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Abstract 

There is an urgent need to develop new non-chromating coating methods for the 

corrosion protection of aluminum alloys, and this thesis reports studies to establish 

optimal working conditions for forming zinc phosphate coatings on 6061-T6 aluminum 

alloy. Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) 

and corrosion tests were used to characterize the treated 6061-A1 surface, and to assess 

the effects of different parameters in the coating bath, as well as different pre-treatments 

and post-treatments. 

The initial study investigated different working conditions for the zinc 

phosphating, and this built on other studies from this laboratory. An initially considered 

coating bath had 16.0 ml H 3 P0 4 (85%), 5.36 g ZnO and 0.5 g NaF per liter, and optimal 

conditions for coating involved dipping the 6061-A1 samples into this bath at 60 °C for 6 

min. But the addition of more fluoride was shown to be effective for increasing the zinc 

phosphate coverage on the aluminum alloy; the optimal range of F" being from 400 ppm 

to 600 ppm for these conditions. 

Based on the working condition study, the effects of pre-treatments, post-

treatments, and associated procedures involved with the zinc phosphating of 6061-A1 

alloy on the quality of the final coating were investigated. Comparisons were made 

between acid etching and mechanical polishing in the pre-treatment stages, and the 

mechanical polishing involved was done by either machine polishing or hand polishing. 

New post-treatment procedures were investigated using methyltriethoxysilane. It results 

in a considerable increase in the zinc phosphate coverage and coating thickness on the 

aluminum surface. This gave a greatly improved corrosion resistance by the coating 
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compared with samples that did not have the silane post-treatment. A related silane 

treatment can also be used at an intermediate stage in the zinc phosphating immersion. 

In order to improve the final coating, Cu 2 + and N i 2 + ions were studied as 

accelerators. Cu(N0 3) 2 (0.002 wt%) and Ni(N0 3) 2 (0.0004 wt%) were separately 

introduced to the basic phosphating baths containing H3P04; ZnO and NaF, and each was 

shown to not only increase the phosphating speed, but also to improve the corrosion 

resistance and adhesion, insofar as the coating contained smaller crystalline grains and 

increased coverage of zinc phosphate on the surface. Of these two accelerators, N i 2 + 

appeared especially effective at increasing the corrosion protection ability of the final 

coating. Although NO3" has some capabilities as an accelerator it was shown that its 

effect was negligible in this context at the concentrations used. 
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Chapter 1 Phosphating for Aluminum 

1.1 Introduction 

Aluminum and its alloys are employed widely in modern industry, and among 

metals aluminum is second only to iron in annual consumption. Aluminum is certainly 

the most important non-ferrous metal and the rapid expansion of production facilities 

continues, spurred on by the prospect of increasing world demand [1]. 

Metallic aluminum often has excellent corrosion resistance, which is due to its 

affinity for oxygen that results in the production of a very thin but tenacious oxide film. 

It covers the surface as soon as a freshly cut piece of the metal is exposed to the 

atmosphere. Hence, pure aluminum needs less protection than most metals. On the other 

hand, the commercial metal and its alloys, though resistant, are distinctly more sensitive 

to corrosion, and the development of high strength light alloys, containing quantities of 

other metals such as copper, zinc or nickel, has heightened the need for protective surface 

treatments. The nature of these metallic additions appreciably influences the alloy's 

susceptibility to corrosion; high mechanical strength and corrosion resistance have so far 

proved largely incompatible. Therefore, the development of satisfactory protective 

finishes for these metals has very great importance [2]. 

Chemical conversion treatments in chromate or in chromate-phosphate solutions have 

frequently been used as protective finishes for aluminum alloys. However, there are now 

concerns about the carcinogenic nature of chromates, both in industrial use and in its 

waste removal. Current environmental legislation is moving toward a total ban on 

chromate-based treatments. Thus, there is a strong incentive to explore and evaluate 
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alternative treatments for aluminum surface modification [3]. Zinc phosphate has been 

seen as one possible replacement coating material, and this follows its extensive 

application for steels and other metals [4,5]. World-wide a lot of study had been applied 

to this general topic, but the particular recipes produced depend on the particular metal 

and other alloying elements, and they are generally subject to heavy patent protection. 

Over the last several years, researchers in our group developed a recipe for zinc 

phosphating on 7075-T6 aluminum alloy [6]. Based on that experience, studies in this 

thesis focus on applying the previous recipe to the 6061-T6 aluminum alloy, and on 

improving its composition and mode of application. The thin-film zinc phosphate 

coatings were characterized by X-ray photoelectron spectroscopy (XPS) for surface 

composition and scanning electron microscopy (SEM) for coating morphology [7-12]. 

1.2 Characteristics of Aluminum 

1.2.1 Aluminum and Its Alloys 

Aluminum is a strongly electropositive metal and possesses a strong affinity for 

oxygen. It was discovered in 1809 by Sir Humphrey Davy and was first isolated in 1825 

by H. C. Oersted. In 1885, the brothers Cowle produced the first aluminum alloys 

containing iron and copper, soon after which the invention of the dynamo made a cheaper 

supply of electricity available and resulted, in 1886, in Heroult's and Hall's independent 

French and American patents for the electrolytic production of aluminum from alumina 

and molten cryolite (NasAlFe) [1]. 

The important properties of aluminum are low density of approximately 2.7 g/cm3, 

high mechanical strength and relatively high corrosion resistance. Other valuable 
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properties include its high thermal and electrical conductance, its reflectivity, its high 

ductility and resultant low working cost, its magnetic neutrality, high scrap-value, and the 

non-poisonous and colorless nature of its corrosion products which facilitates its use in 

the chemical and food-processing industries [2]. 

The chief alloying constituents added to aluminum are copper, magnesium, silicon, 

manganese, nickel and zinc which are used to increase the strength of this metal. There 

are two classes of alloys. The first are the 'cast alloys' which are cast directly into their 

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

casting; the second class, the 'wrought alloys', are cast in ingots or billets and are later 

processed into extrusions, sheets, wires etc. The main classes of these alloys are the 2000 

series (Al-Cu alloys), which are high-strength materials used mainly in the aircraft 

industry, the 3000 series (Al-Mn alloys) used mainly in the canning industry, the 5000 

series (Al-Mg alloys) which are used unprotected for structural and architectural 

applications, the 6000 series (Al-Mg-Si alloys) which are the most common extrusion 

alloys, and are used particularly in the building industry, and the 7000 series (Al-Zn-Mg 

alloys) which are again high strength alloys for aircraft and military vehicle applications 

[1,2]. 

1.2.2 Aluminum Oxide Film 

As soon as a freshly formed aluminum metal surface is exposed to the 

atmosphere, it becomes covered with a thin oxide film, and this film can re-form quickly 

when damaged. Since there is an increase in volume during the conversion of metal to its 

oxide, the latter is under compressive stress and will not only cover the metal 
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continuously, but can cope with a certain amount of substrate deformation without 

rupturing. As a consequence, the film provides a barrier between the aluminum surface 

and the prevailing environment. However, the filmed substrate is in general far from 

perfect, the oxide film contains defects which, under appropriate circumstances, may act 

as nucleation sites for film breakdown, thereby exposing the aluminum to the 

environment [2]. 

1.2.3 Corrosion of Aluminum and Its Alloys 

An aluminum surface, with its insulating oxide film, cannot be considered 

homogenous. Even with samples of 99.99% purity, the surfaces are microscopically 

heterogeneous. Amounts of impurities, such as Fe, Si and Cu, are not just distributed 

uniformly through the solid-solution matrix, but they can segregate to grain or cellular 

boundaries [13]. Further, surface damage caused by mechanical deformation or 

mechanical scratching is frequently present at the surface. Such features contribute to the 

presence of flaws. Flaws, associated with microscopic heterogeneity, such as grain 

boundaries, sub-grain boundaries and second phase particles, are termed residual flaws. 

Mechanical flaws are associated with scratches and other surface irregularities [14]. The 

presence of discrete flawed areas within the film at aluminum surfaces may contribute to 

the development of anodic and cathodic regions. Under appropriate conditions, the 

anodic regions are attacked resulting in metal dissolution, while the cathodic regions 

show reduction in the overall redox process. 

The dissolution of aluminum corresponds the anodic reaction 

Al-> A l 3 + + 3e~ , (1.0) 
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but the ions become immediately solvated through contact with the electrolyte: 

A1 J + + 6H 20 -> [A1(H20)6] J + . (1.1) 

This solvated hex-aqua complex may then hydrolyze: 

[A1(H20)6]3+ -> Al(OH)3 + 3H 20 + 3H + (1.2) 

Concerning cathodic reactions, there are two possibilities in aqueous electrolyte: 

Oxygen reduction: 0 2 + 2H 20 + 4e"-> 40H" (1.3) 

Hydrogen evolution: 2H + + 2e~ —> H 2 (1.4) 

The relatively insulating nature of the oxide helps protect against electrochemical attack 

although such corrosive reactions can occur at flaws and defects on the surface. 

1.2.4 Corrosion Protection 

Aluminum and its alloys support an air-formed oxide film that provides a barrier 

between the aluminum surface and the prevailing environment [15]. However, to ensure 

enhanced corrosion resistance in the more aggressive environments, some form of 

protection is needed. The possibilities include cathodic protection systems, inhibitors, 

and applied coatings or finishes. 
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Cathodic systems 

In a corrosive situation, the regions on a metal surface that suffer oxidative attack 

are termed anodes, while those regions that gain electrons ( and do not suffer metallic 

degradation ) are called cathodes. Cathodic protection may be achieved in three ways: by 

cladding with a more anodic material, by using a sacrificial anode, or by applying to the 

component a potential which is sufficiently positive to inhibit the oxidation [2]. 

Inhibitors 

An inhibitor is a chemical compound that effectively reduces the corrosion rate of 

a metal when added in small concentrations to an otherwise mildly aggressive medium or 

environment. It may occur by conditioning the metal surface, or the environment, or 

both, depending on the individual system. Inhibitors are classified as anodic, cathodic, or 

mixed inhibitors. They interfere with one or more of the corrosion reactions, and thereby 

reduce the corrosion process as a whole [16]. 

Protective finishes 

Protective finishes are employed primarily for protection against corrosion, 

although they are often decorative as well. The finishes available for aluminum alloys 

include the following: 

Chemical conversion coatings - thin oxide, phosphate or chromate films used for light 

service conditions and as a basis for application of paint and other organic coatings. 

Anodic oxidation coatings - electrochemically produced oxide coatings with a wide 

range of thickness, corrosion protection, color, hardness, and optical and electrical 

properties; generally used where maximum protection is required. 
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Organic finishing - paint, lacquer and resin finishes in a very wide range of types, giving 

great flexibility in finish, color, corrosion resistance and functional properties. 

Electroplated finishes - with suitable surface preparation a full range of decorative and 

functional electroplated coatings can be applied to aluminum [2]. 

1.3 Phosphate Conversion Coating 

The phosphating process can be described as a treatment of a metal surface which 

gives a reasonably hard surface coating of insoluble phosphate that is contiguous and 

highly adherent to the underlying metal and is much easier to paint than the metal [17]. 

The coating is formed by a topochemical reaction that causes the near surface region of 

the base to become an integral part of the corrosion resistant film. Phosphate coatings 

can be applied on various metals such as iron, zinc, aluminum, cadium and manganese. 

Due to its economy, speed of operation and ability to afford excellent corrosion 

resistance, wear resistance, adhesion and lubricating properties, phosphating has a 

significant role in finishing processes associated with the automobile and appliance 

industries. Physical properties like hardness, tensile strength and workability of the 

original metal are retained after phosphating. The dimensional change caused by 

phosphate coatings on the metal surface is of the order of 10"3 mm. 

The origin of the phosphating process goes back to the Romans of the third 

century A.D [18]. In more modern times, such processes were first applied on steel in 

1859 and patented by T. W. Costlett in 1906 [19], who used a solution containing 

phosphoric acid, ferrous sulfate and iron filings to give a protective phosphate coating on 

iron and steel articles. Some addition of zinc sulfate was later shown to give improved 
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results. These processes were soon followed by those of the Parker Company in 1918, 

who added primary manganous phosphate to the bath and developed the process known 

as Parkerizing, to which was later added the speedier process called Bonderizing which 

utilizes a Cu 2 + catalyst and yields an excellent paint-base. Since then numerous 

developments have taken place, including the use of nitrate as an accelerator and the use 

of disodium phosphate containing titanium for surface conditioning before phosphating. 

During the last 20 years, work has concentrated mainly on improvements in quality, 

particularly to keep pace with the evolving needs of organic finishing systems [20-23]. 

Initially phosphating studies focused on steel, but applications to aluminum are 

more recent. When aluminum is treated with dilute phosphoric acid, a thin passive film 

is obtained which is similar to the chromate film obtained from a chromating bath 

containing chromic acid, sodium dichromate and sodium fluoride. A film of aluminum 

phosphate generally gives improved paint adhesion, however, the corrosion resistance is 

less good than that shown by chromate coatings. Moreover, this gives another reason 

why improvements are needed for the phosphating of aluminum [24]. 

1.3.1 Phosphating Chemistry 

Phosphating baths usually contain three main components: (i) free phosphoric acid; 

(ii) Me(H2P04)2, where Me represents the heavier metal used in the coating; and (iii) at 

least one accelerator. A certain amount of free phosphoric acid must always be present in 

the phosphating bath in order to repress hydrolysis and keep the bath stable. The 

accelerator is present both to speed up the process and improve the coating quality. 

The phosphating process is based on the following equilibria involving phosphoric 
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acid: 

H3PO4 = H ++H 2P0 4~ (1.5) 

H2PO4" = H + + HPO4 2 " (1.6) 

HP0 4

2"= H + + P0 4

3" (1.7) 

When the metal M to be coated is immersed into the phosphating bath, the coating occurs 

by a basically electrochemical process with different microcells formed on its surface. 

The electrode reactions are: 

(1.8) 

(1.9) 

Because of the H + consumption, the solution near the micro-cathode surface will have a 

higher pH, so shifting equilibria in Equations (1.5) - (1.7) to the right. Then the 

insoluble heavy metal secondary and/or tertiary phosphates can precipitate at the micro-

cathodes according to such processes as: 

Me(H 2P0 4) 2 = MeHP0 4 + H3PO4 (1.10) 

3MeHP0 4 = Me 3(P0 4) 2 + H 3 P0 4 (1.11) 

M + Me(HP0 4) 2 = MMe(P0 4) 2 + H 2 (1.12) 

This outlines the simplest mechanism for phosphate coating, but further complications 

At micro-anodes: M - 2e = M + 

At micro-cathodes: 2H + + 2e = H 2 
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are present in general because of the involvement of various additives and pre-treatment 

steps [4-5]. 

1.3.2 Use of Accelerators 

In practice, the phosphating reaction tends to be slow owing to polarisation caused 

by hydrogen evolution at the cathode, but the process can become more practical by 

employing some form of acceleration. The different approaches to accelerating the 

formation of phosphate coatings can be broadly divided into three classes: chemical 

acceleration, mechanical acceleration and electrochemical acceleration. They are all 

widely practised in industry for other metals, but chemical acceleration appears as the 

most promising approach for aluminium. 

Oxidising substances (e.g. chlorates and peroxides) and metal ions such as Cu or 

N i 2 + , represent important classes of chemical accelerators [5]. They accelerate the 

deposition process through different mechanisms. Oxidising agents depolarise the 

cathodic sites, whereas the transition metal ions promote metal dissolution by providing 

additional cathodic areas. Since acceleration through depolarisation is the preferred 

route, oxidising agents have found more widespread use than metals. Moreover, these 

agents prevent the build up of the substrate metal in the bath that can be detrimental to 

good coating formation [25]. The most commonly employed oxidising accelerators are 

nitrites, chlorates, nitrates, peroxides and organic nitro compounds either alone or in 

combination. Common combinations are nitrite-nitrate, nitrite-chlorate-nitrate and 

chlorate-nitrobenzene sulphonic acid [4]. 

Some reducing agents, such as alkali metal sulphites, hypophosphites, phosphites, 
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formaldehyde, benzaldehyde, hydrozylamine, have also been tried as accelerators but 

they have been less successful from the industrial point of view [26]. 

1.3.3 Steps in Phosphating Process 

A typical phosphating sequence comprises of seven operations, namely, surface 

cleaning, rinsing, surface conditioning, phosphating, rinsing, chromic acid sealing and 

drying [25]. However, depending upon the surface conditions of the metal, some of these 

operations may be omitted or additional operations may be incorporated into the system, 

but the following outlines some relevant points. 

(1) Surface cleaning 

A necessary first step to form a proper coating is to start with a substrate which is 

clean and free from contaminants such as oil, grease, corrosion products etc. Many 

coating failures can be attributed to a poor initial surface preparation. A good cleaning 

agent is one that removes all contaminants from the metal surface and prevents their 

redeposition or the formation of other detrimental reaction products [27]. A variety of 

methods such as sand blasting, solvent degreasing, vapour degreasing, alkaline cleaning 

and pickling have been used to achieve this end. 

Sand blasting is an effective method of mechanical cleaning. However, it is 

expensive in industry practice; its use can only be justified as a field procedure where 

chemical treatments cannot be used and it is necessary to remove loosened mill scale as 

well as paint [28]. 

Organic solvents are widely used to remove organic contaminants from metal 

substrates, but they are toxic and flammable, and often need to be used in large quantities. 

11 



A more economical method is to use the vapour degreasing technique, which works by 

continuous cleaning with small quantities of solvent [29]. 

Alkaline cleaning can also be effective to remove greases, oils and waxes, and this 

is done in conjunction with surface active (wetting) agents and emulsified hydrocarbon 

solvents. Alkaline cleaners are particularly efficient when used hot (e.g. at ~ 80°C). 

While alkaline cleaning is free from the fire and toxicity hazards associated with organic 

solvent cleaning (unless emulsified solvents have been incorporated), care must be taken 

in relation to the corrosive effects of alkaline materials on skin and clothing. Caustic 

soda, in particular, can cause serious burns to the skin and eyes, and is extremely 

irritating to the nasal and bronchial membranes if inhaled [27]. 

Cleaning or pickling with acids such as HC1, H2SO4, and H3PO4 can be very 

effective for the removal of rust and mill scale. Dilute solutions (5 - 10% by weight) of 

H2SO4 and HC1 are used in the presence of inhibitors to remove inorganic contaminants 

by converting them into their metal salts. Pickling in H2SO4 is usually performed at 

around 60°C. H3PO4 is an excellent time-tested cleaning agent, which not only removes 

organic and inorganic solids present on the metal but also causes chemical etching of the 

surface by reacting with it to produce a mechanically and chemically receptive surface 

for subsequent coating formation [30]. 

(2) Rinsing 

The rinsing step plays a vital role in the sequence since it prevents leftover 

chemicals used in the initial cleaning being present to contaminate the subsequent 

phosphating process [28]. 

(3) Surface conditioning 
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This step refers to immersion of the metal into an activator solution for 1-2 min 

before phosphating to remove inappropriate structures from the surface cleaning and add 

more nucleation sites for the coating formation [31]. 

(4) Phosphating 

Suitably cleaned and conditioned surfaces are next subjected to the phosphating 

step that causes the formation of an insoluble, corrosion resistant phosphate layer on the 

substrate surface. A wide variety of phosphating compositions are available for the 

different metals. However, the choice of components and operating conditions for the 

phosphating bath must be made based on the nature of the material to be treated and its 

end use. Based on the nature of the heavy metal ion constituting the major component of 

the phosphating bath, these solutions are classified by their compositions as zinc, 

manganese and iron phosphating baths [32]. 

Phosphate deposition can be achieved through the use of both spraying and 

immersion processes, and the choice of the appropriate method depends upon the size and 

shape of the substrate to be coated and the end use for which the coating is made. 

Spraying is preferred where shorter processing times are required. This method, 

however, requires more factory floor space and special equipment for application. 

Immersion processes tend to be slower, but they produce uniform coatings and they may 

require less factory floor space if the process tanks are arranged in a compact manner. 

On the other hand, the immersion processes are more susceptible to contamination during 

continuous operation than are spray processes. Smaller parts can be effectively and 

economically phosphated by immersion, whereas spraying is unavoidable for larger 

structures. Nowadays, a combination of spraying and immersion has been used 
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successfully in the automobile industry [33]. 

Phosphating temperatures have ranged from 30 to 99°C, and the processing time 

can vary from a few seconds to several minutes. Suitable choices of these parameters are 

determined by the nature of the metal to be coated, the bath composition and the 

thickness and weight of the coating required [25]. 

(5) Rinsing after phosphating 

A surface, which has been phosphated, should immediately be thoroughly rinsed 

with deionized water to remove any acid residue, soluble salts and non-adherent particles 

present which could otherwise promote blistering of paint films used for finishing. 

Generally overflow rinsing and spray rinsing is preferred [34]. 

(6) Chromic acid sealing 

The phosphate coatings are usually porous in nature, and this can have a 

detrimental influence on the corrosion resistance unless the phosphate coating is sealed. 

A hot (70-80°C) dilute chromic acid rinse is generally used for this purpose. This 

treatment reduces the porosity by about 50%. It improves the corrosion resistance by 

deposition of insoluble chromate to seal pores in the coating. The dilute chromic acid is 

advantageous because the residue is slightly acidic, and most paints can tolerate an acidic 

residue better than one that is alkaline [35]. 

Though chromic acid sealing improves corrosion resistance, the need for regular 

disposal of the Cr(VI) effluents is a matter of concern because of the health hazards 

mentioned above. Several alternatives have been proposed following the introduction of 

new regulations imposed by the pollution control authorities, and these alternatives 

include phosphoric acid derivatives, dicarboxylic acids, Mo solution rinses, and tannins. 
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To date the corrosion protection provided by these alternatives is not as good as that 

provided by the chromic acid treatment and this indicates an important area for future 

research. 

(7) Drying 

After the chromic acid rinsing, the treated parts must be dried before finishing; the 

conventional methods used for this are simple evaporation and forced drying either by 

blowing air or by heating [33]. Where evaporation conditions are good, warm air-

circulating fans and compressed air blow offs are the most economical methods. After 

drying the phosphated panels are ready for the finishing treatment, such as the application 

of paint or other decorative materials. 

1.3.4 Current Developments 

Over the last 30 years or so, studies of phosphate coating have focused on: (1) use 

of low temperature phosphating bath to reduce energy consumption [20]; (2) use of low 

zinc technology (traditional zinc phosphating baths have contents in the range 2000-4000 

ppm zinc and 5000-10,000 ppm P2O5; low zinc phosphating baths have 400-1700 ppm 

zinc and 12,000-16,000 ppm P2O5) [5]; (3) use of special additives having more than one 

role in the phosphating bath [23]; (4) use of other phosphate coatings such as tin, nickel 

and lead phosphate [36]; (5) use of two or more different metals in the same phosphate 

coating (e.g. Zn3Ca3Fe(P04)5) [37]; (6) development of compositions for simultaneous 

phosphating of different metals [38]. As interest grows in using aluminum alloys for car 

body manufacture, more research related to phosphating on aluminum has been 

conducted. Although a number of patents [39-42] pertaining to the phosphating of 
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aluminum alloys are available, and such processes are being used in the automotive 

industry, only a few mechanistic investigations [43] have been reported to date. 

Therefore, it is necessary to study the mechanism of the phosphating on aluminum as 

well as to develop improved coating recipes. 

1.4 Corrosion Protection of 7075-T6 Alloy 

In our group, two main lines of study have been adopted in investigations related to 

the background for developing new procedures for the corrosion protection of 7075-T6-

aluminum alloy: (1) investigations of new recipes for zinc phosphate (ZPO) chemical 

conversion coatings, and (2) investigations of adhesive bonding associated with the use 

of silane coupling agents. In all these works the details of the surface pre-treatments and 

conditioning appear as very important. 

A phosphating recipe based on a mixture of phosphoric acid, zinc oxide and fluoride 

additives was developed for 7075-T6-aluminum alloy. The formed phosphate coatings 

are structured with an amorphous base with crystal grains on top, and their compositions 

were designated as ZnxAlyP04 and ZnxP04 respectively by XPS and SIMS [10]. To 

increase the phosphating speed and meet the requirements of industry, the dipping recipe 

was extended to a spraying recipe by adding accelerators K C I O 3 and NaN02. Further 

studies with the spraying method showed that the details of substrate polishing could 

affect both the composition and the morphology of the subsequent coatings. For 

example, samples polished by AI2O3 sandpaper gave much better ZPO coatings than 

those polished by SiC sandpaper, and this emphasizes the importance of the pre-

treatments in the coating process [11]. 
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In earlier work in our laboratory for silane coupling agents, evidence was presented 

from using the potential-bias angular-dependent technique in XPS, and from static SIMS, 

that direct bonding between the Si and the oxide layer on the metal substrate may occur 

for the y-GPS or y-MGPS coated aluminum surfaces [44,45], but further testings of this 

are still needed. 

1.5 Aims of Research and Outline of Thesis 

Based on previous research in this laboratory applied to the 7075-T6 aluminum 

alloy, this thesis extends to investigate zinc phosphate coatings produced on the 6061-T6 

aluminum alloy by the dipping procedure. 

The primary goal of the work is to determine whether the previously developed 

recipe can be applied to the 6061-T6 alloy or whether extensions on it are needed. XPS 

and SEM are used to characterize the composition and morphology of the phosphated 

coatings produced in this work. The second objective is to study the influence of 

different pre-treatments on the final phosphated coatings. Hand polishing, mechanical 

polishing and acid etching were compared in this context again using XPS and SEM to 

compare the subsequent coatings. The use of silane as a post-treatment to replace 

chromic acid sealing for the phosphated layer was also introduced. The third objective of 

this study is to examine the effects of different accelerators on the coatings produced. 

Several traditional accelerators used for phosphating steel were tested, but detailed 

studies using XPS, SEM and corrosion tests were made of the use of the accelerators 

N0 3", Cu 2 + and N i 2 + . 

17 



An outline of the subsequent chapters of this thesis is as follows: Chapter 2 

introduces the principle and instrumentation of the key characterization techniques used, 

namely x-ray photoelectron spectroscopy and scanning electron microscopy. In Chapter 

3, a review is given of new observations for ZPO coatings formed on 6061-T6 aluminum 

alloy on varying basic bath conditions including phosphating time, temperature and F" 

concentration. Chapter 4 explores the influences on the final coatings of different surface 

pre-treatments, in particular hand polishing and machine polishing, and silane exposure 

as a post-treatment. Chapter 5 discusses the effects of adding accelerators (Cu 2 + ' N i 2 + and 

NO3") on the phosphating process, and Chapter 6 gives an overview and discusses 

possibilities for future work. 
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Chapter 2 Instrumental Analysis 

2.1 Introduction 

To obtain a suitable phosphating formulation for a metallic alloy it is essential to 

have a good understanding of the composition and chemistry of the alloy surface before 

and after the phosphating. X-ray photoelectron spectroscopy (XPS) is an excellent 

surface analytical technique for supplying such information. It has been applied to the 

investigation of surface properties of solid materials including catalysts, polymers and 

electronic materials [46]. In recent years, it has become a powerful aid in coating studies. 

XPS can provide both qualitative and quantitative information on the chemical 

composition of phosphate coatings over its sampling depth, and the spectra are relatively 

straightforward to interpret. Indications on the distribution of elements with depth can be 

obtained by non-destructive angle dependent measurements, but information beyond the 

regular sampling depth can be studied by XPS in conjunction with depth profiling [47]. 

XPS provides chemical information but poor spatial resolution. Since coatings for 

corrosion protection tend to be heterogeneous with variations in coating phase, grain 

morphology and size [48-49], scanning electron microscopy (SEM) provides another 

important technique for characterization by surface imaging, and this is particularly 

useful when a field emission gun is available to provide high spatial resolution. In this 

work, a combination of SEM and XPS was used to study changes in morphological and 

chemical properties of the phosphate coatings for different conditions of the coating 

process. 
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2.2 Electron Spectroscopy for Chemical Analysis 

XPS, which has earlier been called electron spectroscopy for chemical analysis 

(ESCA), has a history that goes back to the time of Heinrich Hertz [50], who in 1887 

produced photoelectrons between gap electrodes. Then Einstein provided an 

interpretation of this phenomenon in 1905 [51]. Experiments with higher energy sources 

were carried out by Mosely, Robinson and Rawlinson before the first World War and 

continued by Robinson afterwards [52]. During the 1950's, Siegbahn and his co-workers 

[53] demonstrated the applicability of photoelectron spectra to chemical structure 

analysis. They found that shifts in electron binding energies could be related to changes 

in chemical environment for the atom that produced the photoelectron. Thus, the 

foundations of XPS were established. With the development of commercial 

spectrometers during the mid-1960's, XPS became one of the most powerful and widely 

used techniques with applications to surfaces and interfaces on solid materials. 

The basic principle of the XPS technique is depicted in Fig. 2.1 (a) [47]. An 

incident X-ray photon causes an electron to be ejected from a core level and the 

photoelectron escapes with a kinetic energy (Ek). To a first approximation, ER is 

E k = h v - E b (2.1) 

where hv is the energy of the photon and Eb is the binding energy of the core electron in 

the sample. As different atoms have different sets of electronic binding energies, 

elemental identification is possible through the measurement of photoelectron kinetic 

energies. 

After photoemission, the resulting ion is in an excited state but it can relax to a 



Photoemission 

Figure 2.1 Schematics for the photoelectric effect showing emission of a photoelectron and the 
formation of an atomic core hole in (a). The relaxation of the ion produced in (a) may 
occur by either X-ray fluorescence in (b) or by Auger emission in (c). Note that the 
ion is doubly charged after the Auger emission. 
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lower-energy state either by photon or electron emission. In the former case an electron 

from an outer orbital may fill the vacant orbital and the energy emitted as a photon (Fig. 

2.1b), or an electron from an outer orbital may drop down into the atomic core hole and a 

second electron is ejected (Fig. 2.1c) [54]. These two relaxation processes are labeled as 

"X-ray fluorescence" and "Auger emission" in Fig. 2.1. The relative probabilities of 

these two processes vary with atomic number and atomic state, but the Auger process is 

generally dominant when the initial binding energy is 2 keV or less [55]. Fig. 2.1c shows 

the formation of a KL1L3 Auger electron, for which the kinetic energy can be expressed 

approximately as: 

EKLIL3 = Ek - ELI - EL3 (2.2) 

where Ek, E L i , E L 3 are the binding energies for the levels involved. Observed kinetic 

energies therefore depend directly on the atomic energy levels, and that gives the basis 

for such measurements providing information about the chemical composition of the 

sample. 

2.3 X-ray Photoelectron Spectroscopy 

2.3.1 Qualitative Analysis 

The basic application of XPS is elemental identification, which can be done by 

recording and analyzing a survey or wide scan XPS spectrum. Figure 2.2 shows a survey 

scan spectrum from a phosphate coating on an aluminum alloy. A series of peaks are 

observed on a background, which increases at the high binding energy side at each peak. 

By comparing binding energies of the peaks with reference data in Handbooks [56,60], 

individual peaks can be identified. There may be several peaks in a spectrum belonging 
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Binding Energy (eV) 

Figure 2.2 XPS survey spectrum of a phosphate coated aluminum alloy excited with Al 

Kot radiation. 



to one element. For instance, both Al 2s and Al 2p peaks can be seen in Fig. 2.2. They 

occur at the same time due to electron emission from the different subshells. For Zn, the 

increased spin-obit interaction yields the Zn 2p\n and Zn 2p3/2 doublet, where the 

subscripts identify the possible j values. 

A high-resolution XPS spectrum reveals information about chemical bonding or 

chemical state of a particular element. This is because placing an atom in a different 

chemical environment (e.g. different oxidation state, or lattice site), gives small changes 

in the binding energies of the core-level electrons. This variation gives rise to a chemical 

shift, and Figure 2.3 shows an example for an Al 2p spectrum from an aluminum alloy 

with a phosphated layer. Due to different chemical environments, two Al 2p peaks are 

observed. One is for metallic aluminum at binding energy 71.6 eV, and the other is for 

aluminum oxide at 74.7 eV. The change in binding energy from 71.6 eV to 74.7 eV 

identifies the "chemical shift", and the trend follows expectation. Aluminum atoms that 

are bonded to oxygen have a net positive charge compared to the metallic aluminum 

atoms, and accordingly more energy is required to remove the electron in the first case. 

2.3.2 Quantitative Analysis 

(1) Sampling Depth and Surface Sensitivity 

The sampling depth in practice is determined by the inelastic mean free path (A,), 

and this is defined as the average distance traveled by an electron in the solid before it 

suffers inelastic scattering [57]. Figure 2.4 shows some measured values of A, as a 

function of energy for different materials. For a given material and energy, the sampling 

depth is conventionally taken as 3X; that is the depth from which 95% of the signal is 

contributed 
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Binding Energy (eV) 

Figure 2.3 High-resolution Al 2p photoelectron spectrum from a sample showing 

metallic and oxide components. 
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Electron energy (eV) 

Figure 2.4 Inelastic mean free path of electrons as a function of kinetic energy 

inside a solid [58]. 
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for a normal exit direction [59]. Since the measured kinetic energies of photoelectrons or 

Auger electrons are usually in the 100 to 1000 eV range, values of X of around 6 to 20 A 

are typical in this energy range and this gives XPS and AES their surface sensitivities. 

For a monoenergetic beam of electrons of energy Ep striking a solid surface, Fig. 

2.5 shows a typical plot of the number of scattered electrons, N(E), as a function of 

kinetic energy, E. The peak of backscattered electrons at the incident energy (i.e. E = Ep) 

results from elastic collisions, while all electrons which emerge at lower kinetic energies 

have undergone some inelastic scattering. The large peak at low energies is sometimes 

referred to as the "(true) secondary peak" and it is the elements which are studied in the 

scanning electron microscope 

(2) Atomic concentration determination 

The intensity of a photoelectron peak is generally defined as the area of the peak 

left after making a background correction for the inelastically scattered electrons. The 

number of elastically scattered photoelectrons collected by the analyser per unit time is 

determined by the X-ray flux (f), the photoelectron cross section (a), the number of 

relevant atoms per unit volume (n), the area of the sample from which the photoelectrons 

are collected (A), the instrumental transmission function (T) and the inelastic mean free 

path (X). The intensity contribution from an incremental thickness dx in the sample at 

depth x below the surface (Fig.2.6) is: 

di = f a n A T exp (-x/X) dx (2.4) 

Then simple integration from x = 0 to x = co for a semi-finite homogeneous sample gives: 

I = f o n A T l (2.5) 

To compare relative compositions of two elements in a sample, the instrumental factors f, 
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Figure 2.5 Schematic energy distribution N(E) of scattered electrons as a function of 

their exiting energy for primary energy E p . 
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Figure 2.6 Some notation for a semi-infinite homogeneous sample. 



A, T and a (for each particular photoelectron peak) are usually grouped into a sensitivity 

factor S. These factors for different peaks, derived relatively to the F Is peak, are 

available for the MAX200 spectrometer where the transmission function from the 

manufacturer corrects for the particular instrumental conditions used for each 

measurement [62]. Then the composition ratio for two elements in a sample can be 

expressed as: 

n,/n2 = [(Ii/S,)/(l2/S2)] (A.2/A.1) (2.7) 

In principle, the atomic ratio (ni/n2) is determined by using tabulated values of X\ and X 2 

for the appropriate photoelectrons in the material of interest [60], although for semi­

quantitative work (as in this thesis), the ratio A,2/A,i is often taken as effectively constant 

so that the Ii/I2 ratio (from the measured peak intensities) helps estimate the nj/n2 ratio 

just with the use of the sensitivity factors. 

For work in this thesis, the background correction is made with the non-linear 

approach proposed by Shirley [61]. This method assumes that contributions from 

inelastic processes exist in a photoelectron peak. The peak dominantly involves 

elastically scattered electrons, but the numbers of inelastically scattered electrons are 

taken to be proportional to the number of elastically scattered electrons with higher 

kinetic energy. The MAX200 data system applies this correction once the operator has 

chosen the appropriate energy range for a particular spectral peak [62]. 

2.4 Instrumentation of XPS 

Figure 2.7 shows a schematic diagram of the Leybold MAX200 spectrometer used 

for all the XPS measurements in this thesis [62]. This spectrometer consists of four 
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vacuum chambers, including a sample transfer chamber, an analysis chamber and two 

sample preparation chambers (#1 and #2). The transfer chamber with an automatic 

transfer rod and a sample magazine is used for sample entry. The analysis chamber is 

where the XPS measurements are performed. Its major components include a dual anode 

X-ray source, an energy analyzer (EA 200) with its input lens and detector, and a five-

motion manipulator (PTM 60). In addition, this chamber also contains an ion gun for 

sputtering and for ion scattering spectroscopy (ISS), an electron flood gun to help studies 

on insulating samples and an X-ray monochromator for increased energy resolution. The 

preparation chambers were not used in this work. 

2.4.1 Ultrahigh Vacuum (UHV) 

The XPS measurements were performed under ultra-high vacuum (UHV) 

conditions, to ensure that the emitted electrons reach the energy analyzer without being 

significantly scattered by the residual gas molecules [63]. Also, the experiment should be 

done under conditions where the accumulation of contamination on the sample surface is 

negligible during an experiment. At a pressure of 10"6 torr, a monolayer of gas can be 

adsorbed onto a surface in about one second, if every collision sticks. Therefore, 

pressures in the UHV range (10"8 torr and below) are needed to prevent changes to the 

surface from contamination during the period of data acquisition (e.g. 30 min). 

The pumping system of the Leybold MAX200 spectrometer is shown in Fig. 2.8. 

All the chambers are initially rough pumped to the 10"2 torr range by rotary pumps, then 

pumped to the 10"7 or 10"8 torr range by the tubomolecular pumps. The 10"9 torr pressure 

region or below can be eventually reached by baking at around 140°C for 12 hours or 
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Figure 2.8 Schematic indication of the pumping system for the MAX200 system [48]. 
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more while pumping. Typically the base pressures of the analysis chamber and 

preparation chamber #1 are around 5xl0"10 torr, while those of the transfer chamber and 

preparation chamber #2 are about 2x10" torr. 

2.4.2 Sample Handling 

For the Leybold MAX200 spectrometer, samples are mounted on a standard 

sample holder and locked on a sample magazine that can hold up to seven sample 

holders. The transfer chamber is vented with nitrogen at atmospheric pressure, and then 

the sample magazine is introduced to the chamber prior to the initial pumpdown. After 

the chamber pressure has reached the 10~8 torr range, one sample holder is transferred at a 

time to the analysis chamber and locked on to the manipulator (PTM 60) dock. The 

manipulator controls five degrees of movement for the sample, three for linear motions 

(X, Y, Z) and two for rotational motions (T and R), to position the sample properly and 

make angle dependent measurements. Figure 2.9 indicates schematically the sample 

transferring system on the MAX200 facility. UHV conditions are maintained in the 

analysis chamber throughout the whole sample transferring process. 

2.4.3 X-ray Sources 

Figure 2.10 shows a schematic diagram for the A l and Mg dual anode X-ray 

source in the MAX200 spectrometer in which X-rays are produced from anodes by 

bombardment by electrons that have been accelerated after emission from a heated 

filament. The anode has two regions on which are deposited separate aluminum and 

magnesium films (~ 10 um thickness) [64]; a simple switch in the anode filaments allows 
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Figure 2.9 (a) Transfer devices in the MAX200 facility, (b) shows the five degrees of 
movement possible for a sample on the manipulator; there are three linear 
motions (x,y,z) and two rotations (T and R) [48]. 
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Figure 2.10 Schematic diagram of the Mg/Al dual anode x-ray source in 

(a) and the associated filaments in (b) [64]. 
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a change in the emitted radiation from MgKoc and AlKa. The radiation passes to a 

sample in the analytical chamber through an aperture that is covered with a 2-u.m thick Al 

foil window. This window prevents stray electrons, radiative heating and contamination 

from the anode region reaching the sample, but the material and thickness of the window 

allows the MgKoc and AlKa radiation to pass without appreciable loss in intensity. 

Generally, the X-ray source is operated at 10 kV and 20 mA. The body of the anode is 

made of copper to ensure a good thermal conductivity and it is cooled by a deionized 

water system. 

2.4.4 Electron Energy Analyzer 

The EA 200 energy analyzer used in the Leybold MAX200 spectrometer consists 

of three main components, the input lens system, the concentric hemispherical analyzer 

(CHA) and the multichannel detector (MCP) [48]. Figure 2.11 shows a schematic 

diagram for this analyzer. 

The input lens system has two stages. The first lens stage with a variable angular 

aperture Ai and image aperture A2 controls the analysis area (spot size) and acceptance 

angle (Q) for the input electron image. The second lens stage controls the entrance angle 

(a) for the electrons to enter the analyzer by A3. It not only focuses the selected electron 

image which just passed through A2 onto the slit Si but also acts to retard the electron 

energy to a particular pass energy Eo. 

The CHA has two concentric hemispherical electrodes with inner radius Ri and 

outer radius R2. A deflecting potential AV is applied on the electrodes making the outer 

one negative and the inner one positive [48]. For an electron with charge e and kinetic 
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Figure 2.11 A schematic diagram for the concentric hemispherical analyzer (CHA). 
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energy Eo to travel on the central circular orbit of radius Ro, where Ro = (Ri + R2)/2, and 

pass through the exit slit of the analyzer, the following equation must be satisfied: 

eAV = E 0 (R2/R1 - R1/R2) (2.8) 

Kinetic energy scanning is therefore possible by changing AV continuously. With an 

entrance angle of a, the relative resolution of the analyzer AEanaiyZer is given by: 

A E a n a l y z e r / E 0 = w/2R0 + a2/4 (2.9) 

where w is the slit width (equal at the entrance and exit) [48]. Since w, Ro and a are 

limited by the spectrometer construction, the relative resolution of the spectrometer varies 

with the pass energy Eo, but two additional factors are involved in the experimental 

resolution for a photoelectron peak (the full width at half maximum (FWHM)). These 

other two factors are associated with the natural line width of the X-ray source (AES0Urce) 

and the inherent line width of the atomic level involved (AE|jne). The observed peak 

width is given by: 

AEpeak — (AE source AE analyzer + AE line) (2-10) 

provided that all contributions have the Gaussian line shape [48]. 

The pass energy Eo is chosen according to the level of resolution needed, and the 

deflecting potential of the analyzer (AV) is set from Eq.(2.8) for the particular Eo. The 

retarding field voltage during -the pre-retardation process is then ramped to do the actual 

scanning of the kinetic energies. Electrons with higher or lower kinetic energies than Eo 

will be deflected and unable to reach the detector. According to Eq.(2.9), a lower pass 

energy gives a better analyzer resolution, but the signal intensity drops off rapidly with 

retardation. Therefore, for each situation, appropriate pass en.ergy is chosen to give the 

optimal balance between resolution and intensity. In this work, all the survey scan 

spectra were measured with the pass energy set at 192 eV. 
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Electrons with energies slightly different from the pass energy can still pass 

through the analyzer. Those that enter Si at an angle 5a to the tangential direction travel 

along nearly by circular trajectories, and at S2 reach further inside or outside the circular 

orbit of radius Ro This offers the possibility of using multichannel plate (MCP) 

detection for the simultaneous recording of an energy band around Er> In the EA 200, a 

set of two MCPs is used in a chevron arrangement (Fig. 2.11), and this leads to 

amplification in the electron signal by about 107. Each MCP is an array of 18 capillary-

type microchannels, each of which acts as an individual electron multiplier. The plates 

are assembled with their channel angles in opposition in order to suppress feedback by 

trapping ions at the interface between the two plates. 

As illustrated in Fig. 2.12, the kinetic energy of a photoelectron measured in the 

spectrometer (E\) is referenced to the spectrometer's vacuum level, while the binding 

energy of the electron inside the sample (Et>) is referenced to the Fermi energy of the 

sample. For a conducting sample in electrical contact with the spectrometer, so the Fermi 

energies are equal, the energy balance equation is 

E ' k = hv - E b - W s p (2.11) 

and this can be seen as a modification of Eq. (2.1) by including W s p , the spectrometer 

work function. It is determined by calibrating with standard samples, and it is generally 

constant for different measurements as long as the spectrometer is not changed in some 

way (e.g. exposing to atmosphere pressure). The spectra reported in this thesis were 

referenced to the Au 4f7/2 line at a binding energy of 84.0 eV. Consequently, from Eq. 

(2.11), Eb can be deduced from measurements of Ek' [64]. 
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hv = energy of the photon 

W s p = work function of spectrometer (i.e. energy difference between the Fermi level 

and vacuum level) 

W s = work function of sample 

Ek = kinetic energy of photoelectron with respect to vacuum level of sample 

E ' k = kinetic energy of photoelectron measured by the spectrometer 

Eb — binding energy of electron in solid with respect to the Fermi level 

Figure 2.12 Reference levels for a metal sample and spectrometer in electrical contact. 
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2.5 Scanning Electron Microscopy 

2.5.1 Introduction 

The scanning electron microscope (SEM) was commercially introduced in the mid-

1960s, although the basic construction was proposed as early as 1935 [65]. The basic 

SEM method involves scanning a surface of a solid sample in a raster pattern with a beam 

of energetic electrons. A raster is a scanning pattern in which an electron beam is (1) 

swept across a surface in a straight line (the x direction), (2) returned to its starting 

position, and (3) shifted downward (the y direction) by a standard increment. This 

process is repeated until a desired area of the surface has been scanned. During this 

scanning process, the impinging electrons generate secondary electrons and the number 

ejected from any given point is determined by the composition of the sample at that point 

and the angle at which the beam strikes. The stream of secondary electrons, which is 

constantly varying according to the nature of the surface the beam is scanning, is picked 

up by a signal detector above the surface (the z direction), amplified, and stored in a 

computer system, where it is converted to an image [66]. By this means, SEM can 

provide important information about the structure and morphology of a surface. In the 

most recent instrumentation, spatial resolution has been increased by using a finely 

focussed beam from a field emission electron gun [65]. Modern SEM instrumentation 

can resolve detail to approximately 3 nm, and this corresponds to a magnification of 

about 300,000 times. 

2.5.2 Instrumentation 
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The SEM images reported in this thesis were measured in a Hitachi S4100 

scanning electron microscope, for which a sectional view is shown in Fig. 2.13. The 

chamber is diffusion pumped to give a vacuum of around 10"6 mbar, and a sample is 

mounted on a conductive substrate in the sample stage of the microscope. This stage 

allows several linear movements and it provides an electrical pathway to ground. 

The main analyzing components of the SEM are illustrated in Fig. 2.14, and they 

include the electron gun, condenser lenses, deflection coils, detector and a cathode-ray 

tube (CRT). The electron gun and magnetic lenses are used to produce and direct an 

electron beam on to the sample. The electron gun contains a filament, and a shield with 

aperture and anode. Electrons are produced from the filament by the thermionic effect, 

and they are accelerated through about 30 kV applied between the filament and the 

anode. The shield, which is a slightly biased cylindrical cap, collimates those electrons. 

Then the electron beam is focused from a diameter of about 25,000 A to 30 A by the 

condenser lenses, and directed on to the sample [65]. The maximum lateral resolution in 

SEM is determined by the beam diameter. 

The deflection coils scan the electron beam across the sample. At the same time, 

the detector, with its scintillator and photomultiplier, collects the secondary electrons 

emitted from each region of the sample surface. The amplified images are then displayed 

on the screen of a cathode-ray tube (CRT) and these electron micrographs can be 

photographed for permanent record. 
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Figure 2.13 Sectional view of Hitachi S4100 SEM [67]. 



Anode 

Condenser 
lens 

Objective 
lens 

Scan 
coils 

Aperture 

Electrodes 
Filament 
Grid cap 

SCAN 
GEN 

DET 

CRT 

Waveform 
monitor 

Specimen 

Figure 2.14 Schematic diagram showing the main components of the SEM [65]. 
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Chapter 3 Conditions for Zinc Phosphating on 6061-T6 Al Alloy 

3.1 Introduction 

Previous phosphating studies in this laboratory were involved with 7075-T6 

aluminum alloy, which has the following minority components (wt%): 6% Zn, 3% Mg, 

2% Cu, 0.5% Fe, 0.4% Si, 0.3% Mn and 0.2% Ti. The phosphating bath developed has 

the basic composition of 16.0 ml H3PO4 (85%), 5.36g ZnO and 0.5g NaF per liter. 

Optimal conditions were indicated with dipping at 65-75°C and spraying at 85°C 

[7,11,68], but addition of an accelerator was needed in the latter case. The present study 

focuses on finding conditions for forming zinc phosphating coatings by dipping for 6061-

T6 aluminum alloy, which has the minority components (wt%): 0.25% Zn, 0.8-1.2%) Mg, 

0.15-0.4% Cu, 0.7% Fe, 0.4-0.8% Si, 0.15% Mn, 0.15% Ti and 0.04-0.35% Cr. Since the 

compositions of these two alloys are different, the solution used for the 7075-T6 alloy 

may not be best for the 6061-T6 alloy, but that does provide a solution for initial 

investigation of the zinc phosphating process for this second alloy. 

Throughout this work, SEM and XPS surface analyses are employed to characterise 

the coatings formed by the different phosphating procedures investigated. The details for 

these surface characterisations were specified in Chapter 2. 

3.2 Experimental Procedure 

Studies were done on square 6061-T6 Al alloy panels (1x1x0.12 cm3) which were 

first mechanically polished with AI2O3 sandpaper (1200 grit) and deionized water, and 

then degreased with acetone and methanol in an ultrasonic bath for 1 min, dried in air and 
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dipped in an acid etching solution (25 ml H 2 S0 4 (98%) + 25 ml H 20) for 2 min at 40°C. 

The sample panels were then dipped into the phosphating solutions for the conditions 

specified below. After dipping, each sample was rinsed with deionized water and air-

dried. Six different zinc phosphating solutions were used for the experiments in this 

chapter. The first is designated solution 1 (16.0 ml H 3 P0 4 (85%), 5.36 g ZnO and 0.5 g 

NaF per liter) and it was used for assessing effects of dipping time and temperature of the 

coating bath. For assessing the effects of fluoride concentration, coating solutions 1 to 6 

were employed. These six solutions contain common amounts of H 3 P0 4 (85%) and ZnO, 

but the amounts of NaF per litre are 0.5 g, 0.3 g, 0.9 g, 1.4 g, 1.8 g and 2.3 g for solutions 

1, 2, 3, 4, 5 and 6 respectively. The specific coating procedures used for each sample in 

this study are listed in Table 3.1, and Fig. 3.1 shows a flow chart to summarize the 

preparation and coating procedures used. 

Table 3.1 Coating procedures for each sample. 

Sample Treatment 

Ai to A 9 Dipping in solution 1 at 60 °C for 0.5,1,3,4,5,6,7,9 and 10 min 

Aio to A,2 Dipping in solution 1 for 3 min at 40 °C, 60 °C and 80 °C 

Bi to B6 Dipping for 3 min at 60 °C in solutions 1,2,3,4,5 and 6 

3.3 Results 

3.3.1 Effect of Phosphating Time 
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• 6061-T6 A l Alloy panel 

I 
Mechanically wet-polished with A1 20 3 sandpaper 

I 
Degreased with acetone and methanol 

I 
Air dried 

I 
Dipped into acid etching solution 

40 °C, 2 min 

I 
Dipped into coating solution 

ZnO + H 3 P0 4 + NaF 

I 
Rinsed with deionized water 

I 
Air dried 

SEM < • XPS 

Surface 
Treatment 

Coating 
Process 

Analysis 

I I 
Compare coatings from different coating solutions 

Figure 3.1 Flowchart for the preparation and coating procedures. 



Results in this section apply to samples Ai to A9 defined in Table 3.1. The objective is to 

determine the effect of different dipping times on the resulting coating compositions and 

morphologies. Figures 3.2 (b) to (i) show scanning electron micrographs of the coatings 

formed on the 6061-T6-A1 alloy surface after different times in the phosphating bath. For 

comparison, Fig. 3.2 (a) shows the surface morphology of a blank sample (i.e. after 

polishing and degreasing but no dipping in phosphating solution). The surface of the 

blank sample is rough with the polishing scratches clearly detectable. Figure 3.2 (b) 

shows only small particles (about 0.5 um) present on the surface after 30 s, and they 

grow especially along the scratches. At longer immersion times, the coated particles 

transform into larger crystals with a flaky appearance (about 1 to 10 um), and the 

coverage also increased. It seems that the small initial particles are precursors for 

formation of phosphated crystals, and the incubation time required for these films to form 

on aluminum appears quite short (within 30 s). However, the size of the crystals stopped 

growing, and the coverage on the surface stopped increasing, after phosphating for 6 min. 

Beyond that time, the SEM results in Figs 3.2 (g) - (i) show that the coated crystals 

reduce in size. Indeed the crystals on the sample appear to be dissolving when the sample 

was in the phosphating bath for 9 min. After 10 min, there were only a few, small, coated 

particles left on the aluminum surface, and this supports the view that the etching process 

has become dominant. 

To identify changes on the aluminum surface during the phosphating process, XPS 

was used to characterize the surface compositions of the samples. Figure 3.3 shows XPS 

survey scans for (a) a sample after polishing and degreasing, (b) a sample after polishing, 

degreasing and acid etching, and (c) sample A 6 after 6 min in the coating bath. Aside 
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(a) Blank (x500) Blank(x2500) 

(b) 0.5 min (x200) 0.5 min (x2500) 

( c ) 1 min (x200) 1 min (x2500) 

Figure 3.2 SEM micrographs for different phosphating times; in each case 
the right hand micrograph is at higher magnification. 
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(d) 3 min (x200) 3 min (x2500) 

Figure 3.2 Continued. 



(g) 7 min (x200) 7 min (x2500) 

(h) 9 min (x200) 9 min (x2500) 
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(i) 10 min (x200) 10 min (x2500) 

Figure 3.2 Continued 
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Figure 3.3 XPS survey scan spectra for 6061-T6 A l alloy: (a) after polishing; (b) after acid 
etching; (c) after 6 min in phosphating bath (solution 1). 
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from some contamination by adventitious carbon, A l in its metallic and oxide forms was 

the main element detected after polishing (Fig. 3.3a), although small Zn and Mg peaks 

were observed, and these originate from the secondary components in the alloy (mainly 

Zn). After acid etching, a very small S peak was detected, and this indicates the presence 

of some residue left from this etching (Fig. 3.3b). After phosphating for 6 min, the Zn 

peak became larger and the P peak became established (Fig. 3.3c). 

Table 3.2 summarizes the compositions indicated by XPS for coatings on 6061-T6-

aluminum alloy after phosphating with solution 1 at 60°C for different times. After 

phosphating, the surfaces contain Zn, O, C, P and Al . For the blank, XPS shows an 

atomic ratio Zn/Al = 0.03 (the bulk consists of 0.25% (wt) corresponding to an atomic 

ratio of 0.14). This is different from the 7075-T6 Al alloy which has 6% (wt) Zn in the 

bulk. After phosphating on 7075-T6 Al alloy, a part of the Zn in the final coating layer 

came from the bulk. However, most of the Zn in the coating layer of 6061-T6 Al alloy 

came from the coating solution. The data in Table 3.2 shows the phosphating process has 

an obvious trend: the phosphate coating is established after 30 s, continues to grow for 6 

min, then starts to disappear. From sample A i , the ratio of P/Al and (Zn+P)/Al increased 

with increasing phosphating time. After phosphating for 6 min, the ratios maximize, and 

it can be concluded that the coverage of zinc phosphate is optimized. The ratios decrease 

for phosphating times greater than 6 min, and at 10 min, the (Zn+P)/Al ratio has reduced 

to only 0.1, so indicating that little zinc phosphate is left on the aluminum surface, and 

this is qualitatively similar to the SEM observations. 

3.3.2 Effect of Phosphating Temperature on Coating Morphology and composition 
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Table 3.2 XPS results for 6061-T6 Al alloy dipped in solution 1 at 60°C 
for different times. 

Time 
(min) Zn/Al P/Al (Zn+P)/Al 

0.5 0.29 0.06 0.36 
1 0.33 0.11 0.45 
3 0.59 0.26 0.85 
5 0.90 0.27 1.17 
6 0.96 0.34 1.30 
7 0.96 0.28 1.24 
9 0.73 0.07 0.80 
10 0.03 0.07 0.10 

Table 3.3 XPS results for 6061-T6 Al alloy dipped in solution 1 for 3 min 
for different phosphating temperatures. 

T(°C) Zn/Al P/Al (Zn+P)/Al 

40 0.22 0.15 0.38 
60 0.56 0.24 0.80 
80 0.72 0.10 0.82 

Table 3.4 XPS results for 6061-T6 Al alloy dipped for 3 min in solutions 
with different F" concentrations. 

F-(ppm) Zn/Al P/Al (Zn+P)/Al 

150 0.41 0.21 0.62 
210 0.67 0.31 0.99 
400 1.02 0.46 1.47 
600 1.19 0.50 1.69 
800 2.03 0.76 2.79 
1000 t f t 

| Coating is so thick that no A l can be detected by XPS 



To find out how the phosphating temperature influences the coating properties, 

three phosphating temperatures were studied. They are 40°C, 60°C and 80°C (sample 

Aio, An and A12). Figure 3.4 (a) to (c) shows scanning electron micrographs from 

samples phosphated at these three temperatures. No white crystalline grains can be found 

on the surface of the sample phosphated at 40°C. The surface of that sample only shows 

some holes resulting from acid etching. There are many white crystalline grains 

distributed on the surfaces phosphated at 60°C and 80°C. Samples An and A12 have 

similar amounts of the white crystalline grains, but the grain size is smaller with sample 

A12 (i.e. phosphated at 80°C). From SEM observations, it appears that there is not a big 

difference in the grain size for 60°C and 80°C. The coverage at 80°C maybe higher but 

the coating is less well adhered. In general, all factors being equal lower temperatures 

are favored on grounds of energy consumption. Therefore, 60°C is at this stage seen as 

an optimal temperature for this process. 

Data from measured XPS survey scan spectra are listed in Table 3.3. A very low 

(Zn+P)/Al ratio is observed for sample Aio, which is phosphated at 40°C. Larger values 

of this ratio are indicated for the samples phosphated at 60°C and 80°C. The phosphating 

temperature does not appear to change the basic composition of the coated surface, but 

the coverage of zinc phosphate is affected by the phosphating temperature. 

3.3.3 Effect of F" Concentration on Coating Morphology and Composition 

Previous work on the phosphating of 7075-T6 aluminum alloy shows that the 

addition of F" to the coating solution increases the proportion of zinc phosphate in the 

coating compared with aluminum phosphate [9]. In this work, a similar comparison was 
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(a) 40°C(x200) 40 °C (x2500) 

60 °C (x200) 60 °C (x2500) 

(c) 
80 °C (x200) 80 °C (x2500) 

Figure 3.4 SEM micrographs for different phosphating temperatures; in each case 
the right hand micrograph is at higher magnification. 
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made between coatings formed on hand-polished 6061-T6 aluminum panels. The sample 

treated by the coating solution without F" showed a P/Al ratio of 0.04% and it was 

concluded that almost no zinc phosphate formed on the aluminum surface. Effective 

phosphating therefore appears to require F" in the coating solution, but more details on 

the effect of variation in the F" concentration are needed. 

The effect on coating morphology and composition was studied for seven different 

F" concentrations (Table 3.1) which correspond to Bo (no F"), Bi (150 ppm F"), B 2 (210 F" 

ppm), B 3 (400 ppm F"), B 4 (600 ppm F'), B 5 (800 ppm F") and B 6 (1000 ppm F"). 6061-T6 

Al samples were dipped in the solutions (Section 3.2) at 60°C for 3 min. For the blank 

sample Bo, no crystals were found on its surface after dipping and no P could be detected 

in its XPS spectrum. This again shows the necessity to have a certain concentration of F" 

in the phosphating bath. Figure 3.5 (a) - (f) shows variations in coating morphology in 

relation to the amount of fluoride in the coating solution. The coverage of zinc phosphate 

on the aluminum surface appears to increase with fluoride concentration added to the 

phosphating solution. For sample Bi , only a few white crystalline grains could be found 

on the coated surface (Figure 3.5 (a)). When the concentration of F" increased to 600 

ppm, the white crystals covered almost all of the Al alloy surface, but multilayers of 

white crystals appear to form with a continued increase in the F" concentration. 

Table 3.4 indicates compositions from XPS survey scan spectra measured on these 

coated samples. Small Auger peaks of F can be detected for samples B 4 , B5 and B6. The 

P/Al and Zn/Al ratios are all indicated to increase with increasing F" concentration. When 

the concentration of F" reached 1000 ppm, no Al could be detected by XPS; that indicates 

the coating layer covers the whole surface and is very thick. 
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(a) 150ppmF"(x200) 150 ppm F-(xlOOO) 

(c) 400 ppm F" (x200) 400 ppm P (x 1000) 

Figure 3.5 SEM micrographs of samples with different F" concentration; in each case 
the right hand micrograph is at higher magnification. 



(d) 600 ppm F" (x200) 600 ppm F" (x 1000) 

(f) 1000 ppm F (x200) 1000 ppm F" (x 1000) 

Figure 3.5 Continued. 



3.4 Discussion 

3.4.1 Zinc Phosphating Mechanism 

The following equations summarize the mechanistic reaction paths that are 

believed to operate for Al alloys in zinc phosphating coating baths [69]: 

A l 2 0 3 + 6H +-> 2A13 + + 3H 20 • (3.1) 

2Al + 6H +-> 2 A l 3 + + 3H 2t (3.2) 

A l 3 + + 6F"-> A1F6" (3.3) 

The consumption of H + results in an increase in pH at the interface between the 

aluminum alloy and the solution. That decrease in H + concentration helps drive the 

coating reactions [69]: 

3Zn 2 + + 2H 2P0 4" -> Zn 3 (P0 4 ) 2 i + 4H + (3.4) 

This results in zinc phosphate crystals being deposited on the aluminum alloy surface, but 

some sludge of Na 3AlF 6 can be formed at the same time. 

A l 3 + + 6F~ +3Na+ -> N a 3 A l F 6 l (3.5) 

In general for this study, it is assumed that the phosphating process on the 6061-T6 

aluminum alloy has two simultaneous reactions: one for phosphating reaction and one for 

etching reactions. The various steps in the process can be summarized as follows: 

1) The aluminum alloy is etched in the phosphating bath. 

2) Zinc phosphate nucleates on the aluminum surface. 

3) Crystalline and amorphous zinc phosphate grows over the aluminum surface, while 

etching occurs at a lower rate. 

4) The zinc phosphate dissolves as the etching reaction starts to dominate the whole 

process. Eventually no zinc phosphate is left on the surface. 
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This situation contrasts with that observed in the phosphating of zinc and steels with 

different phosphating recipes. Gaarenstroom and Ottaviani [70] did not indicate distinct 

stages in the phosphating of these metals with their recipes. However, distinct stages 

were observed in the process presented by Turuno and his coworkers in a study using 

their own recipe for zinc phosphating on aluminum alloy used for automobile bodies 

[71]. Both Cheng (phosphating on pure aluminum in a commercial zinc-manganese 

phosphating bath) [72] and Van Roy (phosphating on AA5754 aluminum alloy in a 

commercial zinc phosphating bath) [73] described phosphating processes that are similar 

to the steps 1) to 3) above. However, these latest authors did not indicate whether their 

phosphating layers eventually dissolved or not. 

3.4.2 Phosphating Temperature 

Before the experiments reported earlier in this Chapter, another series of 

experiments that studied the effect of phosphating time and temperature on the same 

alloy were also conducted on hand-polished samples. It was found that the phosphating 

process lasted for 7 min at 50°C, 7 min at 60°C, 5 min at 70°C and 4 min at 80°C, so 

indicating that the period of phosphating is shorter at higher operating temperatures. 

Presumably, this follows a common tendency for higher temperature to speed up 

reactions. However, a lower operating temperature is favored in practical zinc 

phosphating in order to save energy. Since the XPS and SEM results show that the 

sample coated at 40°C is not effective, 60°C is chosen as the favored temperature for zinc 

phosphating on 6061-T6 aluminum alloy using this particular coating solution and acid 

etching pretreatment. 
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3.4.3 F" Concentration 

By increasing the amount of fluoride in the zinc phosphating solution, the etching 

speed increased through reaction Eq. (3.3). This resulted in an increase in the pH of the 

aluminum alloy / solutions interface, and in turn the zinc phosphate precipitation coating 

increased through Eq. (3.4). Furthermore, previous results show that the presence of A l 3 + 

ions in solution strongly act as an inhibitor to the zinc phosphating process, and this 

occurs for steel as well as aluminum [74-76]. Adding fluoride to the coating bath is a 

useful technique for complexing A l 3 + ions, and this helps speed up the reaction and 

increase the coverage of the zinc phosphate coating on the aluminum surface. However, 

an excess of F" can yield a precipitated sludge through Eq. (3.5). 

Fig. 3.5 shows that the zinc phosphate crystals covered the surfaces for samples B5 

(800 ppm F") and B6 (1000 ppm F"), but the coating layers tend to be loose (i.e. they are 

easily peeled by Scotch tape). Sample B6 even has some holes in the coating, apparently 

caused by hydrogen gas generated during the reaction. The coatings in samples B 5 and 

B6 are not expected to have good adhesive ability when primers are added to the surfaces. 

Therefore F" concentrations in the range from 400 ppm to 600 ppm appear to give most 

useful coatings when 6061-T6 Al alloy is phosphated with the recipe defined in Section 

3.2. The loose coatings formed at by high F" concentration appear to result from the 

effect of the Na 3 Al F6 sludge formed. 

3.5 Conclusions 
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Behaviors for the zinc phosphating of 6061-T6 aluminum alloy were studied using 

SEM and XPS surface analyses, and the following conclusions are given for the work 

discussed in this Chapter: 

1) Phosphating times were studied from 30 s to 10 min and it is clear that this parameter 

affects the coating morphology and composition. The ZnOx-P04 coverage increased 

to maximum for the 6 min immersion, and then dropped to near zero. This indicates 

that the phosphating and etching processes are competing with each other during the 

whole process. The temperature of the phosphating bath also affects the coating 

morphology and composition. Higher temperature speeds up both competing 

reactions, and in general shorter immersion times are needed or higher temperatures. 

The optimum phosphating time and temperature for 6061-T6 aluminum alloy using 

this coating solution and acid etching are around 6 min and 60 °C. However, 3 min 

was chosen as the basic condition in the following studies when accelerators are 

being tested. 

2) The increasing amount of fluoride that added to the zinc phosphating solution is 

effective for increasing the coverage of zinc phosphating on the aluminum alloy. 

Fluoride does speed up the phosphating reaction. For our recipe, a concentration of F" 

from 400 ppm to 600 ppm is preferred. 
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Chapter 4 Pre-treatments and Post-treatments 

4.1 Introduction 

Typical phosphating sequences usually include both pre-treatments and post-

treatments. Pre-treatments provide a suitable substrate for the following coating step, 

while post-treatments help to seal any porosity in the coating layer and so enhance its 

anti-corrosion ability. In this work, two different mechanical polishing methods (by hand 

and with a mechanical polisher) were compared with an acid etching pre-treatment, as 

well as with a silane post-treatment. These treatments were compared through SEM, 

XPS and corrosion tests applied to phosphated layers coated on 6061-T6 Al alloy. 

Since a typical aluminum alloy surface may have contaminants and scratches, 

some pre-treatment is generally needed prior to making a zinc phosphating treatment [1]. 

Hand polishing was done in the pre-treatments used in previous studies made in this 

laboratory. However, hand polishing has its shortcomings, because it is hard to get an 

even polishing. To improve on the previous approach, this work has therefore compared 

hand polishing with treatment by a mechanical polisher (Metaserv Polisher C200/5A), as 

well as a pre-treatment that uses acid etching. Comparisons are made in this chapter on 

the effects of these different pre-treatments on the subsequent phosphating 

It was found long ago that corrosion protection by phosphating coatings is greatly 

enhanced when the phosphate-coated metal is wetted with a dilute acid chromate rinse 

solution prior to paint application [78]. In addition, almost every proprietary phosphate 

coating process specifies a chromate rinse (referred to as a sealing rinse or a chromate 

seal). However, these chromate-sealing rinses have two disadvantages [79]. Hexavalent 
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chromium has been classified as a carcinogen, making it a substance that many people 

would rather avoid. Hazards exist both for skin exposure and for inhalation of vapors. 

The other problem is the liquids from the final rinse cannot be simply discharged without 

treatment, and those procedures are both costly and time-consuming. 

These problems with chromate-sealing rinses spurred the development of 

nonchromium alternatives. Nearly all of these alternatives simplify the waste treatment, 

to avoid chromium's toxicity problems, but generally these alternatives do not provide 

the same degree of corrosion resistance as their chromated counterparts. The patent 

literature is replete with nonchromium alternatives. Many different ideas have been 

investigated. Some of the more prominent approaches utilize acid solutions containing 

molybdate ion; diphenolamines [80]; solutions using aluminum and zirconium [81]; 

morpholine; polyvinylphenol [82]; titanium chelates [83]; solutions containing water-

reducible epoxy resins; and fluoride complexes. 

This work investigates a new sealing rinse solution containing silane. Silanes are 

widely used with metals and their alloys to aid corrosion protection. As coupling agents, 

silanes have a general structural formula XsSiY, where X is a hydrolysable group and Y 

is an organofunctional group capable of reaction with organic coatings. They act to 

increase the adhesion between the metal surface and an organic coating (i.e. paints) 

which is added later to give the protection. Many studies have been done on the details 

of the bonding between metals and silanes, including work in our group, but as far as we 

know, silanes have not been studied previously for the post-treatment rinsing. In 

principle, silanes may seal the porous phosphate coating by cross-linking to the 

aluminum or the phosphate coating itself. Therefore, studies were conducted on using 
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silane as a sealing reagent. Methyltriethoxysilane was chosen for this investigation since 

it has three EtO- groups and the chances of "catching" other molecular groups on the 

surface should be high. Further, the silane treatment was also investigated as an 

acceleration step between two phosphating immersions. 

4.2 Mechanical Polishing and Acid Etching Pre-treatments 

4.2.1 Sample Preparation 

Table 4.1 indicates the preparation procedures conducted to form four coated 

samples (referred to as Di, D 2 , Ei and E2) on square 6061-T6 Al alloy (1 x 1 x 0.2 cm ) 

sample panels. Each alloy sample was first mechanically polished with Al 203 sandpaper 

(1200 grit) and deionized water by hand (40 times), or by mechanical polisher (Metaserv 

Polisher C200/5A) until it appears mirror-like. The mechanical polishing treatments 

were followed by degreasing with acetone and methanol in an ultrasonic bath for 1 min 

and drying in air. Samples E) and E 2 received an acid etching treatment after a 

mechanical polishing. This involved dipping into a solution of 25.0 ml H 2 S0 4 (98%) and 

25.0 ml H 2 0 at 40°C for 2 min. After the pretreatment procedures, each sample was 

coated by dipping into phosphating solution 1 (16.0 ml H3PO4 (85%), 5.36 g ZnO and 0.5 

g NaF per liter) at 60°C for 3 min. Finally each coated sample was rinsed with deionized 

water (20s) and dried in air. 

4.2.2 Results and Discussion 

Figure 4.1 shows scanning electron micrographs measured for the four coated 

samples tested in this part of the project. These samples differ just in the pre-treatments 
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Table 4.1 Specification of pre-treatments and coating procedures used for 6061-T6 
A l alloy samples (further details are given in Section 4.2.1 of text). 

Sample code Treatment 

Di. Hand polish, degreased, air-dried, dipped in solution 1 (3 min, 60°C), 
rinsed with deionized water, air-dried 

D 2 Machine polish, degreased, air-dried, dipped in solution 1 (3 min, 60°C), 
rinsed with deionized water, air-dried 

Ei Hand polish, degreased, air-dried, acid etch, dipped in solution 1 (3 min, 
60°C), rinsed with deionized water, air-dried. 

E 2 Machine polish, degreased, air-dried, acid etch, dipped in solution (3 m-
in, 60°C), rinsed with deionized water, air-dried. 

Table 4.2 XPS data for samples given different pre-treatments. 

Sample Zn/Al P/Al (Zn+P)/Al 

D, 0.09 0.08 0.17 
D 2 0.26 0.18 0.44 
E, 1.31 0.26 1.57 
E 2 0.60 0.27 0.86 
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applied. Considerable morphological differences are apparent between samples given a 

hand polish (Di and Ei) and those for which a mechanical polisher was used (D2 and E 2). 

No white crystalline grains (i.e. crystalline grains that appear lighter in SEM images) are 

visible on the surface of sample D| (Fig. 4.1a), although white crystals are distributed on 

the surface of sample D 2 (Fig. 4.1c). With acid etching included in the pre-treatment, 

many smaller and thinner white crystals are detected on the surface of Ei , while sample 

E 2 ; which was polished by the mechanical polisher, has relatively bigger white crystals on 

the surface. 

XPS survey scan data were measured for these four samples, and comparative 

composition information is listed in Table 4.2. Sample Di, with hand polishing, shows 

low Zn/Al and P/Al ratios (0.09 and 0.08), while sample D 2 , for which the mechanical 

polisher was used, shows higher values for these ratios (0.26 and 0.18 respectively). 

Such observations are consistent with the SEM results (Fig. 4.1) as higher Zn/Al and P/Al 

ratios indicate more coating on the surface. For samples given an acid etch pre-treatment, 

data in Table 4.2 indicate that sample E\ (hand polish) has a very high Zn/Al ratio (1.31), 

although its P/Al ratio (0.26) is similar to that of sample E 2 (machine polish). It appears 

hand polishing leads to more zinc phosphate coating than for machine polishing in the 

pre-treatment, and this arises because the first surface is rougher with more nucleation 

sites. However, the acid etching pre-treatment appears to increase especially the Zn 

content. 

In order to evaluate the impact of the different pre-treatments on the protective 

ability of the final coatings, corrosion immersion tests were conducted on the samples Di, 

D 2 , Ei and E 2 , as well as on a blank sample that received the machine polishing and 
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degreasing but no coating. These five samples were immersed into a 3.5% NaCI solution 

for 2 h, and this was followed by a water rinse and drying in air. Figures 4.2 (a) to (e) 

show the measured scanning electron micrographs from these samples after exposing to 

the corrosive environment: (a) blank sample (shows two different areas), (b) sample D\, 

(c) sample D2, (d) sample Ei and (e) sample E 2 . Figure 4.2 (a) indicates the presence of 

white corrosion products and some holes are apparent on the surface of the blank sample 

after the immersion in NaCI solution. White corrosion products were also spotted on the 

surface of sample Di (Fig. 4.2 b, hand polish, no acid etching). However, no corrosion 

products were detected on the surface of sample D 2 (Fig. 4.2 c, machine polished, no acid 

etch), although some areas of the coating dissolved and tiny crystals of the previous 

phosphate coating were formed on the surface. The same dissolving process was 

observed for sample Ei (hand polish, with acid etching) and sample E 2 (machine polish, 

with acid etching). 

It is clear that the form of pre-treatment used prior to a phosphating procedure 

strongly influences the final coating performance. Hand polishing was indicated as a 

necessary step in earlier observations in the project [84,85]. The results from SEM, XPS 

and corrosion tests made in the present work show hand polishing does have some merit. 

The aluminum alloy surface is still rough after "a hand polish, and the leaf-like scratches 

that are present may provide more growth points for the zinc phosphate coatings (the 

leaf-like apearance on the substrate is still seen after a phosphating procedure, except that 

it is now outlined by the deposited white crystals). On the other handy the aluminum 

alloy polished by hand has a bigger total surface area than the relatively smoother surface 

polished by the mechanical polisher. This rougher form for the surface may help 
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improve the adhesion of the phosphated film. The disadvantage of hand polishing 

compared with machine polishing is that it is hard to control and equalize the force 

applied to each position. That can lead to differences between samples even when given 

the same nominal treatment. We conclude that machine polishing should be favored to 

give the most consistent results. 

Acid etching is also a common pre-treatment employed during zinc phosphating 

processes. It appeared in the procedures for phosphating 7075-T6 aluminum alloy in our 

group [70], but no detailed study was recorded. Besides, 6061-T6 aluminum alloy is 

different in composition compared to 7075-T6, so it is worth to study the influence of 

acid etching on the phosphating of this particular alloy. The coated samples after an acid 

etching show more crystalline grains and much higher (Zn+P)/Al ratios, than those 

prepared without acid etching (no matter how the mechanical polishing was applied). 

This indicates that the morphological changes made on the aluminum surface by acid 

etching are favorable for subsequent coating formation. It is concluded that acid etching 

is a necessary step prior to the zinc phosphating of 6061-T6 aluminum alloy. 

4.3 Post-treatment with Methyltriethoxysilane 

4.3.1 Sample Preparation 

Table 4.3 indicates the preparation procedures conducted to form four coated 

samples (referred to as F,, F 2 , F 3 and F 4 ) on square 6061-T6 Al alloy (1 x 1 x 0.2 cm ) 

panels in order to test different silane post-treatments. Each alloy sample was first 

polished by mechanical polisher (Metaserv Polisher C200/5A), and then degreased with 

acetone and methanol in an ultrasonic bath for 1 min and dried in air. After the pre-
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treatment procedures, each sample was coated by dipping into the phosphating solution 1 

(16.0 ml H3PO4 (85%), 5.36 g ZnO and 0.5 g NaF per liter) at 60°C for 1.5 min (F,, F 2 

and F4) or 3 min (F3). Samples F l and F3 were then rinsed with deionized water and 

dried in air, and these represented blanks to test against the silane treated samples F 2 and 

F 4 . Immersions into the silane solution (20 ml H 2 0, 20 ml ethanol and 1.5 ml 

methyltriethoxysilane) were for 2 min at 60°C. It should be emphasized that the pre-

treatments for this part of the research do not use acid etching. 

4.3.2 Results and Discussion 

Measured scanning electron micrographs for the four samples Fi, F 2, F 3 and F 4 are 

shown in Fig. 4.3. Sample F] (coated in solution 1 at 60°C for 1.5 min) does not have 

many crystalline grains but they are distributed evenly on the surface. Sample F 2 adds the 

silane post-treatment to the procedure used for forming Fi. F 2 was coated in solution 1 at 

60°C for 1.5 min and then immersed for 2 min into the silane solution at 60°C; this was 

followed by a water rinse for 20 s. Many crystals with tiny branches appeared on the 

surface of the coated sample F 2 , although they were not distributed evenly on the surface. 

One part of the surface was completely covered by a large piece of coating (from the 

silane and phosphate), while other parts were covered by many smaller-sized coated 

regions. F3 was coated for 3 min in phosphating solution 1 at 60°C, while F 4 was coated 

in this solution at 60°C for 1.5 min, then immersed into the silane solution for 2 min at 

60°C, and finally was dipped for 1.5 min into the coating solution 1 again at 60°C. Figure 

4.3d indicates that many tiny crystalline grains were formed on sample F 4; the grain size 

is smaller than for F3 and the density of crystalline grains is much greater. This 
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Table 4.3 Specification of coating procedures and post-treatments used for 6061-T6 A l 
alloy samples after the common pre-treatment described in Section 4.3.1. 

Sample code Treatment 

Sample dipped in solution 1 (1.5 min, 60°C), rinsed with de­
ionized water (20s), air-dried 

Sample dipped in solution 1 (1.5 min, 60°C), dipped in silane 
solution (2 min, 60°C), rinsed with deionized water (20s), air-
dired 

Sample dipped in solution 1 ( 3 min, 60°C ), rinsed with de­
ionized water (20s), air-dried 

Sample dipped in solution 1 (1.5 min, 60°C), dipped in silane 
solution (2 min, 60°C), dipped in solution 1 again (1.5 min, 
60°C), rinsed with deionized water (20s), air-dried 

Table 4.4 XPS data for samples given different post-treatments. 

Sample Zn/Al P/Al (Zn+P)/Al 

Fi 0.18 0.05 0.23 
F 2 1.85 2.32 4.17 
F 3 0.26 0.18 0.44 
F 4 0.67 0.60 1.27 
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intermediate immersion into the silane solution significantly changes the appearance of 

the final coating compared with F 3 . 

XPS data for samples Fi, F2, F3 and F4 are collected in Table 4.4. The effect of the 

silane post-treatment is seen by directly comparing F| and F 2; the (Zn+P)/Al ratio 

increases from 0.23 to 4.17. Since silicon was detected on the surface of sample F 2 , this 

may suggest that the silane treatment acts to seal the porous zinc phosphate coating, and 

to prevent it being washed away in a water rinse. The protective effect of this very high 

zinc phosphate coverage is accessed in the following corrosion tests. Sample F4 also has 

a high (Zn+P)/Al ratio although it is lower than that of sample F 2. However, sample F4's 

Zn/Al and P/Al ratios are both higher than those of sample F 3 , and so it is concluded that 

the coverage of zinc phosphate coating on sample F 4 is larger than on sample F 3 . This 

suggests that a silane treatment in the middle of the zinc phosphating procedure can 

improve the final coating coverage. The (Zn+P)/Al ratio of sample F4 (1.27) is also very 

close to the ratio 1.30 for a sample phosphated for 6 min at 60°C with acid etching. 

Nevertheless, its P/Al ratio (0.60) is higher than that which was acid etched in the pre-

treatment and phosphated for 6 min at 60°C (sample A 6 , 0.34). This makes the silane 

treatment of interest for further studies. 

Corrosion tests were conducted to assess the effect of silane treatments on the 

corrosion protection afforded by the coatings formed. The four samples Fi to F4 were 

immersed into 3.5% NaCI solution at room temperature for 2 h, and the scanning electron 

micrographs, after removing the samples from the solution and drying, are shown in Fig. 

4.4. Many corrosion spots appeared on the surface of sample Fi. Inside these spots, the 

coating had changed to many needle-like tiny crystalline grains. Outside the spots, fewer 

80 



changes are apparent. However, there is basically no visual sign of dissolved coating on 

sample F2, and no corrosion spots appeared on that surface. The surface of sample F3 

showed areas of corrosive attack. As for sample F], the coating inside a corrosion spot 

converted to many small needle-like crystalline grains apparently from dissolution and 

redepositions, although the coating outside the spot was less damaged by corrosion. 

There are also several corrosion spots on the surface of sample F4, although much less 

than for Fj and F3 The coatings inside and outside the spots are similar, and only slight 

damage can be seen from Fig. 4.4 d for F4. This gives direct evidence that the samples 

that received the silane treatment have better corrosion protection ability than those 

without the silane treatment. Sample F 2 appears especially well protected from corrosion 

by the silane treatment. 

The above SEM, XPS and corrosion tests results show that samples F 2 and F4 have 

the best coatings. The addition of the silane during the preparation procedures involved 

has improved the corrosion resistance of the final phosphate coatings and promoted 

improved adhesion of the coating as well as giving more and smaller crystalline grains on 

the aluminum alloy surface. This use of silane both as a post-treatment for the 

phosphating process or as a treatment between two phosphating immersions encourages 

an improved final phosphate coating. The whole reaction system after adding the silane 

is likely to be complicated. The silane may react with the aluminum oxide on the metal 

surface to form Al-O-Si bonds, and or there may be cross-linking O-P-O-Si connections 

to phosphate groups in the coating. At this point, no detailed knowledge is available for 

the mechanism of how the silane works as a reagent in the intermediate or post-treatment 

for the formation or protection of the phosphate coatings. 
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4.4 Conclusions 

This work has used XPS, SEM and corrosion tests to investigate pre-treatments, 

post-treatments, and associated procedures involved with the zinc phosphating of 6061-

T6 aluminum alloy. Comparisons were made between acid etching and mechanical 

polishing in the pre-treatment stages, and the mechanical polishing involved both 

machine polishing and hand polishing. New post-treatment procedures were investigated 

using methyltriethoxysilane. The following points are the conclusions for the work 

described in this Chapter: 

(1) The details of the mechanical polishing in the pre-treatment have been shown to 

influence the properties of the final phosphate coatings. The morphology and 

composition of the coatings obtained after hand polishing are different from those 

obtained after use of the mechanical polisher. In the first case, the final coating has a 

leaf-like substrate and smaller crystalline grains on the surface than when the mechanical 

polisher is used in the pre-treatment. On balance, the use of the mechanical polisher is 

favored because it is easier to standardize for comparing effects of different phosphating 

procedures. Meanwhile, acid etching gives a surface morphology that helps improve the 

coverage of the zinc phosphate coating. Acid etching is therefore seen as a necessary 

step for this phosphating process on 6061-T6 aluminum alloy. 

(2) The silane treatment investigated as a sealing rinse is completely new, and perhaps 

surprising, but it results in a considerable increase in the zinc phosphate coverage and 

coating thickness on the aluminum surface. This results in a greatly improved corrosion 
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resistance by the coating compared with the samples without the silane post-treatment. 

The ability of the silane to cross-link within the coating presumably acts to increase its 

adhesive strength. A related silane treatment can also be used at an intermediate stage in 

the zinc phosphating immersion. This also effectively improves both the coverage and 

the adhesive ability of the final phosphate coating. 
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Chapter 5 Effects of Accelerators on Zinc Phosphate Coatings 

5.1 Introduction 

It is well known that adding some chemicals to a zinc phosphating solution can 

accelerate the coating process and dramatically change the composition and nature of the 

zinc phosphate coating [4]. In previous studies on the phosphating of 7075-T6 aluminum 

alloy by spraying, chlorate and nitrite were added to the coating solution as accelerators 

with improvements in the final coating [68]. However, no other accelerators have yet 

been studied in this laboratory in relation to phosphating recipes. 

The work in this chapter examined the effects of Cu 2 + , N i 2 + and NO3" as accelerators 

in the phosphating of 6061-T6 Al alloy. There is an emphasis on the corrosion 

resistance, morphology and composition of the coatings obtained. 

5.2 Sample Preparation 
o 

Studies were conducted on square 6061-T6 Al alloy panels (1x1x0.12 cm ) which 

were first mechanically polished with AI2O3 sandpaper (1200 grit) and deionized water, 

and then degreased with acetone and methanol in an ultrasonic bath for 1 min, dried in air 

and dipped in an acid etching solution (25 ml H2SO4 (98%) + 25 ml H 2 O ) for 2 min at 

40°C. The sample panels were then dipped into the phosphating solutions for the 

conditions specified below. After dipping, each sample was rinsed with deionized water 

and air-dried. Altogether sixteen different zinc phosphating solutions were used for the 

experiments in this chapter. Solutions 1 to 4 are basic reference solutions for this work. 

Solution 1 contains 16.0 ml H3PO4 (85%), 5.36 g ZnO and 0.5 g NaF per liter with pH 2. 
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Solution 3 has the same composition as solution 1 except 1.4 g of NaF is added per litre 

of solution. Solutions 2 and 4 were prepared as solutions 1 and 3 respectively except 

their pH values were adjusted to 4 by the addition of 20% NaOH solution. For studying 

Cu 2 + as an accelerator, another four solutions were used which were made by adding 

0.002% N0 3 " (as Cu(N03)2) to solutions 1 to 4. Similarly for studying N i 2 + , four 

solutions were used which were prepared by adding 0.0004% NO3" (as Ni(N0 3) 2) to 

solutions 1 to 4 respectively. For studying the effect of N0 3 " itself as an accelerator, two 

solutions were prepared by adding 0.002% and 0.0004% of NaN0 3 to the solution 1, and 

another two solutions were based on solution 3 with the addition of 0.002% and 0.0004% 

NaN0 3. The procedures and specific coating solutions used for each sample studied in 

this chapter are listed in Table 5.1. For the studies with Cu(N0 3) 2, Ni(N0 3) 2 and NaN0 3, 

preliminary studies indicated the particular concentrations used for the more thorough 

work described in this chapter. 

5.3 Results and Discussion 

5.3.1 Effects of adding Cu(NC>3)2 to the phosphating bath 

According to the previous results for this project, the composition and morphology 

of a coating changes with the pH of the phosphating bath [86]. When the pH is in the 

range from 2 to 4, the coating is more complete with better adhesion. But since the 

coating formed in the pH 2 bath is considerably different from that formed in the pH 4 

bath, phosphating baths at these two pH values were used to study the effects of the 

accelerators. 

The influence of adding Cu(N0 3) 2 to the phosphating baths on the morphology of 

the final coatings are shown by the SEM micrographs in Figure 5.1 parts (1) to (4). Al l 
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Table 5.1 Specific preparations for samples in this chapter. 

Sample Code Solution Used 

Solution 1: 16.0 ml H3P04(85%), 5.36 g ZnO and 0.5 g NaF (210 ppm F") 
per liter, pH 2 
Solution 2: 16.0 ml H 3 P0 4 (85%), 5.36 g ZnO and 1.4 g NaF (600 ppm F") 
per liter, pH 2 
Solution 3: 16.0 ml H3P04(85%), 5.36 g ZnO and 0.5 g NaF (210 ppm F") 
per liter, pH 4 
Solution 4: 16.0 ml H 3 P0 4 (85%), 5.36 g ZnO and 1.4 g NaF (600 ppm F") 
per liter, pH 4 
Solution 1 plus 0.002% N0 3 " ( Cu(NOJ2) 
Solution 2 plus 0.002% N0 3" ( C«(Mty 2) 
Solution 3 plus 0.002% N0 3" ( Cu(N0^2) 
Solution 4 plus 0.002% N0 3" ( CufNOJ^ 

Solution 1 plus 0.0004% N0 3" ( Ni(N03)2) 
Solution 2 plus 0.0004% N0 3 " (Ni(N03)2) 
Solution 3 plus 0.0004% N0 3" ( Ni(N03)2) 
Solution 4 plus 0.0004% N0 3"( Ni(N0^2) 

Solution 1 plus 0.002% N0 3" (NaNOs) 
Solution 1 plus 0.0004% N0 3" (NaN03) 

Solution 3 plus 0.002% N0 3" ( NaN03) 
Solution 3 plus 0.0004% N0 3 " (NaNOs) 

| all samples were prepared by dipping 6061-T6 Al samples into the corresponding solution at 60°C for 3 min 
•f all the % presented are wt% 
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G, (x200) G, (xlOOO) 

Figure 5.1 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.002% N O / as Cu(N03)2. Part (1) 
pH=2, [F"]= 210 ppm: (a) without Cu(N03)2; (b) with Cu(N03)2. 
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G 3 (x200) G 3(xl000) 

5.1 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.002% NCy as Cu(N03)2. Part (2) 
pH=2, [F"]= 600 ppm: (a) without Cu(N03)2; (b) with Cu(N0 3) 2. 



(a) G 2(xl000) G 2 (x5000) 

Figure 5.1 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.002% N0 3" as Cu(N03)2. Part (3) 
pH=4, [F-]= 210 ppm: (a) without Cu(N03)2; (b) with Cu(N0 3) 2. 
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(a) G 4 (x2500) G 4 (x20k) 

Figure 5.1 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.002% N0 3" as Cu(N03)2. Part (4) 
pH=4, [F"]= 600 ppm: (a) without Cu(N03)2; (b) with Cu(N0 3) 2. 
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figures labeled (a) apply to coatings formed in the baths without the addition of 

Cu(NO"3)2, while those labeled (b) apply to samples coated in the baths with some added 

Cu(N03)2. Adding Cu(N03)2 to the phosphating baths at pH 2 changes the form of the 

coating on the aluminum alloy surface, especially for the bath containing 210 ppm F". 

Figure 5.1 part (1) (a) shows the microstructure of coating for sample Gi formed in 

solution without Cu(N03)2, and it shows large flakes of white crystals distributed on the 

surface. After adding Cu(NO"3)2 to the phosphating bath, the final coating for sample G 5 

is shown in Figure 5.1 part (1) (b). This surface is now covered by many small white 

crystalline grains. A similar effect is found on the samples G 3 and G 7 coated in the 

phosphating bath with 600 ppm F" (Figure 5.1 part (2) (a) and (b)). It is concluded that 

the 0.002% Cu(NC>3)2 has refined the form of coating on the surface. 

Figure 5.1 parts (3) and (4) show the effects on the final coatings of adding 

Cu(NO"3)2 to the phosphating bath with pH 4. Even without the accelerator, the final 

coatings formed in pH 4 baths are composed of really small white crystalline grains, so 

the effect of reducing those grains even further by adding Cu(N03)2 is less obvious than 

in the pH 2 baths. However, added Cu(N03)2 to the coating bath does increase the 

coverage of white crystalline grains on the surface (samples G 6 and Gg). 

Table 5.2 lists composition ratios from XPS for the above samples. For the 

samples coated in the pH 2 phosphating bath, the (Zn+P)/Al ratios are almost unchanged 

after adding Cu(N03)2 to the bath with 210 ppm F". However, this ratio is increased after 

adding Cu(N03)2 to the bath with 600 ppm F". For the samples coated in the pH 4 

phosphating bath, the (Zn+P)/Al ratio changes only a little after adding Cu(N03)2 with 

210 ppm F", but the Zn/Al and P/Al ratios increase strongly after adding C u ( N 0 3 ) 2 to the 
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Table 5.2 XPS results for samples G, to G 8 to test coating compositions on 
adding Cu(N03)2 as accelerator. 

Sample code Zn/Al P/Al (Zn+P)/Al 

G, 0.67 0.27 0.94 
G 5 

0.61 0.24 0.85 
G 2 0.30 0.62 0.92 
G 6 

0.34 0.68 1.02 
G 3 

0.64 0.43 1.07 
G 7 

0.82 0.44 1.26 
G 4 

0.60 0.73 1.33 
G 8 

1.74 0.95 2.69 



bath with 600 ppm F". It is concluded that the coverage of zinc phosphate on the 

aluminum surface for the above samples is increased on the addition of Cu(N03)2 to the 

phosphating bath according to the XPS and SEM analysis. 

Copper as a heavy metal was first used in phosphating on steel. It causes the 

2+ 

phosphating process to be speeded up. While it seems an appropriate amount of Cu in 

the phosphating bath can improve the coverage and grain size of the coating, little 
9-1-

information about its effect on corrosion resistance is known. However, Cu in the 

phosphating bath may also introduce corrosion growth points on to the metal surface. In 

order to find the influence of copper to the corrosion resistance of the zinc phosphate 

coatings prepared in this work, the samples Gi (phosphating bath pH 2, 210 ppm F", no 

Cu(N03)2) and G5 (same parameters phosphating bath plus Cu(N03)2) were immersed 

into the 3.5% NaCl solution for 2 hours, and then rinsed with water and air-dried. The 

scanning electron micrographs of these two samples are shown in Figure 5.2 (a) and (b). 

The coating formed in the bath without Cu(N03)2 reveals needle-like crystalline grains on 

the sample surface during immersion of the sample in the corrosive solution. It is 

probably associated with some redeposition of dissolved phosphate, and that implies a 

relatively low corrosion resistance for the coating (Fig. 5.2(a)). However, this feature is 

not evident for the coating formed in the bath with Cu(N03)2, and there is almost no 

difference before and after immersion (Figs. 5.1(b) and 5.2(b)). Therefore, from the data 

analyses by XPS, SEM and corrosion test, adding Cu(N03)2 to introduce copper into the 

phosphating bath does not only reduce the size of the crystalline grains but it also 

increases the coating coverage on the surface. Additionally this also resulted in the 

improvement of corrosion resistance and enhancement of adhesion. 
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(x40) (xlOOO) ( x 2 5 00) 

(a) sample Gi (H,) 

(x40) (xlOOO) (x2500) 

(b) sample G 5 

( x 4 ° ) (xlOOO) (x2500) 

(c) sample H 5 

Figure 5.2 SEM micrographs after coated samples have been immersed in 3.5%NaCl solution 
for 2 h: (a) G|(H,) coated in phosphating solution 1 (no accelerator); (b) G 5 coated 
with Cu(N0 3) 2 added to coating bath; (c) H 5 coated with Ni(N0 3) 2 added to coating 
bath. 
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The positive influence of copper ions has been known for some time in phosphating 

technology. It is assumed that, depending on the metal, part of the copper is integrated 

into the phosphate layer and part cements on the metal surface as CuO [87]. According 

to W. Wimmer and his coworkers, adding traces of Cu 2 + ions (approximately 5 ppm) into 

their particular phosphating bath does not lead to the formation of a galvanic element, so 

helping the corrosion resistance of the aluminum. Other compounds may also be used to 

introduce copper into the phosphating bath, for example copper hydroxide, copper oxide 

hydrate, copper tartrate and copper phosphate [88]. In another study in this laboratory 

[89], it has been indicated that an appropriate amount of copper introduced by interfacial 

enrichment on 2024-T3 aluminum alloy, can reduce the grain size of the phosphate 

coating and improve corrosion resistance. It is believed that copper on the surface 

provides additional cathodic areas to help the coating nucleation. 

5.3.2 Effects of adding Ni(N03)2 to the phosphating bath 

Solutions of nickel salts have been used as accelerators for the formation of 

phosphate coatings [4]. In this work, N i 2 + in the form of Ni(NOa)2 was added to the four 

reference solutions 1 to 4, and samples Hi to Hg were produced according to the 

preparation procedures given in Table 5.1. Figure 5.3 parts (1) to (4) show SEM 

micrographs for these eight samples. The crystalline grains on samples prepared with the 

N i 2 + in the coating bath (H 5, H 6 , Hj and Hg) are much smaller than those on the sample 

prepared without the addition of N i 2 + (Hi, H 2 , H 3 and H 4 ) . This suggests that adding N i 2 + 

to the phosphating solution can refine the surface coating by making the crystallites pack 

more densely. 
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(a) H, (x200) H, (xlOOO) 

(b) H5(x200) H5(xlOOO) 

Figure 5.3 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.0004% N0 3" as Ni(N0 3) 2. Part (1) 
pH=2, [F"]= 210 ppm: (a) without Ni(N0 3) 2; (b) with Ni(N0 3) 2. 

98 



(a) H2(xlOOO) H2(x4000) 

(b) H 6 (xlOOO) H6(x4000) 

Figure 5.3 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.0004% NCy as Ni(N0 3) 2. Part (2) 
pH=2, [F"]= 600 ppm: (a) without Ni(N0 3) 2; (b) with Ni(N0 3) 2. 
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(a) H 3 (x200) H 3 (xlOOO) 

Figure 5.3 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.0004% NOy as Ni(N0 3) 2. Part (3) 
pH=4, [F"]= 210 ppm: (a) without Ni(N0 3) 2; (b) with Ni(N0 3) 2. 
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H 4 (x5000) H 4 (xlOk) 

ure 5 3 SEM micrographs for samples coated in solutions in Table 5.1 
to show the effect of adding 0.0004% NCy as Ni(N0 3) 2. Part (4) 
pH=4, [F"]= 600 ppm: (a) without Ni(N0 3) 2; (b) with Ni(N0 3) 2. 



Table 5.3 XPS results for samples H, to H 8 to test coating compositions on 
adding Ni(N0 3) 2 as accelerator. 

Sample code Zn/Al P/Al (Zn+P)/Al 

Hi 0.54 0.24 0.78 
H 5 

0.55 0.24 0.79 
H 2 

0.31 0.70 1.02 
H 6 

0.49 0.81 1.30 
H 3 

0.65 0.43 1.08 
H 7 

0.85 0.66 1.51 
H 4 

0.61 0.71 1.32 
H 8 

1.83 1.55 3.38 

Table 5.4 XPS results for samples I0,1, and I 2 to test coating compositions on 
adding NaN0 3 as accelerator. 

Sample code Zn/Al P/Al (Zn+P)/Al 

lo 
Ii 
I 2 

0.51 
0.48 
0.53 

0.23 
0.23 
0.21 

0.74 
0.71 
0.74 



Atomic composition ratios from XPS for the samples Hi to Hg are listed in Table 5.3. 

For samples coated in phosphating solutions with pH 2, Hi and H 5 have similar 

(Zn+P)/Al ratios and that for H6 is slightly higher than the (Zn+P)/Al ratio for H 2 . 

Unlike these samples, the changes in composition for samples coated in pH 4 solutions 

are relatively large. For example, the P/Al for sample H 7 is 0.66, considerably increased 

over the value of 0.43 for H 3 ; similarly, the Zn/Al ratios are increased too. Additionally 

the Zn/Al, P/Al ratios for H 8 (1.83 and 1.55 respectively) are markedly increased over the 

values 0.61 and 0.71 respectively for sample H 4 . These increases in the atomic ratios 

show that the zinc phosphate coverage is significantly increased on the aluminum surface 

by adding N i ( N 0 3 ) 2 to the phosphating bath. 

The corrosion protective properties of the phosphate coatings were evaluated by 

corrosion tests. Samples Hi and H 5 were immersed into the 3.5% NaCl solution for 2 

hours and' then water rinsed and air-dried. The measured SEM micrographs are shown in 

Figure 5.2. Much more corrosion is apparent on the coated surface of sample Hi; many 

crystalline grains in the coating appear as dissolved into tiny thread-like crystals. But 

sample H 5 shows only a few crystalline grains dissolved, and it is concluded that the 

corrosion resistance of the phosphate coating is considerably improved. 

Other researchers have reported that N i 2 + added to a phosphating solution 

accelerates the coating reaction on steel and zinc [90-91]. The present work demonstrates 

that N i 2 + can also improve the phosphate coating on the aluminum alloy from two 

aspects: enhancement of the adhesive ability and increase of the corrosion resistance of 

the zinc phosphate coating. The addition of N i 2 + to the phosphating bath induces a 

reduction in crystal size, as compared with a phosphating bath without Ni . Smaller 
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crystals result in a coating that is more compacts, which permits more crystals per unit 

area. This compaction ensures a better coverage over the aluminum surface, thereby 

reducing the number of pores and occlusions in the conversion coating. Minimizing 

coating porosity delays the onset of corrosive attack, and a highly compact coating results 

in improved paint adhesion as well. Unlike the results presented by others for zinc 

phosphating on steel [90], no nickel is detected on the aluminum surface by XPS after 

adding N i 2 + to the phosphating solution. So the function of nickel appears in this study to 

participate just in the phosphating reaction near the aluminum surface, and to accelerate 

the coating process with some change in the composition of the final phosphate coating. 

In turn, this significantly improves the corrosion resistance and the morphology of the 

coating to aid the adhesion. 

The mechanisms associated with the involvement of N i 2 + and Cu 2 + ions in these 

processes are likely to be different. It is believed that Cu in solution redeposits to give 

metallic copper which provides additional cathodic areas to speed up the phosphate 

reaction. By contrast, N i 2 + ions appear to affect the insoluble phosphates in their nascent 

colloidal form [4]. It seems large amounts of N i 2 + have no deleterious effect on the 

phosphate coating [4], but excessive amounts of Cu 2 + should be avoided to prevent the 

formation of metallic copper which ultimately limits the phosphating process [89]. 

5.3.3 Effects of adding NaN0 3 to the phosphating bath 

2+ *2"r" 

Since Cu(N03)2 and Ni(N03)2 were used above to introduce either Cu or Ni 

ions into the phosphating bath as accelerators, it is necessary to establish whether the 
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NO3" anion influences the coating process at the-concentrations used for the Cu and Ni 

salts. 

Two solutions were prepared by adding 0.002% and 0.0004% NaN03 to the 

reference solution 1 with pH 2. Samples In, Ii and h were then phosphated following the 

preparation procedures presented in Table 5.1. The SEM micrographs of these three 

samples are shown in Figure 5.4. The samples In, Ii and I 2 have coatings with crystalline 

grains of similar size and similar densities (Figure 5.4 (a), (b) and (c)). 

Another two solutions were prepared by adding 0.002% and 0.0004%) NaN0 3 to 

the reference solution 3 with pH 4. Samples In', I 3 and I4 were prepared according to 

Table 5.1, and the SEM micrographs of these samples are shown in Figure 5.4 (d) to (f). 

The surfaces of I3 and I4 have less crystalline grains than sample In' which does not have 

the addition of NaNO"3 in the coating bath. 

Table 5.4 lists atomic ratios from XPS for samples In, Ii and I 2 . These three 

samples have very similar Zn/Al and P/Al ratios, and therefore it is concluded that adding 

0.002% or 0.0004% NaN03 to the phosphating solution does not significantly change the 

coating compositions. 

According to the studies of nitrate acceleration on steel, the effective working 

concentration range is 1-3% N0 3 " in the coating solution [4]. In the present study, adding 

0.002% and 0.0004% NaNC>3 to the phosphating solution does not change the coating 

morphology and composition, and this is consistent with the concentration of NaN03 

being well below the effective range. Therefore, it is clearly evident that the accelerating 

effects of adding small amounts of either Cu(N03)2 or Ni(N03)2 to a phosphating bath do 

actually come from the Cu or Ni , and not from the N O 3 " ions. 

105 



I 0 (x200) 

I, (x200) 

I2 (x200) 

(c) 

I 0 (xlOOO) 

(a) 

I, (xlOOO) 

I 2 (xlOOO) 

(c) 

Figure 5 4 SEM micrographs of coated samples to show effects of adding NaN0 3 to 
coating baths at pH 2 and 210 ppm F": (a) sample I0 (no N0 3" added); (b) 
sample I, (0.002% NOy); (c) sample I 2 (0.0004% NCy). 
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I0'(xlOOO) I0*(x5000) V(xlOk) 
(d) (d) (d) 

I4(xl000) I 4 (x5000) 

(f) (f) 

Figure 5.4 SEM micrographs of coated samples to show effects of adding NaN0 3 to 
coating baths at pH 4 and 210 ppm F": (d) sample I0' (no N0 3" added); (e) 
sample I 3 (0.002% NCy); (f) sample I4 (0.0004% NCy). 
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5.4 Concluding Remarks 

The reference phosphating bath containing 16.0 ml H3PO4 (85%), 5.36 g ZnO and 0.5 

g NaF per liter was modified by separate additions of small quantities of Cu(N03)2, 

Ni(N03)2 or NaN03 in order to assess the accelerating effects of the Cu 2 + , N i 2 + and N O 3 " 

ions. The XPS, SEM and corrosion tests results show: 

1) The addition of small amounts of Cu(N03)2 (e.g. 0.002%) Cu 2 +) to the phosphating 

bath resulted in a coating that gave an improvement in corrosion resistance as well as 

an enhancement of adhesion; these changes occur especially by reducing the size of 

the crystalline grains, and by increasing the total coverage of zinc phosphate coated 

on the surface. 

2) Similarly, adding 0.0004% N i 2 + in the form of Ni(N03)2 to the reference phosphating 

bath significantly increased the corrosion protection ability and the adhesive ability of 

the final coating. Since comparable improvements in the coating occur at lower 

concentrations of Ni(N0 3) 2 (0.0004% for Ni 2 + ) than for Cu(N0 3) 2 (0.002% for Cu 2 +), 

*2~r" 2"t" 

it is concluded that Ni is a more effective accelerator than Cu . 

3) The addition of NaN03 in varying amounts to the coating bath did not change the 

morphology and the composition of the final coating. Therefore, it is considered that 

the addition of the ions Na + and N O 3 " does not affect, and in particular improve, the 

coating process. 
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Chapter 6 Closing Perspectives 

6.1 New Observations 

Conventionally for aluminum alloys, zinc chromate coatings have been used to 

improve the corrosion resistance, but concerns about its carcinogenic nature are forcing 

the development and evaluation of replacement materials. Various alternatives are being 

investigated, such as cerium or Zr/Ti conversion coatings [92] and organosilane 

coatings[93]. However, this work has focused on studying phosphating on 6061-A1 alloy 

given the importance of zinc phosphate for treating steels. 

In this work, the influences of phosphating time, temperature, pre-treatment, post-

treatment and accelerators in the phosphating bath on the final coating of 6061-T6 

aluminum alloy were studied through corrosion tests, SEM and XPS surface analyses. 

The initial phosphating bath contained 16.0 ml H3PO4 (85%), 5.36 g ZnO and 0.5 g NaF 

per liter. The optimum phosphating time and temperature for 6061-T6 aluminum alloy 

were found to be around 6 min and 60 °C respectively. Other work considered variation 

in the F" concentration, and the preferred concentration was found to be in the range 400 

ppm to 600 ppm. 

As pre-treatments, acid etching and mechanical polishing, where the latter 

involved both machine polishing and hand polishing, were compared. Mechanical 

polishing by machine was chosen as the pre-treatment for subsequent work in order to 

standardize that step. New post-treatment procedures with methyltriethoxysilane were 

also studied. The preliminary work showed a considerable increase in the zinc phosphate 

coverage and coating thickness, as well as improvements in corrosion resistance. 
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In order to improve phosphate coatings, the uses of Cu(NC>3)2 and Ni(NC"3)2 as 

accelerators in the phosphating bath were investigated. It was found that adding 0.002% 

Cu(N03)2 or 0.0004% Ni(NOa)2 increases the phosphating speed, and also improves the 

corrosion resistance and coating adhesion. Both these activities have been shown to 

refine the crystalline grains and increase the coverage of the zinc phosphate coating on 

the surface. The addition of N i 2 + appears particularly effective at enhancing the final 

coating for corrosion protection. Further studies showed that the additions of 0.002% or 

0.0004%) NaNO"3 to the phosphating bath did not affect the morphology or the 

composition of the final coating. Therefore, it was demonstrated that the N0 3 " ions do 

not have a significant accelerating role in these contexts, and that the coating 

2+ 2+ 
enhancements are due to the Cu or Ni ions. 

6.2 Future Work 

Studies in the area of this thesis have been dominated by the "trial-and-error" 

approach, but in general, much better understanding is required for the mechanistic 

details. Research with transmission electron microscopy is starting to give information of 

this type [94]. For example, the nucleation of phosphate coating at localized cathodic 

sites is significant mechanistic information about the initial stages of coating [89]. 

Second phase particles containing various alloying elements, with cathodic or anodic 

behavior relative to the adjacent alloy matrix, are likely to have important mechanistic 

effects. It is believed that new work with scanning Auger microscopy (SAM) can 

provide both morphological and compositional information for incipient coatings at such 

localized sites. 
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Alloy surfaces can be very sensitive to the particular pre-treatment given, and this 

may strongly influence subsequent coatings. For example, an acid etching pre-treatment 

can result in the enrichment of alloying elements like Cu at the alloy/oxide film interface, 

and this can help the formation of a zinc phosphate coating [89]. Much more information 

about effects of enrichment on coating formation is needed, by means of various 

techniques including TEM, XPS and SAM. Other pre-treatments including alkaline, 

electropolishing and chemical polishing should be examined. Similarly more detailed 

mechanistic information is required for the effects of accelerators and surface 

conditioning procedures [95]. 

For phosphating procedures to be useful in practical situations, it is necessary to 

perform a sealing rinse, and currently this is still done with chromating solution, which 

must be phased out because of environmental concerns. To reduce the porosity of the 

phosphate coating, methyltriethoxysilane solution was tried in this work as a post-rinsing 

solution. The results appear to be encouraging, but the mechanism of this process is still 

completely unknown. This needs to be established. In addition, work needs to be done 

to compare the effectiveness of this use of silane with the conventional chromating post-

rinse solution. 
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