from the matrix to the fibers [309]. Basova et al., [310] studied how the surface 

modification of carbon fiber composites by oxidation–reduction cyclesaffected their 
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electrochemical behaviour towards oxygen evolution and concluded that the presence of acidic 

functional groups (such as –COH, –COOH) on the carbon fiber surface enhances the 

electrochemical  interaction between the oxidized carbon fiber surface and electrolyte, while the 

presence of phenolic, hydroxy, and quinone groups inhibit this interaction.  

 Taylor and Humffray [24] working on oxygen reduction in solutions of high pH (pH > 10) 

on glassy carbon electrodes, reported effects on the mechanism based on the treatment 

(cathodic or anodic) given to the glassy carbon electrodes; with the major difference between 

polished cathodically treated glassy carbon electrodes and anodically treated ones being that 

oxygen reduction to OH- rather than to peroxide is boosted at all potentials by the anodization 

process. 

 In summary, from the literature it seems that while anodic polarization of CFRP leads to 

degradation of the carbon fibers (the reinforcing phase)by adsorbed atomic oxygen; an 

intermediate in the oxygen evolution reaction [306], cathodic polarization ensures composite 

degradation by attack on the epoxy of the matrix phase most probably due to nucleophilic attack 

by hydroxyl and perhydroxyl ions, formed as a result of the oxygen reduction reaction on carbon 

fiber [305]. 

 

2.10.  Corrosion Inhibitors and Corrosion Inhibition 

 Corrosion can be mitigated by coating metals to avoid an electrical path, excluding 

electrolytes and when these are not feasible,controlling the prevalent potential to a region of 

stability for the metal. In addition species can be introduced (inhibitors) which can act by 

modifying the local environment, and/or the type and nature of corrosion products to become 

protective. 

 

2.10.1.   Corrosion Inhibitors 

 Corrosion inhibitors are chemical compounds or mixtures of compounds which when 

introduced in small concentrations into corrosion systems  impede the kinetics of the corrosion 

processes and hence significantly reduce the corrosion rates. The actual choice of compound as 

a corrosion inhibitor is usually dependent on the properties (chemical and physical) of the 

compound with regard to the application and intended operating conditions. For instance, 

whereas an inhibitor with a high solubility might be compatible in acid pickling baths, such will 

be undesirable for incorporation in coating systems where the high solubility could lead to fast 

and or premature leaching, and risk of formation of osmotic blisters.  Corrosion inhibitors can be 
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classified based on different criteria. On the basis of its effect on the two types of electrode 

reactions observed in corrosion to reduce corrosion rates, an inhibitor is classified as a cathodic 

inhibitor if it acts predominantly on the cathodic reactions, an anodic inhibitor if it mainly acts 

on the anodic reaction, and a mixed inhibitor if it suppresses both cathodic and anodic reactions. 

According to Riggs [311], designation of a compound as a cathodic or anodic inhibitor can be 

made if the open circuit potential (OCP) measured in its presence is displaced at least 85 mV 

from values measured in the absence of inhibitor.  On the basis of their chemical nature or 

elemental constitution inhibitors are classified as organic or inorganic inhibitors [312]. On the 

basis of corrosion component (metal, electrolyte) on which the inhibitor acts on, inhibitors can 

be classified as environmental conditioners and interface inhibitors [313]. The environmental 

conditioners (scavengers) include all the inhibitors that effect reduction in corrosion rates by 

removing the corrosive species in the medium such as hydrazine that scavenges oxygen 

[314,315], while all other inhibitors that act on the metal are classified as interface inhibitors.On 

the basis of their effects on the chemical reactivity of the metal inhibitors are classified as 

passivating or non-passivating inhibitors, and on the basis of the chemical action by which 

passivation of metal surface is achieved, passivating inhibitors can be further classified as 

oxidizing or non-oxidizing [316].  Since many corrosion inhibitors dissociate, hydrolyse or 

become protonated in solution, so that the active form is usually not neutral but charged, 

corrosion inhibitors can be classified on the basis of the charge on these species, as cationic and 

anionic inhibitors for possessing  positive and negative charge(s) respectively. 

 Corrosion inhibitors can act by increasing cathodic and anodic overpotentials on metal 

surfaces or by changing the slopes of the partial reaction curves or both [317].  Generally anionic 

inhibitors, such as chromates and nitrites usually inhibit corrosion by aiding formation of passive 

films on metal surface which leads to passivation [318,319]. Cationic inhibitors such as Al3+, Ce3+, 

La3+, Pr3+, Nd3+, and Ni3+ and Zn2+ act by precipitating insoluble oxides and hydroxides films on 

metal surface which have been reported to inhibit corrosion by suppression of the kinetics of 

oxygen reduction reaction at cathodic sites on the metal surface  [320,321]. 

 In the ensuing sub-sections the factors affecting corrosion inhibitors and corrosion 

inhibition mechanism, and four of the classifications of corrosion inhibitors (anodic, cathodic, 

mixed and organic corrosion inhibitors)that are most relevant to the present work are discussed 

in more detail. 
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2.10.2  Classification of Corrosion Inhibitors and Factors Affecting Corrosion Inhibitor(s)/ 

Corrosion Inhibition Mechanisms 

 The corrosion inhibition mechanism can vary with the pH of the environment. In acidic 

solutions the natural oxide film present on the metal surfaces are dissolved, thus providing the 

inhibitors direct access to the metal surface. In near neutral solutions, the mechanism can be 

more complex, as the native oxide films being more stable are usually present, so that inhibitors 

not  having direct access to the metal surface are most likely to interact with the metal surface 

through the native film [322]. Based on the locality where inhibition of electrode reactions occur  

corrosion inhibition and inhibitors have been classified into three modes of inhibition and 

inhibitors; interface inhibition (inhibitors), electrolyte-layer inhibition (inhibitors) and membrane 

inhibition (inhibitors) [323,324]. Mansfeld and Lorenz [325] made further segregation of 

interface and interphase inhibition as different corrosion inhibition modes. 

 Interface inhibition is a predominant occurence in corroding system in which bare (oxide 

free) metal surface is in contact with the corrosive media as is the case in active metal 

dissolution in acid solutions [325]. Interface inhibition occurs in the region spanning both sides 

of the compact Helmholtz-double-layer [326,327]. Interface inhibition is caused by the 

assemblage of substances (interface inhibitors) staying within this layer that simultaneously 

cover the interface as they displace from the interface other less interfacially active substances 

such as water molecules and species involved in electrode reactions [328]. These inhibiting 

substances are called interface inhibitors and most of them are organic compounds [329]. 

Interface inhibition is effected by reduction in the rate of physical, electrochemical and/or 

chemical partial processes of electrode reactions that take place at the electrode-electrolyte 

interface [323]. The partial electrode reaction steps that may be affected include; charging and 

discharge of the double layer resulting in change in the capacitance,and deposition or 

dissolution of metal crystals which may involve entry and exit of adatoms from lattice positions 

such as kinks, surface diffusion, development of crystal or etch nuclei [330], charge transfer 

involving electrons or metal ions [331], heterogenous chemical reactions at the electrode side of 

the interface [332].  

 Interface inhibition is supposedly characterized by the formation of a 2-dimensional 

potential dependent layer due to strong interaction between corroding metal surface and 

inhibitor that involves specific adsorption, and potential dependent adsorption of inhibitor to 

metal surface [323,325,333]. The inhibitor thus adsorbed can retard corrosion reactions via 

three distinct routes; (a) by geometric blocking effect, in which inhibition is effected by relatively 
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high surface coverage on electrode surface by adsorbed inhibitor, (b) by deactivating coverage 

involving blockage of active surface sites at low surface coverage by an inert adsorbate, and (c) 

by reactive coverage of metal surface in chemical or electrochemical reactions that occur after 

inhibitor adsorption to electrode surface which may result in primary and/or secondary 

inhibition [325].  On the premise of strong interaction between the corroding electrode and the 

inhibitor and potential dependent adsorption of inhibitor, the inhibition efficiency in this 

scenario is most likely to be dependent on the electrode potential, the inhibitor concentration, 

and the exposure time to the corroding electrode [325]. 

 Interphase inhibition is a predominant feature in neutral and near-neutral electrolytes 

 in which direct contact of metal surface with corrosive media is hampered by the presence of 

porous or non-porous layers of corrosion products on electrode surface. As a consequence 

interphase inhibition is characterized by the formation of a 3-dimensional layer consisting of 

both the corrosion products and the inhibitor between the metal and electrolyte [334,335]. In 

interphase inhibition, the inhibition efficiency is strongly dependent on the time for formation of 

the 3-D layer, and on the properties of this layer particularly its porosity and stability [325]. 

Many interface inhibitors exhibit lowered or loss of inhibition efficiency in the presence of 

surface layers obviously due to weaker interaction between the inhibitor species and the 

electrode surface in the presence of a 3-D coverage [325], which can explain why a lot of 

corrosion inhibitors manifesting high inhibition efficiencies in acidic solutions are unable to 

replicate such high efficiencies in similar but near-neutral electroytes.  

 Electrolyte layer inhibition [331,336] can lead to a reduction in the rate of physical and 

chemical partial electrode processes/reactions which take place in the thin electrolyte-layer 

adhering to the interface that is mainly composed of the diffuse part of the double layer, the 

Nernst diffusion layer and the Prandtl flow boundary layer [337]. Electrolyte layer inhibition isin 

most cases caused by species dispersed or dissolved in the afore described electrolyte layer 

[323], and can be divided into two types; mechanical and electrochemical electrolyte layer 

inhibition [338]. Partial electrode processes/reaction steps that may be retarded in electrolyte 

layer inhibition include transport of components (by diffusion and/or migration and/or 

convection) to or from the interface, and partial steps of homogenous chemical reactions within 

the electrolyte layer [323]. It has been reported that in the case of strong electrolyte layer 

inhibition even the natural convection at the submicroscopical profile of the interface may cease 

[339]. 

 Membrane inhibition results from the covering of the electrode interface by a porous but 
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coherent polymolecular or polymerous layer, and may even be considered a type of interface 

inhibition covering the interface of the electrode.However, it is distinguished from interface 

inhibition by having thicker layers, of thickness in the order of microns, with narrow pores that 

extend into the electrolyte layer whilst still extending up to the electrode surface so that 

transport of species to the electrode surface is restricted, unlike in pure interface inhibition 

which involves at most a mono-molecular coverage of the interface by a much thinner and 

monomerous layer [323]. Membrane inhibition may result either by formation of adherent 

precipitates of metal hydroxides, phosphates, carbonates, and silicates on the interface when 

these anions interact with cations from the electrode surface [340], or by chemical reaction of 

complexing substances in the electrolyte with the metal at the interface to form layers of 

organo-metallic complexes [329].  Membrane inhibition is reported to be able to retard every 

kind of the partial electrode reaction steps  [323]. 

 On the basis of the origin of the inhibiting specie(s) corrosion inhibition (inhibitors) can 

be classified into two modes; primary inhibition (inhibitors) and secondary inhibition (inhibitors) 

[329,336,341-345].  Primary inhibition occurs when inhibition is effected by the  originally added 

compound without a change of its initial stoichiometric composition, while secondary inhibition 

occurs when inhibition is not due to the initial added compound, but due to species 

(intermediates) which are generated from the initial compound either by a chemical or 

electrochemical reaction, and competing with the basic corrosion process(es) or reactions in 

such a manner that the corrosion rate of the system is retarded [322,323]. In fact secondary 

inhibition is more frequent as it is really difficult to find compounds that do not undergo any 

chemical change in solution during the course of a corrosion process [346]. 

 

2.10.3.  Organic Corrosion Inhibitors 

 An organic inhibitor can be defined as an organic compound which when introduced to a 

corroding system is able to reduce the corrosion rate by interactions of the added organic 

molecule, its product(s) or ions, with the metal surface, its ions and/or other species in the 

environment. The potential of an organic compound to be an effective organic corrosion 

inhibitor is dependent on many factors which include; the size of the organic molecule, the 

presence of aromaticity and/or conjugated bonding, the type and number of bonding atoms or 

groups in the molecule particularly the presence of hetero-atoms or polar groups containing 

either π or ς bonding electrons, the length of the carbon (aliphatic) chain, the ability to form on 

the metal surface a compact or cross-linked layer, the strength of its bonds with the metal 
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substrate, the ability to form an adherent complex with the metal atom, and sufficient solubility 

in the electrolyte [347].  Organic inhibitors are reported to act mainly by adsorption at the 

metal-solution interface [311,329,348] mainly either by physisorption , or chemisorption [349-

351].  Insights from studies in the course of this thesis on copper inhibition with triazoles (1 H-1, 

2, 3-triazole and 1, 2, 4-triazole), indicate that very small changes in molecular structure can 

affect the mechanism  of inhibitor adsorption on metal surface and consequently inhibition 

efficiencies [352]. 

 According to Riggs [311,353], the mode of adsorption of a molecule to a metal is 

dependent on the chemical nature of the inhibitor molecule, the nature of the metal surface, 

the environment, and the electrochemical potential at the metal-solution interface, and 

adsorption   classified into three types; π bond orbital adsorption, electrostatic adsorption, and 

chemisorption. 

 Furthermore,  Riggs [311,353] proposed that the adsorption phenomena involves either 

of three types of species; proton acceptors, electron acceptors, and ambiodic or mixed 

molecules. This leads to the three known types of corrosion inhibitors on the basis of the 

electrochemical nature of corrosion. The proton acceptors being species that are most likely to 

act at cathodic sites by accepting hydrogen ion or protons and migrating to cathodic samples. 

Examples include acid inhibitors such as anilines, quinolines, ureas and aliphatic amines 

[311,347]. The electron acceptors are species such as organic peroxides, thiols, and selenols that 

adsorb at anodic sites due to their ability to accept electrons. The ambiodic species or mixed 

molecules are able to adsorb to both anodic and cathodic sites due to the possession of more 

than one orienting functional group. This characteristic may be due to a basic molecule 

containing two orienting groups (e.g. -NH2, and -SH ) as in aminobenzenethiol,  salts composed 

of proton and electron acceptors from two separate molecules as in benzenethiol and aniline, or 

due to reaction products of organic species that are able to form 'organic ions' in acidic system 

as in pyridinium benzylbromide [311,347]. The actual performance of an organic compound as 

an organic corrosion inhibitor is dependent on a variety of factors such as; its chemical structure 

and physicochemical properties, the ability of its molecules or their ions to adsorb on anodic 

and/or cathodic sites on the metal surface, the ability of its interaction with the metal surface to 

result in an increase in the cathodic and/or anodic over-voltage, and the formation of protective 

barrier films composed of complexes or insoluble films, from the interactions of the organic 

inhibitor molecule and/or its ions, and the metal, its ions, and the ions available in the 

surroundings [347]. 
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2.10.4. Physical Adsorption of Corrosion Inhibitors 

 Physical adsorption of corrosion inhibitors to metal surface is due to electrostatic 

interactions between the inhibiting organic ions or dipoles and the electrically charged metal 

surface [354]. Physical adsorption is characterized by a relative non-dependence on temperature 

and low activation energy [355], an apparent dependence on the type of adsorbable anions 

present in the solution, the sign of the surface charge on the metal , and the electrical 

characteristics of the organic inhibitor [356] . 

 Metals immersed in solutions possess surface charge due to the electric field in the outer 

Helmholtz plane (OHP) of the electric double layer at the metal-electrolyte interface. Depending 

on the position of the metal potential (Ecorr)relative to its potential of zero charge (Eq=0), the 

surface charge can be positive or negative [346,357,358]. 

𝐸𝑐𝑜𝑟𝑟 − 𝐸𝑞=0   =   𝜑  ............................................................................. (eqn. 2.77) 

where Ecorr is the electrode potential, Eq=0 is the potential of zero charge. 

For this class of inhibitors their inhibition efficiency is determined by their adsorption which is 

itself strongly dependent on the surface charge and, consequently, on the position of the steady-

state corrosion potential (Ecorr), relative to the potential of zero-charge point (Eq=0) [359-362]. 

 
Fig. 2.18.  Schematic illustration of how the surface charge relative to Eq=0 affects the adsorption 
mechanism of aniline onto mild steel surface in HCl solution  [Adapted from ref: 363]. 
 
When Ecorr− Eq=0 is negative, the surface charge on the metal is negative, and aids cation 

adsorption, and when this is positive the surface charge is postive and supports anion 

adsorption [364]. The potential of an immersed metal surface relative to its potential of zero 

charge in the solution is of great importance in determining the possibility of corrosion inhibtion 

by adsorption of inhibitive ions, as a positive surface potential relative to the potential of zero 

charge is crucial for anion adsorption. Similar effects on inhibiting species by different metals 

with similar values of 𝜑 - potential have been predicted in similar environments [346]. The 
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factors influencing this potential reportedly includes; the surface condition of the metal, the 

presence of oxygen or other cathodic depolarizers,the concentrtion of aggressive ions in the 

electrolyte, contact with other metals (galvanic coupling) or the passage of current [365]. De 

[366], proposed that in neutral and acidic solutions inhibitive anions are preferentially adsorbed 

on the metal-electroyte interfaces at sites that are more positive than the potential of zero 

charge of the metal. In neutral solutions, such sites are consistent with cathodic sites on the 

metal surface [365]. This preferential adsorption have been severally reported in acidic media 

[352,367], and also in neutral solutions [365].  According to Brasher [365], the major function of 

oxygen in solutions containing non-oxidizing inhibitors is to maintain the potential of the 

electrode surface above that of the potential of zero charge for sufficient time to enable 

adsorption of inhibitive anions onto metal surface.  

 

2.10.5.  Chemisorption of Corrosion Inhibitors 

 Chemisorption of corrosion inhibitors onto metal surfaces unlike physisorption involves 

charge transfer or sharing between the inhibitor molecule/ion and metal surface which leads to 

the formation of co-ordinate type bonds [354]. Compared to physisorption it is a slower process 

and is characterized by a higher activation energy, a temperature dependence, enhanced 

adsorption and hence better inhibition at higher temperatures, specificity to certain metals, and 

better stability as it is not easily reversible [355]. This type of inhibitor bonding to metal surface 

by electron transfer is frequent in compounds containing relatively loosely bound electrons 

usually from heteroatoms, multiple bonds or aromatic rings with π-electrons [312]. Functional 

groups rich in these features act as reaction centres for chemisorption. The strength of such 

adsorption bond is determined by the heteroatom electron density and the polarizability of the 

functional group [312]. 

 For a homologous series of organic compounds with the different heteroatoms inhibition 

efficiency has been reported to follow in this order P > Se > S > N > O and the order explained to 

result from the ease of polarizabiliy and the lower electronegativity, moving from P to O [355]. 

Furthermore, the chemisorption of anions onto metal surfaces is reportedly [368] influenced by 

electronic and chemical forces, with the degree of specific adsorption on metal surfaces 

increasing as follows; F−< ClO4
−< SO4

2−< Cl−< Br−< I−, in accordance with decreasing solvation 

energy of the species. Thus as seen fron the sequence, the strongly solvated F− and ClO4
− are 

either non-specifically or just weakly adsorbed while the other weakly solvated species (SO4
2−, 

Cl−, Br−, and I− ) are able to establish direct chemical bonds with metal surfaces. 
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 Anion adsorption (by chemisorption) on electrode surface is reportedly capable of 

affecting electrochemical processes in a variety of ways which includes; by blocking of active 

sites on which other reactants and/or intermediates could be adsorbed; by modification of the 

adsorption energy for sites adjacent to adsorbed anions; by changes in the potential distribution 

across the interface; and by restructuring the surface [368,369].  The presence of a polar groups 

and heteroatoms (such as sulfur, nitrogen, amines, phosphorous) in the molecular structure, 

through which the molecules can adsorb to the metal surface enhances chemisorption. The 

molecular structure and size of the organic compound influence their inhibitive action as 

primary amines become more effective inhibitors as their chain length increases; an effect that 

is attributed to the steric effect provided by long chains creating diffusion barriers,though 

mercaptans and aldehydesare exceptions [354]. Credible explaination for observed inhibitive 

effects of organic compounds on metals was found in Maxted’s [370-373] connection of catalytic 

poisoning of metallic hydrogenation catalysts by adsorbed species to the formation of a dative 

bond with metal, in which the "electron rich" adsorbate acts as the donor and the metal the 

acceptor, as both processes (catalytic poisoning and corrosion inhibition by organic compounds) 

involved adsorption of "electron rich" species unto metal surfaces . The resultant hypothesis 

that the electron donation involved the d-shell of the metal was confirmed by decrease in 

magnetic  susceptibility measurements  by  Dilke  et al., [374] on palladium due to adsorption of 

dimethyl sulphide, which they concluded to be consistent with the entrance of one electron 

from the dimethyl suphide (specifically from the sulphur atom) into the d-shell of the palladium. 

This linkage and better understanding of the mechanism of the interaction of organic inhibitors 

has directed the search for organic corrosion inhibitors towards "electron rich" compounds and 

the use of the electron density of candidate compounds as an inhibition modelling parameter. 

 The most critical factors affecting the degree of chemisorption are the nature of the 

metal and the electronic structure of the adsorbent.In chemisorption, bonding usually involves 

electron transfer, and hence is favoured in metals having low energy vacant atomic orbitals and 

organic compounds containing moieties that are "electron rich" (containing lone pair electrons, 

double bonds) and/ or aromatic rings with π-electrons.In chemisorption the functional group(s) 

are regarded as the reaction center(s) for the chemisorption process and the strength of the 

adsorption bond related to the heteroatom electron density and to the functional group 

polarizability [354]. On these basis Hackerman and Makrides [350], rightly postulated as 

confirmed in the course of this work that such chemisorbing organic inhibitors  should be more 

effective for iron with electron configuration 1s22s22p63s23p64s23d6 (an electron deficit in its 
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outermost shell) than for zinc with electron configuration 1s22s22p63s23p63d104s2.   In addition to 

the electronic structure [375], the molecular structure and size [376,377,378] of the organic 

compound influence their inhibitive action, while the strength of the bond is dependent on the 

metal due to its relation tothe residual valence orbitals existing at the metal surface [350], which 

varying for different metals contributes to the differences in bond strength of an inhibitor to 

different metal surfaces. 

 

2.10.6  Anodic (Passivation and Passivating) Corrosion Inhibitors 

 Anodic inhibitors mostly act by promoting the formation a protective oxide film on the 

metal surface of the metal causing a large anodic shift of the corrosion potential (Ecorr) into the 

passivation region.  Passivation is a term used to describe the transition of a metal surface from 

the active state in which metal dissolution rate increases with increasing polarization, to the 

passive state in which the rate of metal dissolution suddenly decreases and loses its dependency 

on the applied potential.  A passivating film is formed on a metal surface at electrode potentials 

more positive than the equilibrum potential of formation of the oxide(s) constituting the film by 

reaction between a metal or an alloy and an electrolyte, with the compound (oxide, etc.) 

possessing the most negative potential of formation usually innermost and in contact with the 

metallic phase [379]. Metals in the passive state (passive/passivated metals) have a thin 

protective (often non-porous) oxide layer of typical thickness around 1-3 nm on their surface 

called the passive film, that acts as a barrier separating the metal from its environment [380]. It 

has been demonstrated that passive films formed on a metal or alloy do not possess a specific 

structure, thickness and composition, and that these parameters are dependent on a variey of 

factors such as;the prevailing environmental conditions which includes, pH of the electrolyte, 

the chemical composition of the electrolyte, applied potential, exposure time, and the 

composition of the metal/alloy [379-387]. Due to the presence of this passive film, the 

dissolution rate of a passive metal at a given potential is much lower than that of an active 

metal, and depends mainly on the properties of the passive film and its solubility in the 

environment [379]. For a metal to become passive its potential must exceed its passivation 

potential in the environment. This can be achieved either by anodic polarization (anodic 

passivation) or by reaction with an oxidizing agent (spontaneous passivation) [380]. In this 

section discussion will be limited to mitigation of metal corrosion by use of inhibitors to achieve 

spontaneous passivation. A passivating-type inhibitor functions by producing local-action 

current that anodically polarizes the metal into the passive potential region and thus provides 
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the means for obtaining a noble mixed potential [388]. These passivating inhibitors or 

passivators are divided into two classes [389] depending on their ability to passivate in the 

presence or absence of oxygen as oxidizing and non-oxidizing anodic corrosion inhibitors.  

 The oxidizing inhibitors include oxidizing anions such as chromates, nitrites and nitrates 

that are able to passivate (for instance steel) in the absence of oxygen, often by modification of 

the oxide film on the metal by their incorporation into the film. These inorganic inhibitors 

(oxidizing anodic inhibitors) like chromates according to Evans [390,391] in studies on chromate 

inhibition of iron corroding in neutral salt solutions inhibit by a mechanism that involves the 

oxidation and reduction of the initial corrosion product; ferrous ion (Fe2+), to the ferric state 

(Fe3+), and then co-precipitation of ferric and chromic oxides, respectively, which are the 

oxidation and reduction products in the conversion of the initial corrosion product, ferrous ion, 

to the ferric state. This proposed mechanism demands that such inhibitors be oxidizing agents 

capable of oxidizing ferrous ions in neutral solutions. Based on observations that the ratio of 

chromic oxide in passive films stripped from the metal, after exposure to inhibited solutions, 

varied with the duration and conditions before exposure of the abraded iron to atmospheric 

oxidation, Evans proposed the pore repair /plugging theory that the inhibitive effect is most 

probably due to the co-precipitated oxides (mixture of ferric and chromic oxides) repairing the 

original air-formed oxide films at discontinuities and weak points [392]. 

 The second class of anodic inhibitors, the non-oxidizing inhibitors include non-oxidizing 

anions such as tungstates and molybdates [393,394], benzoates [395], and phosphates 

[396,397] that are only able to exert passivating effects in the presence of oxygen [398]. Since 

non-oxidizing corrosion inhibitors such as molybdates and tungstates are not oxidizing agents (at 

least) with respect to ferrous ion, and their oxides are not stable in neutral or alkaline solutions 

[399], the mechanism of their observed inhibitive effect is bound to be different.  According to 

Robertson [400] the mechanism of corrosion inhibition by non-oxidizing anions such as 

molybdate and tungstate is related to their availability and adsorption at the metal surface and 

not co-precipitation (as for the oxidizing inhibitors), since these ions are not capable of oxidizing 

ferrous ions (corroding metal ions) even in acid solutions like chromates and to a smaller extent 

nitrites. The quantity of oxygen neccessary to ensure passivation by non-oxidizing inhibitors can 

be really small. Gilroy and Mayne [401], demonstrated with iron in 0.1 M sodium benzoate 

solution of pH =7, that oxygen concentrations neccessary for passivation can be much less than 

the saturated oxygen concentration (≈ 8 ppm) as they obtained passivation with oxygen 

concentrations as low as ≈ 0.3 ppm whic is more than 25 times lower than the saturated 
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oxygen concentration. Passivation is favoured by high pH values (alkaline) [401], with a critical 

pH value below which passivation does not take place dependent on the type of inhibitive anion, 

its concentration and the dissolved oxygen concentration; the oxygen concentration required for 

passivation increasing as the solution becomes more acidic [402]. From the literature, the critical 

pH values for passivation of iron in air-saturated 0.1 M solutions of different anions are; 7.25 for 

phosphates [403], 6.1 for benzoates with the critical pH value increasing with benzoate 

concentration [404,405], 5.0-5.5 for nitrates [406,407], 4.5 for azelates [408], but as low as 1.0 

for chromates [409,410]. Nitrites reportedly inhibit only above a pH ≈ 6.0, tending to 

decompose in more acidic environments into the volatile nitric oxide and nitrogen peroxide 

[354]. The detection of iron (III) phosphate [411,412] and chromium [391,413] in oxide films 

stripped from iron electrodes after passivation in phosphate and chromate respectively have led 

to linking of passivation with interaction of anions with the oxide film on the metal, with 

different mechanisms suggested to explain observations. The main theories advanced to explain 

interaction of anions with the surface film include the adsorption/ion exchange theory [414] of 

inhibitive ions assimilation into the oxide film, in which the anions replace oxide ions as they 

leave the oxide lattice to enter solution. There is however a lack of consensus on the anion 

adsorption being a surface phenomena or the anions entering the oxide layer [382,425-417]. It 

has even been suggested [418,419] that  incorporated  anions might be able to exert influence 

on  barrier properties of the passive film, inhibiting ionic transport of OH- anions, and impart 

selectivity on transport of ionic species, with  passive films on iron in phosphate solution (pH 

8.4) being cation selective, and those in borate solution anion selective [417].  The second 

theory is the film repair theory [388,420], in which passivation is ensured by repair of the oxide 

film via a chemical or pore plugging effect, in which the inhibitive anions react with metal 

cations leaving metal/metal oxide surface at discontinuities precipitating insoluble products; the 

precipitation being favoured by a local non-acidic pH [410].   

 Caution is advised in the use of anodic/passivating corrosion inhibitors as they are 

capable of stimulating pitting and enhancement in corrosion rates at insufficient concentrations, 

as (the smaller) uncovered areas become anodic to a larger protected area. Anodic corrosion 

inhibitors are characterized by a large shift in the corrosion potential (Ecorr) to more positive 

(anodic) values; a feature that is exploited in monitoring their effectiveness in practical 

applications [421], especially as close monitoring to ensure sufficient concentration to maintain 

inhibition effects is vital. 
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2.10.7.  Cathodic Corrosion Inhibitors 

 Cathodic corrosion inhibitors are substances that cause reduction in corrosion rates by 

acting on the cathodic reactions.Substances that cause high overpotential for hydrogen and 

those that form precipitates at the cathode are effective as cathodic inhibitors in acid and 

neutral/alkaline solutions respectively. On the basis of their inhibition mechanism, cathodic 

inhibitors are classified into three groups as; cathodic poisons, cathodic precipitates, and oxygen 

scavengers [422].  In corroding systems there can be a variety of cathodic reactions, the possible 

and dominant reactions being dependent on the pH, the presence or absence of oxygen or other 

oxidants, the impressed potential or corrosion potential of the metal/alloy, and the presence of 

reducible metal cations.In principle, corrosion can be inhibited by reduction in the rates of these 

cathodic reactions. In acidic solutions the dominant cathodic reaction is the reduction of 

hydrogen ions to hydrogen atoms, which then combine to form hydrogen molecules as 

illustrated in equations (2.78 and 2.79) below: 

𝐻+  +  𝑒−   ⇌    𝐻   ..................................................................................... (eqn. 2.78) 

2𝐻   ⇌    𝐻2       ........................................................................................... (eqn. 2.79) 

This cathodic process can be inhibited by the use of a cathodic inhibitors that can inhibit any or 

both of the steps involved in the hydrogen evolution above. The electron transfer reaction (eqn. 

2.78) can be inhibited by increasing the activation energy for the electron transfer step, in other 

words increasing the overvoltage for the electron transfer required for hydrogen ion reduction, 

while the second step in the process (eqn. 2.79) can be inhibited by the use of cathodic poisons. 

Cathodic poisons such as (sulphides, bismuth, antimony, selenides, and arsenates (As2O3 or 

Na3AsO4) adsorb or deposit on the metal surface to reduce the rate of the hydrogen evolution 

reaction. Selenides and sulphides adsorb on the metal surface while compounds of bismuth, 

antimony, and arsenic are reduced at the cathode and form a metallic layer [313]. These 

cathodic poisons are usually employed in acidic media [423]. However, there is a risk of of 

blistering and hydrogen embrittlement with the use of cathodic poisons, as the hydrogen atoms 

prevented from recombining to form molecular hydrogen and leaving the metal surface, diffuse 

into the metal.  

Oxygen is a cathodic depolarizer that promotes corrosion processes by influencing cathodic 

reactions in reacting and removing hydrogen atoms from the electrode surface. Since dissolved 

oxygen in the electrolyte is a participant in many of the cathodic processes, its absence is bound 

to reduce the rate of cathodic reactions. Oxygen scavengers are substances introduced into the 

electrolyte that are capable of trapping and deactivating the excess dissolved oxygen and thus 
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make it unavailable to participate in cathodic reactions at the electrode surface, and thus inhibit 

cathodic reactions. Typical substances used as aqueous oxygen scavengers include hydrazine, 

sodium nitrite, sodium sulphite, sulphur dioxide [424], erythorbic acid (C6H8O6) or its salt 

(C6H7NaO6) [425]  and Diethylhydroxylamine (DEHA) [426,427].  Other compounds that are used 

as oxygen scavengers include tannins,hydroxylamine, carbohydrazides and quinolines [428]. 

For instance the oxygen scavenging activity of DEHA and its subsequent oxidation though a 

complex process involving several reactions steps, that are dependent on temperature, pH, and 

the concentrations of both DEHA and oxygen [426,429]can be summarized in equation 2.80 

below as; 

4 𝐶2𝐻5 2𝑁𝑂𝐻  +   9𝑂2 ⟶   8𝐶𝐻3𝐶𝑂𝑂𝐻 +  2𝑁2  +   6𝐻2𝑂 ............................(eqn. 2.80) 

For oxygen scavengers like sodium sulphite (Na2SO3), sulphur dioxide (SO2), and hydrazine 

(N2H4), the oxygen scavenging reactions can be expressed respectively as in equations 2.81 to 

2.84 below: 

𝑁𝑎2𝑆𝑂3  +  
1

2
𝑂2 ⟶   𝑁𝑎2𝑆𝑂4 .............................................................................(eqn. 2.81)  

𝑆𝑂2  +   
1

2
𝑂2   +   𝐻2𝑂   ⟶ 𝐻2𝑆𝑂4 .....................................................................(eqn. 2.82) 

𝑁2𝐻4  +   𝑂2 ⟶   2𝑁2  +   2𝐻2𝑂  .........................................................................(eqn. 2.83) 

From the equations above it is observed that stoichiometrically, for the removal of 1 ppm of 

oxygen from water, 7.9 ppm of Na2SO3, 4 ppm of SO2, 1.2 ppm of DEHA ((C2H5)2NOH), and 1 ppm 

of hydrazine (N2H4) is required. In practice however, overages in excess of these stoichiometric 

quantities are used in addition to catalysts to hasten the rates of the oxygen scavenging 

reactions [424,427]. 

Analytically, cathodic action of an inhibitor can be observed or established by significant shift  

in the open circuit potential measurements and the corrosion potential Ecorr in polarization tests 

to more negative (cathodic) values compared to that observed in uninhibited solutions. 

 
Fig. 2.19. Schematic illustration of the mechanism of anodic and cathodic inhibitors [Adapted 
from ref: 423] . 
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2.10.8  Mixed Corrosion Inhibitors 

 Mixed corrosion inhibitors are compounds that are able to significantly and 

simultaneously inhibit cathodic and anodic processes in a corroding metal/alloy.  They are 

mostly organic compounds and their efficiency is linked to their adsorption and coverage of the 

electrode surface. Like other organic inhibitors their inhibitive action is effected by either, 

physisorption, chemisorption, or film formation on the electrode surface [430]. Ma et al., [431] 

studied the inhibitive action of the four surfactants, cetyltrimethylammonium bromide (CTAB), 

sodium dodecyl sulfate, sodium oleate and polyoxyethylene sorbitan monooleate (TWEEN-80), 

on the corrosion of copper in aerated 0.5 mol dm−3 H2SO4 solutions and reported mixed 

corrosion inhibition effect for all four surfactants attributed to their blocking of the copper 

surface by electrostatic adsorption or chemisorption. Khaled and Hackerman [432], studied 

inhibitory activity of some o-substituted anilines (comprising 2-chloroaniline, 2-fluoroaniline, 2-

aminophenetole, 2-ethylaniline, o-aminoanisole and o-toluidine) on iron corrosion in 1 M 

hydrochloric acid and reported no change in the anodic and cathodic Tafel slopes in the 

presence of these inhibitors and concluded that the inhibitive effect was due to blocking of the 

reaction sites on iron surface on adsorption to the iron surface with no effect on the anodic and 

cathodic reaction mechanism [433]. They suggested a credible but experimentally unverified 

possibility of multi-mode adsorption of the o-substituted anilines onto the iron surface as (a) a 

neutral molecule via chemisorption mechanism [434] involving electron sharing between the 

nitrogen atom and iron, (b) π electron interactions between the benzene ring of the molecule 

and the metal surface, and (c) adsorption in the the cationic form in which the positively 

charged part of the molecule (ammonium-NH3
+) is oriented towards the negatively charged iron 

surface with chloride ions pre-adsorbed unto the iron surface acting as bridges between the 

cationic form of o-substituted aniline molecule and the iron surface [432]. There is need for 

better understanding of the mechanism of action of mixed type corrosion inhibitors. Future 

developments in corrosion inhibition may  be towards tailored use of multifunctional 

compounds that  contain at least two functional groups that are able to selectively act on each 

of the half-cell corrosion reactions, and hence mixed-type inhibitors. An example of such mixed 

corrosion inhibitor is p-aminobenzoic acid which contains the -NH2 and -COOH groups that act 

and inhibit cathodic and anodic reactions respectively [435].   

 

2.10.9.  Corrosion Inhibition/Inhibitors in Localized corrosion (Galvanic Corrosion) 

 Success with the use of corrosion inhibitors to mitigate localized corrosion processes like 
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galvanic corrosion is limited by the specific action of inhibitors to specific metals , the need for 

higher concentrations than that required to combat general and single metal corrosion [354], 

and the fact that surface properties (like the sign of the surface charge) of a metal can change on 

galvanic coupling with another metal thus affecting its interaction with inhibitors in comparison 

to that observed without coupling. Inspite of these challenges some reports have been made of 

the inhibition of galvanically coupled metals. Hatch [96] reported glass phosphates to be a very 

effective inhibitor of steel-copper, and zinc-copper and zinc-steel galvanic couples in quiescent 

and aerated Pittsburgh tap water of pH between 6.5 and 7 at 35oC and 80oC. The inhibitive effect 

on galvanic corrosion of steel coupled to the copper was attributed to a marked enhancement of 

the cathodic polarization due to the formation of a glass phosphate film on the copper (the 

cathode). This conclusion from such an early report gives a hint that the suppression of the 

cathodic reactions is most probably a key factor in mitigating galvanic corrosion by the use of 

inhibitors.  For uninhibited couples containing zinc and markedly in the zinc-copper couple, 

Hatch [96] had observed an initial drop in the galvanic current followed by an increase and 

attributed this to the inhibitive action of the initial zinc corrosion products [436], while the initial 

current rise for the uninhibited copper-steel system was attributed to the breakdown of the 

intial air-formed oxide film present on the steel surface. 

 Ai et al., [437] studied the inhibition of galvanic corrosion of carbon steel(N80) - stainless 

steel (S31803) couple with dodecanoic acid and its sodium salt (an anionic inhibitor) in 1% NaCl 

at pH = 4 and observed that uncoupled, the inhibitor inhibited cathodic processes on stainless 

steel (the would be cathode on coupling) and anodic processes on the carbon steel, significant 

reduction of the galvanic current density on galvanic coupling which they linked to favourable 

surface charge conditions on the carbon steel and stainless steel surfaces at their mixed 

potential.  

Ai et al, [438] also studied the synergistic inhibition effect of KI and an imidazoline 

derivative as a cationic inhibitor for galvanic corrosion of carbon steel - stainless steel couple in 

NaCl and reported formation of a more compact inhibitor film on the anode of the galvanic 

couple and synergistic effects attributed to modification of the surface charge by I- pre-

adsorption on electrode surface. 

 From this brief review of attempts at inhibition of galvanic corrosion of coupled metals 

and corrosion inhibition with inhibitors generally, it can be deciphered that some of the 

important parameters for mitigating galvanic corrosion with inhibitors might include; 

temperature, pH, dissolved oxygen concentration, presence and type of corrosion products 
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formed on each of the metals in the couple, the surface charge of the individual metal 

components of the galvanic couple in the test electrolyte at their mixed potential, the type of 

inhibitor (anionic or cationic), and the presence of species that can act as bridges for inhibitor 

species unto metal surface (e.g. I-).  

 Reports from investigations on inhibition of iron corrosion in acid solutions by aniline and 

its derivatives indicate that aniline or anilinium ion due to interaction between its π-electrons of 

the benzene ring and iron are adsorbed on the iron surface in parallel with the iron surface 

[439,440].  In a later work, aniline has been reported [441]  to  adsorb  as  the aniline molecule 

on the silver and iron surfaces in 0.1 M KCl and most probably as anilinium ion on the silver and 

iron surfaces in acidic chloride media (0.5 M HCl)  containing 0.2 M aniline in a joint adsorption 

of the cation with the chloride ion, with a predominantly perpendicular orientation and very 

little parallel orientation.  The authors [441] concluded that aniline molecule may be adsorbed 

on the silver and iron surfaces in 0.1 M KCl by the formation of a δ-bond in the perpendicular 

orientation and partly via the π-electron interaction in the parallel orientation.  The difference 

between this work (predominance of perpendicular orientation of aniline/anilinium ion) and 

earlier works was attributed to the higher concentration of aniline (0.2 M) used, in contrast to 

lower concentrations usually used in corrosion inhibition in the range of 10-3 or 10-2M since the 

orientation of an adsorbed molecule can be dependent on the coverage which itself affected by 

concentration [442,443]. 

 
Fig. 2.20. Schematic illustration of aniline adsorption on Zn and Fe galvanically coupled and 
uncoupled.  
 

 On the basis of literature reports on aniline adsorption on iron and zinc in acidic media 

[348,363,444], their potentials of zero charge in acidic media [445-447], the range of their mixed 

corrosion potential in acid media, and their respective surface charges at such potentials, the 

possible scenarios of aniline adsorption on iron and zinc respectively and on galvanic coupling in 
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acidic media is schematically illustrated in Fig. 2.20 above, to depict possible favourable changes 

in adsorption mechanism that might be neccessary for a single inhibitor to act as a galvanic 

and/or multi-material corrosion inhibitor. 

 Fig 2.20 above illustrates the challenge encountered in the use of a single organic 

inhibitor to inhibit galvanic corrosion systems.  For instance for the Zn-Fe galvanic couple the 

mechanism of the iron  interaction with aniline (as the anilinium ion in acidic media) will most 

likely change from that illustrated in (a) with a positively charged surface on iron, to (b) in which 

the iron surface becomes negatively charged on coupling to zinc, as it becomes the cathode in 

the galvanic couple. At near neutral and alkaline solutions the situation on immersed metal 

surfaces are most likely to change as the oxides and hydroxides formed change the properties of 

the metal surface. 

 

2.10.10.  Synergism in Corrosion Inhibition (Combination of Inhibitors) 

 Synergism has reportedly become one of the most important phenomena in corrosion 

inhibition processes, serving as the basis for most modern corrosion inhibitor formulations 

[448,449]. Synergism in corrosion inhibition is the combined use of two inhibitors to attain 

inhibition efficiencies greater than the sum of that obtained from each inhibitor when used 

separately.  Synergism of corrosion inhibitors reportedly results from either interaction between 

the individual components of the inhibitor composition or due to interactions between the 

inhibitor and one of the ions present in the aqueous solution [450].  Lazarides  et  al., [451] in 

the late 1970’s  reported their observation of synergism using   two commercial inhibitors, 

having obtained better inhibition efficiencies from the mixture than from the individual 

inhibitors with a caveat that the ratios of the inhibitors employed was a critical factor.  For the 

observed synergistic corrosion inhibition effect of some anions and organic compounds three 

possible mechanisms have been advanced; (a) passivating potentials imposed by redox couples 

[452], (b) mixed oxide formation [453], and (c) strong anion adsorption on metal surfaces; which 

has been acclaimed to best explain the observed synergistic effects between anions and organic 

inhibitors and inhibition in the absence of alternate redox couples and/or bulk oxide formation 

[454]. Hosseini et al., [455] demonstrated how critical a factor, the concentrations of two 

inhibitors can be as they reported antagonism on mixing sodium dodecylbenzenesulphonate 

(SDBS) and hexamethylenetetramine (HA) when one of the components was in concentrations 

less than 75 ppm but moderate synergism at higher concentrations. It is important to note that 

the observation of  an increase of inhibition efficiency does not necessarily translate to 
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synergism as the observed increase might be additive. 

 Buck and Leidheiser [456] in reporting the results of a broad survey on the effect of 35 

different metallic cations at concentrations ranging from 10-7 to 10-3 M on the corrosion of 15 

metals (aluminum,copper, iron, zinc, magnesium, manganese, molybdenum, nickel,cadmium, 

tin, silver, titanium, tungsten, gold, and zirconium) in different  boiling media, concluded  that as 

a general rule, cations of the elements in groups II to V in the periodic table showed the highest 

tendency  to inhibiting corrosion while the transition elements exhibited the greatest tendency 

to accelerating corrosion. This ability to inhibit or accelerate corrosion rate was reportedly 

possible even at cation concentrations as low as 10-7 to 10-5 M which is equivalent to 0.1 to 10 

atomic layers of the added metal on the assumption that all the ions added into the solution 

adhered to the metal surface. Furthermore, they reported that in all the metallic ions exerting 

influence on the corrosion rate a plating out mechanism of the ion unto the metal surface was 

involved.  

 The most reported synergistic combinations have been with combinations of organic 

compounds and halide ions  [449,457,458].  In the search for the synergistic corrosion inhibition 

effect, much work have been carried out on metals in acidic and near neutral media with diverse 

combinations of different inhibitor types and ion types.These inhibitor combinations can be 

classified as;organic inhibitor/metallic ion mixture [459] , inorganic inhibitor/metallic ion mixture 

[460], organic inhibitor/metallic ion mixture [461], organic inhibitor/organic inhibitor mixture 

[462], metallic ion/metallic ion inhibitor mixture [463], organic/organic inhibitor mixture 

[464,465].  For brevity a detailed review of only the synergistic corrosion inhibition with organic 

inhibitor/metallic ion mixture  on primarily galvanic couples which is most relevant to the 

present work  (due to much better inhibition effiiencies) is  presented below . 

 

2.10.10.1.  Synergistic Corrosion Inhibition  with organic inhibitor/metallic ion inhibitor 

combinations. 

 Hackerman et al. [454] reported the following order for the degree of adsorption of 

anions on mild steel in acidic media; I-  ˃Br -  ˃Cl-. From their results they concluded that since 

the observed synergism of inhibitor efficiency between these anions and organic cations is 

greater than can be accounted solely by a shift in the metal surface potential due to anion 

adsorption, a component of it must be attributable to stabilization of the adsorbed anion layer 

by organic cations. Consequently, the  molecular structure of the organic compound was 

suggested as a dominant factor in the degree of enhancement of (synergistic) inhibition by a 
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foreign anion, with the greatest enhancement most probable when both the anion and cation 

exhibit a tendency toward covalent bonding.  Iofa et al, [359] observed that chemisorption of 

halogen anions from H2SO4, solutions on cobalt and  iron, led to increase in the overvoltage of 

both the cathodic hydrogen-ion discharge reaction and the anodic metal ionization reaction. 

They posited that due to the positive charge of the cobalt surface in H2SO4 solutions, organic 

cations are poorly adsorbed and hence ineffective as inhibitors for cobalt and iron in the test 

media, but in the presence of halogen anions their adsorption increases leading to the observed 

synergistic effect though this effect was reportedly less pronounced with iron. In essence the 

adsorption of halogen anions altered the surface states of the metal shifting its potential of zero 

charge to positive values, so that the metal surface becoming negatively charged after halogen 

ion adsorption interacts with much ease with the organic cations from organic inhibitors [359].

 Mu et al., [466] studied the effectof the metallic cations Cu2+, Ni2+, and La3+ on corrosion 

inhibition of the anionic surfactant  sodium dodecyl sulfonate (SDS) on cold-rolled mild steel in 

2M hydrochloric acid and reported marked inhibition synergism of Cu2+ and SDS, accelerated 

corrosion with a lower concentration range of La3+, but a powerful synergistic inhibition at 

certain higher concentration range for the mixture of La3+ and SDS, and a minor (additive) effect 

with Ni2+. They attributed the marked synergistic effect with Cu2+ to steel surface electrode 

potential modification by adsorption of Cu2+ and copper deposition on steel via the oxidation-

reduction reaction of eqn. 2.84, and easier adsorption of SDS to steel through the deposited fine 

copper film.   

𝐶𝑢2+   +    𝐹𝑒  ⟶   𝐶𝑢 +    𝐹𝑒2+ ....................................................................... (2.84) 

 Li et al., [467]  reported strong  synergistic  inhibition effect of Ce4+  ion and iso-vanillin  

(3-hydroxy-4-methoxy-benzaldehyde) on the corrosion of cold rolled steel in 1.0 M H2SO4 

solution over a wide range of concentrations of both components. The observed synergistic 

effect  was  attributed  to formation of iso-vanillin-Ce4+ complex which precipitate on anodic 

sites while the iso-vanillin adsorbs on cathodic sites.   

 

2.10.10.2.  Synergistic Corrosion Inhibition of Galvanic Couples and Multi-material 

Combinations. 

 There seems to be a dearth of information on synergistic corrosion inhibition of galvanic 

and multi-material couples as most of the published literature on the synergistic use of corrosion 

inhibitors have been focused on individual metal or alloy [458,449,463,468,469].  However, Ai et 

al., [438] reported synergistic effect of KI and an imidazoline derivative on a carbon steel-
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stainless steel galvanic couple in 1% NaCl, and attributed the synergistic effect to the I- ion 

changing the excess surface charge distribution on the coupled electrodes thus promoting the 

adsorption of the cationic inhibitor to both cathodic and anodic areas. Musa et al., [470] 

reported synergistic inhibition of galvanic corrosion of aluminum-mild steel couple in 1 M HCl by 

iodide ion and 1-(2H)-Phthalazinone and suggested that stabilization of adsorbed iodide ions by 

the 1-(2H)-Phthalazinone as a possible mechanism for the observed synergistic inhibition of 

galvanic corrosion.  Kallip et al.,  [21] investigated synergistic activity of 1,2,3-benzotriazole (BTA) 

and cerium nitrate on Zn–Fe galvanic couple using the scanning vibrating electrode technique 

among other electrochemical test methods and reported synergistic effect with specific activities 

of BTA at anodic and Ce(NO3)3 at cathodic sites of the Zn-Fe couple respectively. On the use of 

synergistic corrosion inhibitors on more than two coupled metals (multi-material combinations) 

or on a dual material corrosion system composed of even a metal and a non-metal no published 

literature is yet available. 

 

2.10.10.3.  Evaluation of Synergistic Corrosion Inhibition  

 To establish synergism, the synergistic parameter originally hinted by Murakawa et al 

[317] and developed by Aramaki and Hackerman [471] need to be evaluated. For interaction 

between two inhibitors A and B, the synergism parameter, s can be expressed thus; 

𝑠  =   
1− 𝜂𝐴−𝜂𝐵+ 𝜂𝐴𝜂𝐵

1− 𝜂𝐴𝐵
................................................……………………………… (eqn. 2.85) 

where  s  is the synergistic parameter, ηA  and ηB are the inhibition efficiencies observed with 

only compound A, and B acting alone respectively, and ηAB is the observed inhibition efficiency 

for the mixture of the two compounds. When s < 1, there is antagonism and if s > 1 there is 

synergism. It is good to note that when two corrosion inhibitors are mixed and targeted at a 

material the concentrations notwithstanding, three principal possible outcomes are possibilities; 

synergistic action, additive action or antagonistic action.  

 

2.11.  Inhibiting the Electrochemical Reactivity of Carbon/CFRP Surfaces 

 Since carbon fibre reinforced polymers (CFRPs) are components of the multi-material 

combinations studied in this work, in which its electrochemical reactivity exerts on deleterious 

effects to the corrosion resistance of  multi-material combinations, a review on any attempts at 

inhibiting electrochemical reactivity of carbon materials would be desirable.  Unfortunately, due 

to the fact that in other applications of carbon fibres and carbon materials such as in catalysis, 

sensors, energy applications etc.,  electrochemical reactivity is a desirable quality, most reports 
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in the literature have been on improvements of the electrochemical reactivity of carbon 

materials/surfaces. Electrochemical based methods that have been employed to modify carbon 

surface include, mainly  electrochemical oxidation [473-475]  and  covalent modification  by aryl 

radicals generated from the electrochemical reduction of diazonium salts [476-478]. 

 Hoekstra and Bein [479] using Fe(CN)6
3- (in 0.1M KCl) reported marked decrease in 

electron transfer kinetics with a large overpotential, (across the carbon surface-solution 

interface) after electroxidation of decylamine or octadecylamine on glassy carbon surface 

compared to unmodified glassy carbon.Increased barrier properties and  reduced electron 

transfer kinetics have been reported [480,481]  for glassy carbon surfaces modified with 4- 

nitrophenyl using the reduction of aryl diazonium cation method, and the decreased electron 

transfer kinetics proposed to be most probably due to changes in the electronic properties of 

glassy carbon due to the surface modification [481]. Surface modification of glassy carbon 

surface with a nitrophenyl monolayer have been reported  [283]  to decrease electron transfer 

kinetics compared to unmodified glassy carbon, and  the changes in electron transfer kinetics 

were  postulated to be  suggestive of increase in the distance over which electron transfer needs 

to occur  [282,283].  In the light of these, it is plausible that the electrochemical reactivity of 

carbon surfaces might be suppressed by surface modification(s) that tunes the composition of 

the surface functional groups present on carbon surfaces, and increases the path for electron 

transport across the interface between carbon surface and solution. 

 

2.12.  Chapter Concluding Remarks 

In  this chapter (Chapter 2), the corrosion of  the  metals employed in the work (Al, Cu, Fe and 

Zn) have been reviewed as well as the methods and mechanism(s) of corrosion inhibition for 

metals and galvanic-systems to aid appreciation of  the current  work. The degradation of carbon 

fibre reinforced polymers, the surface chemistry of carbon and its electrochemical reactivity 

have been reviewed along with attempts at surface modification of carbon surfaces for 

increased surface reactivity from which insights have been drawn on possible means of 

suppressing the electrochemical activity of carbon surface (particularly to oxygen reduction 

reactions). 
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CHAPTER 3 
 

PRINCIPLES OF EXPERIMENTAL TECHNIQUES 
 

3.0.  Principles of the Experimental Techniques. 

 The experimental techniques employed in this work are mainly electrochemical 

techniques and surface analysis techniques. Electrochemical techniques have the advantage of 

relatively short measurement time coupled with the possibility of extracting mechanistic 

information from test results that are vital to the thesis objectives.  Since corrosion is a surface 

phenomena, surface analysis provides surface compositional information that aid understanding 

of possible reaction pathways, mechanisms, and inhibitor interaction with metal/metal oxide 

surface. The electrochemical test methods employed are chronopotentiometry (open circuit 

potential measurements), chronoamperometry, potentiometry (for pH and oxygen 

measurements),  potentiodynamic polarization, cyclic voltammetry, zero resistance ammeter 

(ZRA) measurements for (galvanic couples and galvanic triplets), electrochemical impedance 

spectroscopy (EIS), and Scanning Vibrating Electrode Technique (SVET). The surface analysis 

techniques employed are scanning electron microscopy (SEM), Scanning Kelvin Probe Force 

Microscopy (SKPFM), gas discharge optical emission spectroscopy (GD-OES), X-ray Flourescence 

Spectroscopy (XRFS), and Raman spectroscopy. In the rest of this section the principles of each 

of these techniques/tests are discussed. Since the work is mainly based on electrochemistry, the 

major electrochemical techniques employed are discussed in greater detail. 

 
3.1.  Chronopotentiometry (OCP Measurements) 

 Open Circuit Potential is the potential difference measured between the working and 

reference electrodes in an electrochemical cell under equilibrium conditions (i.e no impressed 

currents or voltage) using a high impedance voltmeter. Since an electrode in a corroding system 

undergoes simultaneous anodic  and  cathodic processes, the measured  open circuit  potential 

is actually the mixed potential arising from these processes, and has a value that lies between 

the equilibrium potentials of these processes, and tending  towards the values for the faster 

half-cell reaction.  Open circuit potential measuremements with time can be considered a type 

of chronopotentiometry except that in this case no current is passed between the working 

electrode and the reference electrode as the voltage is measured through a high impedance 

voltmeter against the reference electrode. This is an important difference between OCP 

measurements and chronopotentiometric tests. 
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Fig. 3.1. Schematic illustration of typical OCP - time profiles and their indications [Adapted from 
ref: 472]. 
 

 Open circuit potential measurements can give insight on what is happening on the 

exposed material surface in the test media, and in solutions containing inhibitors give some 

clues to the type of inhibitor (cathodic or anodic), which is confirmed usually by 

potentiodynamic tests. Measurement of open circuit potential evolution over time though a 

simple test, can give interesting information about the evolution of corrosion or onset/presence 

of passivation phenomena [482]. Secondly, measurements of OCP evolution during the 

immersion can be helpful in inhibition studies in the planning and determination of appropriate 

time scales for other electrochemical measurements/tests as it provides information on the 

balance of redox processes on the metal surface. Thirdly, the probable presence of pitting and 

metastable pitting events in an immersed sample can be observed as a "noisy" OCP-time 

evolution or as sharp fluctuations. Finally, observation of shifts in the OCP of a metal immersed 

in an inhibitor containing system in comparison to the trend in the uninhibited solution can 

provide first indications of the type of inhibitor (cathodic or anodic). Open-circuit potential 

usually increases (tending towards nobler potentials) with time for passive samples as passivity 

improves, and often decreases (tending towards more negative potentials) when localized 

corrosion begins [483].  Care must however be exercised not to make conclusions on the sole 

basis of OCP measurements. 

 

3.2.  Potentiodynamic Polarization Technique 

 The potentiodynamic polarization technique is a DC technique used to determine the 

corrosion properties of a metal or alloy with respect to impressed changes in its potential. It is 

used to obtain a quick qualitative picture or signature of an electrode in the test media. With 

this technique a wide range of important information such as the different regions (the active 
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corrosion region, the passive region, the transpassive region), and important parameters such as 

the potentials and currents associated with the onset of passivity, breakdown of passivity, the 

corrosion current density and corrosion potential, corrosion rate, pitting susceptibility, passivity 

range, active corrosion range and the cathodic behavior of an electrochemical system can be 

established [484,485], depending on the test parameters employed. In corrosion inhibition 

studies, comparison of the logarithm of current - voltage relationship for an electrode in the 

presence of inhibitors with that without inhibitors gives information on the mode of action of 

the inhibitor on the basis of the particular electrode half reaction (cathodic and anodic)  the  

inhibitor influences and  shifts in the corrosion potential. 

 

3.2.1. Potentiodynamic Polarization Test 

 Potentiodynamic polarization is a DC test technique in the driving force for 

electrochemical processes to occur is supplied in the form of an impressed potential gradient 

with a potentiostat in a desired direction (cathodic or anodic), or a sequence of directions from a 

chosen potential usually the open circuit potential, or some anodic or cathodic displacements 

from it, depending on the test objectives, while the resultant current output is measured. The 

magnitude  of  this  driving force (polarization) dictates which electrochemical processes actually 

take place at the anode and cathode, as well as their rates [485,486].  A potentiodynamic 

polarization test is a three electrode test in which potential is applied to the working eletrode 

(the specimen), through a potentiostat and the resultant current flowing between it and the 

counter electrode is measured with reference to a reference electrode whose potential is 

invariant under the test condition. The counter electrode should be very conductive and stable 

under the test condition; platinum being the usual choice in aqueous corrosion studies. 

Additionally,  it  is beneficial that  the surface  area of the counter electrode is higher than that 

of the working electrode, so that the response of the system is determined solely or 

predominantly by the working electrode. Prior to a potentiodynamic test it is neccessary to 

immerse the working electrode in the test solution for some time to achieve equilibrum, the 

actual time duration being dependent on the metal/alloy and the test solution.  Depending on 

the desired test conditions and objective(s), temperature control by use of a water bath, pH 

control by use of buffered solutions, and dissolved oxygen concentration control (by oxygen, 

nitrogen or argon sparging before and/or during the scan) may be neccessary. Since the currents 

measured can  be very low, measurements are usualy made in a Faraday cage. The scan rate 

(rate of change of potential) is an important variable as it determines how close to equilibrum 
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each point reaches before the next increment and affects the shape of the polarization curve 

and features that it manifests. To reduce ohmic potential drop through the test electrolyte, the 

working and reference electrodes are placed as close to each other as possible often by the use 

of a Luggin capillary. 

 The results from a potentiodynamic polarization test are often presented in the form of a 

plot of the applied potential against  the logarithm of  the current. From observations in the 

literature there appears not  to be a strict rule on which of the two variables is the ordinate and 

the abscissa. In this work potentiodynamic results are presented with the log of current on the 

Y-axis and the applied potential on the X-axis. At the corrosion potential, Ecorr, or open circuit 

potential the total anodic current is equivalent to the total cathodic current and the net current 

measured current should theoretically be zero, but practically observed to have a finite value 

that  tends to zero. This practical observation is exploited in quick identification/estimation of 

the values of the corrosion potential, Ecorr, and the corrosion current, icorr, directly from the scan. 

 The corrosion current density (icorr), and subsequently the corrosion rate, can be 

determined graphically from the so-called Tafel extrapolation in which the Tafel region of a 

polarization curve can be extrapolated back to the steady-state open-circuit corrosion potential 

to give the open-circuit corrosion rate provided that the following conditions are met; the 

branch of the polarization curve is under activation control, presence of a well-defined Tafel 

region, corrosion is uniform not localized corrosion, and changes in electrode potential (within 

the Tafel region) do not induce additional electrode reactions [487]. The Tafel region is the 

region of the curve in which the applied potential varies linearly with the logarithm of the 

current. 

 

3.2.2.  The Linear Polarization Resistance Technique 

 The linear polarization method is discussed herein under potentiodynamic polarization 

because it  is a type of potentiodynamic test, and secondly and more  importantly because  in 

the course of this work a scheme was devised that enabled simultaneous acquisition of linear 

polarization resistance data with anodic potentiodynamic polarization data in one test. This was 

done during anodic potentiodynamic polarization tests by starting at potentials 10-20 mV 

cathodic from the open circuit potential and scanning towards the terminal anodic potential. By 

the time the scan has gone past 10-20 mV anodic with respect to OCP, the data for the 

polarization resistance is already acquired, while the rest of the data for the anodic 

potentiodynamic polarization is being acquired. 
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 Linear polarization resistance technique is a potentiodynamic polarization test in which 

the potential excursions are limited to a small range, typically within ±10-25 mV with respect to 

the corrosion potential, in which range the current response to the applied potential is linear 

and very small. A plot of the measured current against the applied potential, gives a slope that is 

equal to the polarization resistance (equation 3.1). 

𝑅𝑝  =   
𝜕∆𝐸

𝜕𝑖
 
𝑖 =0,  𝑑𝐸

𝑑𝑡  → 0 
  ..................................................... (eqn. 3.1) 

where Rp is the polarization resistance in ohm.cm2, i is the current density and E the applied 

potential. 

With foreknowledge of the values of the Tafel constants (obtainable from potentiodynamic 

polarization) the polarization resistance thus obtained can be used to evaluate corrosion rates 

[488], as the obtained polarization resistance relates to the corrosion current density, icorr, 

according to equation 3.2, which in turn relates to the corrosion rate according to equation3.5. 

𝑖𝑐𝑜𝑟𝑟  =
𝐵

𝑅𝑝
   ........................................................ (eqn. 3.2) 

where B is the Stern - Geary constant [489]  and relates to the Tafel constants thus: 

𝐵 =
𝛽𝑎𝛽𝑐

 2.3  𝛽𝑎  + 𝛽𝑐 
  .................................................(eqn. 3.3) 

where  βa and βa are the anodic and cathodic tafel slopes 

Substituting for B in equation 3.2 yields; 

𝑖𝑐𝑜𝑟𝑟  =  
𝛽𝑎   𝛽𝑐𝑅𝑝

2.3  𝛽𝑎  + 𝛽𝑐 
  ......................................... (eqn. 3.4) 

But from Faradays law corrosion rate (CR) in mil per year (mpy) is expressed as: 

𝐶𝑅 =  
𝑖𝑐𝑜𝑟𝑟   𝐴𝑤

𝐹 𝑛  𝜌
  ...................................................(eqn. 3.5) 

where CR  is the corrosion rate in mils per year (mpy), icorr is corrosion current density (A.cm-2), 

Aw is atomic weight (g.mol-1), F isFaraday's constant (96,487 C.mol-1), ρ is density of metal (g.cm-

3), and n is numberof electrons involved in the reaction. 

Substituting for icorr according to equation 3.4 into equation 3.5 yields; 

𝐶𝑅 =   
𝛽𝑎𝛽𝑐𝐴𝑤

2.3  𝛽𝑎  + 𝛽𝑐 𝐹 𝑛  𝜌
  ........................................ (eqn. 3.6) 

. 

3.3.  Cyclic Voltammetry 

 Cyclic voltammetry is a useful electrochemical technique for the study and determination 

of the mechanisms and rates of the redox processes (oxidation/reduction reactions), taking 

place on electrode surface or across the electrode/solution in an electrochemical system. Cyclic 

voltammetry is capable of providing thermodynamic information of redox processes, and the 
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kinetics of heterogenous electron transfer reactions, coupled chemical reactions, and adsorption 

processes taking place on or near electrode surface, which are relevant to corrosion and 

corrosion inhibition studies. Furthermore, the characteristic shapes of the voltammetric waves 

and their known position on the potential scale function virtually as fingerprint of the individual 

electroactive species and electrochemical properties of redox systems; the reason the cyclic 

voltammetry has been regarded as an “electrochemical spectroscopy” [490,491,492]. 

 In cyclic voltammetry, the potential of a working electrode is ramped or scanned linearly 

between two potentials using a triangular waveform (Fig. 3.2), and the current response 

measured. Cyclic voltammetry is executed with a three electrode arrangement; the working 

electrode, the reference electrode and the counter electrode.  

 
Fig. 3.2.  Potential time dependence in cyclic voltammetry. 
 

 The potential can be scanned in two ways, either linearly or in a staircase manner. In the 

linear scan method the potential scan is accomplished by a linear increase or decrease of the 

potential in a sequence of small potential steps, between the vertices of the scan with the 

resultant current sampled at regular intervals during the scan. In the staircase method for cyclic 

voltammetry, the applied potential is changed in a stepwise manner with each step, (1/N, where 

N is the total number of steps), having a magnitude of ∆E and following the previous step by a 

time lapse of τ in seconds. Hence staircase voltammetry is a unique current-potential-time 

relation specified by at least three parameters; ∆E, τ, and N, while linear scan voltammetry is 

easily  described by the scan rate.   

 In linear scan voltammetry since the potential change is effected at a constant rate, the 

charging or capacitive currents generated gravitate to a constant value given by the relation: 

ic = Cdl ν  .................................................................  (eqn. 3.8) 

where ic is the charging current, Cdl is the double layer capacitance and ν is the scan rate. 
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The potential is applied between the working electrode and the reference electrode while the 

resultant current is measured between the working electrode and the counter electrode. Often 

times repeated or multiple scans are employed or scan rates varied depending on the 

information needed. The resultant plot of current vs. potential is called a cyclic voltammogram 

and can be exploited to evaluate time dependent information of many physical and chemical 

parameters of the electrohemical system under study such as concentration of redox species, 

diffusion coefficients, heterogeneous rate constants and the transfer coefficient [491,493]. 

During a cyclic voltammetric forward scan (towards more noble potentials) in a quiescent 

solution, current increases as the potential is ramped due to the oxidizable species, R, near the 

electrode surface being oxidized to yield O species and electrons (Fig.3.3). The reducing 

concentration of R near the electrode surface needs to be augmented by the diffusion of R 

species from the bulk to the electrode surface, thus increasing diffusion layer thickness. The 

combined effects of a potential increment and an increasing diffusion layer thickness leads to 

current maximum (peak ia).  After this the current reduces as fewer R becomes available near 

the electrode surface with the concentration of O in this region increasing. Maintenance of high 

currents requires the diffusion of more R from the bulk to the electrode surface (increase of 

diffusion layer thickness), the rate of this process being dependent on the allowed time (scan 

rate), the diffusion coefficient of the R species, and its bulk concentration. Furthermore, as the 

concentration of O near the electrode surface increases, the zone near the electrode surface 

depleted of R increases, and so does the distance R needs to be transverse from the bulk to 

electrode surface. As a result of these, the current tends towards zero. Increasing the scan rate 

reduces the time available for depleted species near the electrode surface to be replenished by 

diffusion from the bulk, as a consequence increasing the scan rate in cyclic voltammetry yields 

better defined peaks. On reversing the scan direction in a reversible system (in which the O 

species produced in the forward scan are not converted to another specie P, or rendered 

electrochemically inactive), these O species near the electrode surface are reduced leading to 

the formation of the cathodic peak (ic), until most of the O species near the electrode surface 

are consumed with more O species required to diffuse to the electrode surface from the bulk.  

Thus it is obvious that the measured peak currents can be related to a variety of parameter of 

the electroactive species present in the electrochemical system. 
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Fig. 3.3.  Schematic illustration of the voltammogram of a reversible couple. 
 

 The important parameters directly obtained from a cyclic voltammogram are the 

magnitudes of the anodic peak current (ia) and cathodic peak current (ic), the anodic peak 

potential (Epa) and the cathodic peak potential (Epc). The values of these parameters, their 

relationships to each other and to the scanning rate (ν), describes the thermodynamics and 

kinetics of processes taking place in the system, and the electrochemical propeties of the 

working electrode. Other important parameters that are extracted from these four basic 

parameters include;  the peak seperation ∆E, and the mean of the peaks, E1/2 (also refered to as 

Eo’, the formal reduction potential). Evaluation of the currents is done by extrapolation of the 

baseline (Fig. 3.3), care being taken to accurately determine the baseline. A redox couple in 

which both (reductant and oxidant) species rapidly exchange electrons with the working 

electrode as the potential is cycled is termed an electrochemically reversible couple. 

 

3.4.  ZRA Measurements for (Galvanic Couples) 

 When two disimilar metals are in electrical contact and immersed in an electrolyte a 

voltage difference becomes operative between them which drives a current (the galvanic 

current). The magnitude of the galvanic current is dependent on the factors like the distance 

between the two metals in the galvanic series, the conductivity of the electrolyte, the kinetics of 

the electrode processes on each electrode, the presence of oxygen or other oxidants, the 

presence and nature of corrosion products on each of the metals, and the presence of inhibitors. 

The value of the galvanic current is measured using a zero resistance ammeter (ZRA). An 

ordinary ammeter can in principle be used for the same purpose but the voltage drop in the test 

of equipment, of the usually small galvanic current being measured will be a source of very 

significant error. 
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3.5.  Electrochemical Impedance Spectroscopy (EIS) 

 Electrochemical impedance spectroscopy has emerged as a tool for investigating the 

mechanism of corrosion and its mitigation efforts with corrosion inhibitors, conversion coatings, 

polymer coatings, oxide layers, and cathodic protection, providing mechanistic information in 

situation in which traditional DC techniques are limited such as corrosion protection by polymer 

coatings and anodic films [494]. The  increasing use of impedance techniques is due to its many 

advantages which include: use of very small perturbations that exert negligible effects on the 

electrode processes being studied, possibility of studying corrosion reactions and measuring 

corrosion rates in low-conductivity media, in which traditional DC methods are ineffective such 

as corrosion under painted or concrete structures, and the possibility of evaluating polarization 

resistance and double-layer capacitance data in one measurement [495]. Electrochemical 

impedance spectroscopy is a test method in which the impedance response of an 

electrochemical system is studied as a function of the frequency by application of an a.c. wave of 

small amplitude [496]. In electrochemical impedance spectroscopy, this impedance response 

from an electrochemical system is measured point by point as a function of frequency, usually 

from higher to lower frequencies to obtain a spectrum, on application of a sinusoidal voltage of 

small amplitude. The spectra thus acquired are rich in information about the system which 

includes at each frequency in the spectra; the Z modulus and the phase angle (between the 

applied potential and the resultant current), from which the imaginary and real components of 

the impedance are easily evaluated.  Analysis of  the spectra yields even more information. To 

interpret the spectra by relating it to physical processes taking place in the electrochemical 

system under study, an analog or "model" of the system (an electrical equivalent circuit), 

capable of producing a similar electrical response as the studied system with appropriate values 

of its constituent elements is employed. 

 

3.5.1. Basic Concepts Related to EIS 

 The resistance, R, of a circuit to the flow of current is described by Ohm's law as a ratio of 

the applied voltage E, to the current, I. 

𝑅 =  
𝐸

𝐼
  .................................................................................................... (eqn. 3.17) 

Ohm's law description of the relationship between voltage and current is valid at all levels of 

voltage and current, for ideal systems with an ideal resistor, characterized by a constant 

resistance independent of frequency, and a.c. current and voltage in phase. Real systems are 

composed of different circuit elements and exhibit a more complex behaviour than described by 
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Ohm's law.  As a consequence the concept of impedance was introduced to accurately describe 

observations. 

Impedance can be defined as the complex resistance (being composed of real and imaginary 

components) to the flow of current in a circuit comprised of resistive, capacitive, and inductive 

elements, on application of a potential. 

 

Fig. 3.4. Sinusoidal current response in a linear system to a sinusoidal applied voltage. 

 

Assuming as in an EIS measurement a small a.c sinusoidal potential excitation Et is a applied to 

an electrochemical system. The response to this excitation signal is an a.c. sinusoidal signal with 

same frequency as the excitation signal, but phase shifted by (φ) as illustrated in Fig. 3.6.  Since 

the potential excitation is  sinusoidal, it changes with time and can be expressed as a function of 

time as: 

𝐸𝑡  =    𝐸𝑜𝑠𝑖𝑛 (𝜔𝑡)  ...........................................................  (eqn. 3.18) 

where Et is the potential at a time denoted by t,Eo is the amplitude of the potential, and ω is the 

angular frequency. The angular frequency ,ω (in radians/second), is related to the frequency, f, 

measured in Hertz (Hz) by the realtion: 

𝜔 =  2𝜋𝑓 .......................................................................... (eqn. 3.19) 

The response signal to this applied potential in a linear system, is a current signal It that can be 

expressed as:  

𝐼𝑡  =    𝐼𝑜𝑠𝑖𝑛 (𝜔𝑡 +  ∅) .......................................................  (eqn. 3.20)   

where It  is the current at a time denoted by t, Io is the amplitude of the current, ω is the angular 

frequency, and φ is the phase angle between the applied potential and the current. 

Guided by Ohm's law, the impedance, Z, of such system at a time t, after application of the 

excitation can beexpressed as: 

𝑍 =   
𝐸𝑡

𝐼𝑡
   =   

𝐸𝑜𝑠𝑖𝑛  (𝜔𝑡 )

𝐼𝑜𝑠𝑖𝑛  (𝜔𝑡  + ∅)
.................................................... (eqn. 3.21) 

From equation (3.21) above, eliminating the amplitudes gives: 
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𝑍𝑜   =   
𝑠𝑖𝑛  (𝜔𝑡 )

𝑠𝑖𝑛  (𝜔𝑡  + ∅)
 .................................................................. (eqn. 3.22) 

where Zo is the magnitude of the impedance. 

 

 

Employing Euler´s relationship (equation 3.23), makes it easier to graphically present complex 

impedance data. 

𝑒𝑥𝑝 ( 𝑗∅)  =  𝑐𝑜𝑠 ∅ +  𝑗 𝑠𝑖𝑛 ∅ ............................................. (eqn. 3.23) 

Using the Eulers notation, the applied voltage is expressed as: 

𝐸𝑡  =   𝐸𝑜𝑒𝑥𝑝 𝑗𝜔𝑡   .............................................................. (eqn. 3.24) 

and the current response as: 

𝐼𝑡  =   𝐼𝑜𝑒𝑥𝑝 𝑗𝜔𝑡 −  ∅  ......................................................... (eqn. 3.25) 

Thus the impedance is expressed as: 

𝑍(𝜔)   =  
𝐸𝑡

𝐼𝑡
  =  𝑍𝑜𝑒𝑥𝑝 ( 𝑗∅) ................................................... (eqn. 3.26) 

or as: 

𝑍(𝜔)   =   𝑍𝑜𝑒𝑥𝑝 ( 𝑐𝑜𝑠∅ +  𝑗 𝑠𝑖𝑛 ∅) ........................................ (eqn. 3.27) 

where cos Ø denotes the real part (Zreal), and j sin Ø the imaginary part (Zim) of the impedance 

(Z(ω)) 

 

The real part of impedance is characteristic of charge transfer processes (resistive), while the 

imaginary part characterizes the charge storage processes (capacitive) like polarization. 

 

 
Fig. 3.5.  Illustration of the Nyquist plot. 
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The Nyquist plot  (Fig. 3.5) is presentation of impedance data obtained by plotting the 

impedance at each frequency as a vector of magnitude IZI, the angle between the vector and 

the x-axis being the phase angle Ø,with the x-axis denoting the real component (Z') and the y-

axis the imaginary component (Z") of the impedance. To convey the frequency dependence of 

impedance data in Nyquist plots it is necessary to label individual points of interest with 

frequency information. 

 Impedance data can also be presented as a Bode spectra or plot in which both the 

logarithm of the modulus of impedance, log IZI, and the phase angle, Ø, are plotted as a function 

of the logarithm of frequency (Fig.3.6) [496].  The presentation of EIS data in the form of Bode 

plots has several advantages over the Nyquist plot, as the frequency dependence of the 

components of the impedance (predominantly resistive and capacitive regions) are easily 

distinguished and in combination with the information easily accessible from the frequency 

dependence of the phase angle, which is very sensitive to small changes in the spectra, enables 

fast analysis of impedance spectra. For instance the presence of multiple time constants is easier 

to detect in the evenly spaced data points and logarithmic scale of the Bode plot. 

 
Fig. 3.6.  Schematic illustration of the Bode plot. 
 

3.5.3. Interpretation of EIS Data : Equivalent Circuits 

 Two tools, analogs and physical models can be used to interprete EIS data. Physical 

models attempt to interprete EIS data by reproducing the phenomenon of interest and also 

accounting for the mechanism of the processes occurring at the interface while analogs achieve 

same by simply reproducing the properties of the system [497].  Equivalent electrical circuits are 

used as "models" (but are actually analogs [497] to explain electrochemical impedance results. 
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This approach is supported by the fact that impedance functions often display many of the 

features of passive electrical circuits [496]. 

 These equivalent electrical circuits use diverse combinations of resistance(s), 

capacitance(s) or other elements such as constant phase elements (CPE) or Warburg elements 

[498,499], which having certain values accurately simulate the electrical equivalent of processes 

taking place in a system under study. For a model to achieve this, two conditions must be 

satisfied [500];  

(a) All elements of a proposed circuit must have a clear physical meaning, each being associated 

to a physical property of the system that can generate same kind of electrical response, and 

collectively producing a combined output equivalent to that of the system being studied, and 

with parameter values of these elements evolving with time in a continous and non-random 

manner.  

(b) The equivalent electrical circuit must be as simple as possible, by elimination of elements 

whose absence do not invalidate previously described condition(s), and generate spectra with 

suitable value of the elements that vary only negligibly (error ) in a non-periodic or regular 

manner as a function of frequency [500]. 

 

Table 3.1. Circuit elements  

    Circuit Elements     Symbol Impedance Expression 

Resistor, R 
 

Z =  R 

Capacitor , C 
 

Z =  1/jωC 

Inductor, L  
Z =  jωl 

Constant Phase Element, CPE 
 

𝑍(𝜔) =   𝜍 (𝑗𝜔)−𝛼  

Warburg , W -w- 𝑍𝑤  =   𝛿 (1 −  𝑗) 𝜔−1/2 

Open Boundary Finite 
Length Diffusion (OFLD), O 

 

 

ZOFLD  =
 tanh 𝐵(𝑗𝜔)

1

2 

𝑌𝑜(𝑗𝜔)

1

2

 

Blocked Finite Length 
Diffusion (BFLD), T 

T 
ZBLFD  =  

 cothB (jω)
1

2 

Yo(jω)
1

2

 

 

 An equivalent circuit consists of basic elements such as; a resistor, R, to represent the 

resistance that charge carriers encounter in a specific process or material; a capacitor, C, 
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representing the accumulation of charged species; and an inductor, L, representing the 

deposition of surface layers such as a passive layer [496].   The main constituents of equivalent 

circuits and their impedance expressions are presented  in Table 3.1 above.  A resistor, lacking in 

a frequency dependence of its impedance and without an imaginary impedance component is 

used to account for charge transfer processes and the resistance that charge carriers encounter 

during these processes in an electrochemical system. As a consequence current output from a 

resistor is in phase with and proportional to the applied voltage. A capacitor is used to represent 

processes that lead to charge accumulation in the electrochemical system. It only has an 

imaginary component, and its  impedance  is frequency dependent. The imaginary component 

of its impedance decreases with increasing frequency , and there is a phase shift between the 

output current and the applied voltage that is -90o for an ideal capacitor. The inductor is used to 

represent relaxation processes of adsorbed species on the electrode surface [501,502], and pit 

formation [503] in an electrochemical system, and though its impedance is frequency 

dependent, in contrast to the capacitor it increases with increasing frequency, and the phase 

shift between the output current and applied voltage is phase shifted tending towards +90o for 

an ideal inductor.  

 Constant phase elements are general circuit elements introduced in equivalent circuits to 

account for electrode surface inhomogeneities (which can arise from distributed surface 

reactivity, surface inhomogeneity, roughness or fractal geometry, electrode porosity, and current 

and potential distributions associated with electrode geometry) [504] which can cause non ideal 

behaviour of circuit elements, and thus can in principle stand in place of any circuit element 

given an appropriate  exponent. Values for the exponent, n, of the constant phase element 

representing different circuit elements are, inductance (n = - 1) , resistance (n = 0), Warburg (n = 

0.5), capacitance (n = 1), non-ideal dielectric behaviour ( - 1 ≤ n ≤ 1) resulting from a 

distribution of relaxation times [505] or from non-uniform diffusion whose electrical analog is an 

inhomogeneously distributed RC transmission line [506].Constant-phase element or impedance 

can be represented in a general form, by equation(3.28) [507]: 

𝑍(𝜔) =   𝜍 (𝑗𝜔)−𝛼   ...................................................   (eqn. 3.28) 

where ς and α are frequency-independent real constants. 

Setting α equal to 1/2 and 1/4 in equation (3.28) yields two of the most important constant-

phase impedances in electrochemistry; semi-infinite planar diffusion and pore diffusion [507] 

respectively which manifests as a straight line of slope 45o (π/4) and 22.5o (π/8) in the complex 

plane respectively [507].  
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3.5.5  Combination of Circuit Elements to form Equivalent Circuits and Effect on Spectra 

 Commonly used equivalent circuits consist of two or more elements which may be 

arranged either in series or in paralell. The arrangement of circuit element in an equivalent 

circuit affects the total impedance of the circuit , in accordance with Kirchhoff's laws. For a series 

circuit, with n impedances arranged in series, the total impedance Z is given by : 

𝑍 =  𝑍1 +  𝑍2 +  𝑍3 ………… . + 𝑍𝑛   ............................................. (eqn. 3.33) 

For a circuit, with n impedances arranged in parallel, the total impedance Z is given by: 

1

𝑍
 =  

1

𝑍1
 + 

1

𝑍2
 +  

1

𝑍3
………… +

1

𝑍𝑛
 ................................................... (eqn. 3.34) 

Most equivalent circuits are often made up of different combinations/arrangements of resistors 

and capacitors. Table 3.1 lists the most likely circuit elements that may be encountered in 

corrosion, their symbols, and impedance expressions. Since the impedance response of each of 

these circuit elements to the change in frequency of the applied voltage is different, it is possible 

to use this differences to identify the dominant elements at different frequencies and thus 

extract mechanistic information.  

 The choice of amplitude of the impressed a.c. input voltage is guided by the objective of 

introducing voltage perturbations that are just strong enough to elicit a measurable response 

without much disturbance of the electrochemical system under study. For uncoated metals, 

signals of  5-20 mV are typical. On introduction of a perturbation to a system in a steady state, 

for instance by application of an a.c. voltage as in EIS, the system relaxes to a new steady state 

after some interval. The time duration it takes (in seconds) to establish a new steady state after 

perturbation is known as a time constant , τ, and defined by equation (3.35) as : 

𝜏  = 𝑅𝐶   ......................................................................... (eqn. 3.35) 

where R is the resistance in ohms and C is the capacitance of the system in Farads.  

Each time constant is associated with a characteristic frequency expressed by; 

𝑓 =  
1

2 𝜋𝜏
   ...........................................................................(eqn. 3.36) 

In the frequency domain, fast processes (with low τ) occur at high frequencies while slow 

processes (with high τ) occur at low frequencies, hence dipolar properties can be studied at high 

frequencies, bulk properties at intermediate frequencies and surface properties/processes at 

low frequencies [496]. Parameters that can be easily extracted from EIS data for a system 

manifesting  a single time constant are; the capacitance of the double layer, Cdl, the polarization 

resistance Rp. In EIS the the polarization resistance Rp, is defined as the dc limit of the 

impedance [508]. For more complex systems such as coated samples or samples on which a 
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layer(s) of corrosion products have been formed, the phase angle dependence on frequency in 

the Bode plot can provide a lot of mechanistically important information, as the high frequency 

region is reportedly determined by the coating properties, the medium frequency by the 

changes in the coating conductivity/barrier properties during exposure to corrosive media, and 

the low frequency region by the corrosion processes taking place at the coating/metal interface 

being studied [509]. 

 

3.5.5.  Vaidity of EIS data (Validating Impedance Data with Kramers-Kronig Transforms ) 

 In  spite of the benefits accruable from use of EIS in studying electrochemical systems, 

the validity of the acquired experimental data can be a challenge as invalid impedance data 

mayyield apparently correct kinetic parameters that fit into an equivalent circuit model [496]. To 

ensure the validity of EIS data and its freedom from experimental artifacts and errors, 

Macdonald et al. [510,511] proposed the use of a set of mathematical relationships; the 

Kramers-Kronig (K-K) transforms to validate impedance data. Kramers-Kronig (K-K) transforms 

have been acknowledged as useful tool for the evaluation and interpretation of electrochemical 

impedance data [512], and demonstrated as a diagnostic criteria for confirming the validity of 

EIS data [510,511].  The Kramers-Kronig (K-K) transforms are mathematical relationships that are 

able to  transform the real component into the imaginary component and vice versa, thus 

specifying the relationship between an input voltage perturbation and the resultant current 

response as the impedance only when four criteria are satisfied.  These four criteria are 

casuality, linearity, stability, continuity or finiteness [513,514], and the details of these criteria 

are explained below; 

(a) Causality implies that the response of the system is due only to the perturbation applied  

and lacks significant components from spurious sources. 

(b) Linearity implies that the applied perturbation and resultant response of the system is 

describable by a set of differential laws; a condition requiring that the impedance is independent 

of the magnitude of the perturbation. In practice this requirement is taken into account by using 

a perturbation of small amplitude in the linear portion of the current-voltage curve of the 

sample. 

(c) Stability implies that the system must be stable, returning to its original (equilibrium) state on 

removal of the applied perturbation. The applied perturbation must not be such that creates 

irreversible effects on the system. 

(d) Finity implies that the transfer function must be finite valued as ω→ 0 and ω→∞, and 
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must be a continuous and finite-valued function at all intermediate frequencies. If these 

conditions are met, a set of transforms between the real and imaginary components have been 

shown to hold by Kramers [513]. This means that the experimentally observed real component 

can be transformed by K-K transforms, to yield the experimentally observed imaginary 

component and vice versa. If it does not, then the measured quantity cannot be interpreted as 

impedance [514-516].   

 In addition to validating  EIS data with KKT it is neccessary to be cautious in the choice of 

equivalent cricuit to fit the data to, ensuring that the circuit and its elements are physically 

meaningful, have  a good fit with experimental data and is confirmable by some other 

techniques [496,517]. 

 

3.6.  Scanning Vibrating Electrode Technique (SVET) 

 Scanning vibrating electrode technique is one of the scanning electrochemical (probe) 

techniques that can be used to measure and spatially resolve corrosion activity, on the 

assumption that corrosion involves cathodic and anodic activities taking place on spacially 

separated sites.  Scanning vibrating electrode techique is an AC test method that measures the 

flux of ions in the electrolyte over a sample from measurements of the potential difference 

between the two extremes (i.e vibration amplitude) of the vibrating probe, but without 

identification of the species creating the ionic fluxes that are measured [518-521]. 

 

3.6.1.  Operating Priciple of SVET 

 The five major components of the SVET equipment are: the electrochemical cell; the 

piezo-oscillator system for producing the vibration of the microelectrode; the signal processing 

system composed of two lock-in amplifiers that measure and filter the signal produced in the 

probe; the positioning system composed of tri-axial motors for precise movement and 

positioning of the vibrating probe; and the data management and control system composed of 

the computer, interface and display system. The electrochemical cell consists of the vibrating 

and fixed microelectrodes, the reference electrode, the sample and its electrolyte receptacle 

[520]. 
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Fig. 3.7.  Schematic reprentation of the basic components of a SVET equipment with the 
components of the electrochemical cell [Adapted from ref: 520]. 
 

The most critical part of SVET is the vibrating electrode which usually consists of a platinum 

microelectrode tip at the end of an insulated wire thinned down to a fine point [521].  The probe 

vibrates simultaneously in two orthogonal directions , but with a different vibration frequency in 

each direction [522]. The vibrations are produced either by excitation via a piezoelectric reed 

[523-528]  or an electromagnet [529],  the frequency and amplitude of the vibration both being 

independently adjustable.The vibration of the electrode tip within a potential field converts the 

DC field to an AC signal. By making the tip impedance more capacitive and tuning the vibration 

frequency to a suitably high and specific frequency, it becomes possible to filter out other 

frequencies using a lock-in amplifier, which being "locked" to the vibration frequency of the 

probe, filters out signals at any other frequency thereby reducing the background noise by many 

orders of magnitude to such negligible values that potential variations of the order of nanovolts 

can be measured  [523,529,530].  The enhancement of sensitivity of the probe tip to make it 

more capacitive can be achieved by platinization  to acquire a "spheric ball" of dark platinum at 

the tip.  A "ball" with a capacitance of 2 nF is reported to be adequate [522,523].  More details 

of probe tip plating procedure and calibration can be seen in the report of Reid et al., [529]. 

SVET spatial resolution is jointly dependent on the diameter of the test electrode , vibration 

amplitude, and current density resolution which is mainly dependent on the probe's resistance 

[524-526]. 
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 In SVET measurements the vibrating probe actually measures the electrical potential 

gradient  between the maximum and minimum position  of a vibrating probe tip. The measured 

potential difference(s) in solution can be transfered to the ionic currents producing them either 

by a appropriate calibration or by employing Ohm's law.  Calibration of the equipment is vital to 

obtaining reliable data as it enables the measured potentials to be converted into accurate 

current densities [523].  Employing Ohm's law the current density is calculated by relating the 

measured potential gradient to the electrical conductivity of the medium using equation (3.41) 

below  [530-532]  with prior knowledge of the solution conductivity. 

𝑖 = 𝑘𝐸 =  −𝑘
∆𝑉

∆𝑟
.............................................................. (eqn. 3.41) 

where k is the electrolyte conductivity ,E is the electric field between two points in the solution 

(i.e. the vibration amplitude), and Δr is the probe vibration amplitude , and ΔV is the potential 

difference between two points in the solution at a distance Δr apart. 

Calibration involves generating a known current density near the probe in the electrolyte to be 

used in tests, measuring it and correlating the measured values from the probe to the expected 

current density. Generation of a known current density can be achieved by either passing a 

known current across two parallel plates or wires separated by a known distance, and calculating 

the current density (by dividing the current by the area between the plates), or by passing a 

known current through a point source for which the current density at a distance r from the 

source is given by equation (3.42) [532,533]:  

𝑖  =   
𝐼

4𝜋𝑟2    .......................................................................... (eqn. 3.42) 

where  i is the current density, I is the known current introduced through a point source, and 

 r is the distance of the probe from the point source [529,530].  The calibration factor (CF) thus 

obtained is reportedly influenced by a number of parameters including, solution conductivity, 

height of probe above the surface, probe vibration amplitude, etc. [533,534]. 

 

3.6.2.  Application of SVET to Corrosion Studies 

 Using SVET it is possible to measure currents in a solution with spatial and current 

density resolutions on the order of 15-20 μm and 5 nA cm-2, respectively [523,524,529,535,536]. 

Such resolutions create the possibility of measuring very low corrosion currents emanating from 

individual local cell activity on a scale consistent with the size of microstructural features of 

many materials, thus enabling the probing at the micro-scale of localized corrosion phenomena 

such as pitting and crevice corrosion, and galvanic effects between constituents and interfaces in 
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composite materials [536-540].  It is possible to make SVET measurement on freely corroding 

sample or with some anodic/cathodic polarization [539,540].  SVET has been used in the study 

of localized [540-542], galvanic [542,543], and intercrystalline corrosion [544], stress corrosion 

cracking [545], corrosion inhibition [546], and also in studying the healing capabilities of 

functionalized self-healing coatings [547,548], detection of defects (inclusions) in coatings [549], 

and differentiation of the types of inclusions in coatings [550]. 

 

3.6.3.  Use of SVET in Corrosion Inhibition Studies 

 In principle, it is possible to evaluate the inhibition efficiency of corrosion inhibitors by 

SVET in a variety of ways based on the method used to extract the currents with and without 

inhibitor.   Bastos et al.,[551]  proposed that these currents can be extracted from (a) the anodic 

peak maxima, (b) the cathodic peak maxima c, (c) by integration of anodic currents, (d) by 

integration of cathodic currents, and (e) by summation of the magnitudes of all detected 

electrode currents (both anodic and cathodic) and concluded from their results that the use of 

the anodic peak maxima, the cathodic peak maxima, and the integration of the cathodic activity 

yield better estimations of inhibitor efficiency.  Using the summation of absolute values of 

cathodic and anodic ionic currents, the currents vital for estimating inhibition efficiency for 

samples in the presence of inhibtors from SVET data can be obtained using equation(3.43) 

[21,552-553]  below : 





N

n

nn Sii
1

int ||  ...................................................... (eqn. 3.43) 

where in is the absolute value of SVET current density measured in point n(at 100 µm above the 

surface), Sn is the surface area (cm2) corresponding to one data point and N is the number of 

data points considered for calculation. However, there exists a possibility of under estimation of 

inhibition efficiency when corrosion products are formed in the blank test solutions (without 

inhibitor) which are the baseline used in calculating inhibition efficiencies. 

SVET data is usually presented as a map showing spatial distribution of current densities, which 

presented beside or superimposed over the area of sample from which the data was obtained 

gives an easy to comprehend perspective of corrosion activities on the microscale, and with time 

when data acquired at progressive time intervals are presented. Other ways of presenting SVET 

data include contour lines maps, contour colour maps, contour mesh maps,contour lines maps  

superimposed on sample image, vector maps, vector maps superimposed on sample image etc. 

[551-552]. 
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3.7.0.  pH Measurements (micro-potentiometry) 

 Electrochemical measurements of pH are basically potentiometric measurements in 

which the potential generated between a pH sensitive electrode and a reference electrode that 

is insensitive to pH changes is measured and on the basis of the Nernst equation correlated to 

the hydrogen ion activity.  

The Nernst equation enables the correlation of the activity of a cation to the potential of its 

electrode. For the hydrogen cation the Nernst equation can be expressed thus: 

𝐸 =  𝐸𝑜 +  
2.303 𝑅𝑇

𝐹
 ∗ 𝑙𝑜𝑔10 𝑎𝐻+ ............................................................. (eqn. 3.48) 

where E is the electrode potential, Eo the standard electrode potential, R is the real gas constant 

=  8.314 J mol-1 K-1, F is the Faraday costant (96,487 C mol-1), T is the temperature in the Kelvin 

scale, and αH+ is the activity of the hydrogen ion. 

 
Fig. 3.8.   Schematic illustration of the general principle of pH measurement. 
 

An electrochemical system for pH measurement system is composed of a pH-sensitive electrode  

with a varying potential output with changing pH, a reference electrode that maintains a stable 

potential in the electroyte irrespective of the changes in the activity of the hydrogen ion and 

conseqiently pH, and a high input impedance meter that enables measurement of the very small 

potential difference generated between the reference and measuring electrode  (Fig. 3.8.). The 

output from a pH measurement is potential. To convert this potential to the corresponding pH 

value a prior calibration of the measuring system is neccesary. This can be done by measuring 

solutions of known pH, above and below the range of pH to be determined to obtain a 

calibration curve relating measured potentials to pH, from which the potential measured in the 

solution of unknown pH is easily converted to pH values.   In  practice  the  two electrodes (the 

reference and pH measuring electrode) are usually combined as a single unit; the combination 

pH electrode.  Since the hydrogen ion activity is affected by temperature it is neccessary to 
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make   temperature  corrections  when measurements are made at  temperatures different 

from the standard  or calibration temperatures.  

 

3.7.1.  Use of ion-selective micro-electrodes for local pH measurement 

 Microelectrodes are powerful analytical tools that can be employed to measure 

important parameters in microscale environments  [518] such as pH, select ion concentrations 

(such as Zn2+,Mg2+, Na+, Ca2+), and dissolved oxygen concentrations to get information on their 

spatial distribution, often  times in and around features of interest [554,555]. The use of ultra-

microelectrodes in this manner to create a map of spatial pH distributions  have  been referred 

to as scanning pH-microscopy  [555-559], and applied in corrosion related research [547,556-

557].   pH microelectrodes reported in literature include miniaturized glass electrodes [558-561], 

polymer coated graphite electrodes [561],and solid-state metal oxides microelectrodes [562-

563]. 

  

3.7.2.  Importance of local (micro) pH measurements in corrosion 

 Since pH exerts effects on corrosion rates [564-566], corrosion mechanisms [332,566-

569.], and corrosion inhibition [570] of metals in aqueous solution, access to information 

regarding the pH distribution/profile around a corroding metal is important to understanding 

corrosion mechanisms, and developing mitigation strategies. Furthermore, knowledge of the 

local pH around corroding metals is so important that its correlation with the potential of the 

metal as in the Pourbaix diagram enables the prediction of thermodynamically favoured species 

and corrosion possibilities such as active corrosion, immunity,  and passivation.  Consequently, in 

this work the pH profile across metal and CFRP samples and galvanically coupled materials were 

measured in a variety of scenarios. 

 

3.7.3.   Presentation of local pH measurements 

 pH data presentation is usually dependent on the mode of acquisition. For bulk or point 

pH measurements it is sufficient to indicate the measured pH value and the measurement 

temperature. For line-scans (1D micro-pH measurements along a line at a specific height from 

sample surface), the pH is usually presented as a profile of pH against distance. For area (2D 

scans in the XY-plane at a specific Z value or YZ-plane in a specified X value), data is usually 

presented as a countour diagram or coloured map, a presentation format that can been referred 

to as pH micrograph or pH microscopy image [556-559]. 
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3.8.  Oxygen Concentration Measurements (Micro-amperometry) 

 Oxygen acts as an accelerator of corrosion processes acting as a cathodic depolarizer 

[571-573]  especially in actively corroding metals. The corrosion rate of steel in near neutral 

aqueous solution is reportedly dependent on the dissolved oxygen concentration at the steel 

surface [571]. Oxygen is found in concentrations of up to 8.26 ppm (i.e. 8.6 mgL-1) in water at 

25oC [573-577] with its concentration decreasing with increasing temperature [576-578].  The 

saturation solubility of oxygen in pure water under an oxygen pressure of  1 atm at 25oC has 

been reported to be 40.2 mg L-1 (40.2 ppm). In aqueous electrolyte solutions (water containing 

salts), oxygen solubility was found to decrease with increase in the concentration of the 

electrolyte, but the effects of temperature and the oxygen partial pressure on oxygen solubility 

in the electrolyte solutions were reported to be very similar to those in pure water under same 

conditions [575-576]. Oxygen concentration in an aqueous media is dependent on temperature, 

depth, salt concentration, partial oxygen pressure, PO2, and the total presssure [574-579].  Bulk 

oxygen concentration in aqueous liquids are usually made with a dissolved oxygen meter, of 

which there are two main types;electrochemical oxygen sensors [573,579-581] based on current 

generated due to oxygen interaction with sensor electrodes, and optodes (optical sensors) [582-

585] with its sensing ability based on the quenching of fluorescence by oxygen. 

 The knowledge of the micro-spatial distribution of the oxygen on and around a corroding 

system, and particularly a galvanic couple is vital to understanding of the mechanism of 

corrosion processes.    Generally, oxygen is sensed in a liquid through the current generated by 

its reduction in the sensing device. In such devices the peak voltage position (or applied voltage) 

identifies the analyzed specie to be oxygen, while the magnitude of the current is correlated to 

the quantity of oxygen present. Macro oxygen sensors/electrodes permit bulk oxygen 

concentration measurements in aqueous media, but for evaluation of oxygen distribution at a 

micro-scale near corroding metal systems, a microelectrode capable of detecting oxygen with 

fidelity in the midst of many different species in solution is vital. For this purpose, a locally 

fabricated and validated [586,587]  fluorinated boron doped diamond microelectrode was used 

for spatial oxygen concentration measurements. 

  In this work, the working electrode employed for oxygen sensing was a 

fluorinated boron doped diamond microelectrode.  The the micro-amperometric detection of 

oxygen using this diamond microelectrode involved the application of a constant voltage 

sufficient to reduce the chemical specie of interest (dissolved O2) but no other species in the 

system.   This reduction yields a small but measureable current which being proportional to the 
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dissolved oxygen concentration in the test media (equation 3.51) becomes an indicator of the 

oxygen concentration. 

O2(aq)  +  2H2O(aq)  +  4e−  ⇋  4OH−(aq) ........................................ (eqn. 3.51) 

By making measurements in test media with known dissolved oxygen content a calibration curve 

can be made from which current readings can be correlated to oxygen content. By making 

measurement point by point in a scanning pattern, the spatial oxygen distribution in the scanned 

area is obtained, while a line profile is obtainable by scanning along a line. 

 

3.9  Raman Spectrocopy 

 Raman spectroscopy is an analytical technique that exploits the Raman effect; the 

inelastic scattering of monochromatic light due to changes in the frequency of photons on 

interaction with a sample that contain molecules with changing polarisability [588]  to observe 

vibrational, rotational, and other low-frequency modes in a system [588-590]. It  has  emerged 

as an analytical technique of choice, employed in a variety of fields requiring non-destructive 

microscopic chemical analysis and imaging, due to its capability to identifychemical compounds 

by their chemical composition and structure, their functional groups, and the conformation of 

complex molecules, using samples in a variety of forms (solid, liquid, gas, gel, slurry or powder) 

and even with mixtures of compounds, and thus suitable for in-situ studies  [590-591]. 

 
Fig. 3.9.  The three different types of light scattering. 
 

 Light interacts with matter in a variety of ways creating different phenomena but in this 

section the focus will be on the scattering interactions of matter with light. Scattering is the 

change in the direction of incident light. Light being an electromagnetic wave interacts with the 

electrons of a compound via its electric vector resulting in scattering of the incident radiation. 

These interactions cause periodic vibrations in the electrons which having an electric charge 
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produce oscillating electric moments that emit radiation as scattered light [591-594]. The light 

thus scattered may either be elastically scattered having same frequency (and hence same 

wavelength) as the incident light and known as Rayleigh scattering, inelastically scattered with a 

lower frequency (and hence a longer wavelength) as the incident light which is consistent with a 

loss of energy and known as Stokes Raman scattering, or inelastically scattered with a higher 

frequency (and hence shorter wavelength) as the incident light, consistent with a gain in energy 

known as anti-Stokes Raman Scattering. The proportion of the incident photon scattered is very 

small, being about 1 in 10,000,000 incident photons undergoing stokes scattering [593-596]. As 

a consequence the scattered signal is generally very weak.  Due to the higher intensity of Stokes 

inelastic scattering signals compared to anti-Stokes inelastic scattering only the Stokes scattering 

is mostly used in Raman spectroscopy. 

 

3.9.1.  Basic Principles of Raman Spectroscopy  

 The intensity of Raman scattered light is proportional to the fourth power of the 

scattering frequency, the square of the change in the molecules polarizability, and the square of 

the electric field of the incident radiation  [594-596].  Hence small increases in the excitation 

laser frequency leads to huge enhancement in the scattered Raman signal. 

i   ∝  ν4 ...................................................... (eqn. 3.52) 

where ν is the frequency of the exciting laser radiation and i the intensity of the scattered 

photons. 

Since the Raman scattering intensity is proportional to both the laser power and the laser 

frequency, increase in either of these leads to increase in the intensity of the scattered Raman 

signal.  To avoid sample damage an appropriate laser power which is dependent on sample 

properties such as absorption and thermal conductivity is needed.  For instance switching from a 

laser excitation in the infrared region of 800 nm (frequency ≈ 375 THz and E ≈ 1.55 eV) to one 

in the ultraviolet region of wavelength 400 nm (frequency ≈ 750 THz and E ≈ 3.10 eV) leads to 

a 16 fold increase in the Raman signal. However, with many samples flourescence is much 

increased with the use of the excitation laser signals in the ultraviolet and blue region of the 

spectrum while being much lower with excitations from the red or near-infrared region. 

Moreover, shorter excitation laser wavelengths gives higher lateral resolution (the shortest 

distinguishable distance between two points), equation (3.53): 

Δ𝑥 = 0.61 ×
𝜆

𝑁𝐴
 ................................................ (eqn. 3.53) 

where Δx is the lateral resolution i.e. the shortest distinguishable distance between two points, λ 
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the wavelength of the excitation laser, and NA the numerical aperture of the objective used 

which is dependent on the aperture angle and refractive index of the ambient media.  

With very short wavelength (i.e. high photon energy) the likelihood of sample damage is 

increased while at very long wavelengths (i.e. lower photon energy) both the lateral resolution 

and the Raman efficiency is decreased as is the possibility of flourescence [596]. Hence to 

acquire good Raman data an intelligent and informed compromise taking the above highlighted 

factors into cognisance is neccesary to obtaining optimum performance. 

 In  Raman spectroscopy, the incident photons (electromagnetic radiation) interact with 

molecules in the sample possessing polarizable electron density and bonds resulting in scattered 

photons of energy different from the incident radiation but very dependent on the chemical 

bonds and symmetry of molecules and thus can be employed as a molecular fingerprint for 

identifying and tracking any effects that can affect these (chemical bonds and molecular 

symmetry) such as; structural changes in a molecule due to chemical interactions/bonding e.g. 

adsorption of a molecule to a metal surface [597-603], the type of adsorption [599-600], and 

even the orientation of the adsorbed molecule(s) [601-603], presence of/or changes in the 

stresses and strains in a sample which can arise from mechanical or thermal effects (thermal 

expansion due to heating) [604-611], re-arrangement of molecules due to phase changes or 

transformations [609-612].  

 

3.9.2. Confocal Raman Spectroscopy and Imaging 

 Confocal Raman spectroscopy is a novel high-resolution analytical technique arising from 

the fusion of confocal microscopy with its diffraction-limited resolution and Raman spectroscopy 

with its chemical senstivity, that enables three-dimensional chemometric characterization of 

materials [613-616], with very high sensitivity, little or no sample preparation, and at ambient 

test conditions. Without a confocal arrangement no resolution along the optical axis can be 

achieved in optical microscopy, since light is collected equally from each plane in the sample 

[614-616]. In confocal microscopy, a point light source (usually a laser) is focused onto a spot on 

a sample while the image of this spot is detected through a small pinhole placed in the image 

plane of the microscope and in front of a suitable detector,so that light from areas around the 

spot are shielded from reaching the detector by the pinhole. Since the pinhole is located in the 

image plane of the microscope, the pinhole is confocal (common focus) with the illuminating 

spot, hence the name; confocal microscope/microscopy [613-616]. With this arrangement the 

observed signals are limited to only those emanating from a very small area being studied [615], 
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leading to very significant improvement in image quality at the expense of the observation area, 

as signals from the surrounding material are blocked. Thus with confocal microscopy only a small 

area of the sample is studied per time (good spatial resolution).  The  theoretical  performance 

of a confocal Raman microscope is mainly dependent on the optical properties of the 

microscope objective (numerical aperture, magnification power, and focal length) and by the 

size of the pinhole placed in the back image plane of the microscope [615]. 

 Since in confocal microscopy in a bid to improve image quality only a small area of the 

sample is examined (in focus at the image plane) at a time, it is neccessary to scan the sample to 

acquire information from a significant sample area. Scanning can be achieved either by moving 

the light source across the sample or by moving the sample.  

 The potential for using Raman spectroscopy to monitor electrochemical reactions that 

are relevant to corrosion inhibition in-situ has been demonstrated [600,617]. Confocal Raman 

spectoscopy data can be presented in a variety of formats. For point analysis or single 

spectrums, it is normal to present it as a plot of Raman intensity against wavenumbers (cm-1), 

often overlayed in a "water-fall" pattern if there are multiple spectra for comparison. For surface 

scans, the point by point acquired spectra are data-treated and usually presented as a map or 

maps showing the spatial ditribution of intensities of peaks of interest which are often 

presented along with optical images of the scan area. In cases in which different phases are on 

the scanned area, relevant peaks of each phase are used to create a combined image of the 

phases present. 

 
3.10.  Glow Discharge Optical Emmission Spectroscopy (GD-OES) 

Glow  discharge  optical  emission  spectroscopy (GD-OES)  is a very important technique for 

direct elemental analysis and depth profiling of bulk solids, surfaces, and coatings [618], with 

the capability of ppm level detection of virtually all the elements in the periodic table. Due to its 

high sputtering rates of more than 1 μm min-1, GD-OES has found much application in depth 

profiling analysis of relatively thick films [619-622]. Glow discharge optical emission 

spectroscopy has evolved from a hitherto depth profiling analysis tool for relatively thick films 

(in the tens of microns range) [623], to a powerful sub-nanometer analysis tool out-performing 

other surface analysis techniques like electron spectroscopy for chemical analysis (ESCA) [624], 

Auger Electron Spectroscopy (AES) [625,626], Rutherford back-scattering spectroscopy (RBS) 

[627,628], and Secondary Ion Mass Spectrometry (SIMS) [629,630] in different instances.Its 

advantages over other afore-mentioned surface analysis techniques arise from its ability to 
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deliver results in much shorter test times (seconds to a few minutes), with less matrix effects, on 

conducting and non-conducting samples (using a radio frequency source) without much surface 

preparation,and without a need for ultra-high vacuum through depths ranging from tens of 

microns to sub-nanometric dimensions [631,632].  Near atomic-scale depth resolution with rf-

GD-OES has been reported by Shimizu et al., [632] in  sub-nanometer depth profiling analysis of 

thiourea monolayer adsorbed on copper surface, thus potentially extending application of GD-

OES to atomic level surface analysis of adsorbed molecules or monolayers. 

 Sample features like sample reflectivity has been reported to influence the sensitivity of 

the GD-OES technique [632]. Factors that can influence the depth resolution in the GD-OES 

depth profiling technique include sample roughness [633], argon pressure [634], and interfacial 

depth [635].  

 

3.10.1  Working Principle of GD-OES 

 The working  principle of GD-OES involves major mechanisms; plasma geneneration and 

material ablation by sputtering, excitation of sputtered species and there de-excitation by 

release of characteristic photons that are analyzed by the spectrometer to obtain elemental 

identification and quantification.   In glow discharge, plasma is generated by the application of a 

potential difference (of the order of 1 kV) across two electrodes (a cathode which is usually the 

sample for analysis and an anode) in a cell filled with a gas at low pressure (e.g. 1 Torr) usually 

argon is used for analytical applications, though reactive gases like N2,O2, SiH4, SF6, etc. are 

frequently used for certain technological applications. The applied potential difference initiates 

plasma formation by "gas breakdown" as the gas is partially broken up into negatively charged 

electrons and positively charged ions etc. The actual composition of the species in the glow 

discharge can be complex but for an argon glow discharge for analytical purposes the most 

relevant species are electrons, argon atoms, singly charged positive argon ions, argon atoms 

excited to a variety of energy levels, including the metastable levels, and atoms and ions of the 

cathode material. The positively charged ions, under the applied potential difference are 

accelerated towards the cathode which they bombard releasing both secondary electrons and 

also atoms of the cathode material [636].  The atoms removed from the cathode (test sample) 

due to the bombardment of ions, enter the plasma, undergo collisions that cause the emission 

of characteristic photons that can be analyzed by an optical emission spectrometer for 

elemental identification and quantification, resulting in the surface analysis technique known as 

glow discharge optical emission spectroscopy (GD-OES). With a polychromatic spectrometer as 
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used in most commerical GD-OES equipment it is possible to simultaneously analyze the 

emmitted photons for many elememts (up to 47 with GD Profiler 2 for elements with 

characteristic photons between 110 and 800nm). The loss or erosion of material from the 

cathode due to ion bombardment is called sputtering. Using argon as the plasma gas and at 

typical operating parameters of 500-1500 V and 20-200 mA, the sputtering rate is reported to be 

in the range 10-100 nm s-1 ; a high sputtering rate which in combination with a good time 

resolution (≤ 10-ms integration times) permit fast analysis and profiling of surface layers 

ranging from a few nanometres to several tenths of micrometre in depth [637]. 

 
Fig. 3.10.  Illustration of cathodic sputtering process in glow discharge [Adapted from ref: 638]. 
 

In glow discharge by progressive sputtering, material is released into the plasma from deeper 

layers in a material, thus elemental information at increasing depth is achieved to create a depth 

profile. For further details of the processes taking place in the plasma, analysis of possible 

scenarios, and the energies involved the review by Bogaert and Gijbels is recommended [636]. 

 

3.10.3.  GD-OES in Corrosion and Corrosion Inhibition Studies 

 Since corrosion is a surface phenomenon information about the composition and 

changes in the composition of the surface layers on test samples is important to understanding 

corrosion mechanisms and development of appropriate mitigation strategies. The GD-OES 

surface analysis technique is vital to answering questions regarding compositions of the surfaces 

and interfaces, before and after metal interaction with aggressive media and inhibitors which is 

very useful in establishing mechanism. The main drawback of this surface analysis technique 

with particular respect to the thesis is that it provides elemental compositional profile of 

surfaces only without any molecular information. 
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3.11. Scanning Kelvin Probe Force Microscopy (SKPFM) 

 Scanning Kelvin Probe Force Microscopy (SKPFM) is a powerul technique that comes 

from the combination of atomic force microscopy and Kelvin probe technology and enables the 

acquisition of high-resolution maps of the surface potential distribution on conducting and non-

conducting samples [638] based on the measured Volta potential differences. The SKPFM 

technique measures the Volta potential difference and changes in these differences instead of 

the Volta potential itself, by measuring values with respect to the cantilever tips as a reference 

or more accurately a pseudo-reference [639-641].  The Volta potential is defined as the work 

required to move a test charge from infinity (in vacuum, an inert gas, or a solution) to a point 

close to the surface at a distance far enough (≈ 1 μm) that chemical and image forces 

interactions with the surface are negligible [640].  In simpler terms the Volta potential has been 

defined as the minimum energy required to extract an electron from the metal surface to a point 

just outside the surface [642].  Volta potential is referred to also as the the outer potential, Volta 

potential difference, or contact potential difference. 

 The Volta potential difference (or contact potential difference (CPD)) between two 

materials is dependent on a variety of factors such as the work function, adsorption layers, 

oxide layers, dopant concentration in semiconductors, and temperature changes on the sample 

[643,644]. However, for clean surfaces bereft of surface contaminations, oxides, isolated 

charges, or condensed water films, the contact potential differencebetween two different 

materials is equivalent to the difference in their work functions [645]. Scanning Kelvin Probe 

Microscopy (SKPFM) permits the imaging of the surface electronic properties (the contact 

potential difference (CPD)) of a material with nanometric resolutions [646]. Initial reports on this 

technique demonstrated simultaneous imaging of both topography and contact potential 

difference with a high resolution for both the contact potential difference (better than 0.1 mV) 

and the lateral dimension (< 50 nm) [645,647].  Jacobs et al. [638], concluded that the use of 

long and slender but slightly blunt tips on cantilevers of minimal width and surface area are 

beneficial for good resolution in potential maps.Recent reports indicate the application of 

SKPFM in imaging of surface potential distributions with sub-nanometer resolution [648-651]. 

Tanem et al, [652] have demonstrated with inclusions (MgSi, AlCuMgSi, and AlMnFeCuSi ) in EN 

AW-6005 aluminium alloy that surface preparation techniques (ultramicrotomy, mechanical 

polishing, and electro-polishing) can affect the measured Volta potential, and recomended 

ultramicrotomy as the most reliable preparation technique among the studied techniques.  
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3.13.1. Basic Principles of Scanning Kelvin Probe Microscopy (SKPFM) 

 The  potential at any charged interface can be divided into two components; the outer 

(or Volta potential), ψ, and the surface potential, χ, [653-655].  These two components are 

related to the Galvani potential, 𝜑, which is the potential that is taken into account in 

equilibrium electrochemistry, by the relation  [640]; 

𝜑 =  𝜓 +   𝜒 ......................................................... (eqn. 3.55) 

where 𝜑  is the Galvani potential, ψ is the Volta potential, and χ is the surface potential. 

From the relation above (equation 3.55), it obvious that the direct measurement of the Volta 

potential will require the unambiguous determination of the Galvani and surface potential, 

hence the easier practice of determining the Volta potential difference using the cantilever tip as 

a reference or pseudo-reference. The contact potential difference or Volta potential difference 

(VCPD) between the tip and sample is defined as  [656]: 

𝑉𝐶𝑃𝐷  =   
𝜙𝑡𝑖𝑝   −  𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
  .............................................. (eqn. 3.56) 

where φtip  and φsample are the work functions of the tip and sample respectively, and e is the 

electronic charge.  

 Volta potential difference can be measured using either of two operational modes; the 

dual-pass mode and the single pass mode  [657]. Measurement of Volta potential difference in 

Scanning Kelvin Probe Force Microscopy (SKPFM) using the dual pass mode is based on first 

employing the principles of atomic force microscopy (AFM) techniques to establish the 

topography of the sample by moving the cantilever tip in a tapping mode over the sample 

surface in a line. Next, using the acquired topographic information, the cantilever tip is 

maintained at a fixed distance (typically 50-100 nm) above the sample surface as it is moved 

over the sample surface in a "re-scan" of same topography, but this time an AC voltage is 

applied to the tip causing oscillations of the cantilever in resultant electric field. These 

oscillations are cancelled out (nulled) by the application of a DC voltage. The applied DC voltage 

that just balances the oscillations by nullifying them is equivalent to the Volta potential 

difference between the tip and the particular spot under the tip on the sample surface in 

absence of the bias but of opposite sign [656,657]. In most recent equipment the control 

software makes an inversion of the signal to output the appropriate polarity for the potential 

measurements. By making these measurement point by point as the tip moves the selected 

height above the pre-established topography the volta potential difference is established along 

a line and by repeating the whole sequence in closely packed lines, data for the Volta potential 

map of the scanned surface is obtained. It is neccessary to note that the potential values thus 



 

108 

measured are obtained relative to the potential of the tip used; the tips functioning actually as 

pseudo-references, since their potential may be liable to change with changes in the surface 

oxide [658].  In the single-pass mode the electrostatic force interaction between the conducting 

probe and the sample is triggered by the application of an AC voltage at much lower frequency 

to the probe [557,659], with the measured  electrostatic  forces  nullified with a DC  voltage 

which gives a quantitative measure of the Volta potential difference [659]. Recent reports have 

claimed the achievement of higher resolution using the single-pass mode  attributing this to 

closer proximity of the tip to the sample [659-663].  

 

3.11.2.  Importance and Application of Scanning Kelvin Probe Microscopy (SKPFM) 

 In certain applications (corrsion studies inclusive), the knowledge of the local electric 

potential distribution is of great importanceas it helps in linking the structure and composition 

to observed function or activity [638].  Scanning Kelvin probe force microscopy (SKPFM) finds 

application in corrosion studies having been been recognized as a powerful technique for the 

characterization of intermetallic compounds on alloy surfaces, tracking corrosion processes 

related with local inhomogeneities on passive surfaces with the capability of discriminating 

these features with respect to their shape, position, compositional heterogeneities and local 

potential values with submicrometer resolution [664-667], and validated for use in the 

prediction of local corrosion sites and the study of surface modification on electrodes during 

solution exposure [639]. In stainless steels,the Volta potential differences between phases 

measured have been correlated to their relative nobility and consequently their respective 

propensities to corrode on immersion in  solution [642].  Furthermore, the volta potential has 

been demonstrated to be linearly correlated to the corrosion potential [668]. 

 In this study SKPFM technique was employed to map at submicron-scales the Volta 

potential difference between carbon fibers and the epoxy matrix of the composite; carbon fiber 

reinforced plastic (CFRP) using a Digital Instruments Nanoscope III equipment.  
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CHAPTER 4 
 

EXPERIMENTAL  PROCEDURES 
 

4.0.  Experimental Procedures 

 In this chapter  the particular materials used for this work and the exact experimental 

procedures employed in realizination of the thesis objectves  are presented starting with the 

specimens, their sources, and preparation,test media preparation, and then the experimental 

procedure employed for each test. 

 
4.1.  Specimens 

 High purity metals comprising aluminium, copper, iron and zinc of purity ≥ 99.9% 

obtained from MaTeCK GmBH and Goodfellow UK were used in all the work the only exception 

being the work with chloroquine diphosphate as inhibitor in which carbon steel rods of Ø10 mm 

(EN1A equivalent  to  EN 1.0718) used. The carbon fiber reinforced composite used was 

obtained in the form of 1 mm, 3 mm and 8 mm diameter solid pultruded cylindrical lengths from 

Modulor Material Total GmbH.   This CFRP was made of carbon fibre Tenax HT 24 K  with 65% 

fibre content, and epoxy vinyl matrix material. The tensile strength is 900 MPa, and modulus of 

elasticity > 90,000 MPa. 

 

4.2.   Specimen Preparation 

 For electrochemical tests, a working electrode was prepared by cutting cylindrical pieces 

of  height 10 - 15 mm from the as-received cylindrical rods, ultrasonic cleaning in ethanol for 5-

10 minutes, drying at ambient. Insulated conducting wire is attached to one of the flat ends of 

the cylindrical samples using a conductive silver-containing glue. After drying, the cylindrical 

surfaces of the samples were coated with a special varnish or wax. When the coating dries the 

samples were mounted in a polymeric resin (Epokwick) so that the other flat end is free of resin. 

After the resin is cured, samples were removed and polished with silicon carbide abrasive papers 

of grit sizes 220, 330, 400, 600, 800, 1200, and 2500. In between test sample surfaces were 

refreshed by progressively polishing with silicon carbide papers of grit size 400, 600, 800, 1200, 

and 2500 in that order.  
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Fig. 4.1.  Schematic illustration of epoxy mounted specimens for a galvanic triplet system.  
 

For most micro-tests (such as SVET, local pH and dissolved oxygen measurements) electrodes of 

1 mm diameter were used and assembled as shown in Fig 4.1 above, with a scotch tape wound 

around the cylindrical edges of the epoxy mounting to form a receptacle for the test electrolyte. 

 

4.2. Reagents 

 Reagents were sourced from Sigma-Aldrich, of purity ≥ 98% and were used without 

further purification. 

 

4.3.  Solution Preparation 

 Test solutions were prepared using Type 1 deionized water from a Millipore system 

(resistivity > 18 MΩ·cm) to make stock solutions of mostly 50 mM NaCl by adding 5.844 g.of 

NaCl into a 2 litre flask and making it up with deionized water and stirring until fully dissolved. 

For test with HCl, stock solutions were made by diluting the as received 37% HCl with the 

appropriate quantity of deionized water to obtain the desired concentration.  

 

4.4.  Techniques and Equipments Used 

 Below is a concise description of the techniques used and the precise procedures 

employed in this work. All global electrochemical tests were carried out with Autolab 

PGSTAT302N potentiostat, using the 3-electrode method with a saturated calomel reference  

electrode  and platinum wire as counter electrode. Galvanic (ZRA) measurements were made 

with Gamry PCI4 potentiostat/galvanostat. 
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4.4.1.  Open Circuit Potential Measurement 

 Using the three electrode arrangement open circuit potential measurements were 

carried out on the metals/alloys that can form part of the multi-material systems in test 

solutions with and without inhibitors at 60 seconds interval immediately after immersion till 12 

hours. Though simple, the results are capable of giving quick insights into the mechanism of 

action of selected inhibitors on the corrosion of particular materials. 

 
4.4.2. Potentiodynamic Polarization 

 Potentiodynamic tests were done first  from -1.6  to  0.8 VSCE  (full scans) with a step of 

0.00244 V and  a scan rate of 1 mV s-1 on samples after 60 minutes immersion in the test media, 

and then with 20 mV displacement from OCP  to the cathodic (-2.0 VSCE) and anodic (-1.0 VSCE) 

potentials respectively for each concentration, using a new sample for each scan. Tafel fit 

parameters and polarization resistance were obtained by analyzing the polarization curves of the 

full scans  using  the General Purpose Electrochemical System software (GPES). 

 
4.4.3. Cyclic Voltammetry 

 Cyclic voltammetry was much used in studies of CFRP in a bid to understand its 

electrochemical activity. Employing the well known ferricyanide/ferrocyanide redox couple, a 

cyclic voltammetry study of the electrode behaviour of CFRP in 0.1M KCl + 1mM K4[Fe(CN)6] + 

1mM K3[Fe(CN)6] was done at different scan rates between -0.2 VSCE  and +0.5 VSCE, using a 3-

electrode arrangement and a step size of 2 mV. Additionally, repeated cyclic scans were made in 

50mM NaCl over an enhanced potential window (-1.50 to +1.50 V). 

 
4.4.4. Electrochemical Impedance Spectroscopy (EIS) 

 All EIS tests in this study were performed under potentiostatic control, in which a 

perturbating voltage of 10 mV rms vs. OCP is applied to a system and the resulting current is 

measured, and then the resulting impedance evaluated. For the electrochemical impedance 

spectroscopy, the set-up used for the polarization test was employed, using a single sine wave in 

the frequency range of 10 mHz to 100,000 Hz and in some instances down to 1 mHz. Impedance 

measurements were taken with samples in the blank solutions (without inhibitor) and in the 

presence of inhibitors at different time intervals. The aquired spectra were fitted to equivalent 

circuits to determine the values of circuit elements. After normalization, values thus obtained 

are now used to obtain normalized values of circuit elements like resistances, impedances, 

capacitances etc, using the appropriate relations. The capacitance of the double layer was 
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calculated from impedance data (in systems presenting only one time constant and no diffusion 

effects) using the relation (eqn.4.1) proposed by Brug et al [669]: 

𝐶𝑑𝑙  =  𝑌𝑜

1

𝑛  .  
1

𝑅𝑠
 

𝑛−1

𝑛
....................................................................(eqn. 4.1) 

where  𝑌𝑜   is the fitted value of CPE element , 𝑅𝑠   is  the resistance in series with a CPE element 

(in the case of one time constant this was the solution resistance) and 𝑛 the CPE exponent. 

 From the EIS spectra information on the evolution of low frequency impedance was 

extracted and presented graphically, while the and  the evolution of polarization resistance (Rp), 

constant phase element CPE, low frequency impedance, and double layer capacitance were 

calculated from fitted EIS data and presented graphically. 

 
 
4.2.5.  Galvanic Current Measurement with Zero Resistance Ammeter (ZRA) 

 Galvanic current measurement were made using Gamry PCI4 potentiostat/galvanostat in 

the ZRA mode which permits simultaneous measurements of the current flowing between 

galvanically coupled metals and the potential across them with respect to a reference (SCE) in a 

three-electrode arrangement. The two metals are connected as working and conter electrodes 

respectively, and then a standard calomel electrode is connected as a reference electrode. 

Samples for galvanic current measurements were attached side by side so that the edge to edge 

distance between them was between 5  to  10  millimetres. 

 
Fig. 4.2. Schematic illustration of arrangement of dual galvanic couples. 
 
4.2.6.  pH Measurements 

 pH values of bulk prepared test solutions were measured with Mettler Toledo Seven 

Multi pH meter. In the present work, local pH and thepH profile(s) above immersed metal and 
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galvanic couples were measured by electrochemical methods; specifically by (micro-) 

potentiometry using the procedure earlier reported by Bastos et al. [62]  at a height of 40 

microns above the surface of the immersed samples and along a straight line (for pH profile 

measurements).  The procedure follows the principle of electrochemical pH measurement as 

illustrated in Fig. 3.18, except that the electrodes were miniaturized to micro-dimensions. It 

involved the use of an in-house fabricated "micro" Ag │ AgCl reference electrode filled with 

0.05M NaCl solution. The pH sensitive microelectrode was fabricated by pulling single-barrelled 

borosilicate glass capillaries with initial outer diameter of 1.5 mm (WPI, USA, Ref. TW150- 4) 

with a P97 micropipette puller (Sutter, USA) using a four step pulling protocol to obtain 2 µm tip 

diameter at one end. The micropipettes thus obtained were silanized for 2 hours in an oven at 

200oC after injection of 200 mL of N,N-dimethyltrimethylsilylamine (Fluka, Ref. 41716). The 

micropipette was back-filled with an internal solution of 0.1 M KCl + 0.01 M KH2PO4 to a length 

of 5 mm from the tip and front-filled with a 20 - 30 mm column of hydrogen I cocktail B 

ionophore (Fluka, Ref. 95293). The filled micropipette is inserted into a half-cell plastic holder 

(WPI, USA, Ref. EHB1) containing a chloridised silver wire to obtain the pH measuring 

microelectrode assembly. The microelectrode thus fabricated were calibrated before and after 

measurements with commercial pH buffers (Riedel-de Haen), and a linear response in the pH 

range of 5 to 13 confirmed. The 3D positioning system used for SVET measurements , an IPA2 

amplifier (input resistance >1015 Ω) from Applicable Electronics Inc. and controlled by the ASET 

program was used to measure and record data. 

 Point pH measurements over immersed metal were made at 40 microns above the 

immersed metal or CFRP surface. For CFRP, point pH measurement was made over a 2 mm 

diameter CFRP rod immersed in 50 mM CFRP while simultaneously making a polarization scan 

from -1.5 V to 1.5 VSCE at a scan rate of 1 mV s-1 and step size of 1 mV, and also as the potential is 

varied stepwise from cathodic to anodic (Figs. 5.6 and 5.7). 

 

4.2.7.  Oxygen Concentration Measurements/Mapping 

 Micro-spatial distribution of oxygen over coupled and uncoupled galvanic systems was 

performed usingusing a novel locally fabricated fluorinated boron doped diamond 

microelectrode [586-687] in SPET (Scanning Polarized Electrode Technique) mode.  The oxygen 

concentration was measured in the near surface at a height of ≈ 100 µm above two triple 

systems (Zn - Fe - CFRP and Al - Cu - CFRP) immersed in 50 mM NaCl in galvanically coupled and 

uncoupled configurations. Microamperometric measurements were performed with a boron 



 

114 

doped diamond microelectrode with surface modification by CF4 plasma. The measurement 

scheme followed a back and forth step movement as shown in Fig. 4.3. using an IPA2 amplifier 

(Applicable Electronics Inc., USA) in the voltammetric/amperometric mode, a 2-electrode 

arrangement, with a Ag|AgCl electrode as counter and reference electrode. 2D X-Y scans were 

made using a microstepping motor driver (USDIGITAL, USA). The time parameters (waiting and 

averaging times) for the measurements are adjustable, but for these measurements a waiting 

and averaging time of 0.1 second each was used.  

 

Fig. 4.3. Schematic illustration of the scanning sequence for dissolved oxygen spatial 
measurements. 
 
 The microelectrode polarization was adjusted between -1.0 and -1.3 V vs. Ag|AgCl, 

according to the limitations of each system. Examples of such limitations are the possible 

contamination of the electrode with ions like Zn2+ and Al3+, if their concentration is too high. 

Systems containing  these  and pits were the most critical in terms of the risk of electrode 

contamination, due to the possibility of fast pit formation with attendant high acidity within the 

pit. Nevertheless, the behaviour of the microelectrode could be completely restored after a few 

voltammetric cycles when there was contamination, until the point that it was verified that by 

polarizing the microelectrode at -1 V, it was perfectly possible to visualize oxygen depletion over 

the active electrodes. 

 

4.4.8.  Scanning Vibrating Electrode Technique (SVET) 

 Localized electrochemical tests were done using a Scanning Vibrating Electrode 

Technique equipment manufactured by Applicable Electronics (USA) with a spherical probe tip of 

20 µm, vibrating at 200 µm above the surface of the sample in-situ in the test media. Sample for 

SVET were mounted in epoxy, polished to mirror finish. Scotch-tape wound round the edges of 

the cylindrical epoxy mount formed a receptacle for the requisite test media. The probe was 

platinized in a plating solution consisting of platinic chloride (10% w/v H2PtCl6 in deionized H2O) 

and lead acetate (1% w/v (C2H3O2)2Pb.3H2O in deionized H2O). 
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4.4.9.  Scanning Kelvin Probe Force Microscopy 

 Scanning Kelvin probe force microscopy (SKPFM) measurements were performed with a 

commercial AFM (Nanoscope Digital Instruments NanoScope III system) in the dual pass mode, 

in  air to obtain Volta potential distribution maps over the composite; carbon fiber reinforced 

plastic (CFRP).  

 

4.4.10.  X-ray Fluoresence Spectroscopy and Mapping 

 X-ray flourescence analysis and mapping of coupled and uncoupled samples before and 

after immersion in 50 mM NaCl with and without inhibitors was made with a Hitachi SEA6000VX 

x-ray flourescence analyzer with capability of detectng elements from Mg (12) to U (92) with 

helium purging of the sample chamber. After test runs and optimization mapping of the Zn - Fe 

couple was done coupled and uncoupled, after 12 hours immersion in a mixture containing 2.5 

mM cerium nitrate and 2.5mM benzotriazole in 50 mM NaCl. The test parameters used were; 40 

kV voltage, 1000 μA current with a collimator of size 0.2 x 0.2 mm and pixel size set at 50 

μm/pixel for a total acquisition time of 112.1 minutes.  

 

4.4.11.  Raman Spectroscopy and Mapping 

 Raman spectra of inhibitors as received was acquired using a Bruker RFS 100/S FT-Raman 

Spectrometer with YAG:Nd laser (1064 nm) excitation source, set to 350 mW laser power with a 

resolution of 4 cm-1 from wavenumbers  4000 to 50 (cm-1) using between 500 to 1000 scans 

depending on the response from the sample. For confocal Raman measurements on CFRP and  

metals after immersion in inhibtor containing 50 mM NaCl a Witec alpha 300 Ras+ confocal 

Raman with a 532 nm laser was used.  In a some instances mapping of inhibitor interaction and 

adsorption on metal surface was done by selecting peaks of interest from earlier acquired 

Raman data. 

 

4.4.12.  Scanning Electron Microscopy 

 Scanning Electron Microscopy images were acquired using Hitachi S4100 scanning 

electron microscope with maximum accelerating voltage of 30 kV and resolution of 15 Å, and 

Hitachi SU-70 scanning electron microscope with resolution of 10 Å with EDS capability provided 

by a Brucker Quantax 400 EDS system.  
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4.4.13.  Glow Discharge Optical Emission Spectroscopy (GD-OES) 

 Qualitative information on the composition of protective films and oxides formed on 

exposed sample surfaces were obtained using a Horiba Jobin Yvon GD-Profiler 2. The GD-Profiler 

2 is an RF-GD-OES with a MARCUS GD-source and anode diameter of 4 mm and 13.56 MHz RF 

sputtering source with capabilities for analyses in non-pulsed or pulsed mode with a variety of 

duty cycle. The instrument is capable of over 40 simultaneous spectral measurements via a 

polychromator (110 - 620 nm) with 45 installed optical emission lines and an additional high 

resolution monochromator (160-500 nm). Measurement were made in rf- mode at a power of 

10 W and argon pressure of 650 Pa. The following emmision lines were used for identification of 

elements of interest; H: 122 nm, O: 130 nm, Cl: 135 nm, N: 149 nm, C: 166 nm, P: 178 nm, Cu: 

325nm, Fe: 372 nm, Al: 396 nm, Ce: 413 nm, Zn: 481 nm, and Na: 590 nm. To monitor 

adsorption of organic inhibitors the nitrogen and carbon profiles were used as markers, while 

for inorganic inhibitors like phosphates and rare earths like cerium based inhibitors the 

phosphorus and cerium profiles were used as markers to trace precipitation on sample surface. 

For tests on blank solutions (containing Na, Cl, and H and O), the profiles of these 4 elements in 

addition to that of the metal was used to acquire insight on the nature and qualitative 

composition of corrosion products formed on metal surface under test conditions. 

 

4.4.14.  X-ray Diffraction 

 X-ray diffraction on corrosion products centrifuged from the test media and then dried to 

a thick paste and in some instances mechanically stripped from metal sample surfaces after 

immersion using a Rigaku Geigerflex X-ray Powder Diffractometer with Cu-Kα radiation at a 

speed of 3o/min with steps of 0.2 o from 10o to 80o. 
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CHAPTER 5 
 

RESULTS OF TESTS ON INDIVIDUAL MATERIALS 

5.  Results of Tests on Individual Materials  

 Detailed results and the discussion of results obtained from tests carried out seperately 

on each of the five materials (CFRP, aluminium, copper, iron (carbon steel), and zinc) used in this 

work are omitted in a bid to keep the thesis concise. Instead  a compact and comparative 

preview of the electrochemical behaviour of the five materials in 50 mM NaCl solutions is 

presented and discussed in section 5.1.  The rest of the chapter presents the electrochemical 

behaviour  of the carbon fiber reinforced polymers (CFRP) under a variety of polarization, 

consequent changes in the local environment near the CFRP surface, and the effects of 

parameters (such as polarization,pH, presence inhibitors) on its response. The chapter ends with 

a summary of the information acquired from tests on the individual materials in section 5.3. 

 

5.1.  Results from General Tests on Single Materials 

The results of general tests on the individual materials ( aluminium, copper, iron, zinc, and 

carbon fiber reinforced plastic (CFRP)) in quiescent 50 mM NaCl solution without any inhibitors 

which includes open circuit potential measurements, potentiodynamic polarization test, and 

electrochemical impedance spectra are presented together in this sectionfor easy appreciation 

and comparison of the different behaviours of these materials in similar tests and test 

conditions. 

 
5.1.1.  Open Circuit Potential  Measurement Results  

 The results of the open circuit potential measurememts on the four high purity metals 

and carbon fiber reinforced plastic (CFRP) used in this work and measured in quiscent test 

solution (50 mM NaCl) without inhibitors is presented in Fig. 5.1 below. 

The open circuit potential measurements (Fig 5.1) for the five materials illustrates the very 

significant variation in open circuit potentials that ranges from -1.25 to 0 VSCE at the beginning of 

the test to  -1.1 to about 0.1 VSCE  after 10 hours immersion. The variations in their individual 

OCP values is the driving force for galvanic corrosion when any two or more of these materials 

are galvanically coupled. 
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Fig.  5.1. Open circuit evolution for materials in 50 mM NaCl solution. 

 
From this result the ranking of the materials from the most noble to the least during the first 2 

hours of immersion is CFRP > Cu > Fe > Zn > Al, but changes after 2 hours immersion to CFRP > 

Cu > Fe > Al > Zn, due to a probable surface modification and enoblement of aluminium with 

time and attack on zinc with time. Copper was stable all through the test duration but for CFRP a 

gradual shift of the OCP towards anodic potentials throughout the test duration was observed 

though the total change is very small; about 100 mV after 10 hours. 

 

5.1.2.  Potentiodynamic Polarization Results for 5 Test Materials  

The potentiodynamic polarization curves for the four high purity metals and carbon fiber 

reinforced plastic (CFRP) used in this work were measured in quiscent test solution (50 mM 

NaCl) and are presented in  Fig. 5.2  below. Unlike in OCP and EIS test without polarization, in 

which the test signals have insignificant effects on the corroding system, in potentiodynamic 

polarization tests the reactions taking place on the electrode surface are "forced" to proceed in a 

direction determined by the scan direction. Anodic scans promote oxidation while cathodic 

scans promote reduction processes. It is observed that the trend of open circuit potentials 

established with OCP measurements after 10 hours matched that obtained from the merged 

cathodic and anodic scans (Fig 5.2) while the trend observed at less than 2 hours immersion 

matched that obtained from cathodic to terminal anodic potential. From this observation, it is 

inferred that the potentiodynamic polarization curves of the respective materials presented in 

Fig. 5.2 are representative of their respective longer term corrosion behaviour.  



 

119 

 

 

Fig. 5.2. Potentiodynamic polarization scan for five materials in 50 mM NaCl solution after 1 hour 
immersion (merged cathodic anodic scans 10 mV from OCP values). 
 

 A well-defined diffusion limited region is observed in the cathodic curves for copper and 

CFRP, with CFRP diffusion limited region extending to above -1.4 VSCE compared to about -0.8 

VSCE for copper. The diffusion limited current density observed for CFRP and attributed to oxygen 

reduction is about 40 μA cm-2 and slightly higher for copper. The long range of the oxygen 

diffusion limited region (from about -0.2 to > -1.4 VSCE) which incidentally falls in the range of the 

open circuit and corrosion potentials of aluminium, zinc and iron indicates; (a) that the main 

cathodic reaction on CFRP in near neutral chloride media is oxygen reduction, (b) that water-

splitting reactions with hydrogen evolution is unlikely on CFRP at cathodic potentials less than -

1.4 VSCE, and (c) as a consequence galvanic corrosion of the aluminium, zinc, and iron coupled to 

CFRP will most likely be stifled in de-aerated near neutral solutions. A peak was observed on the 

cathodic curve for zinc irrespective of the scan sequence at around ≈ -1.4 VSCE, and attributed 

to  the reduction of zinc oxide/hydroxide layer [670,671] most probably formed on the zinc 

surface during the 1 hour immersion period. Based on the observed limiting oxygen diffusion 

corrosion current density for CFRP in the test media of ≈ 40 μA cm-2, it is estimated that 

galvanic coupling of the CFRP to zinc, aluminium, and iron under the test condition will be 

equivalent to corrosion rates of about 0.599, 0.436, and 0.132 mm yr-1 respectively or mass loss 

rates of 11.708, 3.223 and 2.85 gm-2 d-1  respectively, on the assumption that all the cathodic 

activity occurs on CFRP and discounting self-corrosion of the metals. 
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5.1.3.  Electrochemical Impedance Spectroscopy Results for 5 Test Materials  

 The electrochemical impedance spectrafor the four high purity metals and carbon fiber 

reinforced plastic (CFRP) used in this work and measured in quiescent test solution (50 mM 

NaCl) are  presented in Fig. 5.3 below. 

 
Fig. 5.3. Bode plots for the 5 materialsafter 1 hour immersion in 50 mM NaCl solution.  
 
In the Bode plots above it can be observed from the impedance magnitude (IZI) for CFRP is quite 

high at low frequencies and very capacitive. Furthermore, two well-defined time constants are 

observed for copper, aluminium and zinc, the time constant at mid-frequencies indicative of the 

barrier properties of corrosion product films formed on the metals. For copper the mid-

frequency time constant manifests at higher frequencies while only iron displayed a single time 

constant suggesting that its corrosion product layer is either non-protective with very weak 

barrier properties or is formed much slowly under the test conditions.  

 

5.2.   Results of Tests on carbon fiber reinforced plastic (CFRP)  

 CFRP is unique in the ensemble of materials studied; being a non-metal and a composite 

material.  As a consequence of this, and its reported ability to enhance anodic oxidation of 

galvanically coupled metals by supporting cathodic reactions, tests were carried out over a wide 

range of cathodic potentials covering the corrosion potentials of the metals employed in this 

study, and even at anodic potentials in near neutral (50 mM NaCl) and acidic (100 mM HCl) 

solutions. To monitor any dependence of its electrochemical and degradation behaviour on the 

bulk solution pH, tests were done in un-buffered 50 mM NaCl solutions adjusted to alkaline pH 

of 8, 9, 10.5 and 12 and buffered solutions of pH 8, 9, 10, and 12. Degradation of the CFRP under 

these test conditions were monitored through changes in the  impedance magnitude (IZI), 

changes in electrochemically active area by the capacitance, and changes in the chemistry of the 
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surface by the polarization resistance (Rp) or the charge transfer resistance (Rct)  (when a second 

time constant emerges)  with respect to time and polarization respectively. Using localised 

techniques the local environment around CFRP in 50 mM NaCl as a function of polarization was 

monitored. Finally, the electrochemical behaviour of CFRP in the presence of a wide range of 

inhibitors was studied, and the results from all these tests presented herein. 

 

5.2.1. Electrochemical and Chemical Characterization of Components of the CFRP Composites 

The electrochemical and chemical behaviour of the carbon fibers and the epoxy matrix of the 

CFRP composite was characterized and found to be distinct using both scanning Kelvin force 

microscopy (SKPFM) and confocal Raman microscopy. 

 

5.2.1.1.  CFRP Characterizaton by  Scanning Kelvin Probe Force Microscopy (SKPFM). 

 Scanning Kelvin Probe Force Microscopy (SKPFM) was employed to evaluate the 

electrical behaviour of the polished surface of the carbon fiber reinforced plastic (CFRP). The 

results are presented in Fig. 5.4 (b) below, confirming the manufacturer's claim of 6 um diameter 

carbon fibers, and indicating differences in the Volta  potential of the fiber and epoxy matrix in 

the CFRP.  

 

Fig. 5.4. SKPFM measured topography (a) and (b) Volta potential profiles for polished CFRP 
sample. 
 

Hence the Volta potential measurements characterizes the epoxy matrix and the carbon fibers 

as two electrically different phases.  The correlation between the Volta potential, the surface 

potential, χ, and the the Galvani potential, ψ, which is the potential that is taken into account in 
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equilibrium electrochemistry, had been illustrated earlier under the details of experimental 

techniques in Chapter 3 (eqn. 3.55) by the relation [640,653-655]. As a consequence of this 

relationship differences in measured volta potentials can be associated to differences in 

electrochemical properties, which would in turn have implications  on electrochemical processes 

and inhibitor interaction with material surfaces.The topography image and profile Fig. 5.4(a) 

above, indicates that in the polished CFRP sample the carbon fibers are somewhat elevated 

above the epoxy matrix. 

 

5.2.1.2.  CFRP Characterizaton by Confocal Raman Spectroscopy/Microscopy. 

 Raman spectroscopy/microscopy is often employed in the characterization of composite 

materials  as it can be very sensitive to differences in both the chemical composition of the 

individual components of the composite and also track changes in the chemistry of each of the 

individual components in the absence of over-lapping peaks. This ability enables the use of 

Raman spectroscopy in monitoring chemical degradation of both mono and multi-component 

systems due to either thermal, chemical or other environmental stimuli, which is vital in the 

present study.  Hence this ability is exploited in this work in an attempt to monitor chemical 

changes to multi-component CFRP  as  a function of both exposure time and different test media 

and polarizations, which in combination with electrochemical test data gives a deeper 

perspective on the mechanism of CFRP degradation. 

 
Fig 5.5. Confocal Raman spectra of components of CFRP (Inset is the combined image 
generated). 
 
Chemical characterization of the carbon fiber reinforced polymer (CFRP) by confocal Raman 

microscopy confirms the presence of two chemically distinct phases (Fig. 5.5); the carbon fiber 
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characterized by its D-band (1365 cm-1) and G-band (1606 cm-1) and the epoxy matrix with 

prominent peaks at 3062, 2926, 1605, 1001, and 815 cm-1. Mapping was achieved by using the 

carbon D-band around 1365 cm-1 for carbon fibers and the 3062 and 1001 cm-1 peaks for the 

epoxy matrix. The confocal Raman mapping of unexposed CFRP sample (inset in Fig. 5.5) shows 

carbon fibers (blue) of diameter ≈ 6 um in the epoxy matrix (red). 

 
 
5.2.2.  Effect of Polarization on the local environment near CFRP in 50 mM NaCl 

 Since electrochemical testing of CFRP in the test media involves the application of a 

potential, knowledge of the effect of such polarization on the properties of the local 

environment such as pH , oxygen distribution, etc. is important. To monitor the effect of 

polarization on the local pH near CFRP, chrono-amperometric and potentiodynamic polarization 

tests were made with simultaneous measurement of the local pH, and the results are 

 presented below. 

 

5.2.2.1.  Results of Step Chrono-amperometric Measurements  and Potentiodynamic 

Polarization Scan on CFRP in 50 mM NaCl with Simultaneous  Localized pH Measurements. 

 To monitor the pH changes in the local environment close to the CFRP surface, static 

measurements of the pH at a height ≈ 40 μm above the CFRP in quiescent 50 mM NaCl was 

made, in which the potential is progressively changed from cathodic to anodic values (-1000, -

750, -500, -250, 0, +250, and +500 mVSCE) and held for about 300 seconds at each potential 

before the next potential change with concurrent measurement of the resultant current. This 

test is important as it yields information on the local pH very close to the CFRP surface as a 

function of polarization that will be helpful in analysis and understanding of subsequent test 

results particularly electrochemical impedance spectroscopy and tests on CFRP in the presence 

of inhibitors. The results (Fig. 5.6) indicate a marked and sustained increase in pH (> 9.5) above 

the CFRP surface at applied cathodic potentials greater than -500 mVSCE, a drastic reduction in 

local pH at -250 mVSCE towards the bulk pH value (6.8) and slight acidifaction with local pH 

around 5.5 at 0, +250 and +500 mVSCE. These results indicate that at OCP (-19 mVSCE) in 50 mM 

NaCl the local pH around uncoupled CFRP is similar to the bulk pH but undergoes a steep 

increase towards a pH of 10 as applied polarization tends towards -1000 mVSCE. It is also 

observed that significant changes in the current density on application of potential is achieved at 

cathodic potential greater than -250 mVSCE; having values > 50 μA cm-2 at -1000 mVSCE, ≈ 40 μA 
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cm-2 at  -750 mVSCE, and ≈ 13 μA cm-2  at  -500 mVSCE, but tends towards 0 μA cm-2 at  -250, 0, 

+250, and +500 mVSCE. This coincidence of marked increase in pH with increase in cathodic 

current density at same potentials confirm that alkalinization results from cathodic processes. 

 
Fig.  5.6.   Simultaneous  chronoamperometric  and local pH measurements on CFRP in 50 mM 
NaCl.  
 
 Further  monitoring of  the pH changes in the local environment close to the CFRP 

surface, was done  by subjecting the CFRP to a potentiodynamic polarization test, ramping the 

applied voltage from cathodic to anodic potentials (-1.5 V to +1.5 VSCE) while simultaneously 

measuring  the pH at a height ≈ 40 μm above the CFRP in quiescent 50 mM NaCl. 

 
Fig.  5.7.   Simultaneous   potentiodynamic  polarization and local pH measurements on CFRP in 
50 mM NaCl. 
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 Results of simultaneouspotentiodynamic polarization measurements with localized pH 

measurements (Fig. 5.7.) show an instantaneous rise in the local pH to ≈ 11 from the bulk pH 

value of ≈ 6.8 at the commencement of the scan at a cathodic potential of -1500 mVSCE, a 

gradual decrease in local pH with decrease in applied cathodic potential to ≈10.5 at about -500 

mVSCE from which point the local pH drops sharply to around 8 at "Ecorr" and then into the acidic 

range as the applied potential becomes anodic. This pH profile is comparable with that 

presented in Fig. 5.6 and together yield important information on the local pH values near the 

CFRP surface with respect to applied potentials that are vital in the choice of applied potentials 

and understanding of results from other tests. The slight difference in the local pH at the 

commencement of scan in Fig. 5.7 and the chronoamperometric test  (Fig. 5.6) is attributed to 

the differences in the test procedures (starting potential and scan rate). 

 

5.2.3.  Effect of pH on  carbon fiber reinforced plastic (CFRP) 

 Since the polarization of CFRP in the test media has been demonstrated above to 

significantly affect the local pH, knowledge of the effect of pH on the properties, degradation, 

and electrochemical response of CFRP is vital. The effect of pH was monitored using OCP 

measurements and electrochemical impedance spectroscopy, Raman spectroscopy imaging and 

scaning electron microscopy during and after immersion in solutions at varying bulk pH. 

The results of tests on effect of pH on the electrochemical behaviour and degradation of CFRP 

are presented below. 

 

5.2.3.1.   Effect of Bulk pH on OCP   of CFRP in Chloride Solutions. 

 The time evolution of the open circuit potential (OCP) of CFRP in chloride solutions of 

varying pH is presented in Fig. 5.8 below, in which a sensitivity of the OCP to pH is observed. The 

OCP tends towards more cathodic values in alkaline pH and towards more anodic potentials with 

reduction in pH value. This observed decrease in OCP values with increase in pH might be 

indicative of probable Nernstian behaviour. Indeed the E-pH slope is not ideally Nernstian in all 

the pH range but the trend in generally is quite clear. 
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Fig.  5.8. Open circuit evolution for CFRP in chloride solutions of varying pH. 
 

5.2.3.2.  Effect of Bulk pH on the Cathodic Potentiodynamic Polarization Curve of CFRP in 

Chloride Solutions. 

 To study the effect of pH on the cathodic potentodynamic polarization response of CFRP, 

potentiodynamic tests were carried out on CFRP after 1 hour immersion in unbuffered chloride 

solutions adjusted to pH 1,3, 7, 10, and 12 respectively,  at a scan rate of 1 mV s-1 starting at 20 

mV anodic to OCP values, and the results presented in Fig.  5.9 below. From Fig. 5.9, it is 

observed that the cathodic polarization curves are marked by a Tafel region, a diffusion linmited 

plateau region attributed to oxygen diffusion limitations, and at higher cathodic potentials, 

increassed current densities, that have onset potentials that are more cathodic at neutral and 

alkaline pH. The onset of this increase in current densities is attributed to the onset of other 

cathodic processes such as hydrogen evolution reactions besides oxygen reduction. These 

potentiodynamic polarization curves show that  CFRP in these test electrolyte display an "active" 

region between OCP and about -200 mVSCE after which a diffusion limited region is observed 

with a current density of in the range of 30 to 40 μA cm-2. This value is important for processing 

galvanic current densities measured in galvanic couples involving CFRP, as it is the limit of 

expected galvanic current densities in such couples when galvanic corrosion is under diffusion 

control at the cathode. In addition the Tafel slopes are observed to be sensitive to the bulk 

solution pH, getting steeper with increasing pH.  With respect to the hydrogen evolution 

reaction (HER), a steeper Tafel slope is indicative of enhanced kinetics while the reverse is true 

for oxygen reduction reaction (ORR).    From these results, it is concluded that cathodic activities 



 

127 

on CFRP surface are more prominent at acidic pH due to the marked contribution from the 

hydrogen evolution reaction (HER), which appear to be much favoured in acidic media. 

 

Fig. 5.9. Cathodic  potentodynamic  polarization curves for CFRP in chloride solutions of varying 
pH at scan rate of 1 mV s-1. 
 

5.2.3.3.  Effect of Bulk pH on the cyclic voltammetric response of CFRP in Chloride. 

 The results of cyclic voltammetric tests on CFRP in quiescent chloride solutions adjusted 

to pH 1, 3, 7, 10, and 12, over a potential range  of  -1000 to +500 mVSCE at a scan rate of 50 mV 

s-1  is presented in Fig.  5.10 showing a significant and consistent cathodic peak around -250 

mVSCE under all test conditions employed. This cathodic peak is attributed  to the 2-electron 

reduction of oxygen with formation of hydroxyl ions and hydrogen peroxide [672], and is 

consistently observed in EIS tests as a marked reduction in impedance at the observed 

polarization. The persistence of this cathodic peak over this wide pH range indicates that 

changes in bulk solution pH exerts insignificant deleterious effects on cathodic processes (the 2-

electron reduction of oxygen with formation of hydroxyl ions and hydrogen peroxide) on the 

studied carbon fibre reinforced polymer (CFRP). From the comparison of the second scans at 

different pH (Fig. 5.10f), it is observed that the cathodic processes are most pronounced at pH 

10, which incidentally is within the range of pH measured near CFRP sample coupled to 

aluminium in 50 mM NaCl solution (Fig. 6.5). These results indicate that the local pH around 

CFRP galvanically coupled to metals (Al and Zn) is at a pH range in which (oxygen reduction) 

cathodic processes are most pronounced on CFRP, and that unlike in metals cathodic processes 
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on CFRP are much less sensitive to changes in local pH. Consequently, it is concluded that 

control of bulk and/or local pH around CFRP is unlikely to be a viable option for mitigating 

cathodic processes on CFRP. 

 

 
Fig. 5.10. Cyclic voltammogram  of CFRP at a scan rate of 50 mV s-1 in chloride solutions at  (a) 50 
mM HCl at pH 1, at  (b) 50 mM NaCl at pH 3, (c) 50 mM NaCl at pH 7, (d) 50 mM NaCl at pH 10, 
(e) 50 mM NaCl at pH 12, and (f) comparison of the second scans at different pH. 
 

 Cyclic voltammetric tests conducted over a wider potential range -1000 to +1000 mVSCE 

to permit oxidative processes on CFRP surface Fig. 5.11 indicate that any changes effected on 
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CFRP surface by promoting oxidative proceeses in the studied anodic potential range (up to 

+1500 mVSCE but CV up to +1000 mVSCE shown) apparently do not have any significant effects on 

the 2-electron oxygen reduction process on CFRP surface. 

 
Fig.5.11.  Cyclic voltammogram of CFRP in 50 mM NaCl at a scan rate of 50 mV s-1. 
 

 The corrosion reaction of carbon material in aqueous acid electrolytes  has been 

generalized to follow the scheme expressed in equation 5.1 below [280,673];  with dissolved  

oxygen postulated to apparently affect both the surface oxide coverage and carbon corrosion 

process(es) [673-675]. 

𝐶 +  2𝐻2𝑂 → 𝐶𝑂2  +   4𝐻+  +  4𝑒− ;  𝐸𝑜 = 207 𝑚𝑉 …… . (𝑒𝑞𝑛. 5.1)  

From equation 5.1, it is plausible that oxidation of carbon fibres of the CFRP is likely to result in 

local acidification due to the generation of protons. In spite of the plausible changes in the local 

pH and surface functional group composition on CFRP surface, the cathodic process(es) are 

largely insensitive  to these changes even on increasing the scan potential range toward more 

anodic potentials (Fig. 5.11). 

 

5.2.3.4.  Evolution of CFRP Impedance Spectra during Immersionin 50 mM NaCl (pH≈ 6.8). 

 In order to  study the effect of possible changes in the local  pH of the test solution (50 

mM NaCl) on the impedance response of CFRP, electrochemical impedance spectra was first 
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acquired from CFRP samples immersed in the test blank solution (pH unadjusted); 50 mM NaCl 

of pH ≈ 6.8.  The electrochemical impedance spectra acquired  in this and other sections of the 

work were  normalized and fitted to equivalent circuit(s) illustrated in Fig. 5.12(a and b) below. 

The equivalent circuit of Fig. 5.12a was used to fit spectra manifesting only one time constant 

while that of Fig. 5.12b was used to fit impedance spectra presenting diffusion effects. 

 
Fig. 5.12.  Equivalent  circuit used to fit impedance spectra 
 
 Fig. 5.13. below presents the Nyquist and Bode plots for tests on CFRP in quiescent 50 

mM NaCl at OCP at immersion times ranging  from 1 to 10 hours showing a marked capacitive 

one time constant electrochemical response.These impedance spectra were fitted to the 

equivalent circuit of  Fig. 5.12 (a) comprising a capacitive element (CPE) which denotes the 

capacitance of the double layer, and parallel to a resistive element (Rp or Rct) denoting the 

polarization resistance or the resistance to charge transfer across the CFRP-electrolyte interface, 

with both of these circuit elements in series with the electrolyte resistance (Rsol). 

 
Fig. 5.13. Nyquist and Bode plots for CFRP at OCP after immersion in 50 mM NaCl solutions  for 
different time durations (symbols are measured values and corresponding lines  fitted values). 
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Fig. 5.14 below presents the time evolution of the measured low frequency impedance at 0.01 

Hz and the extracted value of the fitted circuit elements (double layer capacitance (Cdl) and 

charge transfer resistance (Rct)) of the impedance spectra (Fig. 5.13) of CFRP in 50 mM NaCl at 

OCP using the equivalent circuit illustrated in Fig.5.12 (a) and Zview software. The indicated 

errors are fitting errors and have been observed to be consistently much higher for CFRP in 

uninhibited solutions during the first few hours of immersion reducing to more or less stable 

values after more than 6 hours immersion. The higher fitting errors during the first few hours of 

immersion is attributable to very high initial values of impedance measured for CFRP in which 

the error in the Rct becomes high due to the greater uncertainty of the point at which the almost 

straight Nyquist curve would cross the X-axis. 

 
Fig. 5.14.Evolution of  (a) low frequency impedance (IZI0.01 Hz) and charge transfer resistance (Rct), 
and (b) double layer capacitance with time for CFRP immersed in 50 mM NaCl at OCP. 
 

From the plots of measured (low frequency impedance) and fitted parameters (Rct and Cdl) (Fig. 

5.14), it is observed that the magnitude of the low frequency impedance is generally fairly 

stable, increasing slightly with time. The fact that the low frequency impedance does not 

decrease with immersion time in 50 mM NaCl at OCP indicates that significant changes in the 

electrochemical activity of the CFRP surface  does not occur during the test time scale. The 

charge transfer resistance is observed to be relatively stable during the 10 hour period, and 

correlating changes in the charge transfer resistance to changes in surface chemistry this might 

be indicative of insignificant  changes in the surface chemistry of the CFRP during the 10 hour 

duration in 50 mM NaCl solution without polarization.  The double layer capacitance (Fig. 5.14) 

is observed to decrease markedly with immersion time. This general reduction of the double 

layer capacitance with time is inferred to result most probably from surface modification of the 

CFRP surface due to adsorption of species which can lead to either/both a reduction in 

electroactive surface area and increase in the interfacial "distance".  Though this is the most 



 

132 

probable explanation  for the observed general reduction of the double layer capacitance with 

time, however, cognisant of the fact that in this case the low frequency impedance is basically 

the reciprocal of the Cdl since the phase angle is very negative (close to -90o) so that  the  trend is  

that the low frequency impedance closely follows the trend for Cdl  another possibility can be 

some surface modification, most probably evolution of the surface termination of the carbon 

fibers which is not likely to significantly affect Rct values. 

 

5.2.3.5.  Effect of Bulk pH on Impedance Spectra of CFRP in Unbuffered Chloride Solutions. 

 Having established the electrochemical impedance response of CFRP in the absence of 

polarization in the blank solution (50 mM NaCl of pH ≈ 6.8) in the preceding sub-section, the 

impedance response in unbuffered chloride media of different pH  (1, 10.5, and 12) were 

evaluated and compared with that measured in 50 mM NaCl at OCP. The measured impedance 

spectra in unbuffered chloride solutions at these different pH values after 2 hours immersion are 

presented in Fig. 5.15 below. 

 
Fig. 5.15. Nyquist and Bode plots for CFRP at open circuit potential  in un-buffered chloride 
solutions at different pH after 2 hours of immersion. 
 

By fitting the impedance spectra above (Fig. 5.15) of CFRP in un-buffered chloride solutions at 

different pH after 2 hours of immersion to the one time constant equivalent circuit (Fig. 5.12a),  

parameters such as low frequency impedance (IZI0.01 Hz), charge transfer resistance (Rct),  double 

layer capacitance were evaluated  and presented in in Fig. 5.16 below as functions of pH. 
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Fig. 5.16.  Evolution of  (a) low frequency impedance (IZI0.01 Hz) and charge transfer resistance 
(Rct), and (b) double layer capacitance and open circuit potential with pH for CFRP immersed in 
un-buffered chloride solutions after 2 hours of immersion. 
 

 From Fig. 5.16(a)  a gradual decrease in the charge transfer resistance with increasing pH 

is observed while the low frequency impedance  increasing with increasing pH up to pH of 10.5 

above which it slightly drops. Diminution in the low frequency impedance above 10.5 in tandem 

with reduction in capacitance  is understandably because both are directly linked, since at this 

frequency the impedance value is dominated by the imaginary part which reflects capacitance. 

However by comparing the evolution of this trend as a function of pH enhanced general 

degradation of the CFRP at pH > 10.5 and/or significant changes in the surface functional group 

composition and coverage is suggested to possibly account for values observed at pH ≥ 10.5.  

Fig. 5.16(b) reveals that the double layer capacitance is highest at a pH ≈ 6.8 (in 50 mM NaCl 

solution), and a linear response of the CFRP open circuit potential to solution pH in the pH range 

1 to 12 in unbuffered chloride solutions. 

 Having established the impedance response of CFRP in unbuffered chloride solution over 

a wide range of pH in the absence of polarization, and taking cognisance of earlier findings that 

local pH is prone to change on introduction of polarization, electrochemical impedance 

spectroscopy test were made on CFRP in 50 mM NaCl solution after longer term exposure (20 

and 120 hours) to alkaline buffer solution of pH 8, 9, 10, and 12 respectively. The aim of these 

tests in pH buffered solutions was to observe the impedance response of CFRP in bulk (buffered) 

solutions in which the local pH near CFRP is less likely to change due to the buffering effect in 

order to use this as a baseline in discriminating electrochemical response due to local pH 

changes near CFRP  surface  from  those  due  to  impressed cathodic polarization (as can be 

seen in upcoming sub sections of this work).  The impedance spectra obtained from these tests 

are presented in Fig. 5.17  and  the  parameters  extracted  after fitting are presented in Figs. 

5.18  and 5.19  respectively below. 
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Fig. 5.17.  Bode plots for CFRP after immersion in buffer solutions for 20 and 120 hours and then 
tested after 2 hours immersionin 50 mM NaCl solution. 
 

The Bode plot above (Fig. 5.17) reveals a marked reduction in capacitance after long term 

exposure to alkaline buffer solutions in comparison to the reference spectra (in red of CFRP 

immersed for only 2 hours in 50 mM NaCl). Generally, such decrease in capacitance can be 

mainly accounted for by either a reduction in electrochemically active surface area, an increase 

in the interfacial distance (due for instance to adsorption of species onto the CFRP surface), or 

changes in surface termination. The analysis of the evolution of measured and  fitted impedance 

parameters (low frequency impedance at 0.01 Hz (IZI0.01 Hz), double layer capacitance (Cdl), and 

charge transfer resistance (Rct)) presented in Figs. 5.18 and 5.19 below yields further 

information. 

 

Fig. 5.18. Evolution of low frequency impedance (IZI0.01 Hz) with pH of buffer solutions after 20 
and 120 hours immersion. 
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Fig. 5.18  above presents the evolution of low frequency impedance (IZI0.01 Hz) with respect to 

the pH of buffer solutions after 20 and 120 hours immersion respectively in which similar trend 

of decreasing low frequency impedance with increase in pH from pH 9 for both exposure times. 

Consideringthe evolution of the low frequency impedance values with pH in the highly 

capacitive impedance values at  0.01 Hz in which the imaginary component predominates, 

reduction in low frequency impedance at pH values ≥ 9 is most likely to be linked to processes 

that significantly  affect the capacitance at higher pH values.   A clearer insight into these 

processes is only possible by the fitting and analysis of fitted impedance spectra parameters 

presented in Fig. 5.19 below.   

 
Fig. 5.19.Evolution of (a) double layer capacitance and (b) charge transfer resistance for CFRP as 
a function of pH of buffer solution at different exposure times. 
 

In  Fig. 5.19(a)  above, the trend of the double layer capacitance observed in buffered solution is 

found to differ significantly from the trend observed in unbuffered chloride solutions (Fig. 5.16) 

with calculated capacitances generally much lower in buffered solutions. Cognisance should be 

taken of the fact that whereas the data obtained from tests in unbuffered chloride media, 

presented herein were taken after 2 hours immersion while those in buffered solutions were 

taken after 20 and 120 hours immersion.  The idea was to use the short immersion time test 

data in un-buffered test media (with similar pH but apparently much less potential for 

degradative  effects) as a baseline for longer term tests in buffered alkaline media as 

degradation of  CFRP had been linked to the presence of OH- ions.  These differences are 

probably  due  to  the interaction of the constituents of the buffer solution with the CFRP 

surface.  From  Fig. 5.19(b) above, it is observed that at pH values between 8 and 10, increase in 

immersion time yields an increase in the charge transfer resistance that peaks at pH 10, but 

appears to decrease with further increase in pH.  Furthermore, a marked increase is observed in 

the charge transfer resistances measured between pH 9 and 10. Comparing the slopes for these 
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increases in charge transfer resistance after  both 20 hours and 120 hours of immerson, a 

steeper slope is observed from data acquired after  120 hours immersion suggesting possible 

effects of immersion time on the kinetics of the process. Correlating the charge transfer 

resistance (Rct) to changes in the surface chemistry of the CFRP, it is inferred that trends 

observed from this result might be indicative of some form of surface modification process that 

is apparently slow at pH 8 to 9, but faster between pH 9 and 10 and increases with increased 

immersion time. 

 Since exposure of CFRP to an alkaline pH has been demonstrated to be deleterious to the 

carbon fibers of CFRP,  and the observed changes in capacitance can result from either changes 

in the surface area of the conductive carbon fibers and/or chemical modification of the carbon 

surface by attached functional groups, further EIS tests were made on CFRP samples after 20 

hours´ immersion in pH 10 and 12 buffers respectively and then measured after washing in 

distilled water and immersing interminently  (for 2 hours prior to testing) using the sequences; 

HCl- NaCl-HCl-NaCl..... and NaCl-HCl-NaCl-HCl.... respectively.  These sequential EIS tests after 

exposure in alkaline buffer solutions, are premised on the postulation that changes in 

capacitance  due  to changes in electrochemically active surface area are less likely to be 

affected by sequential testing in near-neutral and acidic chloride solutions, while changes due to 

attachment of functional groups to the carbon fiber surfaces are most likely to be affected by 

changes in the pH of the test solution. The measured impedance spectra was fitted using the  

equivalent circuit of Fig. 5.12a, and measured impedance spectra (presented as symbols) 

together with the fitted spectra (presented as lines), are presented in Figs.  5.20and 5.22  below 

for samples immersed in pH 10 and pH 12 buffer solutions respectively.  The extracted and fitted 

parameters from these sequential EIS tests are presented in Figs. 5.21 and 5.23 for samples 

immersed in pH 10 and pH 12 buffer solutions respectively. 

 From the Nyquist plots for the sequentials EIS tests carried out on CFRP samples after 20 

horurs immersion in pH 10 buffer (Fig. 5.20a and 5.20d), it can be observed that wheras the 

measured and fitted data matched closely at high and mid-frequencies, slight deviations are 

observed at very low frequencies.  This was thought  to be possibly due to emerging but not 

well-defined diffusion effects. As a result the data was also fitted to the equivalent circuit of Fig. 

5.12b containing a Warburg element. Fitting to this equivalent circuit (Fig. 5.12b), however 

resulted in higher errors in the circuit element values, hence data for the one time constant 

equivalent circuit (Fig. 5.12a) was upheld and presented herein. This phenomenon appears to be 

more prominent in sequential tests starting from acidic chloride media (100 mM HCl, Figs.  



 

137 

5.20a,b, and c).   In contrast the measured and fitted spectra for sequential tests after exposure 

to pH 12 buffer iresspective of the stating test media pH fitted very well to the one time 

constant equivalent circuit of Fig. 5.12a at all measured frequencies (Fig. 5.22a and 5.22b). 

Fig. 5.20. Nyquist and Bode plots for CFRP after 20 hours immersion in pH 10 buffer solution and 
sequential testing in NaCl and HCl solutions (a-c) tests started in HCl solution and (d-f) tests 
started in 50 mM NaCl (symbols are measured data while lines are fitted data using equivalent 
circuit ofFig. 5.12). 
 

From Figs. 5. 20 and 5.21 for samples tested sequentialy after 20 hours immersion in pH 10 

buffer solution, the test sequence (starting of testing in HCl or NaCl) is observed to affect the 

extracted EIS parameters (low frequency impedance, polarization resistance, and double layer 

capacitance) irrespective of the time scale, indicating the predominant effect of the attached 
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functional groups on the measured capacitance. Irrespective of the time scale and the 

immersion/testing sequence, the low frequency impedance and polarization resistance were 

observed to be consistently higher in 50 mM NaCl solution compared to values in 100 mM HCl 

solution, while the reverse was the case with the calculated capacitance (Fig. 5.21 c). 

 
Fig.5.21.  Extracted  EIS parameters from sequential testing of CFRP in NaCl-HCl-NaCl-  and HCl-
NaCl-HCl-  sequence in 2 hour intervals after immersion in pH 10 buffer solution for 20 hours. 
 

From  Fig.  5.21 (c), after immersion in pH 10 buffer solution for 20 hours, the carbon fiber 

surfaces were most probably  rich in O and OH terminated functional groups. Immersion in HCl 

solution most probably "neutralized" these attached functional groups as they are likely to be 

less stable at such low pH causing their removal from the carbon surface. In the absence of 

these attached functional groups, the electrochemically active surface area is increased resulting 

in the very significantly higher double layer capacitances measured in HCl solutions irrespective 

of immersion/test sequence. Furthermore measured double layer capacitances in NaCl were 

observed to reduce with time irrespective of whether first immersion was in NaCl (light grey 

bars) or in HCl (darker grey bars). 

 Fig. 5.22 below presents the measured spectra (presented as symbols) and spectra 

acquired from fitting to the equivalent circuit of Fig. 5.12a (presented as lines) of  
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electrochemical impedance data for CFRP after 20 hours immersion in pH 12 buffer solution, and 

then sequentially and intermittently immersing for 2 hours and testing in acidic (100 mM HCl) 

and near-neutral (50 mM NaCl) solutions. The close agreement of the measured spectra to the 

fitted spectra is obvious. 

 
Fig. 5.22. Nyquist and Bode plots for CFRP after 20 hours immersion in pH 12 buffer solution and 
sequential testing in NaCl and HCl solutions (a-c) tests started in HCl solution and (d-f) tests 
started in 50 mM NaCl (symbols are measured data while lines are fitted data using equivalent 
circuit of fig. 5.12). 
 

An interesting hysteresis phenomenon is observed in the impedance spectra of sequential tests 

carried out in HCl and NaCl after 20 hours prior exposure to pH 12 buffer solution irrespective of 

the starting media for the sequential test, in which unlike for tests after prior exposure the 
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impedance spectra is reproducible and strictly dependent on the test media and apparently 

insensitive to time and immersion sequence. 

 
Fig.5.23.  Extracted  EIS parameters from sequential testing of CFRP in NaCl-HCl-NaCl-  and HCl-
NaCl-HCl-  sequence in 2 hour intervals after immersion in pH 12 buffer solution for 20 hours. 
 
Such high sensitivity of the capacitance changes in the pH of the test solution is atributed to very 

significant changes in the functional groups attached to carbon surface in test solutions of 

different pH.  

 
5.2.3.6.  Effect of Bulk pH on degradation of CFRP: SEM and Raman images of CFRP  

 The  SEM images of Fig.  5.24  below show that solution pH apparently to exert a marked 

effect on the presentation of CFRP degradation.  In very acidic (pH ≈1) and near neutral (pH ≈ 

6.8) solutions CFRP degradation occur mainly in the epoxy matrix with the carbon fibers intact, 

while in alkaline solutions (pH ≥ 8) degradation manifests mainly on the carbon fibers  as 

significant fiber erosion with limited matrix loss. In the highly alkaline solution (pH ≈11) 

damage to the carbon fibers appear less severe with the epoxy matrix virtually unaffected. This 

is apparently corroborated by the combined confocal Raman images of CFRP after immersion in 

solutions of different pH (Fig. 5.26). Figs. 5.24  and 5.26  below suggests that alkaline solutions 
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(pH ≥ 8) promote carbon fiber degradation. 

 

  

As received after polishing In  100 mM HCl for 214 hours; pH = 1 

  

In  50 mM NaCl for 215 hours; pH ≈ 6.8 In  pH buffer solution for 592 hours; pH ≈ 8 

  

In  pH buffer solution for 592 hours; pH ≈ 10 In  pH buffer solution for 592 hours; pH ≈ 11 

Fig.  5.24.  SEM images of  CFRP  after immersion in solutions of varying pH. 

 

This apparent degradative effect observed in un-polarized CFRP samples (specially the epoxy 

matrix) exposed to high pH solutions is in tandem with earlier reports [293,294,297] that have 

linked CFRP degradation to the presence of OH- ions (which are in abundance in high pH 
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solutions) or  the reactive peroxide (HO2
-) and  long-lived intermediates that are produced under 

cathodic polarization.  In simultaneous chronoamperometric and local pH measurements on 

CFRP in 50 mM NaCl in this work (Fig. 5.6.), changes in local pH which could be attributed to 

onset and progress of significant cathodic activity was not observed at zero or positive (anodic)  

polarizations.  Hence the apparent degradation to the epoxy matrix is thought to be an artefact 

developed in the low pressure vacuum conditions of the scanning electron microscope as the 

presence of reactive peroxide (HO2
- ) and  long-lived intermediates presumed to be capable of 

intiating polymer degradation are not expected to be significant in the absence of impressed 

cathpdic polarization.  

 In tandem with results from electron microscopy, the results from Raman spectroscopy 

(Figs. 5.25 and 5.26) indicate degradative features in CFRP exposed to alkaline solutions. 

However, the superpositioning of the characteristic broad D and G bands of carbon in the 

wavenumber ranges for important anticipated  vibrations from the epoxy matrix limits the 

exploititation of acquired confocal Raman data to rigorously  monitor degradation in the 

composite. In spite of this limitation, employing the characteristic bands for carbon and the less 

intense bands emanating from the epoxy outside the range of wave-numbers of the carbon 

peaks, Raman images (Fig. 5.26) were obtained that discriminated the carbon fibres and the 

epoxy matrix, while the relative sharpness of the edges of the carbon fibres with respect to un-

immersed sample employed to compare apparent degradative tendencies in different test 

solutions. 

 

Fig. 5.25. Raman Spectra of  CFRPcomponents after immersion in solutions of varying pH, (a) for 
carbon fibers and (b) for the epoxy matrix. 
 

From Fig. 5.26  below, it is observed that compared to un-immersed CFRP samples and samples 

immersed in acidic solution, the definition of the edges of the carbon fibres were poorest in the 

samples immersed in alkaline solutions. This dimunition in the definition of the carbon fibre-
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epoxy matrix interface  after immersion  in alkaline solutions is attributed to probable interfacial 

degradation. Though it can be argued that these differences in the definition of interfacial region 

between the carbon fibres and the epoxy matrix is not linked to interfacial damage, its severity 

after immersion in alkaline solutions links this phenomena to the higher pH of these solutions 

which it tantamount to higher OH- concentrations. 

 
 

 
 

Without immersion 100mM HCl (pH≈ 1) 210 h 50mM NaCl (pH≈ 6.8) 210 h 

  
 

 

pH = 8 : 283 hrs pH = 10 : 105 hrs pH = 11: 105 hrs 

Fig. 5.26.   Raman images of  CFRPafter immersion in solutions of varying pH. 

 

5.2.4.    Effect of cathodic polarization on Impedance Spectra of CFRP in Chloride Solutions  

 Having established in the preceding sub-sections (section 5.2.3.5) the impedance 

response of  CFRP in near-neutral chloride solution in the absence of impressed polarization, 

and that  the application of a potential can change the pH close to the CFRP surface in 50 mM 

NaCl (section 5.2.2.1), the effect of applied cathodic polarization on the electrchemical 

impedance  spectra of  was  studied.  Electrochemical  impedance  spectroscopy was employed 

to study the behaviour of CFRP  at  different  polarizations. The acquired spectra are presented 

in Figs. 5.27  and 5.28, while parameter extracted from the spectra post-fitting such as low 

frequency impedance, IZI, double layer capacitance, Cdl, and charge transfer resistance, Rct, and 

diffusion resistance , Ws-R are presented in Fig. 5.29. Furthermore, SEM images and Raman 

spectra and maps of CFRP samples after immersion in 50 mM NaCl under cathodic and anodic 

polarization were acquired and presented in Figs. 5.30  to  5.32. 
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 However,  since  some  of  these  tests  were carried out at applied potentials much 

higher than potentials in the cathodic  "Tafel region" for CFRP (Fig. 5.9), the extracted 

parameters such as impedance,capacitance, and polarization resistance may not be strictly 

classified as such but as the respective "pseudo-parameters",   as under these test conditions 

the linearity principle for EIS tests is not achieved. As a consequence, extracted EIS parameter 

for tests under significant cathodic polarizations are treated as "pseudo-parameters" and 

employed only for comparative purposes in the systems under study. 

 

5.2.4.1.  Effect of  Polarization on  carbon fiber reinforced polymer (CFRP) with respect to 

oxygen diffusion. 

To understand effects occuring  between the "Ecorr" up to the diffusion limited regime in CFRP 

immersed in quiescent  50 mM NaCl solution, EIS  test  were done in steps of 25 mV from +250 

to  -500 mVSCE and fitted to the equivalent circuits presented in Fig. 5.12.   Figs. 5.27  and 5.28 

below presents the Bode plots of CFRP in this potential range showing the emergence of a 

second time constant attributed to diffusion effects within a certain potential range.  For clarity 

regarding  the evolution of impedance response with changes in applied polarization,  a 

selection of the Bode plots at 0 mV, -100 mV, -250 mV, 300 mV, -375 mV, and -500 mVSCE only, 

are presented in Fig.  5.24 below while  the Bode plots obtained in  the entire range of potentials 

between  +250 and -500  mVSCE are presented in Fig.  5.28  to monitor diffusion effects. 

 
Fig. 5.27. Selected Bode plots of EIS spectra of CFRP in 50 mM NaCl at 0 mV, -100 mV, -250 mV, 
300 mV, -375 mV, and -500 mVSCE to monitor diffusion effects. 
 



 

145 

 
Fig. 5.28.  Bode plot of EIS spectra of CFRP in 50 mM NaCl at different polarizations between 
+250 and -500  mVSCE to monitor diffusion effects. 
 

These  EIS data were treated, analyzed and fitted to the equivalent circuits presented in Fig. 

5.12. The fitted and extracted parameters from the data are presented in Fig. 5.29  below. 

Fig.5.29 reveals similar trends in the low frequency/global impedance (Fig. 5.29a), the 

capacitance (Fig. 5.29b), and the charge transfer resistance (Fig. 5.29c).   Fig. 5.26c shows that 

from +150 mVSCE (close to the OCP value of CFRP in the test media ≈ +125 mVSCE) the charge 

transfer resistance (Rct) decreases steeply with increase in applied cathodic potentials until 

about -225 mVSCE. Between -225 and -375 mVSCE the charge transfer resistance (Rct) is observed 

to be more or less stable. Interestingly, the resistive component (Ws-R or Rd) of the diffusion 

impedance is observed to increase steeply in this same cathodic potential range (-225 to -375 

mVSCE) in which the charge transfer resistance (Rct) appears to stabilize at is lowest values. 

Incidentally, this potential range (-225 to -375 mVSCE) is consitent with the potential range of the 

cathodic peak observed in cyclic voltammetric  tests (Figs. 5.10 and 5.11)  attributed  to the 2-

electron reduction of oxygen with formation of hydroxyl ions and hydrogen peroxide [672]. 

 This phenomenon can be explained by considering that the initial increase in the 

cathodic polarization stimulates easier treansfer of charges across the CFRP-solution interface 



 

146 

causing the kinetics of the charge transfer process to be enhanced until the process comes 

under diffusion control. Once diffusion control becomes dominant, the charge transfer 

resistance (Rct) becomes independent of further increase in applied cathodic potential, hence its 

value become lowered and stable with respect to applied potential.   Similar trends are observed 

in the values of the global/low frequeny impedance (Fig. 5.29a) and capacitance (Fig. 5.29b) in 

this potential range in which diffusion appears to predominate.   At  applied cathodic potentials 

> -450 mVSCE the impedance spectra no longer fits o the equivalent circuit of Fig. 5.12b, which 

might be indicative of increased complexity in the operative electrochemical processes, as other 

cathodic processes besides the 2-electron oxygen reduction process apparently begin to become 

significant. 

 
Fig. 5.29. Parameters extracted from the EIS spectra as a funtion of potential around the 
diffusion limited potential ranges for CFRP in 50 mM NaCl, (a) low frequenct impedance at 10-2 
Hz, (b) calcuated double layer capacitances, (c) evolution of polarization or charge transfer 
resistance (Rp or Rct) , and the resistive component of warburg imprdance (WS-R), and (d) the 
diffusion layer thickness estimated from EIS data. 
 
 Using the value 2.41 x 10-5 cm2 s-1 obtained by Vivian and King [676] which had been 

considered by St-Denis and Fell [677,678] to be the most reliable value for oxygen diffusion 

coefficient in water, the length of the diffusion layer was calculated from fitting and analysis of  
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EIS data and presented as a function of potential in Fig 5.29d. From Fig 5.29d  it is observed that 

the calculated length of the diffusion layer is in the range of 0.42 to 0.58 mm with the lower limit 

values calculated at potentials more cathodic  than -375 mVSCE above which other cathodic 

processes besides the 2-electron reduction process have been postulated earlier to very 

probably  become significant. These calculated values from EIS data for the diffusion layer 

thickness (δ) compares very well with values reported in unstirred electrolytes by Gerasimov  

and  Rozenfeld [679] at 20oC,  which were 0.47 mm on platinum in 0.0047 N FeCl3 + 0.1 N HCl, 

0.52 mm on iron in 1 N NaCl solution, and 0.56 mm on copper in iron in 1 N NaCl solution, 

placing the range of their reported values of diffusion layer thickness (δ)  at 20oC at 0.47 mm  to  

0.56 mm.  Discounting the lower values calculated for diffusion layer thickness at higher 

cathodic potentials where other processes besides 2-electron oxygen reduction have been 

explained to become significant, the value of 0.58 mm calculated repeatedly at several 

potentials in the potential region in which the 2-electron oxygen reduction predominates 

compare favourably with 0.56 mm reported on both iron and copper. The fact that the values of 

diffusion  layer thickness (δ)  calculated from treated EIS data compares so favourably with 

values reported  from a different  technique  validates both the treatment of the EIS data and 

the inferences made earlier from Fig. 5.29c, especially regarding the potential range in which the 

2-electron oxygen reduction predominates on CFRP surface. In addition, the fact that the 

diffusion layer thickness  calculated  from such a composite electrode with 6 μm diameter 

carbon fibres embedded in "seemingly" non-conductive epoxy matrix with the distances 

between neighbouring fibres seldom > 12 μm (= 2 carbon fibre diameters) (see Figs. 5.4, and 

5.22a for microstructure of CFRP surface) compared favourably with values measured in 

monolithic metal surfaces and supports the assertion in the concluding section of this chapter 

that the CFRP surface appears to act electrochemically as a uniform and continuous electro-

active surface when the diffusion controlled processes dominate (section 5.3). This can be 

explained by the fact that by reason of the size of the carbon fibres  (6 μm diameter) and the 

distance separating each carbon fibre from the other (≤ 12 μm ) being much less than the 

estimated length of the diffusion layer  0.58 mm (= 580 μm), the diffusion fields of adjacent 

carbon fibres are bound  to  overlap  so that instead of acting as individual micro-electrodes, 

they apparently act as a single planar electrode. 
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5.2.4.4.  Surface Analysis:  Effect of  Polarization on Raman Spectra, Raman and SEM Images of 

CFRP 

 The effect of polarization on CFRP after short term immersion in 50 mM NaCl for 2 hours 

was studied at cathodic (-1000 mVSCE) and anodic (+1000 mVSCE) potentials using scanning 

electron microscopy and confocal Raman spectroscopy/microscopy. The results thus obtained 

are compared with that obtained from unpolarized and unimmersed samples and presented in 

Fig. 5.30  for SEM, and Figs. 5.31  and 5.32  for confocal Raman spectroscopy. 

From Fig.  5.30,  it is observed that cathodic polarization appears to apparently lead to significant 

composite degradation characterized by carbon fiber erosion and interfacial damage in the 

interface  between the carbon fiber and epoxy matrix. In contrast anodic polarization to +1000 

mVSCE results in much less damage which appears to be concentrated on the epoxy matrix. It is 

important to mention however that though previous authors [294,305,672] have observed 

similar "degradation" from SEM images, attempts to monitor this degradation after application 

of applied cathodic polarizatons using in-situ atomic force microscopy (AFM) techniques did not 

show evidence of such damage. Attempts at AFM measurement under impressed cathodic 

polarization were not  successful  due  to gas evolution. The non-observance of the surface 

damage observed with SEM in AFM tests might be suggestive that the damage might have been 

produced or magnified in the non-ambient test conditions of the scanning electron microscope. 

Another reason can be related to differences in actual  test  conditions  when performing 

polarization in bulk electrolyte and in the electrochemical AFM cell.  

   

(a) (b) (c) 

Fig 5.30. SEM images of CFRP as received (a),and after immersion in  50 mM NaCl for 2 hours at 
(b) +1000 mV and (c) -1000 mVSCE respectively. 
 
 Fig. 5.31  below presents the Raman spectra acquired from the epoxy and carbon fiber  

components of the CFRP and also from the interface before and after immersion with 

polarization. The carbon  fibers are identifiable through  their D-band (≈ 1368 cm-1)  and G-

band (≈ 1606 cm-1) peaks but the D-band was utilized in this work since it is not superimposed 

on any significant peaks from the epoxy matrix. The epoxy is characterized by peaks around 816, 
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1001, 1036, 1115, 1296, 1459, 1616, 2924, and 3067 cm-1 but the peaks around 1001, 1036 and 

3067 cm-1 were used in identifying the epoxy  in this work. 

In Fig. 5.32a the epoxy peak at 1004 cm-1 was observed on carbon fibers polarized at an anodic 

potential (+1000 mVSCE) and at the carbon fiber-epoxy interface for samples polarized at 

cathodic potential (-1000 mVSCE). The presence of this peak on carbon fibers in anodically 

polarized samples suggests deposition of some eroded epoxy matrix material on carbon fibers 

under anodic polarization conditions. On exposing CFRP to the cathodic polarization of  -1000 

mVSCE, the epoxy surfaces appears to be covered by a significant layer of re-deposited carbon as 

evidenced by the prominence of the D- and G-band paeaks of carbon on the epoxy surface (blue 

line in Fig. 5.32b) and the absence of even the prominent peaks associated with epoxy such as 

1001, 1036, 2924, and 3067 cm-1.  This observation implies that under cathodic polarization the 

electrochemically active surface area on CFRP samples might be significantly higher than the 

surface area estimated on the basis of the exposed carbon fiber fraction. 

 
Fig 5.31.  Raman spectra of CFRP components (a) carbon fibers and (b) the epoxy matrix in the  
as received condition,and after immersion in  50 mM NaCl for 2 hours at  +1000 mV and  -1000 
mVSCE respectively. 
 
 From point  by point acquired spectra like those presented in Fig. 5.31 above, the 

confocal Raman images presented in  Fig. 5.32  were generated. These  Raman images (Fig. 5.32) 

confirm earlier observations from  SEM images (Fig. 5.30)  of significant interfacial damage and 

carbon fiber erosion in samples exposed to cathodic polarization and almost pristine carbon 

fibres in samples exposed to anodic polarization. 
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Fig. 5.32.  Raman mapping  of  CFRP as received (a), and after immersion in  50 mM NaCl for 2 
hours at (b) +1000 mV and (c) -1000 mVSCE respectively. 
 
 
5.2.5. Scheme for Using EIS Parameters to Monitor Changes in CFRP   

 From the trends observed in the electrochemical reponse of CFRP after exposure to 

solutions of varying pH without an  impressed potential and those under cathodic polarization, 

and following  the arguments and suggestions by Taylor et al., [297,301]  on the  use of EIS 

parameters  to  detect,  monitor,  and analyze damage  in carbon fibre composites under 

aqueous and cathodic polarization conditions, it is postulated that the "degradation" trends of 

CFRP  under  these  test  conditions  in  this work might  be monitored  by  a careful 

consideration of the trends of the extracted  "pseudo" EIS parameters (low frequency 

impedance (IZI0.01 Hz), charge transfer resistance (Rct) and double layer capacitance (Cdl)) post-

fitting as illustrated below (Fig. 5.33): 

 
Fig. 5.33. Postulated scheme for using trends of EIS parameter to monitor degradation in CFRP. 

 

 From the equivalent circuit in Fig.  5.33  above , it can be observed that the capacitance 

will be higher when the charge transfer resistance is high, thus minimizing the rate of current 
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leakage from the interface. Changes in the surface of the electrode that make charge transfer 

across the interface more difficults are  likely to lead to higher values of charge transfer 

resistance (Rct) while surface modifications that promote charge transfer across the interface are 

likely to lead to lowered values for charge transfer resistance (Rct). Consequently, charge transfer 

resistance (Rct) being sensitive to changes in surface conditions can be used to monitor these 

changes. The value and trend of the low frequency impedance being the global impedance un-

discriminated into its components can along with information on the values of the Rct and Cdl 

provide insights on the distribution of the impedance between capacitive and resistive 

components and their evolution with time. Based on these, a reaction occuring across the 

interface  is equivalent to a leaky capacitor, and thus should lead to a reduction in both the 

double layer capacitance and the charge transfer resistance, and even the low frequency 

impedance/global impedance. This postulation is validated by the observed trends in Fig. 5.29, 

where the 2-electron oxygen reduction reaction observed between -225 and -375 mVSCE led to a 

reduction in all these three parameters around the potential range for the reaction. 

Furthermore, increase in Cdl   coupled with decrease in the low frequency/global impedance is 

inferred to be consistent an increasing electroactive surface area, and  thus  can  be  used  to 

monitor degradative processes that lead to increase in the electrochemical surface area. These 

arguments were employed in section 5.2.6 below to explain observed trends in EIS data for CFRP 

samples subjected to the combination of cathodic polarization and pH. 

 
5.2.6.  Effect of combination of  Polarization and pH on  carbon fiber reinforced plastic (CFRP) 

 Having studied the effect of polarization and bulk pH of solution seperately on the 

electrochemical response of CFRP, the effect of a combination of these factors was studied 

under cathodic polarization conditions.  To monitor the effect of the bulk solution pH on CFRP 

degradation under cathodic polarization un-buffered chloride solutions of varying pH were 

prepared by addition of NaOH to 50 mM NaCl solutions to achieve alkaline pH, and by use of a 

appropriately diluted HCl solution as bulk solution for pH 1. Using solutions of pH 1,10, and 12, 

the EIS tests under cathodic polarizations were repeated, and the spectra extracted and fitted 

parameters compared with those obtained earlier in 50 mM NaCl solution (pH≈ 6.8). The 

Nyquist and Bode plot for the spectra acquired in pH 10.5 un-buffered chloride solution after 2 

hours immersion are presented in Figs. 5.34  and 5.35, extracted and fitted parameters for the 

different pH values are presented in Figs. 5.36  and 5.37  below. 
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Fig. 5.34.  Nyquist plot for CFRP after 2 hours immersion in 50 mM NaCl solution adjusted to pH 
10.5 at different polarizations. 
 

 
Fig. 5.35.  Bode plot for CFRP after 2 hours immersion in 50 mM NaCl solution adjusted to pH 
10.5 at different polarizations. 
 
 
The Nyquist and Bode plot for the spectra acquired in pH 10.5 un-buffered chloride solution 

after 2 hours immersion (Figs. 5.34  and 5.35) generally presenting a potential dependent 

electrochemical response. Under no or very small cathodic polarizations a one-time constant 

electrochemical response is observed, but as potential are increased above -500 mVSCE features 

of the presence of at least a second time constant attributed predominantly to didffusion effects 

begin to manifest.   Attempts  to fit the data in this higher cathodic polarization range to the 

equivalent circuit of Fig. 5.12 with a Warburg diffusion element produced much higher errors  in 

the circuit elements than  the  simpler  equivalent  circuit  of  Fig. 5.12a. This is thought to be 

probably due to the presence of other processes other than diffusion effects at these higher 
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cathodic polarizations (> -500 mVSCE) or diffusion with different bonding conditions. Secondly, 

and very importantly, since at such high cathodic polarizations the electrode is far from its "Tafel 

region" and hence the linearity condition for validity of EIS data is less likely to be fulfilled, a 

more robust analysis of the EIS data was not done. Consequently, the simple equivalent circuit  

of  Fig. 5.12a returning much lower errors than the circuit of Fig. 5.12b was used to fit the 

"impedance data". The values presented in Fig. 5.36  below (particularly at high cathodic 

polarizations) are considered as pseudo values and employed  for comparison only.  Since these 

features manifest at all higher cathodic polarizations in the different pH solutions, any errors are 

expected to cancel out to permit at least  rudimentary comparison. 

 
Fig. 5.36. Plots of (a) low frequency impedance at 0.01 Hz (IZI0.01 Hz) and (b) "pseudo polarization 
resistance" (Rp

#) evolution for CFRP after immersion for 2 hours in chloride solutions of different 
pH andat different applied potentials. 
 
The  approximations from fitted EIS data of low frequency impedance and the pseudo 

polaization resistance are presented in Fig. 5.36 above, from which it can be observed that 

changes in the bulk pH near CFRP surface under the cathodic potential range (hatched in grey) 

envisaged  in  this work  on  galvanic coupling of CFRP to metals such as aluminium, zinc, and 

iron respectively in this work does not exert marked differences in the electrochemical 

response/activity. Hence it is concluded that environmental control (pH)  employed in mitigation 

of metallic corrosion is not a viable option for mitigating electrochemical acrivity of CFRP under 

cathodic polarizations consistent with galvanic coupling with metals of interest in multi-material 

assemblies. 

 

5.2.7.  Degradative processes on CFRP under cathodic polarization and alkaline pH  

 Results obtained from tests on CFRP in preceding sections of this work indicates changes 

in the electrochemical responses obtained from CFRP as pH is changed toward more alkaline 
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values and as a cathodic polarization is applied, which have been attributed to both changes in 

chemistry of  the carbon surface  and some  degradative processes.  Degradation in CFRP 

appears to involve the interface between the carbon fibres and the epoxy matrix, the epoxy 

matrix, and the carbon fibres, respectively. Interfacial degradation between the carbon fibres 

and epoxy matrix, besides  its  deleterious effects on mechanical propertiies is very likely to lead 

to increased electroactive surface areaand hence enhanced electrochemical activity, as more of 

the cabon fibre surface (its sides) come into contact with electrolyte. Though tests under high 

pH conditions were carried out over longer time periods compared to tests with impressed 

cathodic polarizations due to obvious high resource demand of long term impressed cathodic 

polarization tests, the results appear to indicate that degradation is more prominent when 

cathodic polarization is applied to CFRP in alkaline media. Under cathodic polarization in acidic 

media, the production of the degradative short-lived peroxide radicals and oxo-species is 

apparently less favoured,  as they are likely to be easily deactivated as a result of their reduction 

by the high proton (H+) concentration of the bulk solution.  Under alkaline pH alone these more 

deleterious short-lived peroxide and oxo-radicals are not likely to be significantly generated, so 

that  degradative processes are not likely to be much accelerated.  As a consequence much of 

the changes in electrochemical response on/after exposure to alkaline media are more probable 

to be due to changes in the the surace chemistry of carbon through changes in the attached 

functional groups.   In summary results obtained by exposure of CFRP to solutions of varying pH, 

in  the  absence  and presence of applied cathodic potentials  appear to be in agreement with 

the  assertion  of  Pauly et al., [302] that the presence of a local alkaline pH (abundance of OH-) 

is a neccessary but not sufficient condition for CFRP degradation, as the concomittant presence 

of a cathodic polarization is apparently more dominant for onset and sustenance of degradative 

processes. 

 
5.2.8.  Choosing Inhibitors for Mitigating Electrochemical Activity of CFRP and Its Consequent 

Degradation.  

 Since  the application of cathodic polarization on CFRP has been demonstrated to result 

in marked changes in the pH near CFRP surface to values (pH ≈ 10) at which cathodic processes 

appear to be most favoured on CFRP surface, and that these cathodic processes are not 

significantly affected by changes in bulk pH, inhibitors were explored as a potential option for 

mitigating the cathodic proceesses and degradative processes on CFRP surface under cathodic 

polarization.   In  the light  of  the fact  that as a component in multi-material combinations, 
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CFRP being very noble is most likely to be under cathodic polarization, studies with inhibitors 

were carried out at applied cathodic potentials consistent with the upper range of potentials, 

CFRP is most likely to be polarized on galvanic coupling with the metals employed in this work. 

This  test procedure  ensured  that  the study of CFRP interaction with inhibitors and its effects 

on cathodic and degradative processes are carried out under test conditions reminiscent of real 

conditions in galvanic systems. The  use and choice of inhibitors are premised on the observed 

changes  of  the local pH around CFRP on galvanic coupling or application of cathodic 

polarization and the consequent onset of cathodic processes, and carbon's well known 

adsorbent properties which extends to both organic compounds [680,681], metal cations [682] 

and anions [683].  On these basis, research efforts were directed at inhibitors that can 

potentially precipitate onto CFRP surface on onset of cathodic processes with the precipitation 

prompted by increase in local pH, and adsorption based inhibitors (organic inhibitors) with the 

expectation that these might adsorb onto the carbon surface on the CFRP reducing the 

electrochemically active surface area, and as a consequence a reduction in cathodic processes. 

 

5.2.8.1.  Effect of combination of  Inhibitors and Polarization at -1000 mVSCE on  carbon fiber 

reinforced plastic (CFRP) 

 After studing   the electrochemical  behaviour of CFRP in solutions of varying pH, with 

and without polarization, tests were conducted in 50 mM NaCl based solutions containing a 

wide range of inhibitors and their combinations under cathodic polarization consistent with that 

anticipated on galvanic coupling of CFRP with the very active metals using potentiodynamic 

polarization  and  electrochemical impedance spectroscopy.  The results of the tests on the 

effect of inhibitors on CFRP in 50 mM NaCl based solutions are presented below. 

 From exploratory cathodic potentiodynamic polarizations scans  presented in Fig. 5.37 

below,  it is observedthat the addition of most of the inhibitors yielded no significant reduction 

in cathodic activities on CFRP with increased cathodic currents significantly above that in the 

blank solution recorded with some inhibitors (such as cerium nitrate, cerium acetate, ethylene 

diaminetetraacetic acid (EDTA), dipotassium dichromate (K2Cr2O7), and the mixture of 

benzotriazole and cerium nitrate) at cathodic poltential -900 mVSCE. 



 

156 

 

Fig. 5.37. Cathodic Potentiodynamic polarization scans of CFRP in different inhibitor solutions. 
 

From the zoomed section of the cathodic potentiodynamic polarization scans (Fig. 5.38 below) a 

slight reduction in the diffusion limited cathodic current density was observed in the presence of 

lanthanum acetate, samarium acetate, benzotriazole (BTA), sodium dodecyl sulphate (SDS), 

benzimidazole (BIA), trisodium phosohate (Na3PO4), and sodium tungstate (Na2WO4), and 

interestingly reduction in the cathodic current density at potentials between -1200 and -2000 

mVSCE that are most probably linked with water reduction reactions with hydrogen evolution in 

the presence of sodium dodecyl sulphate (SDS), benzimidazole (BIA), and trisodium phosphate 

(Na3PO4).   These  results suggest  that these three inhibitors are able to inhibit cathodic 

activities on CFRP in the entire cathodic range studied;  from OCP  to -2000 mVSCE.  To exert such  

influences  these  three  inhibitors need to  be able to affect  oxygen transport  processes to 

metal surface and electron transfer across the interface.   
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Fig. 5.38.  Zoomed section of cathodic potentiodynamic polarization scans of  CFRP in different 
inhibitor solutions. 
 
 Further test were carried out to determine if these observations were due to 

enhancement of cathodic activity on CFRP by the added compounds or due to other effects such 

as inhibitor electro-/cathodic reduction by varying the concentrations of inhibitors and 

monitoring the cathodic current response, potential peaks, increase and/or shifts in peaks. The 

results of some of these potentiodynamic tests and EIS tests are presented in the ensuing 

section  on the basis of the type of inhibitors along with electrochemical impedance test results 

on CFRP in the presence of some of these inhibitors and a cathodic polarization of -1000 mVSCE.   
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5.2.8.2.   Effect of a surfactant; Sodium Dodecyl Sulphate  (SDS) 

 

 
Fig.  5.39.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of sodium dodecyl sulphate (SDS). 
 

Fig 5.39. above presents the cathodic potentiodynamic polarization scans on CFRP in 50 mM 

NaCl solutions containingfrom 0 to 20 mM sodium dodecyl suphate (SDS). From Fig. 5.39., the 

presence of SDS shifts in the OCP towards cathodic potentials. In addition a reduction in the 

cathodic current density in virtually the entire studied potential range (from OCP to -2000 mVSCE) 

are observed in the presence of SDS.  On the basis of these observations it is postulated that 

most probably due to the well known surfactant properties of SDS it is able to interact with the 

CFRP surface in a manner that retards oxygen transport to the surface (lower limiting diffusion 

current density) and electron transport across the interface that results in lower current 

densities above   -1600 mVSCE cathodic potentials for the secondary cathodic reaction of water 

reduction with hydrogen evolution.   Additionally adsorption of SDS to the CFRP surface can 

suppress this cathodic reaction by inhibiting the atomic hydrogen re-combination step. However, 

confirmation of these postulations obviously require further tests. 
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Fig. 5.40. Extracted EIS fit parameters for CFRP in 50 mM NaCl without cathodic polarization in 
theabsence and presence of 5 mM SDS, (a) low frequency impedance at 10-2Hz, (b) resistance 
polarization, (c) double layer capacitance, (d) inset of capacitive section of impedance spectra, 
(e) Phase angle plot, and (e) impedance spectra (full range). 
 

Fig. 5.40  presents the effect of SDS on parameters such as (a) low frequency impedance at 10-2 

Hz, (b) resistance polarization, (c) double layer capacitance, and (d) the measured impedance 

spectra for CFRP in quiescent 50 mM NaCl in the absence of cathodic polarization. From Fig.  

5.40a it is observed that the presence of SDS markedly increased the low frequency impedance 

in the absence of a cathodic polarization. Correlating the enhanced impedance to the arrest of 

degradative processes, it is concluded that SDS in the absence of cathodic polarization inhibits 
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degradative processes on CFRP surface in the test media. From Fig. 5.40b increase in polarization 

resistance is observed in the presence of SDS indicating  the presence of a greater barrier to 

charge and/or mass transfer processes across the CFRP-solution interface. From Fig. 5.40c about 

a four-fold reduction in the double layer  capacitance is observed in the presence of SDS 

compared to values in the absence of SDS and any cathodic polarization. The observed marked 

reduction in double layer capacitance is inferred to arise from a decrease in the 

electrochemically active surface area due to adsorption of SDS to the carbon fiber surfaces in 

the CFRP and the retardation of degradative processes that promote the creation of more 

electochemically active surface on the carbon fibers. This position is supported by the observed 

marked increase in the low frequency impedance values in the presence of SDS.

 

Fig. 5.41. Extracted EIS fit parameters for CFRP in 50 mM NaCl with applied cathodic polarization 
of -1000 mVSCE in the presence of 5 mM SDS, (a) low frequency impedance at 10-2Hz, (b) 
polarization resistance,  (c) double layer capacitance, and (d) the bode plot. 
 
 In order to determine if the observed inhibitive effects are maintained under the kind of 

cathodic polarization the CFRP can be exposed in service on galvanic coupling with metals (such 

as aluminium and zinc), the EIS test are repeated in the absence and presence of 5 mM SDS and 

a cathodic polarization of -1000 mVSCE. The relevant parameters extracted from this test is 

presented in Fig. 5.41  above. 
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 The results from electrochemical impedance spectroscopy on  CFRP in quiescent 50 mM 

NaCl solution containing 5 mM SDS and under a cathodic polarization is presented in Fig.  5.42 

above. The tests in the presence of SDS was done in triplicate and extracts and fitted parameters 

for each test presented along with the averge values. From Fig. 5.41a (the low frequency 

impedance plot), it is observed that the low frequency impedance in the presence of SDS and 

cathodic polarization of -1000 mVSCE is consistently slightly higher than that in the presence of 

cathodic polarization but without SDS, but smaller than that in the absence of both. Correlating 

IZI to general degradation of the CFRP, it is concluded that under the applied cathodic 

polarization the presence of SDS impedes composite degradation. Comparison of IZI values in 

the absence of a cathodic polarization, with and without SDS shows a marked increase in IZI 

values in the presence of SDS.   From Fig. 5.41b it is observed that the polarization resistance, Rp, 

which is significantly diminished under cathodic polarization in SDS-free 50 mM NaCl solution is 

significantly increased in the presence of SDS. Such increase in Rp values is consistent with 

increased resistance to charge and/or mass transfer across the CFRP interface with the solution 

on introduction of SDS. Fig. 5.41c shows approximately 10-fold and 4-fold reduction in the 

double layer capacitance values with repect to values measured without and with applied 

cathodic polarization respectively.  Such reduction in capacitance on introduction of SDS  

confirms that the increased Rp values in the presence of SDS (Fig. 5.41b) is definitely due to a 

reduction in the electrochemically active surface area by SDS adsorption on the carbon fiber 

surface of the CFRP. 

 To confirm if these observed effects can be sustained outside the SDS (inhibitor) 

containing solutions, 3 sets of  sequential immersion and EIS tests were carried out after 

immersion and testing in SDS containing  solutions in 50 mM NaCl.   In the first sequential test 

the EIS spectra of CFRP is acquired in 50 mM NaCl containing 5mM SDS after 1 hour immersion 

without any cathodic polarization, and then in 50 mM NaCl only after another hour immersion 

without any cathodic polarization. The aim was to establish if inhibitive effects after immersion 

in SDS containing solutions at OCP is sustained in aggressive media in the absence of inhibitors.  

In the second sequential test, the EIS spectra of CFRP is acquired in 50 mM NaCl containing 5mM 

SDS after 1 hour immersion under a cathodic polarization of -1000 mVSCE, and again after 1 hour 

immersion in the same solution but without cathodic polarization.  In the third sequential test 

the EIS spectra of CFRP is acquired in 50 mM NaCl containing 5 mM SDS after 1 hour immersion 

under a cathodic polarization of -1000 mVSCE, and then in 50 mM NaCl after another hour 

immersion with a sustained cathodic polarization of -1000 mVSCE.  The aim of this sequence of 
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tests was to confirm if inhibitive effects in SDS containing solutions under cathodic polarization 

are sustained on exposure under cathodic polarization in uninhibited solutions.  Prior to transfer 

to a new test  solution the sample was washed by dipping severally in distilled water and under a 

jet of distilled water. The resuts from these sequential tests are presented in Fig. 5.42  below.  

 

Fig. 5.42. Extracted EIS fit parameters for sequential tests on CFRP, (a) low frequency impedance 
at 10-2 Hz, (b) resistance polarization, (c) double layer capacitance,  (d)section of impedance 
spectram (e) phase angle , and (f) full range of impedance spectra. 
 

From Fig. 5.42a above it is observed that a marked improvement is obtained in the low 

frequency impedance in the presence of SDS and without any polarization (solution 3) and 

sustained after washing in distilled water and testing in 50 mM NaCl without applied cathodic 
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polarization (solution 4) compared to  values obtained in 50 mM NaCl (solution 1)  without prior 

immersion in SDS containg solution. This results indicate that the inhibitive effects obtained by 

immersion in SDS containing solution at OCP  is sustained  on removal from the inhibitor solution 

and on exposure to aggressive media.  Comparing solutions 5 and 6 with  solution 2 in Fig. 5.42a, 

it is observed that addition of 5 mM SDS to 50 mM NaCl causes an increase in the measured low 

frequency impedance even under a cathodic polarization of -1000 mV (solution 5) compared to 

the value obtained in uninhibited solution under cathodic polarization (solution 2). On re-testing 

the sample in same inhibited solution  after a further 1 hour immersion but without an applied 

cathodic polarization (solution 6) the IZI values obtained were marginally higher than that 

obtained in same solution with applied cathodic polarization  and in the uninhibited solution 

(solution 2) with cathodic polarization. Though marginal, these observations suggest that the 

inhibitive effect of SDS on CFRP degradation is sustained both in the presence and absence of a 

cathodic polarization.  Comparing the sustained and higher IZI values obtained both after testing 

under cathodic polarization in inhibited solution (solution 7) and after washing in distilled water 

and testing in uninhibited solution after 1 hour immersion under cathodic polarization (solution 

8) with values ontained in unihibited solution under cathodic polarization (solution 2) confirms 

the stability of the inhibitive effect imparted by immersion of CFRP in SDS containing solution 

with or without cathodic polarization. 

From Fig. 5.42b, it is observed that irrespective of the testing sequence on application of 

cathodic polarization and after application of a cathodic polarization the measured values of the 

polarization resistance (Rp)  was consistently and significantly higher  than values measured in 

unihibited solution with cathodic polarization (solution 2). This observation is indicative of an 

increased and sustained resistance to charge transfer and /or mass transfer processes after 

exposure of CFRP to SDS laden solutions. 

From Fig. 5.42c, a marginal reduction in the double layer capacitance is observed in SDS 

containing test media without cathodic polarization (solution 3) but was not sustained after 

washing in distilled water and testing in 50 mM NaCl after 1 hour immersion without cathodic 

polarization. However on application of  and/or after application of cathodic polarization of -

1000 mVSCE (solutions 5,6,7, and 8) in the presence of SDS a sustained and very significant 

reduction in the double layer capacitance is observed even after washing in distilled water and 

testing in uninhibited solution and without cathodic polarization (solution 8). This observation 

suggests that the application of a cathodic polarization promotes a stable interaction 

(adsorption) of SDS with the carbon fiber surfaces on the CFRP leading to a sustained reduction 
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in the electrochemically active surface area. Such reduction of electrochemically active surface 

area on CFRP under cathodic polarization in the presence of SDS holds promise to mitigating the 

deleterious cathodic oxygen reduction processes that occur on CFRP when galvanically coupled 

to a range of metals.  

 

5.2.8.3. Effect of Azoles (BIA, BTA, 1,2,3- triazole and 1,2,4- triazole) 

 Fig 5.43. below illustrates the cathodic potentiodynamic polarization scans on CFRP in 50 

mM NaCl solutions containing (a) 1,2,3 - triazole and (b) 1,2,4 - triazole in varying concentrations 

ranging from 0 to 10 mM. It is observed that the two inhibitors are stable over the pH range 

from OCP to -2000 mVSCE. However from Fig 5.43a an apparent reduction in the limiting cathodic 

current density due to oxygen transport is observed in the presence of 1,2,3 - triazole. 

 
Fig. 5.43.  Cathodic potentiodynamic polarization scans on CFRP in different concentrations of (a) 
1,2,3 - triazole and (b) 1,2,4 - triazole.  
 

Fig 5.44. below  presents the cathodic potentiodynamic polarization scans on CFRP in 50 mM 

NaCl solutions containing (a) benzimidazole (BIA) and (b) benzotriazole (BTA) in varying 

concentrations ranging from 0 to 10 mM. From Fig 5.44(a), benzimidazole is stable over the 

entire cathodic potential range and does not exert any significant effects on cathodic reactions 

on CFRP in the studied concentration range. In contrast (Fig.  5.44(b)), benzotriazole appears to 

cause marginal reduction in the cathodic current densities at low concentration but appears to 

become reactive at cathodic potentials greater than -1400 mVSCE as observed from the 

emergence of shoulders of higher current densities at benzotriazole concentrations of 5 mM and 

10 mM. The observed increase of these shoulders with increasing benzotriazole concentration 

links the current source to the inhibitor and informs the conclusion that the increased current 

density is most probaly due to benzotriazole electro-decomposition at such cathodic potentials. 
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Fig. 5.44.  Cathodic potentiodynamic polarization scans on CFRP in different concentrations of (a) 
benzimidazole (BIA) and (b) benzotriazole (BTA). 
 

Fig. 5.45  below presents the results obtained from electrochemical impedance spectroscopy of 

the effect of azole type inhibitors on CFRP at a cathodic polarization of -1000 mVSCE from which 

it observed that the low frequency impedance (Fig. 5.45a) is increased in the presence of all the 

azoles (benzotriazole, benzimidazole, 1,2,3-triazole and 1,2,4-triazole) studied and their mixtures 

(1,2,3- and 1,2,4- triazole). Correlating higher low frequency impedance values to increased 

resistance to CFRP degradation, it can be concluded that the presence of the azoles retard CFRP 

degradation under cathodic polarization conditions. This position is supported by the 

polarization resistance plot (Fig. 5.45b) in which at least a 20-fold increase is observed in the 

polarization resistance values in the presence of each of the azoles compared to values in their 

absence. The observed increase in polarization resistance indicates an increase in the resistance 

to charge and mass transfer processes which could promote degradation. From Figs. 5. 45c and 

5. 45d, higher capacitance values are observed in the presence of 1,2,3-triazole , 1,2,4-triazole, 

and their combinations compared to values in the absence of azoles under cathodic polarization, 

while the reverse is the case in the presence of benzotriazole and benzimidazole. 
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Fig. 5.45.  Extracted EIS fit parameters for CFRP in 50 mM NaCl with applied cathodic polarization 
of -1000 mVSCE in the presence of different azoles compounds, (a) low frequency impedance at 
10-2  Hz, (b) polarization resistance, (c) double layer capacitance and (d) the bode plot of the 
measured spectra. 
 
5.2.8.4.    Effect of Nitrates and Nitrite. 

 
Fig. 5.46.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of (a) lanthanum nitrate and (b) cerium nitrate. 
 

 Potentiodynamic polarization tests on CFRP in quiescent 50 mM NaCl solution yielded 

interesting results.  Fig 5.46(a and b), above presents the cathodic potentiodynamic polarization 

scans on CFRP in 50 mM NaCl solutions containingfrom 0 to 10 mM lanthanum nitrate (a) and 
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(b) cerium nitrate respectively.From Fig.  5.46(a) a significant reduction in the limiting cathodic 

current density is observed in the presence of lanthanum nitrate but over a much shorter 

potential range compared to lanthanum acetate below (Fig.  5.49). At cathodic polarizations 

greater than -950 mVSCE, early onset of the increased current density shoulders that are 

normally attributed to the onset of the predominance of another cathodic reaction; water 

reduction with hydrogen evolution is observed but in this case attributed the cathodic 

decomposition of nitrates from the inhibitor. This attribution is based on the dependence of the 

increased cathodic current density in this potential range on lanthanum nitrate concentration 

and the almost congruent onset potential (≈ -960 mVSCE) which from the literature [684,685] is 

consistent with the potential for nitrate reduction under the test conditions. This conclusion 

finds further support in the observation of similar onset potential in the presence of cerium 

nitrate (Fig.  5.46(a)) that is coupled with an identical increased current density trend and 

dependence on increasing inhibitor concentration. Any suggestion that such increased current 

density shoulders may be due to rare-earth ion (Ce3+ or La3+) reduction is ruled out by the 

absence of such in 50 mM NaCl solution containing cerium chloride (Fig. 5.47 below). 

 
Fig. 5.47.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of cerium chloride. 
 

 Further studies on the effect of nitrates and nitrite on CFRP in 50 mM NaCl solution under 

cathodic polarization was carried out using electrochemical impedance spectroscopy and a 

cathodic polarization of -1000 mVSCE, and the result presented in Fig. 5.48 below.  From Fig. 
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5.48a and 5.48b, significantly smaller low frequency impedance values  compared to that in the 

absence of inhibitors (solution 2) is observed in the presence of  all the rare-earth nitrates and 

sodium nitrite. Analyzing these results in the light of earlier observations of nitrate 

decomposition above 950 mVSCE (Fig. 5.46), these low values are attributed to nitrate 

decomposition. However values in the presence of  sodium nitrate appears unchanged with an 

apparent marginal improvement in the presence of sodium nitrite. From Fig. 5.48b, very 

significant improvements (over 6-folds) in polarization resistance are observed in the presence 

of sodium nitrate and sodium nitrite. Of the rare earth nitrates studied increased polarization 

resistance values were observed only in the presence of cerium nitrate.  Significant 

improvements (decrease) in capacitance was observed in the presence of sodium nitrate and 

praesodymium nitrate while a reduction was observed in the presence of cerium nitrate (Fig. 

5.48c and d). 

 

Fig. 5.48. Extracted EIS fit parameters for CFRP in 50 mM NaCl with applied cathodic polarization 
of -1000 mVSCE in the presence of different nitrate and nitrite based solutions, (a) low frequency 
impedance at 10-2  Hz, (b) polarization resistance, (c) double layer capacitance, and (d) the bode 
plot of the measured spectra. 
 
From a comparative analysis of the potentiodynamic polarization test results for CFRP in the 

presence of a variety of nitrates and nitrites presented above, it is concluded that the nitrates 
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and nitrites are not able to significantly effect a reduction in the cathodic current densities with 

the exception of lanthanum nitrate in which a significant reduction in the limiting cathodic 

current density was observed. Since a significant reduction in the limiting cathodic current 

density was observed only in the concomitant presence of La3+ ion and NO3
- ion of all the 

nitrates and also observed with lanthanum acetate (Fig.  5.49), this effect is directly linked to the 

presence of La3+ ion. Hence it concluded that the presence of the rare-earth ion; La3+ leads to 

reduction in the limiting cathodic current density on CFRP in a process that is not yet 

understood. 

 
 
5.2.8.5.   Effect of Acetates and Rare Earth Cations 

 Fig. 5.49. below presents the cathodic potentiodynamic polarization scans on CFRP in 50 

mM NaCl solutions containingfrom 0 to 10 mM lanthanum acetate, from which a significant 

reduction in the limiting cathodic current density is observed for lanthanum acetate 

concentrations greater than 0.1 mM with the reduction apparently reducing with increasing 

lanthanum acetate concentrations. However at cathodic potentials greater than -1400 mVSCE the 

lanthanum acetate appears to promote the cathodic water reduction processes as evidenced by 

increased current densities above that in the blank solution, though the trend of the increase is 

at variance with the concentration of lanthanum acetate.  

 
Fig.  5.49.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of lanthanum acetate. 
 
From the potentiodynamic polarizarion curves presented in Fig. 5.49 above for CFRP in 

lanthanum acetate solutions of different concentrations and comparison of  similar  curves in 
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the presence of rare-earth nitrates (Fig. 5.46) and the rare-earth (cerium) chloride  (Fig. 5.47), 

the unique ability of the rare-earth cation; La3+ in suppressing the cathodic current density in the 

diffusion limited region is established. 

 Further studies were carried out using electrochemical impedance spectroscopy and four 

additional acetates at a cathodic potential and the results presented in Fig. 5.50 below. From Fig. 

5.50, increased low frequency impedance (Fig. 5.48a), enhanced polarization resistance (Fig. 

5.50b) and increase in double layer capacitance (Fig. 5.50c and d), are only observed in the 

presence of sodium acetate, indicating its beneficial effects under the test conditions. 

 

Fig. 5.50. Extracted EIS fit parameters for CFRP in 50 mM NaCl with applied cathodic polarization 
of -1000 mVSCE in the presence of different acetate based solutions, (a) low frequency 
impedance at 10-2  Hz, (b) polarization resistance, (c) double layer capacitance, and (d) the bode 
plot of the measured spectra. 
 
On the basis of these observations, it is advanced that sodium acetate is very likely to be a 

potential candidate in a combination of inhibitors for inhibiting cathodic reactions on CFRP on 

galvanic coupling with metals in a multi-material combination that does not polarize the CFRP 

beyond -1400 mVSCE  such as Al - CFRP and Zn - CFRP galvanic systems.  
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5.2.8.6.  Effect of Phosphates (Na3PO4 and NaH2PO4, NaH2P2O7) and Molybdate (Na2MoO4) 

 Cathodic potentiodynamic polarization tests on phosphates (Fig.5.51) and sodium 

molybdate (Fig.5.52) yielded interesting results in the presence of phosphates which was further 

studied using electrochemical impedance spectroscopy.  In Fig. 5.51(a and b) below presenting 

the cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl solutions 

containingfrom 0 to 10 mM Na3PO4 and NaH2PO4interesting effects on the limiting cathodic 

current density  which appeared reduced were observed. Such reduction in the limiting cathodic 

current density suggests either a reduction in oxygen transport to the electrochemically active 

composite surface or increased resistance to the charge transfer processes leading to their 

consumption. Irrespective of the cause sucha phenomenon if consistent, presents the 

phosphates as a candidate inhibitor for suppression of cathodic processes on CFRP under 

cathodic polarization conditions. 

 

Fig. 5.51.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of Na3PO4 and NaH2PO4. 
 

In Fig. 5.52. below presenting the cathodic potentiodynamic polarization scans on CFRP in 50 

mM NaCl solutions containingfrom 0 to 10 mM sodium molybdate no effects on the limiting 

cathodic current density but the same early onset of increase in current density (observed with 

nitrates) was recorded but started at ≈-1200 mVSCE in the highest molybdate concentration (10 

mM) and around  -1400 mVSCE for other inhibitor concentrations. An increase in the current 

densities with increased molybdate concentration was recorded and hence the phenomenon is 

attributed to cathodic reduction of the molybdate. 
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Fig. 5.52.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of sodium molybdate. 
 
Electrochemical impedance spectroscopy results of studies on CFRP in 50 mM NaCl in the 

presence of phosphates and molybdate are presented in Fig. 5.53 below. From Fig. 5.53a 

increase in low frequency impedance is observed in the presence of  Na3PO4 and Na2MoO4 while 

increased polarization resistance (Fig. 5.53b) is observed in the presence of all the phosphates 

and molybdate tested, but very significantly in the presence of Na3PO4 compared to values at -

1000 mVSCE without inhibitors. From Figs. (Fig. 5.53c and d) very significant increase in the 

capacitance compared to values at -1000 mVSCE without inhibitors, and similar to values 

obtained for CFRP in the absence of inhibitors and cathodic polarization (solution 1) is  observed 

in the presence of Na3PO4  and suggestive of the presence of a layer on the CFRP surface which 

is inferred from earlier potentiodynamic polarization scans (Fig. 5.51a) and the significantly 

increased polarization resistance (Fig. 5.53b) to be protective. On the strength of these 

observations (Fig. 5.53b) Na3PO4, is further advanced as a candidate inhibitor for suppression of 

cathodic processes on CFRP under cathodic conditions consistent with its galvanic coupling to 

active metals. 
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Fig. 5.53.  Plots of (a) low frequency impedance (IZI), (b) polarization resistance (Rp) , and (c) 
double layer capacitance for CFRP under -1000 mVSCE cathodic polarization in different 
phosphate and molybdate based solutions. 

 

5.2.9.0.  Effect of a Combination of Inhibitors 

 In a futher bid to explore possibilities of  suppressing cathodic activity on CFRP surface 

under cathodic polarization consistent with that anticipated in service on galvanic coupling with  

metals cathodic, a combination of corrosion of inhibitors were studied. Results of 

potentiodynamic and EIS test conducted with different combinations of inhibitors are results 

presented below. 

 

5.2.4.9.1.  Effect of Combination of Polarization and Inhibitor Combination Containing 

Nitrates. 

 In Fig. 5.54. below, illustrating  the  cathodic  potentiodynamic  polarization scans on CFRP 

in 50 mM NaCl solutions containinga combination of cerium nitrate and benzotriazole in 

respective concentrations ranging from 0 to 10 mM, some suppression of the limiting cathodic 

current density is observed in addition to the concentration dependent increase in current 

densities at more cathodic potentials earlier observed with nitrate containg solutions, and 
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attributed to the electroreduction of the nitrates. However, unlike in the presence of cerium 

nitrate alone (Fig 5.46b) in which the onset potential was around -1000 mVSCE, it was recorded at 

a more cathodic potential, ≈ -1200 mVSCE with the addition of benzotriazole. Apparently the 

benzotriazole increases the stability range of the nitrate by about 200 mV. 

 
Fig. 5.54.  Cathodic potentiodynamic polarization scans on CFRP in 50 mM NaCl with different 
concentrations of the combination of cerium nitrate and benzotriazole. 
 

 EIS test results on CFRP using combinations of inhibitors composed of nitrates and 

benzotriazole under cathodic  polarization is presented in Fig. 5.55 below. Very spectacular 

increase is observed in the low frequency impedance values (Fig. 5.52a) in the presence of 

sodium nitrate and benzotriazole compared to values under same cathodic polarization without 

inhibitors (2-fold compared to solution 2) and even higher than values ontained for uninhibited 

and unpolarized samples. From Fig. 5.55b, very significant increase ( > 10-fold) is observed in the 

polarization resistance value in the presence of sodium nitrate and benzotriazole combination 

(solution 3) compared to values under similar cathodic polarization but without inhibitor 

(solution 2). The same trend of higher values can be observed for the capacitance values in the 

middle frequency range in the presence of sodium nitrate and benzotriazole combination. In the 

light of these results the sodium nitrate and benzotriazole combination is advanced as a possible 

synergistic inhibitor combination for suppression of cathodic processes on CFRP galvanically 

coupled to active metals. 
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Fig. 5.55.  Plots of (a) low frequency impedance (IZI), (b) polarization resistance (Rp),  (c) double 
layer capacitance , and (d) measured EIS spectra for CFRP under -1000 mVSCE cathodic 
polarization in 50 mM NaCl containing different combinations of nitrates and benzotriazole. 
 

 

5.2.4.9.2. Effect of Combination of Polarization and Inhibitor Combination Containing Acetates 

and BTA. 

 In Fig 5.56. below,  the results of electrochemical impedance spectrosopy tests on CFRP 

in 50 mM NaCl in the presence of combinations of inhibitors composed of acetates and 

benzotriazole under cathodic polarization conditions are presented.  

 From Fig. 5.56(a), judging from the low frequency impedance values the presence of the 

combination comprised of 2.5 mM cerium acetate and 2.5 mM benzotriazole appear to cancel 

the (degradation) effect due to the applied cathodic polarization of -1000 mVSCE, as values 

obtained under cathodic polarization in the presence of this combination is quite similar to the 

high values measured in the absence of cathodic polarization. Even in the polarization resistance 

plot (Fig. 5.56b), the superior performance of this combination is sustained in the more than 10-

fold increment in polarization resistance in the presence of the combination comprised of 2.5 

mM cerium acetate and 2.5 mM benzotriazole compared to values in its absence (solution 2). It 
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is also observed that  the polarization resistance values improved in the presence of all the 

studied inhibitor combinations comprised of acetates and benzotriazole. From 5.53d, higher 

capacitance  is observed in the presence of the combination comprised of 2.5 mM cerium 

acetate and 2.5 mM benzotriazole compared to values in its absence (solution 2). 

 

 

Fig. 5.56.  Plots of (a) low frequency impedance (IZI), (b) polarization resistance (Rp) , (c) double 
layer capacitance, and (d) measured EIS spectra for CFRP under -1000 mVSCE cathodic 
polarization in 50 mM NaCl containing different combinations of acetates and benzotriazole. 
 

 

5.3  Chapter Summary 

 In summary the results obtained from the tests on CFRP under different conditions 

confirm the marked electrohemical activity of CFRP at cathodic potentials. Its electrochemical 

activity under cathodic polarization is  independent of the bulk pH and is most significant around 

-250 mVSCE as observed from cyclic voltammograms at different pH (Fig. 5.10 and 5.11) and 

impedance  data (Fig. 5.24 to 5.26). The marked electrochemical activity observed around -250 

mVSCE is attributed to the 2-electron reduction of oxygen with formation of hydroxyl ions and 

hydrogen peroxide on CFRP surface at this potential. This has serious implications, because 
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unlike previously thought  an erroneously assumed  mild cathodic polarization in this range can 

produce more deleterious effects on  CFRP  than much higher cathodic polarizations at which 

this reaction is not favoured and diffusion effects gain prominence. The danger of this cathodic 

process (2 -electron oxygen reduction which is the favoured mechanism for oxygen reduction on 

carbonunlike the 4-electron pocess) on CFRP surface is that it leads to the production of the 

hydroperoxyl radical (HO2
-) which have been reported [297] to be able to  interact with certain 

polymer bonds in the matrix and hence lead to epoxy degradation. The present findings appear 

to be at variance with the report of Pauly et al., [302] who reported no degradation in 

unpolarized specimens exposed to a pH 13 environment  and concluded that the high pH 

environment generated during the oxygen reduction reaction was a necessary but not a 

sufficient condition for composite degradation.  However, results from this work indicate marked 

reduction in epoxy matrix degradation at pH ≈ 11 compared to pH ≈ 8, and suggestive of  the 

possibility that matrix degradation might not be favoured at very high pH.  In the light of the 

observation of enhanced  cathodic activity around  -250 mVSCE in the present work, it is 

concluded that composite degradation (and enhanced anodic dissolution of galvanically coupled 

metal) might be possible at much lower cathodic polarizations than previously thought [302], 

such as  cathodic polarizations of  magnitudes  achieveable by galvanic coupling to steel or 

aluminum.  The diffusion limited current density observed for CFRP in this work and attributed 

to oxygen reduction is about 40 μA cm-2. 

 On the basis of the results obtained in this chapter, it is concluded that:  the carbon fiber 

component of CFRP is very active electrochemically in supporting cathodic reactions under 

cathodic polarization, and the electrochemical activity appears not to be limited to the surface 

area of the carbon fibers, as carbon deposition is likely to enhance the electrochemically active 

surface area. This position appears to be supported by the fact that selective deposition of 

copper onto carbon fibers was not observed in very dilute copper solutions (10 mM to 10 μM) 

even for shortest deposition  periods (less than 1s), as copper was observed to cover both the 

fiber and epoxy matrix surfaces. The short current pulses and very dilute copper solutions were 

employed in an attempt to favour nucleation at the expense of the growth of copper crystals on 

the carbon fiber surface in the anticipated but unobserved selective deposition. This 

electrochemical activity under cathodic polarization results in composite degradation which 

presents predominantly as carbon fiber erosion and interfacial damage.  CFRP's ability to 

support cathodic reaction under cathodic polarizations consistent with that anticipated on 

galvanic coupling  with active metals can be mitigated  by  the use of inhibitors or combination 
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of inhibitors. On the strength of obtained results, Na3PO4, sodium dodecyl sulphate  (SDS), 

lanthanum acetate,  combinations of sodium nitrate with benzotriazole, and cerium acetate with 

benzotriazole are advanced as potential inhibitors for mitigating  cathodic activity on CFRP on 

galvanic coupling with metals. The suppression of cathodic activity on CFRP realized in this work 

in the presence of the above named inhibitors is proposed to arise from two mechanisms both 

of which results from reduction in the electrochemically active area. In the first mechanism 

decrease in electrochemically active area is achieved by the interaction of inhibitor molecules 

with CFRP surface most probably by adsorption. This mechanism is most likely with organic 

inhibitors and explains the reduced cathodic activity demonstrated in the presence of sodium 

dodecyl sulphate. In the second mechanism decrease in electrochemical area and/or oxygen 

diffusion to the CFRP surface is achieved by high local pH promoted precipitation of inhibitor-

based compounds unto CFRP surface as with  Na3PO4. 

 Double layer capacitance (Cdl) values measured for CFRP in chloride solutions of different 

pH and at different applied potentials ranged between 4 and 100 μF cm-2 for all solutions, with a 

general trend of increasing capacitance values  moving from cathodic to anodic potentials. 

However,  in the presence of cathodic polarization of -1000 mVSCE  and an organic compound 

(SDS), that adsorbed to CFRP surface much lower double layer capacitance values ( < 4 μF cm-2 ) 

were calculated from fitted EIS data.  Since the magnitude and changes in measured values  of 

double layer capacitance of carbon materials can be related to changes in the proportions of the 

electrochemically active edge sites with respect to the electrochemically inactive basal sites 

[29],  and  double  layer capacitances  reported  to  be in the range of 50 -70 μF cm-2 for edge 

sites and 3-16 μF cm-2 for the inactive basal sites [29,275,284,286],  such dimunition of 

measured double layer capacitance for CFRP  especially in the presence of inhibitors (e.g.  SDS)  

to  values < 4 μF cm-2  in this work can be indicative of the in-activation of the hitherto 

electrochemically active edge sites on carbon fibers by SDS adsorption to these sites. 
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CHAPTER 6 
 

Multi-material Corrosion Inhibition of Galvanic Couples in the Al - Cu - CFRP 

Multi-material Galvanic System 

 

6.0. Results of Tests on Galvanic Couples in the Al - Cu - CFRP Galvanic System 

 This chapter presents the results of some of the tests carried out on the dual galvanic 

couples (Al - CFRP, Al - Cu, and Cu - CFRP ), and the galvanic triplet  (Al - Cu - CFRP) in the Al - Cu - 

CFRP triplet galvanic system, in quiescent 50 mM NaCl solution with and without the addition of 

a wide range of inhibitors and combinations of inhibitors. On the basis of results obtained for 

each of the dual galvanic couples (Al - CFRP, Al - Cu, and Cu - CFRP ) and mainly from the more 

active galvanic couples ( Al - CFRP and  Al - Cu ) in the system,  potential multi-material corrosion 

inhibitors for the Al - Cu - CFRP triplet galvanic ensemble were identified and tested on the 

triplet galvanic system, and the results presented herein. 

 The chapter begins with a general and brief presentation of the electrochemical 

properties of the 9 dual galvanic couples (Al - CFRP, Al - Cu, Al - Fe, Cu -CFRP, Fe - CFRP, Zn - Fe, 

Zn - Al, and Zn - Cu) from various dual galvanic combinations of the five materials employed in 

this work (Al, Cu, CFRP, Fe, and Zn) determined in 50 mM NaCl  without inhibitors  using the 

galvanic current density evolution with time, along with the operative potential (from ZRA 

measurements), potentidynamic polarization scans, and electrochemical impedance 

spectroscopy  as a basis for later galvanic couple specific results incorporating inhibitors. From 

these, the ranges and evolution(s) of the galvanic current densities of each of the couples in 

uninhibited solution and other important electrochemical parameters were established.  Having 

thus established galvanic current densities in chloride solution for these couples, further tests 

were conducted in the presence of selected inhibitors to identify effective inhibitors for each 

(dual) galvanic couple and subsequently galvanic triplets of interest. In addition to ZRA 

measurements potentiodynamic polarization and EIS tests were employed to study the galvanic 

couples in the presence and absence of inhibitors. In selected cases, SVET and SIET were 

employed to study the galvanic systems at a micro-scale.  Due to the technological importance 

to the aerospace and transport industries more emphasis have been placed on Al - CFRP galvanic 

system in this chapter. 

 The same sequential testing procedure employed for Al - CFRP  was extended to the Al - 

Cu, and Cu - CFRP  galvanic system,  and the analysis of the test data (Table 6.1) lead to the 

shortlisting and ranking of potential multi-material corrosion inhibitors for the Al - Cu - CFRP 
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triplet galvanic system mainly based on measured galvanic current densities in μA cm-2 after 

150,000 seconds immersion and presented in Table 6.1 below.  Multi-material corrosion 

inhibitors for the Al - Cu - CFRP system were identified  by tracking their inhibitive effects on 

each of the dual galvanic couples in the galvanic system on the premise that if an inhibitor or 

combination of inhibitors  is effective on the galvanic constituents of the Al - Cu - CFRP system, it 

is most likely to be an efficient inhibitor for the multi-material assembly. To aid in the discussion 

of observed mechanisms, some non-candidate inhibitors and inhibitor combinations were added 

to Table 6.1.   For brevity, the  complementary extracted galvanic current densities and potential 

profiles together with potentiodynamic  polarization curves of only the most relevant of these 

candidate inhibitors from tests on the dual galvanic constituents of the galvanic system; Al - 

CFRP, Al - Cu, and Cu - CFRP  respectively are presented  herein. Based on the observations from 

test results plausible mechanisms for multi-material corrosion and multi-material corrosion 

inhibition in the   Al - Cu - CFRP multi-material system were postulated. 

 

6.1. Overview of the Galvanic Behaviour of Galvanic Couples in 50 mM NaCl 

 Prior to other tests the galvanic corrosion behaviour  of 9 dual galvanic couples (Al -CFRP, 

Al - Cu, Al - Fe, Cu - CFRP, Fe - CFRP, Zn - Fe, Zn - Al, and Zn - Cu), derived from combinations of 

the 5 single materials (Al, CFRP, Cu, Fe, and Zn), was determined and ranked using galvanic 

current density measurements with time employing  Gamry potentiostats in zero resistance 

ammeter (ZRA) mode which are capable of simultaneous potential measurements. The  results 

are presented in Fig. 6.1 (a and b) below which shows the galvanic corrosion activity of the 

couples based on measured galvanic current densities after 150,000 seconds  in 50 mM NaCl 

decreases in the order: Al - Cu, Zn - Fe, Zn - Cu, Fe - CFRP, Al - Fe,  Zn - CFRP, Al - CFRP, Zn -Al, and 

Cu - CFRP (Fig. 6.1a). From Fig. 6.1b, it is observed that significant fluctuations in the mixed 

corrosion potential of dual coupled materials were only observed in the galvanic couples 

containing aluminium (Al - Cu and Al - CFRP), and Fe - CFRP.  In Fe - CFRP during the initial 8 

hours (28,800 s) the potential dropped from from initial values of about  -320 mVSCE to stable 

values around -670 mVSCE.  

 The potential - time trend observed in Fe - CFRP galvanic couple is consistent with an 

actively corroding metal (Fig.3.1) [472], suggesting that iron coupled to CFRP undergoes active 

corrosion in quiescent 50 mM NaCl  most probably due to the combination of an increased 

cathodic area via galvanic coupling with CFRP that supports increased anodic activity and the 

non-protective nature of the resultant corrosion products. The potential evolution observed for 
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aluminium containing galvanic couples (Al - Cu and Al - CFRP) is consistent with a metal 

corroding initially before passivating (Fig.3.1) [472], indicating the effect of the protective nature 

of the resultant aluminium corrosion products in the test media. 

 

Fig. 6.1. ZRA results for 9 dual galvanic couples in 50 mM NaCl (a and c) galvanic current density 
evolution with time, and (b and d) potential evolution with time. 
 

 Based on observations in Fig. 6.1 (a and b) active aluminium corrosion appears to be 

intense during the first 3 hours (20,800 s) of immersion  and much more intense in Al - Cu 

compared to Al - CFRP.  In all the other  galvanic couples  involving zinc ( Zn - CFRP, Zn - Fe, Zn - 

Al, and Zn - Cu), the mixed corrosion potential is maintained very close to -1000 mVSCE consistent 

with the measured corrosion potential of zinc in this work (Figs. 5.1 and 5.2); a property that 

makes zinc suitable for use as a protective coating  for protection of underlying metals. 

 In order to obtain more mechanistic information on galvanic corrosion of these 9  dual 

galvanic couples beyond what can be grasped from analysis of ZRA data, cathodic and anodic 

potentiodynamic polarization scans were made on each of the 9 galvanic couples (with 

components having equal exposed area)  10 mV from OCP values in the anodic and cathodic 

directions respectively, and the results presented in Fig. 6.2 below. 
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 From Fig. 6.2 below, the earlier congruence/convergence in the mixed corrosion  

potentials of galvanic couples containing zinc observed from ZRA data is further confirmed by 

the potentiodynamic polarization curves. In addition for the zinc containing dual galvanic 

couples (Zn - CFRP,  Zn - Fe, Zn - Al, and Zn - Cu) the cathodic current densities are observed to 

be highest for Zn - Fe couple, then  Zn - Cu, and lowest and similar in Zn - CFRP and Zn - Al. 

However, anodic behaviour for this ensemble in the active region is almost similar, except for Zn 

- Al in which some appreciable reduction in anodic current density  is observed  in the active 

corrosion region. Generally, the anodic activities in the ensemble of dual galvanic couples 

containing zinc can be ranked to decrease in the following order; Zn - CFRP, Zn - Fe, Zn - Al, and 

Zn - Cu. With respect to the entire 9 dual galvanic couples, the highest cathodic current densities 

are observed in Al -Fe and Fe - CFRP, then lower but similar in Cu - CFRP and Al - Cu, even lower 

in  Zn - Fe and Zn - Cu, then much lower and similar in Zn - CFRP and Zn - Al, and least in Al - 

CFRP. 

 
Fig.  6.2. Potentiodynamic polarization scans  for 9 dual galvanic couples after 1 hour immersion 
in 50 mM NaCl.  
 
 From the analysis of the potentiodynamic polarization curves for the 9 dual galvanic 

couples, the enhanced and  deleterious  cathodic activity observed in Fe - CFRP galvanic couple 

which is  reproducible under service conditions on failure of  zinc coatings on steel coupled to 

CFRP is appreciated. This enhanced cathodic activity in Fe - CFRP galvanic couple is expected on 

the basis of the ZRA results in this work (Fig. 6.1b) to be most severe during  the first 8 hours of 

immersion as the mixed potential of the Fe - CFRP  galvanic couple shifts from the anodic ( ≈ -

320 mVSCE ) to the more cathodic  ( ≈ -620 mVSCE ), a potential excursion which from earlier 

results (sections 5.2.3.3 (Fig. 5.9) and 5.2.4.1. (Fig. 5.26c) have been proven to begin in the 
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active oxygen diffusion potential range on CFRP in the test media to the oxygen diffusion limited 

potential range. 

 The high and deleterious cathodic current densities observed in Al - Cu and Cu - CFRP 

galvanic couples is appreciated and are likely to emerge from the use of copper containing 

aluminium alloys (a lot of aerounautical grade aluminium alloys e.g.  AA2024) coupled to CFRP.  

This can be  due to substantial quantities of the alloy area being preferentially covered by the 

more noble copper. The  high cathodic current density observed in Zn - Fe galvanic couple is 

reproducible in compromised galvanized structures or by the presence of intermetallic phases  

containing  both zinc and iron on aluminium alloy surface. 

 Although, cathodic current densities are lowest in the galvanic couple comprising high 

purity aluminium and CFRP (Al - CFRP), much lower values  are desirable in the aerospace and 

transport industries, and motivated the extensive research on the use of corrosion inhibitors to 

mitigate cathodic and galvanic current densities on this couple, the results of which are 

presented in section 6.2. below.  Representative electrochemical  impedance spectra acquired 

from each of the  9 galvanic couples in quiescent 50 mM NaCl after 1 hour immersion are 

presented in Fig. 6.3 as Nyquist and Bode plots.  

 
 Fig. 6.3. Nyquist and Bode plots for 9 dual galvanic couples after 1 hour immersion in 50 mM 
NaCl. 
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6.2. Overview of the Multi-material Corrosion Inhibition in the Al-Cu-CFRP Galvanic System 

and the Galvanic Behaviour of Galvanic Couples in the Systemin the Presence of Inhibitors in 

50 mM NaCl based Solutions. 

 The Al - Cu - CFRP triplet material galvanic system is of vital importance to the aerospace 

industry in which  high strength coupled with weight reduction requirements leads to the use of 

high strength aluminium alloys  (such as AA2024, 7075) rich in copper together with carbon fiber 

reinforced polymers. On the basis of results obtained with inhibition of  galvanic corrosion in  Al - 

CFRP, Al - Cu, and Cu - CFRP dual galvanic couples, a shortlist of promising candidate inhibitors 

and combinations of inhibitors for multi-material inhibition in the Al - Cu - CFRP "triplet" galvanic 

system was drawn (Table 6.1).  The search for multi-material corrosion inhibitors for the Al - Cu - 

CFRP  galvanic system was premised on the assumption that if an inhibitor or combination of 

inhibitors is good for the component galvanic couples (Al - CFRP, Al - Cu, and Cu - CFRP), it will 

most probably be effective for the multi-material combinations they are part of. The success of 

this approach is demonstrated in Table 6.1 below .  These dual galvanic couples (Al - CFRP, Al - 

Cu, and Cu - CFRP dual galvanic couples) that formed the basis for identification of multi-

material corrosion  inhibitor combinations are respectively of significant technological 

importance to warrant detailed study of both their corrosion and corrosion inhibition 

mechanism. 

 The  Al - Cu  galvanic system appears to be the most important in the Al - Cu - CFRP multi-

material combination as  it simulates "self-corrosion"  in the high strength copper-rich 

aluminium alloys  commonly used in  the aeronautical  industry and in a wide range of 

applications in other industries when high strength to weight ratios are desirable. Hence 

corrosion inhibitors and inhibitor combinations that are efficient in mitigating galvanic corrosion 

in the Al - Cu dual galvanic couple are very likely to be good inhibitor solutions for mitigating 

corrosion in copper-rich aluminium alloys such as AA2024 and AA7075. 

 The Al - CFRP galvanic system appears to be the most relevant to the aeronautical  

industry, as the surface of high strength copper-rich aluminium alloys are often clad with a thin 

layer of purer grades of aluminium alloys (usually of the 1000 series) in order to enhance 

corrosion resistance without a compromise on strength. With the increasing use of CFRP 

together with high stength metals/alloys in the aeronautical industry electrical contact between 

aluminium and CFRP is a possibility which can lead to galvanic corrosion of aluminium and/or 

potential degradation of CFRP in the presence of an electrolyte. As a consequence information 

on mitigation of degradative processes on the Al - CFRP dual galvanic couple is of great 
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importance. 

 The Cu - CFRP galvanic couple though apparently the least critical in the Al - Cu - CFRP 

system due to the much lower galvanic current densities involved (usually less than  2.5 μA cm-2 

in 50 mM NaCl) was nevertheless warrants to be studied in the presence and absence of  

inhibitors due to its relevance  to the aeronautical  industry. The Cu - CFRP galvanic couple can 

become operative in modern weight-optimized aircraft structures in which the substitution of 

metal fuselage with less-conductive carbon fiber composites or non-conductive fiberglass,  

necessitates the use of a copper mesh in contact with carbon reinforced composites for lightning 

strike protection (LSP) [686]. Efforts  at mitigating  galvanic corrosion of the more active dual 

galvanic couples (Al - CFRP and Al - Cu) or the entire multi-material combination Al - Cu - CFRP by 

use of inhibitors can lead to drastic increases or reductions in the otherwise low uninhibited  

galvanic current densities between Cu and CFRP.  Since collateral drastic increase in the galvanic 

current density between Cu  and CFRP  can occur as observed in this work (Table 6.1) while 

trying to mitigate corrosion in the more active couples (Al - Cu and Al -CFRP) leading to new 

challenges, while drastic reductions in the galvanic current density between Cu  and CFRP which 

is desirable from the corrosion mitigation perspective can compromise the desirable 

conductivity of the interface due to passivation of the Cu - CFRP interface which may sabotage 

lightning strike protection efforts, information on how the presence of inhibitors affect the Cu - 

CFRP galvanic couple can be of great importance.  

 Having  established the electrochemical behaviour of the  9 dual galvanic couples that 

can be formed from the 5 materials of interest in this work (Al, Cu, Zn, Fe, and CFRP), zero 

resistance ammeter (ZRA)  measurements of galvanic currents and galvanic potentials of Al - Cu, 

Al - CFRP, and Al - Cu - CFRP (Al - Cu electrically connected and measurements made between Al 

- Cu and CFRP) were measured and the results of the normalized current densities after 150,000 

s in the presence of the most relevant inhibitor/inhibitor combinations presented in Table 6.1 

below. On the basis of these current densities 150,000 s, the inhibition efficiencies were 

calculated and used to rank the inhibitors and make a shortlist of candidate potential multi-

material corrosion inhiitors for the Al - Cu - CFRP multi-material system. 

 The results indicate that except for cerium compounds (cerium nitrate and cerium 

acetate) most of the other single compounds offer little promise as multi-material corrosion 

inhibitors for the Al - Cu - CFRP multi-material combination. For cerium nitrate (Table 1, row 4), 

 

 



 

186 

Table 6.1: Shortlist of potential multi-material corrosion inhibitors for the Al-Cu-CFRP galvanic 
system on the basis of measured galvanic current densities in μA cm-2 after 150,000 seconds 
immersion  (figures in parentheses are calculated inhibition efficiencies). 
 Inhibitor Al-CFRP 

(μA cm-2) 
Al-Cu 

(μA cm-2) 
Cu-CFRP 
(nA cm-2) 

Al-Cu-CFRP 
(μA cm-2) 

1. No inhibitor (in 50 mM NaCl) 18.9 29.9 2070 18 

2 5 mM  Ce(CH3COO)3 2.75  
(85.45%) 

10.5 
(64.88%) 

3600 
(-73.91%) 

3.33 
(81.5%) 

3 5 mM  CH3COONa 22.4 
   (-18.52%) 

25.4  
(15.05%) 

382 
(81.55%) 

25.1 
(-39.44%) 

4 5 mM  Ce(NO3)3 4.44 
(76.51%) 

4.28 
(85.69%) 

2194 
(-5.99%) 

4.86 
(73%) 

5 5 mM NaNO3 22.7 
(-20.11%) 

28.7 
(4.01%) 

1,130 
(45.41%) 

19.4 
(-7.78%) 

6 5 mM BTA 14.7 
(22.22%) 

17.6 
(41.14%) 

0.768 
(99.96%) 

15.0 
(16.67%) 

7 2.5 mM ( Ce(NO3)3 + BTA) 0.73//3.42 
(96.18 - 81.9%) 

7.52 
 (74.85%) 

85.64 
 (95.86%) 

1.37 
(92.39%) 

8 2.5 mM ( La(NO3)3 + BTA) 8.42 
  (55.45%)  

6.29 
 (78.96%) 

1.42 
(99.93%) 

9.64 
 (46.44%) 

9 2.5 mM ( Pr(NO3)3 + BTA) 12.7 
 (32.80%) 

20.1 
 (32.78%) 

0.026 
 (99.999%) 

11.3 
(37.22%) 

10 2.5 mM ( NaNO3 + BTA) 10.6 
 (43.92%) 

21.4 
(28.43%) 

0.735 
 (99.96%) 

16.2 
(10%) 

11 2.5 mM ( Ce(NO3)3 + BIA ) 3.07 
(83.76%) 

3.77 
(87.39%) 

169 
(91.83%) 

2.33 
(87.06%) 

12 2.5 mM ( Ce(NO3)3 + 1,2,3 - triazole 
) 

2.5  & 1.29 
(86.77-93.17%) 

9.45 &  12 .0 
(68.39-59.87%) 

29.8 
(98.56%) 

2.83 
(84.28%) 

13 2.5 mM (Ce(CH3COO)3 + 1,2,3 - 
triazole) 

3.05   
(83.86%) 

6.86 & 8.43 
(77.06-71.81%) 

26.2 
 (98.73%) 

2.42 
(86.56%) 

14 2.5 mM ( Ce(NO3)3 + CH3COONa ) 1.61 
 (91.48%) 

4.67 
 (84.38%) 

2870 
  (-38.65%) 

4.29 
(76.17%) 

15 2.5 mM ( NaNO3 + Ce(CH3COO)3 ) 4.13 
 (78.15%) 

4.33   
(85.52%) 

4.05 
(99.80%) 

3.11 
(82.72%) 

16 2.5 mM ( Ce(CH3COO)3 + BTA) 1.99&3.05 
(89.47-83.86%) 

5.80 
 (80.60%) 

44.2 
(97.86%) 

2.78 
(84.56%) 

17 2.5 mM ( La(CH3COO)3 + BTA) 9.33 
(50.63%) 

5.80 
(80.60%) 

49.26 
 (97.62%) 

5.51 
(69.39%) 

18 2.5 mM ( CH3COONa + BTA) 19.7 
(-4.23%) 

20.2 
 (32.44%) 

2.13 
 (99.9%) 

14.6 
(18.89%) 

19 2.5 mM ( Ce(CH3COO)3 + BIA) 2.60 
(86.24) 

4.38 
 (85.35%) 

94.9 
(95.42%) 

3.29 
(81.72%) 

20 2.5 mM ( La(CH3COO)3 + NaNO3) 15.9 
(15.87%) 

18.3 
(38.79%)  

11.6 
(35.56%) 

21 2.5 mM (CH3COONa + La (NO3)3) 12.9 
(31.75%) 

18.3 
(38.79%)  

12.3 
(31.67%) 

 

its effectiveness can be explained by the reported [687] anodic inhibitive ability of the nitrate 

ion which can allow it act on anodic areas while the cerium precipitates on cathodic areas in the 
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presence of a high pH. For cerium acetate (Table 1, row 2), its effectiveness is unexplained as 

NaNO3 was not effective (Table 1, row 3). 

 The shortlisted inhibitors for multi-material corrosion inhibition in the Al - Cu - CFRP 

"triplet" galvanic system are for single inhibitors; cerium nitrate and cerium acetate , and for 

combination of inhibitors; (Ce(NO3)3 + BTA), (Ce(NO3)3 + BIA), (Ce(CH3COO)3 + BTA), 

(Ce(CH3COO)3 + BIA), Ce(CH3COO)3 + NaNO3), (Ce(NO3)3+ CH3COONa), Ce(NO3)3 + 1,2,3 triazole), 

and (La(CH3COO)3 + BTA).  This shortlist is made based on the observation that these 

combinations of inhibitors efficiently inhibited the galvanic corrosion of  all the dual galvanic 

couples (Al - CFRP, Al- Cu and Cu - CFRP) that constitute the Al - Cu - CFRP multi-material galvanic 

system and also  inhibitied galvanic corrosion of the Al-Cu-CFRP galvanic triplet. From this 

shortlist it is obvious that the combination of rare earth salts  (cerium and lanthanum) in the 

form of nitrates and acetates with azoles (BTA, BIA, and 1,2,3 triazole), and rare earths (cerium 

and lanthanum) nitrates in the presence of sodium acetates or rare earths (cerium and 

lanthanum) acetates in the presence of sodium nitrate give the best multi-material corrosion 

inhibitors for Al - Cu - CFRP "triplet" galvanic system with cerium being much more effective than 

lanthanum. The presence of other rare earth metal ions; Praseodymium, Samarium, Neodymium 

alone or in combination with azoles were much less effective in inhibiting multi-material 

corrosion in the Al - Cu - CFRP "triplet" galvanic system. 

 

Fig. 6.4. Effect of selected combination of inhibitorson evolution of  (a) galvanic current density  
and (b)  for Al - Cu - CFRP galvanic triplet in 50 mM NaCl. 
 
 The excellent performance of the selected combination of inhibitors as multi-material 

corrosion inhibitor for mitigating galvanic corrosion in the multi-material assembly; Al - Cu - 

CFRP is graphically presented in the time evolution of galvanic current densities (Fig. 6.4a). From 

Fig. 6.4a it is observed that all the 9 inhibitor combinations  exhibited good inhibitive effects 

with inhibition efficiencies ranging from > 50% for La(NO3)3+ BTA to  > 90% for Ce(NO3)3  + BTA. 
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 Fig. 6.5  below, presents the potentiodynamic polarization curves for Al - Cu - CFRP in the 

selected inhibitors from which signifcant reductions in both cathodic and anodic current 

densities are observed in the presence of inhibitor combinations that manifested very high 

inhibition efficiencies. 

 
Fig. 6.5. Effect of selected combination of inhibitors  on the potentiodynamic polarization curves 
for Al - Cu - CFRP galvanic triplet in 50 mM NaCl (b) is magnified section of the potentiodynamic 
curves. 
 

6.2.1.      Effect of Selected Combinations of Inhibitors on the Galvanic Corrosion of Al - CFRP, 

Al - Cu, and Cu - CFRP  Galvanic Couples. 

 Based on the premise that inhibitor selections that are effective for the simpler galvanic 

components are most likely to be effective for mitigating corrosion im the more complex  Al - Cu 

- CFRP multi-material combination, the excellent performance of the selected combination of 

inhibitors as multi-material corrosion inhibitor for mitigting galvanic corrosion in the Al - Cu - 

CFRP multi-material assembly  is likely to be linked  to their respective effects on the galvanic 
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corrosion of the dual material galvanic couples (Al - CFRP,  Al - Cu, and Cu - CFRP) that form part 

of the  Al - Cu - CFRP multi-material galvanic system. In the light of these, the evoution of 

galvanic current densities and potentials of these dual material galvanic couples  in the presence 

of these selected inhibitors are presented in Fig. 6.6, and the potentiodynamic polarization 

curves in Fig. 6.7. 

 Having demonstrated multi-material corrosion inhibition of Al - Cu - CFRP multi-material 

combinations, studied the effect of individual inhibitors (under different classifications) on the 

galvanic corrosion behaviour of Al - CFRP, Al - Cu, and Cu - CFRP  galvanic couples and guided by 

insights obtained from earlier studies with single inhibitors, further studies were made with 

different combinations of these classes of inhibitors. The evolution of galvanic current densities 

and potentials of Al - CFRP, Al - Cu, and Cu - CFRP  galvanic couples in the presence of these 

selected inhibitors are presented in Fig 6.6 below. 

 From  the measurements of galvanic current densities and potentials for Al - CFRP in the 

presence of selected combinations of inhibitors (Fig. 6.6a and b), it is observed that significant 

inhibition of galvanic corrosion occurs in the presence of all the presented inhibitor 

combinations with inhibition efficiencies based on measured galvanic corrosion current densities 

after 150,000 seconds immersion ranging from  ≈ 50% in the presence of 2.5 mM (La(NO3)3 + 

BTA) to  >85% in the presence of  2.5 mM (Ce(NO3)3 + CH3COONa). On the basis of such 

calculated inhibition efficiencies the effectiveness of these inhibitor combinations are ranked in 

the following order;  (Ce(NO3)3 + CH3COONa) >(Ce(CH3COO)3 + BTA) >(Ce(CH3COO)3 + BIA) > 

(Ce(NO3)3 + BTA) > (Ce(CH3COO)3 + NaNO3) > (Ce(NO3)3 + BIA) > (Ce(NO3)3 + 1,2,3-triazole) > 

(La(CH3COO)3 + BTA) > (La(NO3)3 + BTA). From the ranking above it is evident that for Al - CFRP, 

the best inhibition efficiencies were obtained in the presence of inhibitor combinations 

comprised of  cerium nitrate and  an acetate, and cerium nitrates or acetates and an azole. 

 Based on the observation from tests on galvanic couples with single inhibitors that for 

the Al - Cu galvanic couple the azoles act predominantly on cathodic processes, while the rare-

earth nitrates act on anodic process, selected combinations of inhibitors predominantly 

comprised of rare-earth nitrates and azoles were tested for possible additive or synergistic 

corrosion inhibition effects on Al - Cu galvanic couple  and results of ZRA measurements of 

galavanic current densities and potentials  presented in Fig. 6.6c-d. From Fig. 6.6c  very  

significant inhibiton of Al - Cu galvanic corrosion is recorded for all 9 inhibitor combinations with 

inhibition efficiencies ranging from ≈ 62% to 88% based on measured galvanic corrosion 

densities after 150,000 seconds immersion. Based on this criterion the effectiveness of the 
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tested inhibitor combinations on Al - Cu galvanic corrosion is ranked  thus;  (Ce(NO3)3 +  BIA)  >  

(Ce(CH3COO)3 +  BIA)  > (Ce(CH3COO)3 +  NaNO3)  >  (Ce(NO3)3 +  CH3COONa ) >  (Ce(CH3COO)3 +  

BTA)  >  (La(NO3)3 +  BTA)  >  (La(CH3COO)3 +  BTA)  >  (Ce(NO3)3 +  BTA)  >  (Ce(NO3)3 +  1,2,3-

triazole). 

 

Fig. 6.6. Effect of selected combination of inhibitorson evolution of  galvanic current densities 
and potentials  for  (a-b) Al - CFRP, (c-d) Al - Cu, and (e-f) Cu - CFRP galvanic couples in 50 mM 
NaCl based inhibitor solutions. 
  

 The results  from ZRA measurements  using these  inhibitor combinations on the Cu - 

CFRP couple  presented in Fig. 6.6c above, show that  with the exception of  (Ce(NO3)3 + 
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CH3COONa) and (Ce(CH3COO)3 + NaNO3) all the other inhibitor combinations manifested 

significant inhibititive effects on Cu - CFRP galvanic corrosion. The inhibitive performance of the 

7 promising inhibitor combinations on galvanic corrosion of Cu - CFRP couple based on 

measured galvanic current densities after 150,000 seconds immersion is ranked thus; (La(NO3)3 +  

BTA) > (Ce(NO3)3 + 1,2,3 - triazole) > (Ce(CH3COO)3 + BTA) > (La(CH3COO)3 + BTA) > (Ce(NO3)3 + 

BTA) >(Ce(CH3COO)3 + BIA) > (Ce(NO3)3 + BIA). 

 In an attempt to obtain more information on the possible mechanism of the significant 

inhibition efficiencies obtained with the combinations of inhibitors on  the galvanic corrosion of 

dual galvanic galvanic couples, potentodynamic polarization tests were carried out and the 

results presented in Fig. 6.7 below. From Fig. 6.7a below, it is observed that the mixed corrosion 

potential for Al - CFRP galvanic couple is displaced significantly and cathodically  only in the 

presence of  the combinations; (Ce(NO3)3 + BTA)  and (Ce(NO3)3 + 1,2,3-triazole) compared to  all 

of the other inhibitor combinations, but not more cathodic than the  Ecorr of aluminium in the 

blank solution. From Fig. 6.7b for Al - Cu galvanic couple, inhibition of anodic dissolution 

processes is observed to varying degrees for all the inhibitor combinations evidenced by lower 

measured anodic current densities in the active corrosion region of the anodic curve. However, 

significant suppresion of cathodic current densities apparently indicative of inhibition of 

cathodic processes is only observed in the presence of  (Ce(NO3)3 +  BTA), (Ce(CH3COO)3 +  BTA), 

(Ce(CH3COO)3 +  BIA), (Ce(NO3)3 +  1,2,3-triazole), and (La(NO3)3 +  BTA), all of which contain 

azoles. This observation is in tandem with earlier discussed results  with respect to  azoles in 

single inhibitor studies in which their predominant  action on cathodic processes in Al - Cu 

galvanic couple was demonstrated. From these results it is evident that the  effectiveness of 

azoles in suppressing cathodic processes is not suppressed by the addition of rare-earth cations 

as nitrates or acetates which makes additive and/or synergistic  corrosion inhibition a possibility. 

From the potentiodynamic polarization curves  for Cu - CFRP galvanic couple in the presence of 

selected inhibitor combinations (Fig. 6.7c), it is observed that the desired simultaneous 

suppression of both cathodic and anodic processes  is achieved in the presence of all the 

inhibitor combinations that exhibited inhibitive effects (i.e. those containing azoles). This trend 

for Cu - CFRP galvanic couple is attributed to the well known inhibitive action of azoles on 

copper, and their generally good but marginal effects on cathodic processes on CFRP (section 

5.2.8.3). 

 In analyzing the potentiodynamic polarization curves of galvanically coupled materials 

cathodic activities are considered to occur solely on the cathodic material (Cu and/or CFRP) and 
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anodic processes solely on the anodic metal (Al). Hence the cathodic branch of the polarization 

curve is deemed to  give information on processes occuring on the cathode under the test 

conditions while the anodic branch gives formation on anodic processes on aluminium 

supported by the corresponding cathode (Cu and or CFRP). Using this convention in the 

comparison of the cathodic branches of the polarization curves for Al - CFRP (Fig. 6.7a) and that 

of Al - Cu (Fig. 6.7b), it is observed that whereas only marginal reduction in the cathodic current 

densities with respect to that measured on CFRP in 50 mM NaCl were observed in all the 

inhibitor combinations, very significant reductions in cathodic current densities were observed 

for for Al - Cu with respect to that measured on copper in 50 mM NaCl in the presence of 

(Ce(NO3)3 + BTA) and (Ce(CH3COO)3 + BTA). This highlights the challenges in suppressing cathodic 

activities on CFRP even with the effective inhibitor combinations. On the basis of trends  and 

differences observed in the inhibitive effects of different azoles on copper corrosion under 

cathodic and anodic polarizations in chloride solutions at different pH, it is postulated that the  

effectiveness observed in suppression of cathodic activities on Al - Cu galvanic couples with 

cerium and BTA based inhibitor combinations is most probably due  to the suppresion of copper 

oxide formation on copper under the test conditions which could have enhanced cathodic 

processes and/or its modification.  Since neither of these are possible with CFRP, suppression of 

cathodic processes on CFRP is much more difficult.  In addition, the positive effects of the 

inhibitor combinations containing azoles in mitigating multi-material corrosion of Al - Cu - CFRP 

galvanic  system is attributed to the ability of these azoles to passivate copper surface and thus 

reduce the effective cathodic area that supports anodic dissolution of aluminium. This is quite 

obvious from the anodic branch of the polarization curve for Cu - CFRP (Fig. 6.7c below ) and in 

that of Al - Cu (Fig. 6.7b) albeit less obvious. In these two instances, marked reductions in anodic 

current densities were distinctively marked in the presence of inhibitor combinations containing 

azoles.In summary, these results demonstrate that multi-material corrosion inhibition in the Al - 

Cu - CFRP multimaterial galvanic system is feasible with synergistic inhibitor combinations 

predominantlt composed of rare-earth (Ce and La) cations and azoles.  

 Further insight on the possible reasons for the effectiveness of these inhibitor 

combinations are provided in the next section (section 6.3) that deals with the effect of single 

inhibitors on the galvanic corrosion of the dual galvanic couples that also incorporates data on 

the effect of these individual inhibitors that constitute these promising inhibitor combinations 

on the individual materials that constitute these dual galvanic couples.  
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Fig. 6. 7.  Effect of selected combination of inhibitors on the potentiodynamic curves of  (a) Al - 
CFRP, (b) Al - Cu, and (c) Cu - CFRP galvanic couples in 50 mM NaCl based inhibitor solutions after 
1 hour immersion. 
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6.3.0. Effect of Selected Single  Inhibitors on the Galvanic Corrosion of Al - CFRP, Al - Cu, and Cu 

- CFRP  Galvanic Couples. 

 To explain the positive effects observed in the preceding section (section 6.2)using 

combinations of inhibitors to inhibit multi-material corrosion in the Al - Cu - CFRP multi-material 

combination, and on its possible galvanic components (Al - CFRP, Al - Cu, and Cu - CFRP), earlier 

tests on these galvanic system with single inhibitors employed in the promising inhibitor 

combinations are presented  and discussed herein.To this end, for Al, Cu, and CFRP the data 

employed are their respective potentiodynamic polarization curves after 1 hour immersion  in 5 

mM concentrations of the respective azoles in 50 mM NaCl solution. For the dual galvanic 

couples (Al - CFRP, Al - Cu, and Cu - CFRP), their respective polarization curves after 1 hour 

immersion in the respective test media obtained while gavanically coupled, their galvanic 

current density and galvanic potential evolutions with time were employed. Though arguments 

can be raised especially with regards to the dual galvanic couples as to the propriety of the use 

of potentiodynamic polarization curves acquired after such short immersion times  in systems 

observed to display time evolution as manifested in their galvanic current density and potential 

evolutions, such short term potentiodynamic tests were employed because it gives information 

on the system before the cathodic and anodic activities are severely suppressed by the inhibitive 

action of the inhibitors. Understandably, this difference in the time-scale of ZRA measurements 

and potentiodynamic polarization tests resulted in some instances to subtle differences in the 

results from these two tests, as the potentiodynamic tests give information that is apparently 

representative of ZRA measuements up to about 3600 seconds. However the trends from the 

short tem potentiodynamic polarization tests (t = 3600 seconds after immersion) and ZRA 

measurements of galvanic current densities anf potentials (up to or greater than 150,000 

seconds) were largely in agreement. For ensuing work however, longer term potentiodynamic 

polarization curves at different immersion times are recommended. Thesingle inhibitors 

employed are the azoles, nitrates, and acetates  

 
6.3.1. Effect of Azoles (Single Inhibitors) on the Galvanic Corrosion of Al - CFRP, Al - Cu, and Cu  

- CFRP  Galvanic Couples. 

 The effect of azoles  comprising, benzotriazole (BTA), benzimidazole (BIA), 1,2,3-triazole, 

and 1,2,4-triazole on the corrosion of Al, Cu, and CFRP, and on the galvanic corrosion of Al - 

CFRP, Al - Cu, and Cu - CFRP dual galvanic couples are presented herein with an aim to unveiling 

the contribution of azoles to the mechanism(s) of the observed multi-material corrosion 
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inhibition in the Al - Cu - CFRP multi-material galvanic system. The inhibitors classified as azoles 

are benzotriazole (BTA), benzimidazole (BIA), 1,2,3 - triazole and 1,2,4 - triazole. 

 
Fig. 6.8. Effect of azole inhibitors on evolution of  galvanic current densities and potentials  for  
(a-b) Al - CFRP, (c-d) Al - Cu, and (e-f) Cu - CFRP galvanic couples in 50 mM NaCl based inhibitor 
solutions. 
 
Fig. 6.8 above  presents the ZRA results in the presence and absence of this class of inhibitors, 

which shows that for Al - CFRP galvanic couple (Fig. 6.8a)  mild inhibitive effects manifest after 

about 24 hours immersion with the best effects in the presence of 1,2,3-triazole and 1,2,4-

triazole, and to a smaller extent in benzotriazole. For Al - Cu galvanic couple (Fig. 6.8c), moderate 

inhibition of galvanic corrosion is recorded in the presence of azoles; the best trend being 
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observed in the presence of benzotriazole.  With the exception of 1,2,4-triazole all the azoles 

tested on the Cu - CFRP galvanic couple (Fig. 6.8e) were found to exhibit very significant 

inhibitive effects on the measured galvanic current densities between Cu and CFRP,  with 

benzotriazole suppressing galvanic current densities to values about two orders of magnitude 

lower than values measured in blank solution. 

 
Fig. 6.9. Effect of azole inhibitors on the potentiodynamic curves of  (a) Al - CFRP, (b) Al - Cu, and 
(c) Cu - CFRP galvanic couples, and (d) aluminium, (e) copper, and (f) CFRP in 50 mM NaCl based 
inhibitor solutions after 1 hour immersion. 
 
 From the potentiodynamic polarization curve for Al - CFRP in the presence of azoles (Fig. 

6.9a above), it is observed that the superior performances of  of 1,2,3-triazole and 1,2,4-triazole  
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correlates with  cathodic shifts in their "corrosion potential"  away from that of uninhibited Al-

CFRP couple  tending towards values for  aluminium in blank solution. 

 From the potentiodynamic polarization curves for Al - Cu in the presence of azoles (Fig. 

6.9b), it is evident that the azoles act predominantly on cathodic processes. The measured 

cathodic current densities in the presence of azoles are all much lower than values measured for 

the couple in blank solution. From the anodic side of the polarization curve (Fig.6.9b), it is 

evident the azoles are unable to exert inhibiting effects on anodic processes as measured 

current densities in the active corrosion region are not dimnished compared to values in the 

blank solution. 

 The potentiodynamic polarization curves of Cu-CFRP galvanic couple (Fig. 6. 9c) sheds 

more light on the mechanism of the inhibitive action of the azoles on Cu - CFRP galvanic couple. 

The cathodic part of the polarization curves in the presence of triazoles reveals significant  

suppression of cathodic processes in the presence of all the azoles studied compared to values 

measured  for Cu - CFRP in blank solution.  For benzotriazole which exhibited the best and very 

significant suppression of galvanic current densities (Fig. 6.9c), the measured cathodic current 

densities  in the  diffusion limited potential range is suppressed to values lower than those 

measured in both un-coupled copper and un-coupled CFRP.  Reduced anodic current densities 

and passivation is observed in the anodic curves, with observed trends consistent with trends 

earlier observed from galvanic current density measurements. 

 For the single materials, the presence of 5 mM concentrations of the azoles generally 

results in shifting the corrosion potentials of both Al (Fig. 6.9d)  and Cu (Fig. 6.9e) to more 

anodic values. In the case of Cu (Fig. 6.9e) the displacement of the corrosion potentials to more 

anodic values occurs in conjunction with marked decreases in the anodic current densities. This 

reduction in anodic current densities is most significant in the presence of BTA in which 

passivation of Cu surface is observed, and inferred to account for the superior performance of 

inhibitor combinations containing BTA in mitigating multi-material corrosion in all the dual and 

galvanic triplet of the Al - Cu - CFRP multi-material galvanic system. For CFRP (Fig. 6.9f) no 

marked differences are observed in its potentiodynamic polarization curves in the presence of 

any of the azole compounds. 
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6.3.2.  Effect of Rare Earth Cations (Single Inhibitors) on the Galvanic Corrosion of Al - CFRP, Al 

- Cu, and Cu - CFRP  Galvanic Couples. 

 The effect of introduction of the rare-earth cations in  the presence of different  

conjugate anions (nitrates and acetates) on the corrosion of Al, Cu, and CFRP, and on the 

galvanic corrosion of Al - CFRP, Al - Cu, and Cu - CFRP dual galvanic couples were studied in an 

attempt to understand their  contribution to the mechanism(s) of the observed multi-material 

corrosion inhibition in the Al - Cu - CFRP multi-material galvanic system and the results and its 

discussion presented herein.  

 
Fig. 6.10. Effect of  rare-earth nitrate inhibitors on evolution of  galvanic current densities and 
potentials  for  (a-b) Al - CFRP, (c-d) Al - Cu, and (e-f) Cu - CFRP galvanic couples in 50 mM NaCl 
based inhibitor solutions. 



 

199 

 
Fig 6.10 (a and b) presents the effects  of Na, and RE nitrates on the galvanic corrosion of Al-

CFRP galvanic couples from which it is observed that  inhibitive effects manifest only  in the 

presence of the rare-earth nitrates (Ce and La) but not in the presence of sodium nitrate. On the 

basis of this observation it is concluded that the inhibitive effects are due to the presence of the 

rare-earth cations. It is observed that the inhibition kinetics become pronounced after 10 hours 

of immersion  and is much faster in the presence of cerium nitrate. From Fig. 6.10b it is observed 

that inhibitive effects correlate with shifts in the galvanic potential  towards cathodic potentials 

with the displacement faster and more pronounced in the presence of the more effective  

cerium nitrate. 

 From the galvanic current density evolution plots of different nitrates on Al-Cu galvanic 

couple (Fig. 6.10 (c and d)), differences in effects are obvious. Significant inhibitive effects are for 

Al - Cu galvanic couple in the presence of cerium nitrate and praesodymium nitrate while 

enhancement of corrosion processes is observed in the presence of lanthanum nitrate (from 

immersion till after  > 24 hours of immersion).  In the presence  of sodium nitrate some 

inhibitive effects are observed but it apparently decreases with increase in immersion time. 

 From the plots of evoluton of galvanic current density and potential for Cu-CFRP in the 

presence of nitrates (Fig. 6.10 e and f) , it is observed that significant inhibition effects are only 

obtained in the presence of lanthanum nitrate at higher concentration of 10 mM with cerium 

nitrate exhibiting accelerative effects until after 30 hours of immersion. 

 From the potentiodynamic polarization curves for Al - CFRP in the presence of nitrates 

(Fig. 6.11a below), the cathodic potential shifts observed in ZRA data is also manifest for the 

effective rare earth nitrates (Ce and La). In the presence of  Ce and La nitrates changes are 

observed in the anodic dissolution kinetics of aluminium as evident in the shift towards more 

anodic potentials and away from the "corrosion potential" of the "pitting/break down potential" 

compared to observed trends for aluminium and Al - CFRP in the absence of these rare-earth 

nitrates. Furthermore, enhanced cathodic activities are observed in the presence of all the rare-

earth nitrates studied (Ce, La, and Pr), but suppressed in the presence of sodium nitrate below 

values measured for Al - CFRP couple in the blank solution coupled with the apparent absence of 

a well-defined  oxygen diffusion plateau.  It should be noted that the observed increase in the 

cathodic current densities in the presence of all the nitrates is not due to increase in corrosion 

related anodic processes, but rather due to electrochemical decomposition of nitrates on the 

(cathode) CFRP surface as demonstrated earlier in chapter 5 (section 5.2.6.3.). 
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Fig. 6.11. Effect of nitrate inhibitors on the potentiodynamic curves of  (a) Al - CFRP, (b) Al - Cu, 
and (c) Cu - CFRP galvanic couples, and (d) aluminium, (e) copper, and (f) CFRP in 50 mM NaCl 
based inhibitor solutions after 1 hour immersion. 
  

From the potentiodynamic polarization curves for Al - Cu galvanic couple in the presence of 

nitrates (Fig. 6.11b), lower measured anodic current densities coupled with shifts of the 

corrosion potential of the couple towards anodic values is observed in the presence of all the RE 

nitrates studied. Such reductions in the anodic current densities in the active corrosion region of 

the curve indicates that RE cations act on Al - Cu couple also by suppression of anodic 

dissolution processes. 
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 The potentiodynamic polarization curves for Cu - CFRP couple in the presence of nitrates 

(Fig. 6.11c) shows no significant changes  in the measured current densities but cathodic current 

densities are lowered  in the potential range from -0.2 to -0.5 VSCE in the presence of lanthanum 

nitrate in which inhibitive effects were obtained from ZRA measurements of galvanic current 

densities (Fig. 6.10  above). 

 With respect to the single materials, for aluminium (Fig. 6.11d) the presence of nitrate 

anion either in the absence (as in NaNO3) or in the presence of rare-earth cations (as in 

Ce(NO3)3, La(NO3)3, and Pr(NO3)3, generally lead to increased cathodic current densities on the 

cathodic branch of the potentiondynamic polarization curves, and on the anodic branch  shifts in 

the corrosion potential and pitting potential of aluminium to more anodic values. The effects on 

the anodic branch are however much enhanced in the presence of both the nitrate anion and 

rare earth cations. This suggests an additive or synergistic effect of the nitrate anion and rare-

earth cations in suppressing anodic activities on aluminium. For copper (Fig. 6.11e) the presence 

of nitrate anion either in the absence (as in NaNO3) or in the presence of rare-earth cations (as 

in Ce(NO3)3, La(NO3)3, and Pr(NO3)3, generally lead to enhancement of cathodic processes 

evidenced by increased cathodic current densities without any significant changes on anodic 

processes. Hence it is concluded that the nitrates tend to promote cathodic activities on copper. 

For CFRP (Fig. 6.11f) with rare-earth nitrates, very marginal reduction in the cathodic current 

densities were observed in the potential ranges (-0.6 to -0.9 VSCE) it is likely to be polarized to on 

galvanic coupling to aluminium indicating  possibility of some beneficial effects with the use of 

rare earth nitrates on galvanic system composed of Al and CFRP only. This is confirmed from 

Table 6.1 in which inhibition efficiency of ≈ 76% was obtained for Al - CFRP dual material 

galvanic couple after 150,000 seconds immersion in the presence of Ce(NO3)3.    However, for Al 

- Cu, in spite of the fact that the results from short term potentiodynamic polarization tests 

(3600 seconds immersion) which indicated marked inhibitive effects of rare-earth nitates on 

anodic  processes on aluminium  but enhanced cathodic processes on copper in the same time 

scale (3600 seconds) which could be suggestive of a low probability of significant inhibitive 

effects  on Al - Cu galvanic couple, significant inhibitive effects were obtained  (Table 6.1)  on 

long term measurements of galvanic current density (IE = 85% with Ce(NO3)3 and ≈ 4% NaNO3). 

These discrepancies are attributed to the differences in the time-scales of the two 

measurements, and in nature of the two test methods. 

 

 



 

202 

 The effect of introduction of the rare-earth cations as acetates on the corrosion of Al, Cu, 

and CFRP, and on the galvanic corrosion of Al - CFRP, Al - Cu, and Cu - CFRP dual galvanic couples 

were studied in an attempt to understand their  contributions to the mechanism(s) of the 

observed multi-material corrosion inhibition in the Al - Cu - CFRP multi-material galvanic system 

and the results and its discussion presented herein.  

 
Fig. 6.12. Effect of rare-earth acetate inhibitors on evolution of  galvanic current densities and 
potentials  for  (a-b) Al - CFRP, (c-d) Al - Cu, and (e-f) Cu - CFRP galvanic couples in 50 mM NaCl 
based inhibitor solutions. 
 
 From Fig. 6.12a above presenting the effect of acetates on the galvanic corrosion of Al-

CFRP couple the same trends and ranking  observed in nitrates of inhibitive effects only in the 

presence of rare earth cations  is manifested with Ce performing better than La. The observance 
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of same trends suggests that the effect of the conjugate anion of the rare earth salt (nitrate or 

acetate)  is apparently insignificant in this galvanic couple. 

 The evolution of galvanic current densities for Cu - CFRP in the presence of acetates (Fig. 

6.12b) indicates that the rare-earth acetates markedly enhanced galvanic current densities 

between Cu and CFRP. In the presence of sodium acetate some inhibitive effects are observed 

on prolonged immersion after 30 hours. 

 
Fig. 6.13. Effect of acetate inhibitors on the potentiodynamic curves of  (a) Al - CFRP, (b) Al - Cu, 
and (c) Cu - CFRP galvanic couples, and (d) aluminium, (e) copper, and (f) CFRP in 50 mM NaCl 
based inhibitor solutions after 1 hour immersion. 
 
 Unlike in nitrates the potentiodynamic polarization curve for Al - CFRP in the presence of 
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the effective rare-earth cations (Ce and La)  in acetates (Fig. 6.13a  above)  does not exhibit  any 

shifts in the galvanic corrosion potential compared to values in uninhibited couples (red line). 

Furthermore, the cathodic current densities are lower in the presence of the acetates compared 

to values in uninhibited galvanic couple  supporting the earlier conclusion that increased 

cathodic current densities in the presence of nitrates arise from non-corrosion related processes 

of nitrate electro-decomposition  on the cathode surface. 

 In studying the effects of acetates on galvanic corrosion of Al - Cu galvanic couple (Fig. 

6.13b), the same trends observed in the case of nitrates (Fig. 6.11b) was observed suggesting 

that for this couple the inhibitive effects are linked to the presence of the rare-earth 

cations.However , unlike  in nitrates the potentiodynamic polarization curves of Al - Cu galvanic 

couple in the presence of acetates (Fig. 6.13b) exhibit neither shifts in the corrosion potential 

nor marked reduction in anodic current densities compared to values measured in blank 

solution. In contrast to the scenario in nitrates, in the presence of acetates lower cathodic 

current densities are recorded.  Since  the lower cathodic current densities are observed even in 

the absence of rare- earth cations  (as in sodium acetate), the suppression of cathodic activity 

might be attributed to the presence of acetate anions. 

 In the potentiodynamic polarizaton curves for Cu - CFRP in the presence of acetates (Fig. 

6.13c), marginally lower anodic currents are observed  only in the presence of sodium acetate, 

and though lower cathodic current densities are observed in the presence of the rare-earth 

acetates (Ce and La) from the mixed corrosion potential of the couple (≈ 0.1 VSCE) to  ≈ -0.8 

VSCE, inhibitive effects are not observed in the galvanic current density profile (Fig. 6.12c). The 

cathodic peaks observed in the potentiodynamic polarization curves of Cu - CFRP couple in all 

the acetates studied (Na, Ce, and La acetates) are inferred to be related to the acetate ion based 

on the fact that similar peaks are not observed in the presence of  nitrates (Fig. 6.13c). 

 Regarding the single materials  (Al, Cu, and CFRP), the trends observed in the 

potentiodynamic polarization curvefor each material were very similar to those obtained for 

same material in nitrates(Fig. 6.11d-f). In the potentiodynamic polarization curve for aluminium 

(Fig. 6.13d), the presence of the acetates resulted in enhanced cathodic activities, shifts in 

corrosion potential of aluminium towards more anodic potentials, lowered anodic current 

densities in the active corrosion region, and shifts in the pitting potential of aluminium to more 

anodic values. However, unlike in nitrates, the suppression of anodic processes appear to be 

most significant in the absence of rare-earth cations (as in CH3COONa). For copper, its 

potentiodynamic polarization curve (Fig. 6.13e) indicate enhanced cathodic proceeses, very 
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small shifts in corrosion potentials towards more anodic values with no significant effect on 

anodic processes.  The potentiodynamic polarization curve for CFRP (Fig. 6.13f) reveal a shift in 

"Ecorr values" in the presence of  all the acetates (with and without rare-earth cations), and 

relatively lower cathodic current densities compared to values in blank solution and in nitrates 

(Fig. 6.11f) in the potential range (-0.6 to -0.9 VSCE) it is likely to be polarized on galvanic coupling 

to aluminium.  

 Since a cathodic peak is observed between -0.7 V to -1.1 VSCE in the potentiodynamic 

curves of Cu - CFRP in the presence of all the acetates (Fig. 6.13c)  was also observed in the 

presence of copper though less pronounced, but not on any other material or galvanic couple, 

the peak is attibuted to the reduction most probably copper acetate and/or (hydro)oxides.This 

attribution is supported by the report of Sanders et al. [688] that they obtained oxide-free 

copper surface by polarizing  copper for 30 minutes at -900 mVNHE (-1144 mVSCE)  in 0.1 M KOH 

solution.  Besides its ability to act as an alkaline pH buffer, acetates  have been reported [689] to 

be capable of inhibiting copper corrosion in NaCl solutions at pH 8.5 by initially accelerating 

copper dissolution leading to the formation of a protective complex with copper corrosion 

products.  The presence  of cuprous and cupric acetate salts on the surface of corroded copper 

samples in environments containing acetate have been reported [689,690]. These can partly 

account for the differences observed in the inhibition profiles of the rare earth cations either 

alone or in inhibitor combinations, based on the conjugate anion of the rare-earth cations in 

which slower kinetics were observed in the presence of acetates compared to nitrates.  From 

the results presented above it is concluded that the observed inhibiting effects observed in the 

presence of rare-earth compoundson galvanic corrosion in the Al - Cu - CFRP system is 

predominantly associated with the presence of the rare-earth cations; the most effective of 

these  being Ce3+ and La3+ cations.  More  detailed insights on the effect of the conjugate anion 

of the most promising rare-earth cations (Ce3+ and La3+) on galvanic corrosion in the Al - Cu - 

CFRP multi-material galvanic system are presented in section 6.3.3  below. 

 

 

6.3.3.  Effect of Conjugate Ions of Rare-earth Metal Cations  on the Galvanic Corrosion of Al - 

CFRP , Al - Cu, and Cu - CFRP Galvanic Couples. 

 To confirm any effects of the conjugate ion of the rare earth metal ions (NO3
-  

and  

CH3COO
-
)  on galvanic corrosion in the Al - Cu - CFRP multi-material galvanic system comparisons 

of the galvanic current densities and potential evolution  of  Al - CFRP, Al - Cu, and Cu - CFRP  
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galvanic couples  in the presence of  NaNO3 and CH3COONa, Ce(NO3)3 and Ce(CH3COO)3, and 

La(NO3)3 and La(CH3COO)3  respectively were made and presented in Fig. 6.14  below. 

   From Fig. 6.14(a-b) it observed that  for Al - CFRP these effects are insignificant.  By 

comparison of the galvanic current densities and potential evolution  of  Al - Cu  galvanic couple 

in the presence of  NaNO3 and CH3COONa, Ce(NO3)3 and Ce(CH3COO)3, and La(NO3)3 and 

La(CH3COO)3 respectively (Fig. 6.14c-d),  a link between the observed inhibitive effect of the 

rare-earth metal salts and their conjugate anion is established.  It is observed that whereas 

cerium exerts inhibitive effects when added as  either cerium nitrate  or cerium acetate the 

magnitude and kinetics of the inhibitive effect are more pronounced when added as a nitrate. 

With lanthanum,  significant inhibition of galvanic corrosion of Al - Cu galvanic couple is 

observed on addition as  acetate while  acceleration of corrosion is observed on addition as a 

nitrate until after about 30 hours of immersion. In the light of the above it is concluded that for 

Al - Cu galvanic couple the conjugate anion of the rare-earth metal cation affects its inhibitive 

properties with the actual effects dependent on the particular rare-earth cation (Ce or La). The 

marked effect of the choice of conjugate anion of the rare-earth metal cation on galvanic 

corrosion of the Al - Cu galvanic couple is predominantly attributed  to the strong interaction of 

the acetate anion with copper surface (Figs. 6.13c, 6.13e, and 6.15c) resulting in a probable 

change in the composition of the corrosion products on its surface at the potential range it is 

polarized to on galvanic coupling with aluminium.  

 By comparison of the galvanic current densities and potential evolution  of  Cu - CFRP  

galvanic couple in the presence of  NaNO3 and CH3COONa, Ce(NO3)3 and Ce(CH3COO)3, and 

La(NO3)3 and La(CH3COO)3  respectively (Fig. 6.14e-f),  it is observed that except in the case of 

lanthanum in which some inhibitive effects are observed in the presence of lanthanum nitrate, 

but accelerative effects in the presence of lanthanum acetate, the conjugate anions ( nitrate or 

acetate) exerts no significant effect  on the response of the rare earth metal salts to the galvanic 

processes in Cu - CFRP couple.  
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Fig. 6.14.   Effect of conjugate anion of rare-earth metal salts on  the galvanic current density  
and (b) potential evolution  of (a-b) Al - CFRP, (c-d) Al - Cu, and (e-f) Cu - CFRP  galvanic couples 
in 50 mM NaCl based inhibitor solutions. 
 

 By comparison of the potentiodynamic polarization curves of  Al - CFRP, Al - Cu, and  Cu - 

CFRP galvanic couples and those of the single materials (Al, Cu, and  CFRP)  in 50 mM NaCl based 

inhibitor solutions  containg different rare-earth cations with either of nitrate or acetate anions 

after 1 hour immersion the differences in the effects of the conjugate anions on cathodic and 

anodic processes in each of these materials and galvanic couples are demonstrated with clarity  

(Fig. 6.15). 
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Fig. 6.15.   Effect of conjugate anion of rare-earth metal salts on  the potentiodynamic 
polarization curves of (a) Al - CFRP, (b) Al - Cu, and (c) Cu - CFRP, (d) Al, (e) Cu, and (f) CFRP  in 50 
mM NaCl based inhibitor solutions after 1 hour immersion. 
 

 For Al - CFRP dual galvanic couple (Fig. 6.15a), it is observed that on introduction of the 

rare earth cations (Ce3+ and La3+)  as nitrates the mixed corrosion potential of Al - CFRP dual 

galvanic couple is observed to be displaced by over 300 mV towards more cathodic potentials, 

with the cathodic current densities comparatively lower with respect to values in blank solution 

up to about  -1100 mVSCE which is similar to the corrosion potential of aluminium in blank 50 

mM NaCl solution (Fig. 6.15d).  Above this potential the cathodic current densities  increase 

steeply above values in blank solution. On the anodic branch of the polarization curve, the 
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"pitting" potential is displaced towards more anodic potentials in the presence of rare-earth 

nitrates but not in NaNO3. The fact that similar changes in the cathodic and anodic branches of 

the polarization curves were not observed in the presence of NaNO3 leads to the conclusion that 

these effects are due to either the presence of the rare-earth cations or the coperative action of 

the rare-earth cations and the nitrate anion on the basis of the absence of similar effects in the 

presence of rare-earth acetates and sodium acetate (Fig. 6.15a).   In contrast, in the polarization 

curve of aluminium (Fig. 6.15d) only the effects on the anodic branch (marked displacement of 

the pitting potential) persist in the presence of rare-earth nitrates as the mixed corrosion 

potential is diplaced in the opposite direction (of trends oberserved in Al - CFRP couple) towards 

more anodic potentials and the cathodic current densities higher at all potentials compared to 

values in blank test solution. On the other hand the introduction of rare-earth cations as 

acetates resulted in reduced cathodic current densities  in Al - CFRP couple but opposite effect 

on aluminium alone (Fig. 6.15d), but less marked effects on anodic processes in both in Al - CFRP 

couple and Al compared to trends observed with rare-earth nitrates. 

 For Al - Cu galvanic couple (Fig. 6.15b), the cathodic current densities were observed to 

be enhanced on introducing rare-earth cations as nitrates, while the mixed corrosion potentials 

were displaced to more anodic potentials with significantly lower anodic current densities. 

Similar enhancements in the cathodic current densities were also observed for copper (Fig. 

6.15d) in the presence of rare-earth cations particularly as nitrates. By comparing the observed 

trends in the cathodic and anodic branches of the polarization curves of Al - Cu galvanic couple 

(Fig. 6.15b) with those of Al (Fig. 6.15d) and Cu (Fig. 6.15e) in the presence of nitrates, the 

earlier stated position of considering/attributing changes or trends in the cathodic branch of the 

polarization curve of galvanic couples to the constituent cathodic material(s) of the such 

couples, and changes in the anodic branch to the anodes in such galvanically coupled 

arrangements is validated.  On introducing the rare-earth cations as acetates or in the presence 

of both the nitrate anion and  rare-earth cations (as in NaNO3), cathodic processes were 

suppressed  in Al - Cu galvanic couple but enhanced in both Al and Cu. The observed effect of 

the presence of rare-earth cations as acetates on the polarization curve of Al - Cu galvanic 

couple but not in Al or Cu is partly attributed to the plausible buffering effect  of the acetate 

anion on the alkaline pH generated near copper surface on coupling to aluminium which 

probably enhances faster and sustained precipitation of the rare-eath hydro(oxides) onto copper 

surface leading to suppression of cathodic processes on copper surface. 

 In the polarization curves for Cu - CFRP (Fig. 6.15c)  the presence of nitrate anion without 
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rare-earth cations (as in NaNO3) leads to increase in he cathodic current densities abovevalues 

observed in the blank solution, while introduction of the rare-earth cations as nitrates lead to 

further increase in the cathodic currents measured in NaNO3 between ≈ -550 and -1200 mVSCE 

which were also observed in the polarization curves of copper in the presence of these rare-

earth nitrates (Fig. 6.15e). In the presence of acetates with or without the rare-earth cations, the 

cathodic current densities were generally lower than those measured in blank solution except 

for cathodic peaks observed in the presence of CH3COONa between -880 and -1050 mVSCE but  

between -760 and -920 mVSCE in the presence of the combination  the acetate anion and rare-

earth cations (in Ce(CH3COO)3 and Ce(CH3COO)3).  These peaks are attributed to the reduction of 

corrosion products on copper that are probably predominantly composed of copper acetate. For 

Cu - CFRP no significant changes were observed in the mixed corrosion potential and the anodic 

current densities in response to changes in the conjugate anions  (NO3
- or CH3COO-) of the the 

rare-earth cations. 

 The polarization curve of CFRP in the presence of acetates and nitrates (Fig. 6.15f) 

indicate slight reduction of the diffusion limited cathodic currents in the presence of all the 

acetates with the potential range over which this effect is observed is highest in the presence of 

lanthanum acetate.  Of  the rare earth nitrates this reduction of cathodic current densities in the 

diffusion limited regon was only observed in the presence of lanthanum nitrate though the 

potential range over which effect was persistent was narrower. In the light of these the slight 

reduction of the cathodic current densities if  CFRP in the diffusion limited region is attributed to 

the co-operative action of the rare-earth cations and acetate anion that probably accelerates the 

precipitation of metal hydroxides onto CFRP surface in the high pH near its surface due to 

cathodic process that is apparently buffered by the acetate anions. In the "active region" of the 

cathodic branch of the polarization curve of CFRP (Fig. 6.15f) higher current densities were 

measured in the presence of all the inhibitors irrespective of the rare-earth cation or its 

conjugate anion.  In spite of  the increased cathodic current densities observed in this region the 

slope of the polarization curve in this region were generally similar to that in the blank solution 

which leads to a conclusion that similar processes occured in this region but the kinetics of these 

processes were apparently enhanced by the presence of the inhibitors irrespective of the 

conjugate anion employed.   The steep increase in the cathodic current densities observed  in 

the presence of the rare earth nitrates around -1050 mVSCE had been reported earlier in section 

5.2.8.4 (Fig. 5.43), and attributed to the electrochemical reduction of nitrates on CFRP surface, 

as the increase in the measured cathodic current density at potentials more cathodic than ≈ -
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1050 mVSCE was sensitive to changes in the concentration of the nitrates while the onset 

potential was invariant.  Though a similar increase in cathodic current densities were observed in 

the presence of NaNO3 at potentials more cathodic than ≈ -1500 mVSCE, in this case it is 

attributed to hydrogen evolution reactions as the onset potential was much more cathodic and 

in the potential region where water reduction with hydrogen evolution is favoured. 

Consequently, by comparison of the cathodic polarization curves of CFRP in the presence of 

nitrates and acetates, with and without the rare earth cations it is concluded that hydrogen 

evolution processes are most probably suppressed on CFRP surface in the presence of 

lanthanum acetate for reasons that are not yet fully clarified. 

 From the results presented herein it is obvious that the rare-earth cations principally Ce3+ 

and La3+  generally exhibit inhibitive effects on the galvanic corrosion of the dual galvanic couples 

(Al - CFRP, Al - Cu, and Cu - CFRP) in the Al - Cu - CFRP galvanic system irrespective of the 

conjugate anion. In some instances additive/synergistic inhibition may be achieved by the choice 

of conjugate anion as with Al - CFRP dual galvanic couple (Fig. 6.15a), in which the introduction 

of the rare earth cations (Ce3+ and La3+)  as nitrates caused  the mixed corrosion potential of Al - 

CFRP dual galvanic to be displaced by over 300 mV towards more cathodic potentials,with the 

cathodic current densities comparatively lower with respect to values in blank solution up to 

about -1100 mVSCE. This effect is attributed to the well known anodic inhibitor effect of the 

nitrate anion on aluminium. In contrast,   a  marked but deleterious effect is observed on 

introduction of rare-earth metal cation  as an acetate against  galvanic corrosion of the Al - Cu 

galvanic couple attributed to the strong interaction of the acetate anion with copper surface 

(Figs. 6.13c, 6.13e, and 6.15c) resulting in a probable change in the composition of the corrosion 

products on its surface.  In the light of these inspite of benefits of employing rare-earth cations 

as corrosion inhibitors in the Al - Cu - CFRP multi-material system care is advised on the choice of 

the conjugate anion to maximize inhibitive effects. 

 

6.4.0.     Unveiling the Mechanism of Multi-material Corrosion Inhibition in the Al - Cu - CFRP 

Galvanic system 

 In order to understand the mechanism of the observed multi-material corrosion and its 

successful inhibition in the Al -Cu - CFRP "triplet" multi-material galvanic system,  further tests 

were carried out on Al - Cu and Al - CFRP dual galvanic couples and on Al - Cu - CFRP galvanic 

triplet to establish changes on and near the surface of the material components of these couples 

on galvanic coupling and changes in the concentration of Cu in known volumes of the test 
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solution (consistent with electrochemical test conditions) using atomic absorption spectrometry 

(AAS), as the presence of cations of the cathodic metal (Cu) are known to affect anodic 

dissolution of the anodic metal (Al) with and without galvanic coupling.  The concentration of Al 

in the test media was not monitored primarily because the AAS facility was not suitable for its 

measurement and secondly, its presence in solution is expected as it is the anode. Since the pH 

around the cathodes have been demonstrated to change to alkaline values on galvanic coupling 

to the anode (Al), the cyclic voltametric response of Cu under quiescent and anoxic conditions 

were evaluated at different pH values after 1 hour immersion in 50 mM NaCl. Similar analysis for 

the other cathode in the system (CFRP) was done and already presented in chapter 5 of this 

work (section 5.2.8.4 and Fig 5.43). In addition surface analysis of galvanic couples after 

exposure to test media (coupled and uncoupled) using x-ray flourescence spectroscopy (XRFS), 

and  localized measurements of  pH profile, oxygen profile and ionic currents near the surface of 

the components of the galvanic couples (coupled and uncoupled), with and without inhibitors 

using the selective-ion electrode technique (SIET) and scanning vibrating electrode technique 

(SVET) enabled the determination of the mechanism(s) of multi-material corrosion and multi-

material corrosion inhibition in the Al - Cu - CFRP multi-material combination presented herein. 

 

6.4.1.     Multimaterial Corrosion Inhibition in the Al - Cu - CFRP Galvanic system: Insight into 

the Changes in  the Local pH  around Constituent Materials on Galvanic Coupling. 

 For a better understanding of the mechanism of action of the candidate multi-material 

corrosion inhibitors shortlisted above, micro-scale tests were carried out to establish the local 

environment(s) near un-coupled and coupled multi-material assemblies in the presence and 

absence of selected inhibitors. Prior to studies with inhibitors on the galvanic corrosion 

behaviour of this "galvanic triplet", tests were made to obtain information on the  local 

environment  around Al, Cu, and CFRP in this "galvanic triplet" on galvanic coupling in 50 mM 

NaCl. 

 Having demonstrated in chapter 5 (sections 5.2.3.1 to 5.2.3.3) that the local pH above 

CFRP is very sensitive to the applied polarization, and aware that changes in the local pH affects 

the mechanism and efficiency of certain inhibitors, using the Al - CFRP dual galvanic couple as a 

test case the pH profile across CFRP and metal (Al) in quiescent 50 mM NaCl was determined at 

a height of 12 μm from the surface and presented in Fig. 6.16 (a and b).  Furthermore, the pH 

profile across the surface of the components of the galvanicaly coupled Al - Cu - CFRP "galvanic 

triplet"  was measured and presented in Fig. 6.16 (c and d) below.   
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 From Fig. 6.16a  below (red line), it is observed than in galvanically coupled Al - CFRP in 

quiescent 50 mM NaCl the local pH at a height of about 12 μm above the CFRP is around 10.5 

(with the impressed polarization on CFRP due to galvanic couplint to  Al in the test solution 

determined electrochemically to be around -650 to 700 mVSCE (Fig. 6.1b), while the pH above the 

coupled aluminium falls below the bulk pH to as low as 5.5. This local acidification above 

galvanically coupled aluminium is attributed to hydrolysis reactions involving  Al3+ ions that leads 

to a local abundance of H+. In contrast there are no significant changes in the local pH in the 

absence of galvanic coupling (black line). 

 
Fig. 6.16.   pH profile in 50 mM NaCl 12 μm above (a-b) galvanically coupled and uncoupled Al - 
CFRP  and (c-d) 40 μm above galvanically coupled Al - Cu - CFRP  "triplet" couple. 
 

 From Fig. 6.16c above, in galvanically coupled Al - Cu - CFRP "triplet" galvanic couple the 

pH is observed to be above 10 at a height of ≈40 μm from the surfaces of both cathodes (Cu 

and CFRP)  and as low as 4 above the anode (aluminium). Comparing the pH value above 

aluminium in this case with the ≈5.5 earlier observed in measurements across galvanically 

coupled Al - CFRP couple (Fig. 6.16a), it is apparent that increase in cathodic area relative to the 

anodic area, leads to further lowering of the pH above the aluminium due to enhanced anodic 
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activities. This lowered pH values above the anode in the "galvanic triplet" compared to values 

measured above the anode in the dual galvanic couple  can be explained by the increased rate of 

aluminium dissolution and hydrolysis reactions due to galvanic coupling to  a larger cathode. 

 

6.4.2.     Multimaterial Corrosion Inhibition in the Al - Cu - CFRP Galvanic system: Insight into 

the Electrochemical Response of the Cathodes to Changes in Local pH. 

 Being aware of the fact that galvanic coupling of Al to the cathodes (Cu and CFRP) causes 

a change in the pH near these cathodes to alkaline values (Fig. 6.16) between pH 10 and 11, and 

having established the electrochemical response of one of the cathodes (CFRP) to polarization at 

different pH (sections 5.2.3.2 and 5.2.3.3; Figs. 5.9 and 5.10) using potentiodynamic polarization 

tests and cyclic voltammetry, cyclic voltammetric tests were carried out on the other cathode 

(Cu) in 50 mM NaCl adjusted to different pH values with NaOH. These tests on copper were 

carried out in both quiescent and anoxic conditions, and the voltammograms presented in Fig. 

6.17 below. 

 It is worthy of note that the results of cyclic voltammetric tests on CFRP in quiescent 

chloride solutions adjusted to pH 1, 3, 7, 10, and 12, over a potential range of -1000 to +500 

mVSCE at a scan rate of 50 mV/s  earlier presented in  chapter 5 (Fig. 5.10)  indicated  a significant 

and consistent cathodic peak around -250 mV SCE under all test conditions  employed, 

attributed  to the 2-electron reduction of oxygen with formation of hydroxyl ions and hydrogen 

peroxide [672].  Very importantly, significant cathodic current densities in the range ≥ 100 μA 

cm-2 was measured on CFRP in quiescent 50 mM NaCl solution adjusted to pH 7,10, and 12, in 

the potential range of -300 to  -1000 mVSCE which lies in the range of potentials CFRP is likely to 

be polarized to on galvanic coupling to copper. 

 The voltammograms of copper in quiescent 50 mM NaCl (Fig. 6.17) below shows that 

very significant cathodic current densities with peak current of ≈ 8 mA cm-2 measured around a 

potential of -600 mVSCE  at pH 7 and pH 10 in both quiescent and anoxic test conditions. At pH of 

12 the cathodic current density around this potential drops significantly with the highest 

measured cathodic peak current densities less than ≈ 2 mA cm-2  and peak position apparently 

shifted to more cathodic potentials (≈-800 mVSCE) under both quiescent and anoxic  conditions 

coupled with the presence of other cathodic peaks at this pH. It is noteworthy to mention that 

the magnitude of these peaks might not have much relevance to the long term kinetics of 

cathodic processes and have been employed for comparison herein. 

 These results indicate and gives an idea of the apparent magnitudes of the significant 
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cathodic activities expected on coupling these cathodes (Cu and CFRP) to Al in multi-material 

assemblies. These results suggest more intense galvanic corrosion in Al - Cu dual galvanic couple 

compared to Al - CFRP galvanic couple. This position is validated by the analysis of ZRA 

measurements of galvanic current densities for Al -Cu and Al - CFRP galvanic couples in 50 mM 

NaCl solution (Table 6.1) based on values after 150,000 seconds immersion which indicated 

galvanic current densities of 29.9 μA cm-2 for Al - Cu and 18.9 μA cm-2  for Al - CFRP. 

 
Fig. 6.17.  Cyclic voltammogram of copper after 1 hour immersionin quiescent 50 mM NaCl 
adjusted to different pH and testing under quiesecent conditions and anoxic conditions 
respectively by purging with argon for 15 minutes prior to and during testing. 
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 In the light of these results and the discussions above, it is concluded that from near 

neutral pH to pH 10  significant multi-material corrosion is quite feasible in the Al - Cu - CFRP 

galvanic system which is consitent with the range of expected pH transitions near the cathodes 

in this multi-material system, and that this change in pH can be exploited as a trigger for 

corrosion inhibition stategies in the Al - Cu - CFRP multi-material galvanic system. Furthermore, 

on the basis of the observed reduction in the cathodic peaks on Cu at pH 12 in both quiescent 

and anoxic conditions in the potential ranges (-600 to -800 mVSCE) consistent with the expected 

polarizations on the cathodes on galvanic coupling to Al, it is postulated but not confirmed that 

further increase of the local pH to 12 or more might lead to some reduction in the galvanic 

corrosion of the Al - Cu - CFRP multi-material assembly. 

 

6.4.3.     Multimaterial Corrosion Inhibition in the Al - Cu - CFRP Galvanic system: Insight into 

Significant Changes in Test Solution Composition.  

  Having thus established the range of the changes in local pH around each of the 

constituent of the Al - Cu - CFRP multi-material assembly on galvanic coupling, the 

electrochemical response of the cathodes to changes in bulk pH with respect to the evolution of 

cathodic processes on them, and aware of the effects the cations of the cathodic metals can 

have on anodic dissolution of the anode, and by extension on multi-material corrosion in the Al - 

Cu - CFRP multi-material combination, the time evolution of copper ions in the test solution was 

monitored on galvanically coupled and uncoupled  Al - Cu assembly, and the results presented as 

Fig. 6.18 below. 

 
Fig. 6.18.   Time evolution of copper concentration in 50 mM NaCl solution for (a) Al - Cu 
galvanically coupled and uncoupled (surface area of Cu and Al was 0.5 cm2 and volume of test 
solution = 100 ml). 
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 From the triplicate measurements of copper concentrations and the average values from 

these triplicate measurements in the test media (100 ml) prior to immersion (0 h) and at 1, 3, 6, 

12, and 24 hours after immersion in galvanically coupled and uncoupled Al - Cu assembly (Fig. 

6.18), the entry of copper into solution is confirmed in both cases but it is observed that in 

galvanically coupled Al - Cu couple the concentration of copper in the test solution is 

consistently higher; an effect that becomes very significant after 24 hours immersion. The 

presence of copper ions in solution coupled in the light of their ability to be electro-deposited 

onto aluminium  surface is very likely to affect the corrosion and corrosion inhibition mechanism 

in the Al - Cu - CFRP multi-material galvanic system. This confirmed entry of copper into solution 

in Cu galvanically coupled to Al is inferred to most probably be the major cause of the observed 

differences (in some cases) in the trends from short term (1 h) potentiodynamic curves and 

longer term (≥  150,000 s ≈ 44 h)  ZRA measurements of galvanic current density and 

potential.  In the light of  this, it is advised that in future work on the subject matter, longer term 

potentiodynamic polarization curves be acquired preferably after immersion for various time 

intervals ranging from 1 hour to ≥ 24 hours.  

 In Fig. 6.18, it is observed that in tests conducted on galvanically coupled Al - Cu 

assembly with (normalized surface area to test solution volume ratio), anode area : cathode area 

: test solution volume ratios of 1 : 1 : 200, the copper concentration in the test solution rises to 

concentrations of about 10-7 M (≈ 0.1 ppm) which is in the lower range of concentrations in 

which the presence of copper and iron cations have been demonstrated [142,456] to still exert 

significant influences on the dissolution of aluminium, and attributed to be equivalent to about 

≥ 0.1 atomic layers of the electro-deposited metal on the assumption that all the ions that 

enter into the solution adhered to the metal (Al) surface [456]. Futhermore, the presence of 

electro-deposited copper on aluminium surface is likely to lead to a reduction in the anodic area 

which in the absence of an appropriate inhibitor accelerate the dissolution of aluminium. 

However, in the presence of appropriate/certain inhibitor(s) the presence of copper on part of 

aluminium surface is capable of causing inhibitors that are very sensitive to copper (like the 

azoles) to interact with aluminium through the electro-deposited copper on its surface with 

potential effects on self-corrosion of aluminium and multi-material corrosion and multi-material 

corrosion inhibition in the Al - Cu - CFRP multi-material galvanic system. 
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6.4.4.     Multimaterial Corrosion Inhibition in the Al - Cu - CFRP Galvanic system: Insight into 

Significant Changes in Oxygen Concentration Near Component Materials.  

 Aware  that  the  oxygen  concentrations  around  the  galvanically coupled components 

of the Al - Cu - CFRP "galvanic triplet" is bound to change and can be employed to monitor 

inhibitive effects of added candidate multi-material inhibitor combinations, the oxygen 

distribution around the Al - Cu - CFRP  "galvanic triplet " was evaluated by measurements of the 

cathodic currents generated by oxygen reduction in 50 mM NaCl solution without inhibitors to 

obtain a reference profile against which later tests in the presence of inhibitors can be 

compared. The oxygen distribution was evaluated at a height of ≈ 100 μm above components 

of the Al - Cu - CFRP system and the results presented in Fig. 6.19 below  with the observed 

trends consistent with expected patterns in the cathodes (Cu and CFRP) and the anode (Al). 

 
Fig. 6.19. Measured cathodic currents due to oxygen reduction  ≈100 μm above components of 
the Al-Cu-CFRP system (a) galvanically coupled, and (b) uncoupled indicative of O2 distribution. 
 

In uncoupled  Al - Cu - CFRP triplet assembly (Fig. 6.19b) no significant changes in the oxygen 

distribution marked by uniform measured current distribution is observed above the 

components of the multi-material assembly. However, on galvanically coupled components of 

the Al - Cu - CFRP  triplet assembly (Fig. 6.19a), lower currents were meaured over the cathodes 

(Cu and CFRP) which corresponds to depletion of oxygen near the cathodes due to cathodic 

processes that feeds on the dissolved oxygen near their surfaces. It is obvious that suppression 

of cathodic processes on the cathodes will result in less depletion of oxygen near them and 

hence measurement of higher current values near the cathodes. It is on the basis of this that 

variations in oxygen concentrations around constituent of this multi-material assembly was 

employed in monitoring inhibitive effects on this galvanic system which is reported in a later 

sub-section. Over the anode (Al), since the anodic processes occuring on its surface does not 
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involve the consumption of oxygen currents similar to background values were expected over 

the the (anode) aluminiumbut higher current magnitudes were measured over the anodes 

should otherwise correspond to higher oxygen concentrations. It is deemed important to 

highlight  that  the  high  currents  measured over the anode (Al) was neither expected nor can 

as yet be explained by any possible processes that generate oxygen on the anode (Al). The 

possibility that this current might be due to the reduction of Al3+ cation is negated by the fact 

that the reduction of Al3+  is not thermodynamically feasible in aqueous media.  It is also  

important to mentionthat the results were presented as a current distribution which is 

proportional to oxygen concentration.  To be able to present the results as oxygen 

concentrations, calibration of the measured currents with values measured in varied but know 

dissolved oxygen concentrations is neccessary and was not done. 

 Later in this  work the results from attempts made to utilize the oxygen distribution 

around galvanically couple materials  to monitor diminution/cessation of corrosion processes 

and hence the effectiveness of inhibitors is presented (Figs. 6. 20 and 6.21).  

 

6.4.5.    Multi-material Corrosion Inhibition in the Al - Cu - CFRP Galvanic system: Effect of 

Inhibitor Combinations (Ce(NO3)3 + BTA) on the Al - Cu - CFRP Galvanic Couple. 

 Having obtained insights from macro-tests on the promising inhibitor combinations and 

on the changes in the local environmentfrom macro- and micro-tests in the absence of 

inhibitors, further localized tests  (employing  SVET and SIET) were carried out  in the presence 

of inhibitor combinations, and results from tests using one of the candidate multi-materials 

corrosion inhibitor combinations (Ce(NO3)3 + BTA) presented herein to demonstrate the 

inhibitive effects of inhibitor combinations at micro-scales and from thence establish the 

mechanism of the observed inhibitive action.  

 Multi-material corrosion inhibition in the Al - Cu - CFRP galvanic system on a micro-scale 

with one of the proposed multi-material corrosion inhibitors for the galvanic system; 2.5 mM 

(Ce(NO3)3 + BTA) showed very significant multi-material corrosion inhibition in the system with 

this combination. Inhibitive effects were detectable few minutes after introduction of the 

inhibitor combination in ZRA, SVET measurements of current distribution around galvanic 

components, and even with the oxygen distribution measurements (Figs. 6. 20 and 6.21). 
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Fig. 6.20. Measured cathodic currents due to O2 reduction ≈100 μm above galvanically 
coupled components of the Al-Cu-CFRP system (a) 30 min after immersion in 50 mM NaCl 
containing 2.5 mM each of Ce(NO3)3 and BTA after prior immersion in 50 mM NaCl solution for 
150 mins, (b) 30 mins after polishing and immersion in same inhibitor solution indicative of the  
oxygen distribution. 
 
 
In Fig. 6.20(a)  above, oxygen depletion  due to cathodic activity is not observed above copper 

after removal of the prior 50 mM NaCl solution and addition of inhibitor containing solution, 

most probably due to passivation of the copper surface. After polishing the sample surface and 

measuring  less than 30 minutes after addition of inhibitor containing solution Fig. 6.20(b), 

cathodic activity identified by oxygen depletion is observed above the copper surfsce but much 

more above the CFRP surface. This illustrates the challenge in combating cathodic activity on 

CFRP coupled to metals as unlike metals (e.g. Cu) it does not passivate.  

 
Fig. 6.21. Measured cathodic currents due to O2 reduction ≈100 μm above non-galvanically 
coupled components of the Al-Cu-CFRP system 60 mins after immersion in 50 mM NaCl 
containing 2.5 mM each of Ce(NO3)3 and BTA indicative of oxygen distribution. 
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 In Fig. 6.21  above, of oxygen distribution measurements above uncoupled Al - Cu - CFRP 

components cathodic activity is not detected in the presence of the inhibitors denoting the 

absence of localized corrosion processes strong enough to change the local oxygen distribution 

to measurable proportions. It should be noted that in these measurement oxygen distribution is 

presented in direct terms of the measured currents and not in concentration units; the 

magnitude of the measured current being proportional to the local oxygen concentration. To 

present results in oxygen concentrations some calibration is necessary in test solution at 

different and known oxygen concentrations. 

 Further studies of the efficient  inhibitive action of  rare-earth metal salts and azoles on 

Al - Cu galvanic couple were carried out using cerium nitrate and BTA combinations by using x-

ray fluorescence spectroscopy to attempt to establish the metal on which the cerium acts 

principally on in this galvanic couple. The results of this XRF mapping  using a voltage of  40 kV, 

current of 1000 μA, collimator size of 0.2 x 0.2 mm, acquisition time of 50 ms per pixel, resulting 

in a mapping time of 123.5 minutes are presented in  Fig. 6.22 below, from which the 

preferential presence of  cerium on the cathode (copper) of the coupled Al - Cu galvanic couple 

is observed (Fig. 6.22d).  It is notable that with the test conditions,  the detection of aluminium 

with Al - kα radiation is limited as evidenced by the low counts and little differences in the 

aluminium elemental mapping over aluminium and copper surfaces (Fig. 6.21b) after exposure 

to 50 mM NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ). Inspite of the low counts for aluminium, 

the higher counts for aluminium compared to the mounting material suggests the re-deposition 

of aluminium basedcorrosion products over the copper (cathode) surface. 

 

Fig. 6.22. X-ray flourescence mapping of surfaces of  aluminium and copper of coupled Al - Cu 
galvanic couple after exposure 50 mM NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ). 
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6.4.6.    Proposed Mechanism(s) of Multi-material Corrosion Inhibition in the Al - Cu - CFRP 

Galvanic system. 

 Based on the insights obtained from the survey of literature, macro- and micro-

electrochemical tests on Al, Cu, CFRP, and  Al - Cu, Al - CFRP, Al - Cu dual galvanic couples, and Al 

- Cu - CFRP "triplet" galvanic couple under varied test conditions, coupled with solution and 

surface analysis of coupled and uncoupled multi-material assemblies already presented earlier 

sub-sections, the plausible mechanism(s) of multi-material corrosion and multi-material 

corrosion inhibition in Al - Cu - CFRP multimaterial galvanic system are postulated, illustrated, 

and discussed herein. 

 In uncoupled Al - Cu -CFRP multi-material assembly (Fig. 6.23b), the constituent materials 

are bound to interact with the electrolyte almost independently, with cathodic and anodic 

regions co-existing on each metal's surface except for the plausible effects  the entry of the more 

cathodic  cation into the  solution exerts on the more anodic metal.  For CFRP, being non-metallic 

material very insignificant if any electrochemical activity is envisaged on its surface without 

polarization. Under this condition each component "corrodes" at its own rate  virtually 

independent of the other.  

 
Fig. 6.23.  Illustration of plausible mechanism of multi-material corrosion in the  Al - Cu - CFRP 
multi-material galvanic system (red colour denotes anodic areas and blue cathodic areas). 
 

 On galvanically coupled Al, Cu, and CFRP in the Al - Cu - CFRP multi-material galvanic 

system (Fig. 6.23a), the anodic dissolution of Al is enhanced due to the onset and progress of 

cathodic processes on the cathodes (Cu and CFRP) leading to increase in the local pH near the 

cathodes. Near the anode (Al) slight acidification of the local pH occurs due to anodic aluminium 

dissolution and the accompanying hydrolysis reactions that depletes the concentration of OH- 

near the corroding aluminium surface and consequent increase in the H+ concentration in this 

zone. These changes in local pH occur simultaneously with a change in the localized dissolved 

oxygen concentrations around each of the three components (Al, Cu, and CFRP) of the 
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galvanically coupled Al - Cu - CFRP multi-material galvanic system (Fig. 6.18). Over and near both 

cathodes (Cu and CFRP) the dissolved oxygen concentration is reduced due to oxygen 

consumption in the ongoing cathodic process while the solution. However, with time differences 

appear in the dissolved oxygen concentrations near both cathodes (Cu and CFRP) with slightly 

higher oxygen concentration near Cu compared to the oxygen distribution around CFRP. This 

difference in oxygen concentration near copper surface with time is attributed to the passivation 

of Cu surface by adherent corrosion products, and reveals the major and significant difference 

between multi-material corrosion in the Al - Cu - CFRP multi-material galvanic system and the Zn 

- Fe - CFRP multi-material galvanic system, as unlike as it is in the Al - Cu - CFRP multi-material 

galvanic system, the surface of the metallic cathode (Fe) is oxide free, its naturally formed 

surface oxide being stripped off its surface on galvanic coupling to zinc so that it presents an 

oxide free surface in the multi-material assembly. This occurs because whereas an oxide free 

surface can be obtained on Cu in alkaline soultion at a cathodic polarization of ≈ -900 mVNHE (= -

1144 mVSCE) [688]  it is observed to be usually polarized on galvanic coupling to Al to potentials 

in the range of ≈ -600 to -900 mVSCE in this work which is not cathodic enough to get rid of the 

oxide/hydroxide layer on copper surface.  On the other hand, the naturally formed oxide layer 

on Fe is reported [691] to be stripped from Fe surface on application of a cathodic potential of 

≈ -1050 mVSCE in 400 seconds, which is in the range of the potentials (≈ -1000 mVSCE) iron has 

been observed to be usually polarized to on galvanic coupling to zinc in the present work. 

 On introduction of corrosion inhibitors or inhibitor combinatons, a variety of plausible 

scenarios might emerge in the corrosion inhibition of the  Al - Cu - CFRP depending on the type 

of inhibitor and composition of the inhibitor combination(s).   Fig. 6.24 below, illustrates the 

most relevant scenarios with respect to this work. 

 However, at near neutral pH, the effectiveness of an adsorption based inhibitor as a 

single inhibitor is likely to be influenced more by its ability to adsorb onto both oxide covered 

surface(s) of the cathode(s) and  relatively "oxide free" surface at anodic sites. Hence adsorption 

based  inhibitor interaction occurs predominantly on the anodic sites on both uncoupled and 

galvanically coupled arrangements of the Al - Cu - CFRP multi-material combination (Fig. 6.24a). 

In galvanically coupled Al - Cu - CFRP multi-material combination this is likely to result in 

predominant inhibitive effects on anodic processes with little effects on cathodic processes and 

thus marginal inhibitive effects on the multi-material corrosion of the "galvanic triple" as 

observed with BTA on Al - Cu - CFRP "galvanic triplet" (Table 6.1, Row 4; IE = 15%). The challenge 

in finding a single adsorption based inhibitor that possesses these unique criteria among many 
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others  demands another appproach for corrosion inhibition in multi-material combinations : 

inhibitor combinations. 

 
Fig. 6.24.  Illustration of the different plausible scenarios in the mechanism of multi-material 
corrosion inhibition  in the Al - Cu - CFRP multi-material system (Wavy arrows denote adsorption 
based inhibitors while the straight arrows denote precipitation based inhibitors. Arrows pointing 
towards surface denote effective interaction while pointing away  denote no interaction). 
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 In the presence of an adsorption based inhibitor that is effective at alkaline pH (Fig. 

6.24b), adsorption of inhibitor onto metal surface in galvanically coupled Al - Cu - CFRP "galvanic 

triplet" is likely to be more favourable at the cathodes around which the local pH is increased to 

alkaline values due to cathodic processes.  In this scenario moderate inhibition of multi-material 

corrosion is feasible as reduction of the active cathodic area due to interaction of the inhibitors 

with the cathodes is likely to result some reduction in the galvanic dissolution of the anodic 

metal. 

 In the presence of a precipitation based inhibitor that is sensitive to alkaline pH (Fig. 

6.24c), the scenario is similar to that in an adsorption based inhibitor that is sensitive to high pH, 

as the onset of cathodic processes on the cathodes and the concomitant increase in pH acts a 

trigger for precipitation of hydroxides and oxides (of the rare-earth cations) onto the cathodes in 

galvanically coupled Al - Cu - CFRP "galvanic triplet". If the rare-earth cation is introduced as a 

salt with a conjugate cation like the NO3
- anion that is able to inhibit anodic processes, significant 

inhibition of multi-material corrosion might be feasible with a single inhibitor. This was indeed 

observed in this work with Ce(NO3)3 (Table 6.1; Row 4) and Ce(CH3COO)3 (Table 6.1; Row 3) that 

showed inhibition efficiencies of 73% and 87.5%  respectively, on multi-material corrosion of Al - 

Cu - CFRP "galvanic triplet" based on the afore-mentioned criterion. 

 In the presence of a synergistic or additive combination of an adsorption based inhibitor 

that is effective at near neutral pH (Fig. 6.24a) and a precipitation based inhibitor that is 

sensitive to alkaline pH (Fig. 6.24c), the scenario illustrated in Fig. 6.24d emerges in which both 

anodic and cathodic processes are inhibited in galvanically coupled Al - Cu - CFRP "galvanic 

triplet" leading to high inhibition efficiencies (≥ 90%). In such combination of inhibitors, The 

precipitation based inhibitor that is sensitive to the high pH acts on the cathode, precipitating 

their hydr(oxides) onto the surface of cathodes triggered by the high pH around these cathodes 

generated by cathodic processes while the adsorption inhibitor acts predominantly on the 

anode. This accounts for the high inhibition efficiencies obtained with  galvanically coupled Al - 

Cu - CFRP "galvanic triplet" using the candidate multi-material inhibitor combinations; ((Ce(NO3)3 

+ 1,2,3 - triazole) , (Ce(CH3COO)3 + BTA),  (Ce(NO3)3 + BTA),  (Ce(CH3COO)3 + BIA) ,and (Ce(NO3)3 + 

BIA).). 

 

6.6.     Chapter Summary 

 Multi-material corrosion of the Al - Cu - CFRP galvanic system have been  studied and the 

plausible mechanism(s) of both multi-material corrosion and multi-material corrosion inhibition 
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postulated and illustrated. The major factors affecting multi-material corrosion in general and in 

the  Al - Cu - CFRP galvanic are; the type of electrolyte, pH, temperature, the potential to which 

the cathodes are polarized to by the anode on galvanic coupling, the presence or absence of 

corrosion products on the surface of the cathode(s) under the cathodic potential it/they are 

polarized to by the anode,  and the magnitude of the pH changes near the constituents of the 

multi-material assembly. Understandably, these same factors affect multi-material corrosion 

inhibition. Besides these factors other factors affecting material corrosion inhibition are the type 

of inhibitor and its basis of action, the ability of the inhibitor to interact with the surface of the 

cathodic metal(s) in the multi-material assembly under both a high pH and cathodic polarization, 

the conjugate anion of the inhibitor (if it is a salt), the presence in solution of cations of metals 

that are cathodic to the anode, and for precipitation based inhibitors the onset pH for 

precipitation of their hydr(oxides), and the solubility products of these oxides and/or hydroxides.

 From the results obtained and presented herein for the Al-Cu-CFRP galvanic system, it is 

concluded that multi-material corrosion inhibition of galvanic corrosion in the system is best 

achieved with the use of synergistic or at least additive inhibitor combinations comprised of 

rare-earth metal (preferably Ce)  nitrates or acetates and azoles. On the basis of significantly 

measured high inhibition efficiencies  in  all the four studied galvanic assemblies ( Al - CFRP, Al - 

Cu, Cu - CFRP, and Al - Cu - CFRP), five inhibitor combinations ((Ce(NO3)3 + 1,2,3 - triazole) , 

(Ce(CH3COO)3 + BTA),  (Ce(NO3)3 + BTA),  (Ce(CH3COO)3 + BIA) ,and (Ce(NO3)3 + BIA)) are 

proposed for use  as efficient multi-material corrosion inhibitors for the Al - Cu - CFRP galvanic 

system. 

 For the component dual couples (Al - CFRP, Al - Cu, and Cu - CFRP) that are found in the 

Al - Cu - CFRP multi-material galvanic system effective galvanic corrosion inhibitors have been 

identified but some of these have not qualified to be shortlisted as multi-material corrosion 

inhibitors due to non-observance of significant and simultaneous inhibitive effects  on all three 

dual couples and the  multi-material "galvanic triplet" (Al - Cu - CFRP).  

 The inhibitors identified as effective corrosion inhibitors of Al - CFRP galvanic couple in 50 

mM NaCl solution and measured inhibition efficiencies bases on prior stated criterion are 

Ce(CH3COO)3 (85.45%), Ce(NO3)3 (76.51%), (Ce(NO3)3 + CH3COONa) (91.48%), (Ce(NO3)3 + 1,2,3-

triazole ) (86.77-93.17%),(Ce(CH3COO)3 + 1,2,3-triazole ) (83.86%), (Ce(NO3)3 + BTA ) (81.9-

96.2%),(Ce(CH3COO)3 + BTA ) (83.86-89.47%), (Ce(CH3COO)3 + BIA ) (86.42%), (Ce(CH3COO)3 + 

NaNO3 ) (78.15%),(La(NO3)3 + BTA ) (55.45%), and  (La(CH3COO)3 + BTA ) (50.63%). 

 For the  galvanic corrosion of Al - Cu galvanic couple the identified effective corrosion 
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inhibitors and their inhibition efficiencies are; Ce(NO3)3 (85.69%), Ce(CH3COO)3 (64.88%), 

(Ce(NO3)3 + BIA ) (87.39%), (Ce(CH3COO)3 + BIA ) (85.35%),  (Ce(NO3)3 + CH3COONa ) (85.52%), 

(Ce(CH3COO)3 + NaNO3 ) (84.38%), (Ce(CH3COO)3 + BTA ) (80.60%), (La(CH3COO)3 + BTA ) 

(80.60%),  (La(NO3)3 + BTA ) (78.96%), (Ce(NO3)3 + BTA ) (74.85%), (Ce(CH3COO)3 + 1,2,3-triazole ) 

(71.81- 77.06%),  and  (Ce(NO3)3 + 1,2,3-triazole ) (59.87-68.39%). 

 With respect to the Cu - CFRP  galvanic couple the identified effective corrosion inhibitors 

and their inhibition efficiencies are; CH3COONa (81.55%),  BTA (99.96%),(Pr(NO3)3 + BTA ) 

(99.999%), (NaNO3 + BTA ) (99.96%), (La(NO3)3 + BTA ) (99.93%),   (CH3COONa + BTA ) (99.9%), 

(Ce(CH3COO)3 + NaNO3 ) (99.80%), (Ce(CH3COO)3 + 1,2,3-triazole ) (98.73%), (Ce(NO3)3 + 1,2,3-

triazole ) (98.56%),  (Ce(CH3COO)3 + BTA ) (97.86%),  (La(CH3COO)3 + BTA ) (97.62%), (Ce(NO3)3 + 

BTA ) (95.86%),  (Ce(CH3COO)3 + BIA ) (94.9%),  and (Ce(NO3)3 + BIA ) (91.83%). 

 From these results for the Al - Cu - CFRP galvanic system  it is obvious that superior 

inhibitive effects have been generally recorded in the presence of cerium compounds. The 

azoles in these inhibitor combinations are known to be adsorption based inhibitors. From the 

results in this work it has been demonstrated that they act predominantly on cathodic 

processes.  The observed generally superior performance of Ce3+ cations compared to other 

rare-earth cations (e.g. La) have been attributed by earlier researchers to the lower solubility of 

Ce3+ hydroxides [63], which can in turn be related to the differences in the sizes of the rare earth 

cations [692].  An additional factor accounting for the superior performance of Ce3+ compared to 

other rare earth cations may be linked to the demonstrated unique ability of cerium to exist in 

two redox states; Ce3+/Ce4+ compared to other REM cations (e.g. La3+ and Pr3+)in the presence of 

oxygen, water, and some ligands [693,694]. According to Böhm et al., [691], freely corroding 

metal surfaces in aerated aqueous chloride media can be covered by native hydr(oxide) films of 

thickness in the range of 6 -15 nm, and proposed that rare-earth metal hydr(oxide) deposits 

produced by metal cation hydrolysis near the metal  surface - solution interface due to increased 

interfacial pH arising  from cathodic processes only nucleate  efficiently on  native hydr(oxide)  

covered  surfaces.  Hence the inhibition effects  observed in this work in the presence of rare-

earth cations can be considered to arise from pH dependent modification of the native 

hyr(oxide) layer  on metal surfaces. Based on observation of significant rdeposition of the more 

active metal on cathodes it is proposed that this phenomena may be playing a part in the 

mechanism of the observed additive and synergistic multi-material corrosion inhibition. 
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CHAPTER 7 
 

Multi-material Corrosion Inhibition in the Zn - Fe - CFRP Galvanic system 

 

7.0.  Results of Tests on Galvanic Couples in the Zn - Fe - CFRP Galvanic System 

 This chapter begins with the presentation of the summary of ZRA tests results carried out 

on each of the the dual galvanic couples (Fe - CFRP , Zn - CFRP,  and Zn - Fe ), and the "galvanic 

triplet"  (Zn - Fe - CFRP)  of  the Zn - Fe - CFRP galvanic system, in quiescent 50 mM NaCl solution 

with and without the addition of a wide range of inhibitors and combinations of inhibitors based 

on the measured current densities after 150,000 seconds (Table 7.1).  

 Tests were conducted using single inhibitors, which can be classified in groups; as azoles, 

surfactants, phosphates, nitrates, and acetates. Combinations of these inhibitors (azoles + 

azoles, azoles + nitrates, azoles + acetates, azoles + phosphates, were tested for inhibitive effects 

in the Zn - Fe - CFRP multi-material system. The most promising results were obtained with 

inhibitor combinations comprised of  azoles + RE cations.  For brevity presentation and dicussion 

of results have been limited to these two inhibitor combinations and their constituents (azoles, 

nitrates, and acetates). In order to establish the mechanism of observed inhibitive effects on 

multi-material assemblies, results of tests with each of these three classes of inhibitors on each 

of the constituent materials (Zn, Fe, and CFRP) are presented. 

 By analysis of the measured current densities from ZRA measurements after 150,000 

seconds immersion for each of the dual galvanic couples (Zn - CFRP,  Zn - Fe, and Fe - CFRP)  in 

the system, potential multi-material corrosion inhibitors for the Zn - Fe - CFRP galvanic ensemble 

were identified, and tested on the "triplet galvanic" system and the results presented herein.  In 

order to establish the corrosion mechanism(s) in this multi-material system (Zn - Fe - CFRP) 

localized electrochemical measurements (SVET and SIET) on galvanic couples and "galvanic  

triplets" in the presence and absence of inhibitors were carried out together with 

potentiodynamic polarization scans. From these results plausible corrosion mechanism(s) 

operative in this multi-material combination and the mechanism of the corrosion inhibitive 

effects observed with certain inhibitor combinations were inferred,  and presented herein.  

 

7.1.0     Overview of Macro Studies of Multi-material Corrosion Inhibition in the Zn - Fe - CFRP 

Galvanic system: Effect of Inhibitors on the Zn -Fe - CFRP Galvanic System. 

 An overview from results of  ZRA measurements on Zn - Fe - CFRP (Zn - Fe coupled 

together with galvanic currents measured between  Zn - Fe and CFRP) and each of the dual 

galvanic couples  Zn - Fe , Zn - CFRP, and Fe - CFRP,  based on the galvanic current densities after 
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Table 7.1: Shortlist of potential multi-material corrosion inhibitors for the Zn-Fe-CFRP galvanic 
system on the basis of measured galvanic current densities in μA cm-2 after 150,000 seconds 
immersion  (figures in parentheses are calculated inhibition efficiencies). 
 Inhibitors Zn - CFRP 

(μA cm-2) 
Zn - Fe 

(μA cm-2) 
Fe - CFRP 
(μA cm-2) 

Zn - Fe - CFRP 
(μA cm-2) 

1. No inhibitor (in 50 mM NaCl) 16.2 
 

24.3 19.8 24.17 

2 5 mM BTA 5.35 ; 4.79 ; 9.52 
(70.43-41.23%) 

8.72 
(64.12%) 

10.8 
(45.45%) 

14.88 
(38.44%) 

3 5 mM BIA 18.3 
(-12.96%) 

27.12 
(-11.6%) 

18.5 
(6.57%) 

9.94 
(58.87%) 

4 5 mM  1,2,3 - triazole 14.15 
(12.65%) 

30.4 
(-25.1%) 

13.9 
(29.80%) 

11.25 
(53.45%) 

5 5 mM  1,2,4 - triazole 8.52 
(47.41%) 

20.0 
(17.7%) 

11.37 
(42.58%) 

12.84 
(46.88%) 

6 5 mM  Ce(NO3)3 3.16 ; 3.17 ; 6.28 
(61.23%) 

78.01 
(-221.03%) 

3.48 
(82.42%) 

0.665 
(97.25%) 

7 5 mM  La(NO3)3 9.99 
(38.33%) 

159.43 
(-556.09%) 

8.76 
(55.76%) 

1.38 
(94.29%) 

8 5 mM Ce(CH3COO)3 ) 3.39 
(79.07%) 

92.5 
(-280.66%) 

2.81 
(85.81%) 

1.53 
(93.67%) 

9 5 mM La(CH3COO)3) 9.27 
(42.78%) 

85.35 
(-251.23%) 

11.11 
(43.89%) 

13.70 
(43.32%) 

10 2.5 mM ( Ce(NO3)3 + BTA) 1.32  ; 2.19 
(91.85 -86.48%) 

5.47 
(77.49%) 

9.25 
(53.28%) 

2.13 
(91.19%) 

11 2.5 mM ( Ce(NO3)3 + BIA ) 3.70 
(77.10%) 

37.68 
(-55.06%) 

4.03 
(77.63%) 

1.20 
(95.04%) 

12 2.5 mM ( La(NO3)3 + BTA 5.84 
(63.95%) 

2.84 
(88.31%) 

4.61 
(76.72%) 

1.18 
(95.12%) 

13 2.5 mM ( Ce(NO3)3 + 
CH3COONa ) 

2.53 
(84.38%) 

70.5 
(-190.12%) 

1.38 
(93.03%) 

2.39 
(90.11%) 

14 2.5 mM  (Ce(CH3COO)3 + 
NaNO3) 

2.61 
(83.89%) 

61.69 
(-153.87%) 

1.50 
(92.42%) 

2.68 
(88.91%) 

15 2.5 mM ( Ce(NO3)3 + 1,2.3 - 
triazole ) 

7.14 
(55.93%) 

123.61 
(-412.80%) 

5.63 
(71.57%) 

2.36 
(90.24%) 

16 2.5 mM ( Ce(NO3)3 + 1,2,4 - 
triazole ) 

11.6 
(28.40%) 

79.2 
(-225.93%) 

4.11 
(79.24%) 

0.791 
(96.73%) 

17 2.5 mM (Ce(CH3COO)3 + 1,2,3 - 
triazole) 

9.52 
(41.23%) 

85.96 
(-253.74%) 

4.28 
(78.38%) 

7.74 
(67.98%) 

18 2.5 mM ( Ce(CH3COO)3 + BIA) 1.47 
(90.93%) 

14.48 
(40.41%) 

2.93 
(85.20%) 

1.37 
(94.33%) 

19 2.5 mM ( Ce(CH3COO)3 + BTA) 2.79 
(82.78%) 

61.13 
(-151.56%) 

6.06 
(69.39%) 

3.13 
(87.05%) 

20 2.5 mM ( La(CH3COO)3 + BTA) 3.38 
(79.14%) 

2.01 
(91.73%) 

4.52 
(77.17%) 

1.48 
(93.88%) 

21 2.5 mM ( CH3COONa + BTA) 14.12 
(12.84%) 

21.30 
(12.35%) 

12.59 
(36.41%) 

15.21 
(37.07%) 

 

150,000 seconds immersion (Table 7.1) enables a shortlist of potential multi-material corrosion 

inhibitors for each of Zn - Fe , Zn - CFRP, and Fe - CFRP dual galvanic couples and ultimately for 
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the Zn - Fe - CFRP " galvanic triplet" in the Zn - Fe - CFRP multi-material galvanic system. In order 

to clarify  the mechanism of action of shortlisted inhibitor combinations, some inhibitor 

combinations that were not effective as multi-material inhibitors were included in Table 7.1.  

 The shortlist of candidate multi-material corrosion inhibitor combinations for the Zn - Fe 

- CFRP "galvanic triplet" was drawn based on good and simultaneous inhibitive effects of 

inhibitor combinations on all the 3 dual galvanic couples that can be obtained from the 

constituents of the Zn - Fe - CFRP multi-material galvanic system. Based on these criteria the 

shortlisted inhibitors for multi-material corrosion inhibition in the Zn - Fe - CFRP "triplet" 

galvanic system are (La(NO3)3 + BTA) and (Ce(NO3)3 + BTA). This is based  on the observation of 

high inhibition efficiencies of these inhibitor combinations on the galvanic corrosion of all the 

dual galvanic couples (Zn - CFRP, Fe - CFRP, and  Zn - Fe) in the Zn - Fe - CFRP multi-material 

galvanic system and also on the  Zn - Fe - CFRP "triplet" galvanic system. Table 7.1 below 

presents  the  measured  galvanic  current  densities  for each the galvanic components  of  the 

Zn - Fe - CFRP  galvanic system in the presence of the shortlisted  potential  multi-material 

inhibitors/combinations  and their constituents.  

 
Fig 7.1. Effect of selected inhibitor combinations on the time evolution of  galvanic current 
densities of  Zn - Fe - CFRP "galvanic triplet" in 50 mM NaCl ( Zn - Fe was coupled together with 
galvanic currents measured between  Zn - Fe and CFRP ). 
 

Fig. 7.1.  presents the time evolution of galvanic current densities  for the Zn - Fe - CFRP " 

galvanic triplet"  in the absence and presence of selected inhibitor combinations, from which it 

can be observed that generally, marked inhibitive effects in the Zn - Fe - CFRP " galvanic triplet"  

manifest after immersion times greater than 10 hours (60,000 seconds). Furthermore, in spite of 

the fact that galvanic current densities were markedly reduced in the presence of all the 

presented inhibitor combinations (Fig. 7.1), only La(NO3)3 + BTA) and (Ce(NO3)3 + BTA) are 
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recommended as candidate multi-material corrosion inhibitors for the Zn - Fe - CFRP multi-

material assembly because they were able to inhibit galvanic corrosion in any galvanic 

configurations of any two of the constituent materials (Zn, Fe, and CFRP) in the Zn - Fe - CFRP 

galvanic system.  Particularly, for the two shortlisted muli-material corrosion inhibitors  for the 

Zn -  Fe - CFRP " galvanic triplet", while inhibitive effects become prominent in the presence of 

(Ce(NO3)3 + BTA) after about 5 hours, it takes much longer ( about 20 hours) to reach its peak in 

the presence of (La(NO3)3 + BTA). Interestingly, inspite of the fact that the inhibitive effects 

manifested faster in the presence of  (Ce(NO3)3 + BTA) the measured galvanic current densities in 

the presence of  (La(NO3)3 + BTA) are lower after about  35 hours of immersion. These 

differences in the time evolution of peak inhibitive effects even with very closely related 

inhibitor combinations ((Ce(NO3)3 + BTA) and (La(NO3)3 + BTA)) is attributed to some differences 

in the kinetics and mechanism of the interaction of the rare earth cations (Ce3+ and La3+), the 

details of which will be unravelled in the succeeding sections of this work. 

 To get a general overview of the effects of these inhibitor combinations on anodic and 

cathodic processes in the Zn - Fe - CFRP "triplet" galvanic system potentiodynamic polarization 

tests were carried out on Zn, Fe and CFRP galvanically coupled together and the polarization 

curves presented in Fig. 7.2. below. 

 
Fig. 7.2.  Effect of selected inhibitor combinations on the potentiodynamic polarization curves 
for  Zn - Fe - CFRP "galvanic triplet" in 50 mM NaCl after 1 hour immersion. 
 
 The potentiodynamic polarization curves for Zn - Fe - CFRP  "galvanic triplet" (Fig. 7.2) 

gives more insight into the possible mechanism of the observed inhibitive effects in the 

presence of the inhibitor combinations. In the presence of the inhibitor combinations  the 

"corrosion potential" of the couple is displaced towards more anodic potentials with marked 

reductions in measured anodic densities in the active corrosion region of the curve. The 
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reduction in the anodic current densities at similar potentials suggests that the inhibitor 

combinations exert effects predominantly on the anodic dissolution kinetics of the anode (zinc), 

and that the observed inhibitive effects are predominantly due to some suppression of the 

kinetics of anodic processes. Insights on why and how this occurs are provided in ensuing 

sections of this chapter, particularly in studies on the effects of inhibitor combinations and single 

inhibitors on component dual galvanic couples (Zn - Fe, Zn - CFRP, Fe - CFRP) and individual 

component materials (Zn, Fe, CFRP) of the Zn - Fe - CFRP galvanic system   (in section 7.3). 

 

7.2.0     Overview of Macro Studies of Multi-material Corrosion Inhibition in the Zn - Fe - CFRP 

Galvanic system: Effect of Selected Inhibitor Combinations  on Galvanic Corrosion of Dual 

Galvanic Couples in  the Zn - Fe - CFRP Galvanic System. 

 Fig. 7.3 presents the effect of selected inhibitor combinations on the time evolution of  

galvanic current densities of  Zn - Fe,  Zn - CFRP, and  Fe - CFRP couples of  the Zn - Fe - CFRP 

multi-material galvanic system in 50 mM NaCl. From Fig. 7.3a it can be observed that inhibition 

of the galvanic corrosion of the most active dual couple (Zn - Fe) is challenging, with inhibitive 

effects obtained only in the presence of (Ce(NO3)3 + BTA and La(NO3)3 + BTA only.  With Zn - Fe 

galvanic couple in these inhibitor combinations inhibitive effects manifested in less than 3 hours.  

 For Zn - CFRP galvanic couple (Fig. 7.3b)  the galvanic current evolution of  Zn - CFRP in 

the presence of the selected combinations of inhibitors show suppression of  galvanic current in 

the presence of all the inhibitor combinations with the inhibitive effects most significant in the 

presence of (Ce(NO3)3 + BTA ), (Ce(CH3COO)3 + BTA ),(Ce(NO3)3 + 1,2,4-triazole ),(Ce(NO3)3 + 

CH3COONa ),  and (Ce(NO3)3+ BIA ). 

 The  galvanic current density evolution of Fe - CFRP galvanic couple in the presence of 

the selected inhibitors (Fig.7.3c) indicates significant inhibtive effects in the presence of the 

selected inhibitor combinations with galvanic current densities reduced to values between 5 and 

10 μA cm-2 after about 30 hours immersion. 
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Fig 7.3. Effect of selected inhibitor combinations on the time evolution of  galvanic current 
densities of  (a) Zn - Fe, (b) Zn - CFRP, and (c) Fe - CFRP couples of  the Zn - Fe - CFRP multi-
material galvanic system in 50 mM NaCl. 
 

 The potentiodynamic polarization curves of  Zn - Fe galvanic couple in the presence of 

the selected combination of inhibitors (Fig. 7.4a) do not explain the excellent inhibitive effects 

observed in the presence of  (La(NO3)3 + BTA) and (Ce(NO3)3 + BTA) as similar trends in the 
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cathodic and anodic current densities were observed in all the inhibitor combinations. The 

polarization curves in the presence of each of the selected inhibitor combinations were 

characterized by reduced current densities in the active corrosion region of the anodic part of 

the curve  and  undiminished cathodic  current densities The reason for the the excellent 

inhibitive effects observed  with  Zn - Fe galvanic couple  in  the presence of  (La(NO3)3 + BTA) 

and (Ce(NO3)3 + BTA) are unveiled in section 7.3 in the presentation and disscussion of effects of 

single inhibitors and inhibitor combinations on galvanic corrosion of Zn, Fe, and  Zn - Fe galvanic 

couple 

 The potentiodynamic polarization curves of Zn - CFRP in the presence of selected 

combinations of inhibitors (Fig. 7.4b)  show that  anodic current densities were lowered in the 

presence of all 9 inhibitor combinations tested while cathodic currents are suppressed in 4 of 

the inhibitor combinations comprised of  (Ce(NO3)3 + BTA ), (La(NO3)3 + BTA ), (Ce(CH3COO)3 + 

BTA ), and (Ce(CH3COO)3  + BIA ). Such suppression of both cathodic and anodic current densities 

in the presence of these 4 inhibitor combinations is suggestive of a high possibility of good 

inhibition efficiencies of for Zn - CFRP galvanic corrosion in test solutions containing them. 

The potentiodynamic polarization curve of Fe - CFRP galvanic couple (Fig. 7.4c) in selected 

combinations of inhibitors reveal interesting details that can give some insight into the 

mechanism of observed inhibitive effects. From the cathodic curves in Fig. 7.4c  reduction in 

cathodic current densities below that measured on Fe - CFRP couple in blank solution is 

observed  in virtually all the inhibitor combinations at least close to the corroson potential of the 

couple. For  (Ce(NO3)3 + BIA), (Ce(NO3)3 + 1,2,3-triazole), (Ce(CH3COO)3 + BTA) and (La(NO3)3 + 

BTA) the dimmunition of cathodic current densities is more extensive  covering the entire 

diffusion-controlled range (down to more cathodic potentials  ≥ -0.8 VSCE) with cathodic current 

densities even lower than measured values in uncoupled iron in blank solution. In the presence 

of  (Ce(NO3)3 + BTA), and (Ce(NO3)3 + 1,2,4-triazole) a similar trend is obtained except that 

measured cathodic current densities  had values similar to that measured on uncoupled iron in 

the blank solution. On the anodic part of the polarization curve reduced anodic current densities 

compared to values measured in Fe - CFRP couple in blank solution, are observed in all the 

inhibitor compisition except  (Ce(CH3COO)3 + BTA), (Ce(CH3COO)3 + BIA), (Ce(CH3COO)3 + 

NaNO3),  and (Ce(NO3)3  + CH3COONa) in which higher anodic current densities were observed in 

the active corrosion region of the curve.  Characteristic of these four inhibitor combinations in  
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Fig 7.4. Effect of selected inhibitor combinations on potentiodynamic polarization curves of  (a) 
Zn - Fe, (b) Zn - CFRP, and (c) Fe - CFRP couples of  the Zn-Fe-CFRP multi-material galvanic system  
in 50 mM NaCl. 
 

which anodic dissolution is enhanced based on higher anodic current densities in the active 

corrosion region is the presence of acetate anion. Hence, it is inferred that the presence of 

acetate anions do not favour inhibition of Fe - CFRP galvanic corrosion even in the presence of 

cerium cations  and azoles. 
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7.3.0  Effect of Single Inhibitors on the Galvanic Corrosion of Zn- Fe, Zn-CFRP, and Fe-CFRP Dual 

Material Galvanic Couples 

 To understand the mechanism of multi-material corrosion in the Zn - Fe - CFRP multi-

material  galvanic system and of its mitigation using a combination of inhibitors, test were 

carried out with single inhibitors (azoles,nitrates, and acetates) that comprise these inhibitor 

combinations on Zn - Fe, Zn - CFRP, and Fe - CFRP dual galvanic couples. Besides being 

components of the Zn - Fe - CFRP multi-material  galvanic system being studied, mitigation of 

galvanic corrosion in these couples have important technological implications. 

 The  Zn - Fe galvanic system being of immense technological importance  and  relevance 

to the automobile  industry, was extensively and systematically studied in the absence and 

presence of inhibitors  and the results  presented below. It has been reported that  cathodic 

polarization of Fe to a potential (-1050 mVSCE) similar to values it is  polarized to on galvanic 

coupling to Zn led to stripping of the native oxide layer in about  400 seconds [691]. 

Consequently in the Zn - Fe couple, Fe most likely presents an oxide free surface available for 

direct interaction with inhibitors.  

 The Zn - CFRP galvanic system is also very  relevant to the transport industry and can 

become operative when  galvanized steel structures come into electrical contact with CFRP in 

the presence of an electrolyte 

 The  Fe - CFRP galvanic couple is very  relevant to the general transportation industry. 

This galvanic system can become operative when zinc-rich coatings on for instance galvanized 

steel coupled to CFRP is compromised, resulting in direct galvanic coupling of the underlying iron 

to CFRP.   Unlike the Cu - CFRP system in which the observed galvanic current densities of the 

two members cathodic to aluminium in Al - Cu - CFRP multi-material galvanic system were 

comparatively insignificant, the observed galvanic current  densities  between Fe and CFRP (both 

cathodic to Zn) in the Zn - Fe  - CFRP triple material galvanic system is quite significant (Fig. 7.5e).  

Compared to other dual galvanic couples in the  Zn - Fe - CFRP galvanic system (Zn - CFRP and Zn 

- Fe), the  Fe - CFRP dual galvanic couple  is unique; differing from these by virtue of the fact that 

the more active component (Fe) is able to polarize the cathode (CFRP) to potentials around 

which  oxygen  diffusion  effects do not always limit cathodic activity on CFRP (Fig. 5.9), 

especially in some cases for several hours after immersion. As a consequence, the anodic 

dissolution of iron which proved a challenge  to mitigate with a wide range of inhibitors is 

favoured in this galvanic couple. After some significant immersion times the cathodic 

polarization on the CFRP  can increase to values in the diffusion limited potential range. In spite 
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of this, due to the non-protective nature of the iron corrosion products,  in the absence of 

effective inhibitors the measured galvanic current is often not significantly reduced.  

 

7.3.1. Effect of Azoles on the Galvanic Corrosion of Zn - Fe, Zn - CFRP, and  Fe - CFRP Galvanic 

Couples 

 Results from ZRA measurements of galvanic current density and potential (Fig.7.5a) show 

that out of the four azole compounds tested only benzotriazole and 1,2,4- triazole manifested 

appreciable and sustained inhibitive effects on Zn - Fe galvanic corrosion. 

 With the exception of benzimidazole, all the azoles tested exert some inhibitive effect on 

the galvanic corrosion of Zn - CFRP couple (Fig. 7.5a and b). From the galvanic current density 

evolution with time (Fig. 7.5a) it is evident that the most significant inhibitive effect was 

observed in the presence of benzotriazole. 

 All the azoles studied exhibited inhibitive effects on the galvanic corrosion of Fe - CFRP 

couple; the most significant effects being observed in benzotriazole and 1,2,3-triazole (Fig.7.5e). 

However the potentiodynamic polarization curves for Fe and  Fe - CFRP couple  respectively in 

the presence of azoles (Figs. 7.6d and 7.6e), indicate that the observed inhibitive effects are a 

consequence of the suppression of cathodic process to values significantly lower than those 

measured on uncoupled iron, as in the presence of all the azoles higher anodic current densities 

were recorded in the active corrosion range. 
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Fig 7.5. Effect of azole inhibitors  on the time evolution of  galvanic current densities  and 
galvanic potential repectively of  (a-b) Zn - Fe, (c-d) Zn - CFRP, and (e-f) Fe - CFRP couples of  the 
Zn-Fe-CFRP multi-material galvanic system  in 50 mM NaCl. 
 

 The potentiodynamic polarization curves for Zn - Fe couples in the presence of the azoles 

after  1 hour immersion (Fig.7.6a) show reduction in both cathodic and anodic current densities 

coupled with slight shifts of the corrosion potential towards anodic potentials. From the 

potentiodynamic polarization curves it is concluded that the azoles (with the exception of 1,2,3-

triazole) act as mixed inhibitors on Zn - Fe galvanic corrosion  but with a predominant effect on 

anodic processes.   Among the azoles, suppression of both cathodic and anodic current densities 
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was most intense in the presence of benzotriazole. This is consistent with superior inhibitive 

effects observed in the galvanic current density profile in the presence of benzotriazole 

(Fig.7.5a).  In the presence of 1,2,3-triazole cathodic currents are suppressed without significant 

changes in anodic current densities, thus 1,2,3-triazole is classified as a cathodic inhibitor for Zn - 

Fe galvanic corrosion. 

 
Fig 7.6. Effect of azole inhibitors  on the potentiodynamic polarization curves of (a) Zn - Fe, (b) Zn 
,(c) Zn - CFRP, (d) Fe, (e) Fe - CFRP, and (f) CFRP after 1 hour immersion in different azoles in 50 
mM NaCl. 
 
 The potentiodynamic polarization curves of Zn - CFRP in the presence of azoles  (Fig.7.6c) 

indicates reduction in cathodic current densities in the presence of all the azoles indicating 
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inhibition of cathodic processes. In the presence of benzimidazole the measured cathodic 

current densities are similar to values measured on uncoupled CFRP in blank solution. The 

anodic part of the polarization curves show significant reduction of anodic current densities in 

the presence of all the azoles. On the basis of these results, azoles are adjudged to be mixed 

corrosion inhibitors of Zn - CFRP galvanic corrosion and candidates for combination with other 

inhibitors to achieve enhanced inhibition efficiencies. 

 The potentiodynamic polarization curves of Fe - CFRP in the presence of azoles  (Fig.7.6e) 

indicates that cathodic processes are suppressed in the presence of all the azoles with reference 

to current densities measured for both Fe - CFRP and Fe in the blank solution. In contrast anodic 

processes were enhanced in the presence of the azoles. The trends observed in the 

potentiodynamic curves of Fe - CFRP in the presence of azoles (Fig.7.6e) are consistent with 

trends observed for iron in the presence of azoles (Fig.7.6d) which can be indicating that galvanic 

corrosion in the Fe - CFRP galvanic couple is predominantly controlled by anodic dissolution of 

iron. 

 

7.3.2. Effect of Rare-Earth Cations on the Galvanic Corrosion of Zn - Fe, Zn - CFRP, and  Fe - 

CFRP Galvanic Couples 

 To understand the effects of rare-earth cations on the galvanic corrosion of the dual 

galvanic couples (Zn - CFRP, Zn - Fe, and Fe - CFRP) in the Zn - Fe - CFRP galvanic system 

components  results from ZRA measurement and potentiodynamic polarizarion tests in the 

presence  and absence of rare-earth cations as nitrates and acetates are compared. 

 The results  of  ZRA measurements of  galvanic current densities and potentials  of Zn - Fe 

couple in the presence of nitrates (Fig. 7.7a and b) indicate that in the presence of rare-earth 

nitrates the galvanic corrosion of Zn - Fe couple is accelerated. Since in the presence of sodium 

nitrate the galvanic current density of Zn - Fe couple is unchanged, the increase in galvanic 

current density in the presence of all the tested rare-earth nitrates is concluded to be linked to 

the presence of the rare-earth cations.  

 The results of the effect of nitrates on the galvanic corrosion of Zn - CFRP (fig. 7.7c-d) 

show that the nitrates exert inhibitive effects on the galvanic corrosion of Zn - CFRP with effects 

manifesting after "incubation times" ranging from a few minutes to about 9 hours after 

immersion.  In the presence of lanthanum nitrate inhibitive effects manifest fastest, but 

manifests after 9 hours in the presence cerium and praesodymium nitrates.  The presence of 

such incubation times may be suggesstive of the time needed to generate and modify the 
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corrosion product layer on zinc so it becomes protective enough to diminish anodic metal 

dissolution kinetics. 

 In all the nitrates tested on Fe - CFRP  some inhibitive effects were observed (Fig. 7.7e) 

but roughly  after  the same "  incubation time" ( ≥ 4 hours). Among the rare-earth nitrates 

significant, stable and sustained inhibitive effects are observed in the presence of lanthanum 

nitrate and praesodymium nitrate. The observance of an incubation period prior to 

manifestation of inhibitive effects  in the presence of all the nitrates suggests similarity in 

operative inhibition mechanisms that very  probably involves enhanced intial corrosion rates to 

generate  corrosion product layer(s) that is/are  then modified by the nitrates. The observed 

inhibitive effects of rare-earth nitrates on the galvanic corrosion of Fe-CFRP  ranked in the order;  

La  > Ce > Pr. 
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Fig 7.7. Effect of nitrate inhibitors  on the time evolution of  galvanic current densities  and 
galvanic potential repectively of  (a-b) Zn - Fe, (c-d) Zn - CFRP, and (e-f) Fe - CFRP couples of  the 
Zn - Fe - CFRP multi-material galvanic system in 50 mM NaCl. 
 
 The potentiodynamic polarization curves for Zn - Fe galvanic couple in the presence of 

nitrates (Fig.7.8a) indicates that all the nitrates act as anodic corrosion inhibitors on the couple 

based on the observed shifts in corrosion potential towards more anodic values, increase in 

cathodic current densities, and reduction in anodic current densities in the presence of the 

nitrates. However, by comparing the effects of these nitrates on the polarization curves of Zn - 

Fe dual galvanic couple (Fig.7.8a), and those of its constituent materials; zinc (Fig.7.8b) and iron 

(Fig. 7.8a) and the galvanic potential evolution for the Zn - Fe couple (Fig.7.7b) which is in the 
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range -775 to -1000 mVSCE , it appears to be that the galvanic corrosion of  Zn - Fe dual galvanic 

couple is predominantly controlled by the cathodic processes on iron. 

 The potentiodynamic polarization curves for Zn - CFRP in the presence of nitrates (Fig. 

7.8b) show increased cathodic current densities, shifts in corrosion potential of the couple 

towards anodic values and reduction in anodic current densities. This behaviour suggests that 

the nitrates act as anodic inhibitors on Zn - CFRP galvanic couple. The potentiodynamic 

polarization curves of Fe - CFRP couple in the presence of nitrates (Fig.7.8c) yields further 

information on the mechanism of the observed inhibitive effect and trends. It can be observed 

that in the presence of nitrate ion but absence of the rare-earth cations (as in NaNO3) the 

corrosion potential of the couple is uniquely shifted to more cathodic values, the cathodic 

current density is suppressed to values lower than those of the uncoupled iron and Fe - CFRP 

couple in blank solution, but anodic current densities are enhanced in the active corrosion 

region to values higher than measured values for both uncoupled iron and Fe - CFRP couple in 

blank solution. However, in the presence of all the rare-earth nitrates with the exception of 

praesodymium nitrate suppression of both cathodic and anodic current densities are observed. 

This scenario suggests that the nitrate ion might be linked to the suppression of cathodic 

processes on this couple while the suppression of anodic processes is strongly linked to the 

presence of rare earth cations. 
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Fig 7.8. Effect of nitrate inhibitors  on the potentiodynamic polarization curves of (a) Zn - Fe, (b) 
Zn ,(c) Zn - CFRP, (d) Fe, (e) Fe - CFRP, and (f) CFRP after 1 hour immersion in different azoles in 
50 mM NaCl. 
 

 Similar to observations presented earlier (Fig. 7.7a) for Zn - Fe couple in the presence of 

rare-earth nitrates, the measured galvanic current densities for Zn - Fe couple in the presence of 

acetates (Fig.7.9a) increased in the presence of all the rare-earth acetates while values in the 

presence of sodium acetate remain largely unchanged compared to values measured in blank 

solution.  In fact a marginal inhibitive effect can be attributed to the presence of sodium acetate 

after 6 hours immersion.  This observation  confirms  an  earlier  conclusion in  the discussions 

on nitrates that the presence of rare-earth cations promote galvanic corrosion of  Zn - Fe couple. 
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Furthermore, it is observed that in both nitates and acetates, the rare-earth cation  that is least 

effective in accelerating galvanic corrosion of Zn - Fe couple is lanthanum. 

 Tests on acetates as inhibitors for the galvanic corrosion of Zn - CFRP galvanic couple 

(Figs. 7.9c and 7.10b) show results similar to  trends observed with rare-earth nitrates. After 

varying "incubation times"  ranging from almost instantaneous for sodium acetate to about 10 

hours for samarium acetate all the acetates tested exhibited inhibitive effects on Zn - CFRP 

galvanic corrosion. The best inhibitive effects were observed in the presence of sodium and 

cerium acetates (Fig.7.9c) based on the observed galvanic current density evoluton with time.  

 From Fig.7.9e-f  below, it observed that all the acetates tested exerted some inhibitive 

effect on the galvanic corrosion of Fe - CFRP except sodium nitrate. Since the other acetates 

contained rare-earth cations, the observed inhibitive effects must be closely associated with 

these cations. The observed inhibitive effects of rare-earth acetates on the galvanic corrosion of 

Fe - CFRP  ranked in the order; Ce >> La > Sm > Nd.  From  Fig.7.9f. it is observed that the 

galvanic potential  of  Fe - CFRP galvanic couple  tends  either  towards values  measured  in 

blank solution or potentials anodic to values in un-inhibited solution, but tends towards cathodic 

to values measured in blank solution in the presence of the ineffective sodium acetate. 
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Fig 7.9. Effect of acetate inhibitors  on the time evolution of  galvanic current densities  and 
galvanic potential repectively of  (a-b) Zn - Fe, (c-d) Zn - CFRP, and (e-f) Fe - CFRP couples of  the 
Zn-Fe-CFRP multi-material galvanic system in 50 mM NaCl. 
 

 The potentiodynamic polarization curves for Zn- Fe couple in the presence of acetates 

(Fig.7.10a) shows increased cathodic and anodic current densities in the presence of all the rare-

earth acetates.  However, in the presence of sodium acetate significant reductions are observed 

in the cathodic current densities without tangible changes in the anodic current densities. This 

behaviour indicates that sodium acetate is most likely a cathodic inhibitor of Zn - Fe galvanic 

corrosion. 
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Fig 7.10. Effect of acetate inhibitors  on the potentiodynamic polarization curves of (a) Zn - Fe, 
(b) Zn - CFRP, and (c) Fe - CFRP after 1 hour immersion in different acetates in 50 mM NaCl. 
 
 The potentiodynamic polarization curves of Zn - CFRP in the presence of acetates show 

marginal reduction in anodic current densities in te presence of sodium, cerium , and lanthanum 

acetates. 

 The potentiodynamic polarization curves for Fe - CFRP in the presence of acetates (Fig. 

7.10c) shows that cathodic current densities are suppressed in the presence of all the acetates 
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studied. The anodic polarizaton curves appear to show signs of passivation which is most 

pronounced in the presence of neodymium acetate and samarium acetate. In the presence of 

sodium acetate this apparent "passivation effect" is least and only manifest after much higher 

increases in anodic current densities. This apparently suggests in the absence of rare-earth 

cations much higher metal loss (or thicker passivation layer) may be required to ensure 

passivation. 

 
Fig. 7.11. Effect of acetates on the potentiodynamic polarization curves of (a) zinc, (b) iron and 
(c) CFRP in 50 mM NaCl based solutions after 1 hour immersion.  
 
 The potentiodynamic curves of zinc, iron and CFRP in acetates (Fig. 7.11)  reveals 

interesting and varied effects of the acetates on cathodic and anodic processes in each of these 

three materials.  For zinc (Fig. 7.11a) cathodic process appear to be enhanced in acetates 

containing rare earth cations (Ce, La, Nd, and Sm) but reduced in their absence (but with the 

presence of acetate anions as) in  the presence of sodium acetate. On the other hand anodic 

processes appear to be enhanced in the presence of cerium acetate, not significantly changed 

inthe presence of other acetatesexcept in the presence of lanthanum acetate in which marginal 

reduction is observed. For iron (Fig. 7.11b) reductions in both cathodic and anodic processes 

were observed in the presence of all the acetates with the reductions most significant in the 
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presence of lanthanum acetate among the rare earth acetates. 

 In the case of CFRP (Fig. 7.11c), significant increases were observed only in the cathodic 

branch of  the potentiodynamic polarization curves in the presence of rare-earth acetates in the 

"active region" (non-diffussion limited region) of the cathodic curve.  Since the slopes of the 

cathodic polarization curve is similar to that in the blank solution, the enhanced cathodic 

currents is attributed to probable enhanced kinetics of cathodic processes rather than changes 

in mechanism of cathodic processes. In the more  relevant diffusion limted region with respect 

to multi-material corrosion inhibition ( E ≥ 600 mVSCE) to which CFRP can be polarized to in 

galvanic coupling to more active metals (Al, Zn etc.) marginal reduction in cathodic current 

densities were observed in all the acetates 

 In summary, some  inhibitive effects  were  observed on introduction of rare-earth 

cations  as inhibitors of galvanic corrosion  in the dual galvanic couples (Zn - CFRP, Fe - CFRP) in 

the  Zn - Fe - CFRP galvanic system, except in the case of Zn - Fe galvanic couple.  For the Zn - Fe  

galvanic couple  the presence of rare-earth cations irrespective of the conjugate anion (acetate 

or nitrate) promoted  galvanic corrosion of  Zn - Fe couple and that the rare-earth cation  that is 

least effective in accelerating galvanic corrosion of Zn - Fe couple is lanthanum. 

 

7.3.3. Effect of Conjugate ion of Rare earths on the Galvanic Corrosion of Zn-Fe, Zn-CFRP, and  

Fe - CFRP Galvanic Couples 

 Since the rare-earth cations have been observed to exert marked accelerative effects on 

the galvanic corrosion of  Zn - Fe couple effort was made to determine any effects the conjugate 

anion of the rare-earth cation might have on the galvanic corrosion  of  Zn - Fe, Zn - CFRP, and Fe 

- CFRP galvanic couples respectively. By comparison of the galvanic current densities of these 

galvanic couples and their potential evolutions  in the presence of  NaNO3 and CH3COONa, 

Ce(NO3)3 and Ce(CH3COO)3, and La(NO3)3 and La(CH3COO)3  respectively, any link between the 

observed accelerative effect of the rare-earth metal salts and their conjugate anion is 

established. 
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Fig. 7.12.  Effect of conjugate anion of rare-earth metal salts on the time evolution of  galvanic 
current densities  and galvanic potential repectively of  (a-b) Zn - Fe, (c-d) Zn - CFRP, and (e-f) Fe - 
CFRP couples of  the Zn - Fe - CFRP multi-material galvanic system in 50 mM NaCl.  
 
 From Fig. 7.12(a) it is observed that the presence of rare-earth metal salts irrespective of 

the conjugate anion (NO3
- or CH3COO-) lead to increase in the galvanic corrosion kinetics of  Zn - 

Fe couple. The association of the enhanced galvanic corrosion of  Zn - Fe couple to the presence 

of rare earth cations and not the conjugate anions is confirmed by the fact that in the absence of 

rare earths, but presence of the conjugate anions  (NO3
- or CH3COO-) as in NaNO3 and 

CH3COONa, the measured galvanic current density profile is in both cases different from those 
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measured in the presence of rare-earths but consistent with values measured in blank test 

solution. Consequently it is concluded that the galvanic corrosion of  Zn - Fe couple is enhanced 

by the presence of rare earth cations but insensitive to the conjugate anion of the rare earth salt 

employed. From Fig, 7.12(b) it is observed that the galvanic potential of Zn - Fe couple is 

sensitive to the conjugate anion of the cation with nitrates shifting the potential to more anodic 

values and acetates to more cathodic values with respect to values measured in blank solution. 

 To determine if the conjugate anions of the rare earth salts had  effect(s) on  on the 

inhibitive effects observed, a  comparison of the galvanic current densities and potential 

evolution  of  Zn - CFRP  galvanic couple in the presence of  NaNO3  and CH3COONa, Ce(NO3)3 

and Ce(CH3COO)3, and La(NO3)3  and La(CH3COO)3  respectively was made. From Fig. 7.12 (c and 

d) obvious differences are observed in the galvanic current densities and potential profiles in the 

presence of cerium cations depending on the conjugate anion of the rare eath metal used. 

Though the "incubation  times"  before the manifestation of inhibitive effects are similar, the 

kinetics are faster when cerium is introduced as an acetate compared to its introduction as a 

nitrate. From the plot of galvanic potential evolution with time  (Fig. 7.12c), it is observed that 

right from immersion a wide difference of over 200 mVSCE exist between  potential values 

measured in  the presence of  cerium nitrate and cerium acetate.  Whereas  measured potentials 

in the presence of cerium acetate  are cathodic with respect to values measured across Zn - 

CFRP couple in blank solution, the potential profile in the presence of cerium nitrate is shifted  

but towards more anodic values. These shifts either way are most probably  indicative of a 

change in inhibition mechanism  occasioned by the difference in the conjugate anion. The same 

trend is observed by comparing the galvanic potential evolution in the presence of NaNO3 and 

CH3COONa, and La(NO3)3 and La(CH3COO)3  confirming  that  inspite of the cation, introduction 

of the conjugate anion as  nitrate ion leads to shifts in the galvanic potential towards anodic 

values relative to both the values in the blank solution and in the presence of acetates of the 

corresponding cation. The exact opposite effect is observed on introduction of the conjugate 

anion as an acetate with galvanic potentials tending to more cathodic values.  Consequently  it  

is concluded that in the Zn - CFRP galvanic couple the conjugate anion influences the observed 

inhibition  efficiencies and the potential evolution, while in the presence of La and Na cations 

only the galvanic potential evolution is affected. 

 By similar comparisons of the galvanic current densities and potential evolution  of  Fe - 

CFRP  galvanic couple in the presence of  NaNO3 and CH3COONa, Ce(NO3)3 and Ce(CH3COO)3, 

and La(NO3)3 and La(CH3COO)3  respectively, any  link(s)  between the observed inhibitive effect 



 

253 

of the rare-earth metal salts and their conjugate anion can be established. From Fig. 7.9(e-f) and 

Fig. 7.7(e-f)  and comparing galvanic current density evolution of  Fe - CFRP  galvanic couple in 

the presence of  NaNO3 and CH3COONa (Fig. 7.12 (e- f)), it is observed that in the absence of 

rare earth cations  the effect of the conjugate anions appear to be insignificant. By  making 

similar comparison  between La(NO3)3 and La(CH3COO)3, It can be concluded that in the 

presence of La cation the conjugate anions (nitrate or acetate) apparently do not exert 

significant effects. However, similar comparison  between  Ce(NO3)3 and Ce(CH3COO)3 reveal a 

marked effect of the conjugate anion of cerium cation on the inhibition efficiency with  better 

performance recorded by introducing  cerium cations as an acetate compared to as a nitrate. 

This conclusion is corroborated by the work of Hinton [695] who working with several cerium 

salts (CeCl3.7H2O, Ce2(SO4)3.H2O, Ce(ClO4)3, and Ce(CH3COO)3 ) on high strength aluminium-zinc-

magnesium-copper alloy (AA7075) reported superior inhibitor performance in the presence of 

cerium acetate 

 The potentiodynamic polarization curves of Fig. 7.13 illustrates the effects of conjugate 

anion of rare-earth metal salts on  the potentiodynamic polarization curves of (a) Zn - Fe, (b) Zn - 

CFRP, and (c) Fe - CFRP, (d) Zn, (e) Fe, and (f) CFRP  in 50 mM NaCl based inhibitor solutions after 

1 hour immersion, which can provide further insight on the mechanism of the observed effects 

of the conjugate anions of rare-earth cations in the Zn - Fe - CFRP multi-material galvanic system. 

For  Zn - Fe galvanic couple (Fig. 7.13a), enhanced cathodic activity was observed in the preence 

of all the acetates and nitrates except in the presence of CH3COONa. Furthermore, the 

"corrosion potential" of  the  Zn - Fe galvanic couple was shifted towards more anodic potentials 

in the presence of the rare-earth nitrates (Ce and La). Similar trends of enhanced cathodic 

current densities coupled with anodic shifts of the corrosion potential were observed in the 

potentiodynamic polarization curves of zinc (Fig. 7.13d) in the presence of same rare-earth 

nitrates. 
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Fig. 7.13.   Effect of conjugate anion of rare-earth metal salts on  the potentiodynamic plarization 
curves of (a) Zn - Fe, (b) Zn - CFRP, and (c) Fe - CFRP, (d) Zn, (e) Fe, and (f) CFRP  in 50 mM NaCl 
based inhibitor solutions after 1 hour immersion. 
 
 However, in the potentiodynamic polarization curves for iron in the presence of nitrates 

and acetates (Fig. 7.13e), significant reductions in the cathodic and anodic current densities 

were observed in the presence of lanthanum acetate, to less extent in the presence of 

lanthanum nitrate and cerium acetate, even at potentials consistent with the "mixed corrosion 

potential" of Zn - Fe   galvanic couple (≈ -1000 mVSCE, Fig. 7.13a)  in this study. 

 This suppression of both cathodic and anodic processes in the presence of lanthanum 

either as an acetate or as a nitrate  is postulated to account for the superior performance of 
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lanthanum containing inhibitor combinations at mitigating galvanic corrosion of the Zn - Fe 

galvanic couple, and ultimately the Zn - Fe - CFRP multi-material combination (sections 7.3 and 

7.2). This position is supported by the observance of similar reductions in the cathodic and 

anodic current densities were of the potentiodynamic polarization curves of Fe - CFRP galvanic 

couple in the presence of lanthanum acetate (Fig. 7.13c) and  even in the cathodic curves of 

CFRP (Fig. 7.13f). 

 

7.4. The Nature and Changes in the Local Environment Near Constituent Materials of the Zn - 

Fe - CFRP Multi-material Galvanic System.  

 Since the effect of inhibitors on the  Zn-Fe-CFRP multi-material "galvanic triplet" can be 

affected by the local pH profile around each member of the multi-material assembly, knowledge 

of  the pH  profile will aid understanding of the possible mechanisms of the inhibitive effects 

observed.  Hence, the pH profile across the (connected) "triplet"  Zn - Fe - CFRP multi-material 

galvanic couple at a height of 40 μm above the surface was measured and presented in Fig. 7.14 

below. From the pH profile across  connected   Zn - Fe - CFRP multi-material assembly  (Fig 7.14), 

slight acidification is observed above the zinc surface (the anode). This acidification is also 

observed to be apparently most intense at the centre while decreasing sharply in intensity 

moving away from the centre. Similar trends are observed above the iron and CFRP surfaces 

(both cathodes) along with very marked alkalinization with the local pH above these cathodes 

rising to about 8.5 and 9 respectively. 

 

Fig. 7.14.  pH profile across connected  Zn - Fe - CFRP in 50 mM NaCl solution. 

 

 Comparing this pH profile with that obtained across Al - Cu - CFRP under same 

conditions, it  is  concluded that alkalinization around the cathodes is less severe in Zn - Fe - 

CFRP "galvanic triplet". The slight acidification observed above zinc surface is attributed to the 
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consumption of OH- ions with the formation zinc hyroxy-  corrosion products  at a rate faster 

than its diffusion kinetics from the bulk solution, resulting in a local excess of H+ ions. In the light 

of the above, it is obvious that the corrosion inhibitors employed interact with the coupled 

materials in  the Zn - Fe - CFRP multi-material combination at local pH values  significantly  

different from the bulk pH. 

 To confirm the metal on which cerium acts on this couple, and get a better 

understanding of the mechanism of inhibitive effects observed in the presence of cerium, 

elemental mapping by x-ray flourescence spectroscopy was carried out on the surface of 

coupled Zn - Fe galvanic couple  after immersion in 50 mM NaCl containing 2.5 mM ( Ce(NO3)3 + 

BTA ) employing  a voltage of 40 kV, current of 1000 μA, collimator size of 0.2 x 0.2 mm, 

acquisition time of 50 ms per pixel, resulting in a mapping time of 112.1 minutes. The results of 

the XRF mapping are presented in  Fig. 7.15 below. 

 In the Zn - Fe galvanic couple, zinc is the anode while iron is the cathode. From Fig. 7.15 

(b) showing mapping for iron using Fe-Kα, the high surface sensitivity of this surface analysis 

method is evident in the lower counts for iron on iron surface at sites observed to be rich in 

corrosion products (green areas in Fig.7.15 (b)).  Secondly, and very importantly is the non-

detection of iron on the zinc surface. In Fig. 7.15 (c) showing mapping for zinc using Zn-Kα 

radiations, high counts for zinc above zinc surface (red), and low counts for zinc over iron surface 

that clearly marks out the iron surface  and higher on iron surface at sites consistent with the 

presence of corrosion products, indicates the re-deposition of zinc on iron surface. From Fig. 

7.15 (d) showing mapping for cerium using Ce-Lα  radiation it is revealed that the cerium acts 

principally on the cathode (iron) based on the unique and much higher counts for cerium all 

over the iron surface, which was even much higher (red colour) at sites on the iron surface 

deficient in corrosion products and hence deemed to be well protected. The precipitation of 

cerium on the iron is consistent with the high local pH values measured over iron coupled to zinc 

(Fig. 7.14.).  Due to the less severe local acidification over  Zn surface (pH 5.5) and  less drastic 

pH increase above iron (pH 8.5) it is believed that cerium precipitation on Zn might be a 

possibility in the presence of oxygen most probably as Ce(IV) oxy/hydroxy compounds and as 

both Ce(III) and Ce(IV) oxy/hydroxy compounds over iron [565]. This  can be proved  conclusively 

by x-ray photoelectron spectroscopy (XPS) measurements  which had not been done. However, 

the observance of the presence of cerium around the edges of  zinc in Fig. 7.15(d) at which 

according to the measured pH profile (Fig. 7.14) the acidification effect is most likely to  be less 

severe supports this  assertion. 
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Fig. 7.15. X-ray flourescence mapping of surfaces of Zinc and Iron of coupled Zn - Fe galvanic 
couple after exposure 50 mM NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ). 
 

 Since in uncoupled metals, the cathodic and anodic areas are bound to be present on 

each metal, further XRF mapping of uncoupled Zn - Fe galvanic couple after immersion in 50 mM 

NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ) was done to establish cerium distribution under this 

condition, and the results presented in Fig. 7.16 below. 
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Fig. 7.16. X-ray flourescence mapping of surfaces of Zinc and Iron of uncoupled Zn - Fe galvanic 
couple after exposure 50 mM NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ). 
 
Fig. 7.16 (a)  presents the optical image of uncoupled Zn - Fe galvanic couple after exposure 50 

mM NaCl containing 2.5 mM ( Ce(NO3)3 + BTA ) which shows the presence of corrosion products, 

and also anodic and cathodic areas on each metal. In the mappings for iron (Fig. 7.16 (b) ) and 

zinc (Fig.7.16 (c)) respectively, the surface sensitivity of the XRF mapping ia again evident in the 

discrimination of cathodic areas from anodic areas (red colour) due to apparent absence of 

corrosion products at anodic areas and hence higher counts for each metal over its own surface. 

Notable is the non-detection of any re-deposition of either iron or zinc as observed in the 

coupled condition. From the mapping for cerium (Fig. 7.16 (d)), it is observed clearly that cerium 

is preferentially deposited/precipitated on cathodic areas of both metals, confirming the 

cathodic inhibitive action of cerium. 
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7.5. Proposed Mechanism(s) of Multi-material Corrosion and Multi-material Corrosion 

Inhibition in the Zn - Fe - CFRP Multi-Material Combination. 

 Having studied the effect of individual inhibitors (under different classifications) on the 

galvanic corrosion behaviour of  Zn - Fe, Zn - CFRP,  and Fe - CFRP dual galvanic couples and on 

the galvanic corrosion of the Zn - Fe - CFRP multi-material combination, and guided by insights 

obtained from earlier studies with single inhibitors, plausible mechanism(s) are herein proposed 

to account for the observed multi-material corrosion in the  Zn - Fe - CFRP multi-material 

galvanic system and the observed inhibiting effects in th presence of inhibitor concentrations 

comprised of rare-earth nitrates and the azole; benzotriazole, (La(NO3)3 + BTA) and (Ce(NO3)3 + 

BTA). 

 
Fig. 7.17.   Illustration of the mechanism of multi-material corrosion in the Zn -Fe - CFRP multi-
material system (red colour denotes anodic surface and blue cathodic area of surface). 
 

 When Zn - Fe - CFRP are uncoupled (Fig. 7.17b) "corrosion" of each of its three 

component materials proceed under open circuit conditions, with cathodic and anodic processes 

manifesting on each of the metallic components (Fig. 7.16). The corrosion of the respective 

materials proceed in line with their respective corrosion behaviours in the test media based on 

the pH, temperature, oxygen concentration etc. Hence corrosion inhibitors that are known to 

inhibit each of the material components are able to interact with the surfaces of its target 

material with expected inhibition efficiencies. 

 However, on galvanic coupling (Fig. 7.17a)  by electrically connecting Zn, Fe, and CFRP 

together, the surface properties/charges of the cathodic components (Fe and CFRP) are bound 

to change because they are now polarized by the zinc to cathodic potentials close to the 

corrosion potential of zinc. In addition to these changes on the the cathodic components of 

multi-material combinations significant changes in the local pH of the electrolyte near their 

surface occur and have been demonstrated to rise to pH values in the range of ≈ 8.7 - 9 (Fig. 

7.14). For the more active component (zinc) of the multi-material combination, except for the 
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enhancement of anodic processes as a result of the increased cathodic area  due to galvanic 

coupling to Fe and/or CFRP no significant changes occur on or near its surface. Hence inhibitors 

that are known to interact with zinc surface under the test conditions (bulk pH, etc) are very 

likely to continue to exert inhibitive effects on zinc even in this galvanically coupled multi-

material assembly. 

 For the cathodic components (Fe and CFRP) of the galvanically coupled multi-material 

assembly the corrosion inhibition scenario is quite different as their surface properties/charges 

are bound to change on galvanic coupling to zinc with a concomitant rise in the local pH near 

their surfaces to alkaline values. Hence corrosion inhibitors that have been proven to interact 

with the surfaces of cathodic components of galvanically coupled material assemblies and inhibit 

corrosion processes under open circuit conditions might not be effective in combating their 

corrosion in galvanically coupled material assemblies. This can account for the poor performance 

of some of the azole inhibitors targeted as inhibitors of cathodic processes on the cathodic 

material components of multi-material assemblies in selected inhibitor combinations (section 

7.2.0, Figs 7.2, and 7.3), in spite of their confirmed effectiveness on the target single materials 

under open circuit conditions (section 7.3.1, Figs. 7.5 and 7.6). 

 In the light of these, it is postulated that the search for multi-material corrosion inhibitor 

combinations will be better served firstly, by focusing more on identification of adsorption based 

inhibitors that are able to inhibit the target cathodic materials in a multi-material combination at 

cathodic polarizations consistent with the expected polarization it is anticipated to be subjected 

to on galvanic coupling in the multi-material assembly, as the known inhibitors for the more 

active components (anode(s)) of such multi-material assemblies are more likely to continue to 

be effective on their targets (anodic component(s)). Secondly,  in addition to impressed 

polarization, the use of solutions at bulk alkaline pH consistent with the pH of the local 

environment(s) around the galvanically coupled cathode(s) is more likely to enhance the 

outcome of research efforts at effective adsorption based cathodic inhibitors for inhibitor 

combinations for mitigating corrosion in multi-material assemblies rather than tests at  near-

neutral bulk pH. An alternative or complementary route is a search focused on precipitation 

based inhibitors (or their combinations) whose precipitation onto the surfaces of cathodic 

components of multi-material assemblies cab be tuned to be efficiently triggered by the high pH 

near their surfaces on the onset of cathodic processes 

 Another potent factor that can interfere with the mechanism(s) of multi-material 

corrosion  and its inhibition is the effect of the cations of the cathodic metals in the electrolyte 
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which have been known [142]  and demonstrated herein(Fig. 7.15) to redeposit on anodic metal 

surfaces (by their reduction) in galvanically coupled systems. Such redeposition of cathodic 

metal cations onto anodic metal surfaces besides its known deleterious effect on the anodic 

dissolution of the anodes, can in the presence of inhibitor(s) change/interfere with the 

mechanism(s) of multi-material corrosion inhibition. This can occur for instance, by making it 

easier for cathodic inhibitors intended to interact with the cathodic metals, to interact also with 

sections of the anodes covered by electro-deposited cathodic metals thus leading to possible 

"de-activation" of these sections of the anode surface and a possible improvement of inhibitive 

effects. 

 
Fig. 7.18.    Changes in Fe concentrations in 50 mM NaCl solution as a function of time for 
galvanically coupled and uncoupled Zn - Fe. 
 

 Fig. 7. 18 above gives further confirmation of this possibility as the iron content in bulk 

50 mM NaCl solution is observed to be diminished soon after immersion of galvanically coupled 

Zn - Fe to values lower than the initial values prior to immersion. This sustained decrease in the 

iron content of the test media in the presence of  galvanically coupled Zn - Fe couple is 

attributed to iron cation  removal from solution by their electro-reduction and deposition on 

zinc surface which has been demonstrated earlier in XRF analysis of Zn - Fe galvanically coupled 

and uncoupled (Figs. 7.15 and 7.16 ). However, it is acknowledged  that another factor that 

might account for the observed  decrease in the iron content of the test media in the presence 

of  galvanically coupled  Zn - Fe couple is the plausible formation of insoluble hydroxides at 
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cathodes in galvanically coupled assemblies.  

 

 
 
Fig. 7.19.   Illustration of the different plausible scenarios in the mechanism of multi-material 
corrosion inhibition  in the Zn -Fe - CFRP multi-material system (Wavy arrows denote adsorption 
based inhibitors while the straight arrows denote precipitation based inhibitors.). 
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 Based on the results obtained in this work and the important factors affecting multi-

material corrosion and  multi-material corrosion  inhibition demonstrated and discussed above, 

the plausible mechanisms/scenarios for/in multi-material corrosion  inhibition in the Zn - Fe - 

CFRP multi-material assembly (galvanically coupled and uncoupled) are illustrated above (Fig. 

7.19) in the presence of a variety of inhbitors and inhibitor combinations. The scenarios 

considered herein are; (a) Zn - Fe - CFRP multi-material assembly corrosion mechanism on 

galvanic coupling and uncoupled in the absence of inhibitors (already presented in Fig. 7.17 

above),  (b) in the presence of adsorption based inhibitor that is ineffective at high pH, (c) in the 

presence of adsorption based inhibitor that is effective at high pH, (d) in the presence of 

adsorption based inhibitor that is only effective at near-neutral pH, (e) in the presence of a 

precipitation based inhibitor, and (f) in the presence of the combination a precipitation based 

inhibitor and an adsorption based inhibitor. In Fig 7.19 above, the wavy arrows denote 

adsorption based inhibitors while the straight arrows denote precipitation based inhibitors. 

From Fig 7.19d it is obvious that the most effective corrosion inhibitive effects occur with the 

combination of a precipitation based inhibitor targeted primarily at the cathodes and an 

adsorption based inhibitor primarily targeted at the anode(s) which is consistent with the results 

in this study. 

 From the results presented in this chapter and their discussion above, it is concluded and 

illustrated in Fig.7.19d above that the most viable option for multi-material corrosion inhibition 

in galvanically coupled   Zn - Fe - CFRP multi-material combination is the use of a combination of 

inhibitors composed of at least a precipitation based inhibitor that is sensitive to the high pH 

around the cathodes (Fe and CFRP) (Figs. 7.15 and 7.16), which has been demonstated to be in 

the range of 8.5 to 9 (Fig. 7.14), and an adsorption based inhibitor that is able to interact with 

surfaces of the anodic metal(s) at near neutral pH to  retard  its/their anodic  dissolution. 

 This conclusion is in tandem with the two suggested inhibitor combinations for multi-

material corrosion inhibition; (Ce(NO3)3 + BTA) and (La(NO3)3 + BTA). The cerium has been 

demonstrated to precipitate onto the surface of the cathodes on coupling (Fig. 7.15), an event 

triggered by the development of a high pH around the cathodes due to cathodic processes 

earlier discussed, while the adsorption based azole inhibitor (benzotriazole) most probably 

adsorbs to the zinc surface. In addition the nitrate ions which have been reported [687]  to exert 

inhibitive effects on anodic processes is inferred to also interact with the anodic zinc surface 

complementing inhibitive effects on anodic process. This can explain the reason the inhibitor 

combinations comprised of rare earth nitrates were more effective in mitigating multi-material 
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corrosion in Zn - Fe - CFRP multi-material assemblies. Hence a search for adsorption based 

inhbitors for anodic constituents of galvanically coupled multi-material system that are effective 

at near-neutral pH is thought to be a viable research route. On the other hand, the superior 

performance of inhibitor combinations containing benzotriazole (among the other azoles) is 

attributed to its superior interaction with the zinc surface, which can be a subject for further 

confirmatory studies. 

 In addition the plausible redeposition of cations of the cathodic metals is inferred to be 

capable of significantly affecting the corrosion mechanism in the absence of inhibitors 

(enhanced anodic dissolution) but in the right conditions aid inhibitor interaction with the anode 

to ensure better inhibitive effects. The confirmation of this postulation can be the subject of 

further enquiry on muli-material corrosion inhibition 

 The differences in the effectiveness of inhibitor combinations containing the same azole 

inhibitor but different rare earth cations in which La and Ce exhibited superior perfomance is 

attributed to differences in the solublities of their respective hydroxides as a function of pH 

which apparently favours La and Ce among the rare-earth cations employed in this study. 

 The observed differences in the effectiveness and time evolution of inhibitive effects in 

inhibitor combinations containing the most promising rare-earth cations (La3+ and Ce3+) and 

other rare earth cations, with respect to the Zn-Fe-CFRP multi-material system can be partially 

attributed to the differences in the solubilty products (Ksp) of their various hydroxides [697-699] 

of the respective cations, which is likely to favour the preferential precipitation of hydroxides of 

cations that have  the lowest solubilty products (Ksp) values. Hence the presence  of a rare-earth 

cation that forms a hydroxide with a lower solubilty product (Ksp) is likely to be more protective 

compared to that with a higher solubilty product (Ksp) as the hydroxide of the cation with a 

lower solubilty product (Ksp)  is expected to precipitate faster and with more ease onto the 

cathodic metal surface.In instances in which the solubility of both hydroxides are low as have 

been reported in an earlier work [63] on aluminium alloys, the decisive factor in determining 

superior inhibitive effects can be the compactness (density) and barrier properties; the 

compactness of the precipitated hydroxides in turn being dependent on its deposition kinetics.  

Another factor exerting influence can be the anions present in the test media as was 

demonstrated in the section on effects of conjugate anions (section 7.3.4). This assertion is 

supported by the work of Moeller and Kremers [700] who had demonstrated in Table 2 of their 

work with their own data and that from earlier workers, the differences in the precipitation pH 

values of rare-earth hydroxides from solutions containing their respective cations as a function 
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of the conjugate anion present in solution. In support of the position in this work on the effects 

of the conjugate anions, and for clarity and brevity, data for the rare earths used in this study 

have been extracted from the work of Moeller and Kremers [700] and presented as Table 7.2 

below. 

 

Table 7.2: Precipitation pH Values of Rare Earth Hydroxides at Precipitation Incidence [(Extracted 
from Table 2 of Moeller and Kremers (1944), Ref: 700) (References in Table 7.2 below are 
references in Ref: 700)]. 
Rare Earth Atomic  

No. 
Cation  
Radius (Å) 

NO3- SO4
2- CH3COO- Cl- 

La 57 1.00 7.82 
8.35 (Ref 2) 
8.71(Ref 18) 

7.41 
7.61  (Ref 1) 

7.93 8.03 (Ref 1) 

Ce 58 0.94 7.60 
8.1   (Ref 18) 

7.35 
7.07  (Ref 1) 

7.77 7.41 (Ref 2) 

Pr 59 0.91 7.35 7.17 7.66 7.05 (Ref 2) 

Nd 60 0.90 7.31 
7.00  (Ref 2) 

 

6.95 
6.98  (Ref 1) 

7.59 7.02 (Ref 2) 
7.40 (Ref 1) 

Sm 62 0.87 6.92 6.70 
6.73  (Ref 1) 

7.40 
 

 

From the pH values for the onset of precipitation of the hydroxides of the various rare earths 

employed in this study , extracted fron [Ref: 700]  and presented in Table 7.2 above, the complex 

nature of the effects of anions present in this study becomes manifest, as under the test 

conditions in the present work, at least two anions are always present besides OH- in the test 

media; Cl- from the supporting electrolyte (NaCl), and either NO3
- or CH3COO- as the conjugate 

anion from the rare earth compound. In contrast, the data reproduced in Table 7.2 above were 

carried out in systems without a similar "multi-anion" composition. In spite of these differences, 

it is clear that the precipitation of hydroxides of all the rare earth cations employed in this study 

are favoured in the pH range 8.5 - 9.0 expected around cathodic members of the Zn - Fe - CFRP 

multi-material assembly when galvanically coupled.   The particular or predominant cause of the 

differences in the effectiveness of La and Ce which can be the subject of a seperate study and 

might bealso somehow related to subtle differences in the sizes of the rare earth cations.  

 With respect to this study and the Zn - Fe - CFRP galvanic multi-material  system, the 

predominant cause of the differences in the effectiveness of La and Ce in manifesting inhibitive 

effects, and the time evolution of these effects which appear to favour La in a lot of cases, is 

hinged on the interplay between theexpected pH ranges (pH ≈ 8.5 - 9.0) around the cathodes in 
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the Zn - Fe - CFRP galvanic multi-material  system, and the observation from Table 7.2 containing 

data emanating from diverse sources that in spite of the  predominant conjugate anion, the 

onset pH for precipitation of lanthanum hydroxide is consistently higher than that for cerium. 

The effect of the combination of these two important observations is most likely to be that that 

La3+ cations stay longer in solution as the pH around the cathode increases from near-neutral 

values and tends towards pH 9, while the Ce3+ cations are able to precipitate as hydroxides with 

smaller increases in local pH, even before the onset of very intense cathodic activity. Such 

scenario is likely to ensure that Ce3+ are faster in action while La3+ cations are likely to be more 

enduring. 

 
7.5. Chapter Summary 

 The multi-material corrosion and multi-material corrosion inhibition of the Zn - Fe - CFRP 

multi-material galvanic system and its component dual material galvanic couples have been 

studied using single inhibitors and a combination of inhibitors. The mechanism of its multi-

material corrosion has been demonstrated and plausible scenarios of the mechanisms of multi-

material corrosion inhibition in the the Zn - Fe - CFRP  multi-material  galvanic system with 

different types and combination of inhibitors postulated.   Inhibitor combinations composed of 

at least an adsorption based inhibitor targeted primarily at the anode(s) and at least a 

precipitation based inhibitor that can be triggered to precipitate onto the surfaces of the 

cathode(s) is advanced as the most promising solution. For more practical and enduring effects, 

combinations comprised of more than one of these two types of inhibitors might be desirable. 

 Based on the results obtained in the tests on the Zn - Fe - CFRP multi-material galvanic 

system, (La(NO3)3  + BTA) and  (Ce(NO3)3  + BTA) with inhibiton efficiencies of  95.12% and 

91.19% respectively on the  Zn - Fe - CFRP multi-material "galvanic triplet"  are identified as 

multi-material corrosion inhibitors for the multi-material combination. This is based on the 

observation that these inhibitors  also simultaneously  inhibit the galvanic corrosion of all the 

dual galvanic couples (Fe - CFRP, Zn - CFRP, and Zn - Fe) in the Zn - Fe - CFRP galvanic multi-

material  system. 

 For Fe - CFRP galvanic couple the identified effective galvanic corrosion inhibitors and 

their measured inhibition efficiencies based on prior stated criterion are; Ce(NO3)3  (82.42%), Ce 

(CH3COO)3 (85.81%),    (Ce(NO3)3   + CH3COONa) (93.03%),  (Ce(NO3)3   + 1,2,4-triazole) (79.24%), 

(Ce(NO3)3   + BIA) (77.63%),  (La(NO3)3   + BTA) (76.72%) , and (Ce(NO3)3   + BTA) (53.28%).For  Zn 

- CFRP galvanic couple the identified effective galvanic corrosion inhibitors and their respective 
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measured inhibition efficiencies based on prior stated criterion are; Ce(NO3)3  (61.23%), Ce 

(CH3COO)3 (79.07%),  BTA  (41.23-70.43%),  (Ce(NO3)3   + CH3COONa) (84.38%),  (Ce(NO3)3   + 

1,2,3-triazole) (55.93%),   (La(NO3)3 + BTA) (63.95%) , and (Ce(NO3)3   + BTA) (86.48- 91.85%).For  

Zn - Fe galvanic couple the identified effective galvanic corrosion inhibitors and their respective 

measured inhibition efficiencies  are; BTA  (64.12%), (La(NO3)3   + BTA) (88.31%), and   (Ce(NO3)3   

+ BTA) (77.49%). 
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CHAPTER 8 
 

Conclusions and Future Outlook 

8.0.  Conclusions and Recommendations 

 This section of the thesis brings the short conclusive remarks from the PhD work and the 

outlook towards directions of further research. The results of reseach workaimed at multi-

material corrosion inhibition on Al - Cu - CFRP and  Zn - Fe - CFRP systems  presented in 

preceding chapters of this thesis demonstrated that the use of inhibitor combinations with their 

constituents targeted on cathodic and anodic constituents of multi-material assemblies is the 

most promising strategy in employing inhibitors in mitigating multi-material corrosion.  Insights 

have been provided on the plausible mechanism(s) of  multi-material  corrosion and multi-

material corrosion inhibition in both multi-material systems.   It is important to highlight that 

this work did  not aim at full characterization of all the potential inhibition systems under study. 

The focus was directed towards screening of a number of potential inhibitor candidates and 

their combinations. Potential candidates inhibitors were selected on the basis of trends 

observed in their inhibitive effects under varied test conditions. The final expected outcome was 

to prove that corrosion inhibition approaches can be used to supress galvanic corrosion rate in 

complex multi-material assemblies including those with CFRP as one of the cathodic 

counterparts.  

 As with most research efforts, questions are usually answered while new questions 

needing answers arise from the answers of the previous research question. The focus of this 

research which was to explore the viability of employing corrosion inhibitors in mitigating multi-

material corrosion in technologically relevant multi-material systems have lead to a better 

understanding of the mechanism of corrosion and its inhibition in the systems of interest. This 

better understanding  have culminated in the identification of candidate inhibitor combination(s) 

for each of the systems. In the course of achieving the thesis objectives a variety of questions 

have been raised which could guide the future outlook on research on development of market-

ready inhibitor solutions for multi-material corrosion inhibition. In this regard important 

conclusions drawn from the analysis of the results obtained in this work are presented in section 

8.1, while suggestion on future outlook on further research related to the subject matter are 

presented in section 8.2 below. 

 

8.1. Conclusions 

On the strength of the results and trends observed in this work the following conclusions and 
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postulations are made; 

a) From the results obtained in this work it is concluded that the most viable option for 

multi-material corrosion inhibition in the studied multi-material combinations is the use 

of synergistic combinations of inhibitors comprised of rare-earth cations and azoles. 

b) That the mechanism of CFRP degradation under cathodic polarization is hinged on 

marked electrochemicalactivity at cathodic potentials that is observed to be  

independent of the bulk solution pH and  most significant around -250 mVSCE.  

c) That the predominant cathodic electrochemical activity on CFRP surface under cathodic 

polarization is the 2-electron oxygen reduction process which is  the favoured 

mechanism for oxygen reduction on carbon instead of the 4-electron process.   

d) That in  contrast to  the 4-electron pocess, the 2-electron oxygen redution process on 

CFRP surface leads to the production of the hydroperoxyl radical (HO2
-) which is  able to  

interact with certain polymer bonds in the matrix and hence lead to epoxy degradation. 

e) That CFRP degradation under cathodic polarization presents predominantly as carbon 

fiber erosion and interfacial damage. 

f) That though measured success was achieved in the course of this work in suppressing 

cathodic processes on CFRP subjected to cathodic polarization, the use of inhibitors is 

considered a very viable approach. In this regard, it is postulated that by leveraging on 

carbon's well know adsorptive properties, an adsorption based inhibitor might be 

discovered that adsorbs strongly on the surface of the carbon fibres in CFRP while 

suppressing the electron transfer process(es) that are neccessary for oxygen reduction to 

occur. An alternative approach can be the use of precipitation based inhibitors that can 

be triggered by the local increase in the pH near CFRP surface due to the onset of 

cathodic process to precipitate species onto the surfaces of the carbon fibers and  bring 

about a decrease in the electrochemically active area. 

g) that the most viable strategy for combating multi-material corrosion in the studies 

system is the use of synergistic or at least additive inhibitor combinations rather than the 

use of single inhibitors. 

h) Multi-material corrosion inhibition of the Al - Cu - CFRP multi-material combination  is 

possible using any of these five combination of inhibitors comprised of rare-earth metal 

compound in form of an acetate or nitrate and azoles; ((Ce(NO3)3 + 1,2,3 - triazole) , 

(Ce(CH3COO)3 + BTA),  (Ce(NO3)3 + BTA),  (Ce(CH3COO)3 + BIA) ,and (Ce(NO3)3 + BIA).  
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i)  (La(NO3)3  + BTA)  and  (Ce(NO3)3  + BTA) are proposed as  effectective multi-material 

corrosion inhibitors for the Zn - Fe - CFRP multi-material combination. 

j) that the inhibition of multi-material corrosion is apparently easier for the Al - Cu - CFRP 

system than for the Zn - Fe - CFRP system as evidenced by the higher number of 

promising inhibitor combinations for the former. 

k) That synergistic effects were obtained with the use of inhibitor combinations comprised 

of rare-earth cations and azoles for the Al-Cu-CFRP multi-material galvanic systems. In 

this multi-material combination and with Ce(NO3)3 + BTA inhibitor combination, 

synergistic parameters (s) of ≈ 1.67, 3.61, 2.90 and 2.96 were obtained based on 

calculated inhibition efficiencies after 150,000  seconds immersion for  Al - CFRP, Al - Cu, 

Cu - CFRP, and Al - Cu - CFRP, respectively.  In the Zn - Fe - CFRP multi-material system  

synergistic inhibition effects were not observed across all its components (Zn - CFRP, Zn - 

Fe, Fe - CFRP, and Zn - Fe - CFRP) with any of the inhibitor combinations. 

l) The re-deposition of metal ions (of the cathodic metal in a couple) unto the anode(s)  

appear to exert some influence on the interaction of inhibitors with the anode surface 

and hence on the mechanism and inhibitive efficiencies of the inhibitors. 

m) The conjugate anion of the rare-earth metals salts  influences the  inhibition efficiencies 

of the rare earth cations with the effects dependent on the galvanic couple/system being 

studied. 

n) That the major difference in the mechanisms of multi-material corrosion of the Al - Cu -

CFRP and Zn - Fe - CFRP multimaterial systems in absence of inhibitors is that whereas 

multi-material corrosion occurs in the Al - Cu - CFRP with the metallic copper surface 

covered by a layer of copper oxides and hydroxides in the high pH environment around it 

under the impressed cathodic polarization, the metallic cathode, iron, Zn - Fe - CFRP 

multimaterial systems in the is stripped of its naturally formed oxides on galvanic 

coupling with zinc so that cathodic activities occur on  bare iron  surface. 

o) That the presence of these oxides/hydroxides on the surface of copper galvanically 

coupled accounts for the wide difference in the mixed corrosion potential of galvanically 

coupled  Al - Cu dual couple and Al - Cu - CFRP "galvanic triplet"  with the mixed potential 

close to ≈-650 mVSCE compared to Ecorr ≈-980 to -1100 mVSCE  observed on aluminium in 

quiescent 50 mM NaCl solution, while in the Zn - Fe - CFRP multi-material system with an 

oxide-free metallic cathode (iron), the mixed corrosion potentials of galvanically coupled  



 

272 

Zn - Fe dual galvanic couple and Zn - Fe - CFRP "triplet" galvanic couples is consistently 

close to the Ecorr of zinc ≈ -1000 mVSCE in same solution. 

p) That as a consequence of the major difference in the mechanisms of multi-material 

corrosion of the Al - Cu - CFRP and Zn - Fe - CFRP multi-material systems (expressed in (k) 

above), multi-material corrosion inhibition occurs in the Al - Cu - CFRP multi-material 

system with inhibitors interacting with the metallic cathode surface through a layer of 

oxides/hydroxides while interaction with the metallic cathode in the Zn - Fe - CFRP multi-

material system occurs on a relatively oxide free surface. 

8.2.  Recommendations / Future Outlook 

Based on the results obtained and inferences made from the results in this work, the following 

recommendations are advanced; 

(a) That further work should be carried out to confirm the postulated re-deposition of 

carbon onto CFRP surface under aqueous immersion conditions and/or cathodic 

polarization. 

(b) That further studies should be carried out on galvanic  systems with the shortlisted 

multi-material corrosion inhibitors  in the presence and absence of cations of the 

cathodic metal(s)  to clearly identify the effect of these on the reported inhibitive effects, 

and provide a better understanding of the mechanism(s). 

(c) That since the tests employed in this work were done under quiescent conditions, futher 

work be carried out under both oxygen deficient and oxygen enriched conditions to 

establish any changes in mechanism, and if the reported inhibitive effects are sustained 

under these conditions. 

(d) From results obtained in this work and observed trends it is recommended that in future 

work, the use of inhibitor combinations composed of more than one rare-earth cation be 

studied  

(e) That in future work  the experimental approach  employed in the present work be 

combined with modelling of  galvanic corrosion in multi-material assemblies.  

(f) That the possibility of a time dependence of the multi-material corrosion mechanism(s) 

and the multi-material corrosion inhibition mechanism(s) be studied. 

(g)  That  a systematic study of the influence of inhibitor concentrations both as single 

inhibitors and in inhibitor combinations  on their inhibitive effects in multi-material 

assemblies be incorporated in upcoming works. 
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(h) That  a detailed study of the influence of atmospheric conditions such as abundance and 

deficit of  oxygen, nitrogen, carbon dioxide and other relevant atmospheric variables on 

multi-material corroson inhibition, not considered in the present work be incorporated 

in succeeding works. 

(i)  Having established the feasibility of multi-material corrosion inhibition with the use of 

inhibitor combinations,  upcoming research efforts  can be focused on the development 

of viable procedures for introducing inhibitors into coating systems without loss of 

efficacy.  
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