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ABSTRACT

The dissolution behaviour in sulphate solutions of so-called
non-porous anodic alumina films and films formed in dry oxygen and in
a moist oxXygen atmosyhere on chemically polished aluminium has been
investigated. |

Evidence is presented which indicates that the non-porous anodic
films, formed at 7-30 volts, consisted of two regions, a thin, less
soluble region adjacent to the metal and e thicker, more soluble
outer ?egion in#o vhich hydroxyl ions were incorporated. The
structure might be related to the initial method of surface prepar-
ation adopted.

It is suggested that films formed in dry oxygen at 500°C consist
of crystalline yhalumina, whilst those formed inithe moist oxygen
atmosphere at 500°C possibly consist of amorphous alupina with some
adsorbed water and are less faulted than the crystalline oxide.
Again, there is some indication that the structure of these films
is strongly influenced by the initial method of surface preparation
used.

Thg dissolution behaviour of the anodic films and films formed
in dry oxygen at.SOOOC can be understood in terms of the extent of
sulphate ion adsorption, apparently greater under the same conditions
for the former type, and its effect on rate of tranfer of protons,

hydroxyl ions and water across the oxidq/solution interface. A = .-



reaction scheme, rproposed earlier to account for the behaviour
during dissolution of the barrier layer of porous films formed
anodically in sulphuric acid, appears adequidte to explain the dissol-
ution behaviour observed in the present studies. However, the type
of behaviour, although rather similar for both anodic non-porous and
films formed in d;y oxygen at 500°C,'was quite different from the

barrier layer of porous films formed anbdically in sulphuric acid.



1.1
1.2

1.3

1.4
1.5

1.6

1.7

2.1

‘CONTENTS

CHAPTER T

The Present Investigationas

. page
Introduction ' 1
Types of Oxide Films on Aluminium 1
Behaviour of the Naturaliy Occurring (;Jci.de
Film on Aluminium in Aqueous Solutions 3
Dissolution of Anodic Films on Aluminium 4
Bissolution of Porous Anodic Oxide ‘ 5
I;resent Investigation ' 9
1.6-.1 Rélationship to the Previous Work 9
1.6.2 Types of Oxide Film Used in the Present

Work 11
1l.6.3 Experimental Work - 11
Arrangement of the Thesis _ ' 12

CHAPTER II

The Oxidation of Aluminium in Dry and Moist Oxygen

and Air.
Dry Oxidation of Aluminium 14
2.1,1 Structure of y-Alumina ' 14
2.1.2 Crystallinity o:E"-Y-Alunu'.na ) 15
2.1.3 Mechanism of Crystallisation and Growth 15

2.1.4 Growth of Amorphous Oxide 17



2.2

3.1

3.2

5.8

2.1.5 Effect of the Initial Surface
Preparation

2.,1.6 Dimensional Effects and Oxidation
Rate ’

2.1.7 Cpnciusions

Oxidation of Aluminium in Moist A¥mospheres
2.2.1 Adsorption of Water by Alumina ‘
2.2.2 Hydrogen Evolution

2.2.35 Conclusions

CHAPTER TITII

Anodically-Fdrmea Oxide Films,
Introduction |
Anodising Ratio
Barrier Layef Growth in Porous-type Films
Structural Features of Anodised Films
Anion Incorporation
Water Content of Oxide Films
Properties of Barrier-type Films

3.T.1 A.C. Resistance of Barrier-type
Films

3.7.2 Ionic Charge Transport in Barrier-ty
Films o

3,T7.3 Determination cf Thickness

Torous Anodic Oxide Films on Aluminium

page
19

20
21
22
22
24
25

26
27
28
29
32
35
34

34

37
38
45



4.3

5.1

5.2

3.8.1 BSolvent Action in Pore Formation
3.8.2 Structure of Porous-type Alumina Films

3.8.3 Frequency Dependence of the Impedance
of Porous-type Films

CHAPTER IV
Experimental.
Preliminary Preparation of Specimens
Oxide Film Preparation
4.2.1 Anodisation to Form Barrier-type Films

4.2.,2 TFilms Formed in Dry and loist Oxygen
at 500°C

Types of Measurement

4.3.1 Comstruction of Full Klectrical
Analogues :

4.3.2 Impedance Changes During Film
Dissolution

4.5.3 Potential-Time Behaviour During Film
Dissolution

4.5.4 Barrier Voltage Determinations

4.3.5 Aluminium Ton Concentration in Solution

CHAPTER V

BExperimental Results for Anodically-Formed Films.

Construction of Full Electrical Analogue for
Non-porous Films

impedance Measurements during Film Dissolution

page
45
48

52

53

. 54

%4

56
60

60

61

64

65
66

68
73



53
5.4
5¢5
+ 5.6

5.7

5.8 .

5.9
5.10
5.11

5.12

6.1

6.2

Potential-Time Studies‘

Veight loss Mbasuremenfs

Summary

Significance of the Experimental Results

5.6.1 Capacitance Studies

. 5.6.2 Potential-Time Studies

Dissolution of Porous-Type Anodic Films
in Sulphate Solutions

Comparison of the Dissolution of Porous and
Non-porous Anodic Films

5.8s1 The Effect of Solution Deaeration
5.8.2 Critical pH Values
5.8.3 Thinning of Porous and Non-porous Films

Structure of Non-porous Anodic Films Formed in
the Present Studies

Controlling Factors in the Dissolution of
Non-porous Films

Transition from Diffusion Control to Zeroth
Order Thiming

Physical Mechenism of Dissolution

CHAPTER VI

page
17
18
79
83
83
84

84

91
91
91
92

93

93

96
97

Expepimental Results for Alumina Films Formed in Dry

and Moist éxjgen.
Construction of Full Electrical Analogue

Impedance Measurements During Specimen
Immersion

-

100

102



6.3 Potential-Time Studies
6.4 Barrier Voltage Studies
6.4.1 Films Formed in Dry Oxygen
6.4.2 PFilms Formed in Oxygen Containing
Gaseous Weter
6.5 Summary
6.6 Significance of Barrier Voltage Determinations
for Alumina Films Formed in Oxygen
6.7 Structures of Alumina Films Formed in Moist
-and Dry Oxygen
6.8 Controlling Factors in the Dissolution of
Alumina Films Formed in Moist and Dry Oxygen
6.9 Electrical Resistance of Oxide During
Dissolution
6.10 Comparison of the Rates of Thimming of Films
" Parmed by Anodijc and Dry Gaseous Oxidation
CHAPTER VII
Conclusions.
7.1 Conclusions
7.2 Proposed Future Work
ATPENDIX I
Apparatus Specifications
APPENDIX II

Establishmant of the ‘Galitration Curve for the Optical
Densities of Solutions Containing Aluminium Ions

REFERENCES

page
104
104

104

105

106
109
109
116
118

119

120

123

125

127 |

128



1

CHAPTER 1

The Present.;gvesfigatigg.
1.1. Introduction.

It is well known that the resistance of aluminium metal to
oxidation and corrosion arises from the protective riatural oxide
film present on the surface. It is the presence-of this film vwhich
renders the metal useful as a structural material, and agents which
tend to remové or disrupt it lessen the usefulness of the metal.

The oxide is also of interest from the point of wview of its elec-
trical properties. Thus, films of the barrier type (see later)
are widely used in capacitors, and are known to have semiconducting

properties. These latter properties have been discussed in terms
1,2,3.

of the nonpstoichiopetric structure of the oxide and also in
terms of the presence of structural faults in the film4. Such
factors as non-stoichiometry and the presence of flaws are also of
concern in consideration of the processes of film formation and

dissolution as will be discussed later.

l.2. Pypes of Oxide Films on Alﬁminium.

The oxide film found naturally on aluminium metal, or that
resulting from such processes as electropolishing o? chemical polish-
ing, is only a few angstrom units in ﬁhickness5. It may be thickened
foi specific purposes by either oxidation in a gaseoéus atmosphere or

by anodic oxidation. The formation of a thickened film by either
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process depends on ion movement through the oxi&e under the ih%luence
of the field, provided either by the applied anodising voltage or
by a@tsorbed ions at the outer surface.
| The details of these processes are discussed in the next chap-
ters, but the extent of film thickening which is possible may-be
illustrated by the fact thét the thickness of non-porous épodig
films is limited by the breakdown wvoltage of 500-700 volts6, which
correqunds to film thicknesses of 7 000 - 10 000 Z. Porous anod-
ic films may be grown to many times this thickness under appropriate
conditions.

The anodisation of aluminium is commercially important, and
films of two kinds may be produced by wariations of the process.
These are (i) non-porous barrier films, and (ii) those of the porous

7,8 overlies

type in which an outer layer containing discrete pores
an inner layer of the barrier type. The type of electrolyte, its
concentrafion and temperature, decide the type of film produced and
its porosity. Generally speaking, porous films ‘are produced in
electrolytes which are solvents for alumina; 15% w/v sulphuric
acid solution is a typical example of such an eléctéolyte. Both
porous and non-porous films have éood corrosion and mechanical re-
sistance, and additionally the porous types provide a good base for
dyeing treatments.

The question of the amorphous or crystalline structure of oxide



1.3.

3

films of all types is considered in the next two chapters.

Behaviour of the Naturally Occurrg Oxide Film on Aluminium

in Aqueous Solutions.

Aspects of the behaviox;r of the naturally occurring oxide film
on aluminium when immersed in solutions have teen widely studied in
relation to the corrosion of the underlying metal. Thus, corrosion
inhibition of aluminium has been discussed in terms of film dis~
solution and repair mrocesses in.solutions conteining different
types of ioms 9. The liability of the metal to attack in solut-
ions containing _halidc_a ions has been related to the polarisabilit-
ies of these ions and their déase of entry into the electrical double
layer at the solution interfacelo as well as to their capacity to
form soluble compounds. In solutions of other types the hydroxyl
ion has been regarded as the most polarisable, and the possibility
of film repair processes discussed in terms of its presence in the
double layer 21011,

Methods of investigation which have been used have included
much work on the aﬁodic and cathodic processes which occur on the

oxide-coated metal'>~>?, Rather similar electrode kinetics to

16-19,

those observed for the metal iron have been reported differ-

ences in the cathodic polarisation results for iron and aluminium

have been intermreted in terms of a2 much lower cathode to anode

20-23

area ratio for the latter meta_l Very little attention has
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been paid to the chemical mrocesses associated with dissolution of
the oxide film, although such work would of course be difficult in
view of the extremely thin layer present in the naiural state., A
few investigations of these aspects of dissolution have been made
for thickened films, as is reported‘in the next section. It must
be borne in mind that it may be difficult to form conclusions con-
cerning the behaviour of the natural film by considering the mrocesses
which occur in artificially thickened films, because of the internal
structure of the latter tyve.
l.4. Dissolution of Anodic Films on Aluminium. '
Untii quite recently thefé has-ﬂeen 1itfle investigation of the
chemical and kinetic features of dissolution processes which occur -
when anodically farmed films on aluminium are immersed in solutions,

other than determinations of overall thinning rate824. This is in

spite of the fact that immersion of preparéd films in solvents has
been used to enlarge the pore structurezs.

General discussion of the solubility of anodic films on alumin-
jum has taken place, for example, to account for the observed low
coating ratios in the process of anodising. The coating ratio is
the ratio of the weight of oxide formed to the-weight of aluminium
consumed, and should have the value 1.89 if the curremt efficiency

is 100% 26. The ratio should in fact be higher than this if aniom

incorporation of the type discussed in Chapter III is taken into
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consideration. The low value has been discusse@ in terms of

dissolution of the outermost oxide occurring simultaneously with

its formation. 21,28
In only a few cases have detailed studies of the mechanism

and kinetics of diééolution been reported. For example, the dissol-

ution in citrate solutions containing fluoridé ion of.sealed porous

anodic alumine films has been investigated and found to proceed via

29, 30 .

fluoride complex formation This is, howevef, a special

effect; fluoride ions are known to énter the oxide latfice, and
second solid phases have been reported to separate3l. Other types
of complex have been noted in the course of dissolution of barrier
type films on aluminjum immersed in ethylene glycol-ammonium penta-
‘borate e1ectrolytés4, This is of interest, since this process may
be one mode of failu;e of‘electrolytic capacitors. The proposed .
mechenism included attack by the solution at weak spots in the oxide
film, and acceleratiéﬁ of the attack produced by addition of water
to the electrolyte was noted. Such an effect may again be a pointer
to the significance of the hydrogen and hydroxyl jons in dissolution
Processes. -

Dissolution of Porous Anodic Oxide.

Although detailed studieé of the mechanism and kinetics of
oxide film dissolution should be of technological interest, and coujd

aid in deciding an the structure of anodic films, only recently has



a detailed study of porous film dissolution been made by Nagayama
32

and Tamura” . Films were formed on aluminium by anodising the
metal in aqueous sulphuric acid, an@ were then permitted to dissolve
on open circuit in the same solution, while the potential-time
behaviour and the loss of aluminium from film to solution were
studied. The variation of specimen potential with time was rather

33

similar to decay curves observed elsewhere for nickel oxide electrodes”™”,

34, and was related by Nagayama

and for passivated iron electrodes
and Tamira to the loss of the porous layer. = The rate of dissol-
ution increased slightly with time to a critical time tj, which
corresponded to & large shift in specimen potential in the base
direction. 1R was found to be independent of the porous layer

332

thickness, and the process was regarde as indicative of dissol-

ution proceeding by pore widening. A rate of increase of pore

o

diameter and of decrease of porous layer thickness of 0.75 A min-1

was reported, which is comparable with the value noted by Hunter

24

and Fowle“'. The whole process was discussed in terms of the
Eeller model of.pore structure7.

Differences between the influence of chloride end sulphate
ions on the dissolution rate of oxide films formed on aluminium by
sulphuric acid anodising have been reported by Diggle, Downie and

Goulding2%%#28$§E§ﬁ§6. These workers investigated the dissolution

rates of the porous and barrier parts of these films by a com=-



bination of methods.

Provided that the solution pH was less than a critical value
of about 2, an increase in capacitanc; with time was always noted
when the films were immersed. At the frequencies used, this
increase was associated with the behaviour of the barrier 1ayer36,
and the state of aerafion or de-aeration of the .solution had little
effect on the results. On %he assumption that capacitance changes
reflected changes in film thickness, there was surppisingly little
difference petween the rates of thinning in chloride and sulphate
soluti6n323,56. Graphs of reciprocal capacitance (1/C) versus
time (t) were usually almost linear in acid solutions of high ionic
strength (I = 1), which is cohsistent with.an oxide thinning process
of zeroth order with respect to the film thickness. Deviations
from linearity increased howéver, as the solution pd increased and/or
ionic strength decreased, aﬁd it‘wés here that differences between
the behaviour in the presence of the two types of ion became apparent,
since the deviatioms from linearity were in opposite directions, In
dilute chloride solutions capacitaﬁce increases were greater than
expected on the basis of zeroth order kinetics, while in sulphate
solutions they were less,

The situation was complicated by the simultaneous dissolution
of both barrier and porous pé?ts of the film. It was deemed possiblg

to identify the time .of removal of the porous layer since, in sulphate



solutions, similar types of potential-time curves to those reported
by Nagayama and Tamuré were noted. The large base shift in poten-
tial coincided with the greatest rate.of change of capacitance,. and
also coincided with the time %, after which the film would no longer
teke up dye. t, was found to .'be independent of porous layer thick-
ness, but was proportional to the pore wall thickness, and this ob-
serva:tion led to the proposal of a model of concurrent pore widening
and shortening for the ‘dissolution of the porous layer. ﬁhen the
anodised metal _was immersed in either chloride or sulphate solutions
of pH greater than the criti;:zal .{ralue, the barrier layer capacitance
at first increased and then decreased with time. Im sulphatg 'solu—
tions both dyeing experiments and the occasional isc;lation of corr-
osion product were taken to iﬁdicate the possibility of pore sealing
processes resulting in an increase of dielectric thickness which
would produce a capacitance decrease37,

The initial increase in capacitance in these high pH sulphate
solutions could imply an initial stage of thinning. It was noted
that during this stage a linear rel_ationshipi existed between l/C
and (t)%", which could be ind.icative of a diffusion controlled I'n'o;-
cess. The indications were that the diffusing species was the
hydroxyl ion; the ion couid either be diffusinginto the oxide, or
through a zone close to the oxide surface 21’38’39.

The first stage of capacitance increase in high pH chloride



solutions showed similar time dependence to that noted in the last
peragraph, but the magnitude of the slope d.1/c fd;(t)% was consid;r_
ably greater. From the devendence of this siope on the ionic strength
of the solution and pH, it was tentatively suggested??>® that chlor-
ide ion diffusion was responsible for this effect. Since it is

known that these ions may enter an alumina latticelo

s it is possidble
that part of the initial capacitance change could be due to a change
in film dielectric constant produced by chloride ion entry.

From their observations of the concentration and pH dependence
of the rates of capacitance change, Diggle, Downie and Goﬂ{ﬁ.ngs 6
suggested possible sequences of reacfions to ~accou.n‘t; for the dis-
solution of the alumina films in low pH solutions and for the
production of pore blocking material in solutions of higher pH.
These reactions are discussed in relation to the present investigation
in Chapter V (5.7), but it may be noted here that in solutions of pH
greater thaﬁ the critical value, some degree of competitive adsorp-

tion of hydroxyl and sulphate ions was postulated.

1.6, Present Investigation,

1.6.1 Relationship to the Previous Work.
In the work discussed in the last two sections of this chapter,

a chemical mechanism and physical models of the dissolution process

have been tentatively presented for porous anodic films on aluminium.

The process is complex, since in porous films, both layers of the
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oxide mst be dissolving simltaneously. The conclusions of Diggle
and his coworkers2) rest upon the measurement of rates of capa&itance
change, and on theé:. assumption that such changes are indicative of
thickness. This is probably true to a first approximation, but my
not be an accurate measure of thickness in the complex systems con-
sidered. The appropriate form of specimen area to use in capacit-
ance calculatiofis has been discussed by Dekker and Urquhart4o and
Hoar and Wood 42, Lorking has concluded’ that when the film is
coherent and impermeable the capacitance may be used as a measure
of thickness; under suitable'conditions the accuracy may be within
1% of the true value. However, when the film had been rendered
porous by corrosive solutions, Lorking concluded that capacitance
values could not be used to obtéin accurate estimtes of film thick-
ness.,

Diggle, Downie and Goulding wefe aware of these difficulties
of inéerpretaéion of capacitance results, and, using the proposed
pore widening model which hﬁst result in exposure of increasing area
of barrier layer to the solution, obtained an expression for the
change.in barrier layer capacitance with time. The expression is
discussed in Chapter V (5.7); it did not take into account possible
.changes in dielectric constant of the oxide in the course of dissol-
ution, nor were sufficient results available to test it concluéively.

These complexities are due to the presente of two oxide layers
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of very different structure in the porous films.- Possibly more
precise information could be obtained for this type of systém in the
absence of the porous layer. The difficulty of prepsration would
be considerable in view of the Yery short period of time required

for the barrier layer to be completedzq’42’43.

1.6.2. Types of Oxide Film Used in the Present Work,

1.6.3.

The present-work was intended as an inveﬁtigation of ﬁhe dis-
solution characteristics of non-porous films in one type of solution
to comﬁare\thé features of the process with those for porous films.
No previous work of this kind has been reported for anodic films
formed on aluminium in tartrate solutions, or for films formed on
the metal by gaseous oxidation; the dissolution of both kinds of
film in sulphate solutions was studied.

Although both of these film typgs are compact, they are re-
ported to have internal structure, amnd to differ in crystalline
content. To further investigation of this last point, a few in-
vestigations were also made using oxide films which had been gfown

in moist oxygen.

Experimental Work,

The points felt to be of particular interest in the present work

weres;-
(a) the strucfures of these compact films,

(b) the reaction steps involved in dissolution and the kinetic

features of the process,
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(¢) examination to see if the change#in behaviour reported
- for porous films at pH> 2 were repeated, or if this type
of behaviour is cl.1ara‘cteristic of the presence of pores,
(d) correlation of poténtial-time and capacitance~time
behaviour during dissolution, and comparison with the
reported behaviour of porous films.

In the attempt to elucidate the dissolution characteristics
of these non-por.ous oxide films, capacitance-time changes were
determined when they were immersed in sulphate solutions. Sulphate
solutions were chosen t0 avoid possible_ complications due to the
suggeste‘d enfry of chloride ions into the oxide. Experiments were
ca.rzl'ied out in solutions of selected pH and iomnic strength values
both under aerated and de-aerated cond.itions. A few direct deter-
@tions of the concent_rati.on of aluminium ions in solution as a
function of time were also ﬁﬁde. The behaviour was correlated
with changes in specimen potential during immersion.

In order to o'btain an indication of the coﬁplexity of structure
of the films, electrical analogues 57: were constructed to have the
same frequency response to input signals as the films themselves,
and barrier voltage determinations44’45.;~, were also used to assess

the crystallinity of the films formed by gaseous oxidation.

Arrangement of the Thesis,

The thesis is arranged in seven chapters. Before details of
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the experimental work carried out are given, a discussion of the
oxide films formed on aluminium by gaseous and anodic o;idation is
Tresented in Chapters II and III. éhapter IIT also includes a
brief review of methods which have been used eisewhere for the
determination of film thickness.

Details of specific items of apparatus which wefe used in the
mwresent investigatiogs have been kept to 2 minimum in the body of
the thesis. A list of the more_important instruments is contained
‘in Appendix I. All references are listed at the end of the thesis.

It will be noted fhat diagrams and graphs ar; listed both as
plates and as figures in the text. Disgrams and grarhs which
present the results of the present wofk are labelled as figures;

all others are labelled as plates.
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CHAPTER II

Oxidation of Aluminium in Dry and Moist Oxyzen

and Air.

Dry Oxidation of Aluminium,

Both anodic and air-formed oxide films on aluminium have been
considered by many investigators to have structures related to

that of v-alumina. The term 'y-alumina'- is in general use in

the literature, and is used to describe both highly crystalline
oxide and other forms which may be amorphous.

Structure of y/-Alumina.

Several workers46,47,48 have invoked the concept of an anion
lattice for amorphousY-alumina in interpreting their results.,
Long range order cannot exist in such a structure, but presumably
elements of short range order mzy do so.

The structure of y-alumina in all its modifications has been
considered to differ from the normal spinel structure only in the
sense that eight cations must be distributed among sites occupied
by nine cations in the spinel lattice 49. Dignam 46 has pointed
out that since ionic conduction in the amorphous oxide takes place
by movement of aluminium jons, fresh amorphous oxide being deposited

48

at the oxide oﬁdising atmosvhere interface ", a true y-alu.mina
structure is unlikely since one would expect conduction to be via

cations vacancies in this structure, there being one vacancy per
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nine cation: sites. Indeed, it ws found that annealed anodic and

amorphous films formed in dry oxygen could not be distinguished,
50 _

which is consistent with Wilsdorf's model for amorphous alumina

consisting of 'randomly oriented molecular groups of Y- aluminal

Crystallinity of ;"-Alum:'na.

Although there seems to be agreement between different investig-
ators that, below a certain 'i:emperature of oxidation of a&luminium,
the oxide formed is amorphous, the published values of this limiting

temperature have varied widely. Thus D:‘Lgnam46

has reported that
only amorrhous oxide is formed when electropolished aluminium is
oxidised in dry oxysgen below 45060. de Broukere 51 oxidised abraded
aluminium in air and found the limiting temperature to be 600°C, a
value which has also been reported 92 £or electropolished aluminium
vhen oxidised in air, Hass 23 found tbat stripped smorphous oxide
films crystallised at 680°C, whereas metal-adherent films crystallised
at 500°C.

Mechanism of Crystallisation an& Growth.

Although there is disagreement as to the minimm temperature

for crystallisation, several workers agree on the nature of the
nucleation process. Above about 4500C crystals of -Y-al_umina

- - [; 1
nucleate beneath the amorphous oxide formed originally 46748, 5

on the metal. At 500°C in the absence of oxygen, there is

apparently no conversion of the initially-formed amorphoug oxide
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to the crystalline form “7, this process occurring only at higher
temperatures near to the melting point of aluminium for stripped
oxide films. It has been reportéd~54’55 that at temperatures in
excess of 550°C, amorphous oxide is converted fo the crystalline
form at the metal-oxide interface during oxiddation in both wet and
dry oxygen and air., Dignam and Fawcett47, alth;ugh regarding the
position as uncertain, have suggested that conversion of amorphous
to crystalline 'y-alumina is possible during the growth of crystall-
ites. They proposed the edges of the growing crystal to be separ-
ated from the metal by a very thin layer of amorphous oxide, and
further suggested that the presence of a very large electrochemical
potential gradient across this thin film would render possible the
atomic reorganisation necessary for the conversion.

Some evidence for the necessity of the presence of oxygen during

48, who,

crystallisation was provided by Beck and his co-workers
however, used anodically-formed films.; A barrier type film was
prepared on aluminium by‘anodising in neutral tartrate soiutiop.
After the specimen had been heated for 24 hours in a vacuum of

5x 10-7 torr, no crystals were detected by electron-optical study.
The process was repeate@, but oxygen was admitted to the system
after the initial vacuum trestment; immediate crystal nucleation

was observed} when the system was re-evacuated growth of the

crystals ceased,
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The concentration of nuclei has been reported to. be about 10°
cm'2. 47,48 and to be almost independent of temperature. The nuc-
leation process occurs very quickly. Crystallites reach a terminal
thickness almost immediately, and then grow radially until they
impinge on each oi;her. ' Dignam and Fawcett AT found the thickness
of the crystals to decrease with increasing temperature but Beck 48

found little varietion of thickness with temperature,

Growth of Amorphous Oxides

The kinetic features of the process of oxidation of aluminium
under dry conditions may be described in terms of weight gain (Aw),
as a function of time (f), and appear to be temperature dependent.
From low temperatures_ to about 300°C the grc;wth law is inverse
logarithmic in type %009%:5T (Aw - E/1ogt) whichimplies that
the rate of oxidation is cgtrolled by the rate of migration of
aiuminium ions through the oxide .under the influence of the elec--
tric field created by oxygen ions at the outer surface 56. In the
temperature range 350-450°C the oxidation is best described in
terms of’a parabolic 1aw'48'58"59 (Aw - k(t)% ), vhich is inter-
preted in terx;xs of diffusion of aluminium ions through the oxide
‘_oeirg the rate-comrolling step of the process. Beck and his co-
workers 48 found that the amorphous oxide formed according to 2
parabqlic law at 450—57500, even after discrete crystals of v

-alumina had appeared, and that this amorphous growth continued
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indefinitely. The result was that the total oxide thickness slowly
increased even after completion of the underlying crystalline layer.
That the rate af which the amorphous oxide thickened was unaffected
by the appearance of crystailine y-8lumina indicates that the
diffusion rate of aluminium ions remained sensibly constant. In
this comnection it has- been reported that the electronic resistiv—
ities of amorpﬁous and crystalline-y-alumina are very similar 60,
although Beck and his co-workers 48 have found the crystalline oxide
to have the mich lower ionic resistivity of the two formé. As

will be discussed later, Beckland his co-workers reported that their
crystalline films were highly faulted,

46,61 found that when only amorphous

'Dignam and his co-warkers
oxide.gréw, the weight gain data were better descriﬁed in terms of
an inverse logarithmic law rather than a parabolic law at temper-
atures at which the latter would be expected to hold. ‘'They also
report, in contradiction to the findings of Beck. and his co-
workers, that limiting weight gain is achieved in the temperature
range 478-50100.

Above about 450°C during the initial period of}oxidation, only
amorphous'Y-alumina forms. This initial period decreasds with

48’62. 4 discontinuous reduction in the

increasing temperature
parabolic rate constant after a short period at 525°C has been

rePorted 48, the activation energy for the formation of amorphous
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oxide remaining the same. This was interpreted in terms of a
chapge in the 'defect structure! of the amorphous oxide at this
temperature.

Reasons for the formation of both crystalline and non-crystalline
oxide have been suggested 48, e rate of growth of the amorphous
form was suggested to be controlled by the rate at vhich aluminium
ions reach the oxide-gas interface, while transport of oxygen ions
through the amorrhous layer was suggested to control the rate of
growth of crystalline oxide.

2.1.5 Effect of the Initial Surface Preparation,

It is intéresting to compare some of the data evaluated by
Beck and his co-workerst8 with the results re.ported by Dignam and
Fawcett 41 for a similar process of oxidation of aluminium in
producing amorphous film. The discrepancies iﬁ results caﬁ be seen
in Table 1.

TABLE 1

Comparison of Reported Data for the Formation of
Amorphous Oxide Films on Aluminium,

Reference . | Aw (peg Cm-z) Energy of
at 500°C Activation_l
(kcal mole )

47 6.1 (a) 25.3 (b)

48 12.5 (c¢) 54
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(a) Interpolated value from results at other temperatures.
(v) From data before crystallite appearance.
(¢) Oxidation time of 40 hr to correspond with (a).

Beck and his co;-workers mrepared their specimens by etching
the surface with caustic soda. They stated that this treatment
had no effect on the ionic resistance of the oxide and that the
surface produced was reasonably smooth, Dignam and Fawcett elec-
tropolished their specimens before oxidatic;n. The former workers
suggested that the initial surface preparation mey be important,
and that incorporation of anions resulting, for example, from
electropolishing could result in reduced ionic resistgnce of' the
oxide film. It should be noted that the pr;‘aposed growth laws for
the oxide were different in the two cases.

Another aspect of the importance of initial surface preparation

46

has been pointed out’™ in casting doubt on the theoretical value of
studies concerned with the elucidation of the basic reaction |
pechanisms for the oxidation of aluminium in dry oxygen from 400~
650°% 62, e initial surface preparation was by atrasion with
emery, and this is suggested to result in cracking and buckling of
the oxide film during oxidation, exposing fresh metal and giving,
as a result, excessively high weight gains.

2.1.6 Dimensional effects &nd Oxidation Rate.

Above about 450 C when crystal formation occurs, much higher
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weight gains are found than would be expected from an extension of

47,48,55,62,63

the low temperature growth laws A typical plot

of weight gain versus time is shown in Plate I. The sigmoidil

48 in terms of the radial

shape of the curve has been interpreted
growth of crystallites, the final reduced rate of increase in
weight resulting from the impingement of the oxide crystals.

64

However, it has been reported "that for aluminium initially
bearing a natural oxid"e film, during the epitaxial formation of the
crystalline oxide, because of small differences in the dimensions of
the aluminium and crystalline 'Y'-alumina lattices, fractures between
crystalline film located on metal of differgnt crystal orientations
take plac.e. This cracking e:.cposes bare metal and increased weight
gains are therefore observed. This may be an important factor in
the accelerated rate of film for;nation found during crystalline
growth.

Conclusions,

Perhaps many of the differences found between the work of Dignam
and his co-workers and Beck and his co-workers may be ascribed ‘l;o the
different initial surface preparations used. The differ'ence between
laws reported by these workers for the growth of amorphous oxide
appears to be significant, The composition of the oxidising

atmosphere may have some influence on the minirmum temperature for

crystallite nucleation (425-600°C) reported by the workers already
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wt. of y = alumina,
Mg cm™

oxidation time, hours
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Plate I. '
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mentioned. Fgr metal;adherent films the possibility of the con-

version of aerphous to crystalline-y;alumina exists in the tepper-
ature range 450b600°0 in the presence of oxygen. This conversion
mechanism has not afparently been distinguished expérimentally from

crystallite nucleation involving the metal itself.

Oxidation of Aluminjum in Moist Atmospheres.
There is considerable evidence that alumina films will adsord

wvater, and at high temperatures will react with water vapour,

resulting in gas evoiution. The influence of moist atmospheres

used in oxidation on the structure and properties of the resulting
oxide are considered in this section.
Adsorption of Water by Alumina.

Spannheimer and Khoezinger65 have studied the adsorption of
water at temperatures up to 453°C from the gas rhase on to cryst-
allinely-alumina initially dehydrated at 80600. ‘At a given temper-
ature part of the water was irreversibly adsorbed. These workers
found adsorbtion enthalpies to‘be high, and concluded that even for
reversible adsorption, the forces of interaction with the swrface
were largely of a chemical nature. The enthalpy of adsorption
increased from 21.7 to 32.2 kecal mole~! as the temperature was in-
creased from 98-41200, and had increased onl& to 24.0 keal mole ™t

at 328°C, The extent of adsorption fell from 16.0 to 3.2 mg of

water per g of alumina at 10 torr gaseous water pressure at 98°C
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and 412°C respectively. The amount of adsorbed.water at a given
temperature increased with increased gaseous water pressure for all
tempera?ures.

Iippens and de Boer66 found that the hydrated form of alumina,
boehmite (A100H), was converted to -Y;alumina at about 450°C. Well;
crystéllised boehmite underwent conversion only slightly at 400°C
whilst poorly-crystallised boehmite was transformed to -Y-alumina at
less than 35000, indicating that the temperature of the transition
- increased with increasing crystallinity.

Other workergThave studied the oxidation.of aluminium powders
with a 7% or 15% alumina content. = After water removal in air,
pouders were compacted either immediztely or after exposure to a
humid atmosphere, to preserve the gas content. On exposure to a
normal atmosphere, (80% relative humidity), at 4OQ°C, a layer of
boehmite was formed. At 600° and 700°C, little adsorption of
water_took place, the oxide being in theﬁy% form, Iﬁ a8 humid atmos-
phere, (100% relative ﬁumidity), however, considerably more adsorp-
tion of water took place at 600°C, but there was still very little
adsorption at 700°G; ﬁhis was ascribed to a decrease in the su;face
area of the oxide and to a complex water/-y;alumina interaction. It

is suggested by the present author that the conversion of amorphous
to crystalline -Y-alumina might be involved hare;

Based on degassing-kinetic curves at 20-70000, Litvintsev and
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Arbuzova 67 have proposed that the follow1ng conversions take place:-

: 150 °c C 175-316°C o 530 550°C
14.1203 «3H,0 — A1203.2.5H20 EE——— A1203.H20 ———)Y-Al203
hydrargillite uﬁ;table boehmite
Vhen the aluﬁinium powdgrsbwere_dried in argon, readsorption
of water was negligible even in a very humid atmosphere, and argon
was found to be adsorbed on the oxide surface, This was stated to

be the probable cause of the loss of activity of the oxide swrface,

2.2.2 Hydrogen Evolution.

In studies of hydrogen production at elevated temperatures by
the reaction of aluminium powders with gaseous water, the foi;owing

67

reactions have been propoéed by Litvintéev and Arbuzova

(8) 241438,0 ——3 410,43,

(v) 2R1+6H,0 ——) A1203 :.204-311
The probable initiation reaction at temperatures less thaﬁ 210°C
was proposed to bez;

2A1+4H 0 —-)A12 3.H 0 +3H
boehmite

These workers have reported that hydrogen evolution took place at
temperatures as low as éo?c, mrobably ﬁy reaction (b). At temper-
atures greater than 210°C, (a) was suggested to be the initiating
reaction since hydrogen production was mmch inecreased. At 450;50000

the rate of hydrogen production again increased and was found to
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coincide with boehmite decomposition. The water produced wss
proposed to result in more hydrogen evolution by reaction (a).

It has also been reporte_d54 that for the oxidation of aluminium,
bearing a natu::al oxide film, te-mperatures iﬁ excélshs _.of 550°C in the
presence of wet oxygen or air, epitaxial growth of the crystalline

' -v-oxide was speeded up by diffusion of hydrogen atoms from the metal
to the metal-oxide interface and into the oxide, Hydrogen was said
to act as a stabilising impurity in the crystalline 1attiée of the
oxide making possible the formation of a defect-type spinel latticé,

assumed to be Y-A1011A1205

Conclusions.
Summarising, one might expect hat the oxidation of aluminium

in moist air or oxygen would lead to some hyd.rargillite formation at

temperatures less than about 150°G.67 From 175°C to about SOOOC,

: ' 66,61

At temperatures in excess of

24

some boghmite might be formed

about SOOOC, some crystalline 'Y-alumina might be formed”" with a

¢

little water adso:c‘ned65 and the growth of crystallites would be

expected to be faster than under dry conditions54 « For oxidation

at temperatures in excess of about 90°C, hydrogen evolution might
occur67, and at all temperatures the amount of water adsorbed should

65

increase with increasing water content of the oxidising atmosphere
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CHAPTER IIT

Anodically-Formed Oxide Films.

Introduction,

Anodic oxide films are prepared by meking aluminium the anode -
in an electrolytic cell using a suitable electrolyte depending on
the type of oxide film:. ;equired. Two types of oxide film can be
rroduced by amodic oxidation, namely porous and non-porous or-
barrier-type films, The electroiyte used determines the type of
oxide formed,

Barrier-type films are formed in electiolytes having low solvent
power for alumina, including neﬁtral boric acid solution, aqueous
solutions of ammonium borate or tartrate, ammonium tetraborate in
ethylene glycol, and some orgénic compounds including citric, malic
and glycollic acids,

Porous films are produced in electrolytes in which the oxide -

film is more soluble. The commercially important pore-forming

electrolytes are sulphuric, phosphoric, chromic and oxalic acids,
all of which have been used over a wide range gf concentrations.

The thickness of barrierétype films depends on the electrolyte
temperature ana anodising voltage, but is independent of the electro-
lyte chosen. For porous-type films thickness depends on the electro-
lyte temperature; the current density, the anodising time and the

electrolyte itself. The maximum thickness of bargier—type films



3.2

27

is.-restricted by the oxide hreakdown voltages, 500-700 volts.
This Iimitation is absent for poroﬁs-t&pé films, At low temper-
atures of 0-5°C, porous films are thick, compact and hard, and the
production process is called hard-anodising. At higher temperatures
(60°-75%), thel porous film is soft, thin and non-protective; the
rrocess is approaching the condition for electropolishing, the oxide
film being dissolved almost as soon as it is formed.

Porous films consist of é thick, porous outer layer overlying
a thin; compact inner layer. The thickness of this inner layer is,
as for barrier-type films, dependent on formation voltage, and the
inner 1aye; of porous films is normally referred to as barrier layer.
Anodising Ratio. |

Barrier-type films conduct electrons at low field étrengths.
At high field strengths, ions are also conducted, and for a given
metal, a minimum field strength exists below which ionic copductance.
is negligible. Above this minimum value ionic cu¥rent leads to the
growth of the oxide film upon the metal, amd, if the oxide is complet-
ely non-porous, growth continues as long as the ionic current,peréists.
The reciprocal of the minimum field strength required to cause ionic
conduction is called tﬁe anodising ratio, which, for non-porous films

% vort~l 6869

on aluminium, is close to 14A volt

During énodisation in pore-forming electrolytes, the field

. strength does not fall t6 the minimum for ionic conduction, so the
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anodising ratio for the barrier layer is less for porous-type than

for barrier-type films. Table II lists anodising ratios reported
for the barrier layerls31s43 of porous-type films in various
electrolytes, all for alumina films on aluminium.

TABLE II

Anodising Ratios for Porous Oxide Films,

Ei.e_actrolyte Tempgrature | Anot.iiéiﬁg -1
id C Ratio, volt
155 Sulphuric 10 ' 10.0

2% Oxalic 24 11.8

4% Phosphq:;ic 24 . 11.9

y)a Chromic 38 12,5

Barrier Layer Growth in Porous-type Films,

Plate I1(a) shows the behaviour of the barrier layer 1:h:‘LcknessszlL"]"I'E’43

during the first 30 seconds of anodising in 15% wfv sulphuric acid.

The barrier layer appears to be completed within a few second.szz"43 .

Plate II(b) shows the corresponding current density behavio: 43. '
The dotted portion corresponds to the behaviour for barrier-type
films, that is, the behaviour for both types of film is identical
initially. The final current densities differsmarkedly, the current

being mainly ionic for porous films and having a much larger electr-

onic contribution for non-porous films. The current density be-
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haviour at Ajin Plate II(b), has been interpreted in terms of pore
initiation, This necessitates the thinning of the barrier layer
formed in this time leading to increased current density. Hoar

and Yahalomﬂ' have, however, éuggested that the barrier layer

current decreases exponentially, the increase j.n current density':l()
érising from a pore current. It has béen pointed out that these
workers have not specified the origin or driving force for. this por'e
cu:r'rent..7

The minimum current density at A, that is at the point of pore
initiation, occurs earlier the higher 1?he applied voltzge and the
more ecidic the elec'brolyte.:. The thinning of the barrier layer
ceases after a few seconds. Th;ls may be understood ‘in'terms of
increasing field strength across the barrier layer as it thins antil
the rate of barrier layer production equals and then. exceeds its
rate of loss in the formation of porous layer43. Ultimately, these
two procésses mst be balanced.
Structural Feazllreg of Anodised 'Films.

y71?74 has reported that Sanier-type films éonsist of

Verwe
crystalline Y'—alumina. The difference between :Y'-a.nd crystalline
Y-alumina 1iesﬂi in the cation arrangement; both have the same anion
lattice, Ea;'rington and Nelson75 reported that both porous and non-

porous films formed in a wide variety of electrolytes consisted of

alumina of random structure, the structure tending to be less random
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for high temperatures of film formation. This has been :'.n1;e:rpre1:ed76’77

as being due to an increase in the crystalline proportion of the film
at higher temperature, which is also favoured by ihcreésing film
thickness, high formation voltages, the use of dilute electrolytes
and the use of alternating current. Below 100 volts formation
voltage, barrier-type films were found!! to be amorphous, but some
crystalline Y-alumina was also detected above 100 volts.

78

Altenpohl'® reported that barrier-type films consist of an outer

soluble layer and an inner insoluble layer. The inner layer was
assumed to be crystalline Y-alumina, the proportion of which ;n-
creased with increasing temperature and formation voltage. However,
Stirland and ]3i<=1cne1177 did not consider that the crystalline and
amorphous oxide existed in a layer-type structure.

Franklin79 has investigated barrier-type films prepared in boric
acid-borax electrolyté and reported at least three types of oxide to
be present, (a) hydrated oxide at the oxide-electrolyte interface,
(b) irregular patches of crystalline 'Y;alunrina, and (¢) amorphous
oxide which is the main constituent. The complexity of these films
increased as the formation voltage increased, probably as a result

80 found & similer

of increased crystallinity. . Trillat and Tertain
structure for porous films formed in 20% w/v sulphuric acid, An
outer layer was reported to consist of a mixture of boehmite and

crystalline y-alt_imina and an inner layer of amorphous alumina,.

An infra-red reflectance technique used by Dorseysl"83 has
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indicated that the .barrier layers formed in all eiectrolytes are
alumina trihydfa-tes which undergo structural changes when porous
films are formed. The absorption band of the .barrier layer was re-
ported to be between 900 and 1000 cm™! wave numbers. The pogition
of this absorption band for films formed in boric acid was found to
be unchanged by the length of the anodising or formation time, imply-
ing that the barrier-type film is truly non-porous. In pore-forming
electrolytes, the band shifted to higher frequencies aé porous oxide
growth proceedeci. Dorsey has proposed that in order. to form pores,
a cyclic alumina _triﬁydrate existing in the barrier layer decyclises,
there is an effective lowering of polymer weight and hence the ab-
sorption band moves to higher frequencies. Kornany84 ha_s reported
the presence of alumire trihydrate in barria'-layers, along with
Y-aiumina, aluminium hydroxide and boehmite.

Diggle, Downie and Goulding7o

have pointed out that since no in-
dication is gi:ven by Dorsey as to the sensitivity of the adsorption
band to decyclisation; there is some doubt as to whether boric acid
films 'can be said to be truly non-porous. FPorous layer. was detected
by Darsey by this method for supposedly non~porous films formed in
ammonium tartrate and tartaric acid solution. The ax‘bsorption' band
for porous layer was found for films formed in typical Pore-forming

electrolytes such as sulphuric and phosphoric acids,

Some of this work is apparently contradictory but it can be
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said that, in general, non-porous films are regarded as amorphous
and porous films as crystalline, both being anhydrouses_s?. The
work of Dorsey indicates that the oxide films are not anhydrous.
The presence of water is regarded by some worker888’89‘ as necessary
to stabilise the spinel-type structuré of alumina, possibly by re-
rlacement of oxygen ions in the alumina lattice by hydroxyl ioné..'
Anion Incorporation.

Tﬁe ex‘teﬁt c;f the incorporation of anions of the anodising
electrolyte into the oxide structure appearé to be greatest far pore-
forming electrolytes and least for 'lfhose electrolytes giving rise to
barrier-type films. A 1% incorporation of boron into films formed
in ethylene glycol-amonit;m pentaborate and boric acid-borax electr-
olyte has jpeen found! 910 while porous films formed in sulphuric
acid heve been reported to contain up to 11% of sulrphate :i.on91-93 .
I\'Jlasc>n93 has reported sulphate ion incorporé.tion to be higher the
lower the anodising temperature and the higher the current demsity

94 nas suggested that this is due to

during film formation, Hoar
the increasing importance of the following reaction as the temperature

is increased:~-

50,%" —> 50, (aq) + 0%
FIIM SORFACE FILM

In porous-type films, anions of the electrolyte can be incor-

vorated into the porous layer in two ways, in a "bound" form result-
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ing from conversion of barrier to porous layer and in a "free" form

resulting from the accumulation of anions in the port-:fsg5 « For

95

sulphuric acid formed films, Ginsberg has reported a total sulphur
content corresponding to 13% sulphur trioxide which fell to 8% after
prolonged washing, so that 5% of the total anion mcorporatlon was
"free", Thach Lan and his co-workers86 have reported that sulphur

96-98 have reported

is present as the anion, whereas other workers
that it is present as a basic sulphate.
It has been suggested99 that the ﬁorous layer is formed by con-

version of the outermost portion of the barrier lajer, that is, that

formed by cation transport. The result of this should be a uniform

incorporation of anions from the electrolyte in the porous layer.
This has been coni‘:lrmedz7 using an electron probe microanalysis
technique.

VWater Content of Oxide Films,

Xlthough non-porous films are generally'regarded as anhydrous,

some workers regard water as necessary to stabilise the spinel-type

structure. Lich‘l:enberger85

has indicated that 2.5% water, present
as boehmite, is necessary. .-

15% w/w water content in porous films formed in sulphuric and
oxalic acid has been reported by Pullengl. Edwards end Kellerloo
found 1--6% in sulphuric acid formed films and Philips’2 found

sufficient water in films formed in oxalic acid to produce 2A1203.320
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-within the film.

The extent to which water is incorporated depends on the con-
ditions and treatment during formation7o. It is probably never in
the "free" form but occurs either as hydroxide or hydrated oxide or
both. |

Properties of Barrier-type Films,

Thus far in this chapter, matters relevant to both barrier-type
films on aluminium and to porous parts of oxide films have been
discussed. The two typeé of film differ in characgeristics; this
section is largely concerned with studies of the barrier layer.

A,C, Resistance of Barrier-type Films.,

In an investigation of the mobilities of protons and hydroxyl
ions during the anodic oxidation of aluminjum in tartrate solutions,

58 showed that the a.c. resistance of the outer part

Brock and Wood
of the film decreased as current was allowed to decay at congtant
formation voltage. These workers related the decrease in resist-
ance to the formation of pores at the low current demnsities which
obtained during current decay, and to increased hydration of .the -
film as a result of an increase in the hydroxyl ion contept of the
electrical double layer under the same conditions. At pH S5 and 7
in aqueous tartrate solution under current decay conditions discrete

pores were observed, and it was suggested58 that the presence of

minute invisible pores under steady current conditions could account
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for the observed low ionic resistance of alumina formed in this
memer. No pores were observed during anodisation of aluminiuz-n in
non-aqueous borate solutions, and the a.c. resistance of films
formed :jLn this medium was independent of the formation current
density; it was suggested that hydration played a pert in pore for-
mtion.

Brock and Wood39 have also discussed the ease of entry of hyd-
roxyl ions into tartrate formed films, and concluded that, under
conditions in which the activity of protons or hydroxyl ion is high
in solution, the éxtta'nt of entry is little affected by the rate of
"film formation. The conciusiomof this work are interesting since
taz_'trate formed films are conventionally regarded as non—porou‘s. -

21 studied the a.c, electronic and'ionic

Earlier, Heine and Pryor
resistance of films formed in 3% w/v ammonium tartrate solution at
7. The initial surface 'treai‘:ment consisted of an etch in sodium
hyd_:roxide solution, and current $1nfges during anodisiné were re-
stricted to 5 mA cm™ in order to avoid film damage due to 1ocai

2ata

heating. The current was allowed to decay to 15-20mi cm”
pr-edgterhﬁned voltage. Films wére thimmed uniformly in passivating
sodium chromate solution o.f M 7-9., Eeine and Pryor found that this
technique left the metal passive and the inherent specific resistance

of the oxide was unaffected by the dissolution process. Brock and

Woo0d>23? have also used this technique.
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Heine and Pryor™™ found four regions in the oxide produced by

anodising to 20 volts in %5 w/v, pH7, ammonium tartrate solut1on.

a) A reg1on of low electronic resistivity nxtendlng to 60-80 A

from the metal-oxide interface, the ionic resistivity increasing
°

“from about'4x109aﬁfcm 25A from the metal-oxide interface to

o

10ohm cm 80A from the interface., Apparently, in

about 2x10
this region there is a departure from stoichiometry. This
was considered21 to be due to the moximity of the metal-oxide
interface and to represent an n-type region of excess aluminium
ions,.

0
From about 60-160 A, the electronic and ionic resistivities were
constant, that is, the metal substrate no longer exerted any
influence.
Beyond lay a region about 60 Z thick having a low ionic resist-
ivity. This region was diffuse, and was velieved>l to contain
hydroxyl ions from the anodising electrolyte, a view shared by
Brock and Wood 2239
The outermost region, about 20 Z thick had a high ionic resist-
ivity. Heine and Pryor have suggested that strong emidising
conditions could be'present at the surface, resultiné in a
complete anion lattice and bound positive holes giving a p-type

defect'structure.

For films formed under the same conditions but anodised to 15
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volts, region (b) was absent.

Brock and Wood39 have found similar behaviour to the above
following formation with maximum current surges restricted to 10 ma
cm-z. Far 100 P cm-2 maximum current surges, the outermost region
(d) was absent and this too was in support of the findings of Heine
and- Pryor,

Ionic Cherge Transport in Barrier-type Films,

Considering a cation mobile system in which movement of cations
depends upon the electric field strength across the oxide film, two.

types of ionic charge transport are possible.

a) High field conduction, where it is assumed that the field strength

rrevents movement of cations against the field.
b) Low field conduction, where cation movement against the field
can no longer be assumed to be negligible,
Theories of ionic conduction assume that high field ionic con-
duction takes place during anociising since electric field strengths

1

6 .7 - .
are 10 -10" volts cm ~, which is regarded as sufficient to prevent

movement of cations against the field,

Buntherchultze and Betz]'Ol-los

have shown that under high field
conditions, the ionic current density (i+) and the electric field
strength(B) are related by the exponential law,

i, = A expBE (1)

where A+ and B+ are temperature-dependent constants involving ionic
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transport parameters. Several attempts have been made to justify

this equation theoretically in terms of the possible rate determining

56,106
?

step being ion transport across the metal-oxide interface ion

107

transfer through the bulk of the oxide or a combination of these

two processesloe’lo9.

Difficulties in interpretation arise since these thearies con-
sider-the transport of ions through a crystalline lattice whereas
the filmsare known to have a high degree of amorrhous nature. It

is also difficult to explain the existence of.current transient

Phenomena by means of this treatment,

Dignaﬁllo-llz

has proposed & theory of ionic con&uction leading
to oxide growth based on an amorphous structure. This theory is

claimed to acéount for steady state and transient phenomena for oxide
growth on aluminium, tantalﬁm, niobium and bismuth, and also accounts

for anion migration, neglected in the mreviously-mentioned theories.

Determination of Thickness.

Any method for determining the thickness of barrier-type films
should preferably be rapid and non-destructive and ideally be an
"in-situ" measurement. Some of the methods which fulfil some of

these requirements are now considered, but not all in detail.

5.7.3.1 Application of Faraday's Laws.

The volume, V, of oxide laid down by passage of a quantity &'

of electricity, assuming 100% current efficiency is given by
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V = QM

2yFQ (2)

wheré M is the molecular weight of the oxide .A;é-oy of densi.tyg ’
and F is the Faraday. The thickness can be evaluated if the apparent
area of specimen surface covered is known. The effective molecular
weight depends on the purity of the oxide and the current efficiency
must be known. The density can usuvally be found by the method
reported by Jepso&lB..

Because of these difficulties, this method is sgldom used, al-
though Bray, JaGobs and Youngl14 applied it to study the anodic oxid-
ation kinetics of tantalum and found the results to be consistent with

108’109of ionic conduction. Bernmard

the Dewald dual barrier theory
and Cook115 found that for barrier-type films formed on aluminium in
ethylene glycol/ammonium pentaborate solution, the agreement between
the film thickness determined by this method and by optical methods

was satisfactory.

3.7+3.2 Optical Methods,

116-120 69,121-123

Spectrophotometric and ellipsometric methods
are the most widely used methods of thickness measurement. The

data obtained are usually the most accurate, provided that satisfact-
ory values of the optical constants for the oxide and the underlying
metal are known. Measurements can be made "in-situ" provided that

the optical constants of the film-forming electrolyte differ apprec-
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iably from those of the film substance.

Capacitance Meﬁhod.

For an oxide of uniferm thickness, the systeﬁ metal-metal/bxide
interface-oxide-oxide/electrolyte interface-electrolyte which is
rresent is analagous to the system present in a parallel plate con-

denser. The capacitance C is given by

C = €4/41Td (3)

where € is the dielectric constant of the oxide, A the surface .
area and 4 the oxide thickness.

Several precautions must be borne in mind in interpreting
capacitance measuréments in terms of the oxide thickness. fhe elect-

rical double layer makes a contribution C e to the measured value .

c 124
m.

dal

. Sinqe Coqy is in series with the capacitance C,x due to the
oxide film,equation (4) must give the relationship between these

quantities, viz:-
_1/cm = 1/cox + 1/c:e‘11 (4)
When ced12> cox the measured capacitance Cm approximates closely to

that due to the oxide.

The type of oxide present also affects the validity of the
5

interpretation. Lorking” has shown that if the film is coherent
and impermeable Cox may be used to estimate film thickness. How-

ever, when the film kas been rendered porous by corrosive solutions,
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incorrect values are obtained,

' If accurate thickness values are required, an accirate value
of dielectric constant must be found, possibly by calibration using
films of known thickness. Since dielectric constant is often a
function of the freqﬁency, capacitance measurements are usually
mde at constant signal frequency. Again, extreme care must be
used po ensure that the input signal does not affect the specimen
potgntial in cases in which qox does not differ greatl&lfrom Cedl’

since the electrode potential will influence the double layer

. 124
dl f
Many methods have been used to measure the capacitance of
125-127

present and hence influence Ce

specimens, including the d.c. transient method which has

been applied to the determination of surface roughness factor3127.

Bridge techniques have also been usedlze; Wood, Cole and Hoar129
developed 2 bridge containing the experimental cell as unknown im-
pedance and a balancing impedance. An amplifier and oscilloscope
were used to detect balance, and an accuracy of better than "+ 5%
was attained for input voltages of l-EQQ!;V at 10-500 Hz. The ‘
type of signel used determines theé extent of balance. If sine waves
are used, any combination of resistance and capacitance can be
exactly balanced by one resistance and one capacitance in series.

In the case of square waves, however, components of all frequencies

‘'are present, and every element of a complex impedance must be balan-
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ced individuallx.

A third method 6f capacitance measurenent.in§olves the use of
analogue circuits, of which many have been designed. The tWwo
simplest are the series and parallel circuits illustrated in Plate
III (a). R, Rp and R fepresent non-inductive resistance boxas
and Qp and Cs decade condensers, The use of fhe simple parallel

124 oo

analogue has been demonstrated by McMullen and Hackerman
applied the same square wave iﬁput signal to the test electrode and
analogue. The response voltage time curve from the tést electrode
was displayed on an oscilloscope,.compared with that from the anal-
ogue, and the two curves matched by selecting values of Rs’ RP and
Cp. When Rs = O then ohmic.drop exists through the electrolyte
and/br the external circuit, Types of response curves to square
wave inputs are shown in Plate 71, 'A.nalogue or compa2rison cir-
cuits have been used by Leach and Isa.acslBO_’133 iﬁ'swudies of the
capacitances of metals as functions of thé electrode potential, and

complex analogues have been used by Hoar and Wood42 in studies of

the sealing of porous anpdic oxide films on aluminium,

3.7.3.4 Direct weighing technigues.

Direct weighing of specimens has been used by several Worker3124,125,134

For example, the amount of oxide formed anodically can be found by
weighing the specimen before and after oxide dissolution in a re-

agent such as phosphoric-chromic acid mixture, which dissolves the
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oxide and leaves the metal unattacked. Knowledge of the oxide
density and apparent surface area of specimen covered by oxide gives
the éxide thickness,

3.T«3.5 Miscellaneous methods.

4 have determined the barrier layer thickness

Hunter and Fowle2
in poroﬁs anodic oxide by a method in which the minimum voltage
required to cause further growth was used to estimate the film thicg—
ness. It was.aSSumed that a minimum electric field étrength is ?e-
quired to promote ionic conduction across a presumably fixed barrier
thickness., . The barrier film was immersed in an electrolyte having
a negligible solvent power for the oxide. A slowly increasing volﬁage
was applied across the film and the applied voltage, V, at which the
current suddenly increased, indicating the flow of iomnic current, was
noted. If E is fhe minimum field strength required for ionic con-
duction and 4 is tﬁe film thickness, from the relationship V/d = E{

d can be calculated if E is known. Using 3% m/v amuonium tartrate
electrolyte at pH 7, Hunter and Fowle observed the type of behaviour
illustrated in Plate IV(b) for sulphuric acid formed fi}ms; Digglez5
reportéd the type of behaviour shown in Plate IV(a) fbr the same
system, |

Hunter and Fowle assumed the anodising ratio for barrier layer

o .
on aluminium to be 14 A volt-l. This value is somewhat suspect,

< since the ammonium tartrate solution has, apparently, a slight solvent
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power for the film.. The evidence for this solvent power will be
discussed later in Section 8.1. To assume, however, that all of
the applied voltage appears across the barrier layer involves greater
error. |

Considering the parallel plate condenser eg.(3) and assuming

that the exmression V = Ed is valid, it follows that

V = B. £4 (6).
4TCC

A plot of V versus 1/C shéuld be linear and pass through the origin
if all of the applied voltage appears across the barrier layer.

It has been reportedl55 that this plot is linear for aluminium anod-
ised in neutral 3% ammonium tartrate solution, but that the intercept
on the voltage axis is at about -2 volts. Vermilyea136 has proposed
that the true voltage across the barrier layer (Vt) is related to the

applied voltage (Va) by equation T:-
Vt = Va - ("qc + aiR) + Vr. (7).
"nc is the cathode overpotential, a' the surface area, i the current

density and R the total resistance of the solution and any external

series resistance. V} is the e.m.f. corresponding to the reaction

2 Al + 3 HO = A1, 0, + 3 H

2 273 2

which, from thermodynamic datar fay be calculated to be 1.5 volt.

Using equation (6)

va=E.%;(1,c+am)-v (8)

r
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It is clear that this equation predicts that a graph of Va versus
1/ C should not pass through the origin.
4

Hunter and Fowle2 » however, have reported an accuracy of approx-
imately 33 in their determination of barrier layer thickness if a
correction is applied to allow for the expected electronic leakage
level of 100pA em 2.  The required voltage value is taken to be

that required to incfease the current density to a value in excess

of 100 A e 2 as is illustrated in Plate IV (v).

Among other methods, the scattering of d-particles has been
usedls_8 to determine the thickness of oxide films on anodised alumin-
ium, Measurements were based on determinations of the difference
between the energies of o-particles scattered from the oxide surface
and the underlying metal, Filmé from 10 to 130 p.ng'z were reported
to have been analysed non-de:;:tructively with .a relative standard

deviation of 3.%h.. The average time of analysis was 30 minutes with

an incident beam currenmt of up to about 1 A,

Porous Anodic Oxide Films on Aluminjum.

Solvent. Action in Pore Formation.

The formtion of porous alumine and concurrent dissolution pro-
cesses can be understood in terms of the following:=-
a) Ionic migration, forming an initial barrier layer which will
remain as a barrier layer'if the electrolyte has no solvent ‘power

for the oxide,



current,

applied voltage, v,

(a) The type of behaviour observed gxor a porous alumina

current, .
ma cm™

0.3 4

0.1 b

f£ilm immersed in 3% w/v ammoniun. tartrate solution
during the application of a steadily increasing voltage,

~actual

apbroximate

applied voltage, v,

(b) The determination of the barner thickness of g,porous

alumina film by the method. of Hunter and Fowle“*, The
approximate and actual barrier voltages are as indzcated ’
assuming an electronic leakage current value of . :
100p a en™?,

' Plate IV .
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.b) In electrolytes with solvent power, conversion of barrier to

porous layer takes placé vhen the berrier layer has reached a
certain thicknessz4’4ﬁ’43. Thig conﬁersion;is believed to be

a field-assisted electrddhemical procgss23’4a’139. "Pore for-
pation begins earlier in 155 sulphuric acid films than in 4%
phosphoric acid filmsl40; indi@ating that in the former cas;,
the cénversion process is more rapid. This is borne out by

the lower-anodisiﬁg ratio found for the barrier layer of sul-
phuric acid-formed films (Table II). Murphyl4l suggested that
'both protons and anions are involved in pore formation and found
that the pore density dec#eased lineariy ﬁith decreasing pKa for
the series of electrolytes 1% sulphuric acid, 2% oxalic acid,
%% chromic acid and 4% phosph;ric acid. If aluminium is anod-
iﬁed in ammonium tartrate solutions for long periods in excéss
of 60 minutes, the current density-time behaviour is similar to
that observed during sulphuric acid anodising'¥?, but the final
current density is much lower.. As in the case of anodising in
pore-forming e1ectrolytes42, the current minimum is observed
earlier the lower the pH of the elgéctrolyte and this could in-
dicate that pore formation is occarring. Hoar and Yehalom &
found thet in pore-forming electrolytes the minimum current den-

sity occurred earlier the higher the applied voltage, which is

evidence for field-assisted dissolution.
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¢) The porous layer thickness is a function of current density,
time, electrolyte temperature and, to a small extent, the elec-
trolyte concentration.

d) Because of external surface dissolution of the oxide by the
electrolyte, porous films are found to be thinner than would be
expected by consideration of the amount of charge passed in for-
nﬁtion27’28. The process is strongly temperature-dependent and
is slightly affécted by the electrolyte concentration, |

e) There is considerable evidence that so-called non-porous barrier
type films do possess some porosity. The resemblance of current
transient thenomena dﬁring anodising for long periods of time in
ammonium tartrate solutions to ﬁhose in formally pore-forming
electrolytesl42 has already been méntioned. Dunnl43:144 46
found that anodising in 1% ammonium pentaborate at high film
formation rates (high current densities) produces non-porous
films but at low formation rates porous layer is formed. This
is reminiscent of the findings of Brock and Wood39, that for
anodising in aqueous tartrate solufion,pH é;é,the a;c. resist-
ance of the outer part of the film was mhch less for low than
for high current densities and presumably the extent of hydrat-
ion, ‘pro#bly by hydroxyl fon diffusion, ﬁas mich greater in the

39 118

former case”’”, Bunter and Towner have reported that anod-

ising in.B%, i 5.6 ammonium tartrate solutions produces a non-
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porous oxide film if the voltage is held constant and the current
is allowed to decay only until it reaches a minimum, that is,
the barrier film is completed. If anodising is continued
beyond this. point, poroﬁs layer begins to form and has been
detected by electron microscopy after long periods of anodisinglls.
These workers have reported that 50% of the leakage current is
involved in porous layer formation at a.small constant rate.

81-83 pas detected porous layer produced by anodising

Dorsey
_éluminium in ammonium tartrate and_tartaric acid by the presence
of the porous layer infra-red absorption band. The work of
Dorsey was discussed earlier, Barber145, however, found pores
in oxide produced anodically in aqueous ammonium citrate and
citric acid but that pore formation was reduced by ultrasonic

vibration of the anodising cell. He concluded that the pores

probably arose from bubbles in the anodising cell,

3.8.2 Structure of Pbious-type'Alumina Films,

| " From many.electranPtical investigationsT’134}146'148, both by
the replicating and the direct transmission technique and from some
gas adsorption studie325'149;'the gstructure of the porous anodic
oxide film would appear to be essentially that reported by Kelier,
Hunter and Robinson7.

In essence, the structure is as follows. Each pore lies in the

centre of a hexagonal-shaped oxide cell, width c. "The pore diameter
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is reported to be independent of both the anodising voltage and the
time of film formation, and to depend only on the electrolﬁe used.
Some indication of the pore diamete;'s is shown in Table III.

Table ITI

Pore Diemeters in Different Electrolytes.

Electrolyte concentration and Pore Diameter
temperature

4% phosphoric écid 24°C | 336 |

3% chromic acid - 3% 240

2% oxalic acid | 24°¢ | 170

157 sulphuric acid 10°C 120

The oxide cell width depends on the énodising voltage, and the pore

wall thickness has a certain anodising ratio as has the barrier layer

thickness,
Table IV
Anodising Ratios for the Barrier layer
and Pore Wall Thickness.
Electrolyte concentration Barrier }iyer Pore wall th_i__sziess '
and temperature R w_rolt -~ R vo1rt " '

4% thosphoric acid 24°C 11.9 11.0

3% chromic acid  38°C 12.5 10.9

2% oxalic acid 24°%C 11.8 9.7
15% sulphuric acid 10°C 10.0 8.0
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As the anodising voltage increases, the width, ¢, of the oxide cell
increases and so the pore density decreases. This is illustrated
in Table V for 1% sulphuric acid at 10%C .

Table V

Pore Densities of Films Formed by
Anodising in 15 Sulphuric ‘Acid at 10°C.

Anodising voltage ‘Pore demsity, x 10%cm2
15 83
20 56
30 30 -

The pore volume is the fractional volume of the porous layer
occupied by pores. If these are considered to be perfect cylinders7,
the pore volume should be independent of porous layer thickmess,

current density, electrolyte concentration and anodising temperature.

However, there is evidence that the pore volume is a function of all

25,99,150. 25

of these parameters The true pore shape has been proposed
to be that of a truncéfed cone with the basal diameter that reported
by Keller, Hunter and Robinson?, and with a pore mouth diameter
dependent on the current density and the anodising time, that is,

the film thickness. This is illustrated in Table VI far the anod-

isation of aluminium in 20% sulphuric acid,
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Table VI

Pore Base a.nd. Mouth Diameters Revorted for

Oxide Films Formed in 20% Sulphuric Acid>>.

Current dggsity Anodising time | Pore bases | Pore mouth
md cm min. diameter & | diameter

10 30 120 | 159

15 30 120 182
15 . 60 120 246
25 : 30 120 208

The slope of the pore wall is very slight, since, for example,

in the case of pore base diameter 1203, pore mouth diameter 159:, the
porous layer thickness is 9Hm. A poséible limitation on porous layer
thickness might be expected, since if anodising were continued suffic-
iently long and/ or at increased current density, the pore mouttfx dia-
meter might 'equé.l the oxide cell width. Indeed any further anodising
beyond this point might result in reduced thickness by surface chem-
ical dissolution by the electrolyte. Some evidence for a limiting |
reximum oxide thickness has been reported by Diggle, Downie and

Goulding70 based on the work of Liechti and Treadwell96 and Sacchil51.

152

Golubev and Ignatov have also found evidence for this type of

behaviour.
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3.8.3 Freguency Depgndénce of the Impedance of gogggg;tipg'Fjlms.

Jason.and W’oodl53 have Proposed an élééfriéal ;néioéue to
represent the impedance of porous anodic films on aluminiume. This
is illustrated in Plate V(b) and is clearly in keeping with the
cylindrical pore model (Plate V(a) ). Hoar and Wo0d#2 found that -
this analogue adequately represented the frequencj dependence of the
impedance of films formed in 15% w/v sulphuric acid. They found,
in common with Jason and Wood, that for unsealed films, the measured
series capacitance and resistance decreased as the a.c. measuring
frequency increased. Above 1035z the resistance remained approx-
imately constant at 25 ohm cnfz;' this was identified with R, since
at these freguencies, R2 was completely by-passed by the low imped-
ance of Co.

Below 103Hz, the.measured resistance increased as the impedance
of 02 increased. It was also observed that below 1O4Hz, the measured |,
capacitance was the barrier layer capacifance Cz since Co has a high
impedance at such frequencies due to its low capacitance. R° is so
large that it makes an insignificant contribution to the impedance
at all frequencies. Therefore, below 103Hz the barrier layer
capacitance and resistance arelgpasured after balancing out the
ohmic drép écross the solution plus that in the external’circuit
using square waves and this requires the éimple analogue represented

by R2 and 02 in parallel and both in series with Rl'
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CHAPTER IV-
Experimental,
Preliminary Preparation of SEecimens..

Tpe aluminium used was the British Aluminium Company's super-
purity (99.99% 41.) grade, which was melted in alumina crucibles
and cast into ingots in a copper chill mguld.

In a few cases, specimens were in the form of wire of about
1.7 mm. diameter and 20 cm long, but the majority were cylinders
about 1.5 em long, having a cross-sectionai area of about O.BIcm?.

In the case of wire formetion, ingots were rolled to size and drawn
through dies to form wires of known diameter. The cylindrical
specimens were produced by sectioning ingots and tapping a few turns
of fhread at one end so that good electrical and mechanical contact
was made with a threaded aluminium wire suspension. The untapped
end of the cylinder was the surfgce for oxide film formetion; this
end was polished with emery paper using light liquia paraffin as a
lubricant, working tiwough the gradég 0/0 to 4/0.

Wires, to a chosen length, and cylinders ﬁt the poiiéhed surfaces,
were degreased with acetone and then chemically polished at abguf
95°C for three minutes in a solution maée up from 125 ml concentrated
sulphuric acid, 350 ml. ortho-phosphoric acid and 25 ml. concentrated

5,13-15,28

nitric acid Specimens were then washed in running dis-

tilled water for one minute, rinsed with acetone and air-dried.
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Lorking5 has suggested that at 80°C, the oxide film produced by this
o

method is about 104 thick and the reproducibility of film character-

3

istics is good. Capacitance measurements made by Diggle2 indic-

ated a thickness a little less than this at the temperature used in
the present case,

Oxide Filg,Preparation.'

Three methods of £ilm prepsration were adopted. These were
anodic oxidation to form films of the so-called non-porous barrier
type, and films produced by the oxidation of aluminium in dry oxygen
and in oxygen having a known gaseous water content.

Anodisation to Form Barrjer-type Films.

Vhere not given in the text,.detailé regarding instruments used
are given in Appendix I.

The anodising electrolyte used was 3% m/v amnonium tartrate,
buffered with ammonia to pH 7,which produces.barrier-type films on
aluminium. The cathode was of super-purity aluminium in the form
of a cylinder surrounding the anode. Anodising was performed at
25.0 + 0.1°C in a thermostatted water bath. A valve voltmeter: was
used to measure'the potential'differénce between specimen and cathode,
and the voltage applied across these was tapped from a stapilised
supply. Ionic current surge was limited to 200 pA cm'z, a value
conside;ably less than thqse used by other wurker321’59 whose films

were apparently coherent, to avoid film damage from local heating.
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When the desired poteﬁtial drop from anode to cathode was achieved,
this value was maintained by reducing the cu‘rent‘ density to the
electronic leakage level of 25-40 4 em2.  Heine and. Pryor21 found
electronic leakege levels to be 15-20A cm 2 vhere the initial sur-
face preparation was an etch with sodium hydroxide solution. 1In
the present work, anodising was regarded as completed when a low
steady current density was maintained for about five minutes. The
circuit was broken by removing .the applied voltage, the specimen was
removed and washed with distilled water.

Wire specimens were anodised to the length required. Before
anodiéi.ng, cylindrical specimens had their degreased sides covered
with Bostik. This was applied after dilution with acetone. The
electrical insulation was tested by completely covering a specimen,
except at the tapped end, with diluted Bostik. After drying, the
specimen was attached to a Bupporting wire and partially immersed
in a mixture of N sulphuric acid and N sodium sulphate having a pH
value of 1.0. This solution was ohe of the most aggresive to the
oxide film used in these investigations. Over a period of twenty-
four hours, no potential was recorded for the specimen with respec;t
to a saturated calomel electrode and this demonstrated that the in-
sulation was satisfactory for the times normally used in the present
worke.

Since wire specimens had such a small diameter compared with the
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length immersed, errors in, for example, capacitance studies, due

to creep of ele;trolyte and edge effects should be negligible} How-
ever, this is not the case for .cylindrical specimens and measurements
were therefore performed with the sides coated with Bostik and with
the anodised surface just touching the approrriate electrolyte. In

the case of cylindrical specimens this treatment with Bostik was used

after the other types of oxide film studied had been prepared.

Films Formed in Dry and Moist Oxygen 2t 500°C,

4.2.2.1 Apparatus.

The line used for oxidation in the presence of gaseous water
is shown in Plate VI. Taps and joints were greased with Apiezon
M grease whose vapour pressure is negligible up to 200°C. Distilled
wgter in tube A was thermostatted at the chosen teﬁperature and the
temperature control was, at worst + O.1°C, leading to veriations in
water vapour pressure of not more than l%h The gases in the fur-
nace tube, during oxidation, were in confact with the section of ‘line
isolated by taps 1 and 2. Heating tape, heating electrically to
about 100°C, between the water vapour source and the furmace tube,
ensured that the partial pressures of gases throughout the section
were the same, since the water vapour source was always at a temper-
ature considerably less than 100°¢C. Also, water from the thermo-
stat was passed through the jacket surrounding the top of the furnace

tube before entering the jacket for the tube A, The pressure in the
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furnace tube, always close to 1 atmosrhere, was measured with the
U-manometer containing Apiezon B 0il, whose vapour pressure is neglig-
ible at room ‘tempereture. The furnace was nichrome-wound, asbestos-
lagged and the temperature was controlled by & Transitrol Type 990
Temperature Controller in conjunction with a chromel!alumal thermo-
couple and by-pass resistance. The source of power.was a constant
voltage transformer which supplied the primary of a variable trans-
former and the controller itself. Thus, temperature changes due

to mains voltage fluctuations were avoided. A second calibrated
chromel/alumel thermocouple was positioned in an inlet from the bottom
of the tube reaching to the height of the specimens and was used to
monitor their temperatures,

Oxjdation in moist oxygen.

Specimens were suspended by aluminium wires in the furnace tube,
taking care that the prepared surfaces were not in contact with the
glass (Pyrex) to avoid silica contamination at elevated temperatures.
Specimens were oxidised at 500 + Q2°C. The choice of the period of
oxidation, 49 hours, will be discussed in the followingisection on
oxidation in dry ox&gén. In order to reproduce specimen treatmént
as nearly as possible, a routine procedure was adopted. The section
of the line isoleted by taps 1 and 2 was evacuated, flushed out twice

with oxygen from a cylinder and was finally filled with oxygen to

about atmospheric pressure. Tap 3 was closed, power to the heating
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tape switched on and the thermostatted water was circulated. The
N.P.L. sfandard thermomefez;;nsitioned near to the tube A containing
water, was read to check that the temperaturé was at the desired
valve., At thermal equilihriﬁm, the furnace tube was introduced

into the furn;ce vhose temperature was already 500°C, by raising the
jack supporting the furnace., The top of the gap between furnace and
tube was packed with asbéstos wool to reduce heat ioss and the system
was adjusted so that specimens were positioned near to the centre of
the furnace. When thermal equilibrium was agein attained, after
about ten minutes, tap 3 was opened and then tap 1 was quickly opened
and closed to release excess pressure into the line beyond which con-
tained oxygen at =z 1itt1é less than one atmosphere pressure, The
pressure in the section of the line isolated by taps 1 and 2 was
monitored from time to time by means of the oil-filled manometer,
When oxidation was completed, the power source to the furnace was
switched off and, when the specimen temperature had fallen to about
5000, tap 3 was cloged to.avoid water condensation in the furnace
tube, After about 1% hours, the furnace had cooled to room temper—
ature and the tape and water circulation.wer; switched off. With
this slow cooling, differential thermal contraction of the oxide and
underlying metal should not result in cracking of the oxide film,

Tap 4 was opened to relieve the partial vacuum end the specimens were

removed. It was considered unwise to storé these specimens and all
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were used immediately after oxidation.
4.2.2.3 Oxidat¥on in dry oxygen.

The thermostatted tube was replaced by a simple tube, the_ heating
tape removed, the furnace-tube cooled with tap water and a little
anhydrous copper sulphate covered with a piece of filter paper intro-
duced into the specimen sto_re B and the trap C to detect moisture.

The line to the left of tap 2 was flushed out and filled with o;cygen,
first dried in trap D by means of liquid air, to near atmospheric
pressure as before. | The procedure during heating and cooling of
specimens was similar to that used before. Since the furnace tube
was in connection with two 2 litre glo‘l;es, little increase in pressure
occurred during the heating of the furnace tube.

61 have determined limiting weight gains

Dignam, Fawcett and Bohni
for tI;e oxidation of electropolished superpurity aluminium in dry
oxygen between 478° and 601°C. The data are sumrarised in Plate VII
and indicate that a period of 49 hours oxidation should be mofe thaxi-
sufficient to. achieve limiting weight gain at 500°C. This period
was used :in the present work 8ince this behaviour is péssibly nesrer
that obtaining in the present work than the behaviour determined by
‘Beck and his co-workers48. The electropolishing pre-mreperation
used by Dignam and his co-workers probably produces initial surface

oxide film properties more like those in the present work than the

etch in sodium hydroxide solution used by Beck and his co-warkers.
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Limiting weight gains and times toll attain them as a function of.the’

temperature of oxidation of aluminium in dry oxygen.’

time, T , : ' - o ltg.
hours ' ' i _ ' . _ wt, gakn,
(approx.) I o A o iHg om”
Q _ O Limiting wt. gain behaviour
N X Time to attain limiting wt. :
80 \ - gain 6.7
60 .
L‘
40 |
-1.
20 .
410 510 . 550 - temp.,°C 590

Plate VII
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; ’ o]
Also the expected thickness of films is about 165 A based on the

limiting weight gain at 500°C inferred from the work of Dignam and
his co-workers. Specimens anodised to 14 volts in barrier-type
filn-forming electrolytes have oxide films of about this thickness.
For conmarisén, the same period was chosen for oxidation in oxygen
with a gaseous water content.

4.3 Tvpes of Measurement.

In order to compare the behaviour of these oxide films with the

K
porous-type examined previpuslyﬁ’zs’ze’jz

the following types of
measuremenf were made on all types of oxide film produceds-
‘a) Construction of full electrical analogues.
b) Impedance changes during film dissolution.
¢) Specimen potential/time.behaviour during film dissolution.
In addition the followiﬁg measurements were madez;
d) Barrier voltage determinations (films formed in oxygen at 500°C).
e) Determination of aluminium ion concentratioﬁs during film
aissolution (anodically;formed films).
Dissolution in aerated and solutions deaerated with hyﬂrogeﬁ

was studied in mixturesof aqueous sodium sulphate and sulrhuric acid

of known ionic strength and the pH was adjusted to that requifed.

4.3.1 Construction of Full Electrical Analogues.
A full electrical analogue has the same frequency response as

the oxide film itsélf. The method used here is that previously used
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by Hoar and Woodd'2 in their study of the construction of full electrical
analogues for poréus films formed by anodisation in sulphuric acid,
both in the unsealed condition and during the process of sealing.

.Using the same apparatus as in the impedance studies during
oxide dissolution, with a sine wave signal, the impedance of films
in the almost non-solvent,%.w/v amonium tartrate buffered to pH 7,
was studied .as a function o.‘t.‘ frequency at 25°C using a simple series
capacitance-resistance analogue. The latter was thén used to arrive
at the full electrical analogue., The ohmic drop acros.s the solution
was measured at high i‘::‘equency42 with a copper specimen whose immersed
area was that of.the alurpinium specimen. All types of oxide films
were studied in fhis way; anodised films were studied for several
anodising voltages and in the case of 14 volt anodised films, as a
function of the time of anodisation at the lowest current density.

4.3.2. Impedance Changes During Film Dissolution.

4.3.2.1. Method.
It was anticipated that the rate of thinning of the oxide £ilms
would be not too dissimilar from that observed for porous £ilms23s 36.
Accordingly the process was followed using a similar method, & modif-
ication of that due to McMullen and Hackerman124. Synchronised . sine
or square wave signals were fed simultaneously to the cell containing

the specimen under. test, and to a simple analogue circuit, and the

response curves displayed on a double beam oscilloscope. Using low
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amplitude signals the resistance and capacitance of the analogue
were adjusted until the response curves matched. The circuit
diagram is shown in Plate VIII and the dissolution cell in Plate IX,
4.3.2.2 Apparatus.
The components 6f the analogue were screened resistance and
capacitance decade boxes and these were calibrated by mgans of a
Wayne Kerr Bridge. Attentuators were also screened resistance

boxes which were also calibrated. All external leads were acreened,

the cell was enclosed in an aluminium box as were the switching gear
and coaxial sockets and their leads to complete the circuit. All
screens were interconnected and earthed to_minimise a.C. pick-up.
The aluminium cell enclosure was lagged externally with expanded
polystyrene and the_fropt, made from perspex covered with aluminium
foil with windows left for observation, was attached by four screws
in contact with the foil so that the screening was complete. Both
heating and cooling devices were nedessary; cold tap water was
circulated through glass tubes in the enclosure. ' An electrically
screened 100 watt buldb was-fitfed on the rear insidé surface of the
aluminium enclosure, and the temperature was controlled by a bimed-
allie strip thérmostat in conjunction with a relay. Temperature
control was + 0.5°C or better at 25°C; an ambient tem@erature of
2900, which was never reached in normal practice,was necessary to

make it impossible to maintain a temperature of 25°c in the box.
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Circuit used in Section «87, 2.

C.R.O.
G

S'.-C.E.
Ry end Ry

23,36

Cathode Ray Osci'lloscépe

Sine and Square Wave Oscilldtbr,the signel of which was
applied across AB and A4B; simulteneously

'Voltmeter _

Saturated Calomel Electrode in a salt bridge

Decade Resistance Boxes attenuatixig Generator Signal,
Renge 0=100k . in l. intervals,matched within 1%

Inductence to prevent A,C . stray into D.C, cifcu:_lt :
Aluminium Specunen
Subsidisry Platinum Gauze Electrode of 30 em? area

Decade Resistence Hoxes,Ranges 0-10 ¥ in 0.1 intervals

"end 0=-100 XA in 1a intervals respectively

Capacitance Decade Boxes Renge 0-30uF in 0,001 uF intervals,
| .

. Plate VIII
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A ho?izontal steel bar passed through the centre of the box with
clampé to support two cells so that two runs could be done simlt-
aneously.

The cell was of about 500 ml capacity, and contained a platinum
gauze subsidiary electrode of aréa large in compérison with the
specimens. The specimen potential could be monitored with respect
to a saturated calomel electrode which was isolated from the bulk
of the solution by a tube containing the test electrolyte. Arrange-
ments were also made to permit tests to be carried out in ‘deaerated
solutions; in these experiments a slight positive pressure of hydrogen
gas. was mﬁintained above the solution,

4.3.2.3 Experimental.

In dissolution in deaerated solution, cylinder hydrogen was

bubbled through the solution with the tap open (see Plate IX) for

at least five,hours before an experiment was begun. Diggle, Downie

38

and Goulding”’" found that a period of deaeration of five hours was

'required to obtain reproducible behaviour for potential/time studies
on porous alumina films on aluminium during dissolution: Before
the gas entered the flask, it was passed through a bubbler contain-
ing the electrolyte under examination, and the gas outlet was

" connected to a tube dipping under a2bout 1 cm of electrolyte so that

there was always a small positive pressure of hydrogen in the cell.

Prior to specimen introduction into the solution, the tap was closed
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so that hydrogen passed over the surface of the electrolyte.

Wire specimens were immersed to & known depth in the cell with
the bottom of the specimen level with the bottom of the platinum
gauze counter electrode and the top of the latfér level with the
solution surface. For cylindrical specimens, the prepared surface
just touched the eleeétrolyte surface, so thaé in each case the rel-
evant apparent specimen area was knowm.

Most studies were made at constant ionic strength but varying
py or at constant pH with varying ionic strength, in aerated sulphate
solutions, although for comparison purposes some work was carried
out in deaerated solutions. Specimen preparation was anodisation
to 7, 14 and 21 volts with the most exhaustive studies at 14 wolts,
Similar studies to those made using 14 volt anodised films were carried
out on films formed in dry oxygen at 500°C. Again for comparison,

a few studies were made of specimens for wich oxygen containing gas-
eous water at one partial pressure only was used for oxidation.
Potential-Time BehaYiour During Film Dissolution,

The petential—time behaviour of specimens was also examined. The
cell used was as for impedance measurements (Plate IX) but the plat-
inum gauze counter electrode wﬁs omitted. Specimen potential waé
measured, using a sensitive electrometer, with respect to a saturated
calomel electrode and was continuously recorded on a chart rgcorder.

A suiteble -backing-off potential was sometimes applied from a standard
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cell to keep values within a desired range.

4.5.4 Barrier Voltage Determinations.

Some experiments were performed on films produced in oxygen at

24

500°C using the technique of Hunter and Fowle ' discussed earlier in
Chapter ITI (3.7.3.5) Specimens were immer sed in 3% w/v emmonium
tartrate solution buffered with ammonia to pH 7, at 25°C. By means
of a motor-driven potentiometer a steadily increasing véltage was

" applied, across the specimen and an aluminium cathode of surface
area large with respect to that of the specimen, and the current was
recorded continuously. The minimam voltage drop across the film to
give ionic conduction is proportional to the film thickness. As a
result of using a cathode of very large surface area with respect to
the specimen, the olimic . drop across the solution and the cathode
over-potential at any of the required minimum voltages for jonic
'conduction were both negligible (See Chapter III (3.7.3.5) ) with
respect to the applied voltage. Also, Vr was zero since anode and
cathode Qere of the same matefial. Thus, nearly all the applied
voltage was across the oxide film. The effect of varying tﬁe rate
of voltage increase was examined,

The method of Hart45 was also used,  in wﬁidh the voltage across

the film is increased in equél steps with constant intervals on open
circuit., Current surges were of short duration until the field

strength required for ionic conduction was achieved, when the current
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transient took place over a Jonger period and was completed when

the film had ceased to thicken. Again, precautions were taken to
ensure that nearly all the applied voltage was across the oxide film.
The current trapsients were pldtted on 2 chart recorder and the effect

of varying the time on open circuit was examined.

Aluminium Ton Concentration in Solution.

In an attempt to correlate the capacitance changes which were

observed in the present work with film thinning, the rate of passage

-0f aluminium ions into solution was determined. Aluminium foil

specimens, either in the polished condition or after having been
anodised in tartrate solutions af 7,14, or 21 volts, were immersed
in sulphate solutions of pH 1.0, ionic strength 1.5,

To ensure that the initial concentration of aluminium in solut-
ion should be detectable, the foil specimens had A/V ratios (4 is
the apparent surface area, V the volume of solutidﬂ used) of-about
1 000 times greater than did the specimens used in impedance measure-
ments. The results of tests made using 14 volt tartrate films at
different A/V ratios indicated that, in the present experiments,
saturation of the solution with respect to anhydrous alumina did
not effect the result, This point has been discussed by Larking |
and Mayne9.

The analytical method used was developed by Gentry and Shering-

ton154, and has been used by Nagayama and Tamura32. The former
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workers found that complete extraction of aluminium ions was possible
over pH ranges 4,5-6.5 and 8.0-11.5 by complexing with a 1% solution
of 8-hydroxy gquinoline in acid-free chloroform. .The complex in
chloroform was found to have a peak absorption at 3900 z, and to
obey the Beer-Lambert law at up to 3 ug complex ml-l sample extract.

A calitbration curve, shown in Fig. l,was established by the
mrocedure given in Appendix II to this thesis. During the dis-
solution experiments at 25°C, in about 500 ml. of solution, vigorous
stirring took place and the containing beaker was covered with a
watch glass. 2 ml. samples were taken at known times and extracted
as in the calibration ﬁrocedure. Concentrations of aluminium ion
were determined . using the same cells as for'calibration, retaining
the same cell for the blank throughbut. Hence, the total weight of

aluminium ion in the dissolution medium was determined.



‘Optical density versus weight of aluminium/i0 ml of chloroform extract

for the'éomplei of aluminium with 8<hydroxy quinoline. .
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CHAPTER V _

Experimental Results for Anodically formed Films.
Construction of Full Electrical Analogues

for Non-porous Films,

In all cases, the best correspondence with the frequency res-
ponse of the oxide film was obtained with the analogue shown in
Fig. 2 (a). The charging cur.ves displayed on the oscilloscope
were identical in amplitude but there was a small, sensibly frequency
indepeéndent phase difference, the voltage across the simple series
resistance-capacitance analogue leading that across the full analogue.
No improvement in matching. was obtained by modifying the analogue to
remresent a pore con.tri‘bu'lsion155 . Values of R, (see Fig. 2(a) )
were identified with the measured chmic drop, about 46 ohm cm-z,
across the amnonium tartrate solution.

The frequency responses of the components of the simple resistancea
capacitance analogue for 14 volt anodised films, where’ anodising was
continued at the lowest current density after current decay at 14
volts for 2, about 5, 30 and 172 minutes and at 7 volts for about 5

and for 30 minutes are shown in Figs. 3, 4 and 5 and Tables VII -

XII_contain a summary of the results obtained.
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Frequency dependence of balancing series cgpacitance flor 14 volt
anodised noh-porous alumina films as a function of the time of

anodising at ﬁhe lowest current density. -
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Frequency dependence of balancing series resistance for 14 volt
anodised non-porous alumina films as a function of the time of

anodising at the lowest current density.
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Density for about 5 minutes and for 30 minutes (in parentheses).
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TABLE VII

Behaviour of Components of Full Analogue as a function of
Anodising Voltage at 2§°C for Anodising at lowest Current

LTV 14v 21v 30v
160 000 260 000 170 000 | 350 odo '
(42 000)} (120 000) | (125 000)} (270 000)
0.93 0.51 0:4% 0.264
(1.02) (0.57) (0.43) | (0.278)
- 170 160 350 290
(120) (240) (200) | (220)
2,46 12.45 20.81 "1.10
(3.30) (1.32) (1.28) | (1.07)

TABLE VIII

Behaviour of Components of Full Analogue as a Function

at 25°C of Time of Anodisation at 14 volts at Lowest Current

- Density.
Time of anodisation 2 min 30 min 172 min
at lowest c.d.

Ryohm cn’ >320 000 | 120 000 | "35 000
) _ - ' -

C pFen 0.47 0.57 0.56

R,ohm on 270 240 260

05|.ﬂ.~1cm‘2 2,22 1.2 1.51
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At 83 Hz, the capacitative component,cs, of the simple series
analogue always contributed much more thén the resistive component,
Ry, to the overall impedance. 1In all cases, the value of the
capacitative component increased by about 5% during a frequency run,
the other component changing little. A little. di ssolution of alumina
was probably taking place and changes in dielectric constant resulting
21’38’39. The solvent power of
émog_lium tartrate for alumine has previously been discussed in
Chapter IIT (3.8.1). ..

The dependence of impedance on temperature in the range 20° -

45°C was shown to be negligibtle for the decade boxes which formed

the analogue circuits.

Discussion.

21 and Brock and

In Chapter III (3.7.1), work of Heine and Pryor
Wocxi3 9 was discussed, These workers have reported that, for oxide
£ilms formed anodically on aluminium at 15 volts under curz:e_nt decay
conditions with maximim permitted current surges of 100pA cm-2, two
iegions were presen1; in the oxide film. These were firstly a region
‘of low electronic Tesistivity, extending 66—80 Z from the metal-oxide
interface considered by Heine and Pryor to be due to the proximity of
the metal-oxide interfacé and to represe‘nt an n-type region containing
excess aluminiumf ions; +the outermost region was found to be  about

o . _
60 A thick and had a low ionic resistivity. This latter region was
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TABLE IX

Frequency Response of Series Resistance, Rs' and

Cagapitancg, Cs, for Nonj-porog.‘g TV _Anodic Films

as a Functi_.on of Zime of Anodising at Lowest

Current Density,

é?;ifsigﬁ about 5 30
— |
. Freglzzency Rsohm cm2 c sf'p?cm-z Rsohm cm2 c sl"F cmé'2
10 91 1.32 120 1.20
_'25 114 1.05
83 57.0 0;91 120 1.02
500 0.0 o.74 0.0 0.87
5 000 8.6 ' 0.65 6.0 0.78
50 000 13.1 0.46 9.6 0.53
100 000 13.1 0.32 9.0 0.35
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TABLE X

Frequency Response of Series Resistance, Rs, and

Capacitance, C , for 14V Non—‘m“'rous Anodic Films
&s a Function of Anodising Time at Lowest Current

Density,
~(a).
| Anodi sing 12 o about 5
Time, min _

)
Fre%{v.;ency Rsohm cm2 ¢ J‘F qm_z R,:sohm cm2 c s"F cm 2

10 1 080 .9.56 | 0.0 " | 0.57

83 0.0 | 0.5 0.0 0.52

500 q;é 0.43 2.2 | 0.6
_5000 8.1 0.38 5.8 0.42
50 000 10.5 0.32 9.5 0.33

100 000 10.7 0.24 10.1 0.25
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Table X continued

‘ (b) ]
Tine, min 30 172
liFreI%;ency R_ohm e C ¥ > R_ohm cn® | C_pF om2
10 |2 700 0.83 '4 770 o.eé
25 |1 260 0.72
50 720 o.gé .
85 | 360 0.60 - 530. 0.57
500 78 0.48 53.0 0.45
5 000 9.6 0.40 6.4 0.40
50 000 10.8. 0.35 9.5 0.34
100 000 10.8 0.25 9.2 0.26
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Tabie Xi

Frequency Response of Series Resistance, Rs, and

Capacitance, C_, for 21V%Non-porous Anodic Films

as a Function of Anodising Time at Lowest Current

Density.
gﬁ;gfsiii about 5 30
Frg;:ency R_ohm on’ CSFF om 2 R_ohm en’ C pF em 2 |
— '
10 580 0.48 1 590 0.56
25 580 10.45
50 232 0.43
83 1ig 0.36 159 0.45
250" 139 0.37
500 93 0.34 26.5 0.40
1 000 53.3" 0.32
5 000 12.8 0.27 6.9 0.34
10 000 11.0 0.26
50 000 13.3 0.24 8.5 0.27
100 000 13.3 0.22 T.7 0.25°
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Table XIT

~ Frequency Response of Series Resistance_LR83 and

Capacitance,;Cé, for 30V Non-porous Anodic Films

as a Function of Anodising Time ot Lowest Current

Density,
A?odisi?g about 5 30
Time, min
Frequency | R_ohm en’ C poF em2 Rsohm.cm?' C;;F em™2
Hz
10 4 640 0.35 3 }00 0.35
25 750 0.32
50 0.0 0.30
83 0.0 - 0.28 165 0.29
250 11.6 0.27
500 . 11.6 0.26 66.0 0.26
1.000 0.0 0.25
5 000 9.3 0.25 10;4 0.23
10 000 8.1 0.21
50 000 16.2 0.19 T.1 0.21
100 000 16.2 10.18 6.1 0.16
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found to be diffuse and vas considered®l’>? %o contain hydroxyl ions
ﬁom the anodisiné electrolyte.

The anodising conditions used in the present work were identical
with the above, and the existence of a two layer structure is also
indicated here.l There appear; to be no trend with respect to time
of anodising at the lowest .current density for the values of either -
R3 or 03, the region of low impedgnce, which could indicate, according
to the treatment of Heine and P;.-yor, little diffusion of hydroxyl ions
into this layer. Capacitance studies during dissolution, reported
later, indicate that this layer ié the one adjacent to the metal.

The .mean resistivity of the inner layer was about 5x108,.6h'm cm in all

cases. Heine and Pryor21 have reported that the resistivity of the

9

innermost layer for 15 volt films increased from about 4x10” ohm cm
) o
25 A from the metal/ oxide interface to about 2::10:Lo ohm cm 80 A from

the interface. Beck and his co-wo::'ket'sl)’8 have suggested that during

thga initial surface preparation. of the specimen, the ionic resistance
of the oxide film formed can be reduced by the incorporation of ions.
Heine and Pryor21 prepared 'their specimens by etching in sodium
hydroxide solution, a procedure which, it has been reported48, does
not affect the ;i.onic resistance of the oxide film produced. In the
present work, specimens were initially chemically polished and the
considerably lower ijonic resistivity found in the present work for

the inner layer could result from incorporation of ions from the
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chemical polishing solution,. The present Tesults indic;te a thickness
of the inner layer of about 30 X for the 7 and 14 volt frilms and
about 80 Z for 21 and 30 volt films assuming a film dielectric con-
stant of lﬁfzq Heine and Pryoer have reported this value to be
about 80 Z for 15 and 20 volt anodised films,

. In the present work, the time of anodising at the lowest current
density did not appear to affect greatly the capacitance of the high
impedance layer but the resjistance of this layer fell considerably as

this time increased. The resistivity was, in all cases, about 101 ohm em
a:few minutes after current decéy had céased and fell to about half

this value after 30 minutes. In the case of 14 wolt films, after

172 minutes, the resistivity of the high impedance layer was about

10°° ohm cm. This behaviour could be due to diffusion of hyéroxyl

sons imto tne outer region of the £11m 21139 if it is assumed that

the layer forms the outer region of the film?l. The pr0posed21

diffuse nature of this region may account for the fact that identical
mtching of the charging curves across the fullhanalogue and across

the simple series amalogue could not be obtained,

Heine and PryorZI found that for 20 volt films formed under con-
ditions identical with those used in the mresent work, a third region
was present between the two already mentioned, about 100 X thick aﬁd

10

having a constant resistivity of about 2x10"° ohm cm. In the present

work, for 21 and 30 volt films, modification of the full analogue to
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account for this additional layer did not lead to any improvement in
the matching of the charging curves. This could be understood in
terms of films, in the present case, having a reduced ionic resistance
in comparison with those films prepared by Heine and Pryor, so that
in the present case the rate of diffusion of hydroxyl ions into the
film would be expected to be enhanced, resulting in the two layer
structure which was apparently mresent.

5.2 Impedance lleasurements durigg Fiim Dissolution.

7, 14 and 21 volt films were studied during immersion in aerated
sulphate solution of pH 1.0,-ionic strength 1.5. Typical plots of
reciprocal capacitance (1/C) versus the square root of time (ty%
are shown in Fig. 6. That this plot, over about the first 25 minutes,
is more linear than a plot of l/C versus t is demonstrated for 14 and
21 voi_t films in Fig. 7. Linearity in the first type of plot is con-
sistent with a diffusion-controlled process whereas linearity in the
second type of plot is, as will be demonstrated shortly, consistent
with a zeroth order thimming process. The final, sensibly constant
values of 1/b and the times to reach these valueg are shown in the
graphs. In many cases, the final capacitance value was about 10 PF cm~2
in close agreement with that found by Diggle, Downie and Goulding36 for
their studies of the erosion of porous-type films in sulrhate and

- chloride solutions below the critical pH. -
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By way of comparison, 14 volt films were studied in deaerated
sulphate solution, pH 1.0, ionic strength 1.5.(Fig. '8). Vhere the
state of the dissolution medium, that is aerated or deaerated, is
unspecified, it should be assumed that the solution was aerat.ed.

The effect of varying the H in the range 0.3—2.6 at ionic
stre‘néf:h 1.5 was studied fo;' 14 _vglt films and the resx;.lts are shown
in Fig. ..9. Figs. 10 and 11 show the effect on the capacitance-time
behaviour of varying the ionic strength at pH values close to 2;

Fig. 12 shoﬁs the results of similar studies at a solution pH of 3.5.

The behaviour in a solution of pH 5.0 and ionic strength 1.5 is shown

'in Fig. 13.

In. every case, the slopes of.the linear parts of the graphs were
determined by the method of least mean squares. Since
€afaca - (3)
ea/ate
a(a)/at = Ea/am)a(1/o)/at
a(1/0)/at = (4rrfen)a(a)/as. (9)

The rate at which 1/€ varies with time during dissolution is there-

C

d

fore inversely proportional to the true surface area of the film as
one factora(Equati;)n' (9) ). Therefore, in comparing these rates, all
surface areas should be corrected to a standard value, assum::mg that
the area itself is not affected by film dissolution. The true

surface areaswere not known, however, but for films formed under the



- 14

.42 4

Capacitance behaviour of anodised non-porous
alumina films immersed in suihha.te sQiution,
fonic strength 1.5, pH:1:0, es a function of

. anodising voltage,
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X
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same conditions, in all dissolution media used, the interpolated
initial éapacitance should be proportional to the true surface area
(Equation (3) ) since the initial film thickness and dielectric con;
stant would be expected to be the same. Thus, all slopes were
corrected in terms of standard initial capacitance values. These
standard values have been:taken as the overall capacitances eﬁaluated

* from full analogues for 7, 14 end 21 volt films after about 5 minutes
anodising at the lowest current density. This period was chosen since
specimens anodised far dissolution studies were treated similarly.

Equation (9) reduces to d(1/C)/dt = constant for zeroth order
thinming where€ and A rémain unchanged during dissolution. For a
diffusion-contFfolled process in which € is changing with time, mathem-
atical analysis is more complex, but in general, for such processes
a plot of 1/C versus (t )% should be linear,

For the simple analogue used at a fixed frequency (83 Hz) during
dissolution, Rs (see Plate III (a) ) was negligii&e at the lowest PH
values, and increased only to & few tens of ohms at a solution ﬁH of 5.0

For dissolution in solutions of high pH and/br low iomic stfength
R_ (see Plate ;II (a) ) was always very large just after specimen
immersion and interpolated values were about the same as those reported
for the resistance of the outer high impedance layer of the correspond-
ing full analogue. -Also R . decréased much more rapidly wﬁere the 1/C - ¢

relationship was linear than in those cases where diffusion control was



76.

indicated; values of Ezédeternﬁned at the earliest times were mch

greater for suggested zeroth order thinning than for diffusion control.

. : 1
In either case, the greater the slope, 4(1/C)/dt or a(1/c)/a(t)Z, the

" greater was the rate of fall of Rp .

The following tables summarise the results obtained.

Table XIIT

Kinetic data for

Dissolution in Sulphate Solution, pH 1.0q4 I =1.5.

-Eﬁodising Slope as per |Reciprocal of interpolated Corrected Comments
voltage graphs initial capacitance slope
o 1 . & 2. - 1.3
Eicn?HF ;min 2 1/C°an pI‘l kzcm?‘iF Lpin™2
7 -0.20 1.15 - 0.26 Linear during
- 0.12 0.91 - 0.19 about first’
: 25 mins.
21 - 0.64 3.36 - 0.68 Ditto
- 0.36 2.56 - 0.50 3
14 - 0.32 2.41 - 0.32 Ditto
- 0.36 1.85 - 0.46
14 - 0,12 1.47 - 0.19 ‘|Deaerated
- 0.25 2.56 - 0.23 sulphate solut=-

ion. Linear
during about

first 40 mins.
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Table XIV

Kinetic data for Dissolution of 14 volt Anodis&d Films
in Sulphate Solutions I = 1.5.

Reciprocal of

TPt Slope as per interpolated Corrected Comments
valu graphs initial slope
capacitance )
2 =1 i 2 =1 2 =1 .
k,em” WF min"= {1/Coen” pF kyem pF min"E
0.3 - 0.41 2.54 - 0.38 Linear during
- 0062 2.70 - 0.55‘ atx’ut first
' \ 25 mins,
. N
- 0036 1085 bl 0.4-6
2,0 - 0.18 1.92 - 0,22 Ditto
- 0.27 2.44 - 0026
Table XV
Kinetic data for Dissolution of 14 volt Anodised Films
in pH 2.0 Sulphate Solutions of High Jonic Sirength.
Reciprocal of
Ionic Slope as per interpolated Corrected Comments
strength graphs initial ‘slope
capacitance
- ) - =1 . %
klcm? pE Tmin~% 1/Gpord kzcm? MFminT
1.5 - 0.18 1.92 2 0.2 Linear during
- 0028 2.44 - 0._26 about first
25 mins,
1.1 - 0,18 2.33 - 0,18 Linear durims
- 0.12 2.26 -~ 0.13 about first
100 mins,
1.0 - 0.046 2.14 - 0,051 Possibly zeroth
- 0.047 2.45 - 0.046 order after

350 mins.
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Table XVI

Kinetic Data for Dlssolutlon of 14 volt Anodlsed F11ms

in ngphate Solutlons, oH Values”Close to 2 0 at

Low Ionlc Streggths.

' Reciprocal of

Corrected

Ionic Slope as per interpolated Comments
strength graphs initial slope
capacitance '
2 =1 .=1|./n . 2 _~ 2 =l . -3
kyom” pF min™" | 1/Coem” pF kyom MF - min
0.5 - 0.0016 2.50 - 0,12 Possibly diff-
usion controlled]
» mins, Zeroth
order indicated
up to at least
400 mns,
0.15 —0,0008 1,70 - 0,09 Ditto
- 000012 2.1‘0 - 0.11
0.075 - 0.0016 2.04 - 0.146 Zeroth order
- 0.0013 1.60 - = 0.151 indicated up to
at least
400 mins.
0.015 - 000010 104-1 - 0.13 Ditto
- 0-0011 2-65 - 0008
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Table XVII

Kinetic Data far Dissolution of 14 volt Anodised Films

" in pH 3.5 Sulvhate Solutions.

Reciprocal Corrected
Tonic Slope as per interpolated slope Comments
strength graphs initial gonverfed to
‘ capacitance A min~
2 -1 . =1 ? 2 -1
klcm F’F min 1/Cocm FF
1.5 - 0.0010 2,20 - 0.08  |Indication of
diffusion con-
trol during
OI - ] e - 'Y .- 3
15 0.0012 2,10 0.11 fivst’ 40 mims.
. Zeroth order
0.015 - 0.00074 2.30 - 0.06 indicated up
to at least
400 mins.
r

53

Additionally when a specimen having a 14V anodised film was immersed
in sulphate solution (pH 5.0, I = 1.5), the dissolution process
apparently followed zeroth order kinetics for about 5 000 minuteé.
There was some indication that during the first 40 minutes of dis-
solution diffusion control may have been operating. The apparent

slope of the zeroth order 1/C - t curve was - 0,00023 cm?,JF'l min'l;

the reciprocal of the interpolated initial capacitance was 1.90 cm?PF_l,

o -
and the corrected zeroth order slope was - 0,022 A min 1.

Potential-Time Studies,
The results of studies of the change of specimen potential with

time for 7, 14 and 21 volt films immersed in aerated sulphzte solution,
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fH 1.0, ionic strength 1.5,are shown in Fig. 14. 14 volt films

were also studied in the same médium which w;s deaerated; the

results are indicated in Fig. 15. For 14 volt films, the potential
increased initially to a maxipum after about 20 minutes, followed by

a minimum after about 100 minutes. A second maximum occurred after
about 800 minutes, followed by the establishing of a final steady
minimom value after about 1 500 minutes. Fig. 15 indicates that

the first meximum in potential for 14 volt fiims was absent under
deaerated conditions although the behaviour was otherwise very similar
to that in aerated solution. For 7 and 21 volt films (Fig. 14),

only the second maximum and the final minimum found for 14 volt films .
were present. An approximate correspondence for the time of occurrence
of these features is eﬁident.

Weight Loss Measurements.

The weight of aluminium jons lost to solution during the immersion
of 7, 14 and 21 volt films in pH1.0, ionic strength 1.5 sulphate
solution as a function cf the time of immersion is shown in Fig. 16;
The behaviour for 14 volt films did not differ much with respect to
the rate of increase with time in the %eight of aluminium ions in
solution for two determinations in'which the apparent specimen AV
ratios (Chapter IV (4.3.5) ) were about the same and for one determin-

ation where this ratio was twice that in the former case. As this
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latter case corresponded to the highest value of this ratio used
throughout these studies, it would appear that dissolution was not
limited, under the conditions used, by the solubility of alumina
in the solution9. |

With values standardised as in Fig. 16, it is estimated, based
on the calibration curve (Fig. 1), that the smellest total weight of
aluminium ions detectable in 500 ml- of solution was 0.38 mg and the
smallest change de£edtab1e at this concentration was 0.05 mg. It
would appear, the;efdre, that therelwas:a considerable spread of values
even at the earliest times but these values did not appear to follow
any trend. It is interesting to note that even at these early times
there was often a detectable concentration of aluminium ions in
solution in excess of any preseﬁt before spécimen immersion.

In all cases where dissolution was continued for a sufficient
length of time, the concentration of aluminium ions in solution was
considerably in excess of that which would have arisen from dissolution
of the original oxide film only, and when this concentration began to
increase harkedly, it appears tﬁat there was no reduction in the rate
of increaée up to the greatest time at which samples were taken.
Summary,

The most detailed results reported here refer to films formed
anodically at 14 volts; rather less work-was carried out using films

formed at 7 and 21 volts. . The results indicate that when 14 V films
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were immersed in sulﬁhate solutions of'pH 0.3-3.5 and ionic strength
0.015-1.;5, capacitance change always ceased after about 24 hours.
This was also the approximate time required for capacifance change to
~ Cease when 7 V and 21 V films were immersed in sulphate solutions of
pH 1.0, ionic strength 1.5, In most cases the final cgpacitance
value was about 10 pF cm?, At a higher solution pH of 5 (I=1.5)
a longer period of time, of about 10 days duration, was required.for
the capacitance to become steady. |

A period of immersion of about 24 hours was also the time required
for the specimen potential to become sensibly constant when films
formed at all three voltages were immersed in a solution of pH 1.0,I=1.5.

In this solution, (pH=1.0,I=1.5), during the initial stages of
immersion, 1/C appeared to vary in a linear marmer with (ty%. This.
was followed by a period of devigtion from linearity, leading to.a
stage in which 1/C was sensibly constant, The slope (d(l/b)/&(tf%)
for the initial period of immersion,in these low pH éolutions, in;
creased with increasing film formation voltage; for films formed
at 7, 14 an@ 21 volts respectively, the initial slopes were approxim-
ately in the ratio 1:2:3, Deviations from linear 1/C-(t)%-behayiour '
began after about the same immersion time-in each case, namely 25
minutes. For 14 V films, this time corresponds closely to the time
required fof completion of the initial drift of épec;nen potential

in the positive direction; no similar relationship was observed for
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the 7 Vand 21 V films,

Only 14 V films were studied in deaerated solution. In such
solutions, the slope (d(l/C)/d(t)%) was less than in aerated solutions,
deviations from linearity occurred after 40 mingtes immersion, and
the initial positive drift of specimen potential which was obsefved
in aerated solution was absent.

The period of virtual capacitance arrest observed du;ing specimen
immersion in low pH, high ionic strength solﬁtions occurred at capaci-
tance values approximately the same as those reported for the low
impedance part of the corresponding full analogue (see Table viI).

In all experiments, the time to.reach the arrest was about 100

minutes. | This correspends closely to the. time to reach the minimum
negative value of potential fér'14 +V films in both aerated and
deaerated sulphate solutions at pH 1.0, ionic strength 1.5. The time
of 100 minutes also corresponds to the point at which the concentration
of aluminium ions in solution began to increase (Fig. 16).

Studies on 14 Ry"' films in solutions of pH 2 indicate that the
slopes of the l/C-(t)%-graphsvwere reduced as the ionic strength of
solution was reduced. 4 mich greater reduction in slope was ob-
served for a change in I from 1.1 to 1.0 than was the case for a
reduction from 1.5 to 1.1 (Table XV). Also, deviations from linearity

began later as the ionic strength was reduced. At about ionic strength

<
1.0, a transition from predominantly linear 1/C-(+)= behaviour to
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predominantly linear 1/(.‘.;-1: behaviour apéeared to take place, There
is some indication thaf at ionic strength 1.0, from about 350 to at
least 650 minutes immersion, d(1/C)/dt was constant (see Fig. 11).
Table XVI indicates that from ionic strength 0.015-0:5,d(1/C)/dt
was independént of ionic strength at pH values close to 2 and‘its
mgnitude was about the same in all cases,

Under the same conditions as above, but at pH 3.5, the gradients
of the linear parts of plots of l/C versus t were apparently independent
of ionic strength in the range 05015-1.5, and the magnitudes of these
slopes were about the same as indicated by Table XVII. In terms of
a zeroth order process, which is consistent with the parts of plots
where linear 1/C-t behaviour was observed, at pH 3}5, the rate of
film thinning was 0,08 ¥ 0,02 Z min~t and for pH values close to 2,

) S 0
for ionic strengths 0.015-0,5, this rate was 0,12 ¥ 0.02 A min 1,

(o}
These may be compared with a value of 0,022 A min™t

found for immersion
of a 14 volt film in sulphate solution, pH 5.0, ionic strength 1.5.
Also, in these cases, deviation from 1ineér l/b versus t behaviour
occurred during approximately the first 40 minutgs of specimen

immersion, except at pH values close to 2, jonic strengths 0.075 and

" 0,015,
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Significance of the Ekpe;imenxal Results.

Capacitance Studies.

5.6.1.1 Interpretation.

Capacitance increase which takes place during the immersion of
alumina films on aluminium in sulphate solution has often been inter-
rreted in terms of film thimning vwhere the specimen potential becomes
9

more negative. Lorking and Mayne'” have suggested that a decrease

in specimen potential indicates that either increased cathodic
reaction or film thinning is occurring. Diggle, D&wnie and Goulding36
found that the rate qf capacitance increaselof immer séd porous-type
filws was virtually unaffected when the specimen was maintained a?‘éon-
stant potentials by the application of small cathodic}currents, and
they concluded that thimning was probably taking place. If film
thinning is occurring, aluminium ions should be present in the ﬁedium

3

in which the specimen is immersed. Nagayama ahd Tamra 2 have
determined specfrophotometrically the concentration of aluminium ions
in the dissolution medium during the anodising and dissolution on open
circuit of porous-type films immersed in 10% w./v. sulphuric acid.
They found that on open circuit, the concenération of ions in solutioﬁ
increased with time and finally levelled off to a constant value. The
manner in which the concentration of ions in solution increased with

time was almost unaffected by the application of a small cathodic

current, indicating that thinning enly was involved.
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5.6.1.2 Reproducibility,

5¢6.2

5.7

In the present studies the reproducibility of derived slopes was,
in general,f(15-20%), possibly since true specimen surface areas were
unknown., However; the reproducibility was generally sufficiently
good fqr the establishment of trgnds,

Potential-Time studies.

The specimen potential depends on the ratio of cathodic to anodic
areas and on the relative tendencies of the anodic and cathodic re-
actions to polarise. In the case of alumina films on aluminium, the
fall in potential may be understood in terms of corrosion of aluminium
under ancdic control with the area of the anodic parts'of the metal
increasing as a result of a reduction in the protective power of the
overlying oxide film., This is consistent with film thinmning.
Similarly, for the same system, any intermediate increase in spe&imen
potential may arise from increased protection of the metal by the
deposition of insoluble material. The establishment of a final
steady potential may arise from the equilitration of reactions which
increase and decrease the protective pswer of the oxide film.

Dissolution of Porous-type Anodic Films in Sulphate Solutions,

It can be shown that for films anodised and then eroded on open
circuit under similar conditions52’36;'in sulphate solation,  the
changes in capacitance with time - calculated from weight loss

values .weré: similar in behaviour to those cases in which the
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capacitance-time behaviour was actually determined.
The calculated capacitance-time behaviour is based on the

32

aluminium weight loss measurements of Nagayama and Tamra”“, assuming
that capacitance changes arose solely from thimming of the barrier
layer at pore bases and from the exposure of fresh barrier layer as a
result of simltaneous pore widening. The rate of penetration of a
vore into the barrier layer is assumed t6 be equal to the rate of

23

increase of the pore radjus., Diggle, Downie and Goulding “ have
derived the following expressioﬁ for the time dependence of the
capacitance of the barrier layer under .these conditions, assuming that
the depressions at pore bases in the barrier layer are hemiséherical.

c- ¢, 10716 n€k2t(ro/k + £)2 / au(r/et - t) (10)

C is the capacitance in e.m.u. 2t time t,Co the capacitance at t=O,n
the number of pores, each of initial rg&ius T, pr cm? of true surface
area, £ the dielectric constant of the barrier layer, k the rate of
increase of the pore radius, k1 the rate of pore penetration into the
barrier layer, L the initial barrier layer thickness. ¢ is the ratio
of the mean depﬁh of penetration of 2 pore into the barrier leyer to
the maximum penetration at time t, and may be shown23 to have the

3

2 have determined for a film
2

value 0.6 - 0,7. Nagayama and Tamra
formed by anodising at 11.9 volts, current density 9.4 ma cm -, for
6 minutes in 10% w./v. sulphuric acid, pH value about 0.2, at 27°C,

followed by dissolution under the same conditions but on open circuit,
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the values of the following parameters based on the weights of

- aluminium ions found in solution after various times.

n=1.2 x 10 en?
)
ro = 6202 A
S -l
k = 0.75 A min

Assuming that the anodising ratio for the barrier layer of the
o 24 70 ' ,
porous film is 10 A volt and that € = 10, the plot of 1/C versus t

show in Plate X was determined from the date of Nagayama ard Tamira.

23

Diggle, Downie and Goulding “ have examined the capacitance-time

behaviour of porous films anodically-formed in 15% w./v. sulphuric

2 at 35°C, followed by

acid at 10.0 volts, current density.13 ma cm
dissolution on open circuit in N sulphuric acid, pH 6.3, Thus,
after anodising, the barrier layer thickness in each éase would be
expected to be about the same as would also the oxide cell and pore
%all dimensions. It should be borne in mind, however, that there is

25,99,150

evidence that the pore volume dgpends on the porous layer
thickness, electrolyte comcentration and anodising temperature. The
open circuit dissolution was in solutions differing little in pH

23

value. The results of Diggle™” indicate that the rate of film thinning
should be hardly affected by this change in pH velue at constant ionic
strength. The ionic strengths differed by about a factor of 2 but it

has been reported23 that the capacitance-time behaviour is unaffected

by changes in solution ionic strength at constant pH. Capacitance-time
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behaviour as observed2 would therefore be expected to be about the

32

same as that inferred from weight loss measurements”~. Plate X also
shows the capacitance-time data of Digglezs. It is assumed that the
value of Co in equation (10) is tpat expected for a barrier layer
initially 119 Z thick, € = 10 7 and that the apparent surface area is
the true surface area. The.da'ba23 have been corrected in terms of
gimilar considerations for a barrier layer initially 100 Z thick and
the result of this is shown in Plate X. The zeroth oxrder rate con-
stant (the plot of reciprocal capacitance versus time was linear) of
o] (o] .
0.495 A min-lreported23 becomes 0,773 A min ' as a result of this

o
correction, a value close to that of 0,75 A min~! reported for the

rate of increase of the pore radius reported by Nagayama and Tamura32
and assumed for the purposes of the present calculation to be the same
as the rate of penetration of a pore into the barrier layer. This
indicates that the rate of thinning of the barrier layer, expressed

as a zeroth order rate constant, is about the same as the rate of
penetration of pores into the barrier layer. The value of ¢ implies
that the former might be about 60-70% of the latter. However, in view
of the several assumptions and approximations m2de, it may be said

that equation (10) predicts reasonably well the capacitance-time
behaviour of the barrier layer of porous alumina films on aluminium
during film thinning in sulphate solutions.

It my be concluded that stirring of the solution did not greatly
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32

affect the dissolution behaviour since Nagayama and Temra’“ stirred

but Diggle23 did not stir the solutions.

The specimen potential-time behaviour was also similar in each
case, After an initial rapid decrease, the raté of reduction.became
zero for a short time so that a plateau occurred. After this, the

potentiél rapidly became more negative and quickly achieved a final

23, 155

steady value. Diggle, Downie and Goulding have suggested,

based on dye take-up experiments, that the final rapid fall in

potentiél began when the parous layer‘had disappeared whilst Nagayama
32

and Tamura” considerdd that it began vwhen the pore diameter exceeded

that of the inscribed circle of the hexagonal cell100 resulting in a

reduced film surface area,

9

Lorking and Mayne” have reported that the corrosion of oxide-

covered aluminium was inhibited over a wide pH range inVO.l N solutions

of sulphate. The critical pH values found by Diggle, Downie and

Goulding36 correspond reasonably well with the lower limits reported

by Lorking and Mayne9 36

. Diggle, Downie and Goulding” have proposed
the following reactions, considéred to take place near the oxide
surface, to account for the behaviour of porous films.immersed in
sulphate and chloride soiutions from P 0-9.

1) A.1203 + 30,0 =21;1(o:~1)3 |
2) AL(0E), +8Y ;.:‘AJ.(OH); + E,0

3)  A1(oE)f = alomm + EY
2 :
boehmite
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4) a1(om)} + OH &= 41008 + HO

2

5)  281(cE); + soi ==2[a1(m))] 50

6) a(0A); + €17 T A1(CE),C1

4

7 Al(OH); + 2Bt == JNEASN 2H,0

Restricting consideraﬁions to specimen immersion in sulphate solutions,
the pH dependence observed below the critical pH was ascribed to re-
actions (2) and (7) (In both sulphate and chloride solutions, above

a certain pH, Diggle, Downie and Goulding found that the capacitance
of the barrier layer at first increased and then decreased with respect
to time. The time required for the capacitance to pass through its
initial value was termed the critical time by these workers, and the
minimum pH at which this type of behaviour occurred wes termed the
critical pH). The virtual independence of the dissolution rate below
the critical pH upon ionic strength at constant pH indicated36 that
the dissolution reactions were unimpeded by the alisorption of sulphate
ions. Since reactions (1) and (2) mﬁst also occur above the critical
PH, the initial increase in capacitance could have arisen from some
initial film dissolution; the linear plots of 1/b versus (t)%-may
indicate that this dissolution was diffusion-controlled, although an
increase in the film dielectric constant resulting from the diffusion

m21’38’39 is another possibility since"

10

hydroxyl is the most polarisible ion present in sulphate solutions<®:” .

of hydroxyl ions into the fil

Since the critical time was found to be independent of pH, it was
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proposed that reaction (5) was more important than (3) and (4)., A
white so0lid was isolated from specimens in high pH solutions and ﬁas
identified as a hydrated aluminium sulphate. The decrease in critical
time with decreasing ionic strength at constant H was éuggested36.to
arise from a decrgasing competitive absorption befween sulphate and
hydroxyl ions, favouring reaction (4) and favouring reaction (3) by

the possibility of easier“diffusion‘of protons out of the film.

The complex structure of porous-type films mkes an exact inter-
pretation of the capacitance-time behaviour of thebarrier layer durding
dissolution difficult since one must account for barrier layer thimming
at pore bases and the simultaneous exposure of fresh barrier layer as
the pores widen. The rate: at which pares widen should not necessarily
be assumed7o to be the same as the rate at which they penetrate into
the barrigr layer, Diffusion of ions into and out of the barrier
layer mst also be considered.

The possibility of field-assisted dissolution of the barrier
layer to form porous layer can be seen in terms of the current transient
behaviour found &uring anodising, showm in Plate II (b). The point,
A,of minimum current demsity has been interpreted in térms of pore

24,41 41

initiation Hoar and Yahalom =~ found that point A occurred

earlier the higher the applied voltage, which is evidence for field-

assisted dissolution of the initially-formed barrier layer.

'Diggle, Dowvmie and Goulding36 found that the capacitance-time
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behaviour of porous-type films jmmersed in chloride and sulphate
solutions was identical under aerated and deaerated conditions,indic-
ating that the increased field resulting from oxygen ions present on
the film surface had no effect on the dissolution rate.

Comparison of the Dissolution of Porous and Non-porous

Anpdic Films,

The Effect of Solution Deaeration.

In the présent investigatioﬁ on non-porous films, deaeration
resulted in a reduced rate-of capacitance increase as compared with
the behaviour in aergted solutiops during specimen immersion in solut-
ions of low pH. The liﬁedr plots of 1/C versus (t)%'obtained in the
present studies for solutions having a low fHare consistent with a
diffusion-controlled mechanism. It is proposed that the dissolutiog
behaviour at low Pl values was consistent with the diffusion of hydroxyl
ions into the film. Under the conditions of reduced field on deaeration
of the solution,this rate of diffusion would be less. The approx-
imately linear plots of ;/c versus t reported for porous film523’36,
prébably approximating to a zeroth order process, give no intimation

of possible diffusion control and results were unaffected by deaeration.

Critical pH Values.

In the present studies,at up to solution pH 5, no critical solution
pB value was observed above which the capacitance decreased with in-

creasing immersion timess. However, at pH values close to 2.0, it
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was obsérved that the dissolution kinetics depended on the ionic
strength of the solution. As the ionic strength was reduced from a
value slightly greater than 1.0 to & value slightly less than 1.0,

the capacitance-time relationship changed from the pfedominantly linear
]__/C-(t)—lz_ type to the linear 1/C-t typs. At pH 3.5 the behaviour was
completely of the latter type for the range of i;nic strengths from
0.015-1.5 It is possible that this change in behaviour took place

at about pH 2.0 as a rqgult of increased sulvhate absorption by the
oxide film with increased ionic strength of solution such that hydroxyl
ion diffusion into the film became rate controlling at a sufficiently
high level of sulphate ion absorption. The results repoarted here

may indicate that the behaviour of porous films in high pH solutions

is related to sealing processes in the porous layer.

Thinring of Porous and Non-porous Films,

For a Sulphate solution at a pH of about 2.0, having an ionic

strength less than about 1.0ythe zeroth order rate constant for thinning
of non-porous films about 200 Z thick was found to be about 0,12 'Z'min-1
compared with about 0.25 ; min~t for porous :'Eilms36 formed at 10 volts
for 30 minutes at a current density of 13 mi cm > and at 35°C. Ome
would expect that if the only difference in the dissolution behaviour
were caused by the barrier layer being exposed to dissolution only at

pore bases, the rate would be smaller for porous films but would

apmroach the value for non-porous films as pore-widening proceeded.
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The apparent reversal of the expected values based on such consider-
ations indicates that the state of the barrier layer may be different
in each case. For example, it is .well known that nn_1ch sulphate ion
is incorporated into porous-type films formed anodically in suﬂ)hu:‘ic

86,95.

acid

Structure of Non-porous Anodic Films Formed in the
Present Studies, '

The discontinuity in the plots of 1/C versus (t)% during the
immersion of films in sulphate solutions of low pH-.(Figs. —6 and 9)is
consistent with the two layer structure indicated by the full-electrical
analogues and discussed in Section l.l. The capacitance (about
0.8-2.5 pF cm'z) of the low impedance layer was always about the same
as the capacitance of films immersed in the sulphate solutions of low
I when the plateau region in Figs.. 6 and 9 occurred, evidence that
the low impedance part of the £ilm was adjacent to the metal. The
decreasing slopes shown in Figs. 6, 8 and 9 which occurred could have
arisen from the diffuse nature of the hydrated outer region as reéported
by Heine and Pryoral.

Controlling Factors in the Dissolution of Non-porous Films,

It is suggested that reactions (1), (2), (3), (4) and (7), proposed
36

s are involved. . Where linear plots

by Diggle, Downie and Goulding
i 1 . .
of 1/C versus (t)® were obtained, consistent with a diffusion-controlled

process,in the low pH solutions, ionic strengths 1.5 and above a
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critical ionic strength at pH values close to 2, it is proposed that
hydroxyl ion diffusion into the oxide films was rate-determining,
resulting from reduced ratios of hydroxyl ion activity in solufion to
sulphate ion abéorption at the oxide film sufface.

That film dissolution took place is indicated by the iﬁéreasing
concentration of aluminium ions in éolu#ion during immersion, after
about 100 minutes, for 7, 14 and 21 volt filmé in g 1.0, ionic
strength 1.5 sulphate solutions (Fig. 16). Further, for all three
types of film preparation, the final steady cépacitaﬁca value was
about IO,IF cnfz, corresponding %o about 10 z.of oxide film and, vhere
determined, the time required for the specimen potential to decrease
to 2 steady velue was about the same. The tendency for thefinel
capacitance value to decrease with increésinglsolution PHimay be under-
stood in terms of increasea hydroxyl ion activity in the-solution,
leading to increased field strengths across the oxide layer. Equili-
bwration of the rates of film dissolution and repair would be expected
to oxxur at increased film thicknesses, since aluminium ion conduction
through the oxide film would occur at greater thicknesses due to the
higher field strengths. Another factor might be an increase in the
rates of reactions (3) and (4) leading to the formation of insoluble
boehmite., |

The general decrease in the slope with increasing solution tH

for recimrocal capacitance plots of the same type, that is either
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versus time or the square root of time may be viewed as arising from
the increasing hydroxyl ion activity, resulting in increasedrrates
of reactions (3) and (4) and reduced rates of (2) and (7). That
boehmite formation was possible was indicated by the appearance of a
white deposit after about 24 hours on a 14 volt anodised specimen
immersed in a sulphate solution; PH about 9. A positive identific-
ation 6f this deposit is desirable,

Comparison of the specimen potential-time beheviour of 14 volt
anodised non-porous films during dissolution in deaerated sulphafe
solutions, pH 1.0, ionic strength 1.5 (Fig. 15) shows that the first
maximum in pétential in aerated solutiqn was absent in deaeratéd
solution. If boehmite formation by reaction (4) took place, the
reduced rate of hydroxyl ion diffusion into the film resulting from
reduced fields produced by the absence of oxygen in the.solution
would be expected to lead %o a reduced raté of boehmite formation
and, by reaction (3), reduced boehmite formation resulting from a
reduced rate of proton escape from the film. The difference in
specimen potential-time behaviour could be understood in terms of
a reduced initial increase in protection of the film by reduced
boehmite deposition. The first minimum in‘potential corresponded
in time with the loss of the outer layer, indicated by the begimning
of the plateau region in the 1/C versus (t)% plot shown in Fig. .6.

The second maximum in specimen potential may be associated with
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increased protection resulting from the adsorption of sulphate jons
by the exposed inner layer, together with greater boehmite deposition
under aerated conditions since the effect was amaller under deaerated
conditions,

Transition from Diffusion Control to Zeroth Order Thinning,

For 14 volt anodised specimens, at s&lution pH values close to
2,0, the slope of the plot of 1/C ¥ersus (t)%'corresponding to
dissolution of the outer layer of the film, decreased when the ionic
strength of the solution was reduced from 1.5-1.1 and this reduction
in slope was much greatér on reducing the ionic strength from 1.1 to
1.0 (See Table XV). It is suggested that sulphate ion adsorption
decreased with decreasing ionic strength, resulting in a greater
acéessibility of the oxide surface to hydroxyl ions and greater rates
of removal of protons from the film surface, both leading to reduced
slopes because of increased toehmite formation Yy reactions (3) and
(4) respectively. The transition from the suggested predominantly
diffusion~-controlled to suggested'predominantly zeroth order thinning
which occurred at a solution pH value close to 2.0, ionic: strength
close to 1.0 (Fig. 11), indicates that the level of sulphate ion aa;
sorption was low enough for the rates of tragsfer of ions between
oxide and solution to be sufficient for the rates of reactioms (1),
(2), (3), (4) and (7) to be controlled by equilibrium levels of

protons, hydroxyl ions and water at relevant reaction sites so that
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predominantly diffusion-controlled thinning, where the rate of arrival
from the solution at reaction sites of reacting species was possibly
controlled by the rate of diffusion of hydroxyl ions into the film,
gave way to zeroth order thinning., There was a little indication of
a short period of initial diffusion control, absent at the lowest

ionic strengths at pH values close to 2.0 (see Figs. : “, 11 and 12),

: for those cases where mainly zeroth order thinning was indicated .and

this initial period might be.associated with the establishing of the
equilitrium levels of reacting species at reaction sites.

The independence of slopes of ionic strengths at constant pH
where zeroth order thinning was indicated is further evidence that

the level of sulphate ion adsorption had no effect on the rate of

dissolution.

Pnysical Mechanism of Dissolution.

Evidence has been presented in Chapter III (3.8.1) for the exist-
ence of discrete pores in formally non-porous films formed énodically
under conditions similar to those adopted in the present study. It
is likely that tﬁeir contribution to the overall impedance was small
since a pore contribution to the full analogue led to no improvement
in matching of the charging curves with that of the films,

The initial slopes of the plot of 1/C versus (tﬁ%for 7, 14 and
21 volt films during dissolution in pH 1.0, ionic strength 1.5

.sulphate solution ﬁere found to be almost in the ratio 1:2:3?@ee
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Table XITI) and the time of the first virtuel capaci tance arresf,
after about 100 minutes in each case, was close to the times required
for the rapid increase in the concentration of aluminium ions in the
solution (Fig. 16). After this time, the capacitance values were
in all cases close to those of the respective immer layers as indicated
by the full analogues.

This indicates that the time of loss of the outer layer was
independent of the anodising voltage and theréfore of the thickness
of the outer layer. Similar findings have been reporéed23 for porous
fiims anodised at constant voltage but for different lengths of time
and it would appear that for both cases, a pore widening mechanism 23
may control the rate of loss of the outer layer. The comparatively
low concentrations of aluminium ions im solution (see Fig. 16) up to
about 100 minutes for 7, 14, and 21 volt films immersed in pH 1.0,
ionic strength 1.5 sulphate solutions were considerably iower than
that which could have arisen from the tota} outer iayer. - If a pore
widening mechanism were controlling the reﬁ;val of the outer layer,
there would be a reduction in the film surface area as the last traces
of the'outer layer was removed which could result in the rapid release
into solution of aluminium ions previously adisorbed. The rapid in-
crease from the earliest times of the concentration of aluminium ions
in solution where the specimen was chemically polished only (see Fig,16)

is in keeping with this interpretation. Both for specimens chemically
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polished only, and for those anodised, the eventual attainment'of
considerably larger concenfrations of aluminjum ions in solution than
could have arisen from the initially-present oxide alone, indicates
that self-corrosion of the underlying metal was taking place.

52 have reported that for porous films anodically-

Nagayame and Tamura
formed in sulphuric acid, the total amount of ions dissolved on open

circuit agreed well with the amount of aluminium initizlly present in
the oxide film, indicating that there was little self-corrosion of the

underlying metaléz. Also, confirming this, amounts of hydrogen

.evolved during dissolution were found to be negligibleBz. It would
appear, then, that the film remaining after thimming was highly
32

protective” , unlike that of specimens chemically polished only and

of non-porous anodically-formed films prepared in the present infestig-
ation even vhen only the outer layer had been removéd. Since Nagayama
and Tamura initially electropolished their specimens, this difference
in behaviour could arise from the different initial surface preparations
used. That sulphate ion incorporation into each type might have heen
to a different extent is another possible factor. Nagayama and Tamra

found that the amount of 2luminium ioms in solution increased from

the earliest times,indicating that the extent of adsorption of these

ions by the oxide film was probably small and this might arise from
the initial high level of sulphate ion incorporation of the porous

film.
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Mable XVIII (a)

Freguency Response of Balancing Series Resistance, Rs,

and Capacitance, Cgsfor 2 Alumina Films Formed in

Dry Oxygen at EOOOC.

Film No , 1 | 2
| = []
Frequency |'R_ohm en? | € pF o2 | R ohm cnm’ | C em™2 |
Hz s -8 s ’ s"lF
10 0.0 1.38 0.0 . 0.94
\
| 83 0.0 1.30 0.0 0.90
500 5.3 1.32 0.0 0.92
5 000 11.7 1.25 9.9 0.88
50 000 11.3 0.96 11.4 0.71 .




99 (b)

Table XVIII (b)

Frequency Response of Balancing Series Resistance, Res

and Capacitance, C.s’ for 3 Alumina Films Formed in and
Atmosphere of Oxygzen and Water (_'pH Oz 43.1 mm) at 50000
: 2

(1)

Film 1. 2

Frequency I{sohm cm2 'CsFF cm-2 _Rsohm cm2 Qspﬁ‘ cmF2
H=z

10 | 1.620 1.37 0.0 1.10
83 0.0 1.20 0.0 1.05
500 0.0 1.22 0.0 1.03
5 000 5.5‘ ' 1;14 8.7 1.02
50 000 7.6 0.5 | 10.1 - 0.64

100 000 7.0 " 0.50 10.1 0.45
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Table XVIII (b) continued

(i)
| 'Film' 3
ijegzlency R _ohm e Cg |.1F om™2
10. 3 000 1.04
83 0.0 0.91
500 .0 | 0,96.
5 000 T+9 0.94
50 000 9.1 0.r66
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Frequency dependence of bélancing series resistance and .
capacitance for alumina films formed in dry oxygen and in
the moist oxygen atmosphere at 500°C.

(a) Oxidation in dry oxygen.

A series resistance
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oxygen atmosphere, -
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capacitance for alumina films formed in dry o:qgen and in
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‘(a) Oxidation in dry oxygen. ..

A .series resistance -
. X series capacitance

(b) Oxidation in the moiet
oxygen atmosphere.
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CHAPTER VI

Experimental Results for Alumina Films Formed
in Dry and Moist Oxygen.

Construction of full electrical analogue,

The best matching of response curves that could be obtained was
with the simple analogue shown in Fig. 2 (b)e A small phase dis-

crepancy was present, however, which was sensibly frequency-independenf.

This type of behaviour was also found for amodically-formed films and

again may be due to filmfhydratioﬁ produéﬁng a diffuse region, although
no improvement in matching was obtained by modifying theanalogue to
account for an additional layer in the film structure.
" Values of R (see Fig. 2(b) ) were identified with the measured
ohmic drop of about'40 ohm cm"'2 across the ammonium tartrate solution.
The frequency reséonses of the components of the simple series
resistance—capacitance analogue for films producedlby oxidation in
dry oxygen. and oxygen gontaiging gaseous watgr, pﬂzo = 43.1 m.m.y
at 500°C are shown in Figs. 17 and 18 and are summariéed in Table XVIIT.
The following fables summarise the results obtained and illustrate

the reproducibility which was not too satisfactory.
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Table XIX

Electrical Characteristics of Films Formed

in Dry Oxygen,l Atmosphere Pressure,

-2 2
CQPF cm R2 ohm cm

(1) 1.23 210 000
(2) 0.88 260 000
Table XX

Electrical Characteristics of Films Formed in Oxygen
containing Gaseous Water,pp o= 43.1 m.mQAtmosphere
2

Total Pressure,

G| on> | R, ohm on®
(1) 1.17 35.000
(2) ~1.02 | 87 000
(3) 0.87 42 000

At 83 Hz, in general, the value of the capacitative component of
the simple series analogue increased by up to 15% during a frequency
run and the impedance of this component was much greater than the

resistive component at this frequency. This increase in capacitance

v
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might be associated with film dissolution and/or chenges in the film
dielectric constént resulting from film hydration. Good matching of
the charging curves would ﬁot therefore be expected.

The poor reproducibility of series resistance at low frequencies
for films formed in moist oxygen might arise from the small contribution
rade by this component to the overall impedance.

Values of 62 for the two types of film preéaratioﬁ were about
the same but R, was considersbly smaller for films formed in the moist
oxygen atmospheref

Impedance Measuréments During Specimen Immersion,

The reproducibilit& of the capacitance-time behaviour was very
poor for films formed in mdst oxygen during specimen immersion in
aerated sulphate solution, pH 1.0, ionic stfength 1.5 but was better
in the same medium vhen deaerated. Typical 1/C versus (t)%-behaviour
in deaerated solution is shown in Fig. 19 wheré the behaviour of films
formed in dry oxygen dufing specimen immersjon in aerated and deaerated
sulphate solution, pH 1.0, ionic strength 1.5 is also shown.

Fig. 20 shows typical plots of l/C versus t for immersion of films
formed in dry oxygen in sulphate solutions having fi values close to
2, iomic stiengths 0.015-1.5 Fig. 21 rerresents the_results obtained
in solutions’of pH 3.5, iohic strengths 0.015-1.5.

Fig. 22 shows 1/C versus (t)%'behaviour for films formed in dry

oxygen Quring immersion in sulrhate solutions, ionic strength 1.5,
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. pH values 1,0 and 2.0 and Fig. 23 shows 1/C versus t behaviour for
the same sysfem but at pH values of 3.5 and 5.0.

Where predominantly linear plots of 1/C versus (t)%'were found,
the values of the oxide film resistance Rp; when first measured, were
always low and fell quite quickly. The initial values of Rp were
considerably.greater for films formed in moist than in dry oxygen
under the same conditions. The initial values of Rp increased as
the pH of the solution increased from 1.0 to 3.5. The value
observed in a solution of pH 5.0 was,however, less than that at pﬁ 3456
The rate at which Rp decreased with time generally fell with incréasing
solution pH except at pH 5.0 ﬁﬁen the behaviour wvas intermediaté bet-
ween pH 2 and pH 3.5. Throughout these studies, where consideration
of the linear plot is restricted to the same type, that is l/C Ver sus
either t or (tf%, the rate at which Rp fell was reduced as the rate
of change of 1/C was reduced.

The following tables summarise the results obtained. The
slopes are corrected in terms of the mean values for capacitance from-

the full analogues.
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Capacitance behaviour of aluming films formed in dry oxygen
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Capacitance behaviour of alumina films formed in
dry oxygen st 500°C, immersed in pH 3.5 sulphate
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Capacitance beha\'riour of alumina films formed in o_lry oxygen
~at 500°C,ixmnersed in ionic strength 1.5 sulphate solutions

as a function of pH.
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Table XXI

Kinetic Data for Dissolution of Oxide Films Formed .

in Oxygen at 500°C in Sulphate solutions, Ionic Strength 1.5,

Reciprocal of ’ =t
Film pH Slope as interpolated- Corrected
preparation halue per graphs | initial - slope Coments
capacitance
| T 2. -1 2 -1 2 1.
k, om pF | 1/C em” P kpen” W
. Comn 5
Dry oxygen 1.0 - 0,081 C.93 - 0.082 Deviation from

- 0.066 0.74 - 0.084 linearity after
o about 60 mins

Dry oxygen 2.0 - 0.034 0.90 - 0.036 Some evidence
. - 0,028 0.70 - 0.038 for zeroth order
after about

170 mins.
| Dry oxygen 1.0 - 0,032 0.64 - 0,047 1Deaerated
: : - 0.018 0.44 - 0.038 solution
Oxygen with |[1.0 - 0.0247 0.64 - 0.035 Deaerated
gaseous - 0.0244 0.96 - 0.023 solution

water conteni;d
P“’.°= 45.1mm4
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'‘Table XXIT

Kinetic Data for Dissolution of Oxide Films Formed

in Dry Oxygen aﬁ_jooocgip Sulphate Solutions, Tonic Strength 1.5,

1 Slope as per

‘Reciprocal of

Corrected Slope

pH ‘interpolated conver{ed to c N
value graph initial min~ omments
capacitance assuming g = 10
2 =1 . =1 2 -1
klcm FF min Q/Co cm FF
3.5 - 0.0010 0.83 - 0.088 some evidence for
diffusion control
(- 0.0011) (0.83) (- 0.097) during first 40
min.

In parentheses - based on all data for ionic strengths 0.015-1.5.

Table XXTTI

Kinetic Data for Dissolution of Oxide Films Formed

in Dry Oxygen at §OOOC in Sulphate Solutions, pH Values Close to 2.0.

Reciprocal of ,Correctéd slope
Tonic' | Slope as per ?n?e?polated conYeEfed to Comments
4 +h h initial min
sireng grap capacitance assuming €= 10
2. -1 . =1 2 -1
k), cm HF “min 1/Cocm |
. 0.15 - 0,0022 1.00 - 0.16 some evidence for
diffusion control]
- 0.0014 0.80 - 0.13 during first
' . 25 min.
0.015 - 0.0016 0.70 - 0.17
- 0.0021 0094 - 0016
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Potential-Time Studies,

Typical potential-time Eurves obtained using films formed in
dry oxygen when immersed in aerated and de-aerated suiphate solutions,
pH 1.0, ionic strength 1.5, are shown in Fig. 24.

Results for films formed in oxygen cdntaining gaseous water
(P520==43'1 m.m.) during specimen jimmersion under identical conditions
are shown in Fig. 25. ©Fig. 24 shows that the initial rate of fall
of specimen potential was greater under deaerated than aerated con-
ditions for films formed in dry oxygen, and the minimum in potentiai
occurred after about the same time for each. Fig. 25 shows that for .
films formed in the moist oxygen atmosphere, deaeration led to the
absence of the first and second maxima in the specimen potential,
features present under aerated conditions. Under both sets of
conditions,a final minimim in potential was observed after about the
same time.

Barrier Voltage Studies.

Typicel current-time behaviour is shown in Fig. 26 using the

24 45

methods of Hunter and Fowle and of Hart'-. The identification of

the minimum voltage to support ionic conduction is also indicated in

' ~ Fig, 26 and was wknown since the rate of voltage increase and the

604.1

chart speed were known.

Films Formed in Dry Oxygen.

The barrier voltage was found to be sensibly independent of the



The specimen potential - time sfudy of the erosion of alumina films,
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Potential behaviour of aluminium specimens oxidised in the moist oxygen
atmosphere at 500°C,in sulphate solution,pH 1.0,ionic strength 1.5, ‘
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rate of voltage increase and was found to be 9.3 volts using the

method of Hunter and Fowle, and 8.8 volts using the method of Hart.,

6.4,2 Films formed in Oxysen Containing Gaseous Water.

The following tables summerise the results obtained.

Table XXIV
Barrier Voltages Using the Method of Hunter and Fovlgf4
Rate of voltage_ Barrier Specimen Electronic leakgge
increase, ¥ min voltage type current - pa cm
0.83% 4.7 _
0.42 4.5 cylindrical about 4
0.17 no break S
0.83 4.6 wire 20-40
0.42 no break
Table XXV
Barrier Voltages Using the Method of Hart:>
Rate of voltage_1 Barrier Specimen
increase, ¥ min voltage © type
2.4 5.2
0.6 5.0 cylindrical
0.2 4.8
2.4 5.0 . .
0.6 4.8 ¢ylindrical
2.4 4.8
0.6 4.6 wire
0.2 4.4

The mean barrier voltage, based on both methods, was 4.8 # 0.3 volts,
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It would appear that reduced rates of voltage increase led to reduced
barrier voltages. The method of Hunter and Fowle gave somewhat
lower values than the method of Hart, a rewversal of the behaviour
Qbserved for films formed in dry oxygen.

Summary, -

For films formed in dry oxygen, capacitance measurements indicate
that the time required for“é;pacitance increase to cease increased,
except for pH 5.0, with increasing solution pH. These timeé were
about 260 minutes at pH 1.0, about 400 minutes at pH 2.0, about 520
minutes at pH 3.5 and about 450 minutes at pH 5.0. ._In deaerated
solution, P 1.0, this time was about 350 minutes and appeared to be
independent of ionic strength at pH values close to 2.0 and at pH 3.5,
The final capacitance values decreased with increasing pH from about
10 pF em 2 at ™ 1.0 to about 4 pF em™2 at ™ 5.0. In those cases
where the specimen potential was measured during specimen immersion,
the time regquired to achieve the final maximim negative potential
appeared to correspond with the time reguired £o achieve the maximm
capacitance..

Where linear plots of 1/C versus (tf% were obtained, the slope
decreased with increaéed pH and for a given pH was lowér under
deaerated than aerated conditions. Films formed in the moist oxygen
atmosphere gave smaller slopes than those formed in dry oxygen during

specimen immersion in gH 1.0, ionic strength 1.5 deaerated solution.
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Linear behaviour of 1/C versus (t)%'was found for these last two
systems throughout the périod of capacitande increase, but in the
other cases, deviations from linearity took place, occurring latér at
PH 2.0 than at pH 1.0. At pH 2.0, ionic strength 1.5 (Figs. 20 and
22), there was some evidence for linear 1/C versus t behaviour after
the first stage of linear 1/C versus (ty% behaviour. For films
formed in dry oxygen, during specimen immersion in pH 1.0, ionic
strength 1.5, sulphate solution under both aerated and deaerated
conditions, the rate of drift of specimen potential in the negative
direction increased after about 200 minutes but before this time, this
rate was greater under deaerated conditions. For films formed in the
moist oxygen eatmosphere, during specimen jmmersion in pH 1.0, ionic
strength 1.5, sulphate solution under deierated conditions, the drift
of specimen potential in the ﬁegative direction was at approximately
a constant rate, whereas in aerated solution, during the first 200
minutes, the potential becamelmofe positive before drifting to a more
negative value. The final drift in the positive direction was not
observed for any other system examined.

For films formed in dry oxygen, a chenge from predominantly
linear 1/C versus (t)%'to predominantly linear 1/C versﬁs t was in-
dicated at solution p value 2.0 between ionic strengthg 1.5 and 0,15,
probably rather close to ionic strength 1.5, since at this ionic

strength, there was some evidence for linear 1/C versus t behaviour
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after about 170 minutes. For 14 volt anodically-formed oxide
films during immersion_in sulphate solution, pH 2.0ya similar transition
was indicated at an ionic strength rather less than 1.0 and a2t this
ionic strength there was some evidence for linear 1/C versus t be-
havigur after about 350 minutes.
Where linear plots of 1/C versus t were obtained, the slopes
appear to be independent of ionic strength and were for f 2.0>>pH 5,0
>pH 3.5, A run in pH 7.4, ionic strength 1.5 sulphaté solution in-
dicated that the slope was about half that in pH 5.0, ionic strengfh
1.5 solution. For 14 volt anodically-formed films,the relationship
was, P values close to 2.0 >pH 3.5 >pH 5.0. For films formed in -
dry oxygen, initial deviations from linearity,which could be indicative
of diffusion processes,were found during about the first forty minutes
except for pH 2.1, ionic strength 0.015 and for pH 5.0, ionic strength
1.5. This f&pe of behaviour was also found for 14 volt anodically-
formed films except that at pH 5.0, ionic strength 1l.5,possibly initial
diffusion control during about the first forty minutes was indicated.
Whereas the full electrical analogue indicates that the capacitances
of the twé types of film formed in oxygen were about the same, the
barrier wvoltage for films formed in dry oxygen was founﬂ to be about

twice that for films formed in the moist oxygen atmosphere.
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Significance of Barrier Voltage Determinations

for Alumina Films Formed in Oxygen,

44

Hunter and Fowle ' have determined barrier voltages as a function
of oxidising time at constent temperature for aluminium oxidised in

dry oxygen at temperatures sufficiently high for the formation of
crystalline ‘y-alumina. The type of surface pre-yreparation W;S

not mentioned. At lower temperatures, at which only amorphous oxide
formed, the barrief voltages were found to be low, about 4 volts., At
the higher temperatures, from the time of onset of crystallite farm-_?‘
ation, a rapia rise in barrier voltage was observed, increasing from
about 4 volts apd levelling off quickly to about 12 volts. This

44

increase was interpreted’ ' in terms of an increase in the minimum field

for ionic conduction for the crystalline oxide, although it may be

that the total film thickened rapidly as a result of crystal formation47’48:

Structures of Alumina Films Formed in Moist
and Dry Oxygen,

1
No discontinuities were observed in the 1/C-(t)% behaviour for

the immersion of these films in sulphate solutions of low pH, supporting
the evidence of the simple type of analogues, reported in Section 6.1,
found for both oxidation in dry oxygen and in the most oxygen atmosphere,
that only one type of material was present.

Barrier voltages dete;mined in the pr;sent investigation were

about 9 volts for oxide formed in dry oxygen and about 5 volts for
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oxide formed in the moist oxygen atmosphere at 500°C. These values
my indicate, according to the interpretation of Hunter énd Fow1e44,
which was discussed in Section 6.6, that the form;ar oxide film type
was crystalline and the latter 'type amorphous. In this connection,-
in Chapter II (2.2.3) it was concluded that oxidation of aluminium

in moist air or oxygen might lead to boehmite formation from about
175° - 500°C and at temperatures greater than about 500°C, some -
crystalline Y-alumina might be present with a little water adsorbed.
Plate IV shows that the current-voltage behaviour observeda 24 in an
almost non-solvent electrolyte during the application of a steadily
increasing voltage to aluminium specimens bearing porous oxide film
is ‘smooth. A trial experiment indicated that the current behaviour
was also smooth for an anpdic barrier-type film. Fig. 26 shom.vs- that
in fhe present' barrier voltage studies on films formed in oxygen usimg
both the method of Hunter and Fow1924 and of Hart45 s the current
stability was poér for films formed in dry oxygen but was better for
films formed in the moist oxygen atmosphere. It is suggested that

in the present studies both porous and non-porous anodic films were
3éss faulted. than films formed in oxygen and that the "filling in"

of faults by the anodic formation of oxide in the course of the -
berrier voltagé determination was responsible for the unstead& currgnt

behaviour. It is further suggested that the possibility of the entry

of water into an oxide film formed in oxygen may result in a less
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faulted film. In this connection Chistyakov and his co-workers54f64
have reported that at temperatures sufficiently high for the formation
of crystalline oxide, during the oxidation of aluminium in both wet
and dry oxygen or air, epitaxial growth of the crystalliné oxide led
to fractures of crystalline film located on metal of different crystal:
orientations because of small differences in the dimensions of the
aluminium and cfystalline oxide lattices.

The capacitance values of the full electrical analogues (Tables XIX
and XX) indicate, assuming that the film dielectric constant was, in
both cases 10 70, the value for non-porous anodically-formed films
vhich are generally regarded as amarphéus, a film thickness of about
80 Z for both types formed in moist and dry oxygen at 500°C. The
lover resistive component of the full analogue for films formed in the
moist oxygen atmosphere might be‘assodiated.with the presence of water
in the fi1m521’39. It would appear that these films did not consist
predominantly of boehmite since this compound is highly insoluble and
the films were apparently thinned in deaerated sulphate solution, pH i.O,
ionic strength 1.5, from about 80 Z to about 10 Z in 500 - 900 minutes
(see Fig. 19). 1t is suggested, tentatively, that they consisted of
amorphous alumina,

The higher weight gaiﬁs observed in the formation of crystalline
Yhalumina compered with values involved in the formation of amorrhous

y_47,51,55,62

oxide onl indicate that in the present work, the capacténce
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values of the full amalogue for films formed in dry oxygen were

48

abnormally high. Beck and his co-workers' have reported that -

'Y-alundna films showed abnormally high capacitance values at high
48

crystal coverages. Electron micrographs revezled '~ that the crystalline

oxide was highly faulted and the high capacitance values could have
arisen from easy aluminium ion conduction via t£ese faults48. Indeed,
these workers found that the ionic resistivity of the crystalline oxide
was low and the obser&ation that the rate of growth of the amorphous
oxide was unaffected by the appearance and growth of crystallites was
interpreted in terms of this-low ionic resistivity.

Surface pre-preparation appears to be an iﬁportant factor in
relation to film structure. The simple analogue found for films
formed in dry oxygen at 500°C may indicgte that nearly all of the oxide-
film was crystalline, in agreement with the findings of Dignam and
Fawcett47, but not with those of Beck and co-workers48. The surface
properties of specimens initially chemically polished, the mrocedure
adopted in the present studies, mey.Tesemble more closely those of
specimens electropolished, the procedure followed by Dignam and Fawcett473
than those of specimens etched in sodium hydroxide selution, the pro-
cedure adopted by Beck and his co-workers. Although Beck and his co-
workers avoided methods such as electropolishing and chemical polishing

because of the redl:n.ce&'é'e ionic resistance of films so produced, one

might expect tﬁat if the appearance and completion of the crystalline
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pﬁase had no effect on lthe rate of gré_wth of 'l';he amorphous oxide,
this type of behaviour would also have obtained in the studies of
Dignam and Fawcet 47. However,‘ Dignam and Fawcett found limiting
weight gain behaviour. It may well be that the highly faulted
nature of the crystalline oxide.vreported by »Beck and his co-workers
was strongly influenceé by t.he n.a‘ture of the original surface produced
by etching with sodium. hydroxide' solution and that faulting was not
so extensive in the crystall:{ne' film produced by Dignam and Fawcett
and in the probably crystalline film produced in dry oxygen at 500°C
in the present studies. The possibility remains that t'he ionic
resistivity of films formed in &ry oxygen at 500°C in the present
studies was somewhat less than that of those films formed in 'the
moist oxygen atmosphere to account for the abnormally high capacitance
of the former. Barrier voltége determinétioné in the present studies,
as has been pointed out pre\;i.oubsly, indicate that films formed in
dry oxygen may be more faulééa than those formed in the moist
atmosphere.

The following table lists the frequency dependence of the
measured impedance of:- |
(i), a 14 volt anodic barrier-type film when the lowest current
dens_it'y during anodising was. mai;tained for about ‘5 minutes,

(ii), a film formed in the moist oxygen atmosphere at SOOOC, and

"(iii),. a film formed in dry oxygen at 500°C . The values given
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include the contribution from the solution and the external circuitry -
but this contribution was negligible at frequencies of 500 Hz and
below and only a few percent at 5000 Hz. At the highest frequencies,

the measured impedance tended to that of the solution plus external

circuitry.
Table XXVI
Freguency Dependence of I@e'da.nce for
Non-porous Alumina Films
Oxide ' . . _ T fas . as
o @ (11) (111)
f Hz z ohm cm2 Z ohm cm2 2z Qh_m cm2
83 3.71 x 100 1.60 x 10° 1.48 x 10°
500 694 261 244
5x 103 76 28.6 25.8
5O x 105 13.6 9.5 11.7
100 x 10° 12.0 8.8

0 .o
Films of type (i) weré about 200 A thick and, assuming a value
o .
for the dielectric of 10 10, films of type (ii) were about 80 A thick.
If the outer layer, apparently much thicker than the inner.layer, of

type (i) consisted of material similar to that of films of type (ii),
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the ratio of impedances at a given frequency up to 5 000 Hz of about
2.5:1 can be understood in terms of the different thickhesses.

It has already been suggested that films of type (iii) are con-
sidergbly thicker than 80 Z. However, the impedance at a given
frequeﬁcy was found to be abouﬁ the same as that of a film of type
(ii) at freéuencies up to 5 000 Hz. It is suggested that this
behaviour could be associatedlwdth a more faulted structure of -the
films formed in dry oxygen at SOOOC which could lead to a greater
ionic conductivity in films of this type. 1In this connection, Beck
and his co-workers48 reported that crystalliine 'Y-alumina appeared to
have a greater ionic conductivity than the amorrphous oxide and this
difference in behaviour was suggested48 to be due to ?he highly faulted

48

structure’ of the crystalline modification,

Assuming, as do Dignam and Fawcett?!, that the demsities of

crystalline and amorphouS'Y-alumina are not much different and taking

3

the value to be 3.17 g cm Z as reported by Bernard and Cook115 for

barrier-type films formed anodically on aluhinium in ethylene glycol/
ammonium pentaborate solution, .an estimate of the limiting weight gain
achieved after about 40 hours at SOOOC, for electropolished aluminiﬁm
oxidised in dry oxygen, based on data for other temperatures (see

Plate VII), assuming a surface roughness factor of 1.0 4t

o
a limiting film thickness of about 190 A. The same treatment applied

, indicates

to the weight gain after 49 hours (the period of oxidation chosen in
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' surface roughness factor of 1.2

116

the present investigation) &t 500°C, of aluminium, initially etched

48

in sodium hydroxide solution, oxidised in dry oxygen' , assuming a
48,'indicates a %otal film thickness
of about 370 X. The results of Beck and his co-workers48 indicate,
that under these conditions, the inner crystalline phase was 217 2

o o
thick and the overlying amorphous layer was 120 4 thick (about 90 A

for a period of oxidation of 40 hours). The density of crystalline

\/-alumina was reported48, based on measured crystallograrhic

parameters, to be 3.69 g cm_z indicating that a total film thickness

0 .
of 370 A was rather high. Adopting a density of 3.69 g cm ~

3 47

i

, rather

adopted by Dignam and Fawcett

than the value of 3.17 g cm , the

total film thickness inferred from the data of these workers‘was
about 165 Z, so that if, in the present work, the thickness of the
supposedly crystalline oxide formed in dry oxygen at 500°C were about
the same, its capacitance would appear to be abnormally‘high as .

suggested before.

Controlling Factors in the Dissolution of Alumina

Films Formed in Moist and Dry Oxysen.

It is suggested that the dissolution behaviour of oxide films
formed in dry oxygen at 500°C can be explained in terms of the factors
suggested to influence the dissolution in sulphate solutions of anodic
non-porous oxide films. The increase in slope of the plot of

1/C versus t for films formed in dry oxygen on increasing the sulphate



X7

solution pH from 3.5 to 5.0, both at ionic strength 1.5 (see Table XXI1)
can be explained as follows.' The possibility of initial diffusion
control, present at pH3.5 was absent at pH5.0, possibly because of
the incréased hydroxyl ion activity, resulting in a- greater equilibrium
proton activity more rapidly achieved at reaction_sites, in spite of
the reduced proton activity in solution. The lower initially observed
oxide resistance founa for a solution pH of 5.0, compared with pH 3.5,
could have arisen from enhanced proton entry into the film .

It would appear that sulphate ion absorption may be less, under

the same conditions, for films formed in dry oxygen than for non=-porous

anodic oxide films, indicating a difference in surface properties for
the t¥o types. This is in keeping with the transition from suggested
predominantly diffusion-controlled to suggested predominantly zeroth .
order thinning appesring to take place at a rather higher ionic
strength at solu&ion pH values of abqut 2.0 for films formed in dry
oxygen. Also, although there could have been, initially, diffusion
controlled thimming of an anodic film in pH 5.0, jionic strength 1.5
sulphate solution, this did not apparently take .place for dissolution
éf g film formed.in dry oxygen under the same conditions.

The possibility of reduced boehmite formation by reactions (4)
and (3) with reduced accessibility of the film surface to hydroxyl
ions from the solution and a diminishe& rate of removal of protons

respectively m3y explain why the rate of capacitance increase was
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greater where diffusion control was indicated.. This type of behaviour
was found for both so-called-non-porous anodic films and for films
formed in dry oxygen at 500°C. Since the earliest measured oxide
resistance values wére always foun'd to be much greater where zeroth
order thimning was indicated, boehmite deposition may be initially

in pores or faults.

For £ilms formed in dryvoxygen, the more rapid initial decrease
in specimen potential found under deaerate@ conditions, compared with
aerated, in pH 1.0, ionic strength 1.5 sulphate solution (see Fig. 24)
could arise froﬁ a reduced rate of boehmite formation. Increésed
boehmite formation in aerated solution could account for the initial
and final meximm in potential found for films formed in the moist
oxygen atmosphere (Fig. 25).

Electrical Resistance of Oxide During Dissolution.

For both types of film eiamined extensively in the present studies,
mich larger rates of reduction of oxide film resistance were observed
for those cases where zeroth order thinning was indicated. This is
consistent with the ideg of an enhanced rate of proton entry into the-
film during the period of measurement as suggested earlier (page 96 ),
resulting from reduced sulrhate ion absorption. In general, for
reciprocal capacitance plots of the same type, an increazsed rate of
reduction of film resistance was consistent with an increased rate of

proton entry, that is with reduced solution pH at constant ionic strength.
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As mentioned in Section 6.8, the values of the oxide resistance
when first measured were always .much greater in -those cases in which
zeroth order thinning was indicated. ° This might have arisen from a °
greater rate of boehmite deposition under these conditions, possibly
in pores or faults.

Comparison of the Rates of Thinning of

Films Formed by Anodic and Dry Gaseous Oxidation.

In cases in which diffusion control of dissolution was indicated,
the time required to remove the ‘outer layer of anodic films was much
less than that required for remoﬁal of the thimmer inner layer. For
a given ionic strength of solution the time for removal of the outer
layer increased slightly as the pH of the solution increased.

If, initiélly, there were considerable incorporation of hydroxyl
ions into the outer layer of anodically-formed films, as suggested by
Heine and PryérZI, this could contribute to enhanced thinning by
rroviding easy diffusion paths for protons. The presence of pores
may also facilitate rapid removal of the outer layer. Films formed
in dry oxygen thimmed at intermediate rates under the same conditions.
At higher solution pH values, the rate of thinning of films formed in
dry oxygen approached and at pH 5.0 exceeded that for amodic films
and this behaviour might be associated with the smaller sulphate ion

absorption suggested earlier for films formed in dry oxygen.
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CHAPTER VII
Conclusions,
fonclusions,

Differences between the disSolution behaviour of anodic barrier-
type films and oxide films formed in dry oxygen, when immersed in
sulphate solutions of the concentrations and pH values used in the
present work, appear to be related to the extent of sulphate ion ad-
sorption on the films. It is suggested that, in a given type of
solution, the extent of sulphate ion adsorption was greater for the
anodic films, which are generally regarded as amorphous, than for the
films formed by gaseous oxidation, which were probably composed of
crystalline y-alumina. A reaction scheme proposed by Diggle, Downie

36

and Goulding” to account for the effects of solution pi and ionic
strength on the dissolution behaviour in sulphate solutions of the
barrier layer of porous films formed anodically in sulphuric acid
appears to satisfactorily account for the behaviour found in the
present studies,

For the dissolution behaviour of the barrier layer of porous
films, a critical solution pH was reported to occur23’36 below which
suggesfed approximately zeroth order thimning took place. This type
of behaviour did not occur in the present investigation., Rather, a

c¢ritical ionic strength was observed at solution pH values close to

2.0, below which suggested predominantly diffusion-controlled thimming



121

gave way to suggested zeroth order thinning. Deaeration of the
solution resulted in reduced rates of thinning where diffusion control
was indicated but this had no effect on the suggested zeroth order

rate of thinning of porous films below the critical pH 23’36.

In
the present studies, deaeration is suggested to result in reduaed
diffusion of hydroxyl ions and, therefore, of protons into the films,
under reduced fields arising from the absence of oxygen at the film
surface, leading to reduced rates of film thinning. It would not be
surprising to find, tﬁerefore, that where zeroth order thinning was
indicated, deaeration had no effect. The large amount of sulphate
ion incorporation in porous films duriné anodising9%z-93 might be an
important factor in the different type of behaviour observed, even

after the effect of the porous layer on the rate of thinning of the

barrier layer had been accounted for25’36, ‘Initial preparation of

‘the specimen surface cannot account for this difference since it was

the same for all,

It is tentatively suggested that films formed in a moist oxygen
atmosyphere, total presmualhtmosphere,_ﬁﬂzo = 45.]1 mem., at 50000,
consisted of amorphous alumina ﬁith some water adsorbed and were less
faulted than the probably crystalline'y-alumina films formed in dry
oxygen at 500°C.

Bnodic barrier-type films studied in the present investigation

appear to consist of two regions, an inner less soluble and an outer
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more soluble region into which, it is suggested, hydroxyl ions were
incorporated. It is suggested that the slightly different structure
réported by Heine and Pryor21 arises from the different initial
preparation of surfaces adopted Ey these workers. It appears possible
that the outer region of this type of film, studied in the present
work, contained pores, as suggested by other workers,39’81-83’115,
and that in low pH solutions, the removal of the outer layer was
controlled by a pore widening mechanism, the mechanism suggested to
control the removél of the porous layer of formally porous films23.

In the mesent studies, self corrosion apparently occurred for
anodised specimens when the outer oxide layer had been removed, and
also for a specimen chemically polished only. This did not occur
for specimens initially electropslished and then anodised in sulphuric
acid32. This indjcates that the film remaining after thinning was
more protective in the latter case thaen for even thicker films
remaining on the metal after the removal of the outer layer of barrier-
type films. This might be relat=d to the different initial surface
Freparations used and/or a different extent to which sulphate ion
_ was absorbed.

Whereés the films formed in dry oxygen at 500°C were apparently
crystalline and contained little amorphous oxide, in agreement with
the findings of Dignam and Fawcett47, who first elecfropoliéhed théir
48

specimens, Beck and his co-workers ~ found that amorphous oxide was
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an important constituent for specimens initially etched in sodium
hydroxide solution and theldifference is,suggested.to arise from
different surface properties produced by this initial preparation
compared with those of specimens electropolished or chemically polished.
The consequence of these different-surface froperties m2y well bgithe

48,resulting in

extensive faulting observed by Beck and his co-workers
easy aluminjum ion conduction through the crystalline 1ayer.1eading
to the continued growth of amorphous oxide after the underlying

crystalline layer was completed. For specimens initially electro-

polished47

or chemically polished, it is suggested that faulting was
considerably less.

There is, then, considerable evidence that the structure.and
dissolution behaviour of several types of oxide film on aluminium may
be strongly influenced by the initial pfeparation of the spécimen

surface.

Proposed Future Work,

Confirmation of the type of material present in oxide films
formed in this investigétion in dry and moist oxygen at SOOOC is de;ir-
able, together with the extent of faulting in each type.

The effect of different initial p?eparation techniques of the
specimen surface on the extent of faulting of crystalline films formed

in dry oxygen and on the relative amounts of crystalline and amorphous

.oxide should be investigated.' It might be. possible to relate the
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dissolution behaviour of the three types of film studied to this
initial surface preparation.

If a pore widening mechanism controls the dissolution behaviour
of anodic barrier-type films in low pH sulphate solutions, electron

microscopy might confirm this,
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Appendix I

Apparatus Specifications.,

(a) Anodising.
Shandon water thermostat.
Heathkit valve voltmeter, modelV -TAU.
| Solartron Dual constant voltage supply unit, model P.S.U. AS 1416,

(b) Oxidation in oxygen.

Constant voltage transformer - Advance Components Ltd., Type
IJI.T- 262 XA.

Heating tape powered from Powerstat mains transformer - Superior
Electrical Co. Ltd.

Furnace powered from Rotary Berco Regavolt mains transformer,
Type 72 C. :

Cenco 1Lab Jack.
Shandon water thermostat,

(¢) Impedance measurements.

Decade boxes-redistance and capacitance-Educational Measurements
Ltd,

Farnell, Type 1F sine/square oscillator.
Solartron C.D. 1400 oscilloscope, maximum sensitivity 10 mV cmfl.
Specimen potential monitoring by Philips GM 6001 volt-ohmeter.

Switches - Radiospares.

Sunvic, Type TS 3 (bimetallic strip type) thermostat in conjunction
with Sunvic, Type R 10313 relay.

(@) Specimen potential/time measurements.

E.T.L. Vibron electrbmeter, model 33 B.
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4 Sefram (Paris) Graphispot. recorder, Type GRVAT.
Servoscribe recorder, Type RE Sll-Kelvin Electronics Co. Ltd.

(e) Determination of concentrations of aluminium ions in solution.

Unicam, Type SP 600 spectrophotometer.

(f) Berrier voltage determinations.

Solartron Dual comnstant voltage supply unit, model P.S.U. AS 1416.
Motorpotentiometer, Type MP 165 - Erwin Halstrup.
Sefram (Paris) Graphispot recorder, Type GRVAT.

Servoscribe recorder, Type RE S1l1-Kelvin Electronics Co. Ltd.

(g) Determination. of solution pH values.

Vibron Laboratory pH Meter, Model 394 -~ E.I.L.
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APPENDIX II

Bstablishment of.the'Calibration Curve for the Optical

Densities of Solutions Containing Aluminium Ions.

?he experimental procedure used to'dgterndne the conqentration
of aluminium in solution (Chapter IV (4.3.5) ) depended on the
establishment of a suitable calibration curve for the optical densities
of solutions. The procedure used is described here, .

Stanﬁard aluminium solutions (as sulphate) wefe rrepared in sodium
sulphate - sulphuric acid solution used ;n the dissolution experiments;
this solution was of ionic streng%h 1.5, and A 1.0, 2 ml portions
were buffered with 2 sodiiim acetate solution to pH 4.5;6.5, and ex-
tracted with 10 ml 1% w/v 8-hydroxy guinoline in spectroscopic grade
chloroform b& shaking for three minutes. Extracts were dried over
anhydrous sodium sulvhate. Except at very low concentrations, com;
plete extraction of aluminium should be achieved under these conditionsl54:
Using as & blarnk an extract made by using a solution (pH1.0, I = 1.5)
which contained no added aluminium, an absorption;concentration plot

o
was constructed spectrophotometrically at 3 900 A.
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