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Abstract 

Work in this thesis studied different alkaline etching procedures performed on 

Al-2024 alloy prior to deposition of bis-triethoxysilylethane (BTSE). X-ray photoelectron 

spectroscopy and scanning electron microscopy were used to study the chemistry and 

morphology of the surfaces formed after the various pretreatments and coatings have 

been applied. The corrosion performance of these samples were assessed using 

polarisation curve measurements and immersion testing. Sonicating tests were performed 

to determine, semi-quantitatively, the adhesion of BTSE to Al-2024 panels after 

application of the various pretreatments. 

Alkaline etching of the coated and uncoated Al-2024 panels was performed using 

10% NaOH in deionised water, varying the duration of the treatment from 1 minute to 10 

minutes. It is shown on uncoated Al-2024 that longer etching times increase surface 

roughness of the substrate, but also reduce corrosion resistance, cause copper enrichment 

at the surface, and form loosely-bonded etching products which affect the subsequent 

silane deposition steps. 

BTSE solutions varying from 1% to 10% (v/v) BTSE were used to coat the 

pretreated panels. It is found that BTSE-coated samples perform better than their 

uncoated counterparts in corrosion testing, and that more-concentrated BTSE solutions 

on identically prepared panels produce thicker coatings, with better passivation. It is also 

found that, while increasing the alkaline etching time may lead to conditions where more 

BTSE is deposited to the surface, this "enhanced" silane layer is not as securely-bonded 

to the surface and will not aid in the passivation of the substrate. 
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Finally, the effects of the HNO3 desmutting step were studied by varying the 

treatment times that the Al-2024 panels received in 10% FINO3 after 1 minute of alkaline 

etching. It is found that for up to 30 minutes of treatment, FINO3 is beneficial to silane 

deposition as it removes the etching product created during the NaOH treatment, builds 

up the oxide layer and creates more sites for the silane bonding. However, with longer 

exposure, HNO3 acts as a corrosion agent removing previously-built oxide layer which 

reduces the amount of securely-bonded BTSE. 
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Chapter 1 Corrosion and Passivation of Aluminum Alloys 

1.1 Introduction 

1.1.1 Aluminum 

Aluminum is widely distributed in the oxide form called Alumina (AI2O3). It 

comprises 15% of the Earth's crust and is second only to silica in abundance. Thus, there 

is a virtually unlimited supply of aluminum [1.1]. 

Aluminum was discovered by Sir Humphrey Davy in 1809, but was not isolated 

as a metal until 1825 by H . C. Oersted. A n economical industrial process was found in 

1886 when two scientists, Hall and Heroult, independently developed the same 

electrolytic process to reduce alumina to aluminum metal and this process is still widely 

used today [1.1]. 

Aluminum has many properties that make it desirable for applications in the 

automotive, aerospace, and marine industries. It has a low density (2.7 g/cm3), good 

conductivity (thermal and electrical), high ductility, low cost compared to comparable 

metals due to its abundancy, and the high-purity form of the metal has good corrosion 

resistance in the ambient atmosphere [1.2]. The corrosion resistance is due to an 

amorphous oxide layer that naturally forms on aluminum metal upon exposure to 

atmosphere and this layer is responsible for passivating the metal. However, the oxide 

layer has a limited thickness ( 1 - 3 nm) and flaws exist in the natural oxide film, which 

can act as sites for film breakdown [1.1, 1.3-1.5]. 

1.1.2 Alloys and Alloy Nomenclature 

High-purity aluminum generally has insufficient mechanical strength, making it 

impractical to use for commercial applications. Several treatments are possible to 
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improve this including cold working, heat treating, and alloying. Alloying implies adding 

and dissolving one or more dissimilar metals into the aluminum. Major elements used for 

alloying aluminum include copper, magnesium, silicon, manganese, nickel, and zinc. 

Aluminum alloys can be classified as Cast Alloys, since they are cast directly into their 

desired forms by one of three methods (sand casting, gravity die casting, or pressure die 

casting); or the Wrought Alloys class, where the alloy is made into ingots or billets. These 

are then hot or cold-worked mechanically into extrusions, forgings, sheets, foils, tubes, 

and wires [1.1]. 

The specifications and properties of aluminum and its alloys are covered by 

standard codes, which allow standardization for specific applications. This also covers 

temper designations to signify any cold or heat working applied to the alloy [1.6]. 

Table 1.1 shows the various classes of wrought and cast alloys. Briefly, these classes are 

summarized as follows: The high-strength Al-Cu alloys (2000 series), used mainly in the 

aerocraft industry; A l - M n alloys (3000 series), used mainly in the canning industry; A l -

Mg alloys (5000 series), used for structural and architectural applications; Al-Mg-Si 

alloys (6000 series), the most common of extrusion alloys, used in the building industry; 

and finally, the Al-Zn-Mg alloys (7000 series) used mainly in the construction of 

aerocraft and military vehicles [1.1]. 

This work uses the wrought alloy Al-2024 T3 (Al-2024). Its composition by 

weight is 93.5 % A l , 4.4 % Cu, 1.5 % Mg, 0.6 % Mn, and trace amounts of Si, Fe, Zn, Zr, 

and Cr. The T3 designation indicates that the alloy has been thermally treated after 

precipitation hardening [1.6]. 
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Table 1.1 Aluminum alloy designation according to the Aluminum Association 

(AA) designation numbers [1.6] 

Wrought Alloy Designations 

Aluminum, 99.00% purity minimum or greater lxxx 

Aluminum Alloys Grouped by Major Alloying Elements 

Copper 
Manganese 

Silicon 
Magnesium 

Magnesium and Silicon 
Zinc 

Other Elements 
Unused Series 

Cast Alloy Designations 

Aluminum, 99.00%> purity minimum or greater lxx.x 

Aluminum Alloys Grouped by Major Alloying Elements 

Copper 2xx.x 
Silicon with Copper and/or Magnesium 3xx.x 

Silicon 4xx.x 
Magnesium 5xx.x 

Zinc 7xx.x 
Tin 8xx.x 

Other Elements 9xx.x 
Unused Series 6xx.x 

2xxx 
3 xxx 
4xxx 
5xxx 
6xxx 
7xxx 
8xxx 
9xxx 
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1.2 Corrosion and Solutions to the Problem 

1.2.1 Introduction and Definition 

Alloying aluminum may increase the mechanical strength, making it more useful 

for industry; but the corrosion resistance of the alloy is often decreased substantially. 

Corrosion is defined as the destructive and unintentional oxidation of a metal [1.2]. This 

process is electrochemical in nature and usually begins at the surface. 

Corrosion is a very significant problem in a modern industrial society. An 

industrial nation spends up to 5% of its GNP for corrosion prevention, maintenance, and 

replacement of products lost or contaminated by the effects of corrosion. This is just the 

tip of the proverbial iceberg [1.2]. Other indirect costs such as planning and development, 

plant shutdowns, and over-design must also be factored into the economic scenario [1.7]. 

7 . 2 . 2 Characteristics of Aluminum Corrosion 

The corrosion characteristics of pure aluminum are shown in the potential-pH 

(E-pH or Pourbaix) diagram seen in Figure 1.1 [1.8]. The Pourbaix diagram shows the 

thermodynamic stability of a species as a function of the variables plotted. It is used to 

predict the spontaneous direction of a reaction. Because it is a thermodynamic diagram, 

the Pourbaix diagram gives no information on the kinetics of a reaction. Lines (a) and (b) 

are called the a-line and b-line respectively. They represent the stability of water at 25 °C 

and 1 atm. of pressure. Below the a-line, water is reduced to H2; above the b-line, water is 

oxidized to O2. The stability region of water in the absence of aluminum is between the 

a-line and b-line. In Figure 1.1, it is seen that the whole domain of aluminum metal 

stability lies below that of water. If conditions are sufficiently acidic, the metal will 
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Area I: Area III: Area II: 
Corrosion (acidic) Passive region Corrosion (basic) 

Figure 1.1 Pourbaix diagram for AI-H2O system at 1 atm. pressure and 25 °C [1.8] 
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decompose the water with evolution of H2 and form A l , seen in Area I. If conditions 

are sufficiently alkaline, the metal will decompose the water with the evolution of H2 and 

form aluminate ions (AIO2"), seen in Area II. A third intermediate condition occurs 

between pH 4 and 9. In this case, the aluminum becomes covered with an oxide film 

(AI2O33H2O). This is the natural oxide film mentioned previously. It can act to protect 

the metal from a surrounding corroding medium and provide kinetic stability. This region 

is known as the Passive Region and is seen in Area III. 

The molecular volume of the oxide film is stoichiometrically 1.5 times that of the 

metal. This results in the oxide film being under compressive stress, but, in practice, 

some deformation can occur before rupturing [1.1]. 

Breakdown of the oxide film can result from mechanical rupture or chemical 

attack via anions. It has been proposed that, in solution, flaws in the oxide layer are 

continuously being developed and repassivated. Corrosion of aluminum can occur when 

the oxide film is damaged or removed and the surrounding conditions prevent the 

reformation of this protective oxide film, allowing attack on the exposed metal. It has 

been suggested that the presence of aggressive ions such as Cl" may hinder the 

repassivation of the oxide layer, allowing corrosion sites to be generated on the exposed 

metal. Further, electrochemical and microscopic studies have demonstrated that pre­

existing flaws in the oxide film can act as nucleation sites for film breakdown [1.1, 1.3 -

1.5]. 

One mechanism proposed for the alloying element to lower the corrosion 

resistance involves galvanic coupling. As observed in Al-2024, because copper is a more 

noble metal relative to aluminum, this causes the preferential dissolution of aluminum 
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metal [1.7]. A second mechanism suggested for the poor corrosion performance of alloys 

involves the differences in the properties and thickness of the oxide film on the alloy 

compared to more pure forms of the metal. It has been shown that the oxide layer above 

the second-phase particles (compounds containing Al-Cu-Mg, and Al-Cu-Fe-Mn-Si, for 

example) in this alloy may be thinner or non-existent, which leaves these areas more 

prone to attack [1.9,1.10]. 

1.2.3 Solutions to the Problem 

As the corrosion of metal represents a big challenge in modern industry and 

society, much research has aimed at developing methods for corrosion inhibition. Several 

solutions currently exist such as (i) Cathodic protection, or lowering the potential 

sufficiently, so that corrosion will not occur according to the Pourbaix diagram either by 

placing the system in the stable region or placing it in the passive region; (ii) Using 

sacrificial anodic coatings, such as metal sprays like zinc; or painting to protect the metal 

surface from being exposed to a corrosive environment; (iii) Anodising, which artificially 

builds a thicker, but porous, passive oxide layer that acts similarly to the natural oxide 

layer of the metal; and (iv) Chemical conversion coatings involving simple chemical 

treatments to build protective coatings. Traditionally, these conversion coatings are made 

from chromate solutions to form Cr(VI) and Cr(III) moieties on the surface, although 

newer methods involve using phosphate-based solutions to form phosphate coatings 

[1.1]. 

Unfortunately, these solutions may not be acceptable in practical applications for 

various reasons. While cathodic protection of a metal surface is effective and 

environmentally friendly, creating little or no waste products, it is too expensive to 
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supply the electric current for large exposed samples, so making it impractical for 

commercial applications. Painting metals, or using sacrificial coatings, not only serves as 

an esthetic treatment of the metal, but also serves to form a coating or barrier against the 

elements of corrosion. However, i f the metal is not pre-treated sufficiently to accept the 

coating, the coating will be poorly bonded to the metal surface making it ineffective as a 

corrosion inhibitor. Anodising gives thicker, but more porous, oxide layers which have to 

be plugged. Chromic acid anodising (CAA) as well as phosphoric acid anodising (PAA) 

have been very successful as corrosion inhibitors and aiding as primers in paint adhesion, 

solving the primer problem mentioned above as the chromium-containing complexes are 

excellent sealants and bond well with paint. These methods are currently used in the 

automobile industry [1.11-1.13]. Similar solutions for the problems with paint adhesion 

have been achieved with chromate and phosphate-based conversion coatings. However, 

all four methods make use of chromium-containing complexes, either as the primary step, 

or as a sealant in subsequent steps. Stricter environmental laws concerning the waste and 

disposal of hard metals, and the toxic and carcinogenic effects of the Cr(VI) species have 

spawned a desire to search for an effective, yet more environmentally-friendly alternative 

to the current C A A and P A A processes used [1.14]. 

Our laboratory has been working on zinc-phosphate (ZPO) processes for several 

years in conjunction with the Department of National Defence (DND) to develop 

alternative coating processes in attempts to minimize the amount of chromium used in 

these processes [1.15- 1.20]. There has also been a push to find organic alternatives as 

certain painting processes may be more effective when the paint is applied to organic 

functional groups rather than to inorganic salts, and forego the chromating steps 
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completely. Over the past several years, organofunctional silanes, which are well known 

as coupling agents for metals, have been given more consideration as a "green" corrosion 

inhibitor alternative [1.21 - 1.29]. These organofunctional silanes are known as Silane 

Coupling Agents or Silanes. This thesis wil l describe new research directed at using a 

silane as a corrosion inhibitor for Al-2024. 

1.3 Silane Coupling Agents 

1.3.1 Definition and Basic Properties 

Coupling Agents are defined as materials that improve the chemical resistance 

(especially to water) of the bond across the interface [1.30 - 1.32]. Silane coupling agents 

are molecules that often have the formula of type: Y-R'-Si-(OR)3 when they are 

monofunctional i.e. having only one silicon moiety. Y is an organofunctional group, R ' is 

a hydrocarbon link, and OR are hydrolysable alkoxy groups, which upon contact with 

water will produce silanol (Si-OH) groups as seen in Figure 1.2. Although the mechanism 

is not fully understood, the generally accepted theory suggests that these silanol groups 

form direct chemical bonds with metal hydroxide groups present in the metal oxide via 

condensation reactions [1.30- 1.32]. The silicon moiety gives the metal-bonding ability 

as well as the possibility for polymerization via condensation of excess silanol groups not 

bonded to the metal. The more silanol groups the hydrolyzed silane has, the better the 

possibility for stronger adhesion of the silane to the metal. 

It is desired that the silanol groups are the functional groups which interact with 

the metal oxide surface, leaving the Si -R ' -Y side of the silane to be free to react in 

subsequent steps such as adding a second silane or painting [1.33]. This is known as 
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1. Hydrolysis of silane: 

(OR) 3 —Si—R'Y + 3 H 2 0 -» (OH) 3 —Si—R'Y + 3 R O H 

2. Condensation bonding and polymerization of silane to free hydroxyls in oxide layer: 

- 3 H 2 0 

HO Si O H H O Si O H 

Oxide layer 

< • 

Figure 1.2 Proposed mechanism for silane bonding 
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Right-Side-Up bonding and is seen in Figure 1.2. Upside-Down bonding occurs when the 

organofunctional group Y is bonded to the metal oxide, leaving no functional group other 

than the silanol groups for further reaction [1.34]. It is not known whether other bonding 

motifs, such as a bound Si atom having more than one Si-O-Metal interaction, exist. 

Silanes with varying Y groups may be chosen for subsequent steps. Examples of 

different silanes are shown in Table 1.2. If an appropriate functional group is chosen, it 

may participate in further bonding with other silanes, producing a more cross-linked film 

which aids in the hydrophobic properties of the silane film. It may also bond with paints 

in subsequent steps. 

1.3.2 History and Applications 

There is a long history of considering the binding of two dissimilar materials, with 

philosophical thoughts recorded by Plato [1.35]. Organosilanes first received attention as 

coupling agents in the 1940's when there was a major need for new techniques to bond 

glass fibers as reinforcements in organic resins. A water-resistant bond was needed. In 

1947, Witt and co-workers submitted a report to the U.S. Navy Bureau of Ordnance 

observing that allyltriethoxysilane on glass fibers gave polyester composites with twice 

the bond strength of those fibers treated with ethyltrichlorosilane [1.31]. In 1962, it was 

found that the effectiveness of the silane as a coupling agent paralleled the reactivity of 

its organofunctional group with the resin [1.36]. 

Since then, many papers have been published on the subject of silanes for the role 

of a coupling agent or a primer for painting [1.37 - 1.47]. However, it was not until the 

early 1990's that silanes were considered as corrosion inhibitors for metals. This idea 
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Table 1.2 Representative silane coupling agents 

Monofunctional silanes 

Organofunctional Name Chemical structure 
group 

Vinyl Vinyl silane (VS) CH2=CHSi(OC2H5)3 

y- O 
Epoxy Glycidopropyltrimethoxy / \ 

silane CH 2 CHCH 2 0 C H 2 CH 2 CH 2Si(OC 2H 5) 3 

(y-GPS) 

Primary amine y-Aminopropyltrimethoxy H 2 N CH 2 CH 2CH 2Si(OC 2H 5) 3 

silane 
(Y-APS) 

Phenyl Phenyl silane C 6H 5Si(OCH3)3 

Bisfunctional silanes 

Organofunctional Name Chemical structure 
group 

Bis-triethoxysilyl ethane (H 5C20)3SiCH 2CH 2Si(OC 2H 5)3 
(BTSE) 

Amine Bis- (H 5C20)3Si(CH 2) 3NH(CH 2)3Si(OC 2H5)3 
(triethoxysilylpropyl) 

amine 
(BTSPA) 

Sulfur Bis- (H 5C20)3Si(CH 2)3S4(CH 2) 3Si(OC 2H5)3 
(triethoxysilylpropyl) 

tetrasulfide 
(BTSPS) 
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depends on fine-tuning the nature of the silane to create a well-bonded, hydrophobic, 

cross-linked barrier, which can protect the metal in an aqueous environment. Much of 

this work has been done primarily on hot-dipped steel, galvanised steel, iron, zinc, and 

various alloys of aluminum using mono functional silanes such as y-APS and y-GPS [1.48 

- 1.52]. Early results have been mixed as to the effectiveness of these coatings for the 

corrosion inhibition of metals, as it depends not only on the choice of silane used, but 

also on the choice and state of the metal being coated [1.53]. However, there have been 

reports that show that certain metal/silane combinations are promising and that they may 

even rival the durability of current chromating processes [1.54]. In this thesis, 

bis-triethoxysilylethane (BTSE) is examined as a corrosion inhibitor on Al-2024. 

1.3.3 BTSE 

The structure of BTSE is (H5C20)3SiCH2CH2Si(OC2H5)3 [1.55]. The monomer is 

bi-functional i.e. it has two silicon moieties. Because of its bis-functionality, lack of 

traditional organofunctional group Y , and the presence of six silanol groups in the 

hydrolyzed form, it is a much stronger acid than the monofunctional silanes that obey the 

formula Y-R'-Si(OR)3 [1.33, 1.56]. This may help form more covalent bonds with the 

metal. As well, due to the six possible silanol groups present after hydrolysis, further 

cross-linking between the monomer units may result in a less-porous film, with better 

water-resistance. These six silanol groups may also be available for bonding to a second 

silane having an organofunctional group Y which may not have been strongly adhered to 

the substrate on its own [1.33, 1.56]. Based on the nature of the silane itself, however, it 

has been demonstrated that BTSE alone maybe sufficient to act as an inhibitor [1.49, 

1.50, 1.53, 1.54, 1.56]. 
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1.4 Pretreatment of the Substrate Surface 

1.4.1 Introduction 

Before any coating can be applied to a metal substrate, the substrate must be 

sufficiently pretreated i.e. it must be cleaned and prepared to receive the coating and 

ensure durable bonding to the substrate. Surface contamination has been shown to cause 

problems with the durability of this bond [1.57 - 1.59]. A pretreatment can build up a 

fresh, uncontaminated oxide layer [1.1]. A pretreatment may also serve to change the 

morphology of the surface, making the surface rougher, which may aid the mechanical 

interlocking of a subsequent coating [1.52, 1.60]. 

In addition to the flaws that pre-exist in the thin, natural-borne oxide, Wernick 

and Pinner, as well as Kozma, have also suggested that the original oxide layer is not 

conducive for the bonding of organic coatings, as it is usually amorphous with few metal 

hydroxide sites. A pretreatment is generally needed to increase the number of metal 

hydroxyls on the surface [1.1, 1.61]. This can involve chemical, mechanical, 

electrochemical means, or a combination of the three [1.62]. A l l may serve to clean any 

contamination off the surface and alter the oxide layer to make it more suitable for 

bonding. The literature contains various descriptions of pretreatments for metals and 

alloys, with some specifically for Al-2024 [1.62 - 1.64]. 

1.4.2 Alkaline Etching 

Mechanical polishing is used to create a microscopically rough surface which is 

shown to create a large surface area that may improve adhesion, and is frequently used 

prior to any chemical etching [1.65]. According to van Ooij and co-workers, additional 
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steps prior to silane deposition are essential for the above-mentioned reasons, but most 

importantly for creating free hydroxyls for optimum silane bonding [1.33, 1.56, 1.57]. 

Alkaline etching, in general, increases surface roughness. Van Ooij has claimed 

that it also increases the amount of free metal basic hydroxyls compared to other forms of 

metal pre-treatment such as acidic or neutral chemical cleaners [1.33, 1.56]. These 

hydroxyls are believed to be necessary for silane bonding according to Pape and 

Pluddemann [1.30 - 1.32]. The current literature reports various times and concentrations 

that panels be placed in the NaOH solution when etching is performed [1.1, 1.66, 1.67]. 

However, no standard time, or concentration is set, nor have the effects of longer alkaline 

etching times on the metal been documented. 

As well, Hulser and Ijomah have both suggested that etching products are created 

after the NaOH step in the alkaline etching pretreatment according to the reaction [1.66, 

1.67]: 

2 A l + 2 NaOH + 2 H 2 0 ^ 2NaA10 2 + 3 H 2 (1.1) 

A10 2" in solution can then react with water or acid to form one of the two following 

forms of etching product: 

2 NaA10 2 + 4 H 2 0 -» 2 Al(OH) 3 ( s ) + 2 NaOH (in alkaline media) (1.2) 

or 

A10 2" + H 3 0 + -> A100H(S) + H 2 0 (in acidic media) (1.3) 

Both forms of etching product contain the OH group, required for silane bonding, and are 

also known to be poorly-bonded to the surface. Hulser has suggested that the etching 

product is a site of nucleation for a coating, rather than the substrate oxide layer [1.66]. 
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The alkaline etching pretreatment suggested for silane deposition has advantages 

and disadvantages. While this process may be necessary to create free hydroxyls needed 

for bonding, and to increase the total surface area, it may have the side effect of creating 

etching products that may create a poorly-bonded silane film. If this method of 

pretreatment is to be used, it must be optimized so that a maximum number of metal 

hydroxide groups, in the substrate oxide layer, can be created while limiting the amount 

of etching product formed. 

1.5 Objectives and Aims of This Thesis 

The purpose of this work stems from the need to develop basic knowledge about 

the effects of alkaline etching pretreatments on Al-2024 alloy prior to silane deposition 

for corrosion inhibition. Van Ooij and co-workers have started research using BTSE as a 

corrosion inhibitor and have demonstrated, using electrochemical and salt-spraying tests, 

its potential as an alternative to chromating methods. However, their studies had an 

engineering perspective and did not provide information about the effects of 

pretreatment, cleaning, and optimization of any pretreatment methods specifically for 

silane deposition. In addition, there is no information in the literature on the effects of 

alkaline etching time, or the effects of each step in an alkaline etching procedure for 

silane deposition, to support Van Ooij's claim that the alkaline etching method for metal 

pretreatment is essential in creating the free hydroxyl groups needed for silane bonding 

[1.33, 1.56, 1.57]. 

The work in this thesis investigates steps in an industrial-style alkaline etching 

procedure in relation to silane deposition onto Al-2024. Characterizations are made by X -

ray photoelectron spectroscopy and scanning electron microscopy. These surface 
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chemical techniques give chemical information and visual records of the surfaces 

involved. In addition, techniques used in corrosion engineering such as polarisation curve 

measurements and immersion testing are used to evaluate the corrosion performance of 

samples after various pretreatments and processes. The background to the 

instrumentation used in this thesis is discussed in Chapter 2. 

Chapter 3 discusses three sets of measurements. The first discusses the effects of 

various alkaline etching conditions on polished, uncoated Al-2024, with an emphasis on 

how etching time affects the chemical nature, morphology, and corrosion performance of 

the metal. This information is needed in order to gain additional understanding for the 

observations made by Van Ooij regarding substrate preparation and the effects on 

subsequent deposition steps [1.33, 1.56]. The various characterization techniques 

discussed in Chapter 2 are employed here to investigate these claims. The second set of 

measurements study the effects of silane solution concentration on the corrosion 

resistance of the treated alloy and on the silane film thickness. Finally, the 
1 

interrelationships of alkaline etching times and silane solution concentration are studied 

to observe the effects on the silane deposition and corrosion performance of the coated 

samples. 

In Chapter 4, the effects of nitric acid used during the alkaline etching procedure 

are studied, by varying the treatment time, to see the effects it has on the bonding 

durability of the silane. 

Chapter 5 summarizes conclusions from this research, and addresses possible 

future directions. 
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Chapter 2 Instrumentation 

2.1 X-Ray Photoelectron Spectroscopy (XPS) 

2.1.1 Introduction 

X-Ray photoelectron spectroscopy (XPS), also known as electron spectroscopy 

for chemical analysis (ESC A), is one of the most versatile and widely used techniques for 

the chemical analysis of materials. Its popularity as a technique for surface analysis is due 

to the high information content, its flexibility in accepting a wide variety of sample types, 

and a sound theoretical basis for its operation [2.1]. XPS obtains the chemical 

information desired by using X-rays to eject electrons from core energy levels in the 

material via the photoelectric effect. An example is shown in Figure 2.1 (a). Electrons 

from different energy levels of atoms within the material will leave the sample with 

different kinetic energies, which are measured by the spectrometer. A n XPS spectrum is 

commonly presented as a plot of photoelectron intensity versus binding energy for the 

electrons inside the sample. 

XPS can provide quantitative as well as qualitative information for all chemical 

elements (except H and He) in the surface region of any material that is stable within a 

vacuum, or can be made as such. Besides the chemical composition of a sample, 

information about the organization of atoms on the surface can also be obtained 

[2.1-2.4]. 

2.1.2 Basic Principles 

An explanation of the photoelectric effect is essential to understand XPS. 
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Figure 2.1 Schematic diagram for (a) the photoelectric effect (b) X-ray fluorescence 

and (c) emission of an Auger electron 
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Figure 2.1 (a) schematically shows the emission of photoelectrons from a solid as a result 

of the transfer of energy from impinging X-rays to electrons inside the sample being 

analyzed. A key equation is: 

E k = h v - E b (2.1) 

where E k is the kinetic energy of the ejected photoelectron, hv is the photon energy of the 

X-ray source, and Eb is the binding energy of the electron of interest [2.1, 2.3, 2.4]. The 

binding energies measured are characteristic of specific atoms and will usually increase 

as the atomic number (Z) of an atom increases. This is the basis for the use of XPS in 

qualitative analytical work. 

Since the energy levels occupied by the electrons are quantized, the 

photoelectrons have a kinetic energy distribution N(E) which consists of a series of 

discrete bands that reflect the orbital structure of the sample. Small variations of the 

binding energy for a core electron of a particular atom, by up to 5 eV, may occur as a 

result of changes in the valence electronic structure in different chemical environments. 

These effects do not affect use for qualitative analysis, but they can provide additional 

information about the specific chemical bonding of the atom concerned [2.4]. 

After a photoelectron is ejected, the ion created by the photoelectric process is in 

an excited state. The excited ion can dissipate its excess energy through one of two 

processes: (i) photon emission (e.g. X-ray fluorescence); or (ii) ejection of an Auger 

electron. These processes are illustrated in Figures 2.1 (b) and (c), respectively. These 

two relaxation processes compete and their relative probabilities vary with the atomic 

number of the atom involved as well as with the binding energy associated with the core 
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vacancy. However, Auger emission dominates when the initial binding energy is 2 keV 

or less; indeed, for elements of low atomic number, the Auger process is always more 

probable than photon emission [2.5, 2.6]. 

The Auger process is illustrated in Figure 2.1 (c). It is a two-electron process that 

follows from the initial ionization of a core electron. To a first approximation, the kinetic 

energy of an Auger electron is given by: 

EKL.LJ,, = E K - E L , - EL 2 , 3 (2.2) 

where E K , E L , , and EL 2 , , are the binding energies for the levels involved in the example 

illustrated in Figure 2.1 (c). Kinetic energies of Auger electrons are independent of the 

excitation source as they are characteristic solely of the binding energies involved. That 

is, each element has its own set of Auger electron kinetic energies determined from 

Equation (2.2). As such, Auger lines, seen in an XPS spectrum, can also serve to provide 

chemical information. 

2.1.3 Instrumentation 

Figure 2.2 shows a schematic diagram for the layout of the Leybold M A X 200 

instrument used for this research [2.7]. The important components of this system include 

(i) a vacuum pumping system; (ii) a sample manipulator and transfer system; (iii) an X -

ray source; and (iv) an energy analyzer system. 

A vacuum environment is needed when using XPS to ensure that the 

photoelectrons reach the detector while meeting as few gas molecules as possible to 

avoid scattering and subsequent loss. As well, since XPS is a surface-specific technique, 

it is important that the sample surface maintains a constant state while a measurement is 

made. From the Kinetic Theory of Gases, it has been shown that one monolayer of 
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Figure 2.2 Layout of the Leybold M A X 200 XPS system 
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contamination can cover a surface in 3 s at 10"6 torr, assuming each molecular collision 

results in surface adsorption. This emphasizes the need for pressures in the Ultra-High 

Vacuum (UHV) range (i. e. 10"9 torr or less) as the measurements are made [2.5, 2.6]. 

Samples analyzed in this system are mounted on sample holders using copper 

tape. The holders are then placed in the transfer chamber. The pressure in the transfer 

chamber is reduced by the combination of rotary and turbomolecular pumps to around 

10"7 mbar or less, although a base pressure of around 2 xlO" 8 mbar can be obtained with 

sufficient pumping. 

Samples are transferred one by one into the main analysis chamber via an 

automatic transfer rod. The main analysis chamber is pumped by a turbomolecular pump, 

backed by a rotary pump. An auxiliary titanium sublimation pump is also present. The 

analysis chamber has a working pressure of around 10"9 mbar, though a base pressure of 

2 x 10"10 mbar can be achieved by baking the U H V system from time to time at around 

120 °C for 24 hours or more. An ion pump is used for the X-ray source. 

The sample holder locks on to the P T M 60 manipulator dock. This provides three 

linear (x, y, and z) degrees of movement, as well as two rotational degrees of movement, 

so allowing the sample to be appropriately positioned for analysis. 

X-rays are required to create the photoelectrons used for chemical analysis. The 

Leybold M A X 200 system used for the work in this thesis is equipped with a dual-anode 

X-ray source which can provide unmonochromatized K a X-rays using A l or M g as a 

source anode. These photons have energies of 1486.6 eV and 1253.6 eV, for A l K a and 

Mg K a respectively; and corresponding linewidths of 0.85 eV and 0.7 eV [2.5]. A simple 

switch allows for transfer from one source to the other. Because of its higher energy, the 
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A l Koc source is more frequently used, since it provides spectra with a wider energy 

range. However, for higher energy resolution, the M g Koc anode or a monochromatized 

A l K a source can be used. Another advantage to having the dual-anode source for XPS 

analysis is that chance overlap of Auger and XPS peaks can be easily removed. 

The X-ray source must be compact enough so that maximum power dissipation 

can be achieved, while simultaneously allowing the water coolant to remove the heat 

generated efficiently to avoid any chance of the anode melting [2.5]. The anode is 

composed of a thick film of source metal on a copper block, and the X-rays produced 

pass through a thin window of A l foil, which screens stray electrons and contamination 

from reaching the sample. 

A non-monochromatized X-ray source will emit a broad range of radiation known 

as Bremsstrahlung Radiation in addition to the radiation of interest. The Bremsstrahlung 

radiation can help to reduce charging problems at the sample. However, it necessarily 

gives lower resolution compared with a monochromatized radiation source. 

Figure 2.3 schematically indicates the concentric hemispherical analyzer (CHA) 

used in the Leybold M A X 200 system to measure the energies of electrons emitted from 

a sample. This electrostatic analyzer consists of two metal hemispheres and includes 

collection lenses and a multichannel plate detector. The C H A is a dispersive analyzer 

where the electrostatic field will only allow electrons within a narrow energy range to 

reach the detector. The collection and focusing of the photoelectrons towards the entry 

slit is done in two stages by ramping the voltages on the lens elements. The first stage 

controls the analysis area (spot size), as well as the collection angle for the electrons 

coming from the surface of the sample. The second stage is used to retard the electrons to 
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gure 2.3 C H A energy analyzer and lens system for the Leybold M A X 200 [2.11] 
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the desired pass energy. It also controls the angle (a) at which the electrons enter the 

analyzer. 

Electrons traveling through the entrance slit can reach the detector only i f their 

kinetic energy (E 0 , the pass energy), inside the analyzer satisfies: 

eAV = E 0 ( R 2 / R i - R1/R2) (2.3) 

where (AV) is the potential difference applied between the two concentric hemispheres 

having fixed radii R\ and R2 [2.5]. The M A X 200 can be set for the particular pass 

energies 24, 48, 96, and 192 eV. The relative analyzer resolution (AE a n aiyzer/E 0 ) is a 

function of the aperture size, the electron entrance angle, and the electron trajectory 

radius ( R o ) . However, these are all constant for a given analyzer setting. Thus, a better 

energy resolution is obtained if a lower pass energy (E 0) is selected. A trade-off occurs 

because a lower pass energy chosen will reduce the signal intensity. To obtain an 

optimum balance between resolution and intensity (counts per second), an appropriate 

pass energy should be chosen for each type of measurement. For the work done in this 

thesis, a pass energy of 192 eV was used for survey scans, while 96 eV was used for the 

higher-resolution scans. 

The energy resolution for a peak ( A E p e a k ) in a measured spectrum is expressed in 

terms of the full-width-at-half-maximum height (FWHM). This measurement contains 

contributions from three sources, namely, the analyzer (AE a n aiyzer) , the natural line width 

of the X-ray source ( A E s o u r c e ) , and the inherent line width of the atomic level involved 

(AEijne). These contributions satisfy: 

- + A E s o u r c e

/ + A E l i n e ) (2-4) 

provided they all have the Gaussian form [2.5]. 
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Figure 2.4 shows the energy levels for a conducting sample that is i n good 

electrical contact with the spectrometer as well as defining several terms. For a metal 

sample, the highest occupied energy level, at 0 K , is defined as the Fermi Level, while the 

Vacuum Level is the energy of an emitted photoelectron that is at rest just on the vacuum 

side of a sample. Corresponding levels are also shown for the spectrometer. With good 

electrical contact, the Fermi levels of the sample and spectrometer are equal, and the 

binding energy of the sample can be related to the kinetic energy measured by the 

spectrometer (Ek<) as follows: 

E b = hv - E k - - <j)sp ( 2 . 5 ) 

<t>sp is known and is constant for measurements on different samples, although it must be 

redetermined each time the spectrometer has been exposed to atmospheric pressure. E k - is 

referenced to the vacuum level of the spectrometer. 

Values o f binding energies reported in this thesis were referenced to the A u 4f7/2 

peak at 83 .8 eV. This peak is chosen because of its high intensity and accurately known 

position; also, being an inert metal, its binding energy should not be influenced by 

chemical shifts nor by charging effects. However, the situation is more complicated for a 

non-conducting sample as it may no longer be i n electrical contact with the spectrometer, 

and then the model shown in Figure 2.4 no longer applies. Real samples, however, 

always contain some hydrocarbon contamination from the atmosphere. A common 

approach is to take advantage of this contamination and to calibrate the spectrum by 

fixing the C Is peak associated with this contamination at 2 8 5 . 0 eV. 
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hv = Energy of photon 

<(>s = Work function of sample (i.e. energy difference between Fermi level and Vacuum level) 

Ek = Kinetic energy of photoelectron with respect to Vacuum level of sample 

Eb= Binding energy of electron in solid with respect to Fermi level 

§sp = Work function of spectrometer 

E k- = Kinetic energy of photoelectron measured by spectrometer 

Figure 2.4 Energy levels for XPS measurements for a conducting sample 
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2.1.4 Spectral Features 

A n XPS spectrum is commonly displayed as a plot of intensity (i.e. counts per 

second) versus binding energy. Measured kinetic energies are converted to the binding 

energies with Equation (2.5). An XPS analysis is typically performed by first taking a 

survey scan spectrum which covers an energy range of approximately 1000 eV or more. 

Figure 2.5 (a) shows a survey scan of a copper sample measured with a high pass energy 

to identify the elements present [2.3]. Elements of special interest can be studied further 

with a higher-resolution spectrum measured over a narrower energy range with a lower 

pass energy. Such a spectrum, typically covers about 10-20 eV, and an example is seen 

in Figure 2.5(b) [2.1,2.3]. 

Peaks in an XPS spectrum can be classified into three types: (i) peaks due to 

photoemission from valence levels; (ii) peaks due to photoemission from core levels; and 

(iii) peaks due to Auger electron emission. The low-intensity features seen with binding 

energies between 0 and 30 eV are due to photoemission of valence electrons (Figure 2.5 

(a)). The interpretation of these features may be complex, and this work entirely 

emphasizes structure from core levels [2.1]. 

Core-level peaks often reveal the electron orbital structure directly. For the copper 

example, the 2p, 3s, and 3p levels can be seen in Figure 2.5 (a). In addition, the Auger 

emissions can also be detected in the survey scan. At higher resolution, doublet structure 

is observed for states with non-zero orbital angular momentum such as the p and d core 

levels, due to spin-orbital coupling. Figure 2.5 (b) shows the case for the Cu 2pi/2 and Cu 

2p3/2 components of such a doublet structure, where the components are characterized by 

j values. 
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gure 2.5 XPS spectra of copper excited by Mg Koc radiation [2.3] 

(a) Survey scan; (b) Higher-resolution scan of Cu 2p region 
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2.1.5 Quantitative Analysis 

During a measurement, incident photons can penetrate deeply into the solid (e.g. 

in the urn range), but the photoelectrons emitted from much of this region cannot 

contribute to the sharp peaks in a spectrum. This is because these electrons have a high 

probability to lose energy while traveling through the solid. Such electrons contribute to 

the background or tails of the main signal peaks. The inelastic mean free path (LMFP, or 

X) is defined as the mean distance traveled by an electron in the solid without losing 

energy [2.6]. The LMFP is energy dependent. This can provide information on the 

sampling depth of the XPS technique. Conventionally, the sampling depth of XPS is 

taken to equal 3X, which is the depth from which 95% of the signal in a sharp peak has 

originated. Empirical values of A, have been reported by Seah and Dench [2.1, 2.7], and 

Figure 2.6 shows the dependence of this parameter on energy for different materials [2.8, 

2.9]. For electron kinetic energies in the range 100 eV to 1500 eV, as used in XPS, X is 

generally around 5 to 20 A. These values indicate that XPS generally probes the top 1 5 -

60 A of a sample. This indicates the sense in which XPS (as well as AES) is considered 

to be a technique that is surface sensitive. 

A photoelectron peak intensity consists of the area under the photoelectron peak 

and can be calculated as follows. The intensity contribution from an infinitesimal 

thickness (dx), at depth x, in a homogeneous sample can be described by [2.10, 2.11]: 

dl = fan A T exp (-x/X) dx (2.6) 

where f is the X-ray flux, CT is the photoelectron cross-section, n is the number of atoms 

per unit volume, A is the area from which the photoelectrons are collected, T is the 

instrumental transmission factor, and X is the LMFP. The total photoelectron signal is 
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Figure 2.6 Inelastic mean-free path values for electrons with various kinetic energies 

inside a solid [2.9] 
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obtained by integrating from x = 0 to x = oo, which yields: 

I = fanATX (2.7) 

During a measurement, where instrument settings are fixed, f, a, A and T are constant 

and may be grouped to form one constant known as the Sensitivity Factor (S). S is 

determined by particular instrumental settings and the particular peak under study. I is 

then expressed as follows for this special homogeneous sample: 

In principle, this allows comparing corresponding signals from different elements by 

taking an atomic ratio between two elements, since a complete list of values of S are 

available for the M A X 200 system. This is done as follows [2.3]: 

Tabulated values of A,] and A,2 are available and can be used, but it is common in 

semi-quantitative work to keep the ratio [(A.i)/(A,2)] constant at the value of unity. Then, 

adjusted intensities alone can be used to estimate atomic ratios within the depth probed. 

That approach was used in this work to estimate relative compositions using XPS. 

2.7.<5 Data Processing 

XPS data generally require processing in order to extract more-detailed chemical 

information from a photoelectron peak. This starts with a background correction, which 

involves the non-linear subtraction approach introduced by Shirley [2.12]. A n example is 

shown in Figure 2.7 for an O Is spectrum. The number of electrons counted at the higher 

binding energy boundary is greater than that at the lower binding energy boundary. 

Contributions to the background come from inelastically scattered electrons. The Shirley 

method assumes that, at any point in the spectrum, the background signal is proportional 

I = nXS (2.8) 

ni/n2 = [(Ii/S,)/(l2/S2)][(Xi)/(A.2)] (2.9) 
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gure 2.7 Shirley non-linear background subtraction applied to an O 1 s spectrum 
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to the number of electrons elastically scattered at higher kinetic energy. This correction of 

inelastic contributions over the energy range Ei to E 2 (lower and upper kinetic energies 

chosen by the operator) is determined by the iterative algorithm [2.12]: 

El 

N'k + i(E) = N(E) - N(Ei) - C $N'k(E)dE (2.10) 
E 

where N(E) is the measured count rate, N'k(E) identifies count rates after subtraction of 

background contributions (the index k indicates the k t h iteration). The reference 

background level is provided by N(E 2), and C is fixed by the requirement that N ' k (Ei) 

equals 0. The process starts with N'i(E) equaling 0 and continues until N V i ~ N ' k . 

Usually, the functional form of the Shirley background correction converges after three 

or four iterations. This background is then subtracted from the measured raw spectrum. 

Higher resolution spectra after background correction often show structures 

arising from overlapping chemical species. Figures 2.8 (a) and (b) show examples of an 

A l 2p narrow scan spectra before and after data processing, respectively. A curve fitting 

procedure is needed to identify the individual components with regard to the peak 

position, intensity, and F W H M . The mathematical approach chooses a functional form 

for each component profile, and simulates a measured spectrum (after subtraction of 

background) by a sum of the individual components. The computer processing 

programme for the M A X 200 spectrometer allows each such component to be 

represented by a mixed Gaussian/Lorentzian functional form [2.7]. The XPS Peak 4.1 

programme, used in addition to the programme for the M A X 200 spectrometer, also 

performs such calculations [2.13]. 

After an initial estimation of these parameters for all components needed to fit a 

spectrum, the programme multiply iterates to optimize the fit between the simulated 
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Figure 2.8 A l 2p spectrum (a) before data processing; (b) after data processing 
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spectrum and the measured spectrum. This involves minimizing the least-squares 

function (y): 

2 2 
% =

 [ ( l / N f r e e ) 2 j ( Y m e a s u r e d j - Y f i t j ) / Ymeasuredj] (2.11) 

where j ranges from 1 to N , Ymeasuredo is the measured count rate at the j data point, Yfj t J 

is the corresponding value of the simulated function expressed as a sum of the 

Gaussian/Lorentzian functions, N is the number of data points, and Nf r e e is N - N f i t 

(where Nfjt is the number of parameters to be fitted through the minimizing process). The 

XPS peak fitting programme XPS Peak 4.1 has a similar curve-fitting algorithm and is 

also used in determining information about peak intensities [2.13]. 

It is important that all components added must meet reasonable chemical criteria 

for the particular system being studied. A visual comparison of the measured and 

simulated curves, as well as comparisons to known standards, is also advisable in order to 

guard against any weaknesses in the numerical fitting routine. 

Figures 2.8 (a) and (b) show a comparison of an A l 2p peak before and after data 

processing, respectively. After sufficient processing, it is clear that there are two peaks 

present; one peak is centred around 72.6 eV and a second peak is centred around 75.6 eV. 

F W H M values were also calculated for each peak; values of 1.7 eV and 0.9 eV were 

obtained for the first and second peak, respectively. Comparing the values of these 

parameters to established literature values (~ 1.7 eV for the oxide component, ~1 eV for 

the metal component) reveal that these peaks represent the metallic A l and A l oxide 

components of a sample [2.3]. 
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2.2 Scanning Electron Microscopy (SEM) 

2.2.1 Introduction 

Scanning electron microscopy (SEM) provides one of the most important imaging 

techniques for the surface characterization of materials. Unlike transmission electron 

microscopy (TEM), samples need not be sectioned as the electron beam does not pass 

through the sample to form the image. In SEM, the sample is raster scanned by a highly-

focused incident electron beam (called the primary electron beam) with energies typically 

in the range of 10 - 50 keV [2.14, 2.15]. Low-energy secondary electrons emitted from 

the sample are collected from each area probed, and an image of the whole surface 

studied is displayed with a cathode ray tube (CRT) by summing images from each area. 

Each region in the whole secondary electron image matches in a one-to-one fashion to the 

corresponding area probed by the incident beam, and thus a topographical image of the 

sample surface can be obtained. With the most advanced equipment, and adequate sample 

preparation techniques, details can be resolved to better than 10 nm, and a large depth of 

field can be obtained [2.14]. 

2.2.2 Basic Principles 

When a sample is placed in the microscope and bombarded with the primary 

electron beam, electrons can be emitted according to various processes. Figure 2.9 shows 

a general energy distribution curve for the emitted electrons [2.16]. Electrons that 

contribute to the secondary electron peak (e.g. with kinetic energies less than 50 eV) are 

studied in S E M [2.17]. They originate from a cascade effect of various complex 

processes [2.18]. Elastically-scattered electrons are redirected from the primary beam by 

interaction with the positive ion cores associated with atoms in the solid. These electrons 
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Figure 2.9 Energy distribution of electrons emitted from a sample as a result of 

impact by a primary electron beam of energy Ep (Modified from [2.16]) 
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can lose energy by plasmon excitation. Auger electrons and X-ray photons may also be 

emitted. While electrons are emitted over a wide energy range, those in the secondary 

electron peak are most useful for forming the topographical images [2.14, 2.15, 2.19 -

2.21]. 

The primary electron beam can penetrate deep into the surface (several um) and 

produce many secondary electrons. However, the secondary electron peak carries 

information especially from the topmost region of the surface, as a result of the strong 

tendency for inelastic scattering discussed in Section 2.1.5 [2.15]. 

The image contrast and resolution of S E M images are determined by the number 

of secondary electrons collected from a scanned site. The more secondary electrons 

collected, the brighter the spot appears on the CRT. Several factors influence the number 

of secondary electrons emitted including (i) the accelerating voltage of the primary 

electron beam; (ii) the surface morphology and angle at which the primary electron beam 

hits the surface; (iii) the specific element being studied; (iv) the surface chemistry and 

crystallography of the sample; and (v) local charging on the sample surface [2.17]. The 

low-energy secondary electrons are considered to be produced over a bulb-like volume. 

An example is shown in Figure 2.10 indicating how the probability for escaping can be 

affected by the local morphology [2.20]. According to the model, more secondary 

electrons escape from the surface at the sides of a protuberance, compared to a flat 

region. This contributes to the contrast seen in S E M images [2.14, 2.15, 2.17, 2.20, 2.21]. 

2.2.3 Instrumentation 

A schematic of the Hitachi S4100 S E M is shown in Figure 2.11 [2.22]. The main 

40 



Electron beam 
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Figure 2.11 Schematic of the Hitachi S4100 S E M [2.22] 
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components include (i) an electron beam source; (ii) a set of electromagnetic lenses; (iii) 

an Everhart-Thornley detector; (iv) a vacuum system; and (v) a computer for digital 

storage of images. 

The Hitachi S4100 S E M system in Professor Tiedje's laboratory in A M P E L uses 

a field-emission electron gun (FEG). With a field-emission system, electrons are 

physically drawn off a finely-curved W tip by an applied voltage field in ultra high 

vacuum. The FEG is not heated and this leads to several advantages, including a longer 

gun life, over other electron beam sources, such as W-hairpin or L a B 6 sources. The major 

advantage of the FEG, however, is the ability to create a smaller beam diameter. This 

improves the resolution of the S E M images [2.20]. 

The electromagnetic lens system, which includes a condenser and an objective 

lens, and scanning and deflection coils, helps control the focus of the primary electron 

beam in order to modify the spot size and depth of field. These factors help to control 

resolution and magnification of the image. The deflection coils are used to raster the 

beam across the sample area to be imaged [2.23]. 

The detector has a positive potential to attract secondary electrons to a scintillator 

connected to a photomultiplier tube, and the image is passed to the CRT [2.20]. The 

summed S E M images are stored digitally using the Quartz PCI 5.1 image management 

system. 

The vacuum system used in the Hitachi S4100 S E M is especially important for 

the FEG which operates at around 1 x 10"9 mbar, and is pumped by a combination of ion, 

diffusion, and rotary pumps [2.20, 2.22]. The sample chamber is operated under a 

vacuum of 7 x 10"6 mbar obtained by a diffusion pump backed by a rotary pump [2.22]. 
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2.3 P o l a r i s a t i o n C u r v e M e a s u r e m e n t s 

2.3.1 Introduction 

The technique of electrochemical polarisation curve measurement provides a very 

convenient route for quickly assessing tendencies for corrosion. The approach involves 

measuring the current density (z) at an electrode-electrolyte interface as a function of an 

applied overpotential, r\ (where r\ is referenced with respect to the equilibrium potential) 

[2.24-2.26]. 

For an electrode process: 

M<->M + + e" (2.12) 

the forward (anodic) reaction represents metallic oxidation while the back (cathodic) 

reaction represents reduction. In general, both reactions occur simultaneously, and each 

reaction rate can be correlated with an associated current density [2.24 - 2.26]. At 

equilibrium, the rates of the anodic and cathodic reactions are equal, and this can be 

expressed as: 

ia = ic = i0 (2.13) 

For this situation, no net current will be measured since the current densities in the two 

directions balance. The magnitude of this current is referred to as the Exchange Current 

Density, i0. As the potential applied to the electrode is changed from the equilibrium 

value, net current will flow, and this corresponds to a modification in the relative free 

energies for the reactants and products. An increased positive potential wil l lower the free 

energy for the electron side of the reaction, and this will modify the activation barriers. 
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A standard treatment for how changing the applied potential modifies the 

activation energy barriers for the forward and back reactions is contained in the Butler-

Volmer analysis [25, 27, 28]. The Butler-Volmer equation takes the form: 

(measured = i0 {exp [(at|F)/RT] - exp [(a-l)rjF/RT]} (2.14) 

when the solution is sufficiently stirred or when current densities are low enough that the 

surface concentrations do not differ appreciably from the bulk concentrations [2.25]. 

In Equation (2.14), r\ is the overpotential, F is the Faraday Constant, R is the Gas 

Constant, T is the temperature, and a is a transfer coefficient with a value between 0 and 

1. This value depends on how the applied potential modifies the two activation barriers in 

the Butler-Volmer treatment [2.27, 2.28]. 

Equation (2.14) is useful for interpreting measured polarisation curves for the 

kinetics of irreversible electron transfer such as the example in Figure 2.12. In this 

example, the lower arm is called the Cathodic Arm where the cathodic polarisation 

measurement is done. The upper arm is called the Anodic Arm where the anodic 

polarisation measurement is plotted. The potential where the anodic and cathodic arms 

meet defines the equilibrium or Free Corrosion Potential (E c o r r ) . The corresponding 

current density is i0. The example shows Tafel behaviour where the measured 

polarisation curves, as plotted, have linear dependencies. This corresponds to treating the 

anodic and cathodic parts of Equation (2.14) separately, with zero contribution from the 

other [2.24, 2.26]. 

The general Tafel equation is: 

Ti = p iog( / / i 0 ) (2.15) 
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Figure 2.12 Electrochemical polarisation curve for a corrosion system 
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where i is the measured current density and P is the Tafel constant [2.29]. For the anodic 

current, p takes the form: 

Pa - 2.303RT/aF (2.16) 

and for the cathodic current, P takes the form: 

p c = 2.303RT/(a-l)F (2.17) 

Extrapolation of the two linear Tafel regions yields E c o r r , and the equilibrium current i0. 

2.3.2 Instrumentation 

Figure 2.13 is a schematic of the three-electrode cell with a potentiostat used for 

measuring electrode current as a result of a changing applied potential. The potential is 

measured between the electrode of interest, called the Working Electrode, and a reference 

electrode [2.26]. The current is measured between the working electrode and the counter 

electrode. The potentiostat ensures that no current flows between the working electrode 

and the reference electrode as the applied potential is changed. In this work, the counter 

electrode is composed of Pt, and the reference electrode is a saturated calomel electrode. 

Polarisation measurements were made with a Solartron 1286 Electrochemical 

Interface (Schlumburger Technologies). The potential between the working and reference 

electrodes is stepped linearly and the associated current is recorded for each step. 

Corrware and Corrview software programmes provided with the potentiostat were used 

for data acquisition and curve plotting. In this work, i0 is estimated using the Corrview 

software by the extrapolation noted above for plots such as Figure 2.12. 

The reference electrode is placed in a Haber-Luggin capillary tube which is then 

positioned within 3 - 5 mm (the diameter of the capillary tube) from the working 
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Figure 2.13 Schematic diagram of a three-electrode cell [2.26] 
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electrode surface. The solution used inside the cell and the capillary tube has the fixed 

concentration of 35 g of NaCl in 1 L of deionised water. The system is set up to eliminate 

any extraneous potential drops in the circuit that could otherwise obscure Tafel behaviour 

[2.26,2.28,2.30,2.31]. 

The measurement of polarisation curves in the Tafel region directly gives the 

electron transfer rates, as expressed by i0 for equilibrium. Larger values of i0 correspond 

to higher probabilities for electron transfer and hence reaction rates in an oxidation-

reduction process, such as in corrosion. These measurements do not necessarily identify 

the actual chemical reactions involved. The polarisation curves measured in this work are 

used entirely to follow trends in behaviour, shown by comparing values of i0 obtained as 

changes are made to coatings and pretreatments applied to aluminum alloy surfaces. 
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Chapter 3 Effects of Alkaline Etching and Silane Concentration on the 

Deposition of BTSE to Al-2024 Alloy 

3.1 In t roduct ion 

The importance of surface pretreatment and alkaline etching prior to silane 

deposition has been previously discussed in Section 1.4.2. In addition, Van Ooij and 

Child have provided some criteria for what they define as a good silane film for corrosion 

protection. These authors conclude that such a film should have the following 

characteristics [3.1, 3.2]: (i) it should be firmly anchored to the metal by Si-O-M bonds 

formed from Si-OH and M - O H groups; (ii) it should be around 50 - 100 nm thick; (iii) it 

should form a homogeneous coating; (iv) there should be many functional groups in the 

film which can react with the polymer that will be coated subsequently on the silane 

layer; and (v) the film should be stable in the atmosphere (i.e. Si -O-M that bonds do not 

hydrolyse nor do the functional groups oxidize). 

Van Ooij suggests careful preparation of the silane solution is important since 

coatings formed can be highly dependent on such variables as solution pH, hydrolysis 

time, and silane concentration. Van Ooij and other research groups have found that most 

silanes that are useful for coating metals as coupling agents and corrosion inhibitors 

contain methoxy or ethoxy groups which can hydrolyse in aqueous or aqueous/alcohol 

solution [3.1-3.3]. 

The pH of the solution is critical for two reasons. The first reason is that the pH 

should be suitable to allow silanes to have the maximum rate of hydrolysis and minimum 

rate of condensation. Both reactions occur simultaneously. Pu et al. examined the effects 

of pH on the rate of hydrolysis of the six ethoxy groups on BTSE and found that a 1% 
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BTSE solution with pH 4.5 is optimal, and that a pH range between 2 and 5 is suitable for 

BTSE hydrolysis [3.4]. The second reason is that the solution pH should be adjusted to 

match the value that gives the isoelectric point for the metal oxide structure. Off-optimal 

pH values may cause the silane to be adsorbed in an "upside down" manner [3.5 - 3.9]. 

In the case of BTSE, however, the problem of right-side-up and upside-down bonding is 

avoided as the monomer is symmetrical and its acidic nature allows for better bonding 

between the metal oxide and the silane. 

Hydrolysis times are known', to affect the nature of the coated film. If hydrolysis 

times are too short, thinner films may result with unhydrolysed functionalities resulting in 

a lower degree of cross-linking in the film. This leads to a more porous film where water 

and ions promoting corrosion may penetrate. Premature polymerisation of the silane is 

also detrimental to the quality of the coating as the pre-polymerized film leads to poorer 

silane-metal bonding which leads, in turn, to poorer corrosion protection [3.1, 3.2]. 

Van Ooij and co-workers, Underhill and co-workers, and other groups have 

shown using the mono functional silanes y-APS [3.1, 3.2] and y-GPS, respectively, that 

silane concentration is important in determining film thickness [3.10 - 3.14]. A film too 

thin is not sufficient for corrosion resistance. Increasing the thickness helps to increase 

corrosion resistance, but a film that is too thick may be brittle and the film may crack. 

The objectives of this chapter include the following: 

(i) To study the effects longer alkaline etching times have on the chemical and 

surface morphological properties of Al-2024; and the subsequent effects these changes 

have on the corrosion performance of the alloy. As mentioned previously in 
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Section 1.4.2, while procedures are available, no standard time or solution concentration 

have been established for the alkaline etching process. In addition, several authors have 

reported that alloy enrichment occurs as a result of alkaline etching. Again, however, no 

studies have been documented as to whether there is a correlation with the etching 

duration and the degree of Cu enrichment. 

(ii) To study the effects of the concentration of the silane solution used on the 

deposition of silane onto the alloy substrate, and hence, on the corrosion performance of 

the coated alloy. Van Ooij and Underhill have demonstrated, for y-APS and y-GPS, 

respectively, on various alloys and other metals that a relationship between concentration 

and silane film thickness exists which may benefit corrosion protection of the specific 

alloy used. An attempt will be made to establish similar findings for BTSE on Al-2024. 

(iii) The final objective in this chapter is to study the interrelationships of alkaline 

etching times and silane solution concentration on the silane deposition and corrosion 

performance of the coated samples. To date, there are no documented studies for such 

effects. It may be advantageous, for example, to deposit more silane onto the substrate 

surface using a solution with a lower silane concentration and exposing the substrate to 

longer alkaline etching times, although it is the degree of corrosion protection that is 

ultimately most important. 

Figure 3.1 shows a flow chart of the various samples tested and their 

designations. Objective (i) is covered by comparing sample A with samples B, C, and D; 

objective (ii) by comparing sample B with samples E, F, and G; and objective (iii) by 

comparing samples E and F with samples H , I, J, and K. 
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Mechanical polish (MP) with 
aluminum oxide polishing paper 

Alkaline etch (AE) 
(1 min) Alkaline etch (AE) 

(10 min) 

Sample C 

1%BTSE solution 
(2 min) 

4% BTS 
(2 i 

I solution 
nin) 

10% BTSE solution 
(2 min) 

Sample E Sample F Sample G 

Sample D 

1%BTSE solution 4% BTSE solution 1%BTSE solution 4% BTSE solution 
(2 min) (2 min) (2 min) (2 min) 

Sample H Sample I Sample J Sample K 

gure 3.1 Experimental flowchart for pre-treatments, silane treatments, and sample 

designations used for the work in Chapter 3 

53 



3.2 Experimental 

Tests with XPS, SEM, and immersion testing were made on treated Al-2024 samples 

which were first cut into 1 x 1 cm panels, while panels with dimensions of 1 x 5 cm 

were used for the polarisation curve measurements. A l l panels were first mechanically 

polished with 400 grit aluminum oxide polishing paper, and then with 1200 grit 

aluminum oxide polishing paper (Metaserv Universal Polish). The polished panels were 

degreased twice in acetone for 10 minutes each and finally immersed in methanol for 10 

minutes, all performed in a sonic bath. Alkaline etching was done according to the 

various procedures outlined in Figure 3.2 [3.15, 3.16]. 

BTSE solutions of 1, 4, and 10 % (v/v) concentrations were made fresh for each 

experiment in 100 mL volumes. The solutions were prepared by mixing appropriate 

volumes of BTSE silane (Aldrich Chemical Co.) and methanol, with six mL of deionised 

water. The solutions were then stirred continuously for a minimum of five hours prior to 

use and the solution pH measured. Provided the measured pH agreed with literature 

values (pH 4.50 for 1% BTSE, 4.00 for 4% BTSE, and 2.70 for 10% BTSE), the silane 

solution was then used without further testing [3.4]. 

After the substrate panels had been immediately immersed in the appropriate 

silane solution for two minutes, they were then laid flat to air-dry overnight in a covered 

Petri dish to ensure curing of the silane. 

XPS spectra from samples were taken using a pass energy of 192 eV for survey 

scans and 48 eV for the higher-resolution spectra. The A l K a source (1486.6 eV) was 

used with an emission current of 20 mA at 10 kV. Spectral analysis was done using the 

computer programmes discussed in Section 2.1.6. 

54 



Mechanical polish (MP) with 400 
and 1200 grit aluminum oxide 

polishing paper 

Degrease in acet 
and in methan 

one (2 x 10 min) 
x 10 min) 

Alkaline Etch (AE) in 10% (w/v) 
NaOH in deionised water at 45 °C 

(1 min) 

Alkaline Etch (AE) in 10% (w/v) 
NaOH in deionised water at 45 °C 

(3 min) 

Rinse in deionised water for 1 min 

Desmut in 10% (v/v) H N 0 3 in 
deionised water at 25 °C (1 min) 

Alkaline Etch (AE) in 10% (w/v) 
NaOH in deionised water at 45 °C 

(10 mm) 

Rinse in deionised water for 1 min 

Desmut in 10% (v/v) H N 0 3 in 

deionised water at 25 °C (1 min) 

Rinse in deionised water for 1 min 

Sample B 

Desmut in 10% (v/v) H N 0 3 in 

deionised water at 25 °C (1 min) 

Rinse in deionised water for 1 min 

Sample C Sample D 

Figure 3.2 Flowchart of procedures and sample designations used to study the effects 

of alkaline etching time on Al-2024 
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S E M micrographs were measured using the instrument described in Section 2.2. 

The accelerating voltage was set at 15 kV, with an emission beam current of 10 uA, and 

an extraction voltage less than 4.5 kV. 

For the polarisation curve measurements, prepared 1 x 5 cm 2 panels were painted 

with electrical paint to cover all areas of the sample except for the part acting as the 

working electrode (approximately 1 x 1 cm2) and the area where the panel was connected 

to a sample holder via an alligator clip. The holder and sample were then wrapped in 

Teflon tape and immersed in the NaCl solution described in Section 2.3.2. The solution 

was deaerated using N 2 for 10 minutes to purge out oxygen. Care was taken to ensure that 

the alligator clip and the connection area were above solution level and wrapped with 

Teflon tape to prevent galvanic coupling of the holder and sample. An open circuit 

potential test was performed for five minutes to determine E c o r r for each experiment and 

to stabilize the system. Scans were then completed from 0.25 V below to 0.5 V above 

E c o r r at a rate of 1 mV/second. A l l potentials reported are referenced against a standard 

calomel electrode. 

Immersion testing was performed by suspending panels of interest in 100 mL of 

the NaCl solution prepared for polarisation testing (35 g NaCl in 1 L deionised water). 

The panels were suspended for one week and the solutions were changed every 24 hours 

during that period. At the end, S E M micrographs were measured after rinsing the 

immersed panels with deionised water. 
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3.3 Results: Effects of Alkaline Etching on Uncoated Al-2024 Alloy 

3.3.1 XPS Studies 

The Al-2024 samples studied in this section were prepared according to the 

procedure shown in Figure 3.2. Figure 3.3 is a survey spectrum from Sample B, which 

has been alkaline etched for 1 minute. The survey scan shows the presence of A l , O, and 

C. The latter element is introduced as contamination from the atmosphere, while someO 

is due to contamination, the rest is attributed to the aluminum oxide. Although difficult to 

see on the survey scan, Cu from the alloy was detected in the higher-resolution spectrum. 

Figure 3.4 shows the A l 2p spectra from various samples. After mechanical polishing 

only (sample A), two peaks are present in the A l 2p spectrum. One peak is at 72.7 eV, 

which corresponds to metallic A l , while the second peak, at 75.6 eV, indicates an oxide 

form [3.17]. The detection of the metallic A l peak suggests that the oxide film is no more 

than about 60 A thick, assuming that the oxide film is homogeneous. 

The alkaline etched samples B and C also show spectra with a peak at 75.6 eV. As 

the alkaline etching time increases, the metallic A l peak (72.7 eV) decreases, and the 

oxide peak increases. After 3 minutes of etching, the metallic peak is no longer detected, 

and it is clear that longer alkaline etching times result in more oxide (more etching 

product), which masks the metallic A l signal. 

Table 3.1 reports the percentage composition of elements on the surface obtained 

from the XPS experiments performed. The alkaline etching treatments, as shown by 

samples B, C, and D, result in the Cu 2p peak being detected, so indicating the presence 

of copper in the top 60 A of the surface. Cu/Al ratios also appear to increase with 

increasing alkaline etching times (Cu/Al is 0.1 for 1 minute of alkaline etching, 0.2 for 3 
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Figure 3.3 XPS survey scan from sample B (Al-2024 alkaline etched for 1 minute) 

58 



J . I I I . I • I . 1 

80 78 76 74 72 70 68 

Binding energy (eV) 

Figure 3.4 A l 2p spectra from Al-2024 after various alkaline etching times 
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Table 3.1 Percentage elemental compositions from XPS for Al-2024 samples given 

different treatments as specified in Figures 3.2, 3.8, and 3.12 

Sample A l Cu C 0 Si 

A 20.2 — 40.1 39.7 — 

B 27.8 0.4 20.3 51.5 — 

C 25.9 0.5 31.9 41.6 — 

D 26.6 0.7 27.6 44.6 • — 

E 11.9 ~ 37.1 36.2 15.1 

F — — 42.3 36.3 21.4 

G — 35.2 40.2 24.7 

H — — 35.2 41.6 23.3 
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minutes, and 0.3 for 10 minutes). No copper, however, was detected for the mechanically 

polished sample (sample A). This indicates that the copper enrichment at the alloy 

surface is directly associated with the alkaline etching step and that a correlation between 

the duration of alkaline etching and the degree of copper enrichment exists [3.18-3.21]. 

3.3.2 SEM Studies 

Figure 3.5 (a) - (d) shows S E M micrographs from samples taken prior to 

immersion and polarisation testing. Figure 3.5 (a) shows a sample that has been 

mechanically polished (sample A). Scratch lines from the polishing are evident, but no 

etching product is seen. Figure 3.5 (b) shows a sample that was alkaline-etched for 1 

minute after being mechanically polished (sample B). The scratch lines are still visible, 

but they are faint in comparison to Sample A. Some, pitting and scalloping are also seen, 

and etching product is detected. Figure 3.5 (c) shows a sample that was alkaline-etched 

for 3 minutes (sample C). The scratch lines are no longer visible, but more pits and 

etching product are seen compared to sample B in Figure 3.5 (b). This increase in the 

amount of etching product explains the inability to detect the A l metallic peak in XPS 

from the sample that has been alkaline etched for 3 minutes [3.22 - 3.25]. Figure 3.5 (d) 

shows the S E M micrograph from sample D, which has been alkaline-etched for 10 

minutes. Again, more etching product, and an increase in the pitting density, is seen in 

comparison to the other samples. These results indicate, visually, an increase in surface 

roughness, and an increase in the amount of etching product, with increasing alkaline 

etching times; such observations correlate with results seen from XPS. 
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(a) (b) 

(c) (d) 

SEM micrographs from Al-2024 samples before immersion and corrosion 

tests (400x) (a) Sample A (MP only); (b) Sample B (1 min AE); (c) 

Sample C (3 min AE); (d) Sample D (10 min AE) 
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3.3.3 Polarisation Curve Measurements and Immersion Testing 

Table 3.2 and Figure 3.6 show the results of the polarisation curve measurements 

performed on the various alkaline-etched samples (samples B, C, and D). The 

polarisation curves, for all samples tested, exhibit Tafel-like behaviour in both the anodic 

and cathodic arms, with E c o n below the pitting potential, which is near - 0.675 V. As the 

duration of the etching in NaOH increases, the measured values of /„ increase. This result 

indicates that the stability of the Al-2024 panels towards corrosion decrease with 

increasing alkaline etch times. Variations in the E c o r r values may relate to differences in 

the amounts of copper present at the surface. 

Immersion testing in 3.5 % (w/v) NaCl was performed on the various alkaline 

etched samples, and the resulting S E M micrographs are shown in Figure 3.7 (a) - (c). 

There is a clear trend from sample B (1 minute etch) to sample C (3 minute etch) to 

sample D (10 minute etch). Clearly, as the alkaline etching time is increased, the amount 

of corrosion product on the sample surface is also increased. This directly matches the 

trends observed from the polarisation curve measurements. 

3.3.4 Discussion 

Several factors caused by the alkaline etching are responsible for the increase in 

corrosion rate observed in the treated alloys. First, the purpose of the alkaline etching is 

to accelerate the conversion of the natural-borne aluminum oxide to the hydroxide, which 

ultimately disrupts the oxide film. This leads to the attack of the metal by the NaOH 

solution during the etching process, creating changes in the surface morphology as seen 

in the S E M micrographs taken prior to corrosion testing in Figure 3.5 [3.26, 3.27]. More 
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Table 3.2 Determined i0 values from polarisation curve measurements for Al-2024 

samples given different treatments as specified in Figures 3.2 and 3.8 

Sample i0 (A/cm 2) 

B 2.4 x 10"7 

C 3.0 x 10"7 

D 7.1 x 10"7 

E 2.0 x 10"7 

F 1.8 x lO" 7 

G 8.0 x 10"8 
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Figure 3.6 Polarisation curves measured for Al-2024 samples after various alkaline 

etching times 

65 



(a) (b) 

Figure 3.7 S E M micrographs of bare Al-2024 alkaline-etched for different times after 

immersion testing (lOOx) (a) Sample B (1 min AE); (b) Sample C (3 min 

AE); (c) Sample D (10 min AE) 

66 



pits and crevices are created with longer alkaline etching times. These pits have been 

shown to promote the auto-catalytic corrosion of aluminum in NaCl solution by causing 

the H + ingress in crevices to counter the excess negative charge of Cl" [3.26]. The trapped 

H + yields anodic corrosion (Al to A l 3 + ) with the evolution of H2. 

Finally, it has been hypothesized by others that alkaline etching may cause alloy 

enrichment. XPS results reported in Table 3.1 are consistent with this hypothesis. Several 

groups have also suspected that the alloy enrichment is a factor in increasing the 

corrosion rate, due to increased galvanic coupling and the possibility that the oxide film 

on the alloy provides less passivity. This may be due to the exposure of second-phase 

particles which have thinner, or non-existent, oxide layers above them, so making these 

areas more prone to attack [3.18-3.21]. 

However, while it is evident that a correlation between the duration of alkaline 

etching and the degree of copper enrichment exists, the polarisation test, while giving the 

electron transfer rates, does not specify the actual reaction occurring. Thus, it is difficult 

to know whether the auto-catalytic mechanism proposed by Fontana [3.26], or the effects 

of Cu enrichment is dominant [3.18-3.21]. Indeed it may be possible that changes in 

surface morphology and chemical composition, both as a result of alkaline etching, are 

responsible for the increase in the overall corrosion rate seen in samples that were 

pretreated with longer alkaline etching times. 

3.4 Results: Effects of Silane Concentration on Silane Deposition onto Al-2024 Alloy 

3.4.1 XPS Studies 

Al-2024 samples were prepared according to the conditions that create sample B. 

This provides a "standardized" substrate from which to observe and measure the effects 
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of silane concentration on the amount of silane deposited and on the corrosion 

performance of the treated samples. A flowchart for the preparation procedures for the 

samples considered in this subsection is shown in Figure 3.8. 

Figure 3.9 shows survey scans of selected samples prior to polarisation testing. 

The percent composition of elements on the substrate surface is reported in Table 3.3. For 

sample E (1% BTSE solution), the Si 2p peak is visible at 103.4 eV so indicating the 

presence of the adsorbed silane. Also, the oxide A l 2p peak detected at 75.6 eV indicates 

that the silane coating is less than around 60 A thick [3.17]. As the concentration of the 

silane solution is increased with samples F (4% BTSE) and G (10% BTSE), the A l 2p 

peak is no longer detected, and this is consistent with the production of thicker coatings. 

Consistently, the Si /Al ratio from the coated samples increases with the BTSE solution 

concentration. 

3.4.2 Polarisation Curve Measurements and SEM Studies 

Table 3.2 and Figure 3.10 report the results of polarisation tests performed to 

assess the corrosion performance of the coated samples E, F, and G compared with 

sample B. The polarisation curves have cathodic arms that exhibit Tafel behaviour, so 

enabling values of i0 to be measured. As it is seen from Table 3.2, samples that were 

coated with a BTSE solution generally have lower exchange current densities, i0, than 

samples that were not coated with silane. Further, the corrosion inhibition appears to 

increase with the BTSE solution concentration, when all other parameters are fixed. This 

indicates that increasing the amount of silane on the Al-2024 substrate favours 

passivation, and hence a lowering in the corrosion rate. S E M micrographs taken from 
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Sample B 

Dip in 1% BTSE solution 
(2 min) 

Dip in 4% BTSE solution 
(2 min) 

Sample E 

Dip in 10% BTSE solution 
(2 min) 

Sample F Sample G 

Air dry flat overnight in a covered Petri dish 

Figure 3.8 Flowchart of procedures and sample designations used to study the effects 

of different BTSE silane concentrations for deposition on Al-2024 
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Figure 3.9 Si 2p and A l 2p spectra from Al-2024 samples coated with different silane 

solutions 
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Figure 3.10 Polarisation curves measured for Al-2024 samples after coating with 

BTSE solutions of different concentrations 
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(a) (b) 

Figure 3.11 S E M micrographs of silane-coated Al-2024 after polarisation tests (lOOOx) 

(a) Sample B (1 min A E + No coating); (b) Sample E (1 min A E + 1% 

BTSE); (c) Sample F (1 min A E + 4% BTSE); (d) Sample G (1 min A E + 

10% BTSE) 
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samples after polarisation curve measurements are shown in Figure 3.11 (a) - (d). By 

comparing the frequency and severity of the pits, as well as the amount of corrosion 

product, it is seen that less corrosion product occurs on samples with more silane 

deposition. This again is fully consistent with the results reported above from the 

polarisation curve measurements and XPS experiments. 

3.4.3 Discussion 

Results in this section demonstrate that deposited BTSE can act as a corrosion 

inhibitor on Al-2024, and that increasing the BTSE concentration in the coating solution 

will create a thicker film, or at least lead to better coverage on the substrate. A l l of this is 

consistent with the collective work of Van Ooij who has demonstrated the potential of 

BTSE as a corrosion inhibitor for other metals [3.28 - 3.33]. Higher BTSE concentrations 

in solution are believed to give more cross-linking and thicker films, as demonstrated by 

the XPS results obtained in this section. These results are consistent with similar 

observations demonstrated previously by Van Ooij who has shown for y-APS, using 

ellipsometry measurements, that the amount of silane deposited on the substrate was 

dependent primarily on the silane concentration [3.1, 3.2]. Underhill et al. have 

demonstrated the same concept using y-GPS [3.9-3.13]. 

3.5 R e s u l t s : E f f e c t s o f D i f f e r e n t P r e t r e a t m e n t s o n S i l a n e C o a t i n g E f f e c t i v e n e s s 

3.5.1 XPS Studies and Polarisation Curve Measurements 

The Al-2024 samples considered in this sub-section were prepared according to 

the procedures shown in Figure 3.12. Measured Si 2p and A l 2p photoelectron spectra 

from a selection of these samples are shown in Figure 3.13. Sample E has been alkaline 
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Dip in 1% BTSE solution Dip in 4% BTSE solution 
(2 min) (2 mil) 

Dip in 1% BTSE solution Dip in 4% BTSE solution 
(2 min) (2 min) 

Dip in 1% BTSE solution Dip in 4% BTSE solution 
(2 min) (2 min) 

* Complete specification of samples B, C, and D are given in Figure 3.2 

Figure 3.12 Flowchart of procedures and sample designations used to study the effects 

of different pretreatments on BTSE deposition on Al-2024 samples 
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Figure 3.13 Si 2p and A l 2p spectra from Al-2024 samples alkaline etched for 

different times followed by coating with 1% BTSE solution 
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etched for 1 minute, and it shows both the Si 2p peak at around 103.4 eV and the A l 2p 

peak at around 75.6 eV. These observations show that the silane coating must be quite 

thin since the A l 2p peak can still be detected. With sample H , the alkaline etching was 

done for 3 minutes and then coated with the 1% BTSE solution. However, the A l 2p peak 

is not now detected by XPS, and that indicates the presence of a thicker coating. This 

observation emphasizes the importance of the length of the alkaline etch in 

preconditioning a surface for BTSE deposition. 

Figure 3.14 reports polarisation curve measurements for samples which have been 

alkaline etched for different times, and then dipped in 4% BTSE for a fixed time, to 

observe the effects of etching time on silane deposition and possible corrosion protection. 

Sample F, alkaline-etched for 1 minute before coating, has a measured E C O r r value 

(~ -0.91 V) and a cathodic arm that exhibits Tafel behaviour. Samples I and K , etched for 

3 and 10 minutes, respectively, prior to silane deposition, however, have cathodic arms 

that do not follow Tafel behaviour, and the measured E Corr values for these samples are 

very close to the pitting potential (~ -0.67 V). Thus, i0 cannot be measured. A similar 

observation was seen with the samples dipped in the 1% BTSE solution (Figure 3.15), 

where any sample etched longer than 1 minute, and then coated with silane, did not 

exhibit Tafel behaviour. This makes the measured polarisation curves less helpful for 

assessing the effects of changing parameters on corrosion stability. 

3.5.2 Discussion 

XPS spectra for experiments performed in Section 3.5 to observe the 

interrelationship between changes in alkaline etching time and silane deposition are 
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Figure 3.14 Polarisation curves measured for Al-2024 samples after etching for 

different times followed by coating with 4% BTSE solution 
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Figure 3.15 Polarisation curves measured for Al-2024 samples after etching for 

different times followed by coating with 1% BTSE solution 
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consistent with theories proposed by Venables and Hulser [3.22, 3.27]. While both 

researchers agree that increasing the alkaline etching time creates conditions that allow 

more silane to be deposited onto the surface from the same solution, each has his own 

view as to why. 

Venables reports that a rougher surface morphology allows for more silane to be 

deposited with better mechanical interlocking to the substrate surface. Section 3.3 has 

demonstrated that increasing the alkaline etching time changes the surface morphology 

and creates more pits and crevices. Consistently, with the theory of Venables, XPS results 

reported here show that more silane is deposited on a sample which has been alkaline 

etched for a longer time (sample H vs. E). Hulser, on the other hand, believes that an 

increase in alkaline etching time produces more nucleation sites (etching products) for a 

coating to bond to. This is also consistent with the XPS results reported. 

The differences between the theories of Hulser and Venables should be seen more 

in terms of the nature of the silane bonding. Indeed, the etching products considered by 

Hulser may be chemically similar to the pits and crevices considered by Venables, as 

they both contain metal hydroxyl groups to which a coating can bond to [3.1, 3.2]. 

However, Hulser emphasizes direct bonding between the coating and metal hydroxyl 

groups on etching products poorly-bonded to the substrate [3.22], whereas Venables 

believes that the silane is bonded to metal hydroxyl sites firmly anchored in the substrate 

oxide layer [3.27]. XPS results alone cannot distinguish between these two possible 

situations. 

In an attempt to determine the effectiveness for corrosion protection of BTSE 

deposited onto Al-2024 for longer etching times, with a constant silane concentration, 
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polarisation curves were measured. However, the results are inconclusive insofar as Tafel 

behaviour was not observed and hence /„ values could not be determined. Increasing the 

alkaline etching time does lead to conditions where more BTSE is deposited on the 

Al-2024 substrate from the same silane solution, but it is not yet clear whether this 

"enhanced" silane deposition aids in the passivation of the substrate. Equally, it is not 

known why the polarisation curves measured for samples etched for durations longer than 

1 minute do not exhibit Tafel behaviour for the 1% and 4% BTSE solutions reported in 

Figures 3.14 and 3.15, but it is considered further in Chapter 4. 
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Chapter 4 Effects of Nitric Acid Treatment Times on BTSE Bonding to 

Al-2024 Alloy 

4.1 Introduction 

Section 3.5 has shown that increasing the alkaline etching time in the pretreatment 

step creates conditions where more silane can be deposited on Al-2024 alloy using a 

constant BTSE solution. However, polarisation curve measurements were inconclusive as 

to whether the longer etching times produce a more corrosion-resistant coating. Thus, a 

fundamental question must still be answered: With the longer etching times, was all the 

silane deposited securely bonded to the substrate? If not, then using the amount of silane 

detected on the surface to assess the coating's potential performance, as done in Section 

3.4, may have a weakness insofar as it does not provide a true gauge of the amount of 

securely-bonded silane. 

According to the Pape and Van Ooij theories, silanes bond to metals via 

condensation reactions to surface hydroxide groups. In principle, more free hydroxyl 

groups can be created by increasing alkaline etching, and this can lead to more silane 

deposited onto the substrate surface [4.1 - 4.3]. Section 3.3 has shown that increasing the 

alkaline etching time increases the amount of loosely-bound etching products with more 

free hydroxyl groups, that act as nucleation sites for bonding to organic coatings [4.4, 

4.5]. More coating is deposited onto this substrate as demonstrated in Section 3.5. 

However, to make a stable coating, the silane should be bonded to metal hydroxyl groups 

in the substrate oxide layer rather than to loose etching products on the surface. An ideal 

alkaline-etching pretreatment, prior to the silane deposition, should therefore minimize 
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the amount of etching product formed in the first place, while optimizing the sites at the 

oxide surface for bonding to the silane. 

HNO3 is used in industry after the alkaline etching step to remove weakly-bound 

aluminate, the etching product, on aluminum alloys [4.6]. In addition, this desmutting 

step is known to remove many second-phase particles responsible for alloy enrichment 

[4.7]. Recent studies have also shown that NO3" has been successfully added to anodising 

agents, such as H2SO4, to enhance the thickness and hardness of the oxide layer. 

Additionally, it is known that NO3" in acid, is itself an anodizing agent [4.8]. 

The objectives of this chapter are: 

(i) to examine the effects of varying the HNO3-treatment time on the bonding 

characteristics of BTSE to Al-2024 which had been alkaline-etched for 1 minute in 

NaOH (to minimize the amount of corrosion product formed); and 

(ii) to investigate the effect H N 0 3 has on the Al-2024 alloy surface prior to coating 

with BTSE. 

A l l of this is done to study the silane bonding at the metal oxide-to-coating 

interface in order to optimize the alkaline etching process for maximizing the securely-

bonded BTSE deposited onto the Al-2024 surface. This, in turn, should lead to increased 

corrosion resistance imparted to the treated alloy. 

4.2 Experimental 

Figure 4.1 gives the experimental procedures, sample preparations, and sample 

designations used for the sonicating test to examine the BTSE bonding on the different 

pre-conditioned Al-2024 surfaces. 
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Mechanical polish (MP) with 400 and 1200 grit 
aluminum oxide polishing paper 

Degrease in acetone (2x10 min) 
and in methanol (1 x 10 min) 

Alkaline etch (AE) in 10% NaOH 
(w/v) in deionised water at 45 °C 

(1 min) 

Rinse in deionised water for 1 min 

Desmut in 10% (v/v) HNO, in deionised water at 25 °C 

0 min = Sam pie A 
1 min = Sample B 

10 min = Sample C 
IS min = Sample D 
30 min — Sample E 
45 min — Sample F 
75 min = Sample G 
90 min = Sample H 
120 min -- Sample I 

Rinse in deionised water for 1 min 

Dip in 1% BTSE Solution 
(2 rrrin) 

Air-dry flat overnight in a Petrie dish 

Samples Al - II 

Sonicate in deionised water for 30 min 

» Samples A2 - 12 

Figure 4.1 Experimental procedure flowchart, with sample designations, for studying 

the effects of F£N0 3 treatment time on silane bonded to Al-2024 
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1 % BTSE solutions were prepared according to the methods specified in Chapter 

3. XPS spectra of samples were scanned and analysed according to the specifications set 

in Chapter 2. The M g Koc source (1253.6 eV) was used with an emission current of 20 

mA at 10 kV. S E M micrographs were scanned according to the parameters set in 

Chapter 3. 

4.3 Results: Effects of Nitric Acid Treatment Time on BTSE Bonding to 

Al-2024 Alloy 

4.3.1 XPS Studies 

Various samples were prepared according to the designations in Figure 4.1. 

Figure 4.2 is a labeled survey scan of a typical sample prior to sonicating. Major 

photoelectron peaks present include C Is, C Auger peak, Si 2p, Si 2s, O Is and an O 

Auger peak. In all cases, a strong Si 2p signal is detected around 103.4 eV, and this 

indicates the presence of silane adsorbed on the surface. In addition, a small, but definite, 

A l oxide signal from the substrate is detected at 75.6 eV [4.9]. This indicates that the 

deposited film on the substrate is less than about 60 A thick. Other HN03-treated samples 

(Bl - II) revealed similar spectra to that shown in Figure 4.2. This indicates, that prior to 

sonicating, all the HN03-treated samples have comparable amounts of silane adsorbed on 

the substrate surface. 

A parallel set of samples were prepared, and then sonicated for 30 minutes in 

deionised water (A2 -12). This serves to test for the strength of the silane bonding to the 

Al-2024 surface. Since the silane film is chemically inert to water, any silane remaining 

on the surface after the sonication is more securely-bonded than that which is lost. 
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Figure 4.2 XPS survey scan from a typical Al-2024 sample coated with 1% BTSE 

before sonicating 
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Figure 4.3 shows selected survey scans for various HNO3 treatment times before 

and after sonicating. Figure 4.3 (a) shows samples A l and A2, treated for 0 minutes in 

HNO3. For sample A2, a high intensity A l 2p peak is detected at 75.6 eV, but no Si 2p 

peak at 103.4 eV. This indicates the presence of A l oxide from the substrate, and the fact 

that all the BTSE was removed from the sample after sonicating. 

Figure 4.3 (b) shows a comparison of survey scans from samples E l and E2, 

treated in FINO3 for 30 minutes prior to BTSE deposition. These spectra are virtually 

identical, so indicating that essentially all of the BTSE remains adsorbed on the substrate 

after the sonication. 

Figure 4.3 (c) shows a comparison of the survey scans from samples II and 12, 

where the FINO3 treatment is for 120 minutes prior to the BTSE deposition. The A l oxide 

peak is clearly seen in the spectrum of sample 12, indicating that a significant amount of 

the silane was removed. However, there is still a prominent Si 2p peak present after 

sonicating, so indicating that some BTSE is still adhered. 

Semi-quantitative results to determine the amount of silane adsorbed, after the 

sonication, were assessed by measuring higher-resolution spectra for the Si 2p and A l 2p 

peaks. In Figure 4.4, samples B2 and C2 still have significant A l 2p peaks and lower 

Si /Al ratios compared to most of the other samples. Sample D2, treated with HNO3 for 15 

minutes, appears to have significantly more silane left on the substrate, since the A l 2p 

peak is less prominent. Sample E2, treated with HNO3 for 30 minutes, appears to 

correspond to the optimal HNO3 treatment time for the systems tested. For example, 

Table 4.1 shows that this sample has the highest Si /Al ratio after sonication. 
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(a) 0 minutes H N 0 3 , 1% BTSE (sample A) 
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Figure 4.3 Survey scans of samples before and after sonicating for selected samples 

(a) A, (b) E, and (c) I 
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Si 2p (c) 120 minutes H N 0 3 , 1% BTSE (sample I) 
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Figure 4.3 continued 
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12(120 min H N 0 3 ) 

H2 (90 min H N 0 3 ) 

G2 (75 min H N 0 3 ) 

F2 (45 min H N 0 3 ) 

E2 (30 min H N 0 3 ) 

D2(15min H N 0 3 ) 

C2(10min H N 0 3 ) 

B2 (1 min H N 0 3 ) 

A2 (0 min H N 0 3 ) 

Figure 4.4 Si 2p and A l 2p peaks of various samples after sonicating 
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Table 4.1 Si /Al ratios of silane-coated samples after sonicating tests 

Sample * Si /Al 

A2 0.0 

B2 1.3 

C2 1.8 

D2 13 

E2 34 

F2 22 

G2 12 

H2 9.4 

12 1.8 

Sample preparation and designations are described in Figure 4.1 
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For more than 30 minutes of sonicating, the Si /Al ratio is shown to gradually 

decrease through the samples F2 to H2. This indicates that the amount of silane 

remaining on the substrate after sonicating actually decreases i f the substrate is left in the 

F1NO3 dip for longer times. The very long FINO3 treatment (120 minutes) does not 

promote effective silane bonding to the alloy surface, as shown by sample 12. 

4.3.2 Discussion 

The results from this set of experiments on pretreated Al-2024 surfaces indicate 

that a suitable working range for the FLNO3 dip for creating securely-bonded silane films 

is to treat the surface for 15 to 90 minutes in FLNO3, with the optimum treatment time 

being about 30 minutes. In general, some of the silane deposited was removed by 

sonication in pure water, meaning that only part of the silane deposited is strongly 

bonded to the surface. It therefore follows that the amount of silane measured prior to 

testing can be a misleading indicator of the potential performance of the coating where, 

for the experiments in this section and in Section 3.5, the concentration of the BTSE 

solution was kept constant. 

The question to ask now is: What is happening on the Al-2024 substrate surface, 

after the H N 0 3 treatment, to cause these observations for the deposition of BTSE. 

4.4 Results: Effects of Nitric Acid on Uncoated Al-2024 Alloy Etched with NaOH 

4.4.1 XPS Studies 

Selected Al-2024 samples were immersed in 10% (w/v) NaOH for 1 minute and 

in 10% (v/v) HNO3 for various durations. A flowchart for the procedures used is shown 

in Figure 4.5. 
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Mechanical polish (MP) with 400 and 1200 grit 
aluminum oxide polishing paper 

Degrease in acetone (2 x 10 min) 
and in methanol (1 x 10 min) 

Alkaline etch (AE) 10% NaOH in 
deionised water at 45 °C (1 min) 

Rinse in deionised water for 1 minute 

Desmut in 10% (v/v) HN0 3 in deionised water at 25 °C 

0 min = Sample A 
1 min = Sample J 

10 min = Sample K 
15 min = Sample L 
30 min = Sample M 
60 min = Sample TV 
90 min = Sample O 
120 min = Sample P 

Rinse in deionised water for 1 minute 

Store in a vacuum chamber prior to SEM and XPS analysis 

Figure 4.5 Experimental procedure flowchart, with sample designations, for studying 

the effects of H N 0 3 treatment time on Al-2024 
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Figure 4.6 (a) shows the A l 2p peak for sample A , which was not treated in 

F£NC>3. There is only one peak present at 75.6 eV, indicating the presence of oxidized 

aluminum, and that the oxide layer must be at least 60 A thick. The full-width-at-half-

maximum (FWHM) value for this peak (1.9 eV), is larger than that (1.7 eV) seen in 

Figure 4.6 (b) for sample M (treated for 30 minutes in FLNO3). This indicates either there 

are two types of oxide present or there is some peak broadening because of sample 

charging [4.10]. The sonicating tests in Section 4.3 show that the silane washes off the 

substrate, an observation that suggests the BTSE is adsorbed on loosely bound etching 

product formed during the alkaline etching. 

Figure 4.6 (b) shows the A l 2p peak for sample M , treated for 30 minutes in 

HNO3. Again, the oxide peak at 75.6 eV is seen, but this appears different from that of 

sample A. Sample M has a shiny metallic colour, rather than black as seen for sample A, 

and the F W H M value for the A l 2p peak is smaller. Sample M's oxide layer must also be 

at least 60 A thick as no metallic signal is detected. This oxide is the passive oxide, 

Al203-3H20 [4.9], and the sonicating tests, in the previous section, indicate that BTSE 

bonds well to this oxide. 

Figure 4.6 (c) shows the A l 2p spectrum for sample P, which has been treated for 

120 minutes in HNO3. Now two peaks are detected. The first is the oxide peak at 75.6 eV 

for which the F W H M value (1.9 eV) is again greater than that of sample M (1.7 eV). The 

second peak at 72.7 eV indicates the presence of metallic A l (which is not seen in 

samples A or M). The oxide-to-metal ratio is decreased for sample P, compared to sample 

M , indicating that the former has a thinner and more uniform oxide layer. Results from 

the sonicating tests are consistent with this model since the silane bonded to the adhered 
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Figure 4.6 A l 2p spectra from samples: (a) A , (b) M , and (c) P 
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Figure 4.6 continued 
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oxide layer is secure, whereas any silane bonded to the more corroded product was 

removed easily. 

4.4.2 SEM Studies 

Figures 4.7 (a) - (h) show S E M micrographs taken from panels treated in HNO3 

for various times. Figure 4.7 (a) for sample A shows the presence of etching product, 

which is consistent with the XPS results shown in Sections 4.3.1 and 4.4.1. Figures 4.7 

(b) to (d) show images of samples J, K , and L, which have been treated in HNO3 for 1, 

10, and 15 minutes, respectively. The aluminate is removed, and the lines from the 

mechanical polishing step are seen. Some etching product remains on the surface; 

however, as the HNO3 treatment times increase, less etching product is seen and the 

pitting frequency also decreases. Again, this appears consistent with the observations in 

Section 4.3.1. 

Figures 4.7 (e), (f), (g), and (h) show micrographs measured from samples M , N , 

O, and P (treated for 30, 60, 90, and 120 minutes in HN03, respectively). Sample M has 

the least amount of etching product for all samples treated in this batch for various HNO3 

treatment times studied with a constant amount of alkaline etching. This suggests that 

more BTSE should bond directly to the substrate compared to the other samples. Longer 

HN03-treatment times, on the other hand, produce samples with an increased amount of 

pitting, indicating that the oxide film must be dissolving and that the metal is attacked to 

form A l 3 + ions and begin the creation of pits. The lower oxide-to-metal ratio seen in the 

XPS narrow scan for the 120-minute HNCVdipped sample (sample P) in Figure 4.6 (c) is 

consistent with the HNO3 now acting as a corrosion agent. 
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Figure 4.7 SEM micrographs of Al-2024 samples after various HNO3 treatment 

times (400x) (a) A (0 min); (b) J (1 min); (c) K (10 min); (d) L (15 min) 
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Figure 4.7 S E M micrographs of Al-2024 with various FINO3 treatment times (400x) 

continued (e) M (30 min); (f) N (60 min); (g) O (90 min); (h) P (120 min) 
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4.4.3 Discussion 

The S E M micrographs in Section 4.4.2 appear to show less etching product on an 

uncoated Al-2024 substrate as the HNO3 treatment time increases up to 30 minutes. 

Section 4.3.1 has shown that the amount of securely-bonded silane remaining after 

sonication also increases when the HNO3 treatment time increases, again, up to 30 

minutes. The trends from these two sections complement each other, and they are 

consistent with Hulser's theory that etching products act as nucleation sites for the 

coating. With less etching product on the surface, more silane can bond to hydroxyl 

groups in the oxide layer, rather than to the loosely-bound etching product. This is 

consistent with more silane remaining securely-bonded after the sonicating tests. 

The anodizing effects of HNO3 have also been demonstrated to increase the 

thickness and hardness of the passivating oxide layer with increasing treatment times 

[4.8, 4.11, 4.12]. In principle, that could provide an alternative to the current chromic 

acid anodizing processes. The H N O 3 treatment appears to create more hydroxyl sites in 

the oxide layer, and this should allow more silane bonding and better passivation. XPS 

results presented with the sonicating tests in Section 4.3.1 and for the uncoated alloy in 

Section 4.4.1 are consistent with this hypothesis. 

However, H N O 3 is also a known corrosion agent for Al -Cu systems, where it may 

breakdown the oxide film, leaving the metal prone to acidic attack. This occurs 

independent of the H N O 3 concentration used when the metal is in unstirred conditions. 

This is a situation for these experiments and for metal pretreatments in many industrial 

processes [4.13-4.17]. For longer treatment times (e.g. 30 minutes in this work), HNO3 

acts as a corrosion agent, and the subsequently applied silane does not bond well to the 
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substrate. The etching caused by HNO3 in a long treatment time produces a thinner oxide 

layer, removes bonding sites, and increases etching products on the surface. This 

hypothesis is consistent with results obtained in Section 4.4 for treatment times greater 

than 30 minutes. For example, XPS results (Section 4.4.1) show that sample P (120 

minutes of FINO3 treatment) has a thinner oxide layer than sample M (30 minutes of 

HNO3 treatment). S E M micrographs (Section 4.4.2) show increased amounts of pitting 

and possible etching products for all HNO3 treatments greater than 30 minutes. Section 

4.3.1 demonstrated that the Si /Al ratio from XPS also decreases after 30 minutes of 

HNO3 treatment. These observations together support the concept that for more than 30 

minutes of treatment time, H N 0 3 acts as a corrosion agent rather than as an anodizing 

agent. It is not yet clear why this balance between anodizing (forming a passivating oxide 

layer) and corrosion agent (breaking down the oxide) behaviour changes at the 30-minute 

mark for treatment in F1NO3. Similar observations, however, have been made by Shih and 

Tzou [4.8]. 

The pits created with longer HNO3 treatment times increase the surface roughness 

of the sample. While other researchers have considered this to be important for the 

mechanical interlocking of organic or silane coatings to the substrate [4.18 - 4.20], the 

results in this chapter show that chemical bonding effects, dependant on the state of the 

oxide layer, are more important for creating a securely-bonded BTSE coating. 

Finally, while polarisation curve measurements from Section 3.5 were less helpful, the 

results from this chapter offer a possible explanation to the question posed in Section 3.5 

regarding the effectiveness of silane coatings deposited from the same silane solution for 

different alkaline etching times. It is known from Section 3.3 that increasing the alkaline 
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etching time increases the amount of etching product on the surface. X P S results from 

Sections 3.5 and 4.3 show that silane w i l l bond to etching products on the surface. 

However, X P S results from sonicating tests in Section 4.3 also show that this 

etching product, and any silane bonded to it, is easily removed with water thereby 

exposing the metal and leaving it prone to attack. This confirms the ideas presented by 

Hulser [4.4]. Thus, increasing the alkaline etching time, while enhancing silane 

deposition onto the substrate, is not beneficial to the passivation of the metal as it does 

not create a securely-bonded B T S E film on the metal. It is best to use a more-

concentrated silane solution i f a thicker coating is desired. 
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Chapter 5 Concluding Remarks and Future Directions 

5.1 Concluding Remarks 

The work presented in this thesis looked at an industrial-style alkaline etching 

process for Al-2024 alloy prior to silane deposition. The consequences and effects of the 

various stages in an alkaline etching process, as it pertains to silane deposition, have not 

been previously discussed in the literature. The objective of this work was to gain some 

new insight into this process, to observe how various pretreatment methods affect the 

corrosion performance of both the coated and uncoated alloy, and to possibly optimize 

this pretreatment method, i f it is to be used for silane deposition, as suggested by Van 

Ooij [5.1-5.6]. 

The first study considered the effect of varying the alkaline etching time on the 

properties of an uncoated Al-2024 panel, with an emphasis on its surface chemistry, 

morphology, and corrosion resistance. Using a 10% (w/v) NaOH solution, separate 

etchings were carried out for 1, 3, and 10 minute durations; the first two represent typical 

etching times used in industry, while the final time represents an extreme case for 

comparison. The following trends were observed for increasing the etching time: (i) more 

pits and crevices were created, making a rougher surface; (ii) more etching product was 

created on the surface; (iii) copper enrichment on the surface increased; and finally, (iv) 

the corrosion resistance of the treated alloy decreased. It is not clear, however, whether 

the increase in susceptibility to corrosion was due to the morphological changes caused 

by the etching, or to chemical changes from the copper enrichment at the surface. Indeed, 

these two factors may reinforce each other. 
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The second parameter for study involved varying the concentration of the BTSE 

solution used to coat Al-2024 panels, which were first given a standardized 1 minute 

alkaline etch. This was done to observe what effects more-concentrated silane solutions 

have on the amount of silane deposited onto the substrate; and to measure the corrosion 

performance of the various coated samples. It is found, in general, that the BTSE coating 

aids in the passivation of the alloy. XPS results revealed that increasing the silane 

concentration created thicker coatings, with more silane being deposited onto the 

substrate. In addition, the corrosion resistance of the coated sample increases with the use 

of more-concentrated solutions. This demonstrates that thicker coatings on identically 

pretreated panels will increase the corrosion protection of the panel. 

With the information gathered from the first two tasks, an attempt to study the 

interrelationship between alkaline etching and silane deposition was performed. These 

experiments provided new information showing that the method of pretreatment used 

greatly affects the deposition and performance of a silane film. A 1% BTSE solution was 

used to coat Al-2024 samples that had been alkaline etched for 1, 3, and 10 minute 

durations. XPS results showed that more silane was deposited on samples etched for 

longer times (e. g. 3 minutes vs. 1 minute). However, these "enhanced" coatings did not 

lead to better passivation of the substrate since the coatings were indicated to be attached 

to weakly-bound etching products, created by the longer alkaline etching times. When all 

of the results above are combined, it is concluded that shorter alkaline etching times (e. g. 

1 minute vs. 3 or 10 minutes) should be used. 

The next parameter studied was the length of HNO3 treatment after the alkaline 

etching. In addition to its desmutting properties, HNO3 is also known to build up the 
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thickness and hardness of the oxide layer. This will potentially affect the number of sites 

available for silane bonding. It was found that HNO3 has a significant impact on the 

effectiveness of the deposited silane film. More silane will bond securely to the Al-2024 

substrate when the amount of hydroxyl groups in the oxide layer is maximized, and the 

amount of loosely-bound etching product on the substrate, created by either the nitric acid 

or alkaline etching, is minimized. Increasing the nitric acid treatment time, up to 30 

minutes for this system (alkaline etched for 1 minute), is shown to both remove much of 

the etching product created by the NaOH solution, and create a thicker oxide layer 

containing many sites for silane bonding. This layer appears to be greater than ~ 60 A , 

according to XPS. Treatment times greater than 30 minutes, however, wil l remove the 

newly-formed oxide layer, leaving fewer sites available for silane bonding. This indicates 

that a balance is needed between the two roles that HNO3 can play; and that not only 

fine-tuning the alkaline etching time, but also the HNO3 treatment time, is important for 

an effective pretreatment prior to silane deposition. 

The results presented in this thesis contribute information (from a chemical point 

of view) in the search for an appropriate pretreatment method for Al-2024 alloy as it 

relates to BTSE deposition. They also show how pretreatment significantly affects the 

chemical and morphological properties of the substrate. Both of these factors affect the 

subsequent deposition of the silane and ultimately the coating's performance. More 

importantly, this research supports Van Ooij's observations regarding the use of BTSE as 

a potential corrosion inhibitor for Al-2024. These studies together suggest that i f 

appropriate pretreatment methods are used to prepare the Al-2024 substrate, BTSE has 
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the potential to be a green alternative to the current chromating and phosphating 

processes used for corrosion protection. 

5.2 Future Directions 

5.2.1 Further Studies on Copper Enrichment 

The XPS study in this thesis shows that alkaline etching of Al-2024 alloy results 

in an increase in copper enrichment at the surface. It is also known that the corrosion rate 

of uncoated Al-2024 increases with the increasing alkaline etching time. However, it is 

not known to what degree the copper enrichment alone affects the corrosion rate; nor is it 

known how, or whether, copper enrichment affects the silane bonding. Further studies 

using panels that were not etched, but which contain varying amounts of copper, could be 

done using methods such as immersion testing, polarisation curve measurements, and 

sonicating, to assess the effects independently of morphology and etching product, on 

silane bonding and corrosion resistance. In addition, i f copper enrichment is indeed a 

major factor in affecting the corrosion rate and silane bonding, research into an 

alternative method to optimize silane bonding, that does not cause alloy enrichment, is 

worth looking into. 

5.2.2 Addition of a Second Silane 

This thesis has demonstrated the potential of BTSE as a corrosion inhibitor. 

However, as mentioned in the previous chapters, BTSE lacks organofunctional groups 

which may be a reason why other authors have shown limited interest in this compound. 

Van Ooij and co-workers have published some papers dealing with adding subsequent 

coatings of different silanes such as VS and y-APS to BTSE-coated panels [5.1 - 5.5]. 
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However, the interface between two silanes has not been studied by these authors. Again, 

surface science experiments, (e.g. with SIMS depth profiling) would be useful to examine 

this silane-silane interface and to optimize the preparation and formation of a two-silane 

coating. 

5.2.3 Evaluation of Coatings and Coating Effectiveness 

Section 3.5 has shown the limitations of using only one technique for semi­

quantitative measurement of the effects on corrosion performance due to different 

treatments. Other techniques, such as electrochemical impedance spectroscopy, salt-spray 

tests, and weight loss measurements, can be used to compare with the electrochemical 

polarisation curve measurements, in order to evaluate further the performances of the 

coatings formed. In addition, while the simple sonication tests performed in Chapter 4 

provided information, in combination with X P S , for a semi-quantitative measure of the 

amount of securely-bonded silane, other techniques such as S I M S could be used to 

complement these results by offering direct evidence for the amount o f silane bonding at 

the substrate surface. 

5.2.4 Further Studies of Nitric Acid on Al-2024 Alloy 

The balance between HNO3 acting as an anodizing agent and as a corrosion agent 

has been demonstrated i n Chapter 4 and reported elsewhere in the literature [5.7]. The 

factors that determine this balance are not well understood. Further studies o f this 

phenomenon via surface science techniques would be beneficial, not only for the 

understanding of this mechanism, but also for optimizing its application to industrial 

processes, such as metal coating. 
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