
Hybrid sol-gel/polyaniline coating for the corrosion protection of AA2024.

MOSTAFA, Mohamed.

Available from the Sheffield Hallam University Research Archive (SHURA) at:

http://shura.shu.ac.uk/20092/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.    

The content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the author.    

When referring to this work, full bibliographic details including the author, title, awarding 
institution and date of the thesis must be given.

Please visit http://shura.shu.ac.uk/20092/ and http://shura.shu.ac.uk/information.html for 
further details about copyright and re-use permissions.

http://shura.shu.ac.uk/information.html


REFERENCE



ProQuest Number: 10697399

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10697399

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Hybrid Sol-Gel/Polyaniline Coating for 

the Corrosion Protection of AA2024

Mohamed Mostafa

A thesis submitted in partial fulfilment o f the requirements of Sheffield 

Hallam University of the degree of Doctor of Philosophy

May 2009



Abstract

It is widely accepted that Cr(VI)-containing coatings will not be an acceptable 

component of any future coatings system due to the adverse health & safety 

aspects of Cr6+. Conductive polymers, such as polyaniline and polypyrrole, have 

been proposed as potential suitable replacements for chromate containing 

coatings. However, whilst Polyaniline (PANI) has unique electrical and optical 

properties; is relatively cheap, easy to synthesise and very stable under a wide 

variety of experimental conditions, it has not been used widely as a coating due 

to a lack of adhesion to substrates and poor mechanical properties.

Sol-gel technology is finding increasing applications, for example, as 

hydrophobic self-cleaning and decorative colour coatings, formation of low- 

temperature cure high purity optical components and biomedical applications. 

The basic advantage of the sol-gel process is its ability to form inorganic 

structures and hybrid organic and inorganic network structures at relatively low 

temperatures using conventional coating techniques such as dip-, spin- or 

spraying.

In this study a novel anti-corrosion coating based upon the combination of a 

silica hybrid sol-gel system and polyaniline is presented. Chemically prepared 

PANI and a silica based sol were combined and applied to an Al alloy, AA2024- 

T3 substrate, to form a protective coating. The corrosion performance of these 

coated samples was evaluated by Electrochemical Impedance Spectroscopy 

(EIS). EIS test showed the impedance of the PANI/sol-gel coating remained 

stable for up to 24 months immersion in 3.5%NaCI solution. A Salt Spray Test 

(SST) study showed that the PANI/sol-gel coating can pass 500 hrs without 

showing any sign of corrosion nor delamination.

The "self healing" property was also investigated using Scanning Vibrating 

Electrode Technique (SVET) and scratch test. The corrosion properties of the 

AA were studied in acidic, alkaline and neutral 3.5% NaCl solutions 

respectively. The PANI/sol-gel coating showed different mechanisms of 

corrosion protection according to the solution pH.

The surface morphology was characterised by Scanning Electron Microscopy 

(SEM) which revealed that increasing PANI content increased the coating 

porosity. Mechanical properties of these coatings, notably adhesion, were
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studied using Pull Off and Cross Cut techniques. The sol-gel coating exhibited 

excellent adhesion; however, increasing the PANI content had an adverse 

effect on coating adhesion.

Differential Scanning Calorimetry (DSC) was used to investigate the curing 

temperature of PANI/sol-gel coating. The technique showed that the coating 

was completely cured after drying for 5 hrs at 70°C.

The chemical characteristics of the coatings were evaluated using X-Ray 

Photoelectron Spectroscopy (XPS) and Fourier Transformation Infrared (FTIR) 

Spectroscopy.

The corrosion protection of AA2024 using the PANI/sol-gel coating was 

attributed to the formation of a complex compound containing the (Al-O-N) 

group that was produced from an interaction between PANI and the Al 

substrate. Transmission Electron Microscopy (TEM) was used to assess the 

interfacial interaction of the coating and metal substrate.
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Chapter 1 Introduction

Chapterl 

Introduction

1.1 MOTIVATION

Corrosion has always been a problem that affects our life. Corrosion causes 

loss of valuable products which affects operational safety, product reliability and 

may cause plant shutdown resulting in costs to the UK economy of between 3- 

4% of Gross National Product.

Aluminium is the most widely used non-ferrous metal being used in cars, aircraft, 

construction, engineering structures and many other industrial applications. 

Pure aluminium metal does not have suitable strength for most applications and 

some alloying elements, such as copper and magnesium are required to 

improve the metal strength. An example of this is found in the 2000 series alloys 

where the main alloying element is copper. These alloys are very important in 

the aerospace industry. Unfortunately these alloys are not sufficiently corrosion- 

resistant to be used without protection in humid or aggressive media such as 

marine environments.

Chromate based coatings have historically been used to protect aluminium 

alloys. When this coating comes in contact with an aluminium substrate, 

chromium (III) is formed providing excellent corrosion protection. This coating 

also contains chromium (VI) which has been recognised as providing a "self 

healing" property. However, these types of coating may soon be banned due to 

their toxicity and adverse environmental impact and numerous have identified 

that chromium (VI) is a carcinogen causing kidney and liver damage, and even 

death.

As environmental legislation imposes greater restrictions on the use of these 

substances the demand for alternatives coating replacements increases. 

Conductive polymers, such as polyaniline, are potential suitable replacements 

for chromate containing coatings. Polyaniline (PANI) has unique electrical and
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Chapter 1 Introduction

optical properties and moreover, is relatively cheap, easy to synthesise and 

very stable under a wide variety of experimental conditions.

Further motivation is the potential opportunity to exploit other properties of the 

conductive polymers notably that conductive polymers such as polyaniline have 

the ability to adsorb electromagnetic waves.

A final motivation, there is a need to increase the lifetime of the coating systems 

with decreasing of overall cost of corrosion protection. Since early reports that 

polyaniline can provide corrosion protection to stainless steel, there have been 

numerous investigations of using polyaniline as an additive in corrosion 

protection systems. Most of this research interest in using polyaniline has been 

for the corrosion protection of ferrous alloys. However, a few studies have been 

reported for the use of polyaniline in the corrosion protection of aluminium for 

example polyaniline has been used with epoxy and acrylic binders in the 

corrosion protection of metals.

In the present study, polyaniline is combined with a silica sol-gel to combine the 

corrosion property of polyaniline with the mechanical properties of silica sol-gel. 

Sol-gel coatings have the ability to produce a thin bond-coating with excellent 

adhesion between the metallic substrates and subsequent top coats.

1.2 AIMS AND OBJECTIVES

Recently, conductive polymers and sol-gel have many interesting individual 

applications due to the ongoing demand for the replacement of chromate as an 

environmentally benign alternative. Although organic conductive polymeric 

coatings have been explored with good results, the mechanical properties of the 

conductive polymers are still poor.

The potential advantages of using PANI/sol-gel combination are to improve the 

mechanical properties of PANI and to adjust the conductivity of sol-gel. These 

new features of PANI/sol-gel will have diverse commercial applications.

The aim of this work is therefore to investigate;

1) The applicability of different combination of PANI/sol-gel system to be 

applied to 2024-T3 AA substrates.

2) The optimum relative concentration of PANI and sol-gel from corrosion 

point of view.
2
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3) The mechanical properties of the PANI/ sol-gel coating.

4) The mechanism of corrosion protection of PANI/sol-gel coated 2024AA.

1.3 RESEARCH APPROACH

This study is divided into three sections in order to cover the aims of study 

giving above; the first part is to investigate the most effective way to combine 

PANI and sol-gel. In this section PANI and sol-gel were used individually as a 

top coat or as combination to form one coat and then applied to 2024-T3 

substrate. The coated metal sample substrates were immersed in 3.5% NaCI 

solution and electrochemical impedance spectroscopy (EIS) was used to 

investigate the corrosion resistant of the coated sample to identify the optimum 

combination of these materials. The Scanning Electron Microscope (SEM) was 

used to study the surface morphology, the effect of coating thickness and effect 

of corrosive solution on both bare and coated metal.

In the second section, the mechanical properties of the coating were 

investigated using selected techniques such as micro-hardness and adhesion. 

Finally the mechanism of protection of the aluminium alloy was studied in the 

third section. Fourier transform Infrared (FTIR), X-ray photoelectron 

spectroscopy (XPS) Transition Electron Microscopy (TEM) were used to study 

the chemical changes in the coating and the coating/metal interface.

1.4 STRUCTURE OF THE THESIS

Chapter 1 provides a review of the literature, which is divided into five 

subsections. Section 1.1 gives a brief introduction to the corrosion cost and the 

general introduction to the corrosion protection measures. Section 1.2 

introduces the aluminium 2024 alloy and its mechanism of corrosion. Section

1.3 gives a general introduction to conductive polymers and their application 

while section 1.4 focuses specifically on polyaniline (PANI) as one of the 

selected conductive polymers. Section 1.5 provides an introduction to silica sol- 

gel preparation, applications, advantages, disadvantages and corrosion 

protection application for aluminium alloys.

Chapter 2 describes the techniques used in this study. Section 2.1 presents the 

techniques used in the corrosion performance measurements namely;

3
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Electrochemical Impedance Spectroscopy and Salt Spray Testing. Section 2.2 

gives a brief introduction to the characterisation techniques used in this study 

notably, Scanning Electron Microscopy, X-Ray Photoelectron Spectroscopy, 

Transmission Electron Microscopy and Fourier Transform Infrared 

Spectroscopy. Section 2.3 present the techniques used to investigate the 

mechanical properties of the coating.

Chapter 3 presents the experimental work which illustrates polyaniline 

preparation, coating preparation, samples preparation with the results from 

these experiments being given in Chapter 4. A discussion of these results is 

presented in chapter 5 and the conclusions and future work are given in chapter

6 .
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CHAPTER 2 

LITERATURE REVIEW

2.1 CORROSION

Corrosion is an electrochemical process based on the universal laws of nature. 

It is the destruction or deterioration or surface wastage of metals or alloys due 

to oxidation and reduction reactions resulting in the formation of corrosion 

products [1][2][3]. Corrosion does not include wear or other mechanical effects 

[2], All metallic structures can corrode. It is just a question of "at what rate" they 

will corrode.

2.1.1 Aspects of Corrosion Damage

The detrimental and economic consequences of corrosion can be briefly 

summarised by the following main aspects [1];

1. Poor appearance of rusted objects.

2. Loss of valuable products.

3. Effects on operational safety.

4. Effects on products reliability.

5. Environmental impact.

2.1.2 Cost of Corrosion:

The degradation by corrosion of structural and functional components is a huge 

cost to modern industrialized economies. The cost is not simply the 

replacement value of a corroded component but also the indirect costs including 

any product and production loss, maintenance etc. The original [4] cost of 

corrosion survey estimated that the cost to the UK economy is between 3-4% of 

Gross National Product (GNP) per year. Although more limited in scope this 

concluded that the cost is still of the order to 2-3% of NGP per year. On a more
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personal note, the corrosion costs around £600 per capita per year; it is 

equivalent to around 1-2p/£ for each tax-payer.

Similar surveys undertaken in the USA and Japan also arrived at a similar 

annual cost, with the total annual estimated direct cost of corrosion in the USA 

amounting to a staggering $276 billion; approximately 3.1% of the GNP. This 

suggests that, although corrosion management has improved over several 

decades, industry must find more and better ways to encourage, support, and 

implement optimal corrosion control practices [5].

2.1.3 Forms of Corrosion

Corrosion may be classified into several forms. The basis for this classification 

is the appearance of the corroded metal surface. Each form can often be 

identified by mere visual observation. These forms include:

1. Uniform or general corrosion attack.

2. Localised corrosion.

3. Galvanic or bimetallic metals corrosion.

4. Crevice corrosion.

5. Pitting corrosion.

6. Selective corrosion.

7. Flow-Induced Erosion-Corrosion.

8. Stress corrosion synergy, e.g., stress corrosion cracking, corrosion fatigue, 

and hydrogen embrittlement [6].

This arbitrary listing covers practically all corrosion failures and problems. The 

forms are not listed in any order of importance.

2.1.4 Corrosion Control

The job of a corrosion engineer is to minimise or mitigate this process. A 

number of measures can be applied to reduce the corrosion rate. The three key 

aspects of corrosion protection are material selection, design, and control of the 

environment. These measures can be treated as follows: material selection, 

design, control of the environment, cathodic and anodic protection and coating.

6
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2.1.4.1 Coatings

Protective coatings are probably the most widely used approach adopted for 

corrosion control. Coatings can be classified as:

1. Metallic coatings.

2. Non-metallic coatings.

3. Conversion coatings

The polyaniline and sol-gel coatings will be reviewed in detail later in this 

chapter.

2.2 ALUMINIUM

Aluminium [7] is the most used non-ferrous metal. Aluminium has many 

advantages, lightweight, thermally and electrically conductive, ease of recycle, 

easily recycled, variety of alloys ...etc.

One of the most important properties of aluminium and its oxide (naturally 

produced when it is in contact with air) is that it is non-toxic material. This 

property allows aluminium to be used in food industry

Aluminium [6] is the lightest metal with exception of magnesium, with the 

highest strength to weight ratio. This ratio makes aluminium to be the most 

suitable metal in the aircraft industry.

Pure aluminium has good corrosion resistance properties; however, it has bad 

strength and ductility. Alloying elements are added to pure aluminium to 

improve its mechanical properties and to meet the technical demands of 

different applications.

About 15 [6] alloying elements are used with aluminium; usually less than 10 

weight percent of the alloy, both can change the material properties.

Aluminium alloys are classified into two types: wrought alloys, need work to 

shape, and cast alloys which poured in a molten condition into a mould or ingot 

that gives their shape.

2.2.1 Aluminium 2024

Aluminium 2024 (AA 2024) is perhaps [6] the best known of the aerospace 

alloys and most widely used alloy in aircraft.

7
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AA 2024 has copper as its main alloying element being added at normally 3.8 - 

4.9 % levels. It is used in aircraft industry because of its high strength to weight 

ratio, and its good fatigue resistance.

Normally 2024 AA has a composition showed in Table 2-1

Table 2-1 2024-T3 composition

Cu Mg Mn Fe Si Zn Ti Cr Others Al

3.8-4.9 1.2-1.8 0.3-0.9 0.5 0.5 0.2 0.15 0.1 0.15 rest

The most common alloy is the AA 2024-T3 grade, where T3 refers to the heat 

treatment applied to the alloy, in this case AA 2024-T3 has a solution treatment 

at 495 °C for 48 hours (hot work) to dissolve the alloying elements into a single 

solid solution phase. Quenching in water results in a supersaturated solid 

solution (SSSS) of alloying elements in the aluminium. Finally, ageing at room 

temperature is carried out to control the decomposition of the SSSS to form 

finely dispersed precipitates. The dispersion of precipitation controls the 

mechanical properties of the alloy. Full details of these processes and the 

resulting microstructures are outside the scope of this study.

All SSSS particles are showed in Table 2-2 with their area percentage in the 

alloy matrix.

Table 2-2 SSSS Particles and area percentage

Intermetallic particals type Volume %

AI2CuMg 2.69

AI6(Cu.Fe.Mn) 0.85

AI2Cu2Fe 0.17

(AICu)eMn 0.37

Whilst the high strength of AA 2024-T3 is a consequence of the presence of 

these fine particles, the alloying elements significantly decrease the corrosion 

resistance compared to that of pure aluminium. Moreover, the inhomogeneous
8
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distribution of Cu combined with the presence of these IMP originate local 

galvanic cells [8].

The presence of IMPs form galvanic sites in the alloy matrix for example, 

copper rich Al2-Cu-Mg particles act as anodic then cathodic site with respect to 

aluminium matrix. These galvanic sites make 2024 AA susceptible to localised 

corrosion notably pitting corrosion.

2.2.2 Corrosion of Aluminium

Due to its highly electronegative standard electrode potential (« -1600 mV 

versus SHE), aluminium is naturally oxidising, in air and water, forming a stable 

uniform passive oxide film covering a few nanometres on the surface of the 

metal;

2AI+ 3 /2 02 -+A120 3 (2 -1 )

This passive oxide film prevents the corrosion of the underlying metal by 

reforming when the metal is scratched or damaged.

The formation and stability of different Al species can be seen from the 

Pourbaix diagram which represents the relationship between the metal 

electrode potential and pH. It is clear from Pourbaix diagram that aluminium is 

passive in pH range of 4-8.3 while outside this pH range it is corroded under 

acidic and alkaline conditions. These regions are shown in Figure 2-1 and 

include;

a) Immunity region: here the metal is considered to be totally immune from 

corrosion attack.

b) Passive region; Here the metal is covered with an oxide that protects the 

metal from the environment.

c) Corrosion region: Here the metal is susceptible to corrosion attack.

The data taken from the Pourbaix diagram is significant however, many factors 

need to be taken in consideration for example; nature of medium, temperature, 

and the alloying elements. Furthermore, the diagrams are for equilibrium 

conditions and do not provide any information on the rate of corrosion.

9
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Figure 2-1 Pourbaix Diagram of aluminium at 25°C[7]

Aluminium alloys [7] are usually susceptible to localised corrosion (pitting 

corrosion) caused by a breakdown of the passive film. Whilst the mechanism of 

pitting is often complicated, it generally consists of two stages; initiation and 

propagation.

A pit can initiate following absorption of chloride ions into the passive film. This 

generally occurs at a weak point in the film, for example at an intermetallic 

particle (IMP). Whether the pit will stop growing (metastable pit) or continue to 

grow (stable pit) will depend upon the alloy and electrolyte compositions. If the 

pit remains active, it will propagate according to the oxidation of Al;

2 A I  ->  2 A l +3 +  6e~ (2 - 2)

And oxygen or/and hydrogen reduction depending upon the electrode potential 

of the metal and the pH of the solution;

10
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O? + 2H 10  + 4e~ —» 40H~ (2 -3 )

0, +4H + +4e~ ->2H?0 (2 -4 )

2 H + +2e~ - * H . (2 -5 )

H 0O + 2e- -+ 2 0 H - +H. (2 - 6)

For the neutral and alkaline solutions, reduction of dissolved oxygen and 

hydrogen formation will take place (equation 2-3). However, within an acidic 

solution, the reduction reaction is represented by hydrogen ion reduction 

(equations 2-4 and 2-5).

In case of absence of oxygen and hydrogen ions, water reduction will take place 

(equation 2-6).

The creation of Al3+ ions within the pit, via dissolution of Al, leads to ion 

migration of Cl' ions (charge attraction) into the pit leading to the formation of 

chloride complexes, for example, AICI4+.

Hydrolysis of aluminium ions will lead to the formation of H+ ions (acidification), 

which will lower the pH of the pit (ca. < 3).

A l+3 + 3H20  -» Al(OH)3 + 3H + (2 -  7)

In this case, the solution inside the pit becomes more aggressive causing 

further Al dissolution and auto-catalytic propagation of pitting. Figure 2-2 is a 

general schematic of the pitting corrosion mechanism of aluminium.
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In AA2024, pitting corrosion after initiates at the location of the intermetallics, 

which cover about 3% of the surface area of the alloy. The majority (60%) of 

intermetallic sites are S-phase, composed of AI2MgCu [8], which are 

electrochemically active (anodes) with respect to the alloy matrix. The chemical 

and electrochemical dissolution of magnesium and aluminium from AI2MgCu 

particles occurs at the initial stages of the corrosion process leading to 

enrichment of copper at those sites [8][9][10]. The intermetallic precipitates lead 

to separation of anode and cathode sites causing deep dealloying (pits). Pits 

containing copper inside which redeposit as a thin film around the pits due to 

the chemical dissolution of copper. The redeposition of copper has an important 

role in the development of localised corrosion as this causing an increase in the 

cathodic area thereby supporting an increased anodic current density in the pit 

[11]. Figure 2- 3 shows a schematic of the corrosion AA containing IMPs.

Bulk environment

(neutral pH)

Acid
solution

Alkaline
environment

a i (o h >3

Redeposited Cu 

Oxide \  M

Deformed/modified/ 
dealloyed layer

Dealloyed
layer

Intermetallic
particle
(cathode)

Al matrix 
(anode)

Intermetallic
particle

Figure 2- 3 Mechanism of pitting corrosion of aluminium 2024 [11].

Thus, the suppression of S-phase dealloying and copper redeposition can be an 

effective strategy of inhibition of localized corrosion on AA2024. Organic

12



Chapter 2 Literature Review

compounds that are able to form insoluble complex compounds with 

components of the S-phase are potential candidates to provide strong inhibiting 

action

For some applications AA2024 can be clad with a thin layer of pure aluminium 

to improve its corrosion properties. However, this thin layer affects the alloy 

strength and can be damaged.

Chromate conversion coatings have historically been used in protection of clad 

2024-T3. The corrosion protection mechanism of the conversion process is 

considered to involve the reduction of Cr (VI) by electrons released during 

anodic dissolution of Al. A protective hydrated of chromium (III) film forms as 

shown in equations 2-8 and 2-9 [12].

2AI —» 2Al+3 +6e~ (2 -8 )

Cr20 72~ + 8H + + 6e~ -» 2Cr(OH)3 + H 20  (2 -9 )

Once Cr (III) is formed, it is irreversibly adsorbed onto the metal surface forming 

a near-monolayer film. This film is nonconductive and inhibits (blocks) the 

adsorption of oxygen on the surface. Moreover, it inhibits further Cr(VI) 

reduction [13]. However despite this effective corrosion protection, the 

personnel exposure limit for hexavalent chromates has been reduced to a level 

(1pg/m3 according to National Institute for Occupational Safety and Health, 

USA) [14] such that industry finds compliance difficult. Due to its toxic and 

carcinogenic effects of these materials, Cr(VI) based systems are facing a 

world-wide ban.

Hence the new trend in corrosion protection technology is to replace these 

kinds of coatings with "environmentally friendly" coatings. In this respect 

conductive polymeric and sol-gel coatings are potential replacement of 

chromate coating.
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2.3 CONDUCTING POLYMERS

Conducting polymers are a prospective class of new materials that combine 

processability and flexibility of polymers with electrical and optical properties of 

metals and semiconductors. There are many examples of organic conductive 

polymers, such as polyaniline, polypyrrole, polythiophene and polyacetylene. 

The first cited information regarding polyaniline dates back to 1862 by H. 

Letheby, while its four oxidation states were not discovered until the beginning 

of the 20th century. The first synthesis of conductive polyacetylene was by 

Shirakawa, MacDiarmid and Heeger in 1977 [15]. They found that a thin film of 

polyacetylene could be oxidised with iodine vapour, increasing its electrical 

conductivity by a factor of 109. The importance of this discovery was highlighted 

in 2000 by awarding the Nobel Prize in chemistry to the authors of this 

achievement [16].

Interest in the study of conductive polymers has increased dramatically over the 

last 25 years as a result of the advantages of using conductive polymers, 

notably that they are light, inexpensive and easily processed. The electrical 

conductivity of these polymers is considered to be intermediate between 

insulators and metals; with a specific conductivity of range 10'9-106 S/cm. Figure 

2-4 shows the specific conductivities of conductive polymers with respect to 

metals and insulators.
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Figure 2-4 Specific conductivity of conductive polymer with respect to metals and

insulators [17]

Electrically conductive polymers have attracted great attention because of their 

unique electrical and optical properties that can be useful in numerous 

applications for example consumer electronics and antistatic textiles. Among 

the most exciting applications is the use of conducting polymers in light-emitting 

devices (LEDs), replacing silicon as the traditional substrate material for clock 

radios, audio equipment, televisions, cellular telephones, automotive dashboard 

displays [18].

Current examples of these applications include conductive polymers as both 

cathodic and solid electrolyte of batteries [19] [20]. Potential advantages of 

polymeric batteries include high reliability, light weight, non-leakage of 

electrolyte solution, thin film form, flexibility and high energy display. Currently, 

their conductivity is being explored in conducting adhesives, artificial muscles 

[21]. Other applications include electronic shielding [22] [23] [24], integrated 

circuit device sealed against moisture, radiation and ion contamination and 

conductive adhesives [25].
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Wide commercial utilization required further increase in intrinsic conductivity 

and improvements in the chemical properties and processability of these 

conductive polymers [26].

2.3.1 Conductivity of conductive polymers

Material electrical properties can be determined by its electronic structure. 

According to band theory, the Highest Occupied Molecular Orbital (HOMO) 

represents the valence band and the Lowest Unoccupied Molecular Orbital 

(LUMO) represents the conduction band. The difference between these two 

bands is called the band gap. The electrical properties of a material depend 

upon the width of the band gap. When electrons from the valence band are 

excited into the conduction band, electronic conduction occurs.

When the energy gap between the valence band and the conduction band is of 

the order of several electron volts, the material remains an insulator. However, if 

this gap is below 1 eV, material is considered as a semiconductor and when 

there is an overlap between the two bands, the martial would be conductive as 

shown in Figure 2-5.

Conduction
band

CD

CDC
UJ

Valence
band

Overlap

Insulator Semiconductor Conductor

Figure 2-5 Energy band in solids.

For polymers, Carbon atom has 6 electrons outside the nucleus, 4 of them are 

the valance electrons. Carbon atom can have sp3 hybridization, one s orbital 

and 3 p orbital forming saturation compound.

In saturated polymers, carbon atoms are bonded to 4 neighbouring atom to 

saturate the valance orbital such as polyethylene (CH2)n which has a big band 

gap of 8.8 eV[17] and so is insulator.
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The main electronic feature of conducting polymers is the TT-conjugated system 

which can consequently undergo sp2 hybridization, one s orbital and 2 p orbital, 

to form unsaturated compounds. In this hybridization, one p orbital, Pz, is left 

without any effect and overlaps with the neighbour carbon atom forming n  bond. 

The TT-conjugation of the polymer chain generates high energy occupied and 

low energy unoccupied molecular orbital leading to a system that can be readily 

oxidized or reduced [27]. Most organic conjugated polymers have a band gap 

greater than 1.5 eV, which means these polymers are intrinsically insulating, 

however, doping organic polymers increases the conductivity [27]. Removal of a 

charge from the valance band generates a radical cation whose energy lies in 

the band gap, this cation is called polaron. It stabilizes itself by polarizing the 

medium around it and hence its name.

When a second electron is removed from the system, it creates another polaron 

or bipolaron.

The formation of a polaron or bipolaron accompanied by distortion of lattice or 

structural deformation, leads to an upward shift of the valance band and a 

downward shift of conduction band and presence of two localized electronic 

states in the gap as shown in Figure 2-6 [27].

u>
a_

CUU
u>c
inTO
<s>V—
c

VB

undoped polymer doped polymer heavily doped polymer

VB= valence band; CB=conduction band 

Figure 2-6 Illustration of energy levels and allowed transition of polaron and bipolaron
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This leads to a new, smaller band gap, therefore increasing conductivity by 

decreasing the ionization energy required for an electron to move from the 

valance band to the conduction band.

2.3.2 Corrosion Protection using conductive polymers:

The materials being used for corrosion protection are coming under increasing 

scrutiny by environmental organisations. The use of chromium and cadmium for 

corrosion protection will soon be banned. Barrier coatings, such as epoxy, are 

employed extensively; however, they are not very durable/robust once a defect 

in the coating has been formed. The corrosive species then attack the 

underlying metal and, thereby, increase the exposed surface, accelerating the 

corrosion process.

The corrosion inhibiting properties of conducting polymers were suggested by 

MacDiarmed in 1985 [28]. The initial study on the protection of metal against 

corrosion by conducting polymers was reported in the same year by DeBerry 

Polypyrrole has been used for the protection of various metals. Previous studies 

utilizing polypyrrole as a corrosion protection coating shows that it works quite 

well [29] [30]. Much work on corrosion protection has focused on PANI [31] [32] 

[33] [34]; however studies have extended to other types of conducting polymers 

[35] [36].

There are several proposed mechanisms for corrosion protection of conductive 

polymers. These include, simple galvanic coupling by which the polymer has a 

lower oxidation potential than the metal it is protecting [37]; an alternative 

mechanism is by the formation of an oxide protective layer [38], alternatively the 

polymer may cause a shift of the electrochemical interface from metal solution 

interface to the polymer/ solution interface [39].

2.4 POLYANILINE

Polyaniline is one of the oldest known synthetic organic conductive polymers. In 

1862 Letheby obtained a partly conductive material which was polyaniline by 

anodic oxidation of aniline in sulphuric acid, [16]. There was little interest until 

the late 1970's when a sudden resurgence in polyaniline research occurred as a
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result of its unique electrical and optical properties. The continuously growing 

interest in the study of PANI may be illustrated by the number of publications 

published in this area as shown in Table 2-3.

Table 2-3 Publications relating to PANI released over the last 20 years

Publication year No. of publication

2008 1245

2007 1140

2006 1014

2005 968

2004 825

2003 776

2002 702

2001 700

2000 555

1997-1999 1682

1986-1989 948

This interest is caused by the unique properties of PANI; notably that it is 

relatively cheap, easy to synthesise and very stable under a wide variety of 

experimental conditions. PANI exists in three oxidation states, as shown in 

Figure 2-7 , changing from the completely reduced leucoemeraldine, all nitrogen 

atoms are amine, through the emeraldine base, half of the nitrogen atoms are 

amine where other half is imine, up to the completely oxidized pernigraniline, all 

nitrogen atoms are imine [18].
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Figure 2-7 The oxidation states of PANI [18].

The electrical and optical behaviour of these forms are strongly dependant on 

pH and dopant effects [40].

All these forms of PANI are insulating; however, electrically conducting 

emeraldine can be obtained by doping the emeraldine base (EB) in acidic 

medium forming the emeraldine salt (ES), as shown in Figure 2-8. Emeraldine 

is the most environmentally stable form of PANI. The conductivity of emeraldine 

salt depends upon the nature of the dopant [18].

Emeraldine Base /Insulator

+2 B+ + 2C r Protonic acid doping

Cl cr
Emeraldine Salt/ Conductor

Figure 2-8 Formation of ES from EB [18]
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The emeraldine base is a stable polymer with thermal stability to temperatures 

in excess of 420 °C. The doped polymers are significantly less stable, and their 

thermal stability varies with the dopant [41].

Polyaniline has been used in many applications; including rechargeable 

batteries, electrochromic display devices, intelligent windows, transparent 

electrode, electromagnetic impulse shielding, sensors, gas separation 

membranes, solar cells, fuel cells, corrosion protection, printed, circuit board 

and transparent conductive coatings[42] [43] [19] [24],

2.4.1 Polyaniline Preparation

Polyaniline can be easily prepared by oxidative polymerisation of the aniline 

monomer in the presence of various acids. This can be achieved chemically 

using an appropriate chemical oxidant or by electrochemical oxidation on 

different electrode materials.

A great deal of research [44] [45] [46] [47] has been carried out in this area due 

to the different properties of the (e.g. conductivity and solubility). These 

properties depend upon the preparation technique used and synthesis condition.

2.4.1.1 Chemical preparation

Chemical synthesis is the major commercial method of producing polyaniline. 

The chemical polymerisation of distilled aniline is carried out by its oxidation 

with an oxidant, for example, ammonium persulphate [48], ferric chloride [49], 

benzoyl peroxide [50] or potassium dichromate [51] in acidic medium. Different 

acids can be used to prepare polyaniline; such as sulphuric acid [48] or 

hydrochloric acid [52]. The acidic solution of the dissolved monomer is stirred 

and the oxidant solution is added dropwise to the monomer solution. The 

solution is kept stirring overnight to complete the polymerization. The polyaniline 

precipitate is then collected by filtration and washed with deionised water to 

ensure the removal of any un-polymerised monomer. The polymer powder is 

dried at 60°C for 48 hours. The material obtained by this method was identified 

as the emeraldine salt [48] of the acid used.

The emeraldine salt was completely converted to the emeraldine base by 

deprotonation with strong alkaline solution, usually ammonium hydroxide
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Due to the poor solubility of polyaniline in common solvents, numerous studies 

have been carried out to identify the optimum method for dissolving the 

polyaniline. These approaches include substitution of alkyl chains to the 

nitrogen atom [53] or benzene ring [54]. However, substituted soluble 

polyaniline is less conductive than the unsubstituted polymer [55]. Another 

successful approach used for producing soluble polyaniline is to employ an 

organic acid, in particular sulphonic acid, as a dopant for the polymer. Such 

acids include dodecylbenzene sulphonic acid [56] [57] and Camphorsulphonic 

acid [58]. Furthermore, the copolymerization and blend with other polymer were 

conducted to improve the processablity of polyaniline [59] [60].

2.4.1.2 Electrochemical preparation

The electrochemical technique is often used to prepare polyaniline in order to 

overcome the processablity problems associated with the polymer. 

Electrochemical synthesis provides a homogeneous film deposited on the 

surface of the working electrode. A wide range of working electrodes has been 

used in the electrochemical preparation of polyaniline.

Preparation may be carried out using a potentiostat-galvanostat system. A three 

electrode system is used where the working and counter electrodes are 

separated from each other by a porous glass disk. Typically the counter 

electrode is a platinum plate and a silver chloride Ag/AgCI wire is used as the 

reference electrode. A cyclic voltammogram (CV) technique is used to follow 

the electrochemical oxidation of aniline in acidic medium [61]. Figure 2-9 shows 

an example of the cyclic voltammogram of a PANI film in which H2S04 was 

used as the acidic medium.
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Figure 2-9 Cyclic voltammetry for PANI film, 1 M H2S 0 4, 50 mV/s.[61].

Two main redox pairs were observed in the voltammogram. The first redox pair 

(peaks a and a’) are attributed to the leucoemeraldine -emeraldine transition, 

whereas the second (peaks b and b’) are attributed to the emeraldine- 

pernigraniline transition. However, during the second voltammetric cycle, two 

intermediate peaks of relatively low intensity were observed between 0.6 and 

0.9 V (peaks d and d'). These peaks have been associated with the degradation 

of PANI at potentials around 0.9 V when benzoquinone and a range of insoluble 

products are produced [62],

The electrochemical activity of PANI depends mainly on the pH of the medium; 

in neutral and alkaline media PANI loses its electrochemical activity [18].
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2.4.2 Mechanism of Oxidative Polymerization of Aniline

The most generalized mechanism of aniline is based mainly on the kinetic 

studies of the electrochemical polymerization of aniline as shown in Figure 2-10.
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Figure 2-10 Mechanism of the polymerization of aniline [18]

The slowest step in the polymerization of aniline is the oxidation of the aniline 

monomer to form dimeric species. The dimers are immediately oxidized and 

then react with an aniline monomer via an electrophilic aromatic substitution, 

followed by further oxidation and deprotonation to afford the trimers. This 

process is repeated, leading eventually to the formation of PANI [18].

2.4.3 Conductivity Range

The electrical conductivity of Polyaniline can be controlled over a wide range. 

Polyaniline conductivity depends on the oxidation state and the type of dopant. 

The full range of conductivity ranges from 10'9 for undoped polyaniline to 11.9 

S/cm for the hydrochloric acid emeraldine salt as shown in Table 2-4. This wide
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range of conductivities of polyaniline allows polyaniline to be used in numerous 

applications one of these application is conductive coating.

Table 2-4 Conductivity of PANI using different dopants. [63], [64]

Acid Conductivity (S cm-1)

Hydrochloric 11.9

Sulphuric 10.1

Methanesulfonic 9.7

Nitric 7.7

Phosphoric 4.8

Hydrobromic 4.7

Dodecylbenzenesulfonicc 4.4

Camphorsulfonic 3.1

Hydrofluoric 1.4

Succinic 0.28

Formic 0.21

Tartaric 5.5x10'*

Acetic 4.2 x10'*

Dedoped 3.9 x10’a

2.4.4 PANI-Based Corrosion Resistant Coating

Conductive polymers have three main problems with respect to corrosion 

protection: Firstly: the dopant may itself activate substrate corrosion. A dopant 

is necessary to balance the electrical charge but it may interact with the 

electrolyte. In NaCI solution anionic dopants will facilitate the penetration of Cl' 

ions by an ion exchange mechanism. Therefore, conductive polymers can 

weaken the barrier properties of resins within a paint. Even if the coating is in 

contact with salt free water, the dopant can induce an osmotic pressure which 

may lead to the delamination of the coating. Secondly: the polymeric backbone 

is difficult to dissolve or disperse in common solvents finally: the dopants in
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aqueous environments, at pH values above 4, leach from the conductive 

polymer into the solution [62].

DeBerry was the first to report the corrosion inhibition effect of PANI [28] . He 

electrodeposited PANI on stainless steel (SS) 410 and 430 using cyclic 

voltametery (CV) The CV was carried out in a solution containing aniline and 

perchloric acid by cycling the potential of the working electrode from -0.2 to 1.0 

V versus a saturated calomel electrode (SCE). The coated SS samples 

subsequently remained passive for a period of 50 days, in 0.1 M H2S 04 acidic 

solution. In the presence of chloride ions (0.15M Na2S04 +0.05M H2SO4+0.1M 

NaCI) PANI coated samples showed no evidence of pitting corrosion for more 

than 30 days. Moreover, when PANI was removed by scratching the electrode 

to expose the substrate to the corrosive medium, the open circuit potential 

(OCP) went down and rose again. This result suggested that the PAIN “healed” 

the ‘damaged’ passive layer of the SS and has the potential to be used as an 

anti-corrosion coating.

Since the publication of this report a great deal of interest in the corrosion 

properties of PANI has been taken place. Most of the PANI corrosion research 

has been focussed on the corrosion application of ferrous based materials. At 

the time, little studies on the corrosion protection of Al alloys using polyaniline 

had been carried out.

10 years later, in 1995 Racicot et al [65] found a way to overcome the adhesion 

problem of PANI by combining PANI with other polymers. The authors formed a 

new co-polymer consisting of PANI and polyvinyl, containing carboxylic acid to 

facilitate processing and adhesion performance. The new co-polymer was 

applied on AA 7075 and the following two types of corrosion tests were carried 

out;

1) Polarization in 0.5 N NaCI. This test showed that the new co-polymer 

reduced the corrosion current by two orders of magnitude below that of the 

uncoated sample and the corrosion potential increased by 50 mV above than 

that of the bare sample. Moreover, the sample was polarized anodically to 

+700mV and no pitting appeared. The polarization curve of the coated sample 

was compared with a sample that anodized in 1N H2S 04. Both of samples
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have similar corrosion behaviour. These results suggested that a passive 

layer was formed.

2) Coated samples were scratched and immersed in 0.5 N NaCI. The scratched 

samples showed no pitting or undercutting of coating after seven days of 

immersion. The authors suggested that the formation of a protective layer by 

oxidation of the Al surface was due to galvanic coupling with the electroactive 

polymer. The mechanism implied the capability of the coating to ‘self-heal’ by 

forming a passive layer

Racicot and co-workers, [66] continued their work with PANI and prepared a 

double strand complex of unknown polyanione molecule, serving as a dopant, 

and PANI. This complex showed the characteristics of a conductive polymer, 

moreover, it could be dispersed in a suitable solvent and the dopant contributed 

to good adhesion with the metal substrate.

A thin film of the double strand coating was applied on AA 7075 and then 

immersed in 0.5M NaCI (pH=3.6) solution. After three months, the coated 

sample showed less pitting than the bare sample. An electrochemical 

impedance spectroscopy study in 0.5M NaCI (pH=3.6) showed that the 

impedance of the double strand coated sample remained high (106 ohm) for 

three weeks. However, Alodine® a commercial chromate coating, coated 

sample was far less resistant to corrosion in this acidic salt environment and the 

impedance of the Alodine decreased by one order during the first three days.

In a further test, both samples were scratched and subject to salt spray testing, 

for 200 hours. Results showed that the scratch in the double strand coated 

remained sharp, however, the Alodine coated sample showed undercutting. The 

authors suggested that the double strand coating provided protection through 

the formation of an oxide film or oxide-like interfacial layer between the polymer 

and the metal surface. The authors postulated that if this layer remained stable 

against the corrosive anions, it would reduce the corrosion current.

Epstein et al [67] used PANI as an anti-corrosion for aluminium 2xxx and 3xxx 

series, where samples were coated (ca. 20 pm) with emeraldine base (EB) 

PANI and sulphonated PANI and then tested in 0.1M NaCI solution for 10 or 66 

hours. The potentiodynamic studies showed that the corrosion potential of EB
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coated samples were higher than that of sulphonated PANI coated samples. 

However, both potentials were more positive than that of uncoated samples. 

The corrosion current of coated samples were reduced tenfold from that of 

uncoated samples. An X-ray Photoeletron Spectroscopy (XPS) study revealed 

less corrosion for coated samples compared with uncoated samples. A sample 

of AA 3003 was coated by EB and then exposed to 0.1M HCI at 80 °C for 2 

hours. Another sample in which an aluminium film was evaporated on EB (on a 

glass slide) and exposed to HCI vapour. XPS was used to study the PANI/AI 

interface of both samples using depth profiling from the Al side. Reduced 

oxidation of the aluminium for both samples was seen as evidence of corrosion 

protection. The XPS study of the coated 2024 sample also showed a decrease 

or absence of copper in the top several hundred nanometres of the coated 

surface. The author suggested that the PANI coating played a role of dissolving 

the copper containing corrosion products which eliminated the galvanic coupling 

between the copper containing precipitates and aluminium matrix; thereby 

causing dramatic decrease in corrosion rate.

Several researchers [37], [68], [69] have attributed the corrosion prevention 

mechanism of a PANI coating to a shift in the corrosion potential to the passive 

region. Table 2-5 showed that polyaniline has a higher OCP than that of most 

active metals, including aluminium, zinc and magnesium.
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Table 2-5 Reduction potentials for a variety some active metals, chromate and 

conducting polymers

Redox couple
Reduction potential 

(vs. SHE at pH 7)

Mg/Mg+2 -2.36

Al/Al20 3 -1.66

Zn/Zn+2 -0.76

Fe/Fe+2 -0.44

Cr04 /C^Os 0.42

Polypyrrole -0.1 to +0.3*

Polyaniline 0.4 to +1.0*

Polythiophene +0.8 to 1.2*

*Dependent on the dopant, electrolyte and doping level, moreover, further range modification 

can be done by substitution.

However, the electrochemical mechanism of moving the mixed potential of the 

PANI/AI couple into the passive range of a metal (e.g. Fe) cannot operate for 

aluminium in the same way since the OCP of PANI at near neutral pH is greater 

than the pitting potential of aluminium.

In order to understand the corrosion prevention mechanism of PANI on 

aluminium, Cogan et al [70] coupled PANI, doped with camphor sulfonic acid 

(PANI-CSA), on Indium Tin Oxide (ITO) to AA in the corrosive solution.

The coupling of PANI on ITO with AA 2024-T3 in neutral 3.5 wt% NaCI in both 

saturated argon and oxygen solutions showed that the colour of PANI-CSA 

changed from green to blue colour in both solutions. The authors suggested 

that the corrosion mechanism of the PANI-CSA coated sample may be 

attributed to the reduction of the conductive form of PANI (ES) to the non- 

conductive form (LB) which acted as a barrier. However, PANI "healed” the 

corrosion defects; thus, the mechanism may be due to the residuals of solvent 

and/or oligomers and/or monomer from the polymerization process acting as 

inhibitors. In particular, the presence of residual monomer in the polymer
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obtained by electrochemical or chemical polymerization has been previously 

noted by Gospodinova et al [26].

Continuing their work, Racicot and his co-workers [71] prepared what they 

called "double strand PANl/polyacrylic acid" which was cast onto AA 7075 and 

AA 2024 substrates. A series of EIS measurements of the double strand sample 

was carried out in 0.5N NaCI solution with different pH values. It was found that 

PANI lost its ability to protect the aluminium substrate at pH=11 when its 

conductivity decreased.

The authors suggested that the protection may come from chemical 

transformation of the aluminium surface notably the oxidation power of the 

conductive form of PANI. They further concluded that the aluminium passive 

layer is a non-oxide passive layer and the conductive PANI form is not working 

as a barrier coating for ions and electrons. However, its ability to transfer 

charges at the polymer/metal interface is important for passivation of the metal 

surface within the corrosive environment.

Until this time, none of the above authors had addressed the question "How can 

PANI protect the aluminium alloys from corrosion?", or that is "what is the 

mechanism of protection?" Tallman et al [72] studied the interaction between 

PANI and aluminium alloys.

The corrosion performance of PANI coated AA 2024 and AA 7075 in dilute 

Harrison’s solution was evaluated using EIS and electrochemical noise method 

(ENM). PANI was doped with dinonylphthalene sulfonic acid and the coating 

thickness was 40 pm. During the first few days of immersion the impedance 

increased, about one order of magnitude. The ENM indicated strong 

interactions between the metal substrate and the polymer during this period. 

These interactions were accompanied by a decrease in solution pH. With an 

epoxy top coat (90-100 pm) PANI coated samples showed better corrosion 

resistance than that of the epoxy coat alone; however, PANI coated samples 

were not as good as Alodine coated samples.

PANI coated samples exhibited two interesting types of behaviour during 

immersion in dilute Harrison’s solution; 1) in the first ten days of immersion, 

PANI coated samples exhibited one order of magnitude decrease in impedance
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compared with that of an epoxy-only sample despite a higher coating thickness 

suggesting that PANI does not inhibit the charge transfer at the metal surface.

2) With prolonged immersion time, the impedance began to increase, which 

may be attributed to an interaction between the metal and polymer which in turn 

may be activated if sufficient electrolyte is present at the metal/polymer 

interface. The above results suggested the following mechanism:

2A l + 3 H 20  2A l20 3 + 6 H + + 6e~ (2 -1 0 )

3ES + 6H + + 6e~ <-> 3LB (2 -1 1 )

Then

3LB  <-> 3EB + 6 H + (2 -1 2 )

The increase in impedance may be attributed to the growth of an insulating 

oxide film at the metal/polymer interface.

The authors gave some suggestions; however, they did not provide any proof of 

what happened at the coating metal interface.

Later in 2002 [73], an XPS study on AA 5005 was carried out by Fujita et al to 

evaluate the changes at the PANI (EB)/AA5005 interfacial area. The AA5005 

samples were pre-treated with different pre-treatments;

1) Abraded only.

2) Etching in a sulphuric acid, sodium dichromate and cupper sulphate 

solution (68 °C for 10 min.).

3) Cleaning with a commercial borate cleaner (40-50(C).

The samples were then coated with PANI (EB) and placed in a humidity 

chamber. XPS analysis showed that the PANI (EB) is reduced in different ratios 

depending on the pre-treatment process; the abraded sample showed a higher 

reduction, while, the chromate pre-treatment showing the least reduction.

At the same time the aluminium is oxidized to hydroxide or oxy-hydroxide rather 

than aluminium oxide AI203.

Conroy et al [74] deposited PANI electrochemically on high purity aluminium 

(99.99%) at constant potential of 1.25V (SCE) in tosylic acid solution. The 

corrosion potential of the PANI coated sample was 450mV nobler that uncoated
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sample, however, the corrosion current of the coated sample was higher that 

uncoated one.

Kunal et al [75] deposited PANI electrochemically on AA 2024-T3 substrates 

from an oxalic acid solution containing the aniline monomer. Oxalic acid reacted 

with the aluminium forming a passive aluminium oxalate layer. As the reaction 

preceded the aluminium oxalate film was covered by PANI. The minimum 

potential for PANI preparation was found to be 3.0 V versus SCE. A 

potentiodynamic study in 3.5 wt% NaCI solution showed that the corrosion rate 

of the PANI coated sample was lower than that of the uncoated samples. 

Moreover, the corrosion current and corrosion potential were found to be 

dependant on preparation conditions, e.g., preparation current density and time.

Huerta et al [76] obtained the same results as Kunal [75]. Huerta et al prepared 

a very adherent PANI film electrochemically on AA 2024-T3 from an oxalic acid 

solution containing the aniline monomer. It was prepared by applying an anodic 

current density of 1mA/cm2 for 500 s. The open circuit potential, in 3.5 wt% 

NaCI solution, was shifted positively only 65mV from that of the uncoated metal. 

However, the corrosion current of the coated sample was higher than that of the 

uncoated one. The authors suggested that may be due to the corrosion current 

of the coated sample included the oxidation of PANI and that the active area of 

the electrode was unknown. The EIS study showed that the impedance of the 

PANI coated sample initially increased and then began decreasing after 5 days 

in the solution. Furthermore, a new time constant appeared after 24 hours 

immersion in the solution. The change in phase angle was attributed to the 

formation of Al20 3. For long term immersion, the PANI coated sample did not 

show severe corrosion when immersed in 0.1 M NaCI solution for 2.5 months. 

The authors suggested that the corrosion prevention of AA2024-T3 may be 

attributed to the formation of a compound with the re-deposited copper on the 

surface thereby, avoiding Al-Cu galvanic coupling.

When aqueous aniline monomer [77] and polyacrylic acid solutions are mixed, 

aniline binds to the polyacrylic acid backbone due to intermolecular forces 

including hydrogen bonding and electrostatic attraction. After the mixture is 

acidified, aniline is polymerized by an oxidant such as sodium persulphate. The
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prepared double strand PANI is stable in its conductive form over a range of pH 

values from 0 to 9. The prepared double strand was dispersed in a commercial 

water-bone epoxy paint and applied to the surfaces of 2024, 7075 and 6061 

aluminium alloys giving a coating thickness of about 20 pm.

An EIS study showed that the impedance values of coated samples dropped by 

three orders of magnitude when PANI converted from the conductive to non- 

conductive form. This result suggests that the corrosion protection of PANI 

coated samples is related to its conductivity.

Salt spray tests for scratched samples (1000 hours) showed that the double 

strand PANI exhibited neither undercut nor blistering although accumulation of 

white aluminium oxide at the scratch line was obtained. However, the control 

"epoxy containing PANI" coated sample showed blistering of the coating near 

the scratch.

Immersion in sea water (pH =8) for 40 days revealed blistering of the epoxy 

control sample, however, the double strand PANI containing sample showed 

substantial resistance to blistering and subsequent corrosion.

For testing the resistance of samples to filiform corrosion, samples were 

scratched and then dipped in HCI solution for two minutes followed by air-drying, 

then placed in 85% humidity chamber for 6 days, this cycle was repeated for 8 

weeks. The PANI double strand sample showed less filiform corrosion than that 

of an epoxy control sample.

Huerta et al [78] electrochemically prepared a conductive co-polymer of 

polyaniline and polypyrrole (PPY) on both carbon steel and AA2024-T3. The 

polymerising solution contained oxalic acid and different relative monomer 

concentrations.

The corrosion performance of the coated samples was influenced significantly 

by the electrochemical deposition parameters.

The DC polarisation study of PANI and PANI/PPY coated AA2024 showed that 

the copolymer offered a better corrosion performance than single polymer 

coated sample; the corrosion current being decreased by two orders of 

magnitude and the corrosion potential increased by about 600mV.

Huerta et al [79] had continued preparing PANI electrochemically. This time 

PANI was prepared electrochemically on AA1050, using anodic activation of the
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substrate in nitric acid containing aniline. The anodic pre-treatment made the 

aluminium surface porous and resulting pits were filled with PANI. This pre

treatment improved the corrosion resistance in 0.1M NaCI; the current density 

of the pre-treated sample was about two orders of magnitude less than that of 

the bare sample. Since the electrochemical technique is not practical, Huerta et 

al [80] tried to improve the processability of PANI by chemical co-polymerisation. 

A PANI co-polymer with O-anisidine was chemically synthesised. The co

polymer was applied by both chemical and electrochemical methods on 

stainless steel, SS304, and AA6061. The copolymer offered better corrosion 

protection for both substrates. The corrosion potential of SS304 was markedly 

ennobled; however, the change in corrosion potential of AA6061 was improved 

but less than that of the SS. The solubility in common solvents remained a 

challenge

The effect of sulphonic acids, as dopants for PANI, for the corrosion prevention 

of AA3003 was investigated by Ogurtsov et al [81]. PANI was doped by p- 

toluene-sulfonic, camphorsulfonic and dodecylbenzenesulfonic acids and 

applied on the metal surface. The corrosion resistance of PANI with artificially 

created defects (hole) was evaluated by EIS in aqueous 3.5% NaCI and 0.1 N 

HCI solutions. The results were compared with undoped PANI and bare metal. 

The undoped PANI showed the highest corrosion resistance, however, PANI 

doped with camphorsulfonic and dodecylbenzenesulfonic acids showed less 

corrosion protection than bare metal in both corrosive solutions. The undoped 

PANI showed better corrosion inhibition in neutral solution than in the acidic 

solution.

Kendig et al [82], [83] used PANI not only as a corrosion prevention material but 

also as a film that can be tailored to release corrosion inhibitors on demand. 

PANI was doped with 1- pyrrolidine dithiocarbamate; an oxygen reduction 

reaction inhibitor (ORR) and applied on the AA2024-T3. When PANI was 

reduced the dopant would be released causing a two fold effect on inhibition of 

corrosion. A rotating disk electrode was used to measure the cathodic current 

density and a UV technique was used to detect the released inhibitor. A salt fog 

test using a scratched sample showed only slight tarnishing in the scratch after
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48 hours of exposure. This result demonstrates the effectiveness of 

incorporation of an ORR inhibitor in the protective coating based on PANI for 

AA2024.

Seegmiller et al [84] improved the mechanical properties of PANI by mixing it 

with a nonconductive polymer. PANI doped with camphorsulphonic acid (PANI- 

CSA) in m-cresol was mixed with polymethylmethacrylate (PMMA) and applied 

on AA 2024-T3 substrate. PMMA improves the mechanical properties of PANI 

and it is miscible with the PANI-CSA solution. The coating thickness was 10 pm. 

The OCP measurement in 10 mM H2S04 (pH=2) showed that the PANI/PMMA 

coated sample has higher OCP than that of the bare and PMMA samples. The 

OCP of the PANI/PMMA coated sample was -0.12 V (vs. Ag/AgCI) suggesting 

the oxygen reduction reaction is not likely to be significant. A Raman ex situ 

study showed that the PANI was partially reduced by the aluminium substrate 

after immersion in the solution for 15 hours. A scanning electrochemical 

microscope combined with Raman microscope was used to study scratched 

samples. This study showed that a PANI blend can inhibit corrosion in the 

damage site. While the absence of PANI led to hydrogen evolution taking place. 

Raman microscopy revealed that PANI is reduced near the scratch and this 

reduction decreased away from the scratch. The authors suggested that the 

mechanism of protection of AA2024-T3 is a combination of growth of protective 

oxide film and a shift in the metal OCP to a higher potential which suppresses 

both hydrogen evolution and oxygen reduction. The later would inhibit OH' 

production, thereby preventing damage of the alloy surface by dissolution of its 

protective oxide film.

Yang et al [62] related the anti-corrosion properties of PANI to its oxidation 

power. Typical PANI contains about 1000 repeating monomer units. The doped 

form may have about 100 positive charges carried on a polymeric chain 

(PANI)+10° which means (PANI)+10° is an oxidant with oxidation potential E=0 (vs. 

SCE) when it is in equilibrium with air. In this case, (PANI)+10° can oxidize 

aluminium as follows

(PANI)+10° + Al + 3/2 H20  ---------------► 1/2 Al20 3+ 3H++ (PANl)+97 (2-13)

35



Chapter 2 Literature Review

The oxide produced is not necessarily adherent and passive but it is possible 

that it is formed at an appropriate rate to prevent the initiation of any pitting 

corrosion.

In support of this, charging/ discharging of PANI electrochromic windows can 

undergo 105 cycles, moreover, (PANI)0 spontaneously changes in air to 

(PANI)+10°. PANI was prepared using the backbone of polyacrylic acid to form 

double strand PANI. Salt spray and filiform corrosion tests showed that double 

strand PANI had better performance than PANI alone.

Cecchetto et al [85] studied the corrosion resistance of AA 5182 coated by 

PANI (EB) using a spin coating technique. The potentiodynamic study in 0.1 N 

NaCI (pH=6) oxygen free solution of samples with different EB thicknesses 

showed that a significant increase in corrosion potential values and decrease in 

corrosion current values resulted as a function of EB thickness. The study 

showed that the cathodic branch was controlled by a diffusion limited reaction. 

Another potentiodynamic study using a rotating disk working electrode in 0.1 N 

Na2S 0 4in both oxygenated and oxygen free solutions showed no change in the 

cathodic branch with increasing rotation speed of the working electrode. 

Consequently, the current was independent of oxygen reduction. For a better 

understanding of the electrochemical activity of the EB coatings in neutral 

environments, electrochemical and IR studies were carried out on an indium tin 

oxide (ITO) coated substrate in oxygen free 0.1 M Na2S 04 electrolyte at pH 3.8 

and 7.2.

The result showed that EB was electrochemically activated in both 

environments being related to the presence of the doped polymer emeraldine 

salt (ES) inside the film. The authors revealed that the diffusion-limited current 

observed under cathodic polarization of EB-coated aluminium samples could be 

related to the reduction of the doped fraction of the polymer and was limited by 

the diffusion of the anions involved in the electrochemical reaction inside the 

coating.

The authors concluded that EB is able to provide an ennobling effect of the 

metal substrate, mediated by the formation of ES, which, in turn, is reduced to 

LB as shown in Figure 2-11. ES could be generated by the doped water in EB

in the solution and/or by acid-base interaction of EB with the hydrated substrate.
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This weak EB electrochemical activity combined with its low ion permeability 

and its low electronic conductivity provides a decrease of the hydrogen and 

oxygen reduction rates, and improves corrosion resistance of aluminium 

substrates in a neutral environment.

EB
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t O,

LB

E B
M .

In itia l stale

(a)

EB

Final state

M-OIIM -O II2

ESEB

EB

A r

LB

In itia l state

EB/LB

I *■ + 1
■  Final state I

Figure 2-11 The reaction of PANI oxidation states to protect metal substrate

Cecchetto et al continued studying the effect of PANI on the corrosion 

resistance of aluminium AA5182 [86]. The samples were coated by thin films of 

EB obtained from a 5% solution in N-methylpyrrolidinone. The coating thickness 

was 2-3pm and tested in de-aerated 0.1N NaCI (pH=6) solution. When a 

cathodic current was applied on the uncoated metal, grooves around the iron- 

manganese rich intermetallic particles due to the dissolution of the surrounding 

matrix were observed by SEM. However, a single anodic sweep to 0.6 V vs. 

OCP was not enough to create significant damage to the coated surface. In 

contrast, when a potential of 0.6 V vs. OCP was applied for 5 min, it caused 

localized breakdown of the EB film

Salt spray tests on coated AA5182 samples revealed that EB provided good 

corrosion protection on aluminium alloys. The layer remained adhered to the 

substrate and no pits were observed after 50 hours in the salt spray chamber.
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The SEM study of an AA5182 EB coated sample after 500 hours in the salt 

spray chamber showed localized pits.

Additionally, blistering and break down of the coating took place at some pit 

sites and the blue colour of PANI changed to a blueish-green colour around the 

site of breakdown. The author attributed the change of colour to the conversion 

of EB to the ES state by the acid solution formed inside the pits.

The authors suggested that the breakdown is caused mainly by hydrogen 

bubbles produced during pit formation. The acid solution generated at the pit 

sites contributed to detachment of PANI at these sites.

An electrochemical study in an argon saturated electrolyte of bare and EB 

coated AA5182 substrate showed that the corrosion potential of the coated 

substrate is 400 mV nobler than that of bare sample, furthermore, the corrosion 

current is more than 1 order of magnitude lower than that of the bare metal.

EB can slow down the rate of local acidification on aluminium substrates at the 

pit sites by a self healing process (EB converted to ES consuming H+).

PANI was electrochemically prepared on both sheet and wire beam electrode 

(WBE) of AA1100 from tosylic acid [87],[88]. The study showed that the pre

treatment, cathodic polarisation of the working electrode, affected the 

homogeneity of the prepared layer. The polarization of coated sheet in 0.5 M 

NaCI showed an increase in the corrosion potential of the coated sample, about 

150 mV, and a shift in the pitting potential by +135mV. Notwithstanding, the 

corrosion potential showed an increase in the coated sample with respect to the 

bare one, PANI deposits behaved as cathodes over the WBE surface whereas 

the areas with less PANI deposits behave as the anodes. Furthermore, the 

anodic current values decreased with the extension of electrode exposure. On 

the basis of these results, the authors concluded that aluminium electrode with 

PANI deposit decreased the localized corrosion; however, it increased the 

general corrosion.

NiZn ferrite/PANI particles were added to the precursors of a silica sol-gel 

forming 10, 20 and 30 % hybrid coatings [89],[90]. The coatings were applied to 

both AA2024 and AA6061 samples. The polarization measurements showed 

that these coating have nobler corrosion potential, about 100mV above the bare
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sample; moreover, they have two orders of magnitude less corrosion current 

than that of the bare sample. Salt spray testing for 168 hrs showed no signs of 

corrosion for the coated samples. The authors suggested that the corrosion 

protection related to the good barrier properties of these coatings.

Chemically prepared [91] PANI doped with phosphoric acid was added as a 

pigment in both acrylic and epoxy binders and applied to AA2024 T3 as a 

primer. The primer thickness was 55-60pm and a polyurethane topcoat was 

applied to make the total thickness of 100pm. The EIS study, in 0.5% NaCI 

solution, showed that both of the coating systems have exhibited high 

impedance, above 1x106 Ohm.cm2, during 50-days exposure.

The authors refer the corrosion protection to the formation of an oxide layer that 

growth with immersion time in addition to the passivation ability of the PANI 

which shift the OCP in noble direction with time of exposure.

Zubillaga et al [92] prepared PANI electrochemically incorporation with 

inorganic filler, T i02 nanoparticles. Anodizing was carried out at a constant 

voltage of 8 V in aqueous oxalic acid solution containing aniline monomer and 

T i02 nanoparticles under a nitrogen atmosphere. The coating was prepared on 

AA3105 forming an oxide porous film of 2-3pm with outer layer of PANI/Ti02 of 

several nanometers thickness. PANI only coated sample showed pits after 168 

hrs in salt spray test, on the other hand, PANI/Ti02 coated sample did not 

showed any sign of corrosion over 1000 hrs salt spray test. Furthermore, EIS 

results showed that the PANI/Ti02 sample had stable higher impedance, 1x106 

Ohm.cm2, than that of both bare and PANI only coated samples. The improved 

protection of PANI coating with T i02 filler referred to that T i02 acts as a blocking 

barrier layer for the anodic porous aluminium oxide.

2.5 SOL-GEL TECHNOLOGY

The sol-gel process is a chemical synthesis method that has been used for the 

preparation of inorganic materials such as glasses and ceramics. Ebelmen first 

reported the synthesis of silica from silicon alkoxide in 1844 [93].

Although first discovered in the 1800s a new interest emerged in the early 

1970s when monolithic inorganic gels were formed at low temperatures and
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converted to glasses without a high temperature melting process. Through this 

process, homogeneous inorganic oxide materials with desirable properties of 

hardness, optical transparency, chemical durability, tailored porosity and 

thermal resistance, can be produced at low temperatures, as opposed to the 

much higher melting temperatures required in the production of conventional 

inorganic glasses [94].

In the 1990s, a new approach appeared with the homogeneous combination of 

organic and inorganic precursors to form a hybrid structure. This approach 

offers a huge number of possibilities in the field of organic-inorganic hybrid sol- 

gel materials [93].

Generally, the sol-gel process, as the name implies, involves the evolution of 

inorganic networks through the formation of a colloidal suspension (sol) and 

gelation of the sol to form a network in a continuous liquid phase (gel) [94].

In a typical sol-gel process, the precursor is subjected to a series of hydrolysis 

and polymerization reactions to form a sol. Then the sol is subjected to another 

series of condensation reactions to form gel. With further drying, the gel is 

converted into dense ceramic or glass particles [95].

A gel can be considered as a giant molecule, which has been formed as a 

consequence of the growth by condensation of polymers or aggregation of 

particles. The coherent solid 3-D network inside the fluid phase is known as a 

“gel”. The solid phase particles range in size from several nanometres to 

hundreds of nanometres [93]. The precursors for synthesizing these colloids 

consist of a metal or metalloid element surrounded by various reactive ligands. 

Metal alkoxides are most popular because they react readily with water. The 

most widely used metal alkoxides are the alkoxysilanes, such as 

tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS). However, other 

alkoxides such as aluminates, titanates, and borates are also used in the sol-gel 

process.

Three reactions are generally used to describe the sol-gel process: hydrolysis, 

alcohol condensation, and water condensation.

— Si— OR + HOH
Hydrolysis w

— Si— OH + ROH (2-14)
Reesterification
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water

Condensation
—Si— OH + —Si— OH — Si— O----Si— + HOH (2-15)

Hydrolysis

— Si— OH + —Si—OR
Alcohol

Condensation — Si O-----Si—  + ROH
Alcoholysis

(2-16)

The overall reaction;

J i=Si-0-Si— ]n
polymiization

O —i£i—O —^i—0 ~ 8 l—O' I I Io o o
(2-17)

Generally, the hydrolysis reaction (Eq. 2-14), through the addition of water, 

replaces alkoxide groups (OR) with hydroxyl groups (OH). Subsequent 

condensation reactions (Eqs.2-15 and 2-16) involving the silanol groups (Si-OH) 

produce siloxane bonds (Si-O-Si) plus the by-products water or alcohol.

The characteristics and properties of a particular sol-gel depend on a number of 

factors that affect the rate of hydrolysis and condensation reactions, such as, 

pH, temperature and time of reaction, reagent concentrations, catalyst nature 

and concentration, H20/Si molar ratio, aging temperature and time, and drying. 

Thus, by controlling these factors, it is possible to vary the structure and 

properties of the sol-gel-derived network over a wide range [94].

Many specific applications of sol-gel include optics, protective and porous films, 

window insulators, dielectric and electronic coatings, high temperature 

superconductors, reinforcement fibres, fillers, and catalysts.

2.5.1 Hybrid inorganic /organic sol-gel

Organic polymers and inorganic materials have their own advantages and 

disadvantages. Organic polymers are easily processed; they are light weight, 

flexible and easily shaped. However they are normally soft and have low 

strength at high temperature. Inorganic materials usually have good mechanical 

and thermal properties; however, they are brittle and heavy.
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A hybrid organic/inorganic sol-gel employs both materials in a homogeneous 

combination, gaining the advantages of both organic and inorganic materials. 

Using hybrid sol-gel technology it is possible to control the mechanical and 

optical properties for different applications.

Sol-gel technology has some advantages to synthesize organic/inorganic hybrid 

materials such as low temperature processing. Low temperature processing 

allows for both inorganic and organic materials to be homogeneously mixed 

without affecting the properties of the organic material. Hybrid organic/inorganic 

sol-gel usually produced by involved organic group into the inorganic precursors 

e.g. organoalkoxysilanes which contains (an) organic group(s) (R') as shown in 

Figure 2-12 [96].

R R'

 ^  OR RO --------1 ------OR

Figure 2-12 Shapes of alkoxysilane

2.5.2 Sol-gel Process

Several steps are involved in the sol-gel process in order to obtain the final 

material, namely: mixing, gelation, aging, drying and curing. Figure 2-13 shows 

the diagram of sol-gel processes, where, at each step there are numerous 

physical and chemical factors that affect the properties of final sol-gel.
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Figure 2-13 The process of sol-gel production [97]

An alkoxide precursor such as Si(OR)4 is hydrolyzed by mixing with water. The 

hydrolysis and polycondensation reactions initiate at numerous sites within the 

Si(OR)4 + H20  solution as mixing occurs [98] in the presence of a common 

solvent (normally alcohol) [93]. When sufficient interconnected Si-O-Si bonds 

are formed in a region, they respond cooperatively as colloidal particles or a sol. 

The final result is a colloidal dispersion of extremely small nano particles that 

finally form a 3-D entangled network [93]. The size of the sol particles and the 

cross-linking within the particles depend upon the pH and R ratio (R = 

[H20]/[Si(0R)4] [98].

With time polycondensation of silicon alkoxide produces colloidal particles that 

link together to become a 3-D network. In this process the catalyst plays an 

important role due to the ionic charge of the silica particles, with a direct 

influence on the polycondensation rate. At low pH, the silica particles have very 

little ionic charge and thus can collide and aggregate into chains forming a 

polymeric gel. This effect is produced around pH=2 where the surface charge is 

zero [93].
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Conversely, at high pH, where the rate of dissolution and solubility of silica is 

higher (maximum at pH 7), the particles grow in average size and diminish in 

number as the smaller ones dissolve and the silica is deposited upon the larger 

ones [93]. The molecular configurations of the acid and base catalysed sol-gel 

are shown in Figure 2-14. The dramatic change in the rheological behaviour of 

the sol is used to identify the gel point.

» Acid-catalyzed

  Yield primarily linear or randomly
branched polymer

# Base-catalyzed

— Yield highly branched clusters

Figure 2-14 The shape of sol-gel with acidic and alkaline catalyst [94].

At this stage of sol-gel preparation, the sol can be applied to a substrate to form 

a thin film coating. Additionally, the sol can be spun to form a fibre or dried to 

form a powder as shown in Figure 2-13.

Alternatively, with time, gelation of the solid network immersed in the pore liquor 

continues to evolve. This aging process occurs via three steps, polymerisation, 

syneresis and coarsening. Polymerization of unreacted hydroxyl groups 

increase the connectivity of the gel network, this process runs parallel with 

some shrinkage followed by a spontaneous and irreversible shrinkage of the gel 

network resulting in expulsion of pore liquid, the driving forces of the liquid 

produce compressive stresses that draw the solid network into the liquid.
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During drying the liquid is removed from the interconnected pore network. Large 

capillary stresses can develop during drying when the pores are small (20 nm) 

which can cause the gels to crack [98].

The drying process may take weeks, even months, to form a monolithic dried 

gel at room temperature (xerogel). One alternative to accelerate drying is to add 

drying control chemical additives such as formamide and oxalic acid that modify 

the surface tension of the interstitial liquids, allowing fast elimination of the 

unwanted residues. Either way, the most efficient way of neutralizing the 

undesired effects of surface tension is to suppress the liquid-vapour interface. 

This is achieved by treating the gel in an autoclave. The resulting product is a 

gel with its pores filled with air called an 'aerogel' [93].

Heating the porous gel at high temperature causes densification to occur. Solid 

networks move by viscous flow or diffusion to eliminate porosity. The 

densification temperature depends on the dimensions of the pore network, the 

connectivity of the pores, and surface area [98]. In gels with high pore surface 

areas the driving forces are great enough to produce sintering at exceptionally 

low temperatures, where the transport processes are relatively slow.

A great deal of research is now taking place to improve and modify the process 

and deal with those factors affecting the final product allowing the sol-gel to be 

tailored according to a specific application.

2.5.3 Advantages and Disadvantages of the Sol-Gel Technique

The basic advantage of the sol-gel process is its ability not only to form 

inorganic structures (semiconductors, ceramics and glasses) but also to form 

hybrid organic and inorganic network structures at relatively low temperatures. 

Furthermore, the coating process is very similar to conventional coating 

techniques such as dip-, spin- or spray coating and does not require any 

vacuum processes, and is therefore a cost-effective way to produce 

homogeneous films on large scales [99]. Moreover, it can either produce a thin 

bond-coating to provide excellent adhesion between the metallic substrates and 

subsequent top coats or produce a thick coating to offer corrosion protection to 

metals. It can also easily shape materials into complex geometries in a gel state 

and produce high purity products because the organo-metallic precursors of the
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desired ceramic oxides can be mixed, dissolved in a specified solvent and 

hydrolyzed into a sol, and subsequently a gel. The composition of the sol-gel 

materials can be highly controllable. The sol-gel formed materials can be cured 

from room temperature to high temperature according to the desired formulation 

and required properties [100].

However, the sol-gel method has some potential disadvantages such as; 

relatively high cost raw materials, large shrinkage during processing, residual 

fine pores and stresses leading to cracking [101].

2.4.3 Sol-gel Applications

The specific uses of sol-gel produced glasses or ceramics are derived from the 

various material shapes generated in the gel state, i.e., monoliths, films, fibres, 

and monosized powders [94].

Films and coatings represent the earliest commercial application of sol-gel 

materials. Thin films, of the order of nanometres, formed by dipping or spinning 

may be processed without the formation of cracks. Optical coatings are one 

example of the sol-gel coating which change the optical properties of the 

substrate e.g. reflectance, transmission or absorbance. Hydrophobic, self

cleaning decorating colour coatings [102], anti-corrosion coating [103] and 

abrasion resistance coatings [104] are other examples of sol-gel films. 

Monoliths which are defined as bulk gels cast to shape and processed without 

cracking, are another form of application. The principle advantage of monoliths 

appears in the formation of high purity optical components without melting or 

polishing [105]. They can be processed at room temperature. Applications of 

monoliths include fibre optics, lenses, graded reflective index glasses and 

transparent foams. Ultra-fine and uniform ceramic powders can be formed by 

the sol-gel technique [106]. These powders of single- and multicomponent 

compositions can be used for dental and biomedical applications [107], 

However, the important application of sol-gel processing is to carry out zeolite 

synthesis [108] [109]. Also powder abrasives, used in a variety of polishing 

operations, are made using the sol-gel process.
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Finally, ceramic membranes for filtration, reverse osmosis [110], 

chromatography [111] and photocatalysis [112] can be produced by this 

technique [101].

One of the most important recent applications of sol-gel technology is corrosion 

protection [97], [103], [113]. Sol-gel technologies excel in the production of thin 

film inorganic or hybrid coatings and a number of studies have been conducted 

on the development and characterization for corrosion protection using sol-gel 

coatings.

Using conventional inorganic sol-gel protective coatings for example S i02, TiC>2 , 

AI2O3 , Zr02, Ce02, and binary or mixed oxides were tested for corrosion control

[114]. In all these cases, the films were prepared by a spin or dip coating then 

aged followed by a high-temperature densification process.

The main drawbacks of inorganic sol-gel films include [114];

(a) Sol-gel films are porous therefore; water and oxygen can diffuse to the 

metal surface.

(b) During drying and densification, shrinkage occurs and usually leading to

formation of cracks.

(c) The difference in thermal expansion coefficients of the metal and the 

protective film often cause film failure by debonding between substrate 

and coating during temperature fluctuations.

(d) Spin- or dip-coating techniques can not offer thick sol-gel coatings.

A more realistic approach for producing defect free film formation is being taken 

by combining the various metal oxides with organic segments i.e. organic- 

inorganic hybrid system. These may be synthesised using organic 

functionalised metal alkoxides that promote reaction between an organic group 

and the inorganic alkoxide. This system is a potential replacement for 

chromates due to the ability to tailor the systems to the specific needs of the 

user [115]. The inorganic components contribute to an increase in scratch 

resistance, durability and adhesion to the metal substrate. The organic 

component increases density, flexibility, and functional compatibility with 

organic paint systems. Other advantages of the organically modified sol-gel 

systems are the possibility to prepare thick, crack-free coatings and a low
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temperature curing process compared with the production of conventional 

inorganic sol-gel films [113].

2.5.4 Corrosion protection of aluminium by silica sol-gel

Sol-gel coatings are one of the new alternatives to chromate conversion 

treatments proposed for corrosion protection of aluminium alloys. The 

advantages of the sol-gel technique over conventional coating methods are; 

easier preparation of crack-free films with control of composition forming an 

inorganic oxide matrix at lower temperature with respect to ceramic methods

[116].

Silica sol-gel coatings can form Van der Waals bonds with the metallic surface 

which can be transformed to stable covalent Me-O-Si bond during drying 

process. Applying silica sol-gel coatings can protect metals from corrosion due 

to the formation of silica rich Al-oxide film which blocks the pores of Al oxide film 

to form a high corrosion-resistant layer. This layer acts as an inert barrier for the 

oxygen diffusion to the metal surface thereby impeding but not preventing the 

metal from corrosion [116].

Since a coating contains micropores, cracks, and areas of low cross-link density 

they provide a path for diffusion of corrosive species such as water, oxygen and 

chloride ions to the coating/metal interface [113], [117]. Indeed, addition of 

organic components, such as epoxy or vinyl, can increase the resistance to 

corrosion and improve the barrier property of the sol-gel film [118] [119]. 

However, the main drawback of these coatings is the lack of active corrosion 

protection and self-healing ability. This property can be significantly improved by 

incorporation of inorganic or organic inhibitors into the sol-gel films [103]. 

Addition of cerium, vanadates and molybdenum compounds was found to have 

an inhibiting action on corrosion processes of different metallic substrates [103]

[113] [120].

However, cerium oxide, vanadates and molybdenum compounds are expensive 

materials, which could increase the total cost of the coating.

Some of the most effective and environmentally friendly inhibitors are derived 

from cerium salts. Use of cerium dopant into sol-gel coatings can be an

alternative to chromate pretreatments of aluminium alloys [121] [103] [122].
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However, cerium salts are highly soluble in aqueous solution which affects the 

corrosion performance in long time application [120]. The capsulation of cerium 

salts in the sol-gel matrix reduces its solubility in aqueous solutions and 

improves the corrosion performance [103] [123].

It could be concluded that hybrid silica sol-gel barrier coatings are able to 

improve the chemical and mechanical properties of the coated substrate, such 

as resistance to corrosion, wear, due to its lesser sensitivity to chemical attack. 

However, silica sol-gel coatings require additives to provide an active corrosion 

inhibition offering self healing properties.
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CHAPTER 3 

EXPERIMENTAL WORK

3.1 TEST TECHNIQUES

3.1.1 Corrosion Performance Technique

The rapid and accurate measurement of electrochemical phenomena is of 

considerable importance for a range of studies, not only for research, but also in 

practical applications. It is possible to measure effects such as corrosion rate by 

direct analytical methods, for example weight loss measurements or solution 

analysis by spectroscopy; however, these methods are often slow, time 

consuming and inefficient. Additionally, they are restricted to systems in which 

the products formed by the process do not form adherent layers.

Given that the processes under consideration are electrochemical, it is possible 

to evaluate them using electrical methods based on Faraday’s law, which 

relates the change in mass per unit area to the current flow. The advantages of 

this approach are a relatively short measuring time, high accuracy and the 

possibility of monitoring the process continuously.

Naturally there are also disadvantages, namely the system under investigation 

has to be perturbed from its normal state by an external signal, which inevitably 

changes the properties of the system. The DC technique has been widely used 

for corrosion rate measurement, but the method generally requires a relatively 

large perturbation (or polarisation) signal and can, in fact, fail when the 

corrosion measurement required the use of a low conductivity medium. AC 

methods are finding increasing applications in electrochemical research, 

because only small perturbation signals (which do not disturb the electrode 

properties) can be used and low conductivity media can also be investigated [1].
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3.1.1.1 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) uses a range of low magnitude 

polarizing voltages, much like linear polarisation. However, EIS voltage cycles 

from peak anodic to cathodic magnitudes (and vice versa) using a spectrum of 

alternating current (AC) voltage frequencies [2].

If a potential is applied across an electrochemical cell, a current is caused to 

flow through the cell, with a value determined by the processes taking place at 

the electrode. If the applied potential is sinusoid (AE sin(wt)) then the 

subsequent current will also be sinusoidal, with a value (Al sin(u)t+<t>)) as shown 

in Figure 3-1 where O is the phase angle.

Voltage 
curve '

S -0 002

^  -0.004

0 50 100 150 200 250  300  350

D e g r e e s  <<D)

Figure 3-1 AC voltage-current phase angle [2].

The relationship between the applied potential and the current flow is known as 

the impedance. The impedance can be express in two ways;

(i) Cartesian co-ordinates (Nyquist plot)
Impedance z = a -  j b

Resistive component of impedance a -  r  cos 6 

Capacitive component of impedance b = r  sin 6

(ii) Polar co-ordinates (Bodes plot)

Modulus of impedance r  = \z\ = y la 2 + b 2 

Phase angle 6> = tan ~ \ - b / a )
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Resistance and capacitance values are obtained at each frequency, and these 

quantities can provide information on corrosion behaviour and rates, diffusion, 

and coating properties. Capacitive and resistance properties of an electrified 

interface produce time constants. Time constants produce a) semicircles in 

Nyquist plots b), inflections in Bode phase diagrams, and c) negative values for 

Bode magnitude plot slopes. There are a number of factors and processes that 

can produce multiple time constants on the same test electrode [1]. Here some 

simple EIS examples will be given to illustrate how the technique may be used.

Bare metal:

Every metal immersed in a solution has an electrical Double Layer (DL) 

interface with the solution. The corresponding electrical circuit of a DL consists 

of: solution resistance (Rs), charge transfer resistance (R^) and DL capacitive 

reactance (C d i) as shown in Figure 3 -2 .

electron
Valence .Water molecule
electron "v /

•
-  ♦  i
-  O •

-  o #  4

Etectrochemically 
active species

Metal — o 0— o
Electrolyte-  ♦

-  ♦
C DL “  © #

Equivalent
electrical
circuit

Electrical Double Layer

Figure 3-2 Electrical double layer and its equivalent circuit [2]

This circuit would be represented by one semi-circle on the Nyquist plot and its 

radius represents the charge transfer resistance, Figure 3-3. Bode plot, where a
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single time constant and two resistances represent the bare metal as shown in 

Figure 3-4.
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Figure 3-3 Nyquist plot of bare metal [3]
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Figure 3-4 Bode plot of bare metal [3]
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Coated metal:

A coated metal when represented through a simple equivalent circuit contains 

two capacitances and three resistances as shown in Figure 3-5.

Metal EDL Polymer.
Coating Electrolyte

!

Figure 3-5 Electrified interface structure for a corroding coated metal [2].

This circuit will be represented by two semi-circles on the Nyquist plot; the 

radius of the first semi-circle represents the coating resistance, while the 

second semi-circle is related to the charge transfer resistance as shown in 

Figure 3-6. In the Bode plot, two time constants and three resistances represent 

a coated metal in solution. The resistance at high frequency, 105 Hz, represents 

the solution resistance where the resistance at the frequency range 104-103 Hz, 

represents the sum of the coating and solution resistances. Finally, the low 

frequency resistance, 10"1-10"2 Hz, represents the sum of the solution, coating 

and charge transfer resistances as shown in and Figure 3-7
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Figure 3-6 Nyquist plot of coated metal [3]
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Figure 3-7 Bode plot of coated metal [3]
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EIS data is generally analysed in terms of an equivalent circuit model as 

showed in the above examples. The type of electrical components in the model 

circuit and their interconnection control the shape of the impedance spectrum. 

These factors affect the degree to which the impedance spectrum of the model 

matches the experimentally measured spectrum. The choice of the model is 

applied to a given cell based upon knowledge of the cell's physical 

characteristics. By monitoring the change of each component in the equivalent 

circuit during the test, a mechanism of metal, coating and medium interaction 

can be investigated.

In this study, corrosion tests were carried out in a three electrode type cell using 

the sample (working electrode), a saturated calomel reference electrode and a 

platinum counter electrode. Electrochemical impedance measurements were 

obtained at measured Eocp values applying ±10 mV perturbation, in the 

frequency range from 3x104 Hz to 10 mHz. Electrochemical corrosion 

measurements were performed in 3.5 wt% NaCI (pH=6.8) solution at room 

temperature, in open air with an ACM instrument in 3.5 wt% NaCI solution 

which was renewed every ten days. Impedance curve fitting was carried out 

using ZSimpWin 3.10 software.

3.1.1.2 Salt Spray Test (SST)

The Salt Spray test, (or “Salt Fog”) is the most popular and commercial test for 

evaluating protective coatings. Salt spray testing has been widely used in the 

industry for the evaluation of corrosion resistance of coatings for over 80 years 

(first edition of the ASTM B117 standard in 1939).

It is an accelerated corrosion test to predict the protection capability of a 

coating. Salt spray testing subjects a test sample to conditions that are 

considered more corrosive than field exposure. Evaluation is primarily based 

upon the appearance of corrosion products during or after a given test time.

One of the principal advantages of salt spray testing is its speed (8-3000hrs) 

compared to with field exposure where it may take years to obtain useful data. 

The drawbacks of SST are: (1) salt spray testing time is shorter than the 

expected life of a coating. (2) SST conditions are stable; however, corrosion is a 

complicated process that can be influenced by many external factors.
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In this study, neutral salt spray testing (according to ASTM B 117): was carried 

out for 500 hours. A 5% sodium chloride solution with a pH range of 6.5 to 7.2 

was used. The temperature of the salt spray chamber was controlled at 35+1 °C, 

within the exposure zone of the closed chamber. Furthermore, when the SST 

was finished, a sellotape test is carried out to check any undercut and 

delamination of the coating following the SST.

3.1.1.3 Scratch Test

Sample was immersed in the corrosive solution (3.5% NaCI) for 5 days before 

scratching. The scratch is performed using a razor blade and the scratch 

thickness is about 150 pm. The scratch penetrates down to the substrate. After 

scratching, the sample is reimmersed in a fresh solution and EIS measurements 

are carried out periodically.

3.1.1.4 Scanning Vibrating Electrode Technique (SVET)

SVET is a "non destructive" [4], in-situ technique used to study the localised 

micro-galvanic corrosion activity with high resolution by measuring the potential 

gradients emanating from a current source on a surface within an electrolyte. 

Measurement achieved by vibrating a fine tipped platinum electrode (at fixed 

amplitude) a few hundred microns above the sample surface in a perpendicular 

plane. The potential of the microelectrode is recorded at the highest and lowest 

probe position resulting in the generation of a sinusoidal AC signal. This signal 

is then measured using a lock-in amplifier. The resulting signal is converted to 

current density by a simple calibration procedure using a known point source of 

current density creating a spherical potential field. This field exhibits an 

equivalent potential drop along radii at equivalent distances from the current 

source. The probe 3D position and frequency are then adjusted to conduct the 

maximum signal from the point source. The measuring potential represents the 

current of the point source according to the following equation [5]

C F  =  —
Ku,

Where

CF calibration factor
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current density

and V 0 u t  S V E T  output signal 

In this study an E G & G  instrument model S C V 1 0 0  instrument, was used to 

investigate the "self healing" properties of the PANI/sol-gel coating.

3.1.2 Characterising Techniques

3.1.2.1 Scanning Electron Microscope (SEM)

The first, true scanning electron microscope (SEM) was developed and 

described in 1942 by Zworykin [6] and the first commercial SEM, the Cambridge 

Scientific Instruments Mark I, was available in 1965.

Scanning electron microscopy is the best known and most widely-used of the 

surface analytical techniques. SEM, accompanied by X-ray analysis, is 

considered a relatively rapid, inexpensive, and basically non-destructive 

approach to surface analysis. High resolution images of surface topography, 

with excellent depth of field are produced using a highly-focused, scanning 

(primary) electron beam [6].

In a typical SEM, an electron gun, usually tungsten filament, produces electrons 

and accelerates them at high energy towards an anode. Two or three 

condenser lenses demagnify the electron beam until a diameter of 1-5 nm is 

achieved. The beam passes through pairs of scanning coils in the objective lens 

over a rectangular area of the sample surface as shown in Figure 3-8.

Electron gun

Condenser lenses

Scan coils

Objective lens

Ohh
Specimen stub x-ray

detector

Secondary
electron
detector

Figure 3-8 SEM components
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When the primary electron beam interacts with the sample, the electrons lose 

energy by repeated scattering and absorption within a teardrop-shaped volume 

of the specimen known as the interaction volume, which extends from less than 

100 nm to around 5 pm into the surface [7] as shown in Figure 3-9

Secondary
electrons - Primary Beam

Backs catterred 
electrons

X-Rays

_ Visable Light

Induced
Current

Transmitted electrons y

Figure 3-9 Teardrop-shape

The energy exchange between the electron beam and the sample results in the 

emission of electrons and electromagnetic radiation which can be detected to 

produce an image [8]. If the beam enters the sample perpendicular to the 

surface, then the activated region is uniform about the axis of the beam and a 

certain number of electrons escape from within the sample. As the angle of 

incidence increases, the escape distance of one side of the beam will decrease, 

and more secondary electrons will be emitted. Thus steep surfaces and edges 

tend to be brighter than flat surfaces, which results in images with a well-defined, 

three-dimensional appearance [7].

Backscattered electrons (BSE) consist of high-energy electrons originating in 

the electron beam that are reflected or back-scattered out of the specimen 

interaction volume. The BSE signal is proportional to the atomic number of the 

sample and can be used to create images reflecting the composition of the 

object under investigation [7]. BSE may be used to detect contrast between
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areas with different chemical composition, especially when the average atomic 

number of the various regions is different, since the brightness of the BSE 

image tends to increase with the atomic number.

Energy-dispersive x-ray analysis (EDX) is the most common method used with 

scanning electron microscope. The process is fully automated with the emitted 

x-rays being collected simultaneously as a series of pulses. The pulses are 

amplified and sent to a multichannel analyser (MCA). This allocates each pulse 

to one of about 1000 channels, each represents particular x-ray energy. In this 

way the MCA creates a histogram of all the different energies of the x-rays 

detected.

The peak height indicates the number of pulses (intensity) of that particular 

energy. Each element produces a series of peaks in a unique pattern and the 

analyst then decides which peak of the series is going to be measured to 

quantify the amount of that element present. The most commonly used EDX 

detectors cannot measure elements lighter than oxygen. This technique gives 

compositional information on different areas of the same image and is very 

useful in the study of materials [8].

In this study, a fully computerised SEM, Philips XL 40 microscope, equipped 

with energy dispersive X-ray analysis, was used to study the microstructure and 

the chemical composition of the samples. The acceleration potential was varied 

from 12- 20 KV according to the nature of the sample. Non-conductive samples 

were coated with graphite to improve their conductivity.

3.1.2.2 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a surface analysis technique that probes the first ten to twenty atomic 

layers. XPS is used to determine quantitative atomic and chemical composition. 

It is a surface technique with a sampling volume that extends from the surface 

to a depth of approximately 50-70 Angstroms. XPS is an elemental analysis 

technique that is unique in providing chemical state information of the detected 

elements.

In this technique [9], a photon is absorbed by an atom, leading to ionization and 

emission of an electron from the core levels as shown in Figure 3-10. The 

energy of the emitted photoelectrons is then analysed by the electron
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spectrometer and the data presented as a graph of intensity versus electron 

energy. Photoelectron spectroscopy uses monochromatic sources of radiation. 

The process of photoionization can be considered in several ways: one way is 

to look at the overall process as follows:

Ejected K  electron 
(Is electron)

Vacuum

Valence band S

Incident
X-ray

Figure 3-10 Incident photon and correspondence emission of electron

A + hv = A+ +e~

Where h - Planck constant (6.62 x 10'34 J s)

v-  Frequency (Hz) of the radiation 

A - Atom 

A+- Excited atom 

Conservation of energy then requires that:

E(A) + hv = E(A+) + E(e~ )

Since the electron's energy is present as kinetic energy (KE) this can be 

rearranged to give the following expression for the KE of the photoelectron:

KE = h v - ( E ( A +) - E ( A ) )

The final term in brackets represents the binding energy (BE) of the electron,

KE = hv~ BE
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For each element, there will be a characteristic binding energy associated with 

each atomic orbital, and the presence of peaks at particular energies indicates 

the presence of that element in the sample. Moreover, the area under the peaks 

represents the concentration of the element within the sample. Therefore, XPS 

technique provides qualitative and quantitative analysis of the sample surface.

In this study, XPS analysis is carried out at Cardiff University, University of 

Nottingham, Corns Company and University of Leeds under the same 

conditions.

Photoelectron spectroscopic analysis was performed using a mono-chromated 

Al kcr X-ray source (1486.6eV) typically operated at 10mA emission current and 

10kV anode potential -  100W.

The take off angle for the photoelectron analyser is 90 degrees and acceptance 

angle of 30 degrees. Data analysis was carried out using CASAXPS software to 

determine atomic % values from the peak areas.

A survey scan and high resolution scans were conducted on each sample. The 

high resolution scans were charge corrected to the main C 1s peak = 284.7 eV

[10] and then quantified to compare the amounts of each element present. 

Components were fitted under the peaks to give chemical information. Survey 

scans were run for 10-20 minutes and high resolution scans were run for 

between 1 and 10 minutes depending on the signal. The analysis chamber 

pressure was better than 5 x 10'9 Torr.

During XPS study, all parameters (FWHM ±0.1 eV, position of components in 

each element ±0.1 eV), used in high resolution core level were fixed. Shirley 

background subtraction and Gaussian shaped were applied in XPS spectrum 

peak fitting procedure. During depth profile analysis, FWHM ±0.15eV and 

position of components in each element ±0.15eV were applied.

3.1.2.3 Transmission Electron Microscope (TEM)

The TEM technique has been particularly used in metallurgy for developing 

images of crystals and metals at the molecular level. It also allows metal 

structures to be studied, interactions and identifying defects.

TEM is capable of displaying magnified images of a thin specimen, typically with 

a magnification in the range 103 to 106.
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Transmission Electron Microscope consists of electron gun, condenser lens, 

objective lens, intermediate lens, projective lens and apertures as shown in 

Figure 3-11.
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j r
condenser lens

specimen

objective 
aperture lens

intermediate
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projector lens

fluorescent 
"  screen

Figure 3-11 TEM instrument diagram

The electron gun, usually tungsten filament, produces a stream of 

monochromatic electrons. This stream is focused to a small, thin, coherent 

beam by the use of condenser lens which also control the sot size on the 

sample. The beam is governed by the condenser aperture by blocking high 

angle electrons. The beam strikes the specimen and parts of it are transmitted. 

This transmitted part is focused by the objective lens into an image. Two 

apertures can restrict the beam; the objective aperture which enhances contrast 

by blocking out high-angle diffracted electrons and the selected area, optional, 

aperture which enables the user to examine the periodic diffraction of electrons 

by ordered arrangements of atoms in the sample.

The image is then passed down the column through the intermediate and 

projector lenses to be enlarged all the way

The image strikes the phosphor image screen and light is generated allowing 

the image to be observed. The darker areas of the image represent areas of the 

sample that are thicker or denser and vice versa.
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The conventional method for preparing TEM sample consists of mechanically 

cutting sample (usually within dimension of 3 x 3 mm2), thinning by mechanical 

polishing to 30-60 pm, gluing onto a copper grid, and finally low-angle ion 

milling. However, this method is time consuming and may cause a mechanical 

failure (damage) of sample.

An alternative method to TEM sample preparation consists of using a focused 

ion beam (FIB) etching technique. A FIB etches samples at high speeds and 

does not mechanically damage fragile samples. Using an FIB avoids damage of 

the sample which can occurs during conventional gluing process 

In this study, TEM analysis was carried out (at the University of Leeds) on a 

Philips/FEI CM200 FEGTEM fitted with an Oxford Instruments UTW EDX 

detector and a Gatan GIF200 imaging filter. The FIB sectioning was carried out 

on an FEI Nova 200 NanoLab high resolution Field Emission Gun Scanning 

Electron Microscope (FEGSEM) with precise Focused Ion Beam(FIB) etching 

and (Pt) deposition capabilities for in-situ TEM sample preparation (Kleindieck 

nanomanipulator).

Sample preparation involved, Gallium focused ion beam milling of a thin section 

from the sample as shown in Figure 3-12. This was then removed using a 

manipulator (a fine tungsten needle), which was attached to the section using 

deposited platinum, Figure 3-13. Using the manipulator, the section was then 

removed to a standard copper TEM sample mount. The section was fixed to 

the mount using deposited platinum, and then the final thinning was performed, 

to a thickness of 100nm. The sample was then ready for TEM analysis as 

shown in Figure 3-14.

76



Chapter 3 Experimental Work

Figure 3-12 Milling out a thin section from sample using FIB

g '*  1 2 /1 1 /2 0 0 8 1 H V  I W D  
9 :5 4 :5 6  A M  13 0 .0 0  kV  1 9 .6  m TEM 1

Figure 3-13 Removing the TEM sample from the bulk sample
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mounPlatinum

Copper mount Sample

Figure 3-14 TEM sample

3.1.2.4 Fourier Transformation Infrared (FTIR) Spectroscopy

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques 

used for analysis of both organic and inorganic chemicals. In any molecule, all 

atoms are vibrating continuously with respect to each other. The major types of 

molecular vibrations are stretching and bending. When the frequency of IR 

radiation equals the vibrational frequency of the atom on the molecule, the 

molecule absorbs the radiation [11]. The absorbed infrared radiation energy is 

converted into vibrations (stretching and/or bending). The resulting spectrum 

represents the molecular absorption and transmission, creating a specific 

spectrum for each molecular by determining the chemical functional groups in 

the sample. Moreover, the size of the peaks can provide information regarding 

the amount of material present.

IR spectroscopy can be performed using transmittance (T) or absorbance (/A). 

Transmittance is the ratio of radiant power transmitted by the sample to the 

radiant power incident on the sample. Absorbance (A) is the (base 10) logarithm 

of the reciprocal of the transmittance (7).

The IR technique has many advantages; for example, it can analyse a wide 

range of sample types (gases, liquids, and solids); it can provide a fingerprint of 

a molecules, it is a non-destructive technique, it does not require external
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calibration and it can work as a dynamic technique (collecting a scan every 

second).

Infrared radiation wavelengths range from 0.78 to 1000 pm being the range 

between the red end of the visible and the microwave regions respectively, 

however, Infrared is usually presented in wavenumbers ( from 13,000 to 10 

cm-1). Wavenumber is defined as the number of waves per unit length.

Wavenumber{y) = --------   x 104
X(in/jm)

Where A is the wavelength 

There are three ranges of Infrared; near IR 13,000-4,000 cm-1; mid IR 4,000- 

200cm"1 and far IR 200-10 cm"1.

Mid IR is the most commonly used range 4000 and 400 cm"1 

Fourier transform spectrometers have recently replaced dispersive instruments 

due to their superior speed. Instead of applying each IR frequency sequentially 

(in a dispersive IR spectrometer), all frequencies are applied simultaneously in 

Fourier transform infrared (FTIR) spectroscopy.

3.1.2.5 Contact Angle

Contact angle is the angle formed by the solid surface and the tangent line to 

the upper surface at the end point of a drop of liquid. Alternately, it is the angle 

made by the intersection of the liquid/solid interface and the liquid/air interface. 

Contact angle is a parameter used for understanding the wetting between a 

liquid droplet and a substrate which is very important for many everyday 

applications such as detergency, adhesion, wetting, flotation, suspensions, solid 

emulsions, erosion, printing, pharmaceutical [12].

Contact angle measuring is used to determine the surface properties of solids 

and liquids using the sessile or pendant drop method. The sessile drop method 

is an optical contact angle technique used to estimate wetting properties of a 

localized region on a solid surface. The angle between the baseline of the drop 

and the tangent at the drop boundary is measured and the geometry of a drop 

can be analyzed optically in static or dynamic technique. Contact angle is 

sensitive to contamination and external factors such as temperature, humidity,

79



Chapter 3 EXPERIMENTAL WORK

solid surface roughness, and static electricity therefore, these factors should be 

controlled.

A high contact angle indicates a low chemical affinity which is referred to as a 

low degree of wetting. A low contact angle indicates a high solid surface energy 

or chemical affinity, and a high or sometimes complete degree of wetting. For 

example, a contact angle of zero degrees will occur when the droplet has turned 

into a flat puddle which indicates complete wetting. Hydrophobic and hydrophilic 

properties of surfaces can be evaluated using contact angle measurements. 

When the solid surface is hydrophilic, the droplet will completely spread out on 

the solid surface and the contact angle will be close to 0°. Typically hydrophilic 

surfaces will exhibit contact angles between 0° to 30°. However, strongly 

hydrophobic surfaces will have a contact angle higher than 90°. If the surface is 

hydrophobic, the contact angle will be close to 90°. In contrast super 

hydrophobic surfaces have water contact angles as high as 150° and may up to 

180°.

In this study, Contact angles were measured from sessile water drops using a 

goniometer and camera (Data Physics, shown in Figure 3-15) with SCA202 

software. All measurements were made using drops with a total volume of 2 pm 

of deionised water with the needle of the syringe in the water drop and just 

above the solid surface. The contact angle was recorded after it has reached a 

relatively constant value at room temperature in ambient air as shown in Figure

3-16 . The measurements were carried out at different 12 point on the surface 

of each sample for each measurement and the average of these measurements 

was used value. The corroded sites were avoided for the samples that corroded 

before the end of the measurement, such as sol gel coated AA 2024.

Coated and bare samples were separately immersed in 3.5% NaCI solutions 

and the contact angles were measured before and after immersion.
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syringe

camera

movable stage

Figure 3-15 Contact angle measurement instrument

Contact angle
Solid surface

Figure 3-16 Shape of water drop in contact to solid surface and the syringe 

3.1.2.6 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry [13] is one of the most widely used thermal 

analysis techniques for the characterization of materials. It enables the 

determination of glass transitions temperature, melting and boiling points, 

crystallisation time and temperature, percent crystallinity, oxidative/thermal 

stability, purity, reaction kinetics and rate and degree of curing. Generally, the 

sample temperature is increased linearly as a function of time. DSC directly 

measures heat changes in the sample that occur during changes in temperature, 

making it possible to study materials in their native state.
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When the sample temperature is increased, the supply of thermal energy may 

induce physical or chemical processes in the sample, e.g. melting or 

decomposition, accompanied by a change in enthalpy, the latent heat of fusion, 

heat of reaction etc. Such enthalpy changes may be detected by DSC and 

related to the processes occurring in the sample.

In DSC, the measuring principle is to compare the rate of heat change of a 

sample to an inert material, which are heated at the same rate. Changes in the 

sample that are associated with absorption or evolution of heat cause a change 

in the differential heat flow which is then recorded as a change. The area under 

the peak is directly proportional to the enthalpic change and its direction 

indicates whether the thermal event is endothermic or exothermic 

In this study, Mettler model DSC25 was used to assess the curing temperature 

and time at a temperature rate of 10 °C/min and 70 ml/min follow of air.

3.1.3 MECHANICAL PROPERTIES TECHNIQUES

3.1.3.1 Micro-Hardness

Hardness is a measure of the resistance of a material to deformation. During a 

hardness measurement, a tip is forced into the material being tested. The ratio 

between the total load and the projected area or depth of the permanent 

(plastic) indent provides a measure of hardness.

In this study, the micro-hardness was evaluated using the Vickers hardness test 

method.

The Vickers hardness test method evaluates the micro-hardness by indenting 

the test material with a diamond pyramid indenter. The diamond pyramid is a 

right pyramid with a square base and an angle of 136 degrees between 

opposite faces as shown in Figure 3-17.
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F

Coated substrate

136 between opposite faces

\

The shape of indentation on 
the substrate surface

Figure 3-17 Vickers hardness indenter and shap of indented surface

The indenter is subjected to a specific load (in this study 10 g was used) for 10 

seconds. To avoid substrate interference, the indentation depth was less than 

50% of the coating thickness. The load is then gradually removed to allow the 

complete relaxation of the tested material. The two diagonals of the indentation 

left in the surface of the material after removal of the load are measured using a 

microscope. The area of the indentation is then calculated and the Vickers 

hardness is calculated according to the following equation;

F  applied force.

d2.... d1xd2

3.1.3.2 Adhesion Tester

Adhesion of coatings is generally considered one of the most significant 

properties in the evaluation of a coating’s performance, reliability and durability 

for any application. The adhesive strength of a coating represents the strength 

of the bond between the substrate and coating.

A Pull off adhesion test determines the greatest perpendicular tension force that 

a surface area can bear before a plug of material is detached. Failure will occur

2Fsin(— )
H V  = 1.854—  approximately

d

Where:
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along the weakest plane within the system comprised of the test fixture, 

adhesive, coating system, and substrate, and will be exposed by the fracture 

surface.

Elcometer 108, a hydraulic pull off tester shown in Figure 3-18, was used in this 

study to measure the adhesion of the coating to the metal substrate according 

to ASTM D4541. Tests were made on clean flat surfaces as follows; the dolly is 

glued to the surface under test, making sure that the internal hole in the dolly is 

clear from adhesive ( in this study commercial UHU™ super glue was used ). 

The glue is left to cure for 24 hrs before completing the adhesion test. The 

instrument is then attached to the dolly glued to the coating surface. The 

instruments handle is then turned to increase the hydraulic pressure which 

forces the dolly away from the substrate. The value of the force is displayed and 

recorded on the dial.

3.1.3.3 Cross Cut adhesion test

It is a test method for measuring the resistance of paint coatings to separation 

from substrates [14] when a right-angle lattice pattern is cut into the coating, 

penetrating through to the substrate. Various cutting tools can be used either 

manually or mechanically for this purpose. The test results are evaluated 

according to the scheme indicated in Figure 3-19. The classification is based on 

estimating the amount of paint flakes separated from the substrate. If in doubt

Handle

Pressure Gage

Dollies
Hole for pin

Figure 3-18 Hydraulic pull off tester

84



Chapter 3 Experimental Work

about the real percentage of detachment, one may brush off the loose parts or 

remove them by means of an adhesive tape.

Appearance of 
Cross-cut Area

Percentage of Flaking 0% 

Classification 0

r
r

<5%

1

<15%

2

ft-t VI t . tTLTl!
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I I  I I I I

<35%

l * i  
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I I I  I I  1

<65%

Figure 3-19 Principle of classifying paint film adhesion in the cross-cut test [14].

3.1.3.4 Sellotape Adhesion Test

A sellotape test is carried out as follows; the samples are sharply scratched 

using a razor to form a cross hatch. Sellotape tape is applied to the cross-hatch 

and fixed well before peeling it from the surface. The sellotape is examined for 

signs of any detached coating.

3.1.3.5 Bend Test for Coating

Bending test is performed to determine the flexibility, adhesion and elongation 

of organic coatings on substrates on a sheet by bending a coated substrate 

around a specified arc. A Mandrel bend tester is a frame that has a bending 

lever with a roller which pivots on a steel conical mandrel with a diameter from

3.2 to 38.1mm as shown in Figure 3-20.

Figure 3-20 Mandrel bend tester

The coating materials under test should have uniform thickness. After drying or 

curing the coated panels are bent over a mandrel and the resistance to cracking
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of the coating is determined. The specimen can be bent on part of, or along the 

entire length, of the mandrel. The test can terminate at a given angle of bend 

over a specified radius or continue until 180°. The results corresponding to 

different test diameters can be observed in a single operation using a magnifier 

glass.

In this study, an Elcometer 1510 Conical Mandrel Bend Tester was used 

according to ASTM D522 as follows;

Test panels were clamped so that the panel just touches the mandrel and the 

handle was left until the bending piece touched the test panel. The handle was 

then left over 180° in 1 to 2  seconds.

3.2 EXPERIMENTAL WORK

All experimental work has been carried out at room temperature, and glassware 

was thoroughly cleaned by acetone and then deionised water before use. 

Experiments were carried out under stagnant condition without removing the 

dissolved oxygen. The chemicals used in this work were of analytical grade.

3.2.1 Polyaniline Preparation:

Polyaniline was prepared chemically according to Yanhou et al [15] as 

illustrated in the following scheme
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Filtration and washing

Drying (ES)

Filtration

Drying (EB)

Aniline solution in 1M HCI(NH4)2S20 8in 1MHCI

Mixing with 1M NH4OH for 2 

Hrs

Mixing under vigorous stirring at 

temp, of 0-5°C for 24 hrs

Figure 3-21 Schematic sketch of chemical synthesis and characterization of polyaniline

All solutions used in the preparation of polyaniline are consisted of acetone 

aqueous mixtures (water/acetone 60:40%). Acetone is used to improve the 

solubility and dispersibility of PANI in both A/-methylpyrrolidinone and sol- gel. 

The chemical oxidation of aniline is performed by its oxidation with ammonium 

persulphate in 1M hydrochloric acid solution. Aniline 5.0 ml (0.107 M) is 

dissolved in 300 ml 1M HCI at 0-5°C and stirred for 1 hour. A solution of 5.6 g 

ammonium persulphate in 100 ml HCI is added dropwise to aniline solution over 

period of 15 min with vigorous stirring. The solution is kept stirring at this 

temperature for 6  hours. The precipitate is collected with a Buchner funnel and 

washed with four portions of 50 ml 1M HCI. The precipitate is dried at 60 °C for 

24 hours, the HCI doped PANI (ES) is obtained as a green powder. The basic 

form of PANI (EB) is obtained by stirring the ES with 1M NH4OH for 4 hours 

followed by filtration and drying.

The PANI sample is dissolved in N-methylpyrrolidinone (NMP) solvent to form

3.5 % solution.
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3.2.2 Sample Preparation

Aluminium alloy 2024-T3 samples (obtained from Q-panel 

2.54cmxl0.16cmx0.156 cm) were cleaned with deionised water followed by 

ultrasonic cleaning in a commercial alkaline solution (Industrial KLEEN IKB 

501). This was followed by washing with deionised water. The final cleaning 

stage is pickling in nitric acid 50% solution for 30 sec and then drying for 30 min 

at 70 °C before applying the coating.

For bend tests, a sample thickness of 0.5 mm was used.

For XPS and TEM analysis the metal sample (1cm xlcm  xO. 156cm) was 

subjected to the same cleaning procedure. Furthermore, these samples were 

ground to a mirror finish (1  pm) followed by washing with deionised water and 

drying at 70 °C for 30 min before applying the coating.

3.2.3 Preparation of the PANI/Sol-gel Coating

- For corrosion test; the base form of PANI (EB) is dissolved in NMP to make a

3.5 % PANI solution.

Organic-inorganic hybrid silica base sols catalysed by HN03 acid with a 

solution pH value of 1.5-2, prepared at Sheffield Hallam University by Dr H. 

Wang, were used in this study.

The PANI solution is added to the sol-gel liquid and stirred for 4 hours to form 

a homogeneous solution of PANI doped-sol. The PANI/sol-gel coating is 

prepared in different relative concentrations. The sol is applied to one side of 

the metal surface using a spray coating technique. The metal is oven dried in 

air at 70°C for 30 min before applying the coating respectively. The coated 

samples were dried in air at 70°C for 16 hours after applying the coating.

For immersion test, the coated samples edges and backside were covered 

with a mixture of bees wax and colophony.

-PANI coated glass (used in study of the mechanism of protection) is prepared 

by spraying PANI solution on one side of the glass substrate followed by 

drying in air at 70°C for 16 hours

-For XPS and TEM analysis, a spin coating technique was used to prepare 

different types of coating. PANI solution, sol-gel and PANI/sol-gel coating 

were diluted ten times to control the thickness of coating to be within 1 0 0 nm.
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-The free standing PANI film was prepared as follows; PANI solution was 

applied on a Teflon substrate followed by drying at 70 °C over night. The 

coated sample was then removed from the oven and the free standing film 

removed from the Teflon substrate using tweezers and a scalpel.

-For XPS analysis, pure (99.999%) aluminium was evaporated under vacuum 

(1 0 '5 torr) on the free standing film forming a layer thickness of 80nm.

-Post-treated samples; the coated sample was immersed in 1% 3-aminipropyl 

triethoxysilane aqueous solution at 60 °C for 5 min and dried using air stream 

at room temperature.
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CHAPTER

RESULTS

This chapter consists of three main parts; corrosion performance, fitting of 

impedance data, mechanical properties and characterization, notably chemical 

composition and interfacial interaction between metal substrate and coating. 

-The corrosion performance of the coatings were based upon EIS 

measurements and salt spray tests for different coating systems. Furthermore, 

impedance tests were carried out for bare and coated samples in 3.5% NaCI 

solutions of different pH value. These results include the effects of different 

combination of sol-gel and polyaniline. Furthermore, the self healing property 

was studied using Scanning Vibrating Electrode Technique (SVET).

-Fitting Electrochemical Impedance Spectroscope data was investigated in the 

second part of this chapter in order to help understand the corrosion 

mechanism.

-Mechanical properties, in particular the adhesion of the coating to the metal 

substrate, are presented in this chapter.

-Finally, the chemical characteristics of the coatings were evaluated using XPS 

while TEM was used to asses the interfacial interaction of the coating and 

metal substrate
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4.1 PART ONE; CORROSION PERFORMANCE

In this part, polarisation, EIS measurements and SST for both bare and coated 

AA2024 samples are presented. During these tests, the samples were coated 

on one side only then dried and the edges of the coated samples were waxed to 

avoid any edge effects.

4.1.1 Polarisation Results

As a preliminary investigation the corrosion properties of bare and PANI coated 

AA2024 was conducted using a polarisation technique in 3.5% NaCI solution. 

Anodic and cathodic branches were measured separately. As shown from 

Figure 4-1 the bare sample has a corrosion current of about 6x1 O'6 A/cm2. The 

anodic branch of the uncoated sample shows continuous active dissolution of 

the metal while the cathodic branch exhibits diffusion control. In comparison, the 

corrosion current of the PANI coated sample is one and half orders of 

magnitude lower than that of bare sample being 7x1 O'8 A/cm2. The polarisation 

curve of PANI/sol-gel coated sample, shown in Figure 4-1, exhibits a corrosion 

current that is approximately equal to that PANI coated sample.

The corrosion potential of the bare sample was measured at -610mV (SCE), 

while, the PANI coated and PANI/sol-gel coated samples were -640 and -725 

mV (SCE) respectively.

Both coated samples showed passive behaviour at potential above the OCP 

with a breakdown potential for the PANI/sol-gel coating measured at -600mV 

(SCE) and PANI coated sample at -500mV (SCE). The polarisation data are 

summarised in Table 4-1.

Table 4-1 Polarisation data

Sample E corr [mV] (vs S C E ) Icorr [A/cm ]

Bare 2024 -610±30 6x1 O'6

PANI coated AA2024 -640±30 7x1 O'8

PANI/sol-gel coated AA2024 -725±30 8x1 O'8
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Figure 4-1 Polarisation curves for bare, PANI and PANI/sol-gel coated AA2024 in 3.5%
NaCI solution.

4.1.2 Electrochemical Impedance Results

Electrochemical impedance spectroscopy is more appropriate than polarisation 

for use with non-conductive coatings since sol-gel and PANI (EB) are insulators. 

The results of bare and coated samples with different coating systems were 

investigated in this section. Changes in surface morphology, before and after 

impedance testing were also recorded.

4.1.2.1 Bare sample
SEM analysis of surface morphology of the bare sample was carried out prior to 

exposure to the corrosive media. Figure 4-2 shows typical features of the bare 

sample surface. This sample was subjected to the cleaning procedure 

mentioned in chapter 3. Before immersion in solution, the bare AA2024 sample 

revealed signs of pitting related to the action of the cleaning process at the IMP 

sites
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Figure 4-2 SEM image of bare AA2024 sample before immersion

EDX mapping was used to study the elemental features of the surface shown in 

Figure 4-3. EDX mapping revealed the aluminium matrix and the intermetallic 

particles found in the alloy (copper, magnesium, manganese).

Cu L a i, 11

■50 urn
J-IMi

M n  k . i ,  i n

Figure 4-3 Elemental EDX maps for a bare AA2024 sample

Impedance data for the bare metal substrate, see Figure 4-4, showed low 

impedance, 30 Ohm.cm2, at high frequencies,(105-103 Hz) after 1 hrs of 

immersion, however, it slightly increased to about 40 Ohm.cm2 after 7 days of 

immersion. At low frequency range 0.01 Hz, the impedance decreased 

gradually with immersion time. Moreover the phase angle, Figure 4-5, shows

one time constant after one hour of immersion (at 10 Hz), however, a new time
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constant appeared at 1.0 Hz after 24hrs. After 7 days of immersion, only the 

second time constant, at 1.0 Hz, remained. This behaviour was accompanied 

by the appearance of a white gelatinous material covering the entire surface of 

the bare sample after 3 days of immersion. Examination of the surface revealed 

heavy corrosion over the entire metal surface with individual pitting being 

observed, Figure 4- 6.
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Figure 4-4 Impedance behaviour of bare AA2024 in 3.5%NaCI
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Figure 4-5 Phase angle response of bare AA2024 in 3.5% NaCI solution
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Figure 4- 6 SEM image of bare AA2024 sample after immersion 
for 72 hrs in 3.5% NaCI solution.

4.1.2.2 Polyaniline coated AA2024
Polyaniline was prepared as the emeraldine base and then dissolved in N- 

methyl pyrrolidinone (NMP) to form a 3.5% solution. The solution was applied to 

the bare aluminium substrate and then dried at 70 °C for 24 hours.

The PANI coated sample was then subjected to immersion in 3.5 %NaCI 

solution and then compared to the PANI/sol-gel coated sample.

An SEM image of the PANI coated sample before immersion is shown in Figure

4-7.

Figure 4-7 SEM image of PANI coated AA sample before immersion
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Figure 4-8 SEM image of free standing PANI coating.

The PANI coating thickness was measured at 2-4|jm, as shown in Figure 4-8. 

The sample was then immersed in 3.5% NaCI solution.

1 e + 7

B a r e  ( 2 4 h r s )  

2 4  h r s  

5  d a y s  

8  d a y s  

1 1  d a y s

1e+6 -

1 e + 5  i

O
<u 1 e + 4  -
o
c
(13

73
<13
c l 1 e + 3  -  

E

1e+2 -

1 e + 1

1e-2 1 e + 11 e - 1 1e+0 1 e + 31e+2 1 e + 4 1 e + 5

Frequency [Hz]

Figure 4-9 Impedance of PANI coated AA2024 in 3.5 %NaCI solution

Figure 4-9, shows the impedance behaviour of the PANI coated sample. The 

coated sample has an impedance that is one order of magnitude greater than 

the bare substrate after 11 days exposure. The coating showed a high initial 

impedance (1x106 Ohm/cm2) in the first day of immersion but then lost about 

one order of magnitude during the following 5 days. The impedance then 

remained stable at 1.5x105 Ohm/cm2 for the rest of immersion test (11 days).
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Figure 4-9, showed that after one day of immersion an inductive effect 

appeared between 1.0 and 0.01 Hz, however, it completely disappeared after 

that which may related to the instability of the redox form of PANI [1].

Optical inspection showed that this coating has poor adhesion properties to the 

metal substrate; although it did exhibit good flexibility being easily bent several 

times. After 5 days of immersion, the PANI coat completely delaminated from 

the metal substrate, as shown in Figure 4-10.

Figure 4-10 Image of PANI film after peeling from aluminium substrate

PANI

Examination of the metal substrate showed a dark surface after delamination of 

PANI coating, which is due the reaction of the PANI with the original surface as 

shown in Figure 4-11
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Figure 4-11 Image of substrates (a) surface following delamination of PANI coating and (b)
bare sample

To study the nature of reaction layer, impedance measurements were carried 

out on the sample, from which the PANI was removed, and a bare sample prior 

to coating. Samples were cleaned with NMP to (1) remove any traces of PANI 

and (b) subject the bare sample to the same solvent used in applying the PANI 

coating. The samples were then left to dry at 70°C for 4 hours before being 

immersed in a 1% NaCI solution for 24 hours. EIS tests were conducted on both 

samples, the results being shown in Figure 4-12.
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Figure 4-12 Impedance of bare and PANI coated AA2024 surface following delamination 

of PANI coating samples after 24 hrs in 1 %NaCI solution.
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Figure 4-13 Phase angle of bare and PANI coated AA2024 surface following delamination 

of PANI coating samples after 24 hrs in 1 %NaCI solution.

The impedance value for the PANI delamination sample (2.2x1040hm.cm2) is 

one order of magnitude higher than that of bare sample (1.5x103Ohm.cm2). 

Moreover, the phase angle curve showed a single time constant for the PANI
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delamination sample at about 10 Hz. However, it showed two time constants for 

the bare substrate; at 80 Hz and at 0.6 Hz (arrow), the latter may refer to the 

formation of corrosion products.

These results suggest that the PANI reaction layer offers corrosion protection of 

AA2024; however, the PANI coating has poor adhesion properties to the metal 

substrate.

4.1.2.3 Sol-gel coated AA2024
Before studying the corrosion performance of the sol-gel coated AA2024, SEM 

was used to investigate sol-gel surface morphology. The SEM image of the sol- 

gel coated sample, Figure 4-14, shows that the surface of the coating was free 

from cracks and appeared to be uniform.

Figure 4-14 SEM image of surface of the sol-gel coated AA2024 sample.

An SEM image of the cross section of the sol-gel coated AA2024 sample, 

Figure 4-15, showed the coating to have a thickness of 14-16 pm.
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Figure 4-15 SEM image of cross section of sol-gel coated AA2024 sample.

The corrosion properties of the sol-gel coated sample were investigated using 

EIS in the same electrolyte namely 3.5% NaCI. Figure 4-16 shows that the 

impedance is initially high (over 106 Ohm.cm2). However, with prolonged 

immersion, the impedance value decreases by about one order of magnitude 

within 16 days.
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Figure 4-16 Impedance of sol-gel coated AA2024 in 3.5 %NaCI solution
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Figure 4-17 Phase diagram of sol-gel coated AA2024 sample in 3.5 %NaCI solution

The phase angle curve, Figure 4-17, showed two time constants; at 3x104 Hz 

and at 103 Hz after 24 hrs of immersion. The former showed a decreasing 

capacitive behaviour which may be related to the hydrophobic property of sol- 

gel [2]. This hydrophobic property diminished with increasing immersion time as 

seen in the decrease in phase angle at high frequency. The latter time constant 

peak, at 102 Hz, shifted towards lower frequency, from 103 to 1.0 Hz, by 

prolonged immersion inferring diffusion of electrolyte through the coating [3]. 

Furthermore, the magnitude of the time constant increased with time of 

immersion suggesting an increase in the area of the substrate exposed to the 

electrolyte [4]. This behaviour appeared as a decrease in both capacitive and 

resistive region in the impedance curve as a sign of break down of the sol-gel 

coating. This behaviour was accompanied by the appearance of pits (arrowed in 

Figure 4-18) after 5 days of immersion in the electrolyte. The colour of the pits 

changed from white, after five days, to dark brown after 16 days.

104



Figure 4-18 Sol-gel coated AA2024 sample after 16 days of immersion in

3.5 %NaCI solution

Figure 4-19-a shows a magnified view of the pitting on the surface of the sol-gel 

coated sample. Figure 4-19-b showed a magnified pit where another small pit 

(arrow) was appeared beside the first one. Moreover, numerous pits were 

initiated on the surface of the sol-gel coated AA2024.

Figure 4-19 SEM image of sol-gel coated AA2024 sample after immersion for 16 days in

3.5% NaCI solution.

These results suggest that the silica sol-gel coating alone has limited corrosion 

protection for the AA2024.
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4.1.2.4 PANI/sol-gel combination coatings
The following combinations of PANI and sol-gel were applied to the AA;

1) PANI primer and sol-gel topcoat, 2) sol-gel primer and PANI top coat (see 

footnote) and 3) mixtures of PANI and sol-gel.

The impedance curve for the PANI primer and sol-gel topcoat sample is shown 

in Figure 4-20.
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Figure 4-20 Impedance of PANI (primer) and sol-gel topcoat sample 

in 3.5 % NaCI solution.

The PANI primer and sol-gel topcoat coated 2024 sample showed different 

behaviour than that of PANI coated sample (Figure 4-9) due to presence of a 

top coat. The impedance decreased with the immersion time decreasing half an 

order of magnitude during the 11 days of immersion. Visual inspection showed 

small cracks in the coating after 3 days and complete delaminated from the 

metal surface after 11 days.

PANI/sol-gel mixtures were prepared at different relative concentrations. The 

corrosion performance of these coatings is discussed in the following section.

Note: Preparation o f sol-gel prim er and PANI top coat could not be perform ed due to the hydrophob ic 

property o f sol-gel which does not allow  applying PANI coating to uniform ly cover all i.e. it seem ed like 

islands o f PANI over sol-gel surface.
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4.1.2.5 PANI/sol-gel mixture
Different concentrations of PANI (EB)/sol-gel mixture were prepared as 

described in chapter 3.

The following relative PANI/sol-gel volume concentrations were prepared; 1:1, 

1:4, 1:8, 1:12 and 1:16. These combinations were named as PANI/soH, 

PANI/sol4, PANI/sol8, PANI/sol12 and PANI/sol16 respectively. Three coated 

samples of each ratio were prepared. All the coated samples were dried in air 

for 16 hours at 70 °C.

Bode and phase angle plots for PANI/sol16 are shown in Figure 4-21 and 

Figure 4- 22 respectively. As seen from Figure 4-21, the impedance decreases 

sharply, in all frequency ranges, with immersion time
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Figure 4-21 Impedance plots of PANI/sol16 coated AA2024 in 3.5% NaCI solution
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Figure 4- 22 Phase angle plots of PANI/sol16 coated AA2024 in 3.5% NaCI solution

An inductive peak in the impedance curve was observed for the first day of 

immersion; however, this completely disappeared before the 3 days 

measurement. The phase angle curve showed three time constants at 104, 102 

and 0.1 Hz. The former peak decreased with the immersion time, while, the 

latter increases. This is accompanied by the appearance of pitting as shown in 

Figure 4-23. Visual inspection showed that the number of pits in this sample 

was less than that of the sol-gel sample.

Figure 4-23 Image of PANI/sol16 coated AA2024 after 11 days immersion

in 3.5% NaCI solution
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An SEM image of the PANI/sol16 after 11 days of immersion, Figure 4-24, 

reveals pitting, although the depth of pitting is less than that observed for the 

sol-gel coated sample. However, some cracks are also observed in the coating 

along with pitting.

Figure 4-24 SEM image of PANI/sol16 coated AA2024 sample after immersion for 11 days

in 3.5% NaCI solution.

Similar results were obtained with the PAN!/sol12 (Appendix A), however, it was 

noted that there were fewer pits, being smaller in size, than the PANI/sol16 

formula.

When the relative concentration of PANI: sol-gel is increased to 1:8, i.e. 

PANI/sol8 the impedance of the coated AA2024 substrate became stable, as 

shown in Figure 4-25, over a four weeks period.

Figure 4-25 shows a small change in low frequency impedance during 4 weeks 

of immersion in 3.5% NaCI solution, notably a small increase in the impedance 

after two weeks of immersion. After 4 weeks of immersion, the impedance 

dropped and finally became stable (see Figure 4-35 latter). The phase angle 

curve, Figure 4-26, shows that there are two time constants at about 104 and 

1.0 Hz. The former displays a slightly decrease after four weeks of immersion, 

however, the latter increased by prolonged immersion, whilst at the same time, 

moving towards low frequency region.
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Figure 4-25 Impedance of PANI/sol8 coated AA2024 in 3.5% NaCI solution
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Figure 4-26 Phase diagram of PANI/sol8 coated AA2024 in 3.5% NaCI solution.

Physical observation of the coating indicated a lack of pitting or delamination, as 

shown in Figure 4-27. Some dark spots were observed on the surface, these 

were identified as an accumulation of PANI which did not affect the corrosion 

performance.
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Figure 4-27 Image of PANI/sol8 after 4 weeks immersion in 3.5%NaCI solution

Both PANI/sol4 and PANI/sol1 showed similar behaviour to that of the 

PANI/sol8 as shown in Figures Figure 4-28 to Figure 4-31.

Both Impedance curves Figure 4-28 and, showed stable values of impedance 

during the 4 weeks of immersion in the corrosive solution, however, impedance 

at high frequency decrease in their values with immersion time. Moreover, both 

phase angle curves, Figure 4-29 and Figure 4-31, showed two time constants at 

about 104 and 1.0 Hz. The latter time constant slightly increased and shifted 

towards lower frequency with immersion time. This shift accompanied with a 

decrease of former time constant, at 104 Hz.
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Figure 4-28 Impedance of PANI/sol4 coated AA2024 in 3.5% NaCI solution
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Figure 4-29 Phase diagram of PANI/sol4 coated AA2024 in 3.5% NaCI solution
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Figure 4-30 Impedance of PANI/sol1 coated AA2024 in 3.5% NaCI solution
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Figure 4-31 Phase diagram of PANI/sol1 coated AA2024 in 3.5% NaCI solution

The three samples had the same corrosion behaviour in 3.5%NaCI solution; 

they had two time constants at about 104and 1.0 Hz. The high frequency time 

constant slightly decreased while the low frequency time constant increased 

and shifted towards lower frequency with immersion time. The low frequency
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time constant, at 1.0 Hz, was approximately the same value in the three 

samples.

However, the impedance of PANI/sol8, over 4 weeks period, was greater than 

that of both PANI/sol4 and PANI/sol1 at all frequency ranges. In addition, 

PANI/sol8 showed higher phase angle at high frequency range, 104 Hz, with 

respect to PANI/sol4 and PANI/soH.

4.1.2.6 PANI/sol-gel mixture (prolonged immersion)
For prolonged immersion PANI/sol8, 4 and 1 coated samples were tested in 

3.5% NaCI solution for over 7 months. However, before presenting the results of 

prolonged immersion, the surface morphology of these three samples, before 

immersion, were investigated. Figure 4-32 provides details of the surface 

morphology and cross section of all three samples. It can be seen that the 

surface of PANI/sol8 was uniform and there are some wave like features which 

may be a result of shrinkage during curing. Some other surface features 

appeared on increasing the amount of PANI in the sol-gel matrix (discussed 

later) as shown in Figure 4-32.
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Figure 4-32 Surface morphology and cross section of different PANI/sol-gel coatings

before immersion
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Moreover, the thickness of the PANI/sol-gel coatings decreases with increasing 

PANI content; typically 12-13 pm, 9-10 pm and 5-6 pm for the PANI/sol8, 

PANI/sol4 and PANl/sol 1 respectively.

The features appearing in PANI/sol1 were further investigated using EDX 

mapping, as shown in Figure 4-33.
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F ig u re  4-33 EDX mapping of PANI/sol1 sample

From the results of EDX mapping, it can be seen that, these features consisted 

of mainly carbon, where the carbon represents both polymer and the hybrid 

silica sol-gel. Comparison of the C and Si maps in Figure 4-33 shows that the 

dark area in the back scatter image consist of C and represents poor dispersion 

of the PANI.

Furthermore, by increasing the PANI content in the PANI/sol-gel coating the 

surface of the coated sample became less uniform and took on the appearance 

of a porous coating, as shown in Figure 4-34. Such features may affect both the 

corrosion and mechanical performance of the coating.
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Figure 4-34 SEM image of PAN/sol0.25

The investigation of corrosion performance of PANI/sol8 sample was continued 

using EIS in 3.5 NaCI solution for up to 24 months. Figure 4-35 shows the 

coating maintains a stable impedance over this 24 month period of immersion. 

At the low frequency range (0.01 Hz) the impedance decreased from 4x106 to 

0.9x106 Ohm.cm2 after 2 months of immersion. However, it remained stable for 

the remaining 24 months, at about 1x106 Ohm.cm2

The phase angle curve shown in Figure 4-37, highlights a dramatic decrease in 

phase angle at high frequency (1000-5000 Hz) in the first three months. After 

this period, it became stable for the remaining 24 months. The curve shows two 

time constants at 104 and 8 Hz. The latter moves from 8 to 0.5 Hz after one 

month of immersion, moreover, the maximum of this time constant peak was 

stable during the immersion period.

Figure 4-37 presents two samples of PANI/sol8 after 24 months of immersion in 

3.5% NaCI solution. The samples did not show any delamination during this 

period of testing, however, 2 pits (arrows) has developed on one sample, after 

21 months, no pitting was observed on the second sample. The dark spots 

observed on the sample are the accumulation of PANI in the sol-gel matrix 

which was originally present in the coating in Figure 4-27.
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Figure 4-35 Impedance of PANI/sol8 coated AA2024 in 

3.5% NaCI solution up to 24 months.
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Figure 4-36 Phase diagram of PANI/sol8 coated AA2024 in 

3.5% NaCI solution up to 24 months.
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Figure 4-37 Image of PANI/sol8 coated AA2024 in 3.5% NaCI solution

up to 24 months

Stable impedance behaviour was exhibited by the PANI/sol4 sample during 7 

months of immersion in 3.5% NaCI solution as shown in Figure 4-38. Moreover, 

the phase angle, Figure 4-39, showed two time constants at 104 and 5 Hz. The 

latter shifted from 5 to 0.4 Hz after a month of immersion, becoming stable 

around this frequency. Furthermore, the phase angle at this frequency remained 

stable over the 7 months period.
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Figure 4-38 Impedance of PANI/sol4 coated AA2024 in 3.5% NaCI solution

up to 7 months.
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Figure 4-39 Phase diagram of PANI/sol4 coated AA2024 in 3.5% NaCI solution
up to 7 months.
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The final PANI/sol-gel combination having a ratio of 1:1 exhibited a stable 

impedance value, at about 5 x105 Ohm.cm2, over the 7 months immersion 

period. Figure 4-40 shows an initial inductive peak at 0.1 Hz after 2 days of 

immersion which disappeared with immersion time. The phase angle showed
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two time constants at 104 and 10 Hz after 48 hrs immersion period. The latter 

moved from 10 to 1.0 Hz after one month of immersion remaining stable around 

this frequency.
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Figure 4-40 Impedance of PANI/sol1 coated AA2024 in 3.5% NaCI solution

up to 7 months

48 Hrs
...................... 1 month
----- -▼--------- 2 months

3 Months
-------- m - ---- 4 Month
--------* -------- 7 Months

0 H----------------- i----------------- i----------------- i----------------- i----------------- i----------------- i-----------------
1 e - 2  1 e - 1  1 e + 0  1 e + 1  1 e + 2  1 e + 3  1 e + 4  1 e + 5

Frequency [Hz]

Figure 4-41 Phase diagram of PANI/sol1 coated AA2024 in 3.5% NaCI solution

up to 7 months
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The above results showed that PANI/sol8, PANI/sol4 and PANI/sol1 had the 

same behaviour in 3.5%NaCI solution with some changes; PANI/sol8 sample 

has the highest overall impedance with respect to PANI/sol4 and PANl/sol 1 

samples. At the same time, it has the highest phase angle at high frequency, 

104 Hz. This behaviour remained stable with the time of immersion, even 

though all combinations' phase angles decrease with time at that frequency. 

Moreover, it can be seen that the phase angle position remained at 

approximately the same position, 1.0Hz, however, its value increased slightly 

with increasing PANI content from « 50 to «55 then to «60 deg for PANI/sol8, 

PANI/sol4 and PAN I/sol 1 respectively.

PANI/sol8 showed the highest impedance in 3.5% NaCI solution (pH=6.8), 

therefore, it was used during studying the corrosion performance of PANI/sol- 

gel coated AA2024 in other different tests.

4.1.3 Immersion in Acidic Solution

The corrosion performance of PANI/sol-gel coated AA2024 was investigated in 

acidic sodium chloride solution. Figure 4-42 presents the impedance of 

PANI/sol8 in 3.5% NaCI (pH=3.5) solution along with the impedance of a bare 

sample for comparison. The impedance of the coated sample (105 Ohm/cm2) is 

one and half orders of magnitude higher that that of bare sample (3.5x105 

Ohm/cm2).

The impedance drops by half of an order of magnitude after the first three days 

of immersion and then it remained stable, at about 1x105 Ohm/cm2, during the 

remaining 2 months of immersion.

The phase angle, Figure 4-43, showed two time constants for the coated 

sample one at about 5x103 Hz and the other at about 3.0 Hz, however, the bare 

sample showed one time constant at about 10 Hz. The high frequency time 

constant of the coated sample decreased with the time of immersion, moreover, 

this time constant has shifted towards the low frequency. However, the second 

time constant seemed to have gradually increased with immersion.

It can be seen that, the overall impedance of coated sample in acidic solution is 

lower than that of an equivalent coated sample in neutral solution (Figure 4-35).
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Figure 4-42 Impedance of bare and PANI/sol8 coated AA2024 in 3.5% NaCI (pH=3.5)

solution.

T f  f  T T T T ^t.

O)<D
2 .  4 00)
CD
cro<u
S 20

CL

1 d a y

3  D a y s

2  W e e k

2  M o n t h s  

B a r e  ( 2 4  h r s )

-20
1e-2 1 e - 1 1 e + 0 1e+1 1e+2 1 e + 3 1 e + 4 1 e + 5

Frequency [Hz]

Figure 4-43 Phase angle of bare and PANI/sol8 coated AA2024 in 3.5% NaCI (pH=3.5)

solution.

123



4.1.4 Immersion in Alkaline Solution

The EIS coating performance of PANI/sol8 samples were evaluated in 3.5% 

NaCI at a pH value of 9.2. The impedance and phase angle curves are shown 

in Figure 4-44 and Figure 4-45 respectively.
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Figure 4-44 Impedance of PANI/sol8 coated AA2024 in 3.5% NaCI (pH=9.2) solution.
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Figure 4-45 Phase angle of PANI/sol8 coated AA2024 in 3.5% NaCI (pH=9.2) solution.
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The impedance curve, Figure 4-44, showed that the coated sample is one and a 

half orders of magnitude greater than that of the bare sample. Interestingly, the 

impedance of the coated sample increased with increasing time of immersion. 

Initially, the impedance showed an inductive peak after 2 min of immersion, 

which decreased with respect to that of 2 hrs, after 48hrs. The high frequency 

impedance, at 104 Hz, showed smaller values, «180 Ohm.cm2, with respect to 

that of both equivalent coated samples in neutral and acidic media in the same 

period of immersion, Figure 4-36 and Figure 4-42 respectively.

The phase angle, Figure 4-45, showed a single time constant for both bare and 

coated samples. The phase angle maximum increased with immersion time; 

however, remaining constant at the same frequency. This behaviour combined 

with an increase in impedance. Pitting was observed on the bare sample after 2 

days of immersion.

The behaviour of PANI/sol8 was improved by adding 0.5%TiO2 (particle size 30 

nm) to the coating mixture (1 volume PANI+ 8 volumes sol-gel) as shown in 

Figure 4-46. In this case the impedance increased by one order of magnitude, 

at all frequency ranges when compared to the coating without TiC>2 . The 

impedance decreased initially by about a half of an order of magnitude (after 24 

hrs) but then remained stable during the following 2 months of immersion in the 

alkaline solution.

The phase angle, Figure 4-47, of T i02 doped coating increased by at least 30 

deg, in high frequency range, compared to coating without TiC>2 . Moreover, it 

showed two time constants at 104 and 10 Hz. The high frequency time constant 

decreased with increasing time of immersion, however, the low frequency time 

constant increased and shifted towards lower frequency.

Adding 0.5% Ti02 changed the thickness of the PANI/sol8 by less than 1pm as 

shown in the SEM image in Figure 4-48.
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Figure 4-46 Impedance of PANI/sol8 +0.5% T i0 2 coated AA2024 

in 3.5% NaCI (pH=9.2) solution.
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Figure 4-47 Phase angle of PANI/sol8 +0.5% T i0 2 coated AA2024 

in 3.5% NaCI (pH=9.2) solution
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Figure 4-48 SEM image of PANI/sol8 +0.5%TiO2

4.1.5 Salt Spray Test

This test was conducted to evaluate the effectiveness of the PANI/sol-gel 

coatings as a protective coating for AA2024 material for long term exposure.

In this standard test, all samples were subjected to 500 hours of salt-fog of 5% 

NaCI in 100% humidity at 40°C. At least 4 samples of each system were 

subjected to SST; two of the samples were scratched as was the bare samples.

4.1.5.1 Bare and sol-gel coated samples
Figure 4-49 shows the image of bare sample after 72 hrs salt spray testing. It 

can be seen that a white substance has covered the entire surface of bare 

sample; moreover, pitting can be seen by the naked eye. An SEM image of the 

bare sample, after 72hrs in SST, is showing in Figure 4-50, where pits of 

different sizes are distributed on the surface. These results highlight the 

aggressiveness of the salt fog environment to the bare metal.
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Figure 4-49 Image of bare AA2024 after 72 hrs in salt spray test.

Figure 4-50 SEM image of bare AA2024 after 72hrs in SST

Sol-gel coated samples were also subjected to the salt spray test as shown in 

Figure 4-51. This figure shows that the sol-gel coated sample has many pits 

(white spots) after 168 hrs within the SST environment. Numerous pits within 

and outside of the scratched area appeared after 48 hrs. In addition, the sol-gel 

coating delaminated at several points along the scratch after 250 hrs. SEM 

analysis, Figure 4-52, shows pitting at the scratch along with and delamination 

of the coating (arrowed). EDX mapping was used to identify the degree of 

delamination of the coating, Figure 4-53.
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Figure 4-51 Image of sol-gel coated AA2024 after 168 hrs in salt spray test.

Figure 4-52 SEM image of sol-gel coated AA2024 after 250 hrs in salt spray test.

From Figure 4-53, it can be seen that silicon is absent inside and around the pit; 

moreover, it shows that copper and chloride along with aluminium is present 

within the pit. Furthermore, aluminium chloride and oxide cover the delaminated 

area. These results suggest that the sol-gel coating alone is not suitable for 

protecting AA2024 from corrosion.
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Figure 4-53 EDX maps of a pit in the sol-gel coated AA2024 after 250 hrs in SST

4.1.5.2 PANI/sol-gel coated samples
The PANI/sol8 coated AA2024 samples shown in Figure 4-54 represent 72 hrs 

in salt spray test. An improvement in the protection can be seen that with limited 

pitting in the scratch and no pitting away from the scratch. The unscratched 

samples, Figure 4-55, did not show any sign of pitting or delamination of the 

coating after 72 hrs of SST.
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Figure 4-54 Image of PANI/sol8 coated AA2024 after 72 hrs in salt spray test.

Figure 4-55 image of PANI/sol8 coated AA2024 (non-scratched) 

after 72 hrs in salt spray test.

After 300 hrs SST, Figure 4-56, pitting was observed in the scratch. Again no 

damage was observed for the unscratched samples after 300 hrs, Figure 4-57.
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Figure 4-56 Image of PANI/sol8 coated AA2024 after 300 hrs in salt spray test.
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Figure 4-57 Image of PANI/sol8 coated AA2024 (non-scratched) 

after 300 hrs in salt spray test.

Figure 4-58 represents the scratched PANI/sol8 samples at the end of 500 hrs 

of SST, no more pitting appeared along the scratch. Moreover, the size of pits 

seems to be stable and there is no delamination or undercut along or around 

the scratch. The figure shows that the samples were shiny and there is no 

crystallisation of sodium chloride on the surface of the sample. The unscratched
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samples, Figure 4-59, showed a slight reduction in gloss after 500 hrs, although 

no delamination or pitting appeared during the course of the test.
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Figure 4-58 Image of PANI/sol8 coated AA2024 after 500 hrs in salt spray test.

Figure 4-59 Image of PANI/sol8 coated AA2024 (non-scratched) 

after 500 hrs in salt spray test.
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4.1.5.3 Post-treated PANI/sol-gel coated samples
"Post treated" PANI/sol8 samples were prepared as described in chapter 3. 

This post treatment was applied to improve the corrosion performance of 

"damaged" i.e. scratched samples during SST. In this section only the results 

for scratched samples are presented.

Post-treated samples were scratched and then subjected to the standard SST 

for up to 500 hrs. Figure 4-60 shows the post treated sample after 250 hrs in 

SST. No signs of corrosion, undercutting, or delamination in or away of the 

scratch was observed. The performance of the coating did not change during 

the 500 hrs of SST as shown in Figure 4-61.

Figure 4-60 Image of post-treated PANI/sol8 coated AA2024 after 

250 hrs in salt spray test.
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Figure 4-61 Image of post-treated PANI/sol8 coated AA2024 samples 

after 500 hrs in salt spray test.

Following, the 500 hrs of SST, the sample was then subject to a sellotape pull 

off (adhesion) test for 20 times. No delamination or undercutting was observed 

after the test.

After 500 hrs in SST, the pre-scratched sample was washed with deionsed 

water and then immersed in 3.5%NaCI solution for an hour before conducting 

EIS.measurements. The results shown in Figure 4-62 indicate an overall 

impedance is 1.6x105 Ohm.cm2. The high frequency, 104 Hz, impedance 

showed a smaller value, 100 Ohm.cm2, which may relate to the scratched area 

was directly exposed to the electrolyte.

The phase angle plot shows two time constants , at 103 and 0.8 Hz. Where the 

latter seems to have the same value and position as an untreated PANI/sol8 

coated sample in the same solution. Furthermore, the phase angle showed a 

small value (10 deg) at high frequency, >104 Hz, with respect to unscratched 

sample Figure 4-26.
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Figure 4-62 Bode plot of post treated scratched PANI/sol8 coated AA2024

after 500 hrs SST.

To investigate whether or not the post-treatment did affect the corrosion 

behaviour of the PANI/sol-gel coating; EIS was carried out for the post treated 

sample. The Impedance curve of the post-treated sample, Figure 4-63, showed 

that the impedance at high frequency, 104 Hz, has a capacitive behaviour and 

this behaviour was stable with time of immersion. Moreover, the impedance 

behaviour seems to be the same as PANI/sol8 in the low frequency range, 

however, the post treated sample showed higher low frequency impedance 

(8x107 Ohm.cm2) compared to that of untreated PANI/sol8 (2x106 Ohm.cm2).

The phase diagram, Figure 4-64, shows capacitive behaviour (85 deg) at the 

high frequency range during four weeks of immersion.

At lower frequencies, the coating response is similar to a normal PANI/sol-gel 

sample, where there was a time constant that shifts towards the low frequency. 

This did not however appear to affect the impedance which remained almost 

constant with time of immersion, at about 8x107 Ohm.cm2.

The post treatment increased the cross section thickness of the coating by 

about 3-4pm as shown in Figure 4-65.

These results showed that post treatment improved the corrosion performance 

in both constant immersion and salt spray tests.
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Figure 4-63 Impedance curve of post-treated PANI/sol8 coated 

AA2024 in 3.5% NaCI solution.
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Figure 4-64 Phase diagram of post-treated PANI/sol8 coated AA2024 in 3.5% NaCI

solution.
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Figure 4-65 SEM image of post treated PANI/sol8 

4.1.6 Scratch Test

An investigation of the "self healing" property of the PANI/sol-gel coating was 

carried out from EIS measurements of samples before and after scratching in 

3.5%NaCI solution.

The impedance curve, Figure 4-66, shows that the sample decreases in 

impedance by about one and an half orders of magnitude directly after 

scratching at both high and low frequency. Continued immersion showed that 

this lost of impedance was recovered with time.
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Figure 4-66 Impedance of PANI/sol8 coated AA2024 in 3.5 %NaCI solution,

before and after scratching.

The phase angle plot shown in Figure 4-67 identified the sample as having two 

time constants at about 104 and 1.0 Hz before scratching, however, they shifted 

to 2x102 and 1x1 O'1 Hz respectively after scratching. These time constants may 

relate to the coating and metal/coating interface respectively. The high 

frequency time constant of the scratched sample shifted towards lower 

frequency with immersion time and its peak decreased with immersion time. 

The low frequency time constant peak increased with the immersion time which 

suggests an increase in capacitance of the interface. This was combined with 

an increase in impedance in the same frequency region. Moreover, the 

capacitive behaviour was clearly defined with immersion time; such behaviour is 

not seen with inert barrier coatings. SEM analysis of the scratched PANI/sol8 

sample, Figure 4-68, showed that the scratch is typically 140-180 pm wide. 

Moreover, it can be seen that there is no delamination or undercutting or pitting 

within the scratched area. EDX maps of the scratched sample, Figure 4-69, 

indicated that the scratch penetrated through the coating to the metal substrate 

as both aluminium and copper could be detected. Furthermore, there was no 

sign of corrosion products in the scratched area after 7 days of immersion in 

3.5% NaCI solution. PANI/sol-gel alone coated samples showed neither
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undercutting or blistering, rather there was an accumulation of white aluminium 

oxide (arrows) at the scratch line following five months of immersion in 3.5 

%NaCI solution as shown from the image, Figure 4-70.
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Figure 4-67 Phase angle of PANI/sol8 coated AA2024 in 3.5 %NaCI solution,

before and after scratching.
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Figure 4-68 SEM image of the scratched PANI/sol8 sample after 7 days of immersion in

3.5% NaCI solution.
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Figure 4-69 EDX analysis of scratched PANI/sol8 coated sample after 
7 days in 3.5% NaCI solution

Figure 4-70 Image of scratched PANI/sol8 coated AA2024 

after 5 months in 3.5%NaCI solution

4.1.7 SVET Tests

SVET was used to study the self healing process of the PANI/sol-gel coating. 

PANI/sol8 sample, pre-immersed in 3.5%NACL solution for 5 days, was
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scratched and then a SVET line scan (across the scratch) of SVET was carried 

out in 0.35% NaCI solution. Figure 4-71 shows the change of current density 

with both immersion time and distance from the scratch. Here it can be seen 

that the current density of the scratched area initially decreases at the beginning 

of scan, then increases over the next 4 hrs of immersion. Finally the current 

density decreases to the value of unscratched area. No further activity is found 

at the scratch site.

These results suggest that a PANI/sol-gel coating exhibits a "self healing" type 

behaviour to AA2024 substrate.

2000

Figure 4-71 SVET time-lapse line scan of scratched PANI/sol8 coated AA2024 sample

in 0.35% NaCI solution
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4.2 PART II: MECHANICAL TESTING

A coating will fail to provide anti-corrosion protection when it delaminates or 

fractures due to mechanical action. The tests used to investigate the 

mechanical behaviour of the coating systems were; adhesion, micro-hardness, 

hardness and bend test. The results of these tests are given below;

4.2.1 Adhesion Test

Without sufficient adhesion, a coating of otherwise excellent barrier properties 

to weather, chemicals, scratches, or impact properties would be worthless. The 

adhesion of the coated samples was tested using two techniques namely; Pull 

off and Cross-Cut Test.

4.2.1.1 Pull off Test
The results of the test are given in Figure 4-72 and all raw data is given in 

appendix B.

Figure 4-72 shows that the sol-gel, PANI/sol8 and post-treated samples had 

better adhesion than that of the adhesive with the bare sample. The adhesion 

properties significantly decreased with increasing PAN I content. The silica sol- 

gel had the highest value while PANI/sol1, had the lowest adhesion value. PANI 

alone showed higher adhesion value (4.2 MPa) than that of PANI/sol1 (3.1 

MPa). This value may relate to the diffusion of glue through the PANI layer 

since PANI layer was 3 pm thick.
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Figure 4-72 Pull Off adhesion test of different coating systems.

Figure 4-73 presents the surface of samples after the Pull off test along with 

their corresponding dollies. The photo shows that as the PANI content 

increases the percent of coatings delamination increases. Furthermore, the sol- 

gel coating, Figure 4-73-a, did not show any signs of coating delamination 

rather adhesion failure occurred. In contrast with the sol-gel coating, PANI/sol1 

coating was completely removed from its dolly surface (see Figure 4-73-f). 

These results suggest that PANI content decreases the adhesion strength of 

the coating.
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Figure 4-73 Images of Pull Off test samples with their dollies
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4.2.1.2 Cross Cut Test
The cross cut test was applied for coated samples in support of the results of 

the Pull Off test. Moreover, this test can be applied to wet samples in which 

water may affect the adhesion properties of coatings. The test was applied for 

different coated samples and the results are shown in the following table;

Table 4-2 Cross cut adhesion test results

Sample name
Percent area 

removed

Sol-gel 0%

PANI/sol8 0%

Post-treated 0%

PANI/sol4 <5%

PANI/soM <5%

PANI only 0%

As Table 4-2 shows, the sol-gel, PANI/sol8, post-treated and PANI coated 

samples showed good adhesion while PANI/sol4 and PANI/sol1 coated 

samples exhibited failure of the coating at the scratch lines (arrows), images of 

different samples showed in Figure 4-74. Moreover, delamination of the 

PANl/sol 1 coating was greater, both in size and number, than that of the 

PANI/sol4. These results support the Pull Off test results; notably as the PANI 

content increases the adhesion properties decrease.
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Figure 4-74 Images of Cross Cut test of different coating systems
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Further assessment of the adhesion properties of coatings was carried out 

using samples that had been immersed in 3.5% NaCI solution for 24 hrs and 

dried using an air stream. Samples were scratched and subjected to the test; 

these results are shown in Table 4-3

Table 4-3 Cross Cut adhesion test results of coated samples after immersion in 3.5%NaCI 

solution for 24hrs.

Sample name
Percent area 

removed

Sol-gel 0%

PANI/sol8 0%

Post-treated 0%

PANI/sol4 <5%

PAN l/sol 1 5-15%

PANI only 100%

PANI-only coating showed a dramatic change in the adhesion to the metal 

substrate that PANI coating completely removed from the metal substrate even 

before applying the test, Figure 4-75. The PANI/sol1 coating showed a 

significant change in the adhesion behaviour due to immersion with failure of 

the coating, at the scratch lines, (arrows) increasing. Images of the coated 

substrate, after immersion, are shown in Figure 4-75. Moreover, sol-gel, 

PANI/sol8 and post-treated coated samples did not show any change in 

adhesion as a results of immersion in 3.5% NaCI solution for 24 hrs.
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4.2.2 Micro-Hardness

The micro-hardness of the different coatings was measured, in addition to that 

of the bare AA2024 substrate. The hardness of the PANI only coated sample 

could not be measured since the maximum coating thickness was typically 8 pm 

and was insufficient to avoid the influence of the substrate during measurement. 

Micro-hardness test results, Table 4-4, showed that sol-gel had the highest 

micro-hardness value (21.0). As the PANI content increased, the micro

hardness decreased. Moreover, the post-treated sample exhibited lower value 

than that of PANI/sol-8 due to the post-treatment forming a thin outer layer on 

the coating.
Table 4-4 Micro-hardness test results

Sample name Results HV

AA2024 161.83

Sol-gel 21.02

PANI/sol8 17.22

Post-treated 14.12

PANI/sol4 10.37

PANI/soM 9.632

4.2.3 Pencil hardness test

A pencil hardness test was applied to further support the results of the micro

hardness test. This test can be applied for thinner coatings and has the 

advantage that it allows all coating systems, including PANI, to be compared, as 

shown in Table 4-4
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Table 4- 5 Pencil hardness index of different coating system

Sample name Pencil index

Sol-gel 5H

PANI/sol8 4H

Post-treated 3H

PANI/sol4 2H

PANI/soM 2H

PANI only HB

The results of the Pencil test were consistent with those of the micro-hardness 

test, where the sol-gel coating is the hardest coating and as the PANI content 

increase as the hardness decreases.

4.2.4 Bend test

This test was carried out to measure both adhesion and elongation of the 

coating systems. Test samples were strips having a size that covered the whole 

of the mandrel. Following bending, each strip was checked separately using a 

magnifying lens.

Optical inspection of the coated samples showed no cracking of the sol-gel, 

PANI/sol8, post-treated and PANI/sol4 samples. The PANI/soM coating resisted 

cracking up to a mandrel diameter of 1.3cm where upon horizontal cracks 

appeared in the coating layer. In comparison, the PANI coating showed 

cracking at a mandrel diameter of 1.5 cm.

151



4.3 PART III: COATING CHARACTERISATION

In this part of the chapter characterisation of the coatings was carried out in an 

attempt to understand how the PANI/sol-gel coating offers protection to the 

AA2024.

4.3.1 PANI Characterisation

PANI was chemically prepared, as described in chapter 3; acetone was added 

to the water to improve the solubility of PANI within the sol-gel matrix. The 

prepared dark blue powder, typically emeraldine base, was characterised using 

FTIR and XPS.

830

0.6
13021594 11641505

0.5

0.4

3300

0.2

- 0.0
25003000 20003500 10001500

W  avenumb ers(cm-1)

Figure 4-76 FTIR of Polyaniline powder

Figure 4-76 shows the FTIR spectrum of the prepared polyaniline. The 

spectrum consisted of six main peaks at 830, 1164, 1302, 1505, 1594 and a 

broad peak at 3300cm'1. These peaks represent bending vibration of C-H on the 

aromatic rings, vibration of N=Q=N ring, stretching vibration of C-N, stretching 

vibration of N-B-N ring, stretching vibration of N=Q=N rings and stretching of H 

bond of N-H, respectively. Where: Q is quinone ring and B is benzene ring. This 

result agrees with previous FTIR analysis of PANI [5] [6] [7] [8]. The spectrum 

showed that the peaks at 1594 and 1505 have comparable intensity which 

suggests that this material is emeraldine base.
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Figure 4-77 XPS survey of polyaniline powder

Figure 4-77, shows the C is N1s, and O is peaks found from XPS analysis. The 

theoretical relative concentration ratio of carbon to hydrogen is 6:1; however, 

the XPS analysis implies that their relative concentration is 6.9:1 which agrees 

with that found by Fujita et al [9] and Lim et al [10]. This additional carbon may 

arise from hydrocarbon surface contamination. The analysis also detects some 

oxygen in the as-prepared powder which is common in polyaniline (emeraldine 

base) [9] [11].

153



Binding Energy (eV)
Figure 4-78 High resolution XPS N s1 core level spectra of PANI (EB) powder

According to the reported results of polyaniline [5] [9] [11] [12] these peaks are 

attributed to nitrogen bonds, as shown in the following table:

Table 4-6 XPS analysis of Nitrogen atom components

Bonding Energy 
[eV] Type of N atom

Percent of total area 
[%]

398.5 -N=C- 36.27

399.5 -NH-C 55.56

400.7 -N+H- 5.17

402.5 =N+H- 2.90

The intensities of the protonated forms, peaks at 400.7 and 402.5 eV, are small 

with respect to the other bonds indicating that the concentrations of positively 

charged nitrogen atoms are very low in PANI. Furthermore, the relative 

concentration of non-protonated N, [-N=C-]/[-NH-C]=0.69, this value being in 

agreement with Li et al[13].

The above XPS and FTIR results are proof that the prepared material is 

polyaniline in its emeraldine base (EB) form.



Although, PANI (EB) was prepared as PANI (EB) powder, the powder was 

dissolved in NMP during preparation of both PANI and PANI/sol-gel coatings. 

For more understanding of PANI coatings, PANI (EB) solution was dissolved 

and applied to a glass slide and the coating was then dried at 70°C for 16 hrs 

before analysis by FTIR and XPS techniques.

Figure 4-79 shows the FTIR spectra of PANI after being dissolved in NMP and 

dried onto a glass slide. The spectra showed a new peak at 1662 which is 

related to C=0 from the NMP which forms a hydrogen bond with the amine 

group of the PANI i.e. C=0 FIN [14].

o

3 0 0 0 2 5 0 0 20003 5 0 0 10001 5 0 0

Wavenumb er s(cm-1)

Figure 4-79 FTIR of Polyaniline dissolved in NMP then dried

The high resolution XPS N 1s core level showed the same species of powder 

sample, however, some changes in the relative concentration was took place as 

showed in Figure 4-80
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Figure 4-80 High resolution XPS N s1 core level spectra of PANI/NMP film 

4.3.2 PANI Interaction with Sol-Gel

The interaction of PANI with the sol-gel was investigated using XPS technique; 

sol-gel only and PANI/sol-gel coatings were analysed separately. Both coatings 

were separately on applied to a Teflon sheet and then dried at 70°C for 16 hrs. 

The coatings were removed from the Teflon sheet as a free standing film, or 

powder, before subjecting to the XPS analysis.

Name
-N-C
-N=C
-NH+
=NH+

Pos. %Area
399.5 55.16
398.5 32.58 

9.39 
2.86

400.8
402.413

=NH+
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Figure 4-81 XPS analysis of silica sol-gel

XPS analysis as shown in Figure 4-81 identified the presence of three elements 

in the sol-gel coating namely; silicon, carbon and oxygen.

High resolution XPS analysis of Si 2p peak of the sol-gel only and PANI/sol-gel 

coatings are shown in Figure 4-82 and Figure 4-83 respectively. It can be seen 

that there is no shift or broadening of the Si 2p peak occurs after adding PANI 

to the sol-gel. Typically, two peaks appeared at 103.3±0.1eV and 101.8±0.1eV 

representing Si-O-Si and C-Si-0 respectively [15]. The high resolution, N 1s 

core level, (see Figure 4-84) showed the same components of PANI/NMP with 

a decrease the percentage of N=C and increase of NH+. This change may be 

related to the protonation of N=C by the acid catalyst used within the silica sol- 

gel.
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Figure 4-82 High resolution XPS Si 2p core level spectra of sol-gel coating.

Name Pos. °/<Area
S-O-Si 103.2 90.75 
C-SW 101.9 9.25
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Figure 4-83 High resolution XPS Si 2p core level spectra of PANI/sol-gel coating
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Figure 4-84 High resolution XPS N 1s core level spectra of PANI/sol-gel coating

Observation of PANI/sol-gel solution showed that the PANI content was not 

chemically bound to the sol-gel, but rather the PANI was suspended in the sol- 

gel matrix and this suspension seems to take place without interaction between 

PANI and sol-gel, Figure 4-85.
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Figure 4-85 PANI/sol-gel a) directly after preparation b) two weeks on shelf.
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4.3.2 Interaction of PANI with Aluminium

XPS analysis of bare substrate, Figure 4-86, showed that the alloy contains; 

aluminium, copper, magnesium, carbon, silicon and oxygen. Carbon is also 

found, being due to the contamination by handling and the atmosphere.
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Figure 4-86 XPS survey of bare AA2024

The high resolution XPS of Al 2p core level (Figure 4-87) showed that 

aluminium has two main species at 72.8±0.1 and 75.6±0.1 eV which relate to 

the aluminium metal and native aluminium oxide respectively [16]. The oxide 

content is around three times that of the metal. The oxygen/aluminium oxide 

atomic concentration is about 2:1 which is more that the theoretical value 

(1.5:1).
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Figure 4-87 High resolution XPS Al 2p core level spectra of bare AA2024.

Wide XPS scan of the thin film PANI coated bare substrate; is shown in Figure 

4-88, revealing only Al, C, O and N in the spectrum where the nitrogen peak 

represents PANI. The high resolution Al 2p core level, Figure 4-89, did not show 

any peak shifts for the Al metal and native oxide.

I6 l



X f l f

01s

<Nj

N1s

0200600
B in d in g  E n erg y  (eV)

Figure 4-88 XPS survey of PANI coated AA2024
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Figure 4-89 High resolution XPS Al 2p core level spectra of PANI coated AA2024

The high resolution N1s core level of PANI coated AA2024 showed some

changes with respect to that of PANI/NMP film as shown in Figure 4-90.
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Figure 4-90 High resolution XPS N 1s core level spectra of PANI coated AA2024.

Here the N=C component decreases from 32% to 24 %, while the N-C 

component increases from 55% to 59%. Moreover =NH+- increased from 9 to 

14%. This reflects a decrease in the N-Q-N bonding of the polyaniline which 

represents the oxidised form in the PANI chain. At the same time there is an 

increase in the N-B-N bonding of the polyaniline (reduced form of PANI (EB) 

chain). The relative concentrations of the oxidised and reduced forms of PANI 

(EB) present an understanding of the changes taking place when PANI is 

applied to the metal substrate. The relative concentration of oxidised to reduced 

forms was decreased from 0.58 to 0.45 in PANI/NMP film and PANI coated 

AA2024 respectively i.e. the PANI is reduced when applied to the substrate.

The interaction of PANI and the substrate was further investigated using FTIR. 

Figure 4-91 shows the FTIR region of interest, 1000-2000 cm"1, for the 

PANI/NMP film and PANI coated AA. The relative concentration of oxidised and 

reduced forms can be measured from the relative peak heights at 1594 

(N=Q=N) and 1505 (N-B-N) respectively. The spectrum representing PANI 

applied to the Al substrate showed that the height of 1594 peak is slightly 

decreased with respect to 1505 peak.
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Figure 4-91 FTIR spectrum of PANI/NMP film and PANI coated AA2024

The FTIR and XPS results suggest that PANI may be reduced when applied to 

the Al substrate. This postulation is not valid unless the Al substrate or other 

species, in the PANI coating system, is oxidised to complete the 

electrochemical reaction.

To study the Al substrate underneath the PANI coating, XPS depth profiling was 

used. Pure aluminium (99.99) was used to avoid any other interaction between 

the PANI and the substrate alloying elements. Aluminium was evaporated under 

vacuum (10'5 torr) on a free standing film of PANI (EB) at 60±5°C. The 

evaporating chamber was left under vacuum for one hour before evaporation to 

remove surface gases. The evaporated aluminium thickness was adjusted to 

«50 nm and the XPS depth profile was carried out from the aluminium side to 

polymer.

The XPS wide scan survey, Figure 4-92, showed that four elements are present 

notably; oxygen, carbon, nitrogen and aluminium. The sputtering time between 

each scan is approximately 15 sec with the exception of the first and the last 

scan where a 60 sec interval was used. In this figure the arrow shows the 

sputtering direction. The highlighted region appears to be the PANI/AI interface 

where, Al begins to disappear and carbon appeared. Furthermore, the oxygen



content gradually decreases from the outer aluminium layer to the interface. It 

then begins to increase again at the interface.
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Figure 4-92 XPS depth profile survey of PANI/AI

The elemental atomic percentage is shown in Figure 4-93, where it can be seen 

that carbon appears on the surface of the aluminium before sputtering, 

however, it completely vanishes after first sputtering. This carbon content 

appears to be due to atmospheric contamination.

The oxygen content gradually decreases from the surface to PANI/AI interface 

region where it increases sharply and then decreases to a near zero value in 

the depth of the polymer at the end of sputtering. The aluminium content 

decreases gradually at the interface region while, the carbon and nitrogen 

content gradually increases from the interface up to the end of the sputtering 

process, where the sum of their content was over 99%.
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Figure 4-93 Change of elemental atomic percent with XPS sputtering time

The relative atomic ratio of carbon to nitrogen, Figure 4-94, was relatively stable 

around a value of 6.5:1 which is near the theoretical value (6:1). The ratio is 

observed to reach 8:1 at the beginning of the PANI/AI interface which may 

relate to contamination of the PANI film before evaporation of aluminium.
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Figure 4-94 Change in carbon/nitrogen atomic ratio with sputtering time.
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The change of the Al 2p core level with sputtering time is shown in Figure 4-95. 

Where two peaks at 72.8±0.15eV and 75.6±0.15eV are observed. The first 

peak, 72.8eV, remained at the same position until the end of sputtering, 

however, the peak at 75.6±0.1eV gradually decreased up to the interface and 

then increased again as sputtering continued. The peak broadened and shifted 

to 75eV as showed in Figure 4-95.

78 76 74 72 70 68
Binding Energy (eV)

Figure 4-95 XPS high resolution Al 2p core level with all sputtering time

Details of individual XPS high resolution Al 2p core level spectra are showed in 

Figure 4-96. It can be seen that a new component at 74.5±0.15eV, was required 

for a perfect fit with the two peaks at 72.8 and 75.6eV of Al within the PANI/AI 

interface region. The percentage of this component, denoted "Al-X", increased 

with sputtering time i.e. towards the PANI direction within the interface region.
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Figure 4-96 Change of Ai components with sputtering time a) before sputtering 

b) 60 sec c) 165 sec d) 195 sec e) 270 sec and f) 315 sec
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Figure 4-97 Percentage change of Al components with depth profile.

The percentage change of these Al species with sputtering time is shown in 

Figure 4-97. The Al-X begins to appear at the interface, at a sputtering time of 

180 sec, and increases with sputtering time, towards the direction of PANI. At 

the same time, the aluminium oxide decreases from the outer layer of the 

aluminium surface until at the interface region; it begins to increase again. Over 

the same period, the Al metal increased up to the PANI/AI interface and then 

subsequently decreased.

The relative atomic ratio of aluminium oxide (Al 2p) and the whole oxygen (01s) 

with sputtering time is shown Figure 4-98. From the plot it can be seen that 

following an initial increase at the outer surface of the Al, the relative atomic 

ratio was stable at about 0.72, which is near the theoretical value (0.66). At the 

interface region, the ratio decreases sharply i.e., the oxygen content increases 

beyond the theoretical value (0:AI = 3:2).

This result suggests that there is an evidence of a new anonymous, Al-X, which 

is rich in oxygen, e.g. Al-O-X or AI-Oz.
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Figure 4-98 the relative atomic concentration of Al oxide to oxygen.

XPS high resolution N 1s core level scans, Figure 4-99, revealed that the N 1s 

peak shifted from 399.5eV to a lower binding energy at 398.8 which may be 

related to increase the percentage of the low binding energy component of N 1s 

with sputtering time.
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Figure 4-99 High resolution N1s core level with sputtering time

It can be seen that the four species, at 398.4±0.15, 399.5±0.15, 400.7±0.15 and 

402.5±0.15eV, fit under one XPS band. The first spectrum, figure4-100(a) 

exhibited a low signal: noise ratio, however, the signal to noise gradually 

increased in figures b to f. From these figures, it seems to be the case that, the 

=N-C- peak increases with the sputtering time with respect to the N-C peak. 

Figure 4-101 shows the relative concentration of these four species as a 

function of sputtering time. It can be seen that the concentration of -N=C 

increased with sputtering time while, the -N-C concentration decreased over the 

same sputtering period. Moreover, the concentration of doped species,-NH+ 

and =NH+, appeared stable during sputtering. The relation between the ratio of 

N=C and N-C is further illustrated in Figure 4-102 where it is clear that the ratio 

of [-N=C/-N-C] increases towards the direction of PAN I.
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Figure 4-100 Change of N components with sputtering time a) 195sec b) 210 sec c) 240

sec d) 270 sec e) 300 sec and f) 375 sec
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Figure 4-101 Relative percentage of N 1s components with sputtering time
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Figure 4-102 Relative concentration of [-N=C]/ [-N-C] from N 1s components with

sputtering time

In support of the previous results, carbon, C1s, peaks were plotted as a function 

of sputtering time, see Figure 4-103 a-f. The XPS spectra showed four species 

that fitted in the C 1s envelope at 284.8, 285.5, 286.2 and 287.7eV representing 

C-C (and C-H) C-N, C=N [14] and C=0 [16] respectively.
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Figure 4-103 Change of C 1s components with sputtering time a) 195sec b) 210 sec c) 240

sec d) 270 sec e) 300 sec and f) 375 sec

Figure 4-103 shows the C=N peak at 286.2 increasing with sputtering time (in 

the direction of the PANI). The C=0 peak, at 287.7 Figure 4-103-a, seemed to
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be higher (at the edge of interface), however, it became smaller and stable after 

that. This may relate to contamination of the free standing PANI surface. The 

relative concentrations of these four species are shown in Figure 4-104. It can 

be seen that C=N increasing with sputter in the direction of the PAN, however, 

C-N decreased over the same region. The ratio of [C=N]/[C-N] are plotted 

Figure 4-105 where it can be seen that, the ratio gradually increases with 

sputtering time and becoming stable at about 0.7. This figure showed a similar 

trend to that of the ratio of [N=C]/[N-C] in Figure 4-102 which supporting the 

postulation that PANI is oxidised as sputtering in the PANI direction.
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Figure 4-104 Relative percentage of C 1s components with sputtering time

175



0.8

0 . 7  

0.6 

0 . 5  

0 . 4  

0 . 3

Figure 4-105

The above results were obtained using a sample prepared by the evaporation 

of pure Al, 99.99%, onto the surface of a free standing PANI film under high 

vacuum conditions, 10*5 torr, this preparation method may have an influence on 

the XPS results and does not reflect the actual conditions of a normal coating 

procedure under normal pressure and temperature.

The following section describes an XPS study carried out for a thin PANI film 

coated on AA2024, prepared under normal conditions of pressure and 

temperature.

The XPS profiling was carried out from the PANI direction towards the AA2024 

substrate. Furthermore, this study concentrated on the change of Al 2p and N1s 

in order to support the results obtained in the previous section. It should be 

noted that, the alloying elements of 2024, such as Cu and Mg, were not taken 

into consideration.

As it can be seen from Figure 4-106, there is small amount of oxygen on the 

surface of PANI; however, this completely disappears with sputtering. Oxygen is 

then observed on the edge of PANI/AI interface.

The atomic ratio of C: N is shown in Figure 4-107. The ratio shows an initial 

high value around, 8.7 which becomes stable around 7 up to the edge of

oc

O

ilo

i---T' /  1-----------------------------1
0  2 0 0  3 0 0  4 0 0

Sputtering tim e[sec]

Relative concentration of [-N=C]/ [-N-C] from C 1s components with 

sputtering time
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interface (arrowed). This value then increased to 9.3, at the edge of 

PANI/aluminium interface, returning back to 7, before showing unstable values 

beyond the interface. The erratic behaviour of the C: N ratio appears to relate to 

contamination of the surface.
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Figure 4-106 Change of elemental atomic percent of elements with XPS sputtering time
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Figure 4-107 Relative atomic concentration of carbon to nitrogen with sputtering time.

High resolution XPS N 1s core level spectra are shown in Figure 4-108 (a-f). 

Here the N=C peak at 298.4±0.15 eV decreased with sputtering time i.e. 

towards the Al. Furthermore, the relative concentration of [N=C]/[N-C] in N1s
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spectrum gradually decreased with sputtering towards Al as shown in Figure 4- 

109.
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Figure 4-108 Change of N 1s components with sputtering time a) 195 sec b) 225 sec c) 

330 sec d) 375 sec e) 435 sec and f) 450 sec
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Figure 4-109 Relative percentage of N 1s components with sputtering time.

High resolution (Al 2p) XPS analysis is shown in Figure 4-110, where three 

species are identified at 72.8±0.1eV, 74.5±0.15eV, and 75.6±0.15eV 

representing metallic Al, Al-X and aluminium oxide. The Al-X component 

appeared at the interface region and decreased with sputtering time i.e. moving 

towards the Al. The relative percentages of these three components are shown 

in Figure 4-111. It is clear from the figure that the Al-X decreases sharply with 

sputtering time, moreover, aluminium oxide gradually decreases with sputtering 

time ( towards the Al).

179



C
P

S
 

C
P

S
 

C
P

S

55j

50j

45.

40.

35j

30.

25j

2 0 j

80 78 76 74 72 70 68 66
B i n d i n g  E n e r g y  ( e V )

x 10'

80 78 76 74 72 70 68 66
B i n d i n g  E n e r g y  ( e V )

x 1030.

25J

20J

10J

80 78 76 74 72 70 68 66

65.

60.

55.

50.

45.

CL 40.

35.

25j

20.
1 5 j .

B i n d i n g  E n e r g y  ( e V )

x 1022.
20.

9? 12:

B i n d i n g  E n e r g y  ( e V )

x  1 0 '

B i n d i n g  E n e r g y  ( e V )

45.

40.

35.

CL 25.

20.

B i n d i n g  E n e r g y  ( e V )

Figure 4-110 Change of Al 2p components with sputtering time a) 225 sec b) 270 sec c) 
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Figure 4-111 Change of Al 2p components with sputtering time

These results appear to be in agreement with those obtained from XPS depth 

profiling of the previous sample (Al evaporated over a PANI film).

4.3.3 TEM study

Investigation of the PANI/AI interface was also conducted using a TEM 

technique. The PANI coating thickness was 1.3 pm as seen in Figure 4- 112 

which showing an SEM image of an FIB sectioned sample. It can be seen that 

there is a platinum cover on the surface of PANI which used to stabilise the 

sample during handling.
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Figure 4- 112PANI coated AA2024 TEM sample

The TEM image of the PANI/AI interface, Figure 4-113, shows that the interface 

is about 30nm thick. The parallel lines on the Al side are representative of the 

alloy structure of AA2024.

Interface

PANI

Figure 4-113 TEM image of PANI/AA2024 interface

EDX elemental analysis was used to study the interface region at different 

location across the interface as shown in Figure 4-114. The circles represent 

EDX analysis positions. Since the EDX resolution was around 6nm, the
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distance between each circle was chosen to be more than 6 nm. Two EDX lines 

annotated as 1 to 6 and 7 to 12 were chosen to include two points in the Al, two 

points at the interface and two points in the PANI side, as shown in Figure 4- 

114.

20 nm

Figure 4-114 EDX point analysis of the PANI/AA2024 interface

Figure 4-115 shows representative EDX spectra from each of these locations. 

The EDX spectra show platinum and copper along the EDX line analysis. The 

platinum and copper seem to be stable in all spectra which may be due to 

contamination of the sample from the standard holder of the TEM. Carbon 

appears in aluminium side being smaller than that found at the interface and 

polymer sides. Carbon in the aluminium side may exist due to contamination of 

the sample from handling, whereas, the high carbon content at the interface and 

PANI is mainly due to carbon from the polymer.

Figure 4-116 shows the elemental change across the interface. In this 

estimation, the carbon content on the Al side is assumed to represent a 

background value for all other points. It can be seen that oxygen content has a 

peak in the interface region; moreover, Al and Mn percentage, in the PANI 

region, were very small (<1%) which may refer to the interference of these 

elements.
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Figure 4-115 EDX line spectrum of the PANI/AI interface.
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Figure 4-117 EDX mapping of PANI/AI interface

185



EDX mapping was conducting at the PANI/AI interface as shown in Figure 4- 

117. It is clear from EDX mapping that there is an increase in oxygen content at 

the interface (arrows), however, it could not be distinguish at which side of the 

interface the oxygen was favoured.

The TEM results also appear to be in agreement with the XPS results in that 

there was an increase in the amount of oxygen at the PANI/AI interface.
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CHAPTER 5

DISCUSSION

In this chapter, the results obtained from the experimental work are discussed; 

moreover, the processing condition of PANI/sol-gel coatings is also discussed. 

The discussion, in Chapter 5, mainly consists of four parts; processing 

conditions, corrosion performance, mechanical properties and finally corrosion 

mechanism.

5.1 PREPARATION CONDITION OF PANI/SOL-GEL COATINGS

PANI sol-gel coatings were prepared using a silica base sol-gel and 3.5% PANI 

(EB) solution. The coatings were applied onto AA 2024 and cured at 70°C for 

16 hrs in an air oven prior to testing.

According to Tzou et al [1] [2] PANI/NMP solutions (>5%) are unstable and 

rapidly form gels at room temperature, therefore during this study PANI/NMP 

solution was kept at 3.5% to avoid the formation of a gel prior to application to 

the substrate. The DSC curves in Figure 5-1 generally showed two endothermic 

processes (1) from 35°C to 110°C and (2) between 120 and180°C and one 

exothermic process occurred after 250°C. The first endothermic process 

occurred with the sol-gel (free of PANI), whereas, the second process did not. 

The second process increased with increasing PANI content as shown from the 

figure. The exothermic process occurred in all sol-gel containing samples, but 

not in the PANI sample. It can be concluded that endothermic processes at 35- 

110°C and the process commencing at 230°C are related to the sol-gel, while, 

the endothermic process at 120-180°C is related to the PANI. Between 35- 

110°C evaporation of solvents (water and ethanol) from the sol-gel and NMP 

from PANI, and condensation of sol-gel takes place. From 210-380°C it appears 

that degradation of the organic component in the sol-gel takes place. Note: TG
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analysis of free standing sol-gel showed a weight loss of 8% between 220 and 

390°C.
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Figure 5-1 DSC of PANII sol-gel coating and PANI/NMP 3.5% solution

The second process is related to the PANI. When PANI is dissolved in NMP, 

hydrogen bonds form between the PANI and part of NMP [3]. The PANI/NMP 

DSC curve showed continuous evaporation of free NMP (no H-bonding) from 35 

to 142 °C after when PANI begins to form a cross-linked structure [4] which is 

irreversible [5], Moreover, at «180°C the hydrogen bond of PANI/NMP breaks 

down and evaporation of NMP takes place.

However, the sharp endothermic peak of break down of the PANI/NMP' 

hydrogen bond disappeared in the PANI/sol-gel coatings. This may be related 

to the break down of the H-bond between PANI and NMP when mixed with sol- 

gel. The silica based sol-gel is catalysed with nitric acid which would dope PANI 

and break any hydrogen bonds [3]. These results suggest that the second 

endothermic of PANI/sol-gel coating (120-180°C) was mainly related to PANI 

cross-linking and continuous evaporation of NMP.
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According to Lee et al [5] PANI cross-linking begins to form from 100°C, this 

result suggests the end limit for the curing of PANI/ sol-gel coatings should be 

below 100°C.

The PANI/sol-gel coating showed some phase separation during curing at 

90±5°C as showed in Figure 5-2. This can be explained by the difference in 

solubility in solvents and/or surface tension of sol-gel and PANI [6]. At high 

temperature, 90-100 °C the rapid evaporation of sol-gel solvents (water and 

ethanol) may lead to rapid condensation of the sol-gel; meanwhile, PANI is still 

soluble in NMP. In such a case, the PANI solution would be expelled from the 

sol-gel matrix leading to phase separation.

Figure 5-2 PANI/sol1 cured at 90±5°C for 16 hrs

At 70°C, the coating did not show any phase separation, however, it was 

necessary to investigate "how long sol-gel coating takes at that temperature to 

complete the curing reaction"

Another DSC study was conducted where (1) sol-gel and PANI/sol1 samples 

were separately heated from 35 to 70°C and then kept at that temperature for 5 

hrs and then cooled to room temperature. (2) Each sample from 1 was 

subsequently heated from 35°C to 350°C to check if there is any decomposition 

process that did not take place at 70°C. this procedure was carried out to 

investigate whether the curing reaction was complete after 5 hrs.

Figure 5- 3 shows the sol-gel and PANI/sol1 samples DSC curves before and 

after heating at 70°C for 5 hrs.

It is clear from the DSC curves that the samples were completely cured after 5 

hrs at 70°C. Moreover, sol-gel and PANI/sol1 coated AA2024 samples were 

cured at 70°C and their hardness were measured every hour for 7 hrs using
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pencil hardness test. Pencil index of the coated samples showed stable values 

after curing for 5 hrs. These results support the thermal analysis results in that 

curing of sol-gel and PANI/sol-gel samples at 70 °C for 16 hrs was sufficient.
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Figure 5- 3 Sol-gel curing at 70°C for 5 hrs

5.2 CORROSION PERFORMANCE

5.2.1 Bare AA2024

EIS data for bare AA 2024 immersed in 3.5% NaCI (prior to 24 hrs, see Figure 

4-5) showed a single time constant, which, ideally, may be modelled using the 

circuit presented in Figure 5-4. The circuit consists of a solution resistance (Rs), 

charge transfer resistance (Rct) parallel to a capacitance element representing 

the double layer capacitance (Cdi) forms at the metal/electrolyte interface.

Cdi
Hi  1
R ct

Figure 5-4 Equivalent circuits used for numerical fitting of the 

EIS data of bare sample before 24 hrs

Sol gel 70C for 5hrs 
PAN I/so li 70C for 5 hrs 
PANI/sol 1 
Sol gel
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After 24 hrs, a second time constant appears in the low frequency range (0.1 

Hz) which corresponds to ‘general’ corrosion; observation of the surface 

showed widespread pitting over the entire surface after 72 hrs of immersion. 

This behaviour was accompanied with the formation of white gelatinous material 

followed by changing the colour of some spots to a brown colour on the surface. 

The white gelatinous material was mainly AI(OH)3 which usually forms on the Al 

surface as a corrosion product [7]. However, the brown colour relates to the 

severe dealloying of AI2CuMg particles which is followed by removal and 

distribution of copper across the sample surface after exposure to sodium 

chloride solution [6] [8].

These features suggested the break down of the bare sample in 3.5%NaCI 

solution within 24 hrs.

5.2.2 PANI coating

The polarization results, Figure 4-1, of PANI coated AA2024 showed that the 

PANI coated sample has lower corrosion potential than that of bare sample 

which may be due to the reactivity of the PANI. This result may indicate that the 

corrosion protection properties of PANI are not due to a simple galvanic 

coupling process, by which the polymer has a lower oxidation potential than the 

metal it is protecting, as assumed by Ahmad et al [9].

The impedance results of the PANI coated AA, Figure 4-9, showed an inductive 

peak on the first day of immersion in sodium chloride solution, which may be 

related to the instability of the redox form of PANI [10]. A part of PANI (EB) 

seems to change its oxidation state to the conductive form (ES) due to 

interaction with water molecules leading to an increase in its conductivity [11]

[12] or due to protonation by Cl' ions.

The PANI coated sample exhibited a stable impedance value for a thin film 

coating (3pm). Furthermore, the coated surface following delamination of the 

PANI coating showed higher impedance (1.5x106 Ohm.cm2) than that of bare 

sample (1.0x104 Ohm.cm2). Indeed these results indicated that the protection 

was neither related to barrier properties nor due to a shifting of the 

electrochemical reaction interface from the metal/solution interface to the 

polymer/solution interface [13]. This may relate to the formation of (1) an oxide
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layer or (2) an inert or insulating interface. All these possible mechanisms will 

be discussed later in this chapter.

5.2.3 Sol-gel coating

The impedance results of the sol-gel coating, Figure 4-17, showed two time 

constants; one at high frequency (1CT4 Hz) and the other at low frequency (0.1 

Hz). The former represents the outer layer of coating which decreased with 

immersion time. However, the later, represents the corrosion products, 

increased with immersion time, this combined with a decrease in impedance 

values together with a change in the appearance of pits from white to reddish 

brown colour (Cu deposition).

Fitting the EIS data in an electrical circuit allows understanding the corrosion 

process within this silica sol-gel coating. The EIS equivalent circuit shown in 

Figure 5-5 is typically for organic barrier coating, and is applicable to this 

coating. This circuit contains the following components;

(1) An electrolyte resistance (Rs); (2) pore sol-gel layer resistance (Rp); (3) sol- 

gel coating capacitance (Qc) (4) double layer capacitance (Qd|) and (5) charge 

transfer resistance (Rct). Moreover, constant phase elements were used instead 

of pure capacitors.

Qc

Figure 5-5 Equivalent circuits used for numerical fitting of the EIS data for a sol-gel
coated AA2024 in 3.5%NaCI solution

(Appendix C) contains the parametric changes for the equivalent circuit during 

16 days of immersion.
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Figure 5-6 Change in sol-gel pore resistance with immersion time.

Figure 5-6 show the change of sol-gel pore resistance during 16 days of 

immersion in 3.5% NaCI solution. It can be seen that the pore resistance 

decreases dramatically during the first 8 days of immersion. A period of stability 

between 8-11 days was noted. This stability coincided with the change of 

surface colour from white to brown (pitting). These corrosion products may act 

to fill the sol-gel pores and temporary stabilise the pore resistance.
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Figure 5-7 Change of sol-gel coating capacitance of sol-gel coated AA2024 

in 3.5%NaCI solution with immersion time.

195



The sol-gel coating capacitance showed a continuous increase during the 16 

days period of immersion, see Figure 5-7. The rapid decrease of pore 

resistance and increase of coating capacitance may be attributed to electrolyte 

ingress within the coating.

The charge transfer resistance decreases continuously with immersion time as 

shown in Figure 5-8. At the same time, the double layer capacitance (Cw) 

increases sharply with immersion time as shown in Figure 5-9. These results 

indicate a rapid break down of the sol-gel coating in 3.5% NaCI solution within a 

few days of immersion.

Visual inspection of the samples suggests that changes in the low frequency 

time constant relate to the development of corrosion products. These corrosion 

products resulted from electrolyte penetrating the sol-gel causing a breakdown 

of the coating.
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Figure 5-8 Change of charge transfer resistance of sol-gel coated AA2024 

in 3.5%NaCI solution with immersion time.
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Figure 5-9 Change of double layer capacitance of sol-gel coated AA2024 

in 3.5%NaCI solution with immersion time.

The sol-gel did not demonstrate any long-term protection under salt spray 

testing and pits appeared on the entire surface after 72 hrs followed by 

delamination of the coating as well as undercutting near the scratched area. 

These results indicate that sol-gel coating may act as an inactive barrier coating 

for AA2024; moreover, this silica based sol-gel coating alone has limited 

corrosion protection properties to AA2024.

5.2.4 PANI/sol-gel coating.

PANI/sol-gel coatings showed that there is a minimum concentration of PANI 

notably 1:8 PANI: sol-gel, required to offer corrosion protection. Adding a small 

concentration of PANI provides some protection, as shown with PANl/sol 16 and 

PANI/sol12 (see Figure 4-23 and appendix A), in which the degree of pitting, 

number and pit size, were less than that of a sol-gel coating.

Increasing the PANI content to be greater than the sol-gel concentration 

(PANI/sol 0.25), produced a coating that exhibited a porous surface which
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affected the mechanical properties of the coating. This aspect will be discussed 

later in this chapter.

PANI/sol8, 4 and 1 showed superior corrosion protection for AA2024 up to 7 

months of immersion in 3.5%NaCI solution (see section 4.1.2.6).

To understand the corrosion behaviour of these PANI/sol-gel coatings, EIS data 

of PANI sol-gel coatings were fitted into two equivalent circuits as shown in 

Figure 5-10. These circuits contained two embedded RC circuits representing 

the coating/electrolyte and coating/metal interfaces respectively. The high 

frequency circuit was ascribed to a coating capacitance (Cc) and pore 

resistance (Rp) of the sol-gel polymer coating, while, the low frequency 

represented the double layer capacitance (Cdi) and charge transfer resistance 

(Rct) of the under lying metal as shown in Figure 5-10-a. Two constant phase 

elements (Qc and Qdi) were used instead of pure capacitances (Cc and Cdi 

respectively) for both frequencies. The equivalent circuit, Figure 5-10-b, 

contains a Warburg element for semi-finite diffusion i.e. diffusion in the coating 

layer.

(Appendix D) contains the parametric changes for the equivalent circuit during 

the course of immersion.

Electrolyte
Electrolyte

p /  Outer layer of PANI/solOuter layer of PANI/sol

Inner layer of PANI/solInner layer of PANI/sol

Metal substrateMetal substrate

Figure 5-10 Equivalent circuits used for numerical fitting of the EIS data PANI/sol8, 

PANI/sol4 and PANI/soM (a) before 14 days and (b) after 14 days (not to scale)

The outer circuit, Rp and Qc, represent the interaction at the coating/electrolyte 

interface. Figure 5-11 shows the change of pore resistance with the time of 

immersion for PANI/sol coatings (PANI/sol8, PANI/sol4 and PANI/soH). The
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pore resistance values decreased with increasing PANI content i.e. 

PANI/sol8>PANI/sol4>PANI/soli. PANI/sol-gel coatings show a similar trend, 

notably decrease in Rp during the first month of immersion, however, after this 

initial period, the values of pore resistance and coating capacitance reach a 

plateau and remain almost unchanged for up to 7 months of immersion. The 

initial sharp decrease may be related to the protonation of the PANI by the 

electrolyte within the sol-gel matrix and/or the uptake of water over the first few 

days, which can also be seen as an increase in the coating capacitance as 

shown in Figure 5-12. This behaviour explains the decrease of impedance at 

high frequency, 104 Hz, (see Figures 4-25, 4-28 and 4-30) and shifting of the 

time constant towards lower frequency at the beginning of immersion (see 

Figures 4-26, 4-29 and 4-31). Diffusion of water through the coating depends 

upon the porosity and hydrophobicity of the coating. Based upon equivalent 

circuit fitting this process appears to take around two weeks.

After 210 days the PANI/sol4 and 1 samples were damaged. This damage was 

not due to the exposure or corrosion rather a potentiostat failure; therefore, it 

was not possible to acquire long-term data from these specimens. The 

PANI/sol8 sample did survive and the data provided after the 210 days point is 

shown in the insets of figures 5-11 to 5-14.
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Figure 5-11 Change of pore resistance of PANI/sol-gel coated AA2024 in 3.5% NaCI 

solution with immersion time. Inset-behaviour for PANI/sol8 sample from 250-720 days.
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Figure 5-12 Change of coating capacitance of PANI/sol-gel coated AA2024 in 3.5% NaCI 

solution with immersion time. Inset-behaviour for PANI/sol8 sample from 250-720 days.
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Figure 5-13 presents the change in charge transfer resistance as a function of 

immersion time for all three coatings. Here it can be seen that the Rct values for 

these coatings become stable after one month of immersion within the same 

order of magnitude (105-106 Ohm.cm2).

Rct values reflect processes occurring at the coating/metal interface; PANI can 

be protonated by the ingress of the electrolyte and this would increase the 

conductivity of the coating, with the magnitude of change being related to the 

PANI content. PANI/sol4 and PANI/sol1 have a higher percentage of PANI 

above that of PANI/sol8 and appear to be affected more by the protonation of 

PANI.

In addition, PANI may interact with the substrate forming a passive layer that 

prevents the corrosion process at the substrate. PANI protonation and 

interaction with the metal substrate seems to take two weeks to complete, as 

shown in Figure 5-13.
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Figure 5-13 Change of charge transfer resistance of PANI/sol-gel coated AA2024 in 3.5% 

NaCI solution with immersion time. Inset-behaviour for PANI/sol8 sample

from 250-720 days.

The EIS phase angle for the three PANI/sol-gel coating systems, chapter 4, 

exhibited shifts in the time constant peak from high to low frequency. This shift

occurred after one month of immersion and was followed by stability in both
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value and position up to the end of the test. This behaviour is related to the 

ingress and/or uptake of electrolyte through the coating and appears as an 

initial increase in the double layer capacitance, as shown in Figure 5-14. After 

1-2 months the Cdi values becomes stable; this behaviour may be due to the 

formation of a passive layer at the interface region. Additionally the three 

PANI/sol-gel coatings have the same trend in behaviour with the difference in 

values being related to the difference in porosity, hydrophobicity, PANI content 

and coating thickness.
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Figure 5-14 Change of double layer capacitance of PANI/sol-gel coated AA2024 in 3.5% 

NaCI solution with immersion time. Inset-behaviour for PANI/sol8 sample from 250-720

days.

Although, the impedance results of the PANI/sol8, 4 and 1 coatings showed 

similar behaviour, the impedance values increased with decreasing PANI 

content at all frequency regions. This behaviour related to the thickness of the 

coating. The cross section study of PANI/sol-gel coating showed that PANI/sol8 

had a thicker coating («13pm) being greater than that of both PANI/sol4 (10pm) 

and approximate double that of PANI/sol1 («7pm), this may explain the 

difference in impedance between the three coatings in all frequency regions. 

Higher sol-gel contents were reflected in higher phase angles at high frequency, 

104 Hz. This behaviour may be related to the hydrophobic property of the sol-
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gel [14]. The contact angles of different coating system were measured with 

immersion time in 3.5% NaCI solution as shown in Figure 5-15. It was seen that 

the contact angle increased with increase in the sol-gel content i.e. increasing 

hydrophobicity. Moreover, the sol-gel coating measurements finished after 21 

days of immersion due to spreading of pits over the whole of the coating 

surface. Moreover, the increase of PANI content seems to increase the porosity 

of PANI/sol-gel coatings as shown in the SEM images of different PANI/sol-gel 

coatings (Figures 4-32 and 4-34). This result suggests that the difference in the 

EIS phase angle for different coatings, in the high frequency range, is attributed 

to the hydrophobicity of the coating.
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Figure 5-15 Contact angle of different coating systems with immersed

in 3.5%NaCI solution

5.2.5 Corrosion performance in acidic medium

EIS data for the PANI/sol8 coating, immersed in 3.5%NaCI solution pH=3.5, 

was fitted to two equivalent circuits, as shown in Figure 5-16.

The circuit containing two embedded RC circuits represents the 

coating/electrolyte and coating/metal interfaces respectively. The high 

frequency circuit consists of a coating capacitance (Cc) and pore resistance (Rp) 

of the coating, while, the low frequency circuit represents the double layer 

capacitance (Cdi) and charge transfer resistance (Rct) of the under layer metal. 

Two constant phase elements (Qc and Qdi) were used instead of pure
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capacitances (Cc and Cdi respectively) for all frequencies. The equivalent circuit 

components contains a Warburg element of diffusion i.e. diffusion in the inner 

layer.

ElectrolyteElectrolyte

Outer layer of PANI/solOuter layer of PANI/sol

Inner layer of PANI/sol
Inner layer of PANI/sol

Metal substrateMetal substrate

Figure 5-16 Equivalent circuits used for numerical fitting of the EIS data PANI/sol8 

(a) before 30 days and (b) after 30 days of immersion in 

3.5% NaCI (pH=3.5) solution (not to scale)

The pore resistance value, Figure 5-17, gradually decreases around one order 

of magnitude, however, the coating capacitance showed an increase with the 

immersion time in 3.5% NaCI (pH=3.5) solution. This behaviour may be 

attributed to the uptake of electrolyte through the coating layer which gradually 

increases the conductivity of PANI content [15].
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Figure 5-17 Change of pore resistance and coating capacitance of PANI/sol8 coated 

AA2024 in 3.5% NaCI (pH=3.5) solution with immersion time.
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The change of charge transfer resistance and the double layer capacitance with 

the immersion time for PANI/sol8 is shown in Figure 5-18. The charge transfer 

resistance initially decreases, however, after two weeks of immersion, it 

reached to a stable value for the remaining two months. Similarly, the double 

layer capacitance showed stable values within a half order of magnitude during 

the course of the test. This stable behaviour is attributed to the inner layer of the 

PANI/sol8 coating which forms a passive layer at the coating/metal interface.
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Figure 5-18 Change of charge transfer resistance and double layer capacitance of 

PANI/sol8 coated AA2024 in 3.5% NaCI (pH=3.5) solution with immersion time

PANI/sol8 showed different performance in acidic medium (Figure 5-18) 

compared to that in a neutral medium, Figures 5-13, as the impedance in an 

acidic is lower value than that in a neutral solution.

When the PANI/sol8 coating was immersed in an acidic solution, the PANI 

oxidation state changed to the emeraldine salt (ES) which is the conductive 

form of PANI. Consequently, the total PANI/sol8 resistance decreased and 

finally the overall impedance value decreased. It seems that the emeraldine 

base within the matrix of PANI/sol8 takes about 5 days for complete 

transformation to emeraldine salt (see section 2.4). After 14 days of immersion, 

the overall impedance seems to be stable. This change may be related to the 

formation of a passive or inert layer at the coating/metal interface since visual
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inspection detected neither corrosion products nor pitting during the 2 months of 

immersion in 3.5%NaCI (pH=3.5).

5.2.6 Corrosion performance in alkaline medium

The silicon-oxygen bond, e.g. silicate and glass, is unstable in alkaline solutions 

(pH>9) [16], however, PANI/sol8 showed good stability and protection ability for 

AA2024 in pH=9.2 solution. PANI/sol-gel coating seems to have a different 

behaviour in an alkaline solution than that in neutral and acidic solutions. The 

coating offered good barrier properties to AA2024 since only one time constant 

could be observed from the inspection of the phase angle spectra which 

represents the barrier characteristics of the coating [17]. The high frequency 

(104 Hz) phase angle showed lower value (20 deg) than that of similar coating 

in neutral medium (80deg) during the same time of immersion (compare Figures 

4-45 and 4-26). This may be attributed to the rapid penetration of electrolyte into 

the coating. The impedance of the coating gradually increased with time which 

is mainly due to a gradual change of PANI to its emeraldine base form which is 

a good insulator (conductivity «10'9 S cm"1) [15].

By adding titanium dioxide (particle size 30nm) to the coating system 

(PANI/sol8), a new capacitive time constant appeared at high frequencies, 104 

Hz, which decreased with immersion time (see Figures 4-46 and 4-47). 

Moreover, the low frequency time constant shifted towards lower frequencies, 

increasing to a maximum during the first month, after which it decreased. This 

increase in the low frequency time constant is related to the complete 

transformation of PANI to EB.

The enhancement in the corrosion performance is related to improved barrier 

properties that prevent transport of species through the PANI/sol-gel coating by 

adding Ti0 2  [18].

The above results suggest that PANI has a different mechanism of protection 

depending upon the pH of the corrosive media.

5.2.7 Post treated PANI/so!8

Previous examination of the PANI/sol8 revealed pitting in the scratched area 

during salt spray testing (see Figure 4-54). However, no pits appeared away 

from the scratched area. Images of SST of PANI/sol8 samples (figures 4-54, 4-
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56 and 4-58) and visual inspection noted that the pits initiated in the first few hrs 

(before 72hrs) then propagated at these positions as time elapsed without the 

development of undercutting or delamination. Importantly, no new pits appeared 

after 72hrs.

These results suggest the coating has one or more of the following properties:

1) PANI/sol-gel coating has a cathodic potential with respect to AA2024.

2) PANI/sol-gel coating acts as a barrier coating.

3) The assumed passive or inert film was not completely formed before 

being subject to SST.

If the PANI/ sol-gel coating is cathodic to the substrate or has barrier properties, 

pitting, general corrosion, undercut and delamination would appear at the 

scratch as a result of the SST however, none of these phenomena occurred. 

Moreover, scratch test results, figures 4-66 and 4-67, showed that PANI/sol-gel 

coating exhibits "self healing" behaviour.

The third property suggested above seems to be the most plausible. To 

investigate this hypothesis, a SST was conducted as follow: PANI/sol8 sample 

was pre-immersed in 3.5% NaCI solution for 5 day then scratched before 

exposure to SST for 72 hrs, Figure 5-19. It is clear from this figure that the pre

immersed sample did not experience any pitting or undercutting up to 72 hrs in 

SST.

p

Figure 5-19 Image of pre-immersed sample after 72 hrs SST

This result combined with the immersion test results, Figure 5-11 to Figure 5-14, 

suggest that PANI/sol-gel coatings require a few days of immersion in a solution 

to be "activated" that is to form a protective layer at the coating/metal interface. 

Similar results were observed by Tallman et at [19] where, after ten days of
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immersion of doped PANI (ES) with epoxy top coat in dilute Harrison’s solution, 

the impedance began to increase. The authors suggest that this behaviour 

occurs when sufficient electrolyte is present at the metal/polymer interface.

The post-treated procedure, mentioned in chapter 3, was carried out to 

"activate" PANI before samples were subject to SST.

The post- treatment procedure appears to have two advantages:

1) It heals any defects that are produced during the spray deposition of the 

PANI/sol8 coating by forming a homogeneous thin film («3pm) as shown 

in Figure 4-65.

2) It activates the PANI in the PANI/sol8 coating.

Visual inspection of the post-treated sample noted a change in the sample 

colour from blue (EB) to greenish blue (ES) after the post-treatment process. 

This change in colour may due to a change in oxidation state of PANI from the 

base form to the doped form of PANI [20]

Furthermore, the electrical conductivity of PANI after immersion in deionised 

water at 60°C for 5 min was significantly improved, 10'6 S.cm'1 with respect to 

that before immersion (10'9 S.cm'1). A similar value of conductivity was obtained 

when a free standing film of PANI was immersed in 1 % NaCI solution for 3 

days. XPS analysis of the free standing film of PANI, after immersion in 1% 

NaCI for 3 days (see Figure 5-20), identified that the change in electrical 

conductivity was mainly due to an increase of doped species (-NH+) at the 

expense of N=C species i.e.[-NH+]/[N=C] changes from 0.3 to 2.7.
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Figure 5-20 High resolution N 1s of PANI after immersion 

in 1% NaCI solution for 3 days.

These results suggest that the post-treatment process applied to the coating

enhances both electrical conductivity and barrier properties of PANI/sol-gel

coatings.

5.3 MECHANICAL PROPERTIES OF COATINGS

The mechanical testing of different coating systems, Figure 4-72 to 4-75, 

showed that as the PANI content increased, adhesion with the metal substrate 

decreased. This may be explained by the fact that PANI has poor adhesion to 

the metal substrate [21] [22] [23] [24], Due to time limitation of this study, the 

poor adhesion of PANI to the metal substrate will be investigated in the future 

work. To improve the adhesion performance of PANI, a PANI combined sol-gel 

coating system was developed. The SEM and TEM cross sections of sol-gel 

coated AA2024 showed that there was good adhesion between the sol-gel and 

the substrate, Figure 4-15, and that silica particles was present at the interface, 

Figure 5-21 (red arrows), indicating these particles are bonded with the metal 

substrate.
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Figure 5-21 TEM image of sol-gel/AI interface

Glow Discharge Optical Emission Spectroscopy (GDOES) results obtained from 

the same sample, see Figure 5-22, show that the interface of sol-gel/AA does 

not have a sharp edge between silicon and aluminium but rather a gradual 

transition of the Al and sol-gel coating which supports the TEM results in that 

the sol-gel forms a strong bond to AA2024.

These results coupled with the mechanical property results, chapter 4, explain 

that the adhesion between sol-gel and aluminium substrate is attributed to the 

formation of a stable covalent A l-O -Si bond at the interface [25].

co
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Figure 5-22 GDOES profile of sol-gel coated AA2024
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5.4 MECHANISM OF PROTECTION

A review of the literature, presented in chapterl, offered several corrosion 

protection mechanisms for PANI coated onto different aluminium alloys notably;

1) A "barrier" action of PANI was suggested by [26] [27] [28] [29] since 

PANI (ES) is reduced to PANI (LB) which has low ion permeability.

2) Cogan et al [26] suggested that residual solvent and/or oligomers and/or 

monomers from the polymerization process act as inhibitors

3) Epstein [30] suggested that PANI (EB) reduces the surface copper 

content in AA2024 thereby decreasing the galvanic coupling within the 

alloy microstructure.

4) Growth of AI2O3 layer at the coating metal interface was assumed by 

numerous authors [19] [31] [32] [33], however, Racicot [34] related 

corrosion protection to the formation of an oxide-like interfacial layer 

between the polymer and the metal surface.

All the above suggestions may or may not lead to protection of AA2024 from 

corrosion in 3.5% NaCI solution. The above findings are addressed in the light 

of this current research work and the following comments are given. The first 

suggestion would not lead to a coating that offers self healing properties as 

found in this study.

The second assumption seems to have little relevance to this study as the 

prepared PANI was washed many times with deionised water and acetone, 

moreover, PANI showed a change in its oxidation state [26] [27].

A reduction of the surface content (Epstein [30]) of copper may only be feasible 

if the coating was very porous and thin to allow copper ions to diffused though it 

to the solution. However, in this study the coating thickness was typically 12 pm, 

and therefore any dissolution of copper would be observed around the interface 

or within the coating. This was not observed by XPS analysis.

The final suggestion relating to the formation of oxide or oxide-like layer at the 

interface required further investigation to understand the whole mechanism of 

protection.

Chapter 4 results showed that PANI/sol-gel coating can offer corrosion 

protection for AA2024 for long period (up to two years) of immersion in 

3.5%NaCI solution however; a similar sol-gel formulation coating only can not
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protect same substrate for more than a 5 day period. These results clearly 

suggest that the corrosion protection is related to the presence of PANI.

The impedance results correlate with an electrical circuit which incorporates a 

resistive pathway at the coating/metal interface. Therefore in order to 

understand the mechanism of protection it is necessary to determine the nature 

of the compound(s) that form at the PANI/AI interface. The remaining section of 

the discussion is devoted to addressing this.

Part 1:

PANI is directly coated onto a glass substrate followed by drying at 70°C for 

16hrs. When the coated glass substrate is immersed in 1.0 %NaCI solution in 

direct contact with bare AA2024 sample for 3 days, the PANI colour changes 

from blue to transparent green, as shown in Figure 5-23-a. However, after 

drying in air for 2 weeks, the PANI colour changed back to its original blue 

colour.

Figure 5-23 a) PANI coated glass in contact with AA2024 in 1.0 %NaCI solution for 3 days 

b) same PANI coated glass sample after drying for 2 weeks in air.

The SEM image in Figure 5-24 shows the edge of the contact area (between 

PANI and AA) and non- contact area. It is clear from the image that the area in 

contact with the PANI(a in Figure 5-24) did not show sign of corrosion, however, 

the area represented by b in Figure 5-24, showed some corrosion products,
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moreover, selective corrosion has taken place at the intermetallic particles ( red 

arrows).

Figure 5-24 SEM image of AA2024 after 3 days immersion in 1.0% NaCI solution 

a) area of contact between PANI and AA b) area on non contact

XPS analysis of the contact area showed traces of nitrogen which may have 

come from traces of PANI or from a compound that has been created from the 

interaction of Al with PANI. High resolution of Al 2p showed two components at 

binding energies of 74.55 and 75.5 eV which are attributed to Al-X and Al20 3 

respectively as shown from Figure 5-25. It can be seen that the amount of Al-X 

was greater than that of Al20 3. Moreover, Al-X seems to be stable in air if the 

time interval between preparation and analysis of the sample (one week) is 

taken into consideration.

The impedance results of a similar sample, notably a PANI film removed from 

the AA surface, in 1% NaCI solution, see Figure 4-1, shows that PANI forms an 

interface offering significant corrosion protection.
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Figure 5-25 High resolution Al 2p of the contacted area, inset high resolution N 1s

These results suggest that PANI reacts with Al forming a compound that can 

protect AA2024 in NaCI solution.

Part 2

FTIR analyses of PANI coated aluminium before and after immersion in 3.5% 

NaCI, were compared as a function of immersion time. Comparison was also 

made with the same sample immersed, followed by air drying for one week. The 

results of this analysis are given in Figure 5-26. Here the relationship (ratio) of 

the reduced (A): oxidised (B) forms was measured for the 4 different samples. 

This ratio, shown in Figure 5-27, reflects the oxidised state of the surface and 

can be correlated with the corrosion behaviour of the system.
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Figure 5-26 FTIR spectra of PANI coated AA2024 before and after immersion in 3.5%NaCI

solution
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Figure 5-27 A:B ratio at different conditions

According to the results in Figure 5-26 and Figure 5-27, when the EB form of 

PANI was immersed in NaCI solution the ratio A:B increased. Visual inspection 

of the sample noted that the colour before immersion was dark blue which 

changed to pale green after immersion. The colour change reversed after drying
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in air. The pale green colour of PANI may be a result from a mixture of the blue 

colour of PANI (EB) and the transparent yellow colour of PANI (lecomeraldime). 

This can take place in one of the following two ways;

1) The oxidised form (B) is converted to the reduced from (A) by the 

following reaction

PANI(B) + e' => PANI (A) (5-1)

In this case the supply of electrons is provided by the oxidation of Al to 

aluminium ions.

Al -  Al3+ + 3e' (5-2)

In this case Al will continue to corrode but at a higher corrosion rate than 

without PANI coating. This did not happen.

Alternatively,(2) the oxidised form (B) undergoes a cross-linking reaction, as 

shown in Figure 5-28

Figure 5-28 Proposed cross-linking scheme of PANI (EB) [5].

According to Lee [5] PANI forms cross linked molecules above 100°C, 

moreover, the cross linked molecule can not be re-oxidised [5]. From Figure 5- 

26, it can be seen that the ratio of A:B decreased following drying in air after 1 

week which suggest the cross linking mechanism proposed above does not 

occur. In addition all coatings were cured below 100°C, notably 70°C/16 hrs

An alternative mechanism is suggested, notably
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3) Reaction of the oxidised form (B) with the Al substrate to form an Al- 

PANI compound would lead to the loss of the blue colour of PANI (EB). This is 

supported by the theoretical study by Calderone [35] who concluded that the 

oxidised form of PANI is significantly more reactive with metal atoms than the 

reduced form of PANI.

In this case reaction of the Al and PANI would lead to the formation of a 

complex that can act as a protective layer causing stability of the impedance 

value. In addition, the reduced form of PANI was found to be oxidised in air at 

room temperature and this reversible reaction can take place up to 1 0 4 times

[32].

Part 3:

XPS results for the PANI coated pure and 2024 aluminium alloy, shown in 

chapter 4, identified three components of aluminium. Two of these components, 

notably Al metal and aluminium oxide, were detected at all stages of depth 

profile. However, a new component (Al-X) was detected only at the PANI/AI 

interface; at a binding energy of 74.6±0.15eV fwhm=1.5±0.1. Furthermore, the 

concentration of Al-X appears to increase as the depth profile progress from the 

Al towards the PANI. Given the comments from parti and part 2 above it is 

feasible that the compound formed at the PANI/AI interface is in part 

responsible for corrosion protection.

A review of the literature suggests the binding energy of 74.6±0.15eV may 

relate to one or more of the following;

1) Al20 3 [36]

2) Chemisorbed oxygen on Al surface [37].

3) Substoichiometric aluminum oxide due to ion bombardment [38].

4) AIOOH [39]

5) Al-O-C [40] [38]

6 ) Al-O-N complex [41] [42] [43]

Based on XPS results, it is possible that one or more of the above compounds 

can exist at the PANI/AI interface.

Whilst considering which of these compounds might exist at the PANl/metal 

interface, the premise that the PANI/sol-gel coatings offer self healing behaviour 

needs to be taken in account.
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AI2O3 is not considered to be responsible for the peak at 74.6 eV  as AI2O3 

already exists in the XPS 2p core level of Al having a fwhm= 2±0.1eV  [39]. In 

order to fit only two components (Al metal and AI2O3) in the Al 2p envelope, the 

AI2O3 position would need to be 75 eV  with a fwhm value equal to 2.5eV, which 

is not applicable. Furthermore, AI2O3 does not protect AA2024 in such an 

aggressive solution, 3.5%  NaCI. These results suggest therefore that the Al-X is 

not AI2O3.

The assumption that oxygen is chemisorbed on Al surface should lead to a level 

of corrosion protection without PANI. This does not occur.

The third assumption, substoichiometric aluminum oxide (0:A I<1.5) is obtained 

due to Ar ion bombardment during XPS analysis. This compound is only 

produced in the XPS chamber and would not occur under normal coating 

conditions. In this case, corrosion protection was due to AI2 O 3 which was 

discussed above; therefore, Al-X is not this substoichiometric aluminum oxide. 

AIOOH (Boehmite) can protect Al in neutral pH solutions that do not contain Cl' 

ions [44]. However, protection was afforded by Al-X in 3.5%  NaCI solution at 

pH= 6 . 8  and acidic pH=3.5 as shown in chapter 4. On this basis, it is suggested 

that Al-X is not AIOOH.

The fifth assumption, Al-O-C, was suggested [40] for the interaction between 

PANI in its emeraldine salt and Al, moreover, this interaction would not affect 

the oxidation state of PANI i.e. there would be no change of colour of PANI due 

to this interaction. Furthermore, the depth profile XPS high resolution of C 1s of 

PANI/AI interface did not show any new compound related to A I-0  interaction 

with carbon. These results suggest that the Al-X is not Al-O-C.

PANI (EB) consists of two group; an oxidised group (containing N=C) and a 

reduced group (containing N-C), the oxidised group is significantly more 

reactive with metal atoms than the reduced group [35]. Therefore, if there is any 

interaction between PANI and Al, the oxidised group would be the major or the 

part to interact with Al.

This is supported by a change of relative concentration of [N=C]/[N-C] across 

the PANI/AI interface where N-C concentration increased as the depth profile 

went towards Al, at the expense of N=C.

The imine group, N=C, seems to be reduced to a state equivalent to an amine 

group, N-C, [41] [43]. The absence of a peak shift or the generation of a new
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compound in N 1s indicates that there was weak indirect chemical bonding 

(ionic or covalent) between nitrogen species and Al atoms [41].

From these results, it may be concluded that, PANI (EB) interacts with Al 

forming an Al-O-N complex. The oxidised part of PANI (N=C) interacted with Al 

atoms creating an equivalent state to the amine group. This interaction seems 

to be enhanced by ionic species that diffused in the PANI/AI interface.

This conclusion could explain the change of PANI colour (part 1) when 

immersed in contact with AA2024 where the blue colour of EB was changed to 

transparent colour of leucoemeraldine when the oxidised form, N=C, was 

reduced to a similar or equivalent state of the reduced form [42].[43] After drying 

of the PANI film in air, the reduced form (N-C) was oxidised by oxygen in the air 

creating the oxidised form (N=C) [45].
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CONCLUSION

This research reports on a new application of using a mixture of silica sol-gel 

with an organic conductive polymer, polyaniline, as an anti-corrosion coating for 

an aluminium alloy AA2024. This application was investigated systematically to 

evaluate the corrosion performance of these coatings in 3.5% sodium chloride 

solutions at different pH. Electrochemical impedance spectroscopy, salt spray 

test, scanning vibrating electrode technique, and scanning electron microscopy 

were used to understand the corrosion performance mechanism of these 

coatings.

The corrosion performance tests indicated that the protection of AA2024 by 

these coating may related to the formation of a layer at the coating/ metal 

interface. This layer was studied by the X-ray photoelectron spectroscopy and 

Transmission Electron spectroscopy.

The following conclusions can be drawn from the study;

6.1 CO RROSIO N PERFORM ANCE

1) Bare AA 2024 can not be used in 3.5% solution.

2) PANI only protects AA 2024 from corrosion in 3.5% NaCI (pH=6 .8 ). The 

protection property comes from the formation of a PANl/metal interface. 

However, PANI is easily delaminated from the metal surface after a short 

period of immersion.

3) Sol-gel without the presence of a corrosion inhibitor had limited corrosion 

protection on AA 2024 in 3.5% NaCI (pH=6 ) and pits appeared after 5 days 

of immersion.
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4) PANI/sol-gel does not provide the same protection to AA 2024 in the alkaline 

NaCI solutions than in the neutral or acidic NaCI solution; however, it can 

decrease the rate of corrosion. Addition of T i0 2 improved the corrosion 

protection of PANI/sol-gel coating in an alkaline medium.

5) Salt spray test results showed that non-scratched PANI/sol-gel coated 

AA2024 samples passed 500 hrs SST with neither pit formation nor 

delamination.

6 ) Salt spray tests results of scratched PANI sol-gel coated AA 2024 samples 

showed some pits in the scratched area after 72 hr; however, no more pits 

appeared after this period.

7) Salt spray test showed that PANI needs to be activated before salt spray 

testing in order to pass the 500 hrs test without pitting in the scratched area. 

This activation mainly improves the conductivity of PANI.

8 ) The post-treated scratched PANI/sol-gel coated AA 2024 can pass 500 hrs 

SST without any pit or delamination or undercut inside or outside the 

scratched area.

9) EIS and SVET studies showed that PANI/sol-gel can offer a "self-healing" 

effect for the coated AA2024 sample. This was supported by SEM studies.

10)The EIS study showed that the PANI/sol-gel combination successfully 

protected AA2024 in both acidic and neutral 3.5 % NaCI solutions for long 

periods up to 2 and 24 months respectively.

6.2 OPTIMUM  FORM ULATION AND CO NDITIO NS

1) The best combinations of PANI and sol-gel is produced by mixing the sol-gel 

with PANI solution in the range of 1:1 to 1:8 PANI/sol volume relative 

concentrations.
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2) Increasing the PANI concentration above 1:8 leads to the formation of a 

porous coating.

3) Doping of PANI within a sol-gel matrix offers a promising coating system for 

corrosion prevention.

4) PANI sol-gel coating is completely air cured after 5 hrs at 70 °C.

5) There is a minimum concentration of PANI required to protect AA2024 from 

corrosion. This minimum concentration depends on the nature of the metal 

substrate and corrosive medium.

6.3 M ECHANICAL PROPERTIES

1) Sol-gel offers good adhesion as observed from Cross Cut and Pull Off 

adhesion tests even after immersion in the corrosive solution.

2) TEM analysis of sol-gel coated AA 2024 showed that silica particles existed 

at the sol-gel/ metal interface forming a strong bond between silicon and 

aluminium atoms (Si-O-AI).

3) The PANI/sol-gel coating showed reduced adhesion to the metal substrate, 

with respect to sol-gel coating. The adhesion to the metal substrate 

decreased with increasing PANI content in the coating mixture.

4) PANI sol-gel coating has durable mechanical properties and can be used to 

protect AA 2024 for long durations (up to 2 years) when immersed in 

aerated 3.5% sodium chloride solution.

6.4 CORROSION MECHANISM

1) PANI/ sol-gel system takes more than 24 hours to be stable in the corrosive 

solution. This stabilisation results from a change in the PANI (EB) oxidation 

state from EB to ES through the interaction with water.
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2) The corrosion protection mechanism of PANI/sol-gel coating in neutral and 

acidic media results from the formation of a protective layer at the 

coating/metal interface. However, the protection in alkaline medium may 

also be attributed to the improved barrier properties of PANI (EB) on addition 

of 0.5%TiO2.

3) The interaction between PANI and aluminium seems to be activated by 

immersion in the corrosive electrolyte.

4) TEM and XPS showed that PANI adsorbs oxygen on PANI surface which 

can not be removed under high vacuum (1 0 " 5 torr).

5) The XPS depth profile of PANI/AI interface results showed that the PANI 

was reduced as the depth analysis went towards Al substrate. Moreover, 

Aluminium showed a new compound rather than Al metal and oxide at the 

interface. This compound may be responsible for the improved corrosion 

protection. The analysis showed that the oxidised part of PANI (EB) reacted 

with Al atoms forming anonymous compound contains Al-O-N group 

compound. This interaction produced a weak indirect bond between Al and 

PANI.
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Future work

During the course of this study, the following future work was identified:

1. PANI/sol-gel mixture to be further improved to protect AA 2024 in alkaline 

medium. This might be achieved by changing the oxidation state of the PANI 

from EB to ES by choosing a suitable dopant.

2. Study the interaction of different oxidation state of PANI with an aluminium 

substrate in dry and wet conditions.

3. Further understanding the nature of the Al-O-N compound as this may lead 

to the use this compound directly in the corrosion protection of aluminium 

alloys.

4. Investigate and understand the poor adhesion properties of PANI.

5. Study the effect of other additives to the PANI/sol-gel coating such as 

carbon nanotubes and TiC>2 which may allow the concentration of PANI to 

be increased without affecting the mechanical properties of the coating.

6 . Study the different preparation techniques of PANI, such as water base 

PANI, with this kind of silica base sol-gel or with absolute water based silica 

sol-gel coating.

7. Assess the possibility of using the PANI/sol-gel coating to other metals such 

as magnesium and steel alloys.

8 . Study other applications to this PANI/sol-gel coating such as 

electromagnetic impulse shielding.

229



Appendix A

1e+7

a  d a y  

3  d a y s  

7  d a y s  

1 0  d a y s

1e+6

E
o

J  1 e + 5

O
0)o

- g  1 e + 4

CD
Q .

E

1 e + 3 r _

1e+2
1e-2 1 e - 1 1e+0 1 e + 1 1e+2 1 e + 3 1 e + 4 1 e + 5

Frequency [Hz]

Impedance of PANI/sol12 coated AA 2024 in 3.5% NaCI solution

8 0

6 0

4 0

20

0  y —

1 d a y  

3  d a y s  

7  d a y s  

1 0  d a y s

!____-20

- 4 0

1e-2 1 e - 1 1 e + 0 1 e + 1 1 e + 2 1 e + 3 1 e + 4 1 e + 5

Frequency [Hz]

Phase diagram of PANI/sol12 coated AA 2024 in 3.5% NaCI solution

230



Image of PANI/sol12 coated AA 2024 after 10 days immersion 

in 3.5% NaCI solution (pitting arrowed)

SEM image of PANI/sol12 coated AA 2024 sample after 11 days immersion

in 3.5% NaCI solution.



Appendix B

Pull Off adhesion test results of different bare and coating systems

Sample name Results MPa Average

AA 2024 5.1 5.3 5.0 5.1 5.1

Sol-gel 7.1 7.0 6.8 6.7 6.9

PANI/sol8 6.1 6.2 6.3 5.9 6.1

Post-treated 5.7 5.5 5.8 5.8 5.7

PANI/sol4 4.5 4.7 4.9 4.6 4.7

PAN 1/soM 3.2 3.3 3.0 3.0 3.1

PANI only* 4.3 4.5 4.0 3.9 4.2

*3 |jm thickness
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Appendix C

Sol-gel fitting data

Time [days] Rs Qc n RP Qdl n Ret

1 40.6 1E-08 1 13410 1.08E-08 1 1189000

5 35.2 1.24E-06 0.62 3447 3.14E-08 1 723900

8 55 1.52E-06 0.58 1401 3.57E-07 0.82 533400

11 51 1.57E-06 0.5789 1512 5.86E-07 0.7945 397700

16 31.2 4.48E-06 0.5221 428.6 8.03E-07 0.7962 484500
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