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ABSTRACT 

Structures and growth kinetics of oxide films formed on 
molten aluminium have been studied to provide. information 
in the context of melt losses and melt quality. 

Consideration of wýLter vapour potentials at the boundaries 
of oxide films predicts that. in air-of normal humidity,, a 
slightly hydrated transitional alumina (n - A1203) is 
stable at the oxide/atmosphere interface, and the dehydr'ated 
a- A1203 is stable at the metaj/oxide interface. Structures 
observed in oxide films lifted from, the-liquid metal are con- 
sistent with this concept. 

The morphology Of a- A1203 growing at the metal/oxide interface 
depends on the impurities incorporated within the oxide, and 
according to circumstances it can appear as degenerate dendritic 
shapes or plate like structures. - 

The oxidation kinetics, in moist-oxygen, are-characterised. by a 
rapid initial rate during which n- A1203 plays a dominant but 
diminishing role, followed by much-slower kinetics after the 
a. - Al 0 subfilm is fully established and exercises rate control. 23 

Oxidation kinetics in dry. oxygen of samples obtained from high 
purity aluminium conform to theiparabolic growth law after an 
initial period during which linear kinetics are observed. The 
kinetics of samples obtained from commercial purity aluminium 
are much simpler and conform to the parabolic growth law. 
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I. INTRODUCTION 

Aluminium is available f rorn the electrolytic reduction cells as a 

liquid at 1173 K (90o0C), and as much as possible is cast into 

ingots. For complex alloying and recovery of secondary metal the 

economics depend on the melting capacity. 

During the melting and holding of aluminium a surface oxide is 

formed, which must be removed periodically. The 'skim' which is 

removed from the surface of the metal contains not only the oxide 

but also adherent metal. A major problem confronting the 

aluminium industry is the loss of metal incurred by skimming(l). 

The problem is not new, (its been recognised for over sixty years) 

but it has gained added significance due to the escalation in 

energy costs over the last decade, as shown in Table 1. 

Melt losses can be severe, and may even influence the choice of 

future melting systems as suggested by the results of a cost 
(2) 

comparison analysis by Mittmann The total cost of melting 

aluminium in an induction fLrnace is slightly less than melting in a 

rotary or hearth furnace (Table 2), despite the relatively high cost 

of electricity, due mainly to the very low melting losses incurred 

during melting in induction furnaces. 

Although the quantity of skim generated is usually taken as a 

measure of the melt loss, it is common practice to extract the 

entrapped metal before discarding the residue. 
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1.1 'Skim' Reclamation Techniques 

The composition of the 'skim' tends to vary considerably, Table 3 

gives typical values. The quantity of skim generated depends 

primarily on the nature of the metal being melted as shown in 

Table 4. It has been estimated(3) that some 200,000 tons of skim 

are generated annually and its most valuable consistuent is the 

entrapped metal. 

Several techniques(3-7) to recover this metal have been developed. 

Some 25 years ago rather crude processes were used, in which the 

skim was ball milled and screened. The coarse material was 

remelted in a rotary furnace or in a side well furnace with some 

salt flux. The fines and the salt flux were dumped. Some of these 

techniques are still used and the plants are noisy, hot and 

extremely dusty. 

Development over the years has in certain cases improved these 

methods greatly. For example the introduction of low frequency 

coreless induction furnace for recovery of metal from skim has 

simplified the process considerably. The skim and a suitable 

quantity of flux are charged into the induction furnace in which a 

molten heel of metal is already present. The metal in the skim 

melts and agglomerates in the heel while the alumina and other 

non metallic materials float on top of the molten metaL In routine 

operations it is possible to recover well over 90% of the entrapped 

metal. 
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Attempts have also been made to return the skim to the reduction 

cells in primary smelters. In this way it was hoped to recover, in 

one step, the metallic content, the oxides and fluorine compounds, 

Unfortunately, it was found that these additions seriously upset 

operation of the reduction cells. 

1.2 Scope of Present Work 

Future strategy to control the melt losses must take into account 

a) Consistent use of better skim reclamation techniques 

b) Control of surface oxidation during melting and all 

associated processing 

Whereas skim reclamation technology has been developed to a high 

level of sophistication and efficiencyp comparatively little effort 

has been devoted to minimising the oxidation of the molten metal. 

The few studies which have been published tend to be rather 

empirical(S) from which only crude codes of practice can be 

devised. 

Opportunities to reduce oxidation losses can be more clearly 

perceived if the fundamental processes by which surface oxide 

films grow on liquid metal in furnace environments are correctly 

conceived. One of the difficulties of approach is that the problem 

arises in the melting (foundry) shop, but its resolution lies in the 

purview of the corrosion scientist. 
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Although oxidation losses are particularly severe for alloys such as 

AI/Mg and Al/Li , this study is confined to the oxidation of 

pure metal, with the aim of laying a foundation for studying the 

oxidation of more complex alloys. 

To understand the oxidation of pure molten aluminium the 

structure of the oxide films must be related to the kinetics. It is 

also important to realise that the system is complex which requires 

consideration of, not only oxygen and aluminium, but also the 

water vapour in the environments 

These matters together with principles of oxidation will be 

reviewed in the next few sections. 

The understanding of the nature of oxide f ilms may also prove 

usef ul in alleviating problems due to, 

a) Hydrogen absorption(9) since the kinetics of absorption are 

known to depend on the nature of the oxide film 

b) Oxide inclusions which can adversely effect quality of 

f inished products. 

The practical effects of these problems have been reviewed by 

Ferguson 
(10) 
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2. PRINCIPLES OF OXIDATION 

In this section a number of generalised concepts and theories 

which may be applied to interpret the phe--nomena observed in the 

present work will be considered. Initially the growth mechanisms 

and theories of compact, continuous oxide films will be described. 

Such theoretical models are usually developed by making numerous 

simplifying assumptions for ease of mathematical manipulation so 

that they are seldom directly applicable to phenomena observed 

experimentally. Examples of factors which can contribute to 

deviations from idealised models include impurities in the metal 

leading to multiphase oxide structureso and cracking or spalling of 

the film which may result in complex oxidation kinetics. 

2.1 Oxygen Adsorption and Oxide Nucleation 

When oxygen impinges on a clean metal surface it is adsorbed 
(119 

12). The adsorption process is accompanied by the decrease in the 

entropy of the system 
(13) 

. due to loss, by the gas molecules, of 

the translational degrees of freedom. Since the surface free 

energy is also reduced, adsorption is an exothermic process, by 

virtue of the definitional relation G=H-TS. In considering the 

adsorption process it is customary to distinguish between physical 

and chemical adsorption. 

In physical adsorption gases are bound to the surface by Van der 

Waals f orces 
(11) 

, and the process proceeds without significant 

activation energy so that the rate controlling step is the imping- 
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ment of the gas molecules on the surface. It is generally accepted 

that physisorption is restricted to temperatures below the boiling 

point of the gaseous phase. it is therefore unlikely that physi- 

sorption is significant at the temperatures relevant to this study 

and hence it will not be considered further. However detailed 

(11,12) 
treatments of the subject are available elsewhere 

It is most likely that on a clean molten aluminium surface the adsor- 

ption is predominantly chemisorption, although it is not always 

possible to distinguish between the relative proportions of physical 

and chemisorption. In the chemisorption process the adsorbed 

species and surface atoms are bonded by electron transfer. Although 

this is obviously an activated process very rapid chemisorption 

rates have in fact been demonstrated on clean metal, without a 
(140 15) 

significant activation energy 

On an atomistic scale chemisorption is still imperf ectly understood, 

due mainly to the practical difficulties in producing a 'clean' 

surface. It is considered, however, that initially almost every 

molecule impinging on the metal adheres to the surface and is 

adsorbed dissociatively on adjacent metal atoms(161 17). Dissocia- 

tive chemisorption of the oxygen molecules can occur if an oxygen 

atom adjacent to the adsorbed molecule changes place with the 

underlying metal atom in a place exchange process as shown in 

Fig. I Reduction of the free energy of the system requires a 

transition from a chemisorbed layer to a three dimensional oxide 

and the place exchange marks the beginning of this transition. The 
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net result of a single exchange of atoms is the formation of an 

oxide nucleus and multiple nuclei formed in this way coalesce to 

form one or more oxide layers. The nature of this transition has 

aroused considerable interest but its progress has hitherto been 

impeded by experimental problems. 

More recently some progress in this field has been stimulated by 

the development of new techniques such as Low Energy Electron 

Dif f raction 
(14) (LEED) and Field Ion Microscopy(19). The 

usefulness of LEED technique, for example was demonstrated by 

Jona(20) who detected very thin amorphous layers on aluminium, 

and May (21) 
et al who found distinct 'two dimensional' surface 

crystals on nickel, which by reordering blend gradually into a 
(22) 

three dimensional oxide structure Fig. 2. The above discussion 

gives only a very brief simplistic description of an extremely 

controversial and complex phenomena. The next stage is to con- 

sider the subsequent growth of the established oxide film. 

2.2 Defect Structures and Transport Mechanisms in Oxidel 

The essential feature of all oxide growth theories is that they 

require the diffusion of reacting species through the oxide film. An 

analysis of the mechanisms therefore requires some fundamental 

knowledge or assumptions concerning possible diffusion paths. 

Transport phenomena can be described in terms of 5implified 

models of the physical character and lattice defect structures of 

the oxides. In cases where the defects are predominantly of one 

type the concepts adequately represent observed behaviour. For 

-7- 



oxidation products on aluminium in humid atmospheres the 

interpretation is much more difficult than for most oxides because 

of the variety and structural complexities of phases which might 

be expected, from the phase relationships in the alumina-water 

system. 

2.2.1 Statistical Analysis of Def ect Stability 

At the absolute zero, atoms or ions occupy all the normal lattice 

sites, in a crystal, and remain immobile. At higher temperatures, 

however, atoms in the crystal vibrate around the lattice sites with 

a mean energy proportional to temperature. Due to random 

fluctuations in the vibrational energyp single atoms or groups of 

atoms acquire energy considerably higher than the mean value, the 

fluctuations of thermal motion leading to the formation of intrinsic 

atomic point defects eg. vacancies or interstitial atoms. 

Energy expended in the formation of defects at higher tempera- 

tures produces an increase in enthalpy. The increase in defect 

concentration also increases the entropy. 

The total entropy is composed of a configuration entropy term 5c 

and vibration entropy term S 
V, 

The configurational entropy associated with the possible arrange- 

ment of N atoms and n vacancies over a total number of (N + n) 

lattice sites is 
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Sc =k log + 

n! 

where k is the Boltzmann constant. 

(1) 

The Gibbs free energy, induced by the presence of defects is 

therefore 

AG nx &H f-nTA5v-kT log 
(N + n)! 
NI n! 

where 

Hf is the enthalpy of formation of one defect 

,&Sv is the change in vibrational energy of the crystal due 

to the presence of one defect. 

Fig. 3 shows schematically how each term is dependent on the 

total number of defects. The equilibrium condition, namely that 

the free energy of the system is minimum, is satisfied at a definite 

defect concentration (ne)' 

In a solid several types of lattice def ects can occur but the per- 

tinent imperfections when considering the transport phenomena 

through protective oxide films are usually classified as point de- 

fects. The system of notation developed by Kroger(23) , (given in 

Appendix I) to describe the point defects will be adopted. 

Several excellent texts are available in which various def ect 

structures are described(13,23,24). It is sufficient here to summ- 
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arise this information as a prelude to a discussion of the more 

complex defect structure of a- Al 20 3* 

2.2.2 Non-Stoichiometric Oxides 

Many oxides exhibit deviation from the stoichiometric composi- 

tions, where the electrical neutrality of the crystal is conserved 

through the formation of complimentary valence or electronic 

defects, which confer semi-conducting properties. In such oxides 

the predominant defects are confined either to the oxygen or to 

the metal lattice. It is usual to categorise oxides further acc- 

ording to whether the conduction takes place by electronic hole 

migration (p - type) or by the migration of f ree electrons (n - 

type). 

In n- type oxides the electronic defect is an electron in the 

conduction band, so that the lattice defects must be species con- 

tributing excess positive charge ie. either an interstitial cation as 

in ZnO or anion vacancy as in TiO 2 (c. f e. g Shrier(24) ). 

The electronic def ect in ap- type oxide is a "hole" in the 

conduction bando so that the lattice def ect must be contributing 

excess negative charge to the structure eg. cation vacancy in 

NiO. 

It is important to remember, as discussed earlier that many types 

of defects are present in all oxides and the above classification 

merely refers to the most predominant. 
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Although, in principle, non-stoichiometry always occurs, deviation 

from stoichiometry is open to question for a few oxides eg. OC - 

Al 20 3' 

2.2.3 Stoichiometric Oxides 

In an oxide of stoichiometric composition equivalence between 

metal and oxygen is maintained during the formation of point 

defects. Although numerous types of atomic defects are possible, 

in practice the two most common are Schottky and Frenkel dis- 

orders, schematically represented in Figs. 4 and 5. Schottky 

disorder comprises equivalent concentration of anion and cation 

vacancies whereas Frenkel disorder is limited to either the cation 

or anion sub lattice. 

Frenkel disorder has little application in the present context but a 

detailed analysis of Schottky disorder is given in Appendix 11 

anticipating its significant. contribution to the defect structure of 

a- -A1203 which emerges from the review given in section 2.2-5. 

In the course of this analysis the following results emerge. For low 

oxygen pressures [ell and [Vo*1 decrease whereas [h'] and [Vlml incr- 

ease with Po 

For high oxygen pressure [ell and W0] decrease whereas Lh'] and 

[VI 
MI 

increase with Po 2* More significant than these extremes is 

the intermediate pressure range, in which two alternative limiting 
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conditions need consideration. 

a) If the electronic intrinsic ionization predominates then [ell 

and [W) are independent, whereas LVI 
mI 

increases and [Tol de- 

-creases, with oxygen pressure. 

b) If however internal disorder (Le. Schottky) predominates 

then [VI 
MI and Vol are independent, [h*1 increases and [ell 

decreases with increasing oxygen pressure. 

The variations of point and electronic def ects as a function of the 

oxygen pressure, illustrating these two limiting conditions in the 

intermediate pressure range are given in Fig. 6a and b res- 

pectively. Fig. 6a is typical of electronic semi-conductors and Fig. 

6b is typical of ionic conductors, although, of course, in principle 

both types of conduction contribute to the overall conductivity in 

both cases. 

2.2.4 Dif fusion 

The various defect species introduced in the previous two sections 

are, of course mobile, and it is their ability to diffuse within the 

oxide which sustains the growth of a continuous oxide film, and 

any transformation which occur within it. 

This opens up a vast subject which is outside the scope of the 

present work. Many excellent textbooks are available describing 

both the mathematics and phenomenology 
(25-29) 

of diffusion, but 

for the present purpose a brief description will suffice. 
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On a macroscopic scale, provided that a diffusion is singly-activa- 

ted and comprises non-interacting species of the same kind diffu- 

sing in a single phase, its progress is described by Ficks law: 

3 

j = div (D grad 

where 
3 C/ is rate of concentration change Jt 

D is Diffusion coefficient 

(3) 

So that diffusion processes are described by the standard solutions 

to this equation. Provided that the temperature range is not too 

wide, diffusion coefficients for a singly-activated process vary 

with temperature according to an Arrhenius-type relation: 

D, exp - 
E 

RT 
(4) 

where E is the activation energy for diffusion and D0 is a con- 

stant, normally referred to as the frequency factor. Failure of 

equations (3) and (4) to represent particular observed behaviour is 

often evidence that the simplifying assumptions made in their 

derivation, are not justified and that the process is in fact more 

complex. 

On anatomic scale the diffusion can be analysed statistically as 

net effect of random atomic motion. In a lattice this atomic 

motion takes place through the movenient of point defects and 

three simple models are available, reflecting different mechanisms 
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of diffusion as illustrated schematically in Fig. 7a, b, c and des- 

cribed below. 

Vacancy mechanism 

Diffusion takes place by this mechanism when the atom on 

a normal site jumps into an adjacent unoccupied site. 

ii) Interstitial mechanism 

This involves the movement of an atom on an interstitial 

site to a neighbouring interstitial site. Such a movement 

may introduce considerable distortion in the lattice, and 

hence this mechanism is probable only when the interstitial 

atom is considerably smaller than the atoms on the normal 

lattice positions. Diffusion of interstitially dissolved atoms 

(e. g C and H) in metals provide the best known examples of 

this mechanism. 

iii) Interstitialcy mechanism 

The interstitial mechanism is improbable, where the distor- 

tion cannot be accommodated in the lattice with ease. In 

such cases the interstitial atom may move by the 

interstitialcy mechanism in which it displaces its nearest 

neighbour on a normal lattice site into another interstitial 

position, itself occupying the original site of the displaced 

atom. 
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These mechanisms are based on highly idealised models of solids 

and for which equations 3 and 4 may be expected to apply since it 

is usually possible to identify, in principle, a rate controlling step 

and thereby treat the process as singly-activated to a reasonable 

approximation. If applied to interpret transport phenomena due to 

such highly complex defect structure as exists in oxides, these 

simple theories require considerable modification to take into 

account the presence of impurities, grain boundaries, dislocations 

etc. One way in which such complications are manifest is the 

breakdown of equations 3 and 4. A schematic illustration is given 

in Fig. 8 where the variation of D with T for an oxide divides into 

two parts, a high temperature region and a low temperature 

region, referred to as intrinsic and extrinsic respectively. 

Different values for E and D0 are required for the two regions' 

reflecting different transport kinetics inducedy for example, by the 

greater influence of foreign species at low temperatures. This 

effect is of particular importance for d. - Al 
203 and will be 

considered in some detail in the following section. 

Diffusion through the lattice is supplemented in polycrystalline 

material by enhanced diffusion along grain boundaries due to the 

lower activation energy required in the disordered region. Although 

the contribution to the diffusion path is very smallo grain boundary 

diffusion can predominate when lattice diffusion is slow. Because 

the activation energy for grain boundary diffusion is lower than 

for lattice diffusion its contribution to total diffusion increases 

with decreasing temperature. Grain boundary assisted diffusion is 
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more characteristic for anion than for the cation, an example is 

Laurent and Bernard's(30) observations that anion diffusion is 

greater in polycrystalline sodium and potassium halides than in 

single crystals, and that it is increased with decreasing grain size 

in accord with increasing grain boundary area. By contrast, it has 

been demonstrated on a number of occasions that cation diffusion 

is independent of grain size for most ionic compounds. 

Paladino and Coble(31) have applied the concept of anionic dif fu- 

sion to polycrystalline cL- Al 203 in an attempt to predict 

diffusion coefficients as a function of grain size from those 

available for single and some polycrystals. By extrapolation they 

predicted that the diffusion coefficient for anions should exceed 

that for cations, (in o(. - Al 203) for grain size < 20,000 nrr6 

2.2.5 Def ect Structure of ii, Al 203 

The non-stoichlometry in d- Al 203- is relatively small and has 

as yet not been measured by analytical techniques presently avail- 

able. Indeed all work of this kind is hindered by difficulties in 

producing a- - Al 203 single crystal of sufficiently high purity. 

It is intructive to review, briefly, some studies which have contri- 

buted to the understanding of the transport phenomena in cc, - 

Al 20 3' This will provide a background from which features can be 

selected to interpret the oxidation phenomena. The experimental 
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evidence is broadly of two kinds, i. e. of electrical properties and 

of ionic transport. 

a) Electrical Properties 

Cohen (32) 
reviewed the published literature related to the 

electrical conductivity of OC - Al 20 3' Inf ormation from 

several studies was compared and this highlighted the large 

discrepancies in the results. At lower temperatures the 

spread in Values for the conductivity ranges through six 

orders of magnitude, and values of the activation energies 

range from 4x 10-20 J to 64 x 10-20 j. At high 

temperatures the divergence is less presumably because the 

properties are less "structure sensitive" Cohen (32) 
cites 

Hartmanr? (33) 
S measurements in which he found that the 

D. C. conductivity of sintered 0ý - Al 203 in vacuum in- 

creases with time at any prescribed constant temperature. 

He explained this effect by assuming that M- Al 
203 diss- 

ociated when heated in vacuum losing oxygen and thereby 

increasing the conductivity by virtue of excess cationic 

charge. The oxygen is replenished when M- Al 203 is 

reheated in air restoring the original condition. This be- 

haviour is characteristic of an- type oxide and so Hart- 

mann classified oc- Al 203 as n- type. 

Heldt and Hasse (34) 
could not accept this interpretation because it 

was in conflict with their own results. TheY found in similar 
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experiments that less pure cc - Al 203 exhibited a higher conduct- 

ivity than pure materialp and furthermore the less pure material 

yielded two different values for the activation energies 38 x 10-20j 

and 40 x 10-20 J according to whether temperature was below or 

above 1373 K (11000C). This evidence was taken to imply that 

there was a transition from extrinsic to intrinsic conductivity at 

this temperature. In contrast the pure material exhibited only a 

single activation energyp Le. 40 x 10-20 3 implying that 

conductivity in the pure material was intrinsic throughout the 

temperature range. For this reason they offered an alternative 

explanation for Hartmann's results, based on an increase in 

conductivity due to progressive dissolution of impurities. 

Pappis and Kingery's (35) 
work illustrates the complexity of the 

defect structure in CL- Al 203 and shows that the def ect type as 

well as concentration are sensitive to oxygen pressure. They 

studied the electrical properties of the material using measure- 

ments both of conductivity and of the thermoelectric power in the 

temperature range 1573 K (1300 0Q- 2023 K (17500C) as functions 

of oxygen pressure (Po 2 
). The electrical conductivity results for 

single crystals exhibit a minimum for Po 2 G, 10-5 atmospheres as 

illustrated in Fig. 9, and can be represented by the relations: 

.&=K Po 2 
0.20 + 0.03 for 10-3 < 

Po 2/1 atmosphere <I 



-& = independent of Po, 2 for 10-7 < 

-9- =K Po 

Po 2/1 
atmosphere < 10-3 

2- 

(0-17 + 0.03) 
for 10 -10 < 

po 2 /1 atmosphere < 10-7 

where -0- is the conductivity 

K is constant 

Po 2 is oxygen pressure 

The results for polycrystalline material Fig. 10 were similar but 

the minimum was less marked. From measurements of the 

thermoelectric power the authors deduce that the oxide is an 

amphoteric semiconductor, since it behaves as ap- type conduc- 

tor at Po 2=I atmosphere and as an n- type conductor at Po 2 
10-10 atmospheres. 

Harrop and Creamer (36) drew attention to the extrinsic complica- 

tions especially as introduced by small concentrations of iron ions 

as impurities. They suggest a similarity between cc- Al 
203 and 

MgO which exhibits a similar minimum in the electrical con- 

ductivity at Po 2= 10-5 atmospheres and which is profoundly influ- 

enced by small concentrations of iron. By analogy they were 

inclined to interpret Pappis and Kingery, s(35) results in the same 

way Le that the variation of conductivity with oxygen pressure is 

controlled by the presence of iron ions. Such a view is not 

unreasonable because at 1573 K (13000C) values for conductivities 

of MgO and oC - Al 203 are the same, both f or Po 2= 10-5 atms 

and Po 2= 10-20 atms, which suggests a mechanistic similarity. 

-19- 



Harrop and Creamer's(36) own measurements on high purity single 

crystal OC - Al 203 with less than 2x 10-5 mol f raction iron 

produced values for conductivity in the range 1073 K (8000C) - 

1773 K (15000C) sli ghtly less than those given by Pappis and 

Kingery (35). They ascribed this difference to impurities possibly 

present in the material used by Pappis and Kingery. 

They also confirmed Pappis and Kingery's findings that the charge 

carriers are p- type at Po 
2=1 atmosphere, from their own- mea- 

surements of thermoelectric power. 

Dasgupta and Hart (37) 
measured the thermoelectric power of aL 

- At 203 single crystals at various pressures of argon and air in the 

temperature range 600 K (3270C) - 1100 K (827 0 Q. Their results 

indicate that the thermoelectric power of m- At 
203 is a function 

of the air pressure. Peters(38) attempted to determine the 

electric conductivity and the thermoelectric power of a- Al 
203 

single crystals as a function of temperature between 673 K 

(4000C) - 1273 K (100000. 
- The variation of thermoelectric power 

with temperature is shown in Fig. 11, where the positive values for 

the thermoelectric power indicate that the charge carriers are 

positive, confirming previous results(37p 
39)e The author suggests 

that the conductivity measurements are typical of an 

extrinsic-type of conduction process. 

b) Ionic Transport 

Oishi and Kingery(4 0) determined the self diffusion of oxy- 
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gen in single crystal and polycrystalline c( - Al 20 31 as a 

function of temperature by isotopic exchange between 160 

in the sample and 
180 in the gas phase at temperatures 

"'2053 K (1780 Q. 

Their results for single crystal are given in Fig. 12 which 

seems to indicate intrinsic and extrinsic modes of oxygen 

diffusion at high and low temperatures respectively. At high 

temperatures the intrinsic character reflects either Frenkel 

or Schottky disorder, but the authors prefer the latter in 

view of the close packing of CC- Al 203 lattice, and the 

relatively large anionic radius. 

For the polycrystalline material the self-diffusion coeffi- 

cients (Fig. 12) are considerably greater at all temperatures 

than those observed on single crystal samples, implying that 

grain boundaries play a significant role in the diffusion 

process. There is a break in the plot at 'ý'1723 K (14500C)p 

presumably, due to greater influence of impurities at the 

lower temperatures. Indeed it was found that prior heat 

treatment of the samples, which may dissolve impurities, 

alter grain boundary structurev or cause changes in the 

stoichiometry, markedly influenced the results. 

Paladino and Kingery (41) 
measured the self-diffusion coeffi- 

cient of aluminium ions in polycrystalline OL - Al 20 31 in 
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the temperature range 1943 K (16700C) - 2178 K (19050C) . 

using 
26AI 

as a radioactive tracer. The principle of the 

technique was to allow interdiffusion between a cylindrical 

disc of a- Al 203 enriched with the active isotope and a 

similar disc of inactive material placed in intimate contact 

with it. The active material transferred across the 

interface was determined by counting. The results given in 

Fig. 12 show that the aluminium ions are much more mobile 

than oxygen ions in polycrystalline cc - Al 2 () 3 
(40) 

* The 

mobility of oxygen ion does, however, approach that of 

aluminium ion when assisted by grain boundary- diffusion as 

described earlier. The activation energy for aluminium ion 

diffusion is constant over the whole temperature range from 

which Paladino and Kingery (41) deduce intrinsic behaviour. 

Davies (42) in a critical re-evaluation of available inform- 

ation, based solely on activation energies, considered the 

possibility that M- Al 203 behaves as a pure ionic conduc- 

tor, similar in nature to MgO in which the conductivity is 

controlled by oxygen ! on transport. This attempt to assess 

the nature of conductivity by using observed activation 

energies as a guide is unreliable because, as Kofstad(43) has 

remarked, in an oxide with -complicated conductivity 

characteristics the sole use of activation energies is an 

insufficient basis for evaluating transport mechanisms in 

detail. 



c) Appraisal of Defect Character 

The foregoing survey indicates the extremely complex tran- 

sport phenomena within 0ý, - Al 20 3' Indeed a rather con- 

fused picture emerges and as several authors(43) have re- 

marked, it is not possible to form an unequivocal concept of 

transport through oc- Al 20 3* However, by selecting 

particular features, the review can be used constructively 

as a guide to interpret observations made in the present 

research. 

To interpret a dif f usion-controlled oxidation process (in 

cases where the film is compact and adherent) equations 

must be formulated to describe the formation and mutual 

interaction of defects. For an oxide in which the deviation 

from stoichiometry and types of defects which predominate 

are known, the reaction equations can be formulated with 

relative ease. For example in copper (1) oxide, which is p- 

type cation vacant, the excess oxygen is incorporated within 

the oxide by the formation of vacant -cation sites (VI 
cu 

) and 

vacant electron levels (h). The reaction giving 

non-stoichlo metric Cu 20 may then be written as: 

P2- CU20 +2 [V'cul +2 Lh*l 

The equilibrium concentration of def ects is given by: 

]2 (W]2 pcý cu 2 

(5) 

(6) 
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The defect concentration, therefore, increases with the 

oxygen pressure. The rules and techniques for formulating 

such equations are well documented (cf e. g. Shrier(24) ). 

For cc - Al 203 the formulation of the equations is inevit- 

ably speculative because the degree of non-stoichiometry is 

uncertain, and the predominating defects have not been 

clearly established. It is clear however, that any non-stoi- 

chiometric model is inadequate because of the overwhelming 

evidence that both anionic and cationic species can migrate. 

A model based on Schottky disorder? although not establ- 

ished with certainty, overcomes these difficulties and has 

been proposed by various authors(40-42) in explaining their 

results and this model will be used. Indeed Davies(42) claims 

that o(, - Al 203 is a pure ionic conductor. 

On this basis Fig. 6b characterises the defects in pure a- 

Al 20X 
The diagram is also in agreement with the 

experimental observation of Pappis and Kingery(35) Le. at 

low Po 2 the oxide is n- type and at high Po 2 it behaves as 

ap- type conductor. 

It is interesting to relate Fig. 6b to the conditions which 

prevail when a- Al 203 is growing on aluminium. The Po 2 

at the metal/oxide interface is exceedingly low, and is 

equal to the dissociation pressure of a- Al 20 31 whereas 



at the oxide/atmosphere interface the Po 2 is equal to the 

oxygen pressure in the atmosphere. Fig. 6b then predicts 

that at the inner interface corresponding to low values of 

Po 2, anion vacancies predominatev and at the oxide/- 

atmosphere interface cation vacancies predominate. 

From the overwhelming evidence given earlier it is virtually 

certain that (X - Al 203 of normal purity behaves wholly 

extrinsically except at very high temperatures. Values of 

critical temperatures for the extrinsic/intrinsic transition of 

oL - Al 203 of normal or even the highest attainable purity 

are uncertain, presumablyp because small impurity levels 

that are significant are below the range of available 

analytical methods. However, the highest value given is 

1373 K (11000C) by Heldt and Hasse(34) based on con- 

ductivity measurements. Oishi and Kingery(40) place it as 

high 1723 K (14500C) from their measurement of oxygen 

self diffusion and certainly Peters 
(38) 

conductivity mea- 

surements imply extrinsic character below 1273 K (10000C). 

Hence at temperatures relevant to the present work, < 1023 

Kv (< 750 0Q it is saf e to assume that vc - Al 203 of normal 

purity behaves extrinsically. 

Besides their role in conf ering extrinsic charactert dissolved 

impurities can have other ef f ects on crystals e-g size dif f er- 

ence between impurity and parent atom induces strain, and 



there may be differences in the polarization effects 

between the impurity and native atoms. 

2.2.6 Def ect Structures in Hydrated Aluminas 

It will become apparent that the film formed on molten aluminium 

exposed to humid atmospheres is duplex consisting of M- Al 20 31 

and a slightly hydrated A12031 'of the so-called transitional 

alumina series. 

The defect structure and diffusion through C(, - Al 203 has been 

discussed in the foregoing section, but ?- A1203 has not been 

considered at all, due to the lack of readily available published 

daM This necessitates speculation and making tentative assump- 

tions based on the results of present work, as will become appar- 

ent in the discussion section. 

2.3 Coherent Films and Growth Theories 

The growth mechanisms of thin (< 10 nm) and thick oxide films will 

be treated separately for the following discussiont as is customary. 

2.3.1 Thin Films and the Cabrera-Mott Theory 

It is often found that at low temperaturest where the oxide films 

on many metals are classified as IthinIq the growth kinetics con- 

form to logarithmic or inverse logarithmic relationship 
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Le 

X =K log log (t + to) +A Direct logarithmic (7) 

I /X =B-K 11 log t Inverse logarithmic (8) 

where X is thickness of the oxide 

t is time 

Ap B and t0 are constants 

K log and K 11 are rate constants. 

Logarithmic growth kinetics have been observed for a number of 

metal/gas systems eg the oxidation of mild steel in air or oxygen 
(44p 

45) (46) 
and the reaction of calcium with water vapour Inverse 

logarithmic kinetics have been observed during film growth on 

aluminium 
(47) in oxygen at 293 K(200C) and the oxidation of iron(48) 

in oxygen in the temperature range 273 K (0 0Q- 393 K (1200C). 

Several models have been proposed to explain the kinetics in the 

thin film range. However, proof has been extremely difficult to 

establish by reason of extreme experimental difficulties. The model 

proposed by Cabrera and Mott (49) 
and subsequently developed by 

others 
(50-55) is perhaps the most fruitful and has gained general 

acceptance. 

Cabrera and Mott (49) introduced the idea that ions and electrons 

move independently within an existing chemisorbed layer on a 

metal surface. At low temperatures, the ions cannot diffuse by 
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thermal activation through the f ilm, so that some alternative 

activation potential is required. Mott 
(56) 

suggested that an 

electric potential is developed across the f ilm providing the 

driving force for diffusion of the reacting species. Electrons are 

assumed to penetrate the thin f ilm by thermionic emission or by 

the quantum concept of the 'tunnel effect'. Capture of these 

electrons by adsorbed oxygen atoms would form cations at the 

metal/oxide interface, and oxygen ions at the oxide/gas interface. 

The strong electrical field thereby produced across the oxide 

would provide a potential sufficient to drive ions through the film. 

It has been estimated that the field strength corresponding to a 

91 film thickness of 5 nm is -w 10 Vm- An inverse logarithmic 

relationship can be derived for these conditions. 

The model is based on several assumptions e. g. that the def ect 

concentration within the f ilm remains constantp and that the rate 

is controlled by the tranifer of metal ions across the metal/oxide 

interface. Mott(56) had earlier derived a direct logarithmic rate 

equation on the assumption that tunnelling of the electrons th- 

rough the film is rate determining. 

Several alternative models have been proposed to explain logarith- 

mic and inver5e logarithmic kinetics(549 57) but they are not rele- 

vant to the current discussion. 

The Cabrera-Mott theory applies less rigorously as the f ilm thick- 

ens because the field strength progessively decreases. As an 
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example, it is inappropriate for films thicker than v 3nm on 

aluminium at 300K (270C). For thicker films, theories of this kind 

are replaced by those based on diffusion control as described in 

the following section. 

2.3.2 Thick Films and the Parabolic Law 

The very early oxidation studies by Tammann(58) and Pilling and 

Bedworth(59) showed that at high temperatures, providing that the 

film is continuous and relatively IthickI2 oxidation follows a 

parabolic growth law. The compact scale formed, acts as a barrier 

to the reacting species, and as it grows the diffusion distance 

increases so that the overall oxidation rate decreases. Perhaps 

the most important single contribution to the understanding of high 

temperature oxidation of metals is Wagner's 
(60) 

well known and 

widely applied theory of high temperature parabolic oxidation. 

The theory is based on the concept that the film behaves as an 

electrolyte, through which electrons and ions migrate independen- 

tly. The directional diffusion of species through the film requires 

a concentration gradient across the oxide. 

It is assumed that the reactions at the phase boundaries are in- 

stantaneous Le. thermodynamic equilibrium is established between 

the oxide and gaseous oxygen, and between the metal and oxide at 

the oxide/atmosphere and metal/oxide interfaces respectively, so 



that concentration gradients are established through the oxide. 

This is illustrated schematically in Figs. 13a and b for scales in 

which metal and oxygen vacancies predominate respectively. The 

partial pressure of oxygen at the metal/oxide interface corres- 

ponds to the dissociation pressure of the oxide in equilibrium with 

its metal (Po 2d) while at the oxide/atmosphere interface it is 

equal to the oxygen pressure in the gaseous phase (Po 
2 

9ý 

Wagner derived an expression for the growth rate in terms of the 

conductivity of the oxide, transport numbers of the cations, anions 

and electrons, and the free energy change of the oxidation 

reaction. Wagner's original derivation is available in several pub- 

lications 
(61t 62) but for the present purpose a much simpler app- 

roach developed by Jost (61) 
and Hoar and Price(63) using an elec- 

trochemical analogy is given in Appendix Ill. 

The Wagner theory cannot be faulted on its theoretical merit, and 

providing all of the assumptions are satisfied it must also apply in 

practice. It is the manner in which the theory is sometimes 

applied that must be critically considered, since the implicit 

assumptions are frequently overlooked. It is interesting to 

consider the limitations imposed by these assumptions. 

a) The theory requires not a constant concentration gradient 

but a constant concentration difference. This implies that a 

multiphase oxide film may not conform to the Wagner 

mechanism because the interfacial equilibria are disturbed. 
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b) Gray (64) in his particularly severe assessment of the practi- 

cal application discusses the limitations imposed due to the 

anisotropic nature of an oxide film. 

C) It has also been suggested(64) that the mechanism involving 

ionic mobility, as implied in the Wagner mechanism applies 

only at temperatures above the oxide Tammann temperature, 

and therefore the parabolic kinetics observed below this 

temperature perhaps require some alternative explanation. 

d) The principle limitation of the theory is imposed by the 

assumption that the film is continuous and adherent, and 

hence the growth characteristics of a discontinuous film 

must deviate from parabolic kinetics. This aspect is consid- 

ered in the following Section 2.4. 

2.4 Discontinuous Oxidefilms 

Many oxide/metal systems are characterised by the growth of 

discontinuous oxide films. Since several unrelated factors collect- 

ively contribute in varying degrees to the formation of these films, 

it is unrealistic to expect that all of the observed phenomena can 

be interpreted within a single generalised concept. Instead, an 

alternative strategy is required in which the intervention of the 

various factors is assessed from empirical oxidation rate laws 

found for the formation of discontinuous films. Some of the 

concepts which emerge from this approach have an important 

bearing on oxide growth theories for molten aluminium developed 

later in Section 5. 
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2.4.1 Empirical Growth Laws 

a) Oxidation at Linear Rate 

When discontinuous or porous oxide films are formed it is 

often found that the kinetics can be represented by a linear 

rate law, which may be expressed thus: 

dx/dt = KL 

where x is thickness 

t is time 

KL is rate constant 

(9) 

The phenomena leading to such a law may be interpreted 

either as periodic failure of the oxide on reaching a critical 

thickness so that the diffusion path remains effectively 

constant or as extension of the porosity to the metal/oxide 

interface so that the rate is controlled by the reactions at 

this metal/oxide interface. 

b) Paralinear Oxidation 

In some cases a gradual transition f rom initial parabolic 

kinetics to decreased linear kinetics is observed. This is a 

well recognised phenomenon and is referred to as paralinear 

rate law (65j 66p 67) 
which may be observed if the oxide 

layer consists of a compact inner layer, whose rate is 
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controlled by diffusion of species through the film and an 

outer porous layer. 

If y and z are thicknesses of inner and outer layers 

respectively then 

dy/dt = a/y -b 

dz /dt : '- fb 

(10) 

, (11) 

where a and b are constants, 

z is mass of oxygen in porous layer 

y is mass of oxygen in compact layer 

f is ratio of oxygen content per gram atom of metal in 

outer layer to that in the inner layer. 

The overall weight gain is given by summation of (10) and 

(11) as shown diagrammatically in Fig. 14. The thickness of 

inner layer tends to a maximum value (Ymax) so that 

Ymax ý /b 

and the overall mass gain is then given by 

(12) 

dw /dt = fb 



C) Breakaway Oxidation Kinetics 

In some cases an oxide film growing parabolically may crack 

and the oxidation rate increases eventually transforming to 

the linear rate law Fig. 15. It has been suggested 
(68) 

that 

the breakaway kinetics occur if the cracks are more 

difficult to nucleate than to propagate. This allows the 

oxide to attain a certain critical thickness, before 

suf f icient stresses are developed to activate crack 

nucleation. 

The oxidation may not exhibit linear kinetics immediately 

af ter the breakaway since the whole f ilm 

does not fail at the same time. In fact several hours can 

elapse before the linear rate is attained. The oxidation of 

magneSLUM 
(69) 

at goo Kv (525 0 Q, niobium(70v 71) 
at 723 K 

(4500C) and titanium(72), provide examples where breakaway 

kinetics have been observed. 

Caplan and Cohen (73) 
observed interesting kinetics, during 

the oxidation of Fe/Cr alloys, which may be considered as a 

special case of the breakaway phenomena. The oxidation 

curve, shown in Fig. 16, exhibits a series of parabolas 

punctuated by breaks which correspond to tne periodic f rac- 

turing of the film. Caplan and Cohen(73) proposed the 

following mechanism to account for their observations. 

Initially the oxide film grows according to the parabolic law 
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(branch OA Fig. 16) and consists of a chromium oxide scale 

with minor amounts of iron oxide. The oxidation rate 

decreases due to silica accumulating at the metal/oxide 

interface, forming a barrier to cations diffusing into the 

scale. The scale isolated from the metal then cracks 

(region AB Fig. 16) admitting oxygen to the inner interface 

and the whole cycle is then repeatecL 

The foregoing description of discontinuous oxides and their 

kinetics implied that the characteristic feature is the pre- 

sence of stresses which develop during the film growth. This 

theme will now be developed by analysing the origins of 

these stresses and the factors which influence them. 

2.4.2 Development of Stress in Oxide Films 

It has been recognised for over fifty years that stresses are 

developed within an oxide growing on a metal surface, which may 

eventually cause the film to rupture, and thus cease to act as an 

effective barrier between the reacting species. Stresses within an 

oxide film often become apparent, when a scale fails in a manner 

indicative of stress systems acting in the plane of the interfaces. 

Compressive 
(74) 

stresses are often manifest by blistering, and 

shear cracking, whereas fractures indicate the presence of tensile 

stresses. 



The existence of stresses in a continuous nickel oxide f ilm was 
(75) demonstrated by Evans , in a series of classic experiments 

Since then many techniques have been developed, -to quantify the 
(76) 

stresses, and some of these have been reviewed by Stringer 

The origins of stresses within an oxide film have been a subject of 

some concern and not a little controversy. It is extremely unlikely 

that one factor can explain all the stresses in every metal/oxide 

system. Thus the causes of stresses in any oxide are peculiar to 

that particular system. Perhaps the best approach is to outline 

the most probable factors, and then to consider their application 

to stresses in the oxide film formed on molten aluminium. 

The earliest theory concerning the origins of growth stresses in 

oxide films was proposed by Pilling and Bedworth(59) who based 

their theory on the assumption that oxygen ions are the only 

species mobile in the scale. They considered the nature of stresses 

in their classification of various oxide/metal systems according to 

whether 

a) the oxide is physically discontinuous 

b) the oxide is physically continuous 

This was based on the often quoted Pilling and Bedworth ratio 

(PBR) which is written 



PBR = 
Wd 

wD 

where 

W molecular weight of oxide 

w formula weight of metal 

D density of oxide 

d density of metal 

(14) 

If this ratio is less than unity, the oxide produced was presumed to 

be discontinuoust or cellular whereas a compact continuous oxide 

is produced if the ratio is greater than one. It is, of course, well 

recognised that Pilling and Bedworth's concept of the oxidation 

process was inadequate by reason of limitations imposed due to the 

assumptions. For example, Vermilyea(77) suggests that, an oxide 

film is expected to be stress-free if the cation is mobile within it, 

and therefore the Pilling/Bedworth rule is invalid in this case. 

Even if this were true stresses can still develop in films by 

alternative mechanisms regardless of cationic conduction. The PBR 

has also been criticised on thegroundsthat it fails to predict 'the 

magnitude of stresses eg. quite thick layers of Ta. 205 and Nb 205 

can grow without fracture, despite the great volume change. This 

implies much lower stresses than those predicted by the rule, 

possibly indicating stress relief which is overlooked in the PBR. 

Stringer 
(76) has further argued that even if a metal ion is immo- 

bile in the oxide lattice it may have sufficient mobility at the 

interface and so contribute to stress relief. 
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Several authors 
(73,78) have identified changes in composition of 

either the oxide or the metal as the source of growth stresses. 

This mechanism obviously applies to the oxidation of alloys. Howes 

and Richardson (79) for example, consider the gradual development 

of stresses during the oxidation of Fe/Cr alloys, resulting from 

compositional changes within the oxide film. The volume changes 

are developed by the volume change upon the dissolution of one 

phase as the oxidation progresses. 

Changes in composition leading to interfacial stresses must also be 

considered for pure metals if duplex or multiphase films form. 

Another factor worthy of consideration is the contribution to the 

overall stresses by oxide growth within the oxide layer. Jaenicke(80) 

suggested that when the stresses exceed a certain value an oxide 

develops defects, (pores and cracks) which admit oxygen, 

permitting the formation of oxide within the body of the scale. 

This theory has been advanced by Rhines and Wolf(81) to explain 

growth stresses in Ni 0 (Fig. 17). 

Transformations such as recrystallisation within an oxide can also 

influence the stresses in the film. However the influence of 

recrystallisation is not clear. On one hand it has been suggested 

that recrystallisation may promote stressest but on the other hand 

Stringer (76) 
argues that it may relieve stressý particularly if it is 

induced by growth stresses. 



In addition to the factors outlined above stresses in oxide films 

may also be created by epitaxial constraints. However, these 

constraints diminish as films thicken. The stresses produced by 

epitaxial growth are insignificant in the present work, this is due 

mainly to the nature of the liquid metal surface, where there is 

only short range order subject to statistical fluctuations owing to 

the high mobility of atoms in the surface. 

In a growing oxide the defect gradient referred to earlier may also 

contribute to the development of stresses, but it is difficult to 

assess the magnitude and significance of this effect. 

2.5 Oxidation of Pure Aluminium 

It is scarcely 50 years since the study of oxidation was placed on 

any kind of theoretical basis. As with so many other branches of 

science the initial interpretations were formulated to provide 

limiting laws with which growth rates can be correlated. For a 

considerable period the role of structure was not accorded 

adequate recognitiong and in common with other systemsp oxidation 

studies of aluminium have suffered from this oversimplistic app- 

roach. Of course in the case of aluminium the situation has been 

further aggravated due to the required sensitivity of 

measurements. 

It is now recognised that kinetic studies must be linked with struc- 

tural information. These two aspects will now be considered. 
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2.5.1 Kinetics of Oxidation 

In 1859 Deville(82) first remarked on the apparent slowness of the 

oxidation reaction, but the first serious quantitative measurements 

were not made until 1923 when Pilling and Bedworth(59) included 

aluminium amongst the range of metals in their classic work. 

This work was carried out before the development of standard 

mechanistic theories of oxidation, and using equipment which by 

todays standards would be considered wholly inadequate, but they 

were at least able to recognise that over an oxidation period of 

several hundred hours, at 873 K (600()C) in oxygen (97.4% 02 and 

0.07% H2 0) the oxidation followed a two part growth law, which 

they referred to as 'quadratic law' and the 'cessation' as illustrated 

in Fig. I S. 

Gulbransen(83) - recognised the need for equipment of very high 

resolution to measure the mass changes expected, in the early 

stages of oxidation and developed a silica fibre torsion microbal- 

ance for the purpose. Gulbransen and Wysong(84) used the micro- 

balance to study oxidation kinetics, principally in the temperature 

range 673 K (4000C) - 823 K (5500C),, for periods of up to 2 hours 

in oxygen of unspecified dryness and purity. They found that for 

T< 748 K (4750C) the kinetics were parabolicp implying, diffusion 

control but at higher temperatures the growth approaches linear 

kinetics following a brief initial parabolic period. Gulbransen(84) 
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et al could not accept that this deviation from parabolic kinetics 

was due to any loss of protection afforded by the film on the 

grounds that the film was too thin to crack, and they were there- 

fore inclined to speculate that the linear kinetics were due to rate 

control by ion formation rather than diffusion. 

Gulbransen and Wysong ,s (84) 
work exemplifies the importance of 

maintaining a constant sample preparation scheme, if work of this 

nature is to provide reproducible unambiguous results. The marked 

effect of variation in surface finish and impurity content are well 

illustrated in Figs. 19 and 20, taken from their results. A further 

effect of sample condition was manifest in stimulated oxidation, in 

an isolated experiment at 473 K (2000C), which was attributed to 

the effect of an unspecified heat treatment referred to as 

I'degassing" at 748 K (475 0Q for 20 mins which presumably means 

heat treatment. This may be a further illustration of the influence 

of impurities because such a treatment would not only reduce 

hydrogen content but would also remove volatile impurities from 

the metal. 

Smeltzer(85) extended Gulbransen and Wysong, S(84) work to much 

longer periods of oxidation Fig. 21a i. e. 24 hours and at higher 

temperatures 873 K (600 0Q using a similar technique. He broadly 

confirmed their general results that the kinetics are parabolic at T 

< 748 K (4750C) The results of 5meltzer's tests at 823 K (5500C) 

are interesting. The parabolic plot of these results (Fig. 21b) 



consists of a linear section which undergoes a transition to a 

second linear section of a greater slope and this in turn gives way 

to a section with a lower slope. Obviously such a treatment yields 

two values of activation energies for each parabolic component. 

The values given for thin and thick film regions were 172 KJ/mol 

and 214 KJ/moL These values are in the wrong order to comply 

with Cabrera - Mott equation for thick and thin films and 

illustrates the limitations of theories based on diffusion control 

without regard to other factors. 

Aylmore(86) et al. produced experimental results (Fig 22) which 

broadly confirm Smeltzer's work i. e. the marked departure from 

simple parabolic kinetics at high temperatures but they were 

unable to identify a sequence of parabolas. In their interpretation 

they recognised the limitations imposed by idealisations implicit in 

models based exclusively on diffusion control and introduced as an 

additional factor the influence of structural changes taking place 

within the film which had been observed by others as discussed in 

the following section. 

The central feature of their interpretation was the rate control 

exercised by a barrier film produced during a preparatory vacuum 

anneal. Further oxide produced during the course of oxidation 

experiment termed "amorphous" oxide was assumed to offer no 

impediment until it transformed in its turn. In this way Ayl- 

more(86) et al could account for both the linear and subsequent 

decrease in 'the rate. 



, (87) In Dignam s later study direct structural observations were 

made to interpret features in thermograms which he obtained at 

temperatures within a range 678 K (405 0 C) - 873 K (6000C). He 

first observed crystal nuclei after 10 hours at 727 K (4540C), corre- 

sponding with a point of inflection on the thermogram as in Fig. 23. 

At successively higher temperatures both the detection of crystal 

nuclei and observations of the inflection were advanced to pro- 

gressively earlier times. Detailed mathematical analysis of the 

oxidation kinetics at 727 K (4540C) showed that during the amorp- 

hous film growth, the kinetics conformed to the inverse logarith- 

mic law derived by Cabrera - Mott for the growth of thin films. 

Thus Dignam's (87) 
contribution was to substantiate Aylmore et al 

speculation and at the same time to reconcile it with the Cabrera 

- Mott theories for conditions in which the assumptions are 

reasonable. 

Beck (88) 
et al also studied the relation between the kinetics and 

structure of oxide films formed on high purity aluminium, in nom- 

inally dry oxygen over a similar temperature range Le 723 K 

(4500C) - 848 K (5750C) but for greatly extended periods of time. 

The overall growth was treated as a summation of two independent 

and distinct processes, the growth of the overlying "amorphous" 

f ilm, and the growth of f- Al 203 crystals *. The growth 

In the terminology used in the present work this phase will be 

identified as ý- A'203* Its detection implies some source of 

water vapour despite the nominally dry atmosphere. 
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kinetics of the amorphous f ilms (Fig. 24) complied accurately with 

the parabolic law in disagreement with Dignam, s(87) analysis, 

The growth kinetics of 6- Al 203 crystals could accurately be 

described by applying Evans'(89) equation for expanding circles 

nucleated instantaneously and distributed randomly. The overall 

growth was adequately described by summation of the parabolic 

law and the expanding circle principle. 

Cochran and Sleppy(90) took account of the nature of the atmos- 

phere in which oxidation proceeds. They examined the oxidation 

of high purity aluminium in the temperature range 723 K (4500C) - 

913 K (6400C) in oxygen of unspecified dryness, moist air, and 

water vapour for periods of up to 167 hours. 

In all cases the oxidation was initially linear and subsequently 

decreased to a low rate (eg. after 66 hrs and 20 mins at 748 K 

(4750C) and 913 K (6400C) respectively). 

The oxidation rate was slightly faster in moist air than in dry 

oxygen for T> 823 K (550 0Q but slightly slower for T< 823 K 

(5500C). The oxidation kinetics in moist air were identical to that 

in water vapour implying a passive rolep of oxygen and nitrogen if 

water vapour is present. 



2.5.2 Structural Studies of Oxide Films 

The principal difficulty in structural studies has been the availa- 

bility of techniques adequate to provide appropriate information 

and the problems have been resolved over a long period by a 

combination of electron optical instrument development and per- 

sonal ingenuity. Successive advances in structural concepts have 

followed the introduction of particular techniques, as illustrated in 

the following review. 

a) Early Electron Diffraction Studies 

The advent of electron diffraction techniques offered a 

degree of resolution for use in thin films not accessible to 

x-ray diffraction, although electron diffraction lacks the 

accuracy of x-ray diffraction for indexing. The first results 

were obtained using purpose built electron diffraction 

equipment not associated with image formation. Although 

they are quoted frequently, the results obtained with such 

equipment are ambiguous due partly to the primitive stage 

of electron dif fraction development and partly to 

inadequate appreciation of all factors which influence oxide 

structure. 

Preston and Bircumshaw(91) and later De Brouckere(92) 

found by electron diffraction that the films formed on solid 

and liquid aluminium by heating in air up to 1573 K 
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(13000C) were essentially f- Al 20 31 but among the 

diffraction rings observed there were a number which could 

not be assigned to ý- Al 20X With hindsight, these can 

be ascribed to the presence of some additional phase eg. a 

- Al 20 3' Certainly more recent studies 
(93v 94) have 

confirmed that OC- Al 203 is observed on molten aluminium 

oxidised at high temperatures. De Brouckere's work in 

particular must be considered with some reservations since 

it reported the presence of ý- Al 203 on -aluminium at 

1573 K (13000C) at which temperature it is unstable with 

respect to a- A12 03 for all practical water vapour pre- 

ssures 
(95). 

Harrington and Nelson (96) later examined films formed on 

aluminium heated up to 160 hours in air at temperatures up 

to 923 K (6500C). They could not obtain distinct diffr- 

action patterns for films formed at temperatures between 

573 K (3000C), and 723 K (4500C), consequently they 

regarded them as amorphous. The patterns obtained for 

films formed at temperatures between 573 K (300 0Q- 723 

K (4500C) were indexed as those for ck - Al 
203a result 

which the authors could not accept because in their view 

the phase can not be stable at such low temperatures. 5uch 

a view implies that temperature is the only variable 

determining the phase stability, a matter which is taken up 

later. 
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The patterns obtained for films formed at temperatures over 

823 K (5500C) were so complex that they defied analysis 

suggesting a multiphase structure. With the advent of 

modern electron imaging equipmentp electron diffraction has 

acquired a new prominence as an adjunct to the TEM, and 

in this role the two techniques in concert are very powerful 

as reviewed in the following section. 

b) Correlated Electron Diffraction and TEM Observations Of 

Detached Oxide Films 

The TEM over the past 25 years has proved to be a very 

effective tool in studying the nature of the thin films 

formed on aluminiurru Its value in this role was demonstra- 

ted by Thomas and Roberts (97) 
who examined the properties 

of oxide films formed on aluminium foil during heat treat- 

ments in various oxidising atmospheres in the temperature 

range 673 K (400 0Q- 873 K (6000C). Atmospheres which 

are normally regarded as "high vacuum" are in fact oxidising 

to aluminium at temperatures of normal practical interest. 

Their basic observations are summarised in Table 5 showing 

a variation in the oxide morphologies according to the 

'quality' of the vacuum in which the prior heat treatments 

were carried out. It is particularly interesting to note that 

in very low pressures Le. 1.3 x 10-8 atmospheres where the 

partial pressure of oxygen was " 1.3 x 10- 10 
atmospheres 
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the film formed contained isolated needles, attributed to 

growth constraints in the film, whereas at higher pressures 

contiguous growths were observecL The work does not 

positively indicate whether these crystals are formed by 

direct oxidation of the aluminium at its interface with the 

oxide or, as the authors assume by crystallisation of the 

'amorphous' oxide. In fact later work has suggested an 

alternative view. Both Doherty and Davis(98) and Randall 

and Bernard(99) conducted experiments on barrier films 

formed by anodising in non-solvent electrolytes. They used 

this technique as an expedient to produce thick 

structureless Camorphous') films for studying crystallisation 

induced, subsequently, by thermal oxidation at 873 K (6000C). 

The number of crystals observed using the TEM were found 

to be inversely proportional to the initial thickness of the 

anodic f ilm. Both sets of authors argue that this is evi- 

dence for direct formation of crystals by oxygen transport 

to the metal/oxide interface rather than the Idevitrificatiore 

(Le. crystallisation) of the 'amorphous' film although they 

differ in their views of the transport mechanismy Doherty 

and Davis(98) favour diffusion of oxygen from the atmosp- 

here whereas Randall and Bernard 
(99) 

prefer to attribute 

oxygen transport by direct access via cracks formed in the 

oxide, because there appears to be insufficient driving 
I 

potential gradient through the film to justify Doherty and 

Davis's(98) view. In their interpretationt neither of these 



authors considered the influence of impurities in imparting 

conduction to the oxide which is known to be important. 

Of course there is the further reservation in their implicit 

assumption that kinetic information for 'anodic' film is 

equally applicable to the amorphous film formed thermally 

at low temperatures. 

Doherty and Davis(98) also applied the TEM to observations 

intended to assess the influence of substrate orientation on 

the oxide film. Electropolished pure (99.992%) aluminium 

tricrystals (exhibiting (100), (110), (111) planes) were oxidi- 

sed for 15 minutes at 773 K (5000C) and 873 K (6000C) in 

air. Oxide samples were detached for examination by an 

unusual technique in which excess vacancies quenched into 

the metal were condensed at the metal/oxide interface to 

induce decohesion. The films formed at low temperatures 

were "amorphous" Le. without resolvable structure but 

exhibited an apparently orientation-dependent feature. 

Although the oxide/metal interfaces were all smooth with 

CLA <+I nm, the profiles of the oxide/atmosphere inter- 

faces were smooth, grooved and scalloped respectively on 

the (100)t (110) and (111) crystallographic faces of the 

metal respectively. The authors sought an explanation using 

Mott's theory 
(56) 

of interface rate-control and associated 

with the orientation-dependence of the activation energy 

-ý9- 



for transfer of aluminium from the metal to interstitial 

solution as ions in the oxide. These results have been 

strongly criticised by Randall and Bernard(99) on the basis 

of their own experience in applying the same techniques to 

the study of oxide films formed on polycrystalline 99.98% 

pure aluminium foil. They found that scalloped faces were 

produced by electropolishing the metal and moreover that 

the topographical periodicity of the oxide could be varied 

by varying the elect ropolishing technique. For this reason 

they were inclined to ascribe Doherty and Davis's 

undulating oxide/atmosphere profiles to elect ropolishin g 

artefacts introduced during initial sample preparation rather 

than to a genuine oxidation phenomena. The two opposing 

interpretations are compared in Fig. 25, and Fig. 26. 

With the advent of the high voltage ( ju 10 6 V) TEM it has 

become feasible to observe the oxidation of thin aluminium 

foil directly "in-situ" in the microscope because the 

penetrating power of the beam permits observation of the 

oxide film through the thin substrate and because a gas 

reaction cell can be accommodated within the larger speci- 

men chamber. Such experiments are possible for aluminium 

because of the free energy change of the reaction -. 

L. Al 0 -1704 - 0.02 T log T+0.36 TU... (15) 2A1+2202 723 



is so high that the oxygen pressure in the microscope may 

be adjusted to a value for which the instrument will func- 

tion and yet which is oxidising to the metal. 

Scamans and Butler(100) applied the technique to obtain 

further information on the crystallisation known to occur 

within the 'amorphous' alumina. At temperatures much 

below 748 K (4750C) no crystals were observed, but at 748 

K (4750C) the growth of f- Al 203 crystals could be 

followed early because nucleation was preceded by an 

incubation period which the authors ascribed to the time 

needed for the development of critical oxygen concentration 

at nucleation sites. At higher temperatures , 793 K (520 0 C), 

the incubation period was so short that crystal nucleation 

was virtually instantaneous. The critical temperature for 

nucleation, Le. 748 K (475 0Q is in broad agreement with 

other observations quoted earlier. 

Hart and Maurin (101) 
used direct TEM observations to study 

the initial stages in the thickening of air formed filmson 

samples of aluminium foil oxidised in the microscope in 

temperature and pressure ranges 623 K (3500C) - 813 K 

(5400C) and 1.3 x 10-7 - 6.5 x 10- 10 
atmospheres res- 

pectively. The oxidation in the microscope occurred by 

nucleation, growth and coalescence of oxide islands after an 

incubation period. The distribution of the islands was 
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temperature and pressure independent and they were formed 

in one or either of two morphological variations. 

a) well defined crystallographic forms 

b) dendritic polycrystalline aggregates 

The authors offer no comment on the nature of the mor- 

phologies observed, but they extracted kinetic information 

from enlarged electron micrographs marking stages in the 

growth of island and diminution of the remaining surface. It 

Is questionable whether kinetic information obtained from 

two-dimensional photomicrographsp can be applied to a three 

dimensional process such as crystal growth and this perhaps 

explains why the activation energies obtained are 

inconsistent with activation energies determined ther- 

mogravimetrically. 

C) Use of Electrochemical Polarization Techniques 

The technique had its origin in work by Hunter and Fow- 

le (102) 
who developed a simple rapid electrochemical tech- 

nique for measuring the thickness of anodically formed films 
-the 

on aluminiunu It was based on/principle that the electrical 

potential (FAIF) at which a leakage current could be 

observedt on an anodised sample in a suitable electrolyte, 

was a measure of the barrier layer thickness, Le. thickness 

was 1.4 nm/V. On further reflection Hunter and Fowle(102) 
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considered that the technique would be equally valid for 

thermally formed films on the assumption that the 

structures of the two kinds of films were similar. 

Dignam 
(103) 

applied this technique to study the nature of 

the films formed thermally and anodically on normal high 

purity aluminium, and some of its binary alloys. Leakage 

current Le. (polarization curves) were determined for 

samples previously exposed to dry oxygen (purified by dis- 

tillation through liquid nitrogen) at 523 Kv (2500C), 623 K 

(3500C), 723 K (4500C). 

The polarization curves of normal high purity (99.99%) alum- 

inium oxidised at 723 K (4500C) in dry oxygen are given in 

Fig. 27. These were interpreted as indicating structural 

change within the oxide formed after oxidising for 16 hours. 

No such phenomena was observed for samples oxidised at 

lower temperatures. In Dignam's 
(103) 

view the structural 

change was related to the nucleation and growth of crystals 

within the initially formed film. 5upporting TEM work 

confirmed that crystals were indeed present in the sample 

in which they were suspected. The crystals were orientated 

with respect to the metal substrate in a manner suggesting 

epitaxial growth providing further evidence that they nuc- 

leated from the 'amorphous' film at the metal/oxide inter- 

face. 
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Dignam's (103) 
comments on the role of the impurities are of 

special interest. He was aware that magnesium present as 

an impurity reduces the temperature at which ý-Al 
203 cry- 

ystals nucleate and grow within the "amorphous" oxide film, 

and since T- A120, is isomorphous with the spinel MgA12 04 

he suggested that the role of 0.001% Mg present as an 

impurity in the metalv could promote nucleation eg by 

forming clusters of magnesium atoms in the disorder at the 

metal/oxide interface, copper and silicon additions had the 

opposite ef f ect (eg 0.24% Si added to high purity aluminjum 

suppressed crystallisation as illustrated by the polarization 

curves given in Fig. 28ý Dignam offered an explanation for 

these effects using an argument based on size factors, 

relative diffusivities and affinities between solute atoms, 

asserting that copper and silicon inhibit the nucleation 

induced by magnesium. 

Ellipsomet! j 

Badia(104) employed the ellipsometry technique to analyse 

the amorphous oxide film growth., and crystalline oxide 

development during thermal oxidation of aluminium. 

This technique which is normally used on films which are 
homogeneoust with smooth interfaces, involves the measure- 

ment of phase changes (A J between two mutually perpendi- 
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cular plane polarized light waves and the ratio of their 

amplitudes (V) upon reflection off a surface. 

In this study Badia uses the technique to show the changes 

of an Initially smooth interface, due to the formation of 

crystals beneath the amorphous film. 

The method adopted was to calculate the changes in A and 

V for the ideal case of smooth interfacesp (the calculations 

were confirmed experimentally by measurements on an 

alumina film deposited on polished aluminium) and then to 

compare these values with the data obtained from aluminium 

surfaces, oxidised at 793 K (5200C). The two sets of data 

are shown In Fig. 29. 

The deviationsp of the measurements on the oxide from the 

Ideal modelp were interpreted as the perturbations, of the 

initially smooth Interface, due to the formation of crystals. 

During the course of thermal oxidation a 'minimum' occurs 

in the A plot (marked A, Fig. 29). The experimental 

points f or V obtained after prolonged oxidation 

lie close to the ideal curve, which suggests that the smooth 

interface is reproduced presumably due to the coalescence 

of the crystals. 

Although this study demonstrated the applicability of the 
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technique, clearly the data obtained can only be interpreted 

with supplementary structural studies. Whether the ellipso- 

metry technique can contribute, in addition to the more 

commonly used techniques (electron microscopy and thermo- 

gravimetry), to understanding of the oxidation process 

remains doubtful, in its present state of development. 

2.6 The Alumina-Water System 

From the observations reported in the preceding section it is clear 

that the structures found in films formed on aluminium in normal 

atmospheres must be interpreted not within the simple 

aluminium-oxygen system in which the metal and corundum are the 

only stable phases, but in a wider context of the ternary 

aluminium-oxygen-water system. Fortunately the alumina-water 

system has been very extensively studied because of the technolo- 

gical importance of Bayer process in which aluminium trihydrates 

are calcined to provide corundum as feedstock for the production 

of aluminium by electrolytic reduction, and because of commercial 

applications of alumina products e. & for use as absorbents. 

Z6.1 Nomenclature 

The first point which requires clarification is the usage of the 

term "alumina", This term is used rather ambiguously in the liter- 

ature to denote(105), 

-56- 



i) aluminous material of all types taken collectively 

ii) the anhydrous and hydrous aluminium oxides taken indis- 

criminately 

the calcined or substantially water-f ree aluminium oxides 

without distinguishing the phases present 

iv) corundum or oL- A1203 specifically. 

-Unfortunately the significance assigned to the term is sometimes 

hard to determine, from the context in which it is given. More 

than 25 solid phases of alumina have been described and it is 

doubtful whether some of these really exist(95p 
105). The phases 

found in nature and some of the artificially produced types of 

alumina, have common mineralogical names. Most of these phases 

are also identified by Greek letters, but due to many systems used 

by various investigators, there is no general agreement on 

terminology. The historical development and basis used for various 

systems of nomenclature have been reviewed by Gitzen (105) 
and 

(95) Wefers and Bell . The systems in use are shown in Table 6. The 

ALCOA system will be used throughout this work; the other 

systems are given only for comparison, 

2.6.2 Classification and Characterisation of Phases 

The phases which have been identified in the alumina-water system 



can be divided into three main groups: - 

the hydrous aluminas ie. the trihydratest gibbsitep bayerite 

and norstrandite and the monohydrates boehmite and 

diaspore 

the transition aluminas 

the anhydrous high temperature phase corundum 0(- - Al 20 3) 

This classification has evolved traditionally from the dehydration 

sequence followed in the calcination of the trihydrates during the 

preparation of oc- Al 203 by the Bayer process. Within this broad 

classification the particular variants of the general forms have 

also been characterised according to the methods by which they 

can be prepared or obtained. 

i) The Hydrous Aluminas 

The trihydrates gibbsite and bayerite and the monohydrates 

boehmite and diaspore are all naturally occurring constitu- 

ents of mineral deposits. Together with the other two 

members of the group they can also be prepared artificially 

as described elsewhere(95P 105). These phases are of inte- 

rest in the present work only in so far as they can yield 

information as precursors of the transitional aluminas and of 

corundun-u No further elaboration of their particular nature 

is necessary. 
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ii) The Transitional Aluminas 

The transitional aluminas comprise a group of phases which 

fall between the monohydrates and corundum (CC - Al 20 3)' 

They had originally been grouped together and referred to 

as "gamma" alumina. All of these phases may be produced 

by thermal transformations and in some cases by 

hydrothermal transformations, of the aluminium hydroxides 

and by the oxidation of aluminiurru All of these forms are 

hydrous to some extent and have various usesp particularly 

as absorbents, catalysts, coatings and soft abrasives. 

Stumpf et al 
(106) have described the x-ray patterns, tran- 

sition sequences, and temperature ranges of seven transi- 

tional aluminas. They found that the sequence of phases is 

influenced by the water vapour in the atmosphere and by 

the impurities. Complete surveys on transitional phases 
(95,107-109) 

have sincebeen made by many investigators 

Lippens classified the transitional aluminas into two 

groups; low temperature forms, dehydrated below 873 K 

(6000C) and containing up to 2% H20 which includes ýp )( 

f and high temperature forms obtained at 

1073-1273K (800 - 10000C) which are nearly anhydrous and 

include the phases kv Cr 
jS. Some of the possible 

transition sequences are shown in Fig. , 30, but these are 

not necessarily hard and fast rules. The sequences are 
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affected not only by the starting materials but also by their 

crystal size, heating rates and impurities. 

7- A1203 is of particular significance in the present 

work as will become apparent later but because of the 

confusion occasioned by its structural similarities to 

Al 203 and use of different systems of nomenclature it 

cannot be discussed in isolation. 

f- Al 203, according to Stumpf 
(106) 

et al is the phase 

with a cubic structure obtained by heating bayerite or 

boehmite at 773 K (5000C). Rooksby(108) determined that 

- Al 203 is a spinel, which probably coincides with the 
(106) Al 0 is distinguished Al 203 described by Stumpf 23 

f rom Al 203 by differences in the relative intensity 

and sharpness of lines produced by x-ray diffrac-tion Le the 

line corresponding to 0.416 nm for ?- Al 203 and splitting 

of the line corresponding to 0.197 nm for f- Al 
20 3* '' In 

other respects the patterns are very closely related so that 

it is difficult to distinguish between them. 

Houben and De Boer("') suggest that the crystal structure 

of 
f- Al 203 

is probably due to the presence of about 

3.4% water which fills all open spaces in the spinel lattice. 

Additional water may react with the surface Of the oxide 

until the surface composition can be represented by the 
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formula Al 0 OH while the internal structure is the spinel 

H Al 50 8* 

Maciver, Tobin and Barth (112), differentiated ý- Al 203 

f rom I- A1203 by its higher water content. This was 

thought to be due to molecular water strongly adsorbed on 

the surface of the f- Al 20 3* Yanagida, Yamaguchi and 

Kubota(I 13) distinguished between two types of water 

associated with the transitional aluminaso "non-lattice 

water" which does not substantially change the d-spacings 

as determined by heating curves, and 'lattice water"I which 

produces changes in lattice dimensions. 

iii) Corundum( OC - Al 20 3) 

The principle sources of CC - Al 203 are native corundum 

and the manufactured product derived f rom boehmite. The 

most common methods for preparing OC - Al 20 31 are cal- 

cination of aluminium hydroxides, transitional aluminas and 

aluminium salts and by solidification from melts(105) 0 Cz - 

Al 203 can be produced with a wide range of properties. 

Purity, crystal size and orientation depend very much upon 

the conditions under which the oxide is produced. 

According to Stumpf (106) 
et al, Rooksby(108) and Tertian 

and Pappee 
(107) 

, the temperature of formation of cc - 
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A1203 from the transitional aluminas varies between 1373 K 

(11000C) and 1423 K (11500C). There are however many 

factors that influence this temperature These include the 

starting material, particle size, nature of gases in the 

calcining atmosphere impurities, and additions that either 

promote or suppress crystal growth, or affect other 

properties. 

Steinheil 
(114) 

prepared a phase he termed Ilepisilon alumina" 

by oxidising aluminium. Upon heating to melt off the metal, 

he observed that 11 ý- Al 203 11 was obtained. In contact 

with aluminium the transition to oL. - Al 203 appears to be 

lowered to 933 K (6600C). Beghi(115) et al noted that if 

the metal is dissolved away from the oxide the transition to 

&- Al 203 occurs at much higher temperatures (> 1173 K 

(9000C). 

In 1887, Le Chatelier(116) made the unexpected observation 

that there is a sudden heat release at about 1123 K (8500C) 

during calcination of "alumina" prepared from nitrates and 

chlorides but not when prepared from sodium aluminate. 

Heat evolution in the latter case can in fact be induced by 

small amounts of added fluorides indicating some kind of 

catalytic activity in nucleating the new phase. This effect 

has a practical application in the Pechiney process(117) to 

increase the mineralisation of the alumina and to conserve 
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fuel by reducing the calcination temperature required to 

produce non-hygroscopic alumina. Furthermore according to 

Lindsay(IIS) there is also an influence on the growth 

kinetics, increasing the crystal size until a maximum is 

attained for an aluminium fluoride concentration of 1.4%. 

Roberts and Jukkola(119) used the Pechiney method of 

adding volatile fluoride to reduce the conversion tempera- 

ture to oc- Al 203 during fluid calcination of finely divided 

alumina. 

The transitional aluminas can serve as excellent absorbents 

because of the ease with which they can be rehydrated and 

subsequently reactivated. However, if the reactivation is 

taken too far so that the alumina is totally dehydratedp it 

transforms to oc - Al 203 and subsequent rehydration is no 
(120) 

longer possible 

2.6.3 The Structurps of Aluminas 

The structures of the aluminas have been reviewed by several 

authors(95p 
105) but for the present purpose it is sufficient to 

consider only 7, ý and 0ý - A1203* 

Many oxides exhibit a mixed type of ionic and covalent bonding in 

the solid state 
(121). Generally the amount of ionic bonding is 

lowered as the cation size and its co-ordination numberv in the 
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oxide, is decreased. This is illustrated by the estimations of ionic 

bonding in several oxides (Table 7). 

The large proportions of ionic bonding in alumina implies that the 

structure is close packed since the bonds are not directed. 

It may be shown, by simple geometry, that cation co-ordination 

number in oxides with close packed structure, is related to the 

ratio of cation to anion radii. Typical values for basic and acidic 

oxides are shown in Table 7. If the radius ratio is 0.414 it is not 

possible to place six oxygen ions in contact with one cation. The 

tetrahedral co-ordination is usually formed when the radius ratio is 

in the range 0.255-0.414p whilst an eight-fold co-ordination is 

found for radius ratios greater than 0.732. The radius ratio for 

aluminium is close to the critical value, and although the cations 

are usually in six-fold co-ordinationt with oxygen anion or hydroxyl 

groups, and are located in interstices of octahedral anion groups, 

there are occasions when the cation may be in fourfold 

co-ordination, as in glass or mullite. All these factors are 

characteristic of amphoteric oxides. 

Both cubic and hexagonal close-packing have been observed in the 

aluminas. In cubic close packing, the ions of one plane occupy the 

hollows formed by three ions of the adjacent plane. Every fourth 

plane of ions in the crystal lattice is repeated in the sequence 

ABCABC yielding the face centred cubic celL In the hexagonal 
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close packing the close packed anionic planes recur at every third 

plane in the sequence ABAB. In general the octahedra and 

tetrahedra are distorted by cations. Empty octahedra are larger 
(105) 

than those filled by aluminium ions 

Y- Al 203 is described as a spinel, having a similar structure to 

MgAl 20 4' Taking this view, Verwey (122) describes Y- Al 203 as 

a spinel with 32 oxygen ions and consequently 21 1/3 
aluminium 

ions. The formula Verwey suggested is 

Al 8E Al 4 0/3 EI a /3 10 
32 

(16) 

Aluminium ions and cation vacancies in the square brackets are 

distributed at octahedral sites. 

Stumpf(106) et al suggested that I- Al 203 produced f rom bay- 

erite is cubic, Saalf led (123), 
showed that 6- Al 203 produced 

from gibbsite has a tetragonal structure. Tertian and Pappee(107) 

showed that a slow dehydration rate leads to the formation of the 

more ordered tetragonal form, whereas a fast dehydration may 

produce the cubic form. According to Glemser and Reick(124) 6 

- Al 203 has water strongly bound as 

supported by Maciver(112) et aL 

hydroxyl ions, a view 

The structures of the transitional aluminas have been considered in 

terms of two alternative models. 



De Boer and Houben 
(125) 

proposed a model based on estimated 

densities of various alumiha samples, in which they assigned to 

- Al 203 the empirical formula 5 Al 203nH20. Their results 

given in Fig 31 exhibited a sharp discontinuity for na com- 

position representing the limiting composition for a31 spinel. 

Rearranging this limiting formula as H A15 08 demonstrates the 

analogy of the empirical formula with that for r- Al 
203 spinel, 

Li Al 5 0., where Li+ ion enters octahedral spaces to redress the 

charge imbalance. Taking this structure as a guide(125) the f rame- 

work on which the 7- A1203 is based on is written as 

Al 8[ Al 13 1 13 [: ] 
22 /3 10 32 (17) 

The eight aluminium ions before the brackets represent those 

which are bound in tetrahedral interstices, and those within bra- 

ckets occupy octahedral holes. On average 13 1/3 octahedral 

interstices are occupied by aluminium ions and 22 13 are vacant. 

The limiting composition 5 Al 203H20 is written as 

Al a[ Al 12 H4 10 32 (18) 

representing substitution of aluminium ions in the octahedral 

interstices by a number of hydrogen ions bearing an equivalent 

positive charge. The increase in configurational entropy for (18) 

as compared with (17) is the basis of the stabilization of the spinel 

* C- Al 203 in their terminology 
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structure by other cation species. When hydrogen is the second 

species it is often convenient to speak of the effect as 

stabilization by hydration. Equations (17) and (18) are structurally 

similar and they are of course schematic representations and 

account neither of inherent structural instability of (17) nor the 

geometric problem in assigning a bare proton to interstitial site. 

The geometric problem posed by the need to accommodate the 

proton in the hydrogen substituted spinel is solved in the alterna- 

tive model proposed by Anderson(126) where the hydrogen is acco- 

mmodated as protonated anions Le as hydroxyl groups. 

Verweyý(127) discussion on the structure of various spinels gives 

further insight into Anderson (126) 
modeL The spinel LiFe 508 can 

be considered in terms of the unit cell: 

Fe a[ Fe 12 Li 4 10 32 ('9) 

where the ions between the brackets occupy octahedral sites. This 

spinel shows a reversible order-disorder phenomenon with a 

transition- point in the neighbourhood of 1023 K (750 0 C). Samples 

heated above the transition temperature and cooled rapidly show 

the normal spinel structure as determined by x-ray methods indica- 

ting a disordered arrangement with only short range order of 12 

Fe and 4 Li cations about each octahedral hole. X-ray diffraction 

patterns of samples annealed at temperatures < 1023 K (750 0C) 
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exhibit a number of extra lines, which Braun 
(128) 

explained in 

terms of a long range order of Fe and Li cations (in the ratio 3 

1) in the octahedral sites. 

This structure also represents both I- Fe 203 and I- Al 20X Sam- 

ples of W- Fe 203 were prepared by Gorter (129) 
which produced 

x-ray diffraction patterns similar to that for ordered LiFe 50 8* 
These samples contained various amounts of water up to the empi- 

rical compositions H Fe 50 8' The scattering power of Li+ and H+ 

for x-rays is negligible compared with that for other ions and in 

consequence they do not contribute to the patterns so that the 

structural arrangment is 

Fe 8( Fe 12 H4 10 32 

by the De Boer and Houben model or 

Fe 8[ Fe 12 
C)4 10 28 (OH) 4 

(20) 

(21) 

by the Anderson model where the protonated anion is adjacent to 

a cation vacancy. 

Similarly, the structural arrangement for I- Al 203 may be re- 

presented by either 
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(I)eBoer and Houben) or more realistically 

Al 8[ Al 12 C]4 10 28 (OH) 4 (Anderson) (23) 

When water is taken up beyond the amount required for the spinel 

structure it is bound to the outer surface of the oxide. The 

dotted line in Fig. 31 is calculated suggesting that the density of 

adsorbed water is equal to liquid water. The first mono-layer of 

these water molecules must be considered to be bound by chemical 

forces, forming OH_ groups at the surface. Fig. 32 gives the per- 

centage of water after heating at various temperatures, for eight 

hours in an atmosphere in which the water vapour pressure is 6x 

10-3 atmospheres. There is a sharp discontinuity in the curve at 

4% water which represents a point higher than that corresponding 

to the f ormula H Al 50 S' From these results De Boer and Houben(125) 

suggested that up to 4% water is taken up by chemical f orces in 

the lattice and on the surface of ?- A1203 . They further 

suggested that the water in lattice contributes to the normal 

constituents of lattice, as described previously. Water chemically 

bound on the surface was typified as forming OH_ group. When 

still more water is taken up, it is physically adsorbedt initially as 

single molecules, then as a continuous mono-molecular layer, 

followed by multimolecular adsorption. 

Maciver(I 12) 
et al interpreted their results as showing that the 

entire water content of '6- Al 
203 could be attributed to surface 
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hydroxyl groups. This view is quite inconsistent with the concen- 

sus of other workers and will be disregarded. 

The structure of a- Al 203 (corundum) was determined in 1915 by 

Bragg and Bragg( 130) 
who found it to be rhombohedral using x-ray 

techniques. This has since been confirmed by other invest- 

igators(I 3 1) 
* According to Newnham and Haan(132) the oxygen 

anions are hexagonally close packed and the cations occupy two- 

thirds of the octahedral interstices *a- Al 203 crystals 

usually appear as thin hexagonal plates and less often as triangular 

plates. Small differences in the mode of crystal growth are obser- 

ved, mainly concerning the thickness of the platest the edge face- 

ting, size, and degree of perfection of the crystal. The mode of 

growth is affected by several factors which include temperature, 

and presence of fluorides, borates, phosphates, and other 

mineralisers. A good example of this, is the effect of fluorides 

upon the thickness of the crystals. Added cryolite produces thin 

sharp cornered plates, whereas calcium fluorides produced thick 

rounded crystals(951 
105). 

2.6.4 Films Formed on Pure Aluminium in Water 

Although at f irst sight it appears unrelated to the general theme 

of high temperature oxidation it is useful to include a brief review 

of published work concerned with the phases formed on pure alum- 

inium in the presence of water. The literature is extensive, but 
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since only the principle and the nature of phases are of direct 

interest in the present context it is inappropriate to present an 

exhaustive reviewq which would only serve to detract from the 

main theme. Therefore details of theoretical mechanistic models 

and the numerical analysis of kinetic data are largely ignored in 

this discussion. 

The compositions of the films formed in water are primarily temp- 

erature-dependent and hence it is convenient to consider the 

information available within loosely defined temperature ranges. 

i) Films formed between 293 K (200C) 0 353 K (800C) 

The results of several studies on the phases formed on 

aluminium within this loosely defined temperature range 
(133-135) 

have been published 

Hart (133) 
reported weight gain and electron diffraction 

analysis of samples immersed in pure water at temperatures 

between 293 K (20 0Q- 353 K (800C) for periods up to 20 

days. At temperatures below 333 K (600C) a duplex layer is 

formed, consisting of trihydrate crystals, bayerite overlying 

the monohydrate, boehmite. As the temperature of the 

water was increased the number of bayerite crystals 

progressively decreasedv until at 353 K (80 0Q only boeh- 

mite was detectedt although small crystals of bayerite 

formed on some specimens after prolonged exposure. 



Alwitt 
(134) 

et al also studied the growth of hydrated oxide 

films and obtained SEM micrographs of the duplex films, 

clearly confirming the presence of bayerite crystals, but 

their electron diffraction patterns of the inner layer diff- 

ered from those obtained by Hart, which corresponded to 

crystalline boehmite. Instead the diffraction pattern was 

characteristic of a poorly crystalline form of boehmite, 

which is often referred to as "pseudo-boehmite". 

An interesting f eature in both of these studies is the obser- 

vation that the two layers remain quite separate, and even 

during their growth there was total absence of mutual 

penetration. 

ii) Films formed between 363 K (90 0Q- 373 K (100c)C) 

The films formed by reaction with boiling water have, per- 

haps, been the most extensively studied of hydrated oxide 
(136,137) 

films on aluminium . This may be because only one 

phase is present, the films grow rapidly in easily repro- 

ducible conditionsp and they are of commercial importance 

in corrosion protection, sealing of porous anodic oxides, and 

manufacture of dielectric oxide layers. 

The films formed within this temperature at I atmosphere 

pressure consists entirely of fairly well crystallised pseudo 
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boehmite. Bayerite can also be formedv but only at much 

higher pressures 
(137) (700 atmospheres). 

iii) Films formed between 373 K (10000 - 647 K (374 0 

it is generally accepted that at I atmosphere pressure the 

films formed within this temperature range almost invariably 

consists of boehmite (138-141) 
although diaspore, has been 

(138) 
observed after prolonged exposure It is possible to 

form bayerite at very high pressures (700-2000 atmospheres) 

at temperatures between 373 K (1000C) and 423 K (150'DC)v 

but above 423 K (1500C) only boehmite is observed. 

iv) Films formed above 647 K (374 oc) 

Reaction above the critical temperature of waterp results in 

(138) 
the formation of Al 203 and a- Al 203 



3. EXPERIMENTAL PROCEDURES 

The review of previous work on oxidation of solid aluminium at 

high temperatures highlighted the requirement to utilise both 

structural and kinetic information to form an adequate concept of 

the oxide films. 

The experimental approach for the present work was programmed 

in two parts 

a) Structural analysis of oxide f ilms 

Growth kinetics of oxide films 

3.1 Structural Studies 

3.1.1 Preparation of Melts 

During the initial stages oxide samples were obtained from large 

melts ( at 6 Kg) which were prepared by melting in a gas f ired 

furnace and held at constant temperature in an electric furnace. 

This technique was inadequate for several reasons, among them the 

f ollowing. 

a) The poor temperature control during melting and holding 

adversely affected reproducibility of the results (t--g 

compositional changes arising from inconsistent superheating 
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during melting are particular undesirable since the oxide 

structures are sensitive to incorporated impurities. 

b) Contamination of the metal f rom the crucible and f urnace 

atmosphere. 

C) The oxidising atmosphere could not be controlled with 

sufficient accuracy. 

A smaller melting and holding furnace Fig. 33 was constructed to 

overcome these difficulties. The advantages of the system are. 

a) The metal can be melted and held in a clean environmentr 

and without superheating. 

b) The contamination of the metal f rom crucible is eliminated 

by using recrystallised alumina crucibles. 

C) The oxidising atmosphere can be controlled with greater 

precislon. 

d) The temperature can be maintained at 1003 K (730 OC) to 

within + IOC over long periods of time. 

3.1.2 Sampling Procedure 

0.05 kgs of metal were melted and held at 1003 K (730 0 C) +I OC in 

the electric furnace. The required oxidising atmosphere over the 

melt was maintained by means of a lance positioned - 0.015 m 

from the melt surface. Gas 'trains' for various atmospheres are 
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shown in Fig. 34. Water vapour pressure in the atmosphere was 

controlled by passing oxygen through a saturator (A) comprising a 

series of Dreschal bottles (D) filled with distilled water and imm- 

ersed in a water bath controlled accurately at the dew point 

appropriate for the prescribed humidity. Similarly, volatile fluor- 

ide was introduced into the atmosphere by passing oxygen through 

a bottle containing hydrofluoric acid. 

Prior to sampling the surface of the melt was skimmed cleanp using 

a scraper constructed of alumina, and allowed to oxidise for the 

prescribed time period. The oxide formed was lifted by 

withdrawing a copper wire loop through melt surfacet so that the 

oxide and adherent metal formed a continuous film across the loop. 

3.1.3 Examination of Oxide Films 

The following techniques were selected to study the structure and 

constituents of the oxide f ilms. 

Electron Microscopy 

a) Transmission Electron Microscopy (TEM) 

b) Scanning Electron Microscopy (SEM) 

2) X-ray Photoelectron Spectroscopy (XPS). 

3.1.4 Electron Microscopy 

It will become apparent later, that the main features of interest in 
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the oxide f ilms are small crystallites, typically 125 nm, across, 

which cannot be resolved using light optical microscopy. Electron 

microscopes on the other hand, are ideally suited to study the 

structure of oxide films, not only due to the superior resolution 

but also due to the several additional features capable of yielding 

information to fully characterise the films. 

3.1.5 Transmission Electron Microscopy 

The mechanism of image formation in the normal transmission mode 

of operation in which the image is formed by a combination of the 

unscattered beam and the scattered electronsq are well 

documented in several texts(142-144). Considerably more informa- 

tion may be gained from specimens if other modes of operation are 

also employed. Electron diffraction and dark field imaging modes 

are particularly useful for identifying phases within a structure 

and merit a brief description. 

a) Electron Dif f raction 

A crystalline specimen will diffract the electron beam 

strongly through certain angles, 0, dependent on electron 

wavelength and crystal spacing given by Bragg's law. 

ný= Sin 0 (24) 



where d is lattice spacing, X is the electron wavelength 

and n is an integer. 

These diffracted electrons are brought to focus in the back 

focal plane of the objective lens (Fig. 35). In normal 

magnification mode of operation, the intermediate image 

formed by the objective lens is the object plane for the 

first (intermediate) projector lens. If the strength of this 

projector lens is so weakened that the object plane of this 

lens becomes the back focal plane of the objective lens, 

then the diffraction pattern will be imaged by the first 

projector and enlarged by further projector lenses. Both the 

image plane and the diffraction pattern contain information 

about the specimenj and both are always present to be 

viewed at will by selection of the strength of the 

intermediate lens. 

An aperture inserted in the objective lens image plane can 

be used to select areas from which diffraction patterns may 

be obtained. This technique is known as selected area 

diffraction and is extremely useful for identifying phases 

within a structure. It is unfortunate(143) however, that the 

technique cannot be used to define regions much smaller 

than a 1000 nm diameter. 

b) Dark Field Microscopy 

A dark field image is produced when the unscattered elect- 
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rons are removed, so that the image is formed only from the 

scattered electrons. This image is of much greater contrast 

than a bright field image, although, of course, the intensity 

is very much reduced. 

The simplest way in which a dark field image can be formed 

is by displacement of the objective aperture disc so that 

the aperture in the disc accepts no part of the central 

unscattered beam. The image is of poor quality, because 

the aperture is accepting off-axis electrons subject to 

larger aberrations than those on the object lens axis. 

Dark field images of high quality can be obtained by tilting 

the electron beam at an angle so that the diffracted beam 

of interest travels down the objective lens axis. The tech- 

nique is referred to as High Resolution Dark Field Imaging. 

A Jeol 120 CX Temscan operated at 100 KV was used in 

the present work. Under ideal conditions it's resolution is 

1 nm. 

C) Sample Preparation for TEM 

Operation of the TEM requires preparation of samples th- 

rough which an electron beam can be transmitted without 

too great a loss of intensity. The maximum usable sample 



thickness depends on the atomic number of the material, 

and is typically 500 nm or more for specimens composed of 

light elements, decreasing to less than half this value for 

materials of higher atomic number. 

Oxide samples cut from the copper wire loops cannot be 

examined in the TENI without first removing the metal 

adhering to its underside. The following techniques for 

isolating the oxide from metal were considered. 

a) Removal of metal by passing dry HCI gas over the 

sample. This technique suffers from a number of 

drawbacks, for example the sample has to be heated 

to al 200 0 C, and the removal can take several hours. 

b) Dissolution of metal in HgCl 2 solution. This tech- 

nique is inconvenient because mercury deposits may 

adhere to the oxide leading to complications during 

microscopical examination. 

Dissolution of metal in a dry methanol 3% bromine 

solution. This technique was selected because it 

dissolved away the metal without reacting with oxide 

and the time required for dissolution is relatively 

short -w 20 mins. 

3.1.6 Scanning Electron Microscopy 

The Scanning Electron Microscope (SEM) is particularly effective 
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for studying topographical details of oxide/atmosphere and 

oxide/metal interfaces. 

Cambridge S-600, Cambridge S. 4 and High Resolution SEM (HRSEM) 

facility on the Jeol 120 CX Temscan were used in the present 

work. The Cambridge microscopes were used far more extensively 

than the Jeol Temscan, due mainly to their ease of operation and 

greater availability. 

Details of their principles of operation can be found in reference 

(145), and for the present a brief description will suffice. 

In a Scanning Electron Microscope a finely focussed beam of elec- 

trons is rastered on the specimen surface. The raster is synchro- 

nised with a cathode ray tube (CRT). Primary and secondary 

electrons emitted from the specimen are collected, amplified and 

used as a signal to modulate the brightness of the CRT. 

When the image is formed using mainly the secondary electrons the 

contrast is due to changes, over the specimen surfacep in the angle 

of tilt to the collector and also to the beam. The contrast can be 

increased by forming the image using primary electronst but details 

inside holes and recessive surfaces may be lost. The proportion of 

primary and secondary electrons entering the detector is 

controlled by varying the potential of a Faraday cage positioned in 

front of the collector. The potential can be varied between +250 

V and -50 V. At the first extreme most of the electrons are 
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collected, and as the potential is varied through zero to negative 

values the low energy secondary electrons are progressively excluded. 

In the HRSEM system on the Jeol Temscan, the image is formed 

using secondary electrons. The image tends to lack contrast 

and its depth of focus is not as large as the image formed in a 

conventional SEM. However, the resolution of the HRSEM can be 

aI nm under ideal conditions. The resolution of a conventional 

SEM is ev 10 nm. 

The resolution of'5canning Electron Microscopes is limited by the 

spot size of the incident beam. The smaller the spot size the 

greater the resolution. In practice, however, a small spot size may 

not always be appropriate since the signal/noise ratio can become 

intolerably low. 

Other factors which degrade the resolution include beam 

penetration, and specimen charging. The latter factor can be 

minimised by coating the specimen with a conductive layer. 

a) Sample Preparation for Scanning Electron Microscopy 

The oxide samples were lifted from the melt surface using 

copper wire loops as described previously. Examination of 

the oxide/metal interface was only possible after removal of 

the adherent metal, using dry methanol/3% bromine solution 



as described previously. The oxide samples were lifted from 

the solution using TEM copper sample grids and washed 

carefully in methanol. 

The grids were mounted on an aluminium stub especially designed 

to f it on the specimen stage in the SEM. 

For examination of the oxide/atmosphere interface small segments 

were cut from the copper wire loop samples and mounted on alum- 

inium stubs. 

As mentioned in trie preceding section the loss of resolution through 

specimen charging can be minimised by coating the sample with a 

conductive layer. In general any such coating should 

1) be a good secondary electron emitter 

2) be continuous 

3) not display any structural features of its own at the resol- 

ution of the SEM. 

For these reasons Au, Au/Pd or Pt coatings are generally used. In 

the present study, samples to be examined using the conventional 

SEM were sputter coated with Pt or Au/Pd. 

It was found, however, that metallic coatings were unsuitable for 

examination using the HRSEM, since these coatings displayed their 

own features which were resolvable using this technique. Thus for 

-83- 



examination using HR5F-M the samples were coated with C. which 

was deposited on the specimen in an evaporation unit. 

The conventional SEM and the HRSEM were operated at 20 kV and 

100 kV respectively. 

3.2 X-ray Photoelectron Spectroscopy (XPS) 

It will become apparent in later discussion that the structure and 

growth kinetics of oxide films formed on liquid aluminium are 

profoundly influenced by impurities incorporated within the oxide. 

Attempts to identify the impurities using Energy Dispersive 

Analysis of X-rays (EDAX) system fitted on Cambridge 5-600 SEM 

proved unsatisfactory since the depth from which x-rays are 

obtained (eg. w 1000 nm at - 30 kV accelerating voltage) is 

greater than the thickness of oxide films being studied. 

Clearly the requirement is for a technique which has a greater 

surface sensitivity and XPS provides an elegant alternative. 

Although this technique is documented(146), it is relatively new 

and some comment on its principle of operation is justified. 

3.2.1 Electron 5pectroscopy 

A complete spectrum of electrons obtained when a sample is irrad- 

t 

iated with x-rays (eg. Al Km. ) consists of valence electrons, core 

electrons and -secondary electrons (including Auger electrons) (Fig. 
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36). The total width of the spectrum is (Ew - 0) where Ew is the 

exciting energy and 0 is the work function of specimen. 

Core electrons and valence electrons in the spectrum result f rom 

primary excitation process, and XPS is primarily concerned with 

the determination of binding energies of core electrons. 

The binding energy of an emitted electron is given by subtracting 

(Ew - 0) from the measured kinetic energy. Small variations in the 

binding energies of core electrons from a particular atom may be 

observed depending on the chemical environment. This effect is 

known as chemical shift. 

The 'hole' created in the core shell by excitation and emission of a 

core electron can be filled either by radiative processt giving rise 

to a characteristic x-ray spectrum or by an Auger process. 

Electrons emitted by the Auger process, which is the dominant 

de-excitation mechanism for elements lighter than Z 

observable in the XPS spectrum. 

= 35 are 

The depth from which information is obtained is limited by elec- 

tron mean f ree path to "1 5 nm. 

A Kratos ES 300 Electron Spectrometer was used in the present 

study. Al KoL and Mg Koc- x-rays were used to irradiate the 

sample. 



a) Sample Preparation for XPS 

The films from the copper wire loops were backed with 

aluminium foil to provide rigidity. These foils were then 

mounted on a platinum or tin wire which was secured on the 

sample probe by means of a chuck specially designed for 
(146) 

holding thin wires 

3.3 Colour Changes in Oxide Films 

In the course of the work it became apparent that the colour of 

oxide changes depending on circumstances. When first noticed this 

effect, although unrelated, appeared to have no significance but as 

other work progressed it assumed considerable importance and so 

some special experiments were designed to examine this more 

closely. 

To examine this effect an experiment was conducted in which a 
4 

series of oxide samples were obtained at hourly intervals from the 

normal high purity aluminium held at 1003 0C (730 K) for a total 

period of 8 hours. For every sample the surface was skimmed 

clean and allowed to oxidise for 10 mins before sampling. 

3.4 Oxidation Kinetics 

To produce results of adequate accuracy the first task is to select 



a suitable thermobalance with certain obvious requirements. 

a) From reported oxidation thermograms of aluminium at ele- 

vated temperatures, the expected mass increase through 

oxidation may be approximated as 0.15 mg (assuming the 

surface area is 4 cm'). Thermobalances with 0.1 mg sensit- 

ivity are unsuitable and the requirement is for a balance 

with sensitivity in microgram range. 

b) The balance must have a loading capacity of at least 10 gt 

which is the combined mass of sample and crucible. 

C) The temperature and the oxidising environment must be 

closely controllable. 

3.4.1 Selection and Description of Microbalance 

A Sartorius microbalance (model 4410) was selected since it has a 

sensitivity of I pg, loading capacity of 25 g, and a provision to 

incorporate ancillary apparatus for ' controlling the temperature 

and atmosphere. 

One of its special features is that the whole weighing system is in 

a sealed unit which can be evacuated to high vacuum or filled 

with any desirable atmosphere. 



The complete apparatus (Fig. 37) consists of 

a) Balance weighing mechanism 

b) Ancillary recording apparatw 

C) Vacuum system 

d) Specimen chamber 

e) Furnace 

a) Balance Weighing Mechanism 

The weighing system functions on the principle of automatic 

electromagnetic force compensation. The beam is 

maintained in equilibrium with only a minimal deflection 

(max. 0.2 mm at the end of the beam) while the compensa- 

tion current required for this purpose comes automatically 

and is the measure of the weight to be determined. 

The light weight balance beam Fig. 38 of metallized quartz 

tube ensures excellent mechanical and thermal stability. The 

beam is supported on a torsion band; frictional resistance is 

theref ore eliminated. 

b) Ancillary Apparatus 

The ancillary recording apparatus (Fig. 39) comprises a 



Digital Voltmeter (DVM) Digital/Analog (D/A) converter and 

a chart recorder. 

The output from the balance is displayed on the DVM. The 

D/A converter converts measured values into proportional 

voltages which are fed into the chart recorder. 

C) V-acuum SXstem 

The simple vacuum system shown in Fig 40, comprises a 

1) Mercury and glass diffusion pump 

2) Rotary pump 

3) Liquid nitrogen trap 

4) Pirani gauge, and a manometer. 

The system is capable of lowering pressure in the specimen 

chamber to -1 10-7 atmospheres. 

Specimen Chamber 

The specimen chamber is constructed of pyrex and silica 

glass, and can be secured to the microbalance tube with a 

spring clamp. on an 101 ring ball joint. This facilitates 

easy dismantling for sample loading etc. 



A thermocouple is inserted into the specimen chamber, ,! 

1.5 mm from the sample, by means of a cone and socket 

arrangement, which is gas sealed with picien wax (Fig. 41). 

The temperature in the chamber can be maintained to +10C. 

Radiation shields (Fig. 4 1) are mounted on the tube to pro- 

tect the balance and 101 ringed joint from the furnace heat. 

The balance mechanism is further protected by a series of 

baffles located in reaction chamber. 

e) Furnace Assembly (Fig. 37) 

The furnace, mounted on linear bearingso can be raised 

around the specimen chamber and secured in position. The 

furnace temperature is controllable to + IOC. 

3.4.2 Sources of Error and Precautions 

To make f ull use of the potential of the balance a number of pre- 

cautions were observed. 



The balance was rfiounted rigidly in a location where it 

remains unaffected by vibrations from normal laboratory 

activities. 

2) The balance is located in an environment where ambient 

temperature fluctuations do not affect its sensitivity. 

3) The crucible and suspension wires were constructed of inert 

materials Le recrystallised alumina and silica respectively. 

4) The sensitivity of the balance is adversely affected by 

static electricity generated on the specimen chamber. 

These were eliminated by earthing a Nichrome wire wound 

around the specimen chamber (Fig. 41). 

5) The furnace tube was wound with Nichrome wire. Electro- 

magnetic fields generated within the furnace can have an 

adverse affect on the sensitivity of the balance. This field 

was negated by winding the furnace non- inductively. 

6) The crucibles must be preconditioned to remove adsorbed 

volatile substances (e. g water) prior to testing. This was 

accomplished by holding the crucibles at 800 0C in vacuum 

for 8 hours. 

7) Thermal convective noise. 

There is a further source of error characteristic of the 

complete system, namely the instability due to interaction 

of convective currents with balance suspension and crucible. 



Preliminary experiments were undertaken to analyse this problem 

and establish suitable experimental procedures. The following 

relationships were assessed. 

a) Variation of 'noise' with temperature at consta6t pressure of 

I atm. 

b) Variation of 'noise' with pressurev at constant temperature 

of 1003 K (730 0 Q. 

The result of first study (Fig. 42a) shows that the balance is essen- 

tially 'noise' free at atmospheric pressure and room temperature. 

The noise increases as the temperature increases reaching an 

. unacceptabl y high level ( tw- 0.2 mg) at the operating temperature 

1003 K (7300C). Repeating the test without the crucible on the 

suspension wire reduced the noise to very low levels (0-001 mg) 

confirming the work of Cox (147) 
et aL 

The result of the second study (Fig. 42b) shows that the balance 

sensitivity (at 7300C) degrades as the pressure in the system 

increases. 

On the basis of these results all tests were carried out in pure 

oxygen at 0.2 atms. In effect the dilutant gases in the atmos- 

phere, mainly nitrogen, are removed to facilitate the testing. This 

necessitates the assumption that nitrogen is unreactive in the 

oxidation process. 



Using these precautions the sensitivity of the balance is better 

than the inherent scatter expected from variations in sample 

composition and preparation. 

3.4.3 Test Procedure 

The microbalance was calibrated using the procedures and standard 

weights supplied by Sartorius Instruments. The calibration of the 

balance was checked periodically throughout the test period. 

The samples were machined in the form of discs to f it snugly into 

the crucible. Prior to testing, the discs were prepared, by 

grinding the oxidising surface to a standard 600 grit finisho wash- 

ing in 5% NaOH to remove surface contaminantsv and cleaning 

ultrasonically in distilled water and methyl alcohol. 

The sample was placed in a preconditioned alumina crucible sus- 

pended in the specimen chamber. The entire system was evacuated 

and the preheated furnace raised and secured in position around 

the specimen chamber. Temperature in the specimen chamber rose 

to 1003 K (7300C) within 10 mins. A further 20 min-.. were 

allowed for melting the specimen before admitting the oxidising 

atmosphere into the chamber. The time allowed for the specimen 

to acquire the test temperature was estimated by a preliminary 

test in which the furnace was lowered momentarily (after various 

time periods) for a visual inspection of the sample. 



For tests in dry atmosphere, oxygen was passed successively thro- 

ugh silica gel, and a liquid nitrogen 'trap' before admitting it, very 

slowly, into the system, until the pressure increased to 0.2 atms. 

The balance was tared and, immediately, a record of mass increase 

through oxidation was initiated on the chart recorder. A vacuum 

flask containing liquid nitrogen placed around the side tube (Fig. 

40) ensured that the low water vapour pressure was maintained in 

the system during the course of the test. 

For tests in wet atmosphere, oxygen was passed successively 

through a series of Dreschal bottles containing water at a temp- 

erature for which the saturated vapour pressure is of a prescribed 

value. In admitting any required atmosphere it is of course essen- 

tial that the atmosphere must be of the required composition but 

in addition it is also essential to maintain it at this value during 

testing. This was achieved by maintaining a droplet of water, in 

the side tube, at the corresponding temperature. During the 

melting period, a flask containing liquid nitrogen was placed 

around the tube to suppress evaporation. Prior to admission of 

oxygen, the liquid nitrogen was replaced with water for which the 

saturated water pressure is of a prescribed value. The water 

vapour pressure was measured using the manometer. 

3.4.4 Two Stage Test5 

A number of tests were carried out in which a dry oxidation test 
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was interrupted af ter a predetermined time and continued in moist 

environments. 

The procedure for the first stage was similar to the tests in dry 

atmosphere. During this period a flask containing liquid nitrogen 

was placed around the side tube containing a droplet of water. 

After a predetermined time the entire system was evacuated us- 

ing the rotary pump. The liquid nitrogen around the side tube was 

replaced with water at the temperature for which the saturated 

water vapour pressure is of the required value, and the system was 

refilled with moist oxygen for the second stage. 

Using this technique it was found possible to change the atmos- 

phere abruptly and hence observe the influence of the moist atmo- 

sphere on a film formed initially under dry conditions. 

3.5 Materials 

Oxide films formed on the following metals were analysed using 

the techniques described. 

1) Normal high purity aluminium (Billet A) 



Chemical Analysis (B! Uet A) 

F-le~t Cu Fe Mg W si Ti Cr Na Zn 

% 0.001 0.002 0.001 0.001 0.001 <0.001 0.004 0.0006 0.001 

2) The normal high purity metal further purified by selective oxida- 

tion of impurities. The normal high purity metal was held at 

(1073) Kp 800 0C for periods of up to 8 hours. The surface was 

skimmed every 20 mins. 

Chemical Analysis 

Billet Holding 

time hre cu Fe, mg Mn si Ti Zn Cr No 

B10.001 0.002 0.001 <0.001 0.001 <0.001 <0.001 0.004 0.0005 

c20.004 0.002 0.001 <0.001 0.002 <0.001 0-001 0-005 0-0001 

D4 0-002 0-001' 0.001 <0.001 0.003 <0.001 0-001 0.002 0-0002 

Ea0.001 0.002 <00001 <0.001 0.003 <0.001 0.001 <0-001 <0.0001 

3) Normal commercial purity aluminium 

Chemical Analysis 

Ele»nt Cu F* mg )An si Ti Zn Cr Na 

x 0.001 0.16 0.001 0.002 0.040 0.001 0.017 <0.001 0.0009 
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4. RESULTS 

4.1 Electron Microscopy 

Fig. 44a shows a transmission electron micrograph of an oxide film 

formed on high purity aluminium at 1003 K (7300C) after 10 mins. 

in moist oxygen (P H0=0.03 atms. ). The associated diffraction 

pattern is shown in Fig. 44(b). 

All the diffraction patterns observed in this study consisted of 

concentric ringst characteristic of fine grain size material. The 

normal technique for indexing such a pattern is to use the identity 

rd 

where wavelength 

camera length 

r= ring radius 

d= lattice spacing. 

(25) 

Since the value of the camera length is not known to the required 

precision the patterns were indexed by comparing ratios of ring 

radii to the ratios of Id' spacings (Table 8) thereby eliminating 12, 

v 

r I/r2 =d 21d (26) 

where rI and r2 are radii of rings, and dI and d2 are Id' spacings 



corresponding to the rings. Analysis of diffraction pattern (Fig. 

44(b)) is given in Table 9 and it indicates that the oxide film (Fig. 

44(a)) is duplex in nature, consisting of a slightly hydrated phase 

I- Al 203 and dehydrated phase d-Al 20 3* 

Fig. 45 shows a scanning electron micrograph of the oxide/metal 

interface of an oxide film formed in moist oxygen. It clearly 

reveals that the cL - Al 203 crystals are stable at the metal/oxide 

interface and their penetration into the metal are clearly evident 

from the strong relief. The corresponding scanning electron micro- 

graph of the oxide/atmosphere interface shows no evidence of the 

or. -A1203 crystals, and establishes that 7- Al 203 is stable at 

this interface (Fig-46). 

The wrinkles evident in the oxide film, shown in Fig. 46, formed 

during the solidification of metal adhering to the underside of the 

film, and bear no structural significance. Removal of adherent 

metal relieves the oxide film of this constraint as demonstrated in 

transmission electron micrographs (e. g. Fig. 44a) and the scanning 

electron micrographs of oxide/metal interface (e. g. Fig. 45). 

Figs. 47 and 48 are transmission electron micrographs which show 

the two forms of c( - Al 203* The coarse crystals are primary ce- 



- Al 203 and the fine crystallites in the background are the 

secondary oc - Al 20X The fine secondary oc - Al 203 crystals 

can be seen in Fig-48 with greater clarity. 

Figs. 49 (a-n) show the morphological variants of the primary a- 

- Al 203 growths. 

Fig5.49 (a-d) are micrographs which show examples of the acicular 

morphology. This morphology will be referred to as Type a. 

Fig3.49 (e-h) are micrographs illustrating the globular dendritic 

morphology of Al 20 3' This morphology will be referred to as 

Type b. 

FI&5.49 (i-1) illustrate degenerate forms of Ahe globular dend- 

rites. The globular dendrites and the degenerate forms are by no 

means exclusive. Fig-49 (j) for example shows areas in which both 

these forms are present. I 

Fig. 49 (m) is a scanning electron micrograph of oxide/metal 

interface, illustrating the unassociated crystals of oý - Al 20 3* This 

is the simplest form of cc - Al 203 and will be referred to as Type 

d. Further example is shown in the transmission electron 

micrograph Fig. 49 (n). 

Fig. 50 is a transmission electron micrograph which shows that 
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the spikey dendrites (Fig. 49a) are in fact assemblages of platelets 

each resembling the unassociated crystals shown in Fig. 47. 

Fig 55 shows a series of transmission electron micrographs of 

oxide films formed on samples obtained from normal high purity 

metal (Billet A) at 1003 K (730 0Q when exposed to moist oxygen 

(P H0=0.03 atms). The micrographs show a development of 

acicular (Type a) morphology of oc- Al 
203 as a function of time. 

The significant feature in this series is the complete coverage of 

cross-section by a- Al 203 subfilm after 10 mins. oxidation time. 

Figs. 56 are transmission electron micrographs of oxide films 

formed at 1003 K (7300C) in moist oxygen (P H0=0.03 atmý on 

samples obtained from normal high purity metal purified further by 

selective oxidation (Billet D). The micrographs show a 

development of unassociated crystals (Type d) of a- Al 
20 3' 

The significant feature in this series of micrographs is' that the 

complete coverage of cross-section by the ot - Al 203 subfilm 

takes - 30 mins. 

Fig. 60 shows a scanning electron micrograph (HRSEM) of the 

oxide/atmosphere interface of a sample obtained from normal high 

purity aluminium (Billet A) which had been -exposed at 1003 K 

(7300C) to dry oxygen (P H0< 10-8 atms). The micrograph 

reveals outcrops of oc - Al 203 which closely resemble the de- 

generate oz - Al 203 dendrites at the oxide/metal interface of 



films formed in moist oxygen (Fig. 49g). 

Figb. 61 (a-c) show micrographs which illustrate the effect volatile 

f lourides in the atmospheres, on the morphology of the oc - Al 
203 

crystals. There is a dramatic increase in the growth rates of the 

crystals when fluorides are present in trace quantities. It is 

particularly interesting to compare the morphology of m- Al 
203 

in the oxide films, with the morphology of o( - Al 
203 which has 

been obtained by calcining gibbsite in the presence of fluorides. 

The rectangular and disc-like platelets of oc - Al 
203 in Fig. 61a 

and Fig. 61c bear a remarkable resemblance to those in Fig. 62b 

and Fig. 62c respectively. 

Figs. 67(a), (b) and (c) are transmission electron micrographs of 

oxide films formed, in moist oxygen (P H0-0.03 atms) at 1003 K 

(7300C), on samples obtained from commercial purity metal. The 

micrographs show a much slower development of Cc' - Al 
203 

sub-film as compared with the oxide films shown in Figs. 55(a) (b) 

and (c) and Figs. 56(a) (b) and (c). 

Fig. 82 gives a scanning electron micograph of the oxide/atmo- 

sphere interface of a sample which had previously been tested 

according to the two-stage test. A film, presumably ?- Al 20 31 

can be seen overlying &- Al 
203 crystals formed during oxidation 

in dry oxygen during the first stage. 



4.2 X-ray Photoelectron Spectroscopy 

The results obtained using XPS are shown in Figs. 53(a, b) and Fig. 

69, where the kinetic and binding energies of the emitted 

electrons are plotted on the abscissa scale. All the spectra shown 

were obtained using Al KoL radiation as the excitation source. 

The spectra contain peaks corresponding to both Auger electrons 

and core electrons. Peaks corresponding to core electrons were 

interpreted by comparing the binding energies (obtained by 

substracting the experimentally determined kinetic energies from 

the energy of Al Kot radiation, 2.4 x 10- 16 3 (1486 eV) with those 

given in Table 10. The agreement between calculated and tabulated 

binding energies are within + 6.4 x 10-19 3 (4 eV). 

The peaks corresponding to Auger electrons were initially indenti- 

fied by comparing the measured kinetic energies to those given in 

Table 11 and subsequently confirmed by using MgKol, (2-3 x 10-16 1 

(1446 eV)) radiation as the excitation source. This technique for 

differentiating between Auger and core electrons is made possible 

because the kinetic energies of electrons emitted by Auger process 

are independent of the primary excitation source. 

A comparison of Fig- 53a with Fig. 53b shows that the levels of Na 

and, more importantlyp Ca incorporated in the oxide f ormed on 

purified metal are lower than those incorporated in the oxide 

formed on normal high purity metal. 
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Fig. 69 shows that Cu and Fe are the main impurities incorporated 

in the oxide formed on commercial purity metal. 

The Sn 3p and Sn 3d electrons originate from the Sn wire used to 

support the sample. 

43 Colour Changes in- Oxide Films 

The results of the experimental described in Section 3.3 are shown 

in Fig-52 and Figs. 54 (a), (b), (c) and (d). 

The macrograph in Fig. 52, shows that the colour of oxide films 

formed on aluminium at 1003 K (7300C) after 10 mins in moist 

oxygen (P H0=0.03 atms), becomes progressively lighter as the 

metal is purified. 

Figs. 54 (a), (b), (c) and (d) are transmission electron micrographs 

which show that the colour of oxide films is related to the mor- 

phology of oc - Al 203 . The micrographs reveal a progressive 

degeneration of ol- - Al 203 dendrites as the metal is purifie(: L 

4.4 Oxidation Kinetics 

Results obtained using the microbalance are described in this 

section. 



Mass gains during oxidation were obtained f rom continuous chart 

recorder traces, converted to mass gain/unit area and plotted as a 

function of time. The oxidising surface area was evaluated a4 cm 

taking into account the truncated cone shape assumed by the 

sample when molten. 

Mathematical equations describing the curves are given in 

Appendix. OV). 

Fig. 63a shows the oxidation kinetics of normal high purity aluminium 

(Billet A) at 1003 K (7300C) in moist oxygen (P H0=0.03 atms). 

Results of four individual tests are given, and the important fea- 

ture is that the curves consist of initial rapid kinetics (Stage 1) 

followed by much slower kinetics (Stage II). Curves Awl, Aw 21 Aw 3 

exhibit these two regions quite distinctly, but the transition to 

Stage 11 is complicated in Aw 4 by the inflection at tttl6 mins, and 

it was unprofitable to analyse this curve further. 

The transition to Stage 11 in curves Awl, AW2 takes place after t 

= 10 - 20 mins, but in Aw 3 the transition is delayed to t- 30 mins. 

The kinetics in Stage 11 conform to the parabolic law as shown in 

Fig. 63 (b) and Fig. 63 (c), where (mass gain/unit area)2 is pro- 

portional to time. The parabolic rate constants determined from 

these plots are given in Table 12(a). 



Plots of log (a m) against log t are useful since they can reveal 

the existence of power laws by the presence of linear portions. Fig. 

63 (d) gives a log/log plot of results in Fig. 63 (a), and it 

demonstrates that during Stage I the mass gain/unit area is not 

related to time by a power law. 

Fig. 65(a) shows the oxidation kinetics of further purified normal 

high purity aluminium (Billet D) at 1003 K (730 0 C) in moist oxygen 

(P H0=0.03 atms). All the curves exhibit Stages I and 11, and 

the transition between stages takes place within t= 20-30 mins. 

Fig. 65(b) and Fig. 65(c) demonstrate that the kinetics during 5tage 

Il conform to the parabolic law since (mass gain/cM2 )2 is propor- 

tional to time. The parabolic rate constants (R 
p) 

determined from 

these plots are given in Table 12(b). The scatter in the curve Dw 3 

is v 12% greater than in curves Dw I and Dw 2; hence the 

parabolic rate constant for Dw 3 could not be determined. 

The log/log plot of the results in Fig. 65(a), given in Fig. 65(d)p 

again illustrates that the kinetics in Stage I do not conform to a 

powerlaw. 

The oxidation kinetics in moist oxygen (P 
H00.03 atms) at 

1003 K (7300C) of samples obtained from commercial purity alumi- 

nium are given in Fig-66(a). Curves CPw I and CPw 2 exhibit a 

smooth transition from Stage I to Stage II, but the transition to 
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Stage 11 in CPW3 is complicated by an inflection at t ot 25 mins, 

and it was not analysed further. Fig. 66(a) shows that in curves 

CPW I and CPw 2 Stage 11 is established after t> 30 mins. 

Figs. 66(b) and (c) show that once Stage 11 is established the 

kinetics conform to the parabolic lawq and the rate constants 

obtained from these plots are given in Table 12(c). The log/log 

plots (Fig. 66(d)) of the results in Fig. 66(a) show that the kinetics 

in Stage I do not conform to a power law. 

The parabolic rate constants for curves Aw I and Aw 2 could be 

determined with greater accuracy than for any of the other curves 

presented so far. The reason for this is the weighing technique 

used. During Stage I the oxidation rate is rapid and the balance 

can only be operated using 0.01 mg sensitivity range. The kinetics 

during Stage 11 however are much slower and ideally the balance 

sensitivity should be increased to 0.001 mg range. This was app- 

reciated late in the test program and was only performed on tests 

yielding curves Aw I and Aw 2' 

The oxidation kinetics in moist oxygen (PH 
20=0.03 

atms) at 

1003 K (7300C) of samples obtained from normal high purity alum- 

inium (Billet A), further purified high purity aluminium (Billet D) 

and commercial purity aluminium are compared in Fig. 68. The 

enclosed areas envelope all results obtained for samples from 

particular billets. 
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From Fig 68 the following observations can be made: - 

(a) The overall mass gains during the oxidation of samples 

obtained from commercial purity aluminium are greater than 

those obtained from normal high purity aluminium (Billet A) 

and further purified aluminium (Billet D), and furthermore 

the transition to Stage 11 is delayed. 

(b) The overall mass gains during the oxidation of samples 

Otained from normal high purity (Billet A) are greater than 

those obtained from further purified aluminium (Billet D) 

and Stage 11 is established more rapidly. 

Fig. 70 and Fig. 71 show the ef f ect of water vapour pressure on the 

oxidation at 1003 K (730 0 C) of samples obtained from normal high 

purity aluminium (Billet A) and commercial purity aluminium 

respectively. 

In both cases the overall oxidation increas es as the water vapour 

pressure in the oxidising atmosphere is increased. 

Fig. 72(a) shows the oxidation kinetics at 1003 K (730 0C) 
of 

samples obtained from normal high purity aluminium (Billet A) in 

dry oxygen (P H0< 10-8 atms). Results of four individual 

samples are giveru 

The general 109/log plot of the curves in Fig. 72(a) given in Fig. 
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72(b), show that the curves Ad,, Ad 3 and Ad 4 exhibit two 

portions, which as plotted suggest the indices In' in the 

relationship 

mnLt (27) 

are I and 4.3. However, when the (mass gain/cm 
2)2 

are plotted 

as a function of time the index 4.3 is shown to be false and is 

infact 2 (Fig-72(c)). Tnus (with the exception of Ad 2) all the 

curves are composed of linear kinetics, which can extend to t= 20 

mins (Ad 4) followed by parabolic kinetics. In curve Ad 2 the 

kinetics preceding the parabolic portion do not conform to a linear 

rate law and since this in an anomaly, further analysis serves no 

useful purpose. 

The rate constants for linear and parabolic regions were 

determined from Fig. 72(a) and Fig. 72(c) respectively and are given 

in Table 13a. 

The parabolic plots of curves in Fig. 72(a) given in Fig. 72(d) show 

that when the straight lines f rom parabolic portions are extrapola- 

ted they intersect at a common origin ie. t -, - 45 mins. 

Fig. 73(a) shows the oxidation kinetics at 1003 K (7300C) in dry 

oxygen (PH 
20< 

10-8 atms) of samples obtained from further 

purified high purity aluminium (Billet B). The log/log plots of 

curves in Fig. 73(a) are given in Fig. 73(b) and they show that the 

curves consist of two portions. From the linearity of the plots in 
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Fig. 73(a) and the unit slope of plots in Fig -73(b) it is apparent 

that kinetics in the early stages (t 4 10 mins) are linear. Fig. 73(a) 

yield the rate constants given in Table 13(bý 

Fig. 73(c) which gives the parabolic plot of curves in Fig. 73(a), 

suggests that the kinetics in the second portion conform to the 

parabolic rate law. The rate constants for the parabolic portions 

were determined from Fig. 73(c) and are given in Table 13b. 

Fig. 74(a) shows the oxidation kinetics at 1003 K (730 0Q in dry 

oxygen (P H0< 10-8 atms) of samples obtained from further 

purified high purity aluminium (Billet Q. 

The log/log plots of curves in Fig. 74(a) given in Fig-74(b) consist 

of two portions of different slopes. From Figs. 74(a) and Fig. 74(b) 

it can be seen that kinetics during the early stages (t < 10 mins) 

conform to the linear rate law, and the linear rate constants 

determined from Fig. 74(a) are given in Table 13(c). 

Fig. 74(c) gives the parabolic plots of the results in Fig. 74(a). 

Although the experimental scatter for such small mass gains pre- 

clude accurate analysis of the kinetics, Fig. 74(c) indicates that 

the linear kinetics during early stages of oxidation are followed by 

parabolic kinetics. Approximate values for the parabolic rate 

constants, determined from Fig 24(c) are given in Table 13(c). 



Fig. 75(a) shows the oxidation kinetics at 1003 K (7300C) in 'dry' 

oxygen (P H0< 10-8 atms) of samples obtained from further 

purified high purity aluminium (Billet D). The overall mass gains 

of Dd 3 and Dd 4 are greater than Dd I and Dd2l which is due to 

the faster kinetics during the early stages of oxidation, since, 

beyond 20 mins. the rates of all samples appear to be similar. 

Fig. 75(b) gives parabolic plots of curves in Fig. 7 5(a) and it shows 

that Dd I and Dd 2 conform to parabolic kinetics after t c-- 20 mins 

and t ýc* 10 mins respectively. The parabolic rate constants deter- 

mined from Fig. 75(h) are given in Table 13(d). The experimental 

scatter in Fig. 75(b) for curves Dd 3 and Dd 4 is so great that it 

precludes accurate determination of parabolic rate constants. 

The data f or the stage preceding the parabolic kinetics are inade- 

quate to define the kinetics. However, in view of the foregoing 

analysis of oxidation in dry oxygen of samples obtained from 

Billets A, B and C it seems reasonable to assume that oxidation 

kinetics during the early stages conform to a linear law. 

Fig. 76 compares the oxidation kinetic in dry oxygen at 1003 K 

(7300C) of samples obtained from normal high purity aluminium, 

(Billet A) and further purified normal high purity aluminium, (Billets 

B, C and D). The comparison shows that the overall final mass 

gains decrease as the metal is purified. 



Fig. 77(a) gives the oxidation kinetics at 1003 K (7300C) in dry 

oxygen (P. 0< 10-8 atms) of samples obtained from commercial 

purity aluminium. It shows that although the balance sensitivity 

was sufficient to follow the early stages of oxidation Le. for t< 

25 mins. further mass gains were so exceedingly small that they 

were beyond the resolution of the equipment and hence the rate 

laws governing the latter -stages cannot be assessed. 

The log/log plots and parabolic plots of curves in Fig - 77(a) are 

given in Fig-77(b) and Fig-77(c) respectively. These plots indicate, 

that during the early stages i. e. t< 15 mins, the 'kinetics are 

parabolic, but beyond this the experimental scatter precludes 

accurate assessment of the data. The parabolic rate constants 

estimated from Fig. 77(c) are given in Table l3e. 

4.5 Two-Stage Tests 

The results of the two stage tests are shown in Figs-79-81. 

Fig, 79 and Fig. - 80 show the oxidation of samples obtained 

from normal high purity aluminium and commercial purity alumin- 

iurr6 The water vapour pressure in the environment during the 

second stage was 0.03 atms. 

Fig. 81 shows the oxidation of samples obtained from commercial 

purity aluminium. The water vapour pressure in the environment 
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during the second stage was 0.012 atms. 

All the tests were carried out at 1003 K (7300C) and the signifi- 

cant features in the results are the abrupt increases in the oxida- 

tion rate when the dry oxygen is substituted with moist oxygen. 



5. DISCUSSION 

5.1 

The investigation has yielded valuable inf ormation . on several 

aspects of the structure, chemical composition and growth kinetics 

of oxide films formed on liquid aluminium. In evaluating the 

significance of this information the first requirement is to collate 

it so that it may be applied to develop a model of the overall 

oxidation process which explains numerous new observations 

apparently not reported earlier. 

ThermodXnamic Considerations 

It is convenient to begin with a thermodynamic treatment of the 

Al/H 20 system to predict phase relationships as a guide in 

evaluating the oxide growth kinetics. Of the known oxides and 

hydrated oxides which exist in the system those which actually 

form in the film are determined not only by temperature as implied 

in Fig. 30 but also on the water vapour pressure present in the 

system. These two factors are taken into account in Fig. 43 where 

the free energies f or the reactions of the type: 

Less hydrated phase +H0 ---. & More hydrated phase 2 R- 

are plotted as function of temperature Le the diagram is plotted 

on the same principles as those for the familiar oxygen potential 

diagram devised by Ellingham. 
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The location of lines at the water vapour pressures approaching 

atmospheric pressure are known with some certainty because the 

transition temperatures for the dehydration of hydrates have 

received special attention in view of their industrial importance in 
(95v 105) Bayer process The lines for the various reactions 

considered are drawn straight and with positive slopes 190 
(146) 

J/deg mol H2 0) assuming that the contribution of water vapour to 

overall entropy change is very large in relation to the entropy 

difference between the condensed phases. The diagram is thus 

divided into domains of stability for the species considered in 

terms of temperature and water vapour potentials. 

The general form of the diagram can be checked against earlier 

experimental observations before applying it to present work. For 

example it shows that the phases expected on aluminium at low 

temperatures (< 373 K (10000) are the monohydrate and 

trihydrate, in agreement with observations reported elsewhere 
(133, 

135) At slightly higher temperatures (423 0K (150c)C)) the 

monohydrate, boehmite is predicted, as is also observed. 

Further lines have been added to indicate water vapour pressures 

in the oxidising environments used in present work (Le. 0.03 atms 

and 0.012 atms) and the water vapour pressure in equilibrium with 

pure aluminium using values of Gibbs free energy change given by 

0 
G= -958650 - 72.2 T log T+ 415 T 3/mol 
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for the reaction 

-. --b 

2 Al+ 3H20 %- Al 
203+3H 

(28) 

Consider now an oxide film separating a liquid aluminium surface 

and an atmosphere containing oxygen and water vapour as reacting 

species. Provided that the film is sufficiently thick (> 10.0 nm) 

the Wagner assumption is justified Ie. local equilibrium is main- 

tained at the bounding interfaces. This assumption is particularly 

appropriate for the present system, because the oxide is suspended 

between two fluids so that diffusion effects in the bounding phases 

can be ignored. Application of the water vapour potential diagram 

to this system at 1003 K (7300C) predicts that ý- A1203 is 

stable at the oxide/atmosphere interface, if the water vapour 

pressure is greater than ep 6.5 x 10-6 atms and c4 - Al 203 is 

stable at the oxide/metal interface. 

These principles may now be compared with the experimental 

observations. 

Fig. 44a is a transmission electron micrograph of the oxide film 

formed on molten aluminium after 10 mins in moist environment , 

which shows that the film is duplex in nature as predictedv the 

dark crystals appearing superimposed within an apparently 

structureless matrix. The analysis of the associated electron 

dif f raction pattern Fig. 44b. Table 9, shows that the crystals are OL 

- Al 203, and the matrix as ?- A1203 . These observations 

therefore validate the thermodynamic approach. 
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It is, however, not possible using Fig. 44 to locate the o, - - Al 203 

crystals with respect to the outer and inner interfaces of the 

oxide f ilm. The Scanning Electron Microscope perhaps provides the 

most convenient technique for this purpose. This is most 

effectively illustrated in Figs. 45 and 46 showing the metal/oxide 

and oxide/atmosphere interfaces respectively. These micrographs 

conclusively establish that oL - Al 203 is stable at the inner 

interface, and the featureless ?- A1203 (within the resolution of 

the technique) is stable at the outer interface, which is consistent 

with the water vapour potential concept. 

Having established the nature of the oxide, and the relative loca- 

lities of the phases, the next matter concerns the possible growth 

mechanisms which may be involved. The oxidation process in the 

very early stages is envisaged as follows. Initially f- Al 203 is 

formed, which is followed by nucleation and growth of oc, - Al 
203 

at the inner interface. 

This approach will be elaborated in developing latter arguments 

but in its fundamental form it is sufficient to initiate a discussion 

on the nucleation and growth of cc - Al 20 31 at the metal/oxide 

interface of a growing oxide filrr6 

5.2 Nucleation and Growth Mechanisms of c4 - Al 203 

The structures observed in f ilms formed on liquid aluminium sugg- 
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est that at least two independent mechanisms contribute to the 

formation of v(. - Al 203 yielding characteristic morphologies 

which may be distinguished by the terms, 

a) Primary oc - Al 203 

b) Secondary cx - Al 203 

The use of these terms can be justified subsequently. The two 

forms can be compared in Fig 47 which illustrates typical coarse 

agglomerates of primary oc- Al 203 together with dispersed fine 

particles of secondary ce-- Al 20X The secondary form is 

revealed with greater clarity in the dark field micrograph Fig. 48. 

5.2.1 Mechanisms of Primary oc - Al 203 
Formation 

The micrograph of the oxide/metal interface given in Fig. 45 show 

that the primary cr. - Al 203 crystals protrude into the liquid 

metal providing evidence that they nucleate and grow at the 

metal/oxide interface, implying direct reaction between oxygen 

and aluminiurn. This process requires transport of oxygen (anions) 

through the overlying initially formed ý- A1203 layer. Unfort- 

unately, as intimated in the earlier discussion on oxide defect 

structures, little information is available for use in assessing the 

extent of anionic mobility in ?- A'203* We may be guided to 

some degree by earlier work on defect structure of thin oxide 

films on solid aluminium. 
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In the discussion on the isothermal oxidation of solid aluminium 

films formed during the very early stages (< 5 nm) were described 

as a poorly crystalline Al 20 3' The oxidation product is 

probably identical with A1203 now observed on molten 

aluminium using an alternative system of nomenclature. Several 

attempts have been made 
(149-151) 

to assess the defect structure 

of these thin films on aluminiurn. It is in fact commonly accepted 

that the atomic structure of very thin oxide films (< 5 nm) differs 

from that of substantially thicker films 
(149) 

especially in respect 

of the metal to oxygen ion ratio, which is abnormally high, and 

presumably such an effect will apply also to the inner regions of a 

more substantial oxide film in the vicinity of the metal surface, 

where it is perturbed by the electric field from the metal. 

The nature of the metal excess near the interface in thin alumin- 

ium oxide films has never been clarifiecl. For example Gurnberg 

and Wright(150) suggest that the most probable configuration is an 

P-centre structure, where there is a deficiency of oxygen ions 

with two electrons trapped in the vicinity of each Oxygen ion 

vacancy. They reject the idea that aluminium ions occupy 

interstitial sites with electrical neutrality preserved by similarly 

trapped electrons. Another possibility is that the excess aluminium 

ions occupy otherwise vacant cation sites, electrical neutrality 

being maintained by the provision of three electrons trapped in the 

vicinity of each excess aluminium ion. This model is favoured by 

(149) Pryor 
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The foregoing discussion suggests that a gradient exists within the 

7- Al 20 31 providing the driving force for the anionic transport. 

This gradient would probably be small, since the defects are 

restricted to a region in close proximity to the metal/oxide 

interface This implies that the anionic diffusion through pure 7 

- Al 203 formed on aluminium is relatively slow, thereby exerting a 

strong influence on the nucleation, growth and physical form of 

primary cc - Al 20 3* 

This line of reasoning can be extended to account for the observed 

morphological variations of a- Al 203 growths and their depen- 

dence on the dif f usion rate of anions through the Al 
203 as 

discussed in the following section. 

5.2.2 Description of Primary Od - Al 0 Morphologies 23 

The morphologies of the primary a- Al 203 vary considerably Fig. 

49 (a-n) serve both to illustrate a selection of the variants 

observed and to define a convenient terminology to classify them 

as an aid for discussion. , 

Type (a) Acicular dendrites (Fig-49 a-d) 

Type (b) Globular dentrites (Fig. 49 e-N 

Type (c) Degenerate globular dendrites (Fig. 49 i -1) 

Type (d) Unassociated crystals (Fig. 49 m-n) 



The globular dendrites (Type (b)) and the degenerate globular 

dendrites (Type (c)) are not mutually exclusive. Fig-49(j) shows a 

field in which both types occur in the same oxide film. No further 

detail can be resolved in either of these forms even at 

magnif ! cations of -L- 100 KX. In contrast although the acicular 

dendrites appear at first sight to be simple crystals which radiate 

from a central spine, it is possible to resolve them at higher 

magnifications (Fig. 50), into assemblages of platelets orientated in 

a dendritic morphology. In this respect they resemble similar 

growths in other systems eg Cd 052). It is interesting to note 

that the f orms of individual platelets are identical to those of 

unassociated crystals (Type (d)) Le triangular and rectangular 

platelets, and rhombohedral forms , 
Fig. 47, which are all 

characteristic of the forms observed for 
(95p 105) 

calcined alumina hydrates 

cz - Al 203 in bulk 

5.2.3 Factors Controlling Morphologies of Primary co - Al 203 

Very little of the available information on the oxidation of alu- 

minium is of value in developing this theme. The striking differ- 

ences in ty- - Al 203 morphologies which now require explanation 

have not been reported in earlier studies of oxide films formed on 

aluminium. There are however other circumstances in which 

similar morphological differences have in fact been observed. In 

this respect it is particularly interesting to consider the mor- 

phologies of alumina inclusions in steel during deoxidation with 
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aluminium and theoretical approaches to explain them. In common 

with the present work, it is found that the morphology of oe - Al 203 
inclusions can vary considerably as shown in Fig. 51. 

Several authors(153-157) have considered factors, which influence 

the morphologies of the ac - Al 203 inclusions f ormed in molten 

steel. From early observations it was first assumed that alumina 

inclusions in steel were frequently rounded. To account for this it 

was suggested 
(153) 

that they were formed in an- initially fluid or 

viscous state because the temperature was locally increased due to 

enthalpy of formation of alumina. The theory was subsequently 

invalidated by Waudby and Salterls(154) calculation showing that 

the heat released is insufficient to cause incipient melting. In their 

own observations Waudby and Salter (154) found that the 

constitution of alumina-based inclusions in steel depended on the 

elapsed time following deoxidation and on the quantity of 

aluminium added. Ooi(155) et al observed that alumina clusters 

changed their morphology if the melt was stirred; in quiescent 

melts well defined dendritic inclusions were formed whereas in a 

stirred bath the inclusions were formed ýas spherical particles. 

Work of this kind demonstrates that the rounding of particles 

requires explanation based on the kinetics of their formation 

rather than subsequent events. Steinmetz (156) 
related the 

morphological variations of the inclusions to the initial oxygen 

content of the melt. For low values the inclusions formed were 

globular, for high values dendritic growths were observedt and in 

-121- 



the intermediate range the inclusions developed a coral-like 

morphology. On the basis of these observations he deduced that 

the alumina clusters or corals grow independently, and are not 

formed by the agglomeration and sintering of amputated dendrite 

arms. The coral like morphology should therefore be considered as 

special forms of columnar and dendritic growths. Robinson(157) et 

al also found that for high oxygen and high aluminium, contents the 

inclusions were very branched and dendritic (Fig-51(a)). For lower 

oxygen contents the dendritic growth of alumina was more 

degenerate, the dendritic arms tending to spherodise (Fig. 51(b)). 

At very low. oxygen contents the growth became almost spheroidal 

(Fig-51(c)). 

From the foregoing brief review it is evident that the mechanisms 

of inclusion formation in steel during deoxidation have not been 

fully explored but experimental observations certainly indicate 

that morphology of inclusions is profoundly influenced by the 

initial oxygen content of the melt. It is very significant that 

Robinson(157) et al could vary the inclusion morphology from 

acicular, dendritic structures to degenerate forms by controlling 

the oxygen content. Their micrographs (Fig. 51 (a)-(c)) have been 

arranged as a series to emphasize this progressive controlled 

structure degeneration. 

If the concept developed above for the formation of ck- Al 203 in 

steel is applied to the growth of cc - Al 203 underlying the 7- 
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Al 203 on molten aluminium, the variation in morphology is 

expected to correlate with the local value of oxygen potential. 

This potential is controlled by the supply of oxygen through the ý 

- Al 203 layer so that it is logical to seek an explanation for 

dif f erences in oc - Al 203 morphology in terms of differences in 

oxygen dif f usivity in I- Al 
203 induced by the operation of some 

variable extrinsic factor. 

In Section 2.2.5, a discussion on the relationship between intrin- 

sic/extrinsic diffusion and temperature led to the conclusion that 

at temperatures relevant to the present study the diffusion mech- 

anism is likely to be predominantly extrinsic. Let us now examine 

the possible role of impurities on the oxygen diffusion through ? 

- AL 203 and hence on the morphology of oc - Al 20 3' In accor- 

dance with Hauffe's valency rules for the preservation of electro- 

neutrality it is expected that the substitution of aluminium cations 

within the I- A1203 lattice by a divalent or monovalent cation 

leads to an increase in the number of oxygen ion vacancieso there- 

by increasing the rate of oxygen diffusion. Application of surface 

analysis techniques described in Section 3.2 provided information 

on the type of the incorporated impurities. The results of the 

simple experiment given in Fig. 5?, indicate on a qualitative basis a 

relationship between the impurities and oc - Al 203 morphology. 

The colour of the sample becomes progressively lighter as the 

holding time increases. This effect is probably due to the scatte- 

ring of light, which is related to structure of the metal/oxide 
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interface and also, possibly to total thickness of oxide, since 

reflection from metal/oxide interface becomes progressively weak- 

er as the oxide thickens, as Evans(158) suggested. 

The ef f ect of increased holding time and periodic skimming is to 

reduce progressively the quantity of impurities entering the oxide. 

Fig. 53 illustrates XPS studies which verify this point. Comparison 

of the traces shows that the calcium and sodium level in the 

initially formed oxide are considerably higher than in the oxide 

obtained af ter f our hours holding time. It is therefore most pro- 

bable that the calcium and/or sodium incorporated within I- Al 203 
is responsible for the increased oxygen diffusion. Progressive 

degeneration of well defined acicular dendrites is evident in the 

transmission electron micrographs given in Fig. 54. These 

observations establish a link between the levels of incorporated 

calcium and/or sodium A1203 and variations in the morphologies of 

Al 20 3* 

cc - 

The next aspect to consider concerns the kinetics of oc - Al 
203 

growths. The series of micrographs Figs-55 and 56 shows a pro- 

gressive development of the two extreme morphologies from which 

it is clear that the acicular well defined dendritic morphology 

grows far more rapidly than the globular or the unassociated 

particles. 



Although it is difficult to discuss atomistic mechanisms, for the 

formation of crystallographic and globular oc. - Al 
203 with the 

available informationý a possible mechanism is illustrated in Fig. 

57, and Fig.. 58. Aluminium cations diffuse more rapidly than 

oxygen anions through single crystal oL - Al 
20 31 implying that the 

growth of a single ot - Al 
203 crystal takes place at the 

oxide/metal interface, (since oxygen cannot diffuse into the 

metal), and the crystal therefore grows into the liquid metal. This 

process continues as long as a sufficient concentration of oxygen 

is maintained at the interface. The crystallographic dendrites 

observed are infact an assemblage of these single crystal platelets 

(Fig. 50ý If however the oxygen activity is low, the precipitate 

may only be capable of growing laterally as shown diagramatically 

in Fig. 58 . The resulting crystal then tends towards a spheroidal 

shape growing along the interface, because the depleted oxygen 

supply cannot maintain the crystallographic form. 

The foregoing discussion relates to the formation of primary 

A l203 crystals. There remains the problem of secondary 'c4 

Al 203 formation, Le the very fine ot - Al 203 precipitates which 

will be discussed in the next section. 



5.2.4 Mechanism of Secondary cý - At 203 Formation 

The arguments advanced in the preceding section for direct f orma- 

tion of primary oc - Al 203 by oxygen diffusion through F- Al 203 
depend on the thermodynamic stability of oc - Al 203 at the 

metal/oxide interface. As a corollary, the I- A1203 initially 

formed near the metal surface is of course unstablep and may be 

expected to transform, yielding additional &- - Al 
203 as the 

transformation product. By implication this is the origins of the 

very fine oc - Al 203 observed in 7- Al 203 matrix, illustrated in 

Fig. 48 ie. it is a secondary phase in the accepted sense. Any 

discussion on the transformation of 7- A1203 centres on factors 

which influence the structure of the phase and thereby determines 

its stability. 

Recalling the arguments given earlier in Section 2.6.3 on the con- 

figuration of the spinel structure it seems appropriate to accept 

Andersoný model of hydroxyl ion replacement of oxygen ion, in 

preference to De Boer's concepts of hydrogen ion replacement of 

aluminium ions in octahedral ' interstices on the grounds that a 

bare proton will be captured by an adjacent 02- ion to form OH- ion. 

The transformation of ý- A1203 to C( - A12 0. at the metal/- 

oxide interface is difficult to describe on an atomic scalev but it 

is probably initiated by the destabilisation of the I- Al 203 lat- 

tice in contact with metaj, 
(159) through the annihilation of OH- 
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ions, liberating hydrogen. The overall reaction may then be 

written as: - 

4A1 +3 Al 8 
[AI 

12 
[ 34 10 

28 (OH) 4= 32 M-Al 203+ 12h 

(29) 

The hydrogen is liberated in close proximity to the metal/oxide 

interface where the Po 2" 3x 10-48 atmospheres. By virtue of 

the small diffusion distance most of this enters the liquid metal, 

but there is of course a simultaneous loss into the atmosphere by 

diffusion through the oxide film. 

During the early stages of oxidation when I- A1203 near the 

metal/oxide interface is transforming the gas content of the melt 

increases. As primary and secondary a- Al 203 develop the 

source of hydrogen progressively recedes towards the 

oxide/atmosphere interface so that after complete coverage of the 

metal surface by or - Al 203 hydrogen loss predominates. 

Such an ef f ect was invariably observed by Stevenson 
(159) 

in the 

course of an extensive investigation to establish the kinetics of 

hydrogen absorption by liquid aluminium exposed to humid atmo- 

spheres (Fig. 59). 

These considerations establish a link between the structure of the 

oxide film and hydrogen absorption kinetics. 
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53 Structures of Oxide Films Formed in 'Dry' Environments 

The discussion so far, has been confined to the formation and 

development of oxide films on molten aluminium in moist 

environments and it has been demonstrated that the water in the 

atmosphere plays a dominant role, in the oxidation process. This 

leads on to an intriguing question, concerning the nature of the 

films formed in the absence of moisture. 

From the preceding discussion on ?- Al 20 3' regarded as a hydro- 

gen aluminium spinel, it is expected that in a perfectly dry atmos- 

phere, the film consists wholly of oc - Al 20 3* 

Fig. 60 shows a scanning electron micrograph of a film formed on 

a sample obtained from normal high purity aluminium (Billet A). 

The sample was exposed at 1003 K (730c)C) to an oxidi5ing 

environment in which the water vapour pressure was <10-S atms. 

The water vapour potential diagram predicts that under these 

conditions the oxide film consists wholly of o(- - Al 20 3* This 

appears to be quite consistent with the experimental observations, 

as shown in Fig. 60, where the degenerate globular dendrites at 

the oxide/atmosphere interface resemble the oe - Al 
203 de- 

generate dendrites at the oxide/metal interface of the duplex films 

formed in moist environments (Fig. 49g). 

Despite its theoretical importance this concept has no practical 
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significance since it presupposes a degree of dryness unattainable 

in industrial processes. 

It will become apparent that oxidation rates in moist atmospheres 

is several orders of magnitude greater than the oxidation rate in 

dry atmospheres. By implication, additives in the furnace which 

promote the formation of VC- Al 203 are expected to be 

beneficial in minimising the melt losses. 

Traces of volatile fluorides in the atmosphere have a dramatic 

effect in promoting the formation of c4- Al 203 as evident from 

the micrographs in Figs. 61 (a-c). 

This effect can be interpreted readily by an analogy with similar 

effects that are well known in the dehydration of bulk alumina, 

produced by Bayer process, in which it is a common practice to 

add fluorides in the environment to facilitate the process. The 

effect is illustrated in Figs. 62 (a-c) taken from "An atlas of 

alumina" (BA Chemicals Ltd)(160) which show the remarkable 

effect of fluorine on both the rate of formation and morphology of 

of- - Al 20 3' 

There is a clear similarity between these structural effects and 

those for oxides formed on pure aluminium. No clear explanation 

has been given but it may be due to the clustering of hydroxyl 

ions around fluoride ions, which are known to solvate readily, thus 



destabilizing ?- Al 20 3* 

5.4 Oxidation Kinetics 

In the discussion so far the behaviour of oxide films on liquid 

metal has been considered only in thermodynamic and structural 

terms, and although this analysis has been useful in revealing some 

important aspects of the oxidation process it yields no information 

on oxidation rates. Acquisition of such important measurements 

requires direct measurements of the kind made in the present 

study. Not only do these measurements yield results of immediate 

practical value but in combination with the structural studies they 

provide a very powerful approach to characterise completely the 

oxidation process. 

5.4.1 Oxidation Kinetics in Moist Environments 

Thermogravimetric results must be considered within the frame- 

work of the thermodynamic considerations and structural changes 

observed on liquid metal exposed to moist environments. 

The simple fundamental assumptions from which idealised oxidation 

rate laws are derived obviously do not apply and as expected the 

oxidation kinetics change with time. Over the short term exposure 

relevant to the present work the plots of mass gain against time 

can be considered in two ýarts. -- 
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a) An initial stage, during which an a- Al 203 sub-f ilm is 

forming at the metal surface under the overlay of '? - 

Al 20 31 in which the 7- Al 203 film plays a dominant but 

diminishing role in the kinetics. 

b) The subsequent stage during which the OL- Al 203 sub-f ilm 

is continuous across the metal surface creating two 

dissimilar media through which reacting species diffuse. 

These two periods are well illustrated in Fig. 63a which shows the 

oxidation kinetics of normal high purity aluminium (Billet A) at 

1003 K (7300C) in moist oxygen (P H0=0.03 atms). The results of 

four individual tests are given, and the essential feature in plots 

of this kind is that the oxidation rate is rapid during initial stages 

(Stage I in Fig. 63a) of oxidation while I- A1203 exercises rate 

control, but once oL - Al 203 sub-f ilm is continuous it acts as a 

barrier to continued oxidation. These concepts are particularly 

well supported for curves Aw I and Aw 2 by the transmission 

electron micrographs (Fig. 55) showing the progressive 

development of dx- Al 203 barrier layer. The acicular primary oL 

- Al 203 crystals are well developed after only 5 minutes and have 

grown until they completely cover the cross-section after 10 

minutes corresponding with transition in the curves. The transition 

to Stage 11 is delayed to ja 30 mins. in curve Aw 3 (Fig. 63a); 

presumably this is due to slower establishment of oc - Al 203 

sub-film in this particular specimen. The transition to Stage Il in 

curve Aw 4 is discontinuous where the inflection at c-L 16 mins. is 
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due to cracking and healing of film. 

From the time at which the (Y. - Al 203 sub-film is continuous the 

oxidation kinetics conform to a parabolic rate law as shown in Fig. 

63(b) and 63(c) where the (mass gain/unit area)2 is proportional to 

time (t). The parabolic rate constants kp for An, Aw 2, and Aw 3 ob- 

tained from Fig. 63 Mc are given in Table 12a and the kinetics 

can be associated with Wagner's theory of diffusion rate control 

through a single phase Le. it is diffusion through the M- Al 
203 

layer which controls the overall rate of oxidation and not diffusion 

through I- A1203 layer, nor the rat6 process at its bounding 

interfaces. Such a situation is not unusual for other pure metals 

on which a sequence of different oxides is formed e. g. the overall 

growth rate of thick oxide scales on iron is controlled by the 

outer layer of Fe 
203 and not by FeO which constitutes the main 

(161) 
mass of the scale 

The argument becomes clearer on considering the transport mech- 

anism available in the two oxides, I- A1203 and oc- 
I 
A12031 

for reacting species. As discussed earlier, the ?- A12C)3 lattice 

is based on a face centred cubic oxygen lattice in which a 

significant fraction of the interstitial positions are vacant and 

thus available for diffusion of Al 3+ 
cations. In comparison the 

anionic (02-) diffusion must be negligible; accordingly the oxide 

growth must take place at the I- A120 Ptmosphere interface. 



Taking a simple view, the cathodic reaction at the A'2()3/ 

atmosphere interface is 

L /2 02+ 2e - 02- 
. 
(30) 

with the simultaneous protonation needed for stability: 

2- 
+H20- 2(OH)- (31) 

The neutrality is preserved by the current of electrons and Al 3+ 
cat- 

ions diffusing through vacant interstices, the rate control being 

exercised by supply of Al 3+ 
and electrons available at the 

Al 203/ cx-Al 203 interface from the ot - Al 203 
(Fig, 64). 

The above arguments do not preclude earlier arguments f or the 

direct formation of &- A1203 at the metal/oxide interface by 

oxygen diffusion through ?- Al 2 0.3, which is conceived as a very 

much slower process. 

This explains the observed kinetics in Stage 11 of oxidation. During 

Stage I of course, in which cL - Al 203 is growing the rate control 

is continuously changing and hence the oxidation kinetics are 

expected to be complex, (Fig. 63d). -A rigorous mathematical 

analysis of kinetics in Stage I requires more precise information 

than is available. 



The arguments outlined above rests on the relationships between 

structural developments within the oxide film and kinetics of its 

formationg so that factors which modify the structural develop- 

ments are also expected to modify the oxidation kinetics. Support for 

this line of reasoning is found in the results for further purified 

normal high purity aluminium (Billet D) and commercial purity 

aluminium. 

The micrographs (Fig-. 56) of oxide films formed on samples 

obtained from further purified aluminium (Billet D) at 1003 K 

(7300C) in moist oxygen (P ý12O = 0.03 atms) show a slower and 

morphologically different form of oL - Al 203 as compared with 

the oxides formed on samples obtained from normal high purity 

aluminium (Fig. 55). For the further purified material complete 

coverage of the cross-section by an v(- Al 203 sub-f ilm is 

delayed to at 30 mins, which is reflected in the delayed transition 

to Stage 11 of the kinetics as shown in Fig. 65(a). The oxidation 

kinetics in Stage 1.1 conform to the parabolic laws. The parabolic 

rate constants obtained from Figs. 65(b) and 65(c) are given in 

Table 12b. The log/log plots of results given in Figure 65a shown 

in Fig-. 65d indicate that during Stage I mass gain/unit area is 

not related to time by a power law. 

Oxidation kinetics of samples obtained f rom commercial purity 

aluminium can be interpreted similarly. Fig. - 66a shows oxidation 

kinetics at 1003 K (7300C) in moist oxygen (P 
H0=0.03 atms) of 

three samples obtained from commercial purity aluminium. 
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The kinetics in Stage 11 conform to the parabolic rate law as 

shown in FIp. 66band66(c). The parabolic rate constants given 

in Table 12c were obtained from Fig. 66(b) and Fig. 66(c). 

The log/log plots of the results in Fig. 66(a) given in Fig. 66(d) 

indicate that the kinetics during Stage I are complex. 

The transition to Stage It is discontinuous in CPw 3 where the 

inflection at t 0' 25 mins. is due to cracking and rehealing of the 

oxide, and because of this complication obvious in Fig. 66(a) it was 

unprofitable to analysc this curve further. 

Transmission electron micrographs (Fig. 67) of oxide films formed 

on commercial purity metal when exposed to moist oxygen show a 

much slower development of oc- Al 203 sub-film as compared with 

the micrographs in Fig. 5.5, and Fig. 56. This is consistent with the 

prolongation of Stage I and the delayed transition to Stage 1ý 

during the oxidation of samples obtained from commercial purity 

aluminium. 

5.4.2 Role of Impurities During Oxidation in Moist Oxygen 

Oxidation kinetics, at 1003 K (7300C) in moist oxygen, of samples 

obtained from Billet A, Billet D and commercial purity aluminium 

are compared in Fig. 6S. These results together with the 

analysis (Fig-. 53), using XPS, yield the following information. 
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a) Calcium and/or sodium incorporated in oxide films formed 

on normal high purity aluminium in moist oxygen increases 

the overall oxidation and reduces the time before Stage 11 is 

f ully established. 

b) The overall mass gains are greater and Stage I is prolonged 

during the oxidation of samples obtained from commercial 

purity aluminium. The main impurities incorporated within 

the oxide are iron and copper (Fig. . 69). 

Providing that no new phase is introduced an impurity element may 

exercise its influence on the oxidation kinetics by changing the 

defect structure of the parent oxide. 

In applying the principles developed by Hauffe several factors 

require consideration, among them the following. 

a) The size of the foreign cation in relation to sites available 

for occupation and the need to maintain co-ordination. 

b) The type of electrical charge compensation required to 

accommodate differences of valency between the parent and 

foreign cation. 

C) The possibility of charge compensation by valency changes 

of either parent or foreign cation. 

d) The possibility of charge compensation by change in the 

degree of non-stoichiometry. 



e) The possibility of charge compensation by protonation of 

the anions. 

Table 14 provides the relevant information for analysing the in- 

corporation of calcium, in I- A1203 and o,,, - Al 20 3* 

In considering the incorporation of Ca 2+ into the y- A1203 it is 

interesting that calcium promotes the formation of a- Al 
20 31 ie. 

it increases anion dif f usion. 

Table 14 shows that Ca 2+ cannot be accommodated in either 

tetrahedral or octahedral sites without considerable lattice dis- 

tortion. However an interesting discussion can be initiated by 

making the tentative assumption that Ca 2+ is incorporated in 

octahedral sites. Inspection of other spinel lattices indicates that 

this is not an unreasonable assumption, for example in Mg Al 
204 

the Mg 2+ ions occupy tetrahedral sites even though the radius of 

Mg 2+ is 0-0ý5 nm. 

Ca2+ incorporated in octahedral interstices may be represented by 

Al 8 
[Al 12 Ca [ ]3 3 028 (OH)4 31 

In writing formula 32. no account has been taken of charge im- 

balance, but since Ca2+ is a fixed divalent, substitution for a 

trivalent Al 3+ iont the charge compensation is required either by 

replacing octahedral Al 3+ 
cations with a proportionally greater 
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number of Ca 2+ ions Le. 

Al a 
[AI 

10 Ca 3 
113 10 

28 
(OH) 4 

or by introducing anion vacancies Le. 

Al 8 
CAI 10 Ca 2[ 34 3 027 E3 (OH)4 

33 

34 

The work needed to create anion vacancies can be compensated by 

the opportunity for the increase of configuration entropy afforded 

by the distribution of calcium ions on vacant octahedral sites. It 

can be assumed therefore, that at least some anion vacancies are 

introduced. This is consistent with the increased anion diffusion 

manifest by rapid growth of primary oC- Al 203 sub-f ilm. 

The activities of Na+. Cu 2+ 
and Fe 2+ in ?- A1203 are expected 

to be exceedingly low by virtue of the low oxygen potentials. 

According to Hauffe's valency rules the lattice defect concentra- 

tion remains largely unaffected by the incorporation of Na, Cu and 

Fe, and the only effect that these impurities could have is short 

range distortion of the lattice. 

The reasoning appears to be consistent with the much slower 

development of ot - Al 203 sub-f ilm during the oxidation in moist 

oxygen (P H0=0.03 atms) at 1003 K (7300C) of samples obtained 

from commercial purity aluminium, where the main impurities 

incorporated within the oxide are Fe and Cu. 
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In the same sense as we have considered calcium to be a foreign 

cation we may regard protonation as foreign cations Le 02- is 

replaced by OH-. Taking this view the reasoning applied to the 

influence of calcium should apply also to the introduction of 

univalent anion OH7- The population of OH- ions as anion 

substituents is controlled by the water vapour pressure in the 

atmosphere. 

In introducing Anderson's model the structure was formally written 

as 

AIS CAI 12 E J4 3 028 (OH) 4 

for the sake of establishing certain principles. 5ince a charact- 

eristic of spinels is their stability over ranges of composition the 

influence of increased protonation of 0 2- 
must be considered. For 

example, as illustrated by 

Al 8 
CAI 

11 
C ]5 3 025 (OH)7 337 

From this it follows that charge compensation requirements are 

met by increasing the vacancy population which promotes the 

diffusion of Al 3+ 
cations. This provides an explanation for the 

influence of water vapour pressure in increasing the rate of 

formation of 7- A1203, before the sub-film of ot - Al 203 is 

fully established and exercises rate control (Figs. 70,71). 



5-4.3 Oxidation Kinetics in Dry Environments 

Oxidation kinetics at 1003 K (7300C) in dry oxygen (P H0< 10-8 

atm ) of four samples obtained from normal high purity aluminium 

Billet A, are shown in Fig. 72(a). The log/log plots (Fig. 72(b)) and 

the parabolic plots (Fig. 72(c)) of the results in Fig. 72(a), reveal 

that the kinetics conform to a parabolic growth law following an 

initial period in which the growth conforms to a linear rate law. 

It is interesting that when the parabolic portions are extrapolated 

back they correspond to oxidation which started at a time before 

the true zero. This is demonstrated in Fig. 72(d) where the para- 

bolic portions intersect at -45 min . The implication is that the 

parabolic oxidation starts with a finite thickness of protective 

oxide which would occur if an initially formed non-protective 

oxide were to become protective during the course of oxidation. 

A non-protective oxide implies easy access of oxygen to the metal 

surface, usually provided by cracking, and if such a cracking film 

were subsequently, to heal its growth kinetics would be similar to 

those observed. 

Oxidation kinetics at 1003 K (7300C) in dry oxygen (P 
H0< 10-8 

atm ) of samples obtained from Billets B, C, D are shown in Figs. 

73(a), 74(a) and 75(a) respectively. high purity metal further 

purified by selective oxidation ) 



The log/log plots (Fig. 73b, Fig. 74b) and parabolic plots (Fig. 73c, 

Fig 74c) show that the oxidation kinetics of samples obtained from 

Billets B and C conform to the parabolic law following an initial 

period during which linear kinetics are observed. Due to the small 

mass gains (Fig. 75a) the oxidation kinetics, during early stages, of 

samples obtained from Billet D cannot be identified positively. 

However, the parabolic plots (Fig. 75b) of results in Fig. 75a show 

that curves Dd I and Dd 2 conform to a parabolic law after the 

early stages (t > 10 mins, and 20 mins respectively). Curves Dd 3 

and Dd 4 could not be further analysedt because of the 

experimental scatter evident in Fig. 75b. 

Linear rate constants obtained from Figs. 72a, 73a and 74a are 

given in Tables 13a, 13b and 13c. Parabolic rate constants obtained 

from Fig. 72c, 73c, 74c and 75b are given in Tables 13a, 13b, 

13c and 13d. 

A comparison of Fig. 72(a), Fig. 73(a), Fig 74(a) and Fig. 75(a), 

given in Fig. 76, ýshows that the final overall mass gains are 

lowered as the metal is purified. 

The oxidation kinetics at 1003 K (7300C) in dry oxygen (P h0< 

16-8 atms) of samples obtained from commercial purity aluminium 

are shown in Fig. 77(a). The log/log plots (Fig. 77(b)) and the 

parabolic plots (Fig. 77(c)) of the results in Fig. 77(a) indicate that 

the kinetics conform to the parabolic rate lawl at least kip to t ca 



15 mins. The mass gains after t= 15 mins are exceedingly small 

and beyond the resolution of the experimental technique used. 

Absence of a linear portion, preceding the parabolic portion suggests 

that the films formed on commercial purity aluminium are 

continuous, and their growth is controlled by diffusion of species 

through the film. 

The parabolic rate constants obtained from Fig. 77(c) are given in 

Table 13(e). 

The next important matter concerns the lack of reproduciblity in 

oxidation kinetics of samples exposed to dry oxygen. It is 

convenient to explore the reasons for the irreproducibility by 

considering the results given in Fig. 72(a), which show the 

oxidation kinetics of samples obtained from normal high purity 

aluminium. 

The irreproducibility in the results shown in Fig. 72(a) could be 

due to inadequacies in the experimental technique or to minor 

compositional variations from sample to sample. In this respect it 

is noteworthy that the parabolic rate constants (k 
P) 

(Table 13a) 

obtained from Fig. 72(c) range from 6.9 x 10- 13 
gm2/cm4 /sec to 5 

x 10-13 gm2/CM4 /sec reflecting changes in either the activation 

energy, Ep or the pre-exponential factort A, by virtue of the 

relationship 
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L 

pA exp RT 35 

The activation energy is constant for any particular diffusion 

mechanism and therefore the irreproducibility is due to variations 

in the pre-exponential factor which is sensitive to the lattice 

defect concentration, and therefore to impurities incorporated in 

the oxide film. 

Validity of the foregoing argument is qualitatively supported. by 

the results given in Fig. 78 which show the dramatic variation in 

oxidation kinetics between samples obtained from different ingots 

of the same nominal composition. 

5.4.4 Role of Impurities During Oxidation in Dry Oxygen 

Fig. 76 shows that the overall final mass gains during oxidation of 

samples obtained f rom normal high purity aluminium are greater 

than the overall f inal mass gains during oxidation of samples ob- 

tained from further purified billets. 

XPS showed that the main impurities incorporated in oxide films 

formed in moist oxygen on high purity aluminium are calcium and 

sodiurrs. The levels of these impurities being higher in oxides 

formed on samples obtained from Billet A than in oxides formed on 

samples obtained from Billet D. 
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Presumably this also applies to the oxide films formed in dry 

oxygen, and on this basis the differences in oxidation kinetics 

between samples obtained from Billets A, B, C and D may be 

explained in terms of variation in diffusion kinetics through a- 

Al 203 induced by incorporated Ca 2+ ions. The activity of Na+ 

ions in c( - Al 203 is expected to be exceedingly low, and 

according to Hauffe's valency rules, should not profoundly 

influence the oxidation kinetics. 

In describing the transport phenomena through cc - Al 203 (Section 

2.2.5) some experimental measurements were cited which showed 

that the diffusion of aluminium is many orders of magnitude 

greater than the diffusion of oxygen. This however only applies to 

within the intrinsic region and for single crystals. 

In polycrystalline Pc - Al 
203 anionic diffusion becomes sigrificant 

which progressively increases as the grain size is reduced, so that 

below mw 20,000 nm anionic diffusion predominates over cationic 

dif f usion. Extending these results to the present case it is 

expected that the significant growth of 

place at the metal/oxide interface. 

oL - Al 203f ilm takes 

The mechanism by which Ca 2+ 
exerts its influence on oxidation 

kinetics in dry oxygen may be explained by combining hauffe's 

valency rules and the generally accepted model of diffusion 

through polycrystalline ok - Al 203 first proposed by Laurent and 

13ernard(30)0 in which diffusion takes place not only along grain 

-144- 



boundaries but in a measurable volume adjacent to grain 

boundaries. The width of this region was estimated as -0 20 nm. 

Given the nature of oc - Al 203 as discussed earlierv given the 

trivalency of the parent cation and divalency of the calcium ion as 

an impurity cation, Hauf f els valency principle predicts that the 

anion vacancy population will increase. The oxidation kinetics are 

thus expected to increase as the level of incorporated calcium 

increases, which is consistent with experimental measurements 

given in Fig. 76. 

XPS showed that the main impurities incorporated in oxide f ilms 

formed in moist oxygen on samples obtained from commercial 

purity aluminium are Fe and Cu. Presumably these impurities 

would also be present in films formed on commercial purity alumin- 

ium in dry oxygen. 

The activities of Fe 2+- 
and Cu 2+ ions in o(- Al 203 are exceedingly 

low, by virtue of the low oxygen potentials. Application of Hauffe's 

valency rules predicts that the incorporation of Fe and Cu'should 

not profoundly influence the defect structure and hence the 

kinetics, which is consistent with the very small mass gains 

observed during the oxidation of samples obtained from commercial 

purity aluminium (Fig. 77(a)). 

The only other effect that foreign atoms could have is lattice 

distortion, which is difficult to quantify using the available data. 

Howeverv the parabolic kinetics observed suggest that the stresses 
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resulting from lattice distortion are insufficient to disrupt the 

continuity of the filrru 

Linear kinetics observed during the early stages of oxidation in 

'dry' oxygen of samples obtained from high purity aluminium 

suggest that the films contain cracks through which reacting 

species migrate. This disruption of the film could occur during the 

rapid ingress of oxygen through regions adjacent to grain bound- 

aries, analogous to the model proposed by Rhines and Wolf(81) for 

the growth of NiO (Fig. 17). 

5,5 Two-Stage Tests 

Most of the present arguments have been devoted to the control of 

oxidation by 0C - Al 203 both as a single phase f ilm f ormed in dry 

atmosphere and in duplex films formed in humid atmospheres where 

it develops as a sub-film underneath the initially formed layer of 

- Al 20 3* 

This is in marked contrast to the disruption of a protective M- 

Al 203 layer when it is formed first as happens in the two stage 

tests, where the metal was exposed to dry atmosphere and then to 

moist atmosphere. 

Figs. 79-81 show that the oxidation rate invariably increases 

immediately in response to substitution of initial dry atmosphere 



with humid atmosphere. This effect can be associated with the 

appearance of an additional phase formed on top of OL- Al 203 
(Fig. 

82) which by implication is a new growth of 7- Al 20 3* 

The results of the present work have shown that the short term 

oxidation characteristics of pure liquid aluminium can be very 

complex. The present work has established certain basic principles 

which apply to short term oxidation of pure liquid aluminium, 

notably those which concern the role of atmospheric components 

especially humidity and of impurities which enter the oxide from 

metal. These have been applied to follow and to explain structural 

changes which occur in the first hour or two. The marked effects 

these changes have on the oxidation rate shows the irrelevance of 

deductions made from results of measurements over very long 

periods. In this respect some comment is required on results (Fig. 

83) published by Thiele(93) some years ago. These results were 

obtained using thermogravimetric equipment for which the early 

stages of oxidation were inaccessible because of inadequate 

sensitivity of equipment and inability to prevent oxidation during 

melting of sample. 

Thiele (93) found that over very long periods of up to el 120 hours 

during which very thick oxide films are formed the mass of oxide 

in dry atmosphere is greater than that formed in humid 

atmospheres. This effect must be attributed to special features 

which influence the integrity of very thick films of a- Al 203 which 

has no relevance to the present work. Since these results have 
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entered the literature a warning must be sounded on the fallacious 

arguments that can be based on these results if applied to short 

term oxidation of interest during the time scale for melting and 

casting. 



6 CONCLUSIONS AND FURTHER WORK 

6.1 Conclusions 

1) The oxide film formed on pure molten aluminium at 1003 K 

(730 C) in moist oxygen is duplex in nature consisting of 

a slightly hydrated phase n-A1203 overlying the dehydrated 

phase a-A1203, which is stable at the oxide/metal interface. 

This is consistent with predictions based on water vapour 

potentials at the bounding interfaces of the oxide films. 

2) The oxide film formed on pure molten aluminium at 1003 K 

(730 C) in dry oxygen is single phase, consisting Ofa-A'20, - 
3) The morphology of m-A1203formed as a sub-film under the 

n-A1203 in moist oxygen can vary from well defined acicular 

dendrites to degenerate forms and depends on impurities 

incorporated within n-A1203, 

4) The oxidation kinetics at 1003 K (730 C) of samples obtained 

from pure and commercial purity aluminium are characterised 

by a rapid initial kinetics followed by a transition to much 

slower kinetics which conform to parabolic growth law. 

5) The transition to the parabolic growth rate takes place when 

6 ) 

thea-A1203 sub-film is fully established at the metal/oxide 

interface. 

The oxidation kinetics at 1003 K (730 C) in dry oxygen of 

samples obtained from pure aluminium conform to linear kinetics 

followed by parabolic kinetics. 

-149- 



7) The oxidation kinetics at 1003 K (730 C) in dry oxygen 

of samples obtained from commercial purity aluminium 

conform to parabolic kinetics, at least up to t, < 15 

minutes, after which the kinetics cannot be identified 

since the mass gains are exceedingly small and beyond 

the resolution of the technique used. 

8) The effects of calcium incorporated in the oxide films 

formed on pure aluminium in moist oxygen are to, 

a) increase overall oxidation 

b) decrease the transition time from the 

rapid initial kinetics to the slower 

parabolic kinetics. 

9) The effect of incorporated calcium on the oxidation 

kinetics of pure aluminium in dry oxygen is to increase 

the overall oxidation. 



6.2 Further Work 

5ince the completion of this work the author has carried out an 

extensive study of oxidation of molten AI/Mg alloys, in colla- 

boration with Willis (16Z) 
6 

Although attention is now being focused onthe AI/Mg alloys, there 

are many areas in the oxidation of pure metal which require 

further investigation. Further work should be aimed to: - 

Define further the effect of impurities on oxidation, by 

controlled additions to very pure aluminium produced by 

zone refining. 

Develop a microbalance technique to measure oxidation 

rates of aluminium in environments -containing aggresive 

additives such as fluorides. 

3) Evaluate the oxidation kinetics as a function of heating 

rates, to simulate melting in a real furnace. 

4) Compare the nature of oxide films formed in induction 

furnaces to the oxide films formed in electric or gas fired 

f urnaces. 
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AIPEN'DIX 

Notation for voint defects- 

Symbol Defect Effective charge in units q 

e' Quasi-free electron in the conduction band -1 
h* Quasiwfree hole in the valence band +I 

x VA A vacancy 0 

VA' A vacancy -2 
VX B vacancy 0 a 
Aý A at aD site -1 
DX B at an A site 0 A 
Ai A at an Interstitial site +I 

Ax A at an A site 0 A 
B ýBc B at aB site 0 
I Unoccupied Interstitial site 0 

Fx Foreign atom F at A site 0 A 

1 



APPENDIX II 

CONCENTRATION OF POINT DEFECIM IN AN OXIDE CONTATNING 
SCHOMY DISORDER 

Consider an oxide with sites of two types occupied by M 

and 0 atoms respectively. A small fraction of either t- 

ype of site may be vacated as follows: 

Zero = VX + VX 
m0 vm 0 [ X] lvxl= la 

I 

Vý Vý + h* 
[V 

M" 
] [h I 

='K a IVMXI 

[Vj [e] 
Vx V+ e' =K 0 IVXOI 

in addition, further electronic defects are formed by 

intrinsic ionization, exciting electrons from the valence 
band leaving electron holes: 

Zero =e+ h' [e 1] 

The combination of Ia. 2a, and 3a yields 

2a 

3a 

4a 

[V 
Vý] = K. Zero = Vm + Vý 

. 
11,5a 

and also 

K, 
J'S Ka Kb 

s 
K1 

To preserve electrical neutrality 

[Vm' ]- [h 
*] + 

[V; ] 

Equilibrium with the g, iseous phase is maintained by : 

6a 

7a 

. A. 2 



1 0' + v' 

m+ 

10OXI IVMXI [VM X1 

ll 
p ji ot cz 

g1 IVO 1 X] 

=0 

EVOXI 

K 
Inv 

pmpm 

using equations ( 4a-9a) an approximate graphical me- 
thod can be used, to express the concentration of all 
defects in terms of PCýL ( c. f Kofstad13) 
It is convenient to express defects in terms of the 

relationship: 

p-; x 
(ý v= 02 

For low values of P 
01 oxygen vacancies are the predoý- 

minating defects, ionising to give V* and free elec- 0 
trons in the conduction band. To preýerve electrica- 
l neutrality, 

[e [Vj>>[h ] 
and 

[V I] 
m 

and the various concentrations are given by 

[VX R, 
m 

[e'] = [va] =( 

. 
[hj 

= 

XK 
Ks K 

v= -2 - 
E, 

01 RRKK 

)i(Ki 
Ks' 

KR 
a 

Ki 
Ki (I)i 

[e KiKs 

I 

ýMlzr ý 
Ks KaR 

K, 
3 IV; IKiKs 

[el], [Vjdecrease and 
[hý 

and [Vm]increase 
with 

R 

8a 

9a 
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Similarly for high values of P 
01 metal vacancies predominate 

so that : 

[Vý] 
= 

[h*]>>[elj 
and 

[Vj 

The concentration of various defects are 

[I Vm] = 
[hý KaR 

[e'] 

IVfl 

K 

(K 
a 

R)"I 

K 
s 

(K 
a 

R)'ý 

Thus [e']and [V; ]de'6rease 
whereas [h*]and [V']increase 

witb m 
R45*, For internediate values of P 

Cý 
the following alternati- 

ve limiting conditions need consideration. 

CASE A 

I 
Electronic intrinsic ionization predominates so that Ki>. K 

s 

and electroneutrality condition is represented by 

[e'] 
- 

[h ý* 

The defect concentrations are 
Eel] 

= 
[h j= (K 

i) 
i 

N, 
1= 

- 

IV I L OJ 

Ka R 

(K 

Ks (Kj)ý 

Ka R 

[e'] and 
[h*] are therefore independent of 

increases while NI decreases with P 
0. 

010 [VMIII 
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CASE B 

Internal disorder predominates (e. g Schottky ) i. e KI>K 
s 

so that electroneutrality is preserved by 

[VM'l 
= 

N] 

and the concentrations of various defects are given by 

[Ii vm Lv; ] Ks' ) 

[h'] 

[e'] = 

KR 

(K , )i 
s 

Ki (K)i 
s 

Ka R 

[V I] and [V; j are independent of Po... [h*] increases 
m 

while 
re] decreases with P 
L 0. 

A-5 



APPENDIX III 

DERIVATION OF PARABOLIC GROWTH RATE U31NG AN ELECTROCHEMICAL 

viCjD. coL 

The reacting system is considered to be an electrochemical 
cell in which the oxide scale serves as an electrolyte for 

the ionic transport and as a circuit for transport of ele- 
ctrons. 

The cathodic reaction at the oxide/atmosphere interface is 

represented by: 

Z- 0� + 2e- 

ý-d the anodic reaction at the metal/oxide interface is r- . Y-. 

epresented by 

2* Me -Me + 2e 

The total resistance Rq ( ionic plus alectronic) of a 
film with area A cm'and thickness y cm 

R= R ionic +R electronic 

If K is specific conductivityt then 

T+T -f' + 7ý + 'T' 
Rac+ 

Te 
+ace 

Y- 
--r 

a+ 
TC )K -r 

eKIA 

where Taq 'T c and 'r 
e are transport numbers of 

anions, cations and electrons respectively. 
Since ýra +IC+Teý1 

ý 'ra + rc Ir AK 

A. 6 



Providina Chms law is obe: red then the current ,i, flow- 

ing throul--, h ýhe cell is 

i= 
(Ta + Tc ) Te KA 

y 

where E is the EMF of the cell 
A current flowing for dt seconds produces i. dt coulombs 
These will produce i. dt. J/ P volume of oxide, where J 

is equivalent weight of oxide, (3- density of oxide, 

and F= Faraday constant 
In dt seconds the volume of oxide produced = d. y. A 

hence, 

dy = 
i. dt. J 
eF A 

substituting for i 

dy 
= dt 

+Tc ) -1-er J 

e 

From this 

=- 
dt y 

where k is a constant 

and 

kt 

A. 7 



-APPENDIX 'IV 

The equations describing the oxidation kinetics in moist 
oxygen ( Pao= 0.03 atms) and dry oxygen at 1003 K (730C) 

of samples obtained from 

1) normal high purity aluminium, (Billet A) 
2) further purified high purity aluminium 

Billet B. Billet C, and Billet D 
3) commercial purity aluminium 

are given in Table A IV 

All equations except for those corresponding to curves C> 
CP d1I CP d2l and CP d3 were obtained using a computer p- 
rogramme supplied with Hewlett Packard micro-computer, 
(model HP 9845 ). 

The equatiom describing curves CPd1I CP d2t and CP d3 w- 
ere derived. These equations describe the kinetics du- 

ring t 4.15 mins when the kinetics conform to the par- 
abolic growth law. 

A. 8 



TABLE A IV 

CURVE 

Awl Fig 63a 

Aw2 Fig 63a 

A 
w3 

Fig 03a 

A W4 
Fig 63a 

Dw, Fig 65a 

Dw2 Fig 65a 

DW3 Fig 65a 

cpwl Fig 66a 

Cpw2 Fig 66a 

Cpw3 Fig 66a 

a 
m= 7.237 x 16-f - 0.005 t+0.108 t+0.056 

M= -2.24 x 10,9t + 4.29f'x 10 t-3.237 x 1.0 
t+1.224 x 10 t -3 - 2.43.1 x 162-ý + 2.407 

x 1CT't - 1.615 x 10-' 

M= 1.327 x 16't -. 2-372 x 10 t +'1.643 x 10-* 
3 -3 1 "1 , 

t-5.569 x 10 t+9.453 x 10 t+2.035 

x 16, 96 .75 

M= -6.456 x 16 t+9.406 x 10 t-5.383 x 10 
4-12, -2 1 

t+1.532 x 10 t-2.295 x 10 t+1.873 

x ld't - 3.144 x 16 2 

M= -1.865 x+1.585 x 10 t-5,452 x 
1 9.55-1 x 10- z t- 3' 892 it td; - 

31 

M- 1.744 x 165t"- 1.725 x 16 t+5.687 x 10 
t+3.047 x 10'4 

M= - 7.399 x ld"'t"+ 8.916 x 10 týr 4.071 x 
ICT3ta + 8.583 x 161t - 4.227 X' 161 

M= -1 . 905 x 16Y + 3.841 x 165 t' - 2.822 x 
1 (f t" + 9.0 04x1t-5.899 x 10-2* 

M= -9-903 x 1(51t"+ 2.326 X Cilt3 _ 1.890 X 

16"ta + 6.444 x 162t + 8.579 x lb-" 
"*X1 Cill 

3 

M= -1-543 x JCT t+2.431 t-1.597 x 
,32 

10t+ 5.774 x 1(52t - 1.426 x 1da 

EQUATION 
-6 

A. 



TABLE A IV (contd. ) 

dl 

d2 

d3 

d4 

Bd 1 

Bd2 

dl 

CURVE E, )UATION 

Fig 72a m= 2.767 x 10 t-8.832 x 10 t -+ 1.161 

Fig 72a 

Fig 72a 

Pig 72a 

Fig 73a 

Fig 73a 

Fig 74a 

0 'r -1 01. -s3 

10 t-8.126 xi Ot+ 3.266 x lOt- 7.595 
164e + 1.005 x 162t + 4.999 x 10"r 

132 
m= 2.081 x 16 t-4.275 x ld"t + 2.963 x 

165t + 2.576 x 163 

M= -9.669 x1 d' ý' +I. 986 x1 (S't" -1 . 478 x 
lo-, *e + 4.989 x 10-*'t - 6.312 x 10-5 

M= -3-956 x ld9tý + 9.650 x 16 , -e - 8.611 x 
lo-"O+ 3.531 x 10-st - 4.109 x 10-l' 

M= -1-193 x ICT"t* + 2.195 x 16"t3 - 1.442 x 
164ý + 4.101 x ICT3t + 7.701 x 1CCý 

M= -4-349 x 10 9 t'+ 9.012 x 16'lt3- 6.774 x 
icT t+2.352 x 165t + 8.527 x 1CF5 

5.742 x 10 
40 

t5 -1 . 218 x 16' t" + 9.762 
t3-3.645 x1 O-f4-C + 6.344 x1 Ult 

1.318 x 10 

Cd2 Fig 74a m= -2.249 x 10--ý-+ 5.5 x 10 t-5.302 x 
ld't*+ 2.538 x 166t3 - 6.337 x 16"'tl + 
8.017 x 163t-1 . 863 x 162 

D dl Fig 75a m= 6.819 x 
ldlt3 - 1.022 x 10 t+5.773 x 

1CT3t + 2.534 
163 

Fig 74a m= 7.905 x 10 t 1.175 x 10 + 6.765 x Dd2 
--4p 

^'j 

Dd3 

D d4 

CP dl 
CP d2 
Cpd3 

10 t+1.1ý)4 X 

Fig 74a m= 2.707 x 16 2.958 x ld'ft + 1.076 
1(53t + 8.146 x1(: 

ý3 

Fig 74a M= 1.011 x ld'tý - 1.298 x 165t" + 5. '881 x 
10-*t + 1.092 x lo-" 

Fig 77a m= 1.25 x 10"' t 

Fig 77a m= 4-50 x" 6' t 

Fig 77a m= 3.33 x 107' t 

A. 10 



TABLE I- COMPARISON OF ENERGY AND METAL PRICES 

YEAR OIL ELECTRICITY METAL 
P/LITRE P/Kwh Vtonne 

(LM6) 

1970 0.835 0.654 266 

1980 10.120 2.8 1000 

TABLE 2- APPROXIMATE COST CALCULATION FOR MELTING 

1 TONNE OF ALUMINIUM. 
(POSITION AT THE END OF 1974) 

MITTMAN 2 

FURNACE CRUCIBLE ROTARY HEARTH MEDIUM 
FREQUENCY 

TYPE OF OIL NATURAL OIL NATURAL OIL NATURAL CURRENT 
HEATING GAS GAS GAS 

Capital 6.5 6.5 6.0 6.0 

cost (Dm) 

2 Lining 7.6 7.6 2.9 2.9 

cost (DM) 

3 Energy 40.0 47.3 -20.0 24.3 

cost (DM) 

4 Additional 16.4 IL. 6 0.5 0.5 

cost (DM/ t 

5 Sum of 70.7 78 

1 to 4 

27.4 33.7 

6.7 6.7 is 

5.0 5.0 2.50 

25.0 31.0 47.60 

0.32 0.32 14 

37.02 43.02 79.1 

Malting 22.0 22.0 88.0 88.0 65.0 65.0 22.0 

losses 

DM/ t 
Total sum 92.7 100 117.4 121.7 102.0 108.0 101.1 

of (5+6) 

DM/ t 



TABLE 3- COMPOSITION OF SKIM FROM NON-MAGNESIUM 

CONTAINING MELT 

Constituents Quantity present in skim 

0, Aluminium 20 - Wo 

Aluminium Oxides 80 - 20, Oa 

v Aluminium Carbides 2, o 

Aluminium Nitrides 2100' 

Other Metals and 2-5, *o 

Components 

1ABLE 4- Quantity of Skim Generated 

Process Total Skim Generated 

, Ov' of Metal Throughput 

Primary Smelter (making. 1% 

range of ingot products) 

Secondary Smelter: 

(a) Clean process scrap 2 5', 'o 

(b) Loss grade scrap 20 30, o 
(painted, foil etc) 



TABLE 5 

Temperature Oxidising CoMltlons 

oc 

600 

600 

550 

550 

450 

(Pressure) 

10 -7 atmospheres 

I atmosphere 

10 -9 atmospheres 

I atmosphere 

10-7 atmospheres 

Tlme 

(Hours) 

6 

1 

20 

1 

20 

450 1 atmosphere I 

Morphology 

Acicular crystals 

Contiguous crystals- 

Unassociated random 
$needles' 

Contiguous crystals 

$Amorphous' occasional 
indication 

'Amorphous' of crystalline 
material 
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TABLE 7- RATIO OF ION RADII AND CO-ORDINATION NUMBER FOR 

SOME PURE OXIDES 

Oxide Cation Radius 0,0 Ionic Radius Ratio Co-ordination 
(nm) Bond Cation/Anion Number 

CaO 0.099 

MnO 0.080 

FeO 0.075 

mgo 0.065 

Al 2030.050 
sio 2 0.051 

80 0.71 

0.57 

0.54 

75 0.46 

65 0.36 

50 0.29 

6 

6 

6 

6 

4 

4 
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HANDBOOK OF X-RAY AND ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY Edited by D. BRIGGS 

Z Ii 2s 2pla 2P)II 

IH 13.60 
2 He 24.59 
3U 53 3.392 
4 fle Its 9-322 
52 192 12.91 
6c 293 16.39 
7N 403 20.33 
30 533 28.49 
9F 694 37.83 

10 Ne 870.1 43.47 
it Na 1075 66 
12 Ma 1308 92 
13 Al 1564 121 
14 S, 1944 154 
Is r 2148 191 
16 s 2476 232 
17 a 2829 M 
Is Ar 3206.3 326.3 
19 K 3610 381 
20 CAR 4041 441 
21 Se 44% 303 
22 rl 567 
2.3 V 633 
24 0 702 
25 Ma 755 
26 Fe 151 
V co 931 
28 Ni fols 
29 co 1103 
30 zo 1193 

31 Ga 3302 
32 Go 1413 
33 As 1331 
34 So 1656 
33 BF 1787 
36 Kr 1924.6 
37 Rb 2069 
39 sr 2219 
39 y 2375 
do zr 2536 

TABLE 10 FREE ATOM SUBSHlFl-l BINDING ENERGIES 

3s 3pill 3P312 3d34l 3dsil 4s 4pl/3 4pw3 4d), j 4dsz 4f,, a 

8.21" 
11.26 
14.53 
1362 
17.42 

21.66 21.56 

34 34 3.139 
54 54 7.646 
T7 77 10.62 5.986 

104 104 13.46 list 
133 134 16.15 10 49 
170 168 20.20 1036 
208 206 24.54 1197 
2506 248.3 29.24 IS. % 15.76 
299 2% 37 19 18.7 4341 
353 349 46 29 23 6.113 
408 403 
465 459 
525 sts 
589 $80 
656 643 
726 713 
Boo 783 
877 1160 
958 933 

1047 1024 

1146 1119 
1231 1220 
1362 J 327 
1479 1439 
1602 1536 
1730.9 1678.4 
1367 1807 
2010 1943 
2.158 2083 
Z311 2227 

53 33 33 8 6. ffl 
64 39 38 8 6.821) 
72 44 43 8 6.740 
so 49 48 8.23 6.765 
89 33 33 9 7.434 
98 61 59 9 7. M 

107 68 66 9 7. W 
117 73 73 10 10 1.633 
127 82 80 11 10.4 7.726 
141 94 91 12 11.2 9.394 

4f2 5$ 

162 111 107 21 20 11 6.00 
194 130 125 33 32 14.3 7.90 
208 151 145 46 43 17 9.91 
234 173 166 61 60 20.15 9.75 
262 197 189 77 76 23.80 11.85 
292.8 222.2 214.4 9S. 0 93.8 27.31 14.65 14 
325 251 242 116 114 32 16 15.3 
361 283 273 139 137 40 23 22 
397 313 304 163 161 48 30 29 6.38 

. 434 348 335 197 185 36 33 33 1.61 

472 392 367 212 209 62 40 39 7.17 
511 416 399 237 234 68 45 42 9.56 
351 451 432 263 259 74 49 45 3.6 
592 489 466 

, 
290 286 $1 33 49 8.50 

634 526 Sol ill 313 97 S8 53 9.56 
677 565 537 347 342 93 63 57 878 8.34 
724 608 577 379 373 101 69 63 11 10 
775 655 621 413 406 112 78 71 14 13 
$30 707 669 455 447 126 90 82 2t 20 
as$ 761 719 497 489 141 102 93 29 28 

41 Nb 2702 2469 2375 
42 Mo 2372 2632 * 2527 
43 Te 3048 2800 2W 
44 Ru 3230 297) 2844 
45 Rb 3418 3152 3010 
46 Pd 3611 1337 3150 
47 AS 3812 3530 3357 
48 Cd 4= 3732 3542 
49 in 4242 3943 373S 
so so 4469 4160 3933 

$I Sb 4385 4137 
52 To 4347 

51 1 54 X8 
33 cs 

- J6 Sa 
57 LA 
A ce 
99 rr 
40 Nd 

61 PM 
62 sm 
63 Ev 
" Gd 
65 Th 
46 Dy 
67 Ho 
" Et 
0 Tm 

73 
u 
75 
76 
77 
78 
79 
so 

if 
u 
83 
-94 
13 
86 
v 
a 
19 
90 

91 
92 

94 

96 
V7 

loo 

tol 
102 
m 
H" 
105 
106 

Ta 
w 
Re 
OB 
tr 
pt 
A. 0 
Hs 

Ti 
?b 
IN 
po 
Al 
Ra 
Fr 
RA 
AC 
Th 

pa 
u 
Np 
N 
AM 
cm 
Bk 
cr 
Es 
Fm 

Md 
No 
Lw 

949 817 771 $42 333 137 114 104 
1012 876 $25 589 378 174 127 117 
1078 937 $81 639 626 193 141 131 
1148.7 1002.1 940.6 689.0 676.4 213.2 157 145.3 
1220 ID63 1000 742 729 233 174 164 
1291 1138 1063 797 792 234 193 lei 
1365 1207 1124 151 834 273 210 196 
1437 1275 1184 903 $85 291 225 209 
1509 1342 1244 954 934 307 238 2m 
1580 1408 1303 1005 983 321 230 230 
1653 1476 1362 1057 1032 335 261 240 
1728 1546 1422 1110 1083 349 273 251 

. 
1805 1618 1484 1164 1135 364 286 262 
1984 1692 1547 122.0 1189 380 300 273 
1965 1768 1612 1277 1243 398 315 283 
2048 1846 1678 1333 1298 416 331 297 
2133 1926 1746 1395 1354 434 343 310 
2220 2008 1815 1456 1413 452 36S 323 
2309 2092 1893 1518 1471 471 382 336 

ctA- AAo! '4.. 4.., . 

712 2472 2197 17% 1737 570 469 407 245 232 30 
2823 2577 2281 1874 Isli S99 495 423 261 248 38 
2937 2FA6 2371 1953 1887 629 522 450 278 264 47 
3054 2797 2461 2035 1%4 660 351 473 295 290 56 3173 29 12 2554 2119 2w 693 581 497 314 2" 67 
3300 3030 2649 22D6 2126 727 612 522 335 318 79 
3430 3153 2748 2293 2210 764 645 548 357 339 91 
3567 3293 2832 2390 2300 SD6 683 579 392 363 107 
3710 3420 2%1 2490 2394 852 726 613 411 391 127 
3857 3560 3072 2592 2490 1" 769 651 441 419 148 
4OD7 3704 3185 26% Mg 946 813 697 472 448 170 
4161 3852 3301 2802 2687 "4 858 724 503 478 193 
43-10 4005 3420 2910 2788 1044 904 761 535 308 217 
4483 4162 3452 31D9 2890 10% 951 798 567 538 242 

4324 3666 3134 2"s 1153 IW3 939 W3 372 268 
4491 3793 3254 . 3111 1214 1060 $94 642 609 2% 

3921 3374 3223 1274 1116 928 680 643 322 
4049 3494 3335 1333 1171 970 717 679 347 

6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
6 
7 

123 
144 
165 
187 
211 
233 
260 
287 
313 
339 

4178 3613 3446 1390 1223 loll 752 712 372 362 
4308 3733 3557 1446 3278 loso 785 743 3% 396 
4440 385-4 3669 1504 1331 1089 819 T74 421 410 

3977 3793 1563 1384 1129 953 905 446 434 
4102 3898 W3 1439 1167 987 836 467 452 
4236 4014 1664 1493 1194 919 $64 494 479 
4366 4133 1729 1554 1236 953 898 520 504 
4492 4247 1789 1610 1273 997 923 546 529 

4369 1357 1674 1316 1024 959 573 534 
4498 1933 1746 1366 1068 lcoo 606 587 

1998 1807 1404 lloo 1029 627 6D7 
2071 11176 1449 1139 1064 654 633 
2133 1954 Isol 1196 1106 689 666 
2237 2034 1354 1233 1149 724 70D 
2324 2117 1609 1291 1193 760 735 
2413 2202 1664 1330 1238 797 770 

4.18 
5.69 
6.48 
6.84 

6.18 
7.10 
7.28 
7.37 
7. " 

4PI12 4pjj2 Q312 4dsa 4fv2 4712 56 5PI/I SP3,2 

33 
43 
59 
69.5 
81 
94 

105 
114 
121 
126 

131 
137 
143 
ISO 
137 
164 
172 

181 190 

37 
46 
56 
67. S 
79 
92 

103 
III 
117 
122 

127 
132 
137 
143 
130 
137 
164 
172 

III 

23.39 13-43 12-13 

7.58 
a. " 

10 5.79 
12 7JU 

is 1.64 
17.84 9.01 
2D. 61 10.43. 

25 14 17-3 
3t is 16 
3,6 22 19 5.75 
39 25 22 6 
41 27 24 
42 29 23 

43 28 23 
44 29 23 
45 30 26 
46 31 27 
48 32 28 
50 33 28 
52 34 29 
34 33 30 
36 36 30 
18-77 

-31 

spin SP,, 2 

43 
47 
51 
56 
61 
66 
71 
76 
ss 

49 
33 
37 
61 
69 

79 
90 

lol 
112 
123 
134 
147 
161 
174 
18$ 

193 
203 
211 
219 
2-, 0 
2J9 
248 
231 
260 
273 

274 

. 
247 
303 
314 
333 
330 

139 92 
153 111 
167 125 
181 139 
1% 151 
212 167 
231 183 
253 201 
274 219 
293 233 

312 248 
329 261 
346 274 
356 297 
355 301 
394 314 
401 329 
412 338 
429 353 
453 375 

464 
483 
5m 
535 
562 
590 

384 
4w 
424 
"a 
473 
4" 

Sdi, a 

sdus 

6 
6 

7.9 - 
83 
9.0 
9.6 
9.6 
9.6 
9.6 

lis 11.1 
14 12 
21 19 
r 23 
34 32 
41 38 
48 
35 31 
65 61 
77 73 
so $I 
97 91 

104 97 
110 101 
116 106 
122 111 
123 112 
126 lit 
142 124 
342 129 
149 135 
160 143 
160 144 
166 149 
178 160 
190 171 
203 1113 
216 194 

561, 

Sds/: 3fifz srn 69 6plz 6p)t: 6djul V3 73 

5dys Stva 

I. " 
5.21 
3.58 
5.65 
5.42 
3.49 
5.33 
5.63 
3.68 
6.16 
3.95 
5.91 
6.02 
6.10 
611 

� 
-. . 

7.9 
8.0 
7.9 
8.3 
9.1 
9.0 
923 

10.4 6pin 6P312 

ON )A S- LýC it" 

6din,, l 7s 

8 6.11 
10 7.42 
12 129 
Is 8.43 
19 11 9.3 
24 14 10.7 
33 19 14 4.0 
40 25 19 3.28 
45 29 22 9.7 C3 
so 13 25 66 

6 so 32 24 66 
6 52 34 24 6.1 6 
6 34 33 23 66 
6 33 34 23 6 6 54 44 36 6.0 11 60 27 s6 

12 63 41 Z? 46 
9 61 39 2S 6 9 63 40 25 6 is 69 45 29 47 

it 67 43 26 6 14 if 69 26 6 20 17 76 49 30 4 26 23 
32 
39 33 

66 

33 33 s 
60 36 4 
65 39 7 9. 
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Table 12a 

Curve Parabolic rate constants 
k, g" ce' sec-' 

Source 

Awl 4.6 x 10 -'r-- Fig 63b 

AW2 5.3 x 16" Fig 63b 

Aw3 2 .5x 16'ý* Fig 63C 

Table 12b 

Curve Parabolic rate constants 
kp 92 em` sec-' 

D 
wi 

1.4 x1 

Dw2 1.5 x 16" 

Table 12c 

Curve Parabolic rate constants 
k, p g' cd* see' 

. Source 

Fig 
_65b 

Fig 65C 

Source 

cpwl 4.5 x Pig 

CPW2 8.6 x1 b- Fig 66c 



Table 13a 

Curve Linear rate 
constants 

k, g cd'sec' 
'k dl 1.1 x lo-" 

-V Ad2 5x 10 

Ad3 4.6 x 10-' 

Ad4 3.6 x 10-' 

Table 13b 

Curve Linear rate 
constants 

k .1 -1 g cm sec 
B dl 5.4 x 10-8 

p d2 5.4 x 10-" 

Table 13c 

Curve Linear rate 
constants 

k, g crd* sed' 

Source Parabolic rate Source 
constants 

k,, gxcni-'sec` 
Fig 72a 6.9 x lo-' Fig 72c 

-13 
Fig 72a 5.3 x 10 Fig 72c 

Fig 72a 5.7 x 10"s Fig 72c 

Fig 72a 5-0x 107"' Fig 72c 

Source Parabolic rate Source 
constants 

k. 9'cm sec 
Fig 73a 2.5 x 10' Fig 73C 

Fig 73a 
., 

2.7 x 10-'3- 
ý 

Fig 730 

Source Parabolic rate Source 
constants 

k, - g'cm7*sec-' 

Cdl 4.5 x 10-3 Fig 74a 1.1 x 10" Fig 74-c 

Cd2 3.4 x 161 Fig 74a 1.0 x lo' Fig 74C 

Table 13d 
curve Parabolic rate constants Source 

k, g' cm7' sec' 

D dl 
6.2 x 16"" Fig 75b 

D d2 
6.2 x Fig 75b 

Table 13e 

Curve 

CP dl 
CP d2 
CP d3 

Parabolic rate constants 2 -4- -I cm se 
2.1 x 10-"' 

7.5 x 10-"' 

5.6 x 10" 

Source 

Fig 77C 

Fig 77c 

Fig 77c 



TABLE 14 - RADII OF IMPURITY IONS AND INTERSTICES IN 

?- Al 203 and 4- Al 203 

Species Radius (nm) 

Aluminium cation 

Calcium cation 

Iron cation 

Copper cation 

Oxygen anion 

Octahedral interstice in 

I- A1203 and c<, - A1203 

Tetrahedral interstice in 

0.050 

0.099 

0.075 

0.096 

0.139 

0.058 

0.031 

?- Al 203 and ov -A1203 
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Fig. 1 Model of place exchange process(after Felner and 
Mott) 18 
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Fig. 2. Schematic model of initial oxide formation 

on magnesium (after Orr)22 
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Fig. 3. Dependence of Gibbs free energy and its component 

terms on the concentration of defects. 
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Fig. 4. Schematic model of Schottky defect. 
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Fig. 5. Schematic model of Frenkel defect. 



-1ý- 
Li 
ei 

Q1 
"a 

cn 

Log PO 
.2 Fig. 6a. Schematic illLLstration of concentiation of defects for an 
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Fig. 6b Schematic illustration of rconcenfration of defects for an 
ionic conductor (Case B) 
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Fig. 7a. Schematic illustration of vacancy 
diffusion in solids. 
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Fig. 7b. Schematic illustration of inters- 

titial diffusion in solids. 
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Fig. 7c. Schematic illustration of inters- 
titialcy mechanism of diffusion in 
solids. 



C3 

cn 
0 

--i 

1 Temperature T 

Fig. 8. Relationship between diffusion coefficient(D) of an 
ion in a solid, and temperature (T). showing regions 
of different activation energies. 
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Fig 13a Schematic representation of concentration 
gradients and transport phenomena in an 
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Fig 13b Schematic representation of concentration 
gradients and transport phenomena in an 
oxide containing oxygen ion vacancies 



Fig 14 Kinetic interpretation of paralinear 
oxidation. Curves a and b-correspand 
to the growth of inner and outer 
porous layer respectively; curve c 
represents the total weight gain and 
is the algebraic sum of curves a and 
b. As oxidation proceeds the growth 
of inner layer progressively docre- 
ases and It's thickness tends to a 
limiting value. 

Ti nie 



2 

N 

E 
1 

r_ 

cu 
: 3: 

S 

I 

. 
I 

I 

. 
I 

S 

I 
/ 

L 
I 

-e- 
- 0- - 

-t 
-*I 

I 

I 

I 

5 10 15 20 
Time hrs 

Fig 15 Oxidation of magnesium at 525 C in 
dry oxygen, illustrating'breakaway 
kinetics. 

(Gregg and Jepson) 69 
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73 (Caplan and Cohen) 
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Fig 17 8 schematic diagram showing diffusion 
paths of nickel and oxygen during 
formation of MO. 61 (Rhinos and Wolf) 
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Fig 19 Oxidation kinetics of aluminium 

at 500 .C showing the influence of 
surface finish. $I- (Gulbransen and Wysong) 
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(Gulbransen and Wysong) 84- 
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Fig 22 Oxidation kinetics of normal high 
purity aluminium in dry oxygen 
(P a 0.1 atmosphere) 16 % (Ay I mo ra et at) 
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Fig. 25. Expected cross section of amorphousf7-Al 0 
.23 on (110) aluminium. face from observations 

of Doherty and Davis (98) 

Fig. 26- Alternative model of6-Al 0 film 011 (110) 
aluminium face, proposed 

2ý3 Randall and Bernard. (99) y 
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Fig. 28 Influence of oxidation time at 450C on the polarisation 
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Fig. 35. Formation of diffraction pattern(D) and intermediate 
image(I) of a crystalline specimen(s)by the objective 0 lens(O) . The intermediate lens(I)can be used to image 
either the intermediate image or diffraction pattern. 
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Fig. 38 Balance beam. 



- 

Fig. 39 Ancillary recording apparatus. 
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Fig. 40 Vacuum system. 
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Fig 44b Selected area diffraction pattern of an oxide 
film formed on Dure aluminium at 730 C after 
10 mins exposure to moist oxygen (P,,.,, = 0.03 

atins). The analysis (Table 9) shows that the 

fillr comprises oc - Al,. 0. and All 0.3 

Original negative magnified x2 
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Fig. 44b. Selected area diffraction pattern of an oxide 
film formed on pure aluminium at 730 0C after 
10 mins exposure to moist oxygen (P 

H 20 
= 0.03 atm) 

The analysis (Table 9) shows that the film 

comprises - Al 203 and - Al 203* 

Original negative magnified x2. 



Fig. 44b. Selected area diffraction pattern of an oxide 

film formed on pure aluminium at 730 0C after 

10 mins exposure to moist oxygen (P 
H 20 

= 0.03 

The analysis (Table 9) shows that the film 

a tm) 

comprises - Al 2 03 and - Al 203' 

Original negative magnified x2. 



Fiz. 45 SEE of oxid, metal interface showing the a- A1,0, 
crystals. The oxide film was formed on Dure 
aluminium at 73C 0 in moist oxygen 0,01 0.03 atms) 

7ýa 

Fi4, --) -! Lice 3týowlnýr the 
feat,, iroless ? -Al,. O, The film was formed on pure 
aluminium at 730 IC in moist oxygen (P,, 0.03 atms) 
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46 

IN I 

47 T. E1.1 of oxide film formed on pur,: ý aluminium at 
730*C in moist oxygen (P, 

O= 0.03 atms) showing 

coarse primary (>(- A1203. 

Fig. 48 Dark field TEM showing the secondary c4-A'20, 
crystallites. The oxide film waý3 formed on pure 

aluminium at 730 'C in moist oxy-. -, en (P,,,. = 0.03 atms. ) 
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___ 4 IFý- M P%W 'W 41PAP Ar -Alr Wý 

of o.. ide film formed on pure aluminium at 
730 .C in moist oxygen (P, 

4,, O= 
0.03 atms. ) showing 

acicular dendrites (Type a) at the oxide/metal 

Fitr. 4, gb T. vpeý'aý morphology at higher magnification. 



co, 
C) TEIM of oxide film formed on pure aluminium at 

77,0 OC in moist oxygen (P,, 
o = 0.03 atms. ) showing 

acicular dendrites (Type'a). 

Fi: ----. 
49d P EIVI 

. 
of oxide film formedon pure aluminium at 

730 C in mOist oxygen (P,, 
1. 

=0.03 atms) showing 

acicular dendrites 



Fi; r. 49e SEM of oxide film formed on pure aluminium at 730 'C 
in moist oxygen (P. 

, 0=0.03 atms) showing t--lobular dendrites (Type b) at the oxide/metal interface. 

Type (b) morphology at higher magnification. 



h 

Fig-49g and h SEM of' oxide films formed on pure aluminium 
at 730 OC in moist oxygen (Pm o=0 . 03 atms) 
showing globular dendrites ýType b) at the 
oxide/metal interface. 



ý, ig. 49i SEM of Oxide film formed on pure aluminium at 
730"C in moist oxygen (P, 4o= 0.03 atms) showing 
degenerate globular dendr"ites at the oxide/metal 
interface. 



3 

TEM of oxide films formed on pure aluminium 
at 730 'C in moist oxygen (P,,, = 0.05 atms) 
sho,,. -ing degenerate dendrites (Type c) 



Fig. 49M SEM of oxide film formed on pure aluminium at 
730 C in moist oxygen 

(P"2,, 
= 0.03 atms) showing 

unassociated oc-Al, q crystals (Type d) at the 
oxide/metal interface. 
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Fi, -. 4"n -'*"'M of oxide film formed on pure aluminium at 
730 C in moist (P,,,, = 0.03 atms) showing unassoc- 
iated m-Al, OF3crysýals (Type d) 



Fig. 50 TV4 of oxide film formed on pure aluminium at 
730 C in moist oxygen (P,,,,, = 0.03 atms) showing 
acicular dendrites at higher magnification. 



a) Well defined dendrites 

b) Degenerate dendrites 

C) Globular morphology 

Fig-51 Morphological variations ofoL-Al 203 inclusions 
formed in steel after deoxidation. 



hrs. 2 hro. 

hrs. 8 hrs. 

Fig 52 Oxide films formed on pure aluminium at 730 *C 
after 10 mins. exposure to moist oxygen 
(PH. 

o =0 . 03 atms. ) The films become progressively 
lighter as the holding times increase. The holding C, Z-, times are shown on the macrograph. 
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Fig 53a XPS spectrum of oxide film formed on normal high 

purity aluminium (Billet A) at 730*C in moist 

oxygen (P 
... ý, 0.03 atms ). The sample was sputtered 

with argon ions for 10 mins before obtaining the 

spectrum. 

Excitation source Al Kc4 (1486.6 eV) 
14 k*V 13 mA 

Source slit 2 mm 
Collector slit 2 mm 
Range 10 + cps 

Argon ion etching parameters 
2 mA 
5 k'V 
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Fig 53b XPS spectrum of oxide film formed on further 

purified high purity aluminium (Billet D) at 
730*C in moist oxygen (P,,.,,, = 0.03 atms). The sample 
was sputtered výith argon ions for 10 mins before 

obtaining the spectrum. A comparison of Fig 53a 

with Pig 53b shows that the levels of Ca and Na 

are greater in oxide film formed on high purity 

aluminium than in oxide film formed on further 

purified aluminium. 

Excitation source Al Ko(. (1486.6 eV) 
14 kV 13 mA 

Source slit 2 mm 

Collector slit 2 mm 

Range 10 4. cps 

Argon ion etching parameters 
2 mA 
5 kV 
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Fig 54 
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Fig 54 



2 hrs. 

Fig 54c 

hrs 

Fig 54 d 

Fig 54 (a, b, c, d) TEM of oxide films formed on aluminium 
at 730 C in moist atmosphere (1ý, = 0.03 atma ) il- 
lustrating thp degeneration of acicular dendrites 
as holding times increace. (Holding times are sh- 
own on the micrographs. 



( t) 

(b) 

(c) 

Fig-55 TEM of oxide fiini6 purity 
aluminium (Billet A) at 7300C exposed to moist 
oxygen (P,,, 

o = 0.03 atms) f or (a) 5 mins, (b) 10 mins 
and (c) 40 mins. 
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Fig. 56 TEM of oxide films formed on further purified 
high purity aluminium (Billet D) at 730 0C 

exýosed to moist oxygen (Pv4, o=0.03 atms) for 
(a 1 min, (b)30 mins and (C)40 mins 
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Figure 57 Schematic model for the formation of 
acicular Oý-Al 203 dendrites. High oxygen 
activity at the metal/oxide interface 
facilitates crystal growth into the 
liquid metal. 

Figure 58' 

Growth Direction 

/Schemat I ic model for formation of 
globular vC-Al2? j . Low oxygen activity 
at the metal/oxi e interface cannot 
sustain crystal growth into the liquid 
metal, hence it grows laterally. 
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Fir 60 SEM of oxide/atms interface of an oxide filrr, form,, ý 

on pure aluminium at 7"; n- *C exposed to drýr OXy,:, en. 
The degenerate dendrites resemble the ck-Al c, 2,3 

P, rowths at the metal/oxide interface 4Pa, and 
Fi g49h, ) 
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Fig. 61 (a) TEM of oxide formed after I min. on normal 
high purity aluminium at 730 0C 

exposed to 
moist oxygen containing traces of volatile 
fluoride- 



Fig. 61(b) TEM of oxide formed on normal high purity 

aluminium(Billet 
A) at 730 0C 

after 40 mins. 

exposure to moist atmosphere containing traces 

of vol o-tile fluoride. 

Fig. 61(c) sEm of oxide/atmosphere interface of film 

shown in Fig. 61(b) 



Fig. 62 (a) The structure of bulk 0(-Al 0 after calcination 
at 16000C. 23 

(B. A. "An Atlas of Alumina") 



Fig. 62 (b) 

Fig. 62(c) 

Fig. 62(b) and (c) Modifications of bulk COI-Al 
203 shown in 

Fig. 62(a) when calcined in an atmosphere 
C. ontaining fluorine. 
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Schematic representation of transport within 
oxide films formed on pure aluminium. at . 730 C 
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established the overall rate Is controlled by 
transport of Ai"" through cw-Al,, O, 
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Fig 66b CPwj from Fig 
2 

66a replotted on parabolic 
scale . 

(6 m) plotted as a function of 
time (t) showing that the kinetics in 
during Stage II conform to the parabolic 
law. 
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Fig 69 XPS spectrum of an oxide film on CP AL at 730 C 
in moist oxygen (P,,. = 0.03 atms). The sample was 
sputtered with argon ions for 30 mins before the 
spectrum was obtained. 

Excitation source Al Ko, (1486.6 eV) 
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Collector slit 
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Fig 76 Comparison of oxidation kinetics in dry oxygen 
at 730*C between samples obtained from 

a) normal high Purity aluminium '(Billet A) 
b) further purified high purity aluminium 

i Billet B 
ii Billet C 
iii: Billet D 
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Fig 78 Oxidation kinetics at 800 C of samples obtained 
from pure aluminium ingots. 
The variations in the kinetics of samples 
obtained from different ingots of the same 
nominal composition demonstrates the influence 
of impurities. 
(oxidising surface area = 8.5 em') Thiele"' 

INGOT COMPOSITION 

Al% Fe% Si% Cu% Na% 

A 99-99 0.002 0-003 0.001 0.0008 
B it it 0.004 0.0005 

c 99.9 0.025 0.054 0.0013 
D 11 0.030 0.031 < 0.0005 
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Fig 79 Oxidation kinetics at 730-C of samples obtained 
from normal high purity aluminium (Billet A) 

under two-stage test conditions. 
// /// Oxidation in dry atms 

Moist oxygen 0.03 atms) introduced after 

10 mins 0 
20 mins 0 
40 mins zs 
90 mins 0 
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Fig 80, Oxidation kinetics at 730'C of samples obtained 
from CP Al under two-stage test conditions 

------- Oxidation in dry oxygen- 
-Moist, oxygen (Pý0., ý--O; 03 atm. s) introduced after 
10 mins 0 
20 mins 13 
40 mins A 
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Fig. 82. SEM showing the oxide/atmosphere 
interface of a sample which has been 
tested in a 'two-stage' experiment. 
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Pig 83 Oxidation kinetics at 800 C of samples obtained 

from pure aluminium (99.9% Al) 
(oxidising surface area - 8.5 cma) 
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