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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

Chapter1

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 (lll) 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 2 Literature Review

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.
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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

3849 [ 1218 0309 {057 05 02 | 015 | 01 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 %
Al,CuMg 2.69
Alg(Cu.Fe.Mn) 0.85
Al,CuyFe 0.17
(AlCu)sMn 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 Al,-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;

241+3/20, - Al,O, 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.
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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;

241 — 241" +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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0, +2H,0+4e™ — 40H" (2-3)
O, +4H" +4e¢” - 2H,0 2-4
2H" +2¢” > H, (2-9)
H,0+2e” - 20H  +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 A** ions within the pit, via dissolution of Al, leads to ion
migration of CI" 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).

Al +3H,0 — AI(OH), +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.

11
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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 AlLMgCu [8], which are
electrochemically active (anodes) with respect to the alloy matrix. The chemical
and electrochemical dissolution of magnesium and aluminium from Al,MgCu
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)
I
Acid /_\ Alkaline
solution environment
ANOH);

Redeposited Cu

........

.........................

farstaZetalylatatalytar lalelaletal Tetalilatylatetal reZelatetatetatetatatnly st
-------

Deformed/modified/

dealloyed layer layer

Al matrix

{anode) {cathode}

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
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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 (ll1) film forms as

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

241 = 2417 +6e” (2-98)

Cr,0,” +8H"* +6e” — 2Cr(OH), + H,0 (2-9)

Once Cr (lll) 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(VIl) 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.

13
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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 10°. 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°-10° S/cm. Figure
2-4 shows the specific conductivities of conductive polymers with respect to

metals and insulators.

14
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Fegelog sl saeVegel

Lecucoemeraldine form Emeraldine form

FegeNegsl

Pernigraniline form

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].

A OO, e
|'_| II-I " Emeraldine Base /lnsulator

+2 H" + 201 Protonic acid doping

cr r
—% Emeraldine Salt/ Conductor
H n

Figure 2-8 Formation of ES from EB [18]

Iz
I“Jl\-l (9]

20



$
o
$
)
#
!
$ $#
(#0#
)
$" 3
(#0# #
1 $!
(
# "6
] I
I
!

9

# $ ( $ #
F1% $ !
( O:+P%
# $ ! " A !
I$ ! I ("
$ ! $ '
! ! vl " !
! ! " O;3P O;0P O+.P O3;P'
# $
" I % I # !
s ! # ! s !
$ %
I O;;P O;CP O;-P O;/P # 0"
2 % % ! "
I
$J 1'$$ | $ P
$ " !
$ $$ $ O;8P'
OC,P $ s OC+P
COA |
OC3P% rol
( $" S
I'$ $ 6
! ! # ( (
< $"$ %
;8 % $ # 0" # $
O0;8P ! %
( S ! $
" ! $$ " 8

"%

4%
" %

"%

O:.P'
$% 5
O:8P



5 #
# !
%
$ OCOP
N
I
! !
! OC8P%
[
(#O# #( -
I
I'$ !
g
! & '
) "% !
!
$
!
! ! %
o
: $ !

$$

1 $s

$

$$ 9
OC;P% @ (

#

OC-P OC/P
#

(

&

$

#
OCCP%

$

$ %
183

OC.P O-,P%

21=4 P

$%

I'$ $ O-+P%

) $

(

@3 ,;

%



J(# -5(

< #( # #( # #

;&  # '3C'3 <

+%,

9 "t Il $ /() 0l 8 &C #? @#
(s " (  # " $$  $%
2 & "4 # 1 $ < $
( It 2 & # " #4 # $
R % @ (! ! P $$ 111
"$ & ( "o ( # # (" %- "
%. = 2 & " X4% & # o ! (
) %. = ( " # "6 "o " " g
! I 0-3P
rr g ! ! ) " $ " " @ $ $A
& $ ) s

O+8P%



(HO#( $ %= "

$ " 6 $! "B
L $ $
[ 2#<3@ '! "#$ # %
<3 E
\ B

%5 /5%5

2 3 (5 $
( $ 6
$ "% $ $ ! I %
L $ " $
( # "
|
(#0# 9 3
| | | | )
) | | '
! !
B!$ ! I $

@\

3 < CE3@X <)

K ? 7@
$ $3 : 6

! ! $ ! #

$ %

$ ) O+8P%
I # 1 (
+,X.

(" " # 3<:%

3<+,%

%
"%

++ 9% .



Chapter 2 Literature Review

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 ')
Hydrochloric 11.9
Sulphuric 10.1
Methanesulfonic 9.7
Nitric 7.7
Phosphoric 4.8
Hydrobromic 47
Dodecylbenzenesulfonicc 4.4
Camphorsulfonic 3.1
Hydrofluoric 1.4
Succinic 0.28
Formic 0.21
Tartaric 5.5 x10™
Acetic 42 x10™
Dedoped 3.9x10”

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 NaCl solution anionic dopants will facilitate the penetration of CI
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

25
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