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ABSTRACT

For the present investigation the oxide films studied were
produced by anodic oxidation., A number of techniques have been
enpleyed simultaneously. The growth characteristics of these
films were studied and found to vary with the nature and pH of
the electrolyte, surface treatment, growth current density and/
or time of its decay at voltage. Oxide films with precisely
controlled thickness can be produced on prepared aluminium
specinens in electrolytes such as amnonium borate, citrate and
tartrate solutions under specified conditions. Spectrophoto-
metry has been found to be a very quick, most precise and a none
destructive nethod for measuring the thickness of oxide films
both on and off the metal base. The chemical reactions involved
in stripping filims of oxide from aluminiuvm using iodine in
methanol and from zirconium using bromine in ethyl acetate do
not significantly alter the optical properties or the thickness
of the fiilms. The dielectric constant of alumina fornmed on
prepared surfrces has been found to be 9.8 + 0.35 and that of -
zirconia 25,0 + 1.0 under these conditions. Electron nmicrow~
scopic and electron diffraction studies showed development of
% - alumina inclusions within tge apnorphous oxide as the
oxide thickness exceedsabout 100CA « Recrystallisation of
the amorphous oxide has been shown to depend upon surface
preparation and ultimate thickness of the oxide,

The effect of various ions such as H, OH™, C1™, Cro“"“,
SOA-', HCOB— and 003__ and moleoglar iigand NH3 has been
studied, It is supgested that H , OB, €17 and Cr04“‘ ions
and NH, ligands are strongly adsorbed on aluminium oxide., Some

3
3

of these ions such as OH™/HY, €17/HY and OH"/H' and/or NH
ligands are incorporated into the oxide without changing its



satructure. In alkaline solutions thinning of aluminium oxide
has been observed in addition to the uptake of thesc ions. It
is belicved that adsorhed CrOh-' ions tend to hinder the
penetration of other ions., The electrical resistance of the
oxide decreases due to the entry of ions, This effect is more
pronounced éue to the entry of g2* or OH™ ions under conditions
of direct current polarization.

Ciiloride ions possibly penctrate very rapidly at the
crystalline spots of the oxide anc produce substantial change
in the resistance of the oxide locally. This effect ig not
significantly dependent upon the pH of the chloride solution.
Chloride ions cause enhanced thinning of alumina in alkaline
solutions, Permeation of C1°~ ions through stripped films of

alunina was possibly preceded by pore formation.
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SECTION I

INTRODUCTION
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I - 1 Statement of Problem:

The majority of metals used in modern technology tend to
oxidize spontaneously in all of the environments.-normally
egncountered.Aqugous corrosion is o widely occurring oxidation
phenomenon; a generalized example of this type of corrosion is

given below:

2M + xHZo-aMZox+xHZ e meeaeteaaaaaeen e (I = 1)

where M is an x valent metal,

The rate of oxidation may be controllied by the properties of
the oxidation product: If the oxide formed is porous or non -
adherent, corrosion will go on unchecked. On the other hand a
non - porous and adherent oxide layer will reduce the rate of
further oxidation by physically isolating the reactants. The
diffusion of reacting species through the protective oxide layer
becomes the rate controlling step in the oxidation process and
this is the case for metals such as Al, Z2r, Ti, U and Ta.

The characteristics of oxide films formed on these metals
1 -1 Meny of the
properties of these oxide films have been observed to be cdifferent

(1 - 6)

from those of the bulk oxides. Several papers have stressed

have becn studied by numerous workers.

the importance in corrosion of the characteristics of thin oxide
films rather than those of the bulk oxides.

The corrosion product hyédrogen plays an important role in
the aqueous corrosion processes. For example cnhanced corrosion
rates have been observed in some cases,which are belicved to be
associated with the presence of hydrogen. Two general mechanisms
have been put forward to explain how this deleterious effédct of
hydrogen can arise:

a) hydrogen ( as ioms or atoms) may diffuse through

the oxide to be evolved as molecular hydrogen at the

.oxide - meéthl Interfade and so chuse.the mechanical

failure of the filmj¢/1+0)



8

b) hydrogen entry into the oxide may change the

electrical ccmduc’c:i_vity(8 - 10)

of the film by acting
a5 a donor impurity. An increase in the electrical
conductivity of the oxide may enhance the diffusion

of tonma , - resulting in higher corrosion rates.

The hydrogen which has diffused through the oxide may also
dissolve in the metal or form a metal hydride., These processes
are known to cause embrittlement of the metal. This is often
morc damaging than loss of strength of the metal, due to reduction
in area of the metal by corrosion. The exact mechanism of
hydrogen embrittlement is a mattcer of some debate but its
occurrance is beyond question,

Attenpts have been directed towards the developement of
improved corrosion resistant alloys by reducing the diffusion
constants in the oxide film and by increasing the protective
thickness of the oxide.Thege developments have been limited
because of insufficient data regarding the mechanical and
electrical characteristios of,und C(iffusion in, the thin oxice films.

Impedance studies supported by other physical methods such
as optica1(8’ll) (9,11 - 12)and

(13 - 14)

techniques, electren diffraction
weight gain measurements have been applied to the
investigation of the rates of corrosion and diffusion processes
through oxide layers formed on metals and alloys. The oxide
has been considered not only as an ionic diffusion barrier but
also as an electrolyte and a seml - conductor, It has been
suggested that the electronic conductivity may alter the ionic
diffusion rates, the protective thickness of the film and the
hydrogen pick - up of the mectal. All these factors change the

corrosion behaviour of the metal.
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I ~ 2 Present investigation:

Present work was designed to study the thin oxide films
in relation to the corrosion and oxidation of the metals., Attention
was focussed on the transport processes through thir oxicde films,
on metals such as aluminium and zirconium,and the effects on these
transport processes of such factors as pH and composition of the
clectrolytesy and the nature and thickness of the films were
studied.

For this investigation the films studied were produced by
anodic oxidation. These films were chosen in preference to
films procduced by corrosion or thermal oxidation as it was
beliceved that such films were produced morc ecasily and
consistently than corrosion films. As the work progressed it
became clear that thesc anodic films were ncither as
reprocducible nor as free from defects as was originally believed.
As a result of this a substantial c¢ffort was devoted to the
study of thin anodic oxide films, their properties,and how to

produce films free from gross defects.
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SECTION IT

LITERATURE SURVEY
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II - 1 Introduction:-

Pilling and Bedworth (1923)(15)first introduced the concept
of oxide volume ratio to predict whether the oxide formed will
be protcctive or non ~ protective. This ratio is defined by

the equation:

?6 = volume of oxide¢ containing lgm. atom of metal (II - 1)
atomic volume of metal

The theory by which ?6 is rclated to the stresscs in the
oxide,and hence to the oxide failure,is not applicable to
oxidation kinectics where outward movement of mctal ilons takes
place.

Mecasurcnents of weight gain and changes in thickness of the

(16 - 20)

oxide were carlicr cmployed to investigate the rate of

oxidation of a metal. Threc basic laws (linecar, parabolic
and logarithmic),with somc sub - forms,have been found to apply
to the oxidation kinetics.
. . . . (6,16,20)
Oxidce films have been examined for chemical
(5,12,16,20 - 23)and mechanical defects such as

oh .
pores, micro - cracks and bli.s'.ters510’16’20)22&-:-c:ently(19"“LF 27)

composition,

structural features

stress had been laid con the iapoftahée of elcctrical, mechanical
and diffusion characteristics of films for understanding the
mechanisms of corrosion and oxidation of metals.

There is a shortage of data on diffusion characteristics of,
and in inorganic¢ compounds, particularly the oxides formed during
corrosion. The present work was started to investigate the
diffusion characteristics and related properties of alumina
and zircoenia formed anodically.

The literature survey includes a brief revicw of ancdic
films and their characteristics,and a more detailed consideration

of the following:

a) the behaviour of the oxide and its electrical

properties in aqueous environmental conditionss
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b) diffusion and migration processes through the

oxide during corrosion.,

II « 2 Anodic Oxide Films.

I - 2 = (I) Introduction:

(29)

The work of Ounthorschulze and Betz initiated much of

(28)

the present dnterest in the anodie films. Johanson et al.

(29)

and Young heve compiled the recent literature on the subject,
The anodic behaviour of most metals is very scnsitive to surface
preparations, lmpurities, nature of electrolyte and forming
conditions. A pre - existing film may affcct the optical
provertiecs of the anodic film and its adhesion to the substrate
in certain cases.(BO)
The weight of the oxide is generally both current and time
dependent, but the final thickness may be mnodified by the nature
of the electrolyte, which may dissolve some of the oxide., MHost
of the valve metals give filwms with bright interference colours.
The non -~ ionic current usuelly evelves oxygen 1f the
petential is above the reversible value for oxygen evolution

(29)

and predominates at very low fields. Young has introduced
the concept of oxide -~ overpotential analogous to the hydrogen -
overpotential, This is related to the driving force available
for the oxide growth.

The growth of the anodic film is primarily a process of
ionic conduction at high field strengths, complicated by -
transfer processes ot metal oxide and oxide-solution interfaces.
The rate of increase of thickness of the oxide film is given

by the eguation overleaf:
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%% = i%F .oo.ao-oco..o'oocoog-.ooohoonocthO(II - 2)
a §

where t = film thickness
t = time
m
i = ionic current density

M = molecular weight of the oxide
Q = density of the oxide
zF = number of faradays per mole

If the differential field strength (E, = dv where

d ———
dat
v = voltage) is assumed to be constant, then:

9:_ = Ldgf_ = lEdM occ.dtnc.n‘.o.ooc’o-“ti(II -3)
at dtm ?ZF

(29)

It is suggested that the iomnic current density (i) and the

field (E) are related by the following expression:

i = AeXP(BE) vveevsovevocesacasvcscsdonansanes (Il =~ &)
where A and B are constants.

This equation also expresses #5® ionic transport processss

Films produced at high current probably have high leakage
current. This may imply more imperfections, but the film, due
to its greater ability to deform in the presence of ionic fluxes,

is often more free of mechanical flaws.

IT =« 2 - (2 ) Oxide Film Thickness Measurements:

Measurement of film thickness is of fundamental importance

in the study of growth kinetics and other properties of oxides.

(31 - 36)

Several workers, using optical and other methods, have

determined the thickness of barrier~type anodic alumina films.

The spectrophotometric method has been successfully employed

(37 - 40)

for both anodic and corrosion filwms on some metals.

Studies of optical properties of oxides have been reported in

(29,31,39 - 42)

several papers.
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IT - 2 - (3) Structure and Nature of Anodic Alumina Films,

(43 - 47),

have examined anodic alumina films using

Many workers
optical, electron microscopic, and electron diffraction methods,
Thin barrier - type oxide films have been shown to be

(46)

and to replicate surfacc details of the

(45) (46)

cell structure for these films similar to that df porous films.

amorphous in nature,

(k6 - 49)

metal, Franklin and Stirland et al,

have reported a
Arcas of crystalline 8 - alumina have been found to develop as
randomly distributed cylindrical columns, passing right through
the amorphous layers at formation potentials exceeding 100
voltsgu6)Pryor(48)has vroposed the g - alumina structure for
anodic films ( 40 - 100 volts) formed in boric acid or ammonium
tartrate solutions.

(31)

Hass examined 10 - 150 volt films formed on evavporated

aluminium mirrors in 3-0% tartaric acid solution (pH5 5 adjusted
with ammonium hydroxide). He reported these films to be free
from pores, and without any cell structure. A diffuse electron
diffraction pattern was observed., Other studies(qg)gave
evidence of fine pores all over the surface.

The pore size in porous films has been shown to be .
dependent upon the forming electrolyte, and indewendent of
w.l'oltage.(L'LB - )

The barrier - type film can contain a hydrated zxide, am
anhydrous amorphous: oxide and crystalline :6- allum:'\.nst.(50 - 51)
Variations in thickness of the oxide on a microscopic scale have
been revorted,together with holes and cracks which can be

=
penetrated by electr01ytes.(30 - 51)

(35)

The barrier - type anodic
alumina has been shown to contain anions from the electrolyte
as part of its structure,

Dorsey(SZ)has recently observed that the thin barrier layer
beneath the porous oxide gives an infra - red absorption band with

the alumina trihydrate region.
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IT - % Properties of Oxide Films and Metalli¢ Corrosion.

II - 3 ~ (I) Introduction:

The oxide films,formed under different oxidizing conditions,

have been divided into the following regionsi

c
a) very thin films (£ 100A);
Q
b) thin films (100 - 10,0004);
¢) thick films (>1D,OOOX).

The thin film region may not be exceeded on some metals, even
at relatively high temperatures.

18,
Wagneele classical theory(l6’ "8

is applied, within its
limitations, to the oxidation of metals and alloys in the thick
film region. Diffusion of ions through the oxide is the rate
controlling process for oxidation.

Hott and Cabrera(ls'lg’25 )

model for thin films,based on liot$ - original theory of electron

have put forward a modified

tunnelling for very thin films. ZElectrons tunnel in a quantum
mechanical manner through very thin film, and produce oxygen
ions which generate a strong electric field, The oxidation
process 1is electric field controlled, which pulls out cations
through the oxide.

Uhlig(asaproposed a theory in which the transfer of
electrons is considered as the rate controlling process, rather
than cation migration. He has suggested that the electronic
work function of metals is the energy required for electron

transfer.

II - 3 - (2) Conductivity of Oxide Films

Thin films exhibit both ionic and electronic conduction,
Electronic conductivity has been considered as one of the
important properties of the oxide which influences the corrosion

(7,24,26)

rate directly, or indirectly. The presence of traces

of impurities in these oxides may bring about marked changes



16

in conduction.

The specific conductivity of oxidation products, ranges from

10_16 to 10° ohm"1 em™ (approximately) depending upon the extent
of participation of electrons in conduction.
Pryor et ~1 ,(12'48’53’54)investigated the effect of various

anions on the specific conductivity of anodic aluminium oxide.
They have suggested that chromate ions are very strengly
rdzozrbed on the surface of the oxide and produce a barrier
against the entrance of the hydrogen and hydroxyl ions into
the oxide, During immersion in sodium fluoride and chloride
solutions, the anodic alumina films have been observed to show
large increascs in specific conductivity. This is not
associated with thinning or corrosion enhancement.
(12,48,53,54)

Pryor andco-1dzliors have assumed that

OH™ ', €17 and F~ ions enter the oxide and exchange with

oxygen ionz of the oxide lattice forming n - type defects.
These defects increase the conductivity of the film. They have
also pointed out that the exchange is perhaps not uniform on

a microscale, and occurs preferentially at structural
discontinuities such as grain boundaries, dislocations and
other internal surfaces in the oxide film., Under similar
conditions SO4™~ ions do not apvear to enter the oxide lattice

of the thin surface oxide film significantly.

II - 3 - (3) The Electrolytic Nature of the Oxide:

It has been suggested that the oxide barrier layer acts as
an elecﬁglyte and a semiconductor.(zq)lt seems possible from
such considerations that the electronic conductivity significantly
affects ionic diffusion and the hydrogen pick -~ up. The partial

reactions involved in metal oxidation are:

2M‘*2M++ + L"e—c'oc-uoococ..o.loc...ocl-t--.(II L 5)

at the oxide-metal interface.
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02""‘,20-- — "-I-e_ ...l-co..ol--tlocltl!OCOOCO"(II - 6)
at the oxide-environment interface.
++ ——
2M +20 ""-’EMO u-ooooco-aovot.nuoo-uuoo'l'(ll"'7)

ionic diffusion,

These reactions give an excess negative charge at the oxide -
metal interface, and an excess positive charge at the gas -~
oxide interface. The electronic conductivity of the oxide will
tend to diminish the charge difference across the barrier film
and facilitate ionic diffusion through the oxide,

(7,24)

In the czxse of aqueous corrosion the vartial reactions
may be written:

4

2H20—-920H‘ # 2H s eeesnesvecsceresscnensseaslIl = 8)

in the solution.

ZOH.—_—QZO——'F 2H+ l..'l.l.00........0....."..(11 _9)

at the oxide - solution interface.

2M"’"’2M+++[+e~ lll......'..l.....0.0.......(11 _lo>
at the oxide -~ metal interface,

2M++ + 20_—-—-—-;21‘40 o.---ooo--oc-c-cooo.o.o-cl(II - ll)

by diffusing species.

Fror consideraticn of these reactions a concentration
gradient of 8" ions scems likely which, together with the excess
negative charge on the metal, produces a potential gradient,

The protons can decrease the charge difference across the oxide

by ciffusing under the nctential and activity gradients,or the
electrons may diffuse and dischsrge the protons. The oxide

behaviour, and the various poszible reactions involved in

agqueous corrosion,are depicted schematically in Fig.(l).

There may be other possible reactions, e.g, reduction of oxygen

at the solution -~ oxide interface. The total conductivity
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of the film is given by the expression:

gt = gi + ge ..'.""....".'...l.l.’....(II ‘-12)
where g, = total conductivity.
g, = electrolytic conductivity.
g = electronic conductivity,
e

II - 3 - (4) Semi - Conductivity of the Oxide:

The asymmetric electrical character of the oxide on a
vhlve - motal suggests an asymmetric structure for the oxide

(25s27v35)that thin oxides

layers. Indirectly, it has been shown
depart from stoichiometry anc wmay contain c¢xcess cations and / or
oxygen vacancies near the oxide - metal interface. The metal -
rich layer beh.ves as an n ~ type semiconductor anc the oxygen'-
rich layer as a p -~ type conductor, Van Geel ¢t al.,(56)
interpreted impedance measurements on aluminium oxide films in
terms of a layer structure. An intrinsic oxide layer is suggested
between an n - type conductor near the oxide -~ metal interface
and a p ~ type conductor at the oxide - electrolyte interface.
Sirilarly, Sasaki(57)represented oxide films on tantalum.

The variation in oxicdation rates of metals results in part,
frow the difference in the type of defects in their oxides,
For example, CuZO in an environment of oxygen,shows a significant
concentration of copper ion vacancies and positive (electron)
holes, which allow for an enhanced diffusionr of the copper ions
and of electrons, While the Ale3 lattice supports only a small
concentration of lattice defects, hence it exhibits low diffusion

The defect structure of the oxide has a meajor influence
vupon its ionic diffusion characteristics, influencing the growth
of the oxide and its subsequent rceactions with. the surrounting
environment. Direct experimental data on the distribution of
defects in thin films have been difficult to obtain, and there
have been some assumed models of distribution of defects in the

oxide.
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(58)

Heckelsberg and 6o-workers - have determined the
conductivity of both p -~ and n - type semiconducting oxides
before and after hydrogen absorption, It has been shown that
hydrogen, whiéh acts as a donor impurity, increases the
electronic conductivity of an n - type oxide and decreases that
of a p - type oxide.

The harmful effectis of the corrosion product hydrogen have
been explained in terms of mechanical effects on the oxide or
oxide ~ metal interface. More recently an ex;»lanation has bheen
proposed(8 . 10’25’59)where hycropgen is tresated as an.alloying
element. It is considered to be incorporated as H+ or OH™ in
the oxide, producing a change in the semiconductivity of the
oxicde, In order to maintain electrical neutrality electrons
must enter from the metal. Tals results in a different rate

of corrosion of the metal and enhanced hydrogen pick-up.

IT - 3 - (5) Mechanical properties of the Oxice.

The nature of the stresses set up in oxide films on metals,

(60

depends upon the nature of diffusing species, )surface
characteristics,(6l)expit3xy and growth conditions.(62’63)

The volume ratio has been found in some cases to provide
a qualitstive estimate of stresses developed in oxides,

(8,64)

Alloying elements have heen shown to change the
mechanical, and some physical properties of the oxide. Oxide
films usually cdeviate from ideal bulk howogeneity under
different regimes. For example,pores, cracks, and blisters have

P
been reported(lg’lo’ao)in

thiese films, formed on various metals,
The mechanical breakdown of a zo00d protective oxide will lead to
increased oxidation rates., This breakdown is believed to arise,

in some cases, from failure cdue to stresses grown into the film,
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IT - 3 - (6) Diffusion and Migration Processes:?

The phenomenon of c¢iffusion through the oxide films is of
fundanental significance in corrosion studies. The rate of
oxidation of metals in any environment is dependent upon the
kinetics of migration of the reacting species, assuming that
a continuous layer of oxide is formed on the surface.

Diffusion of ions and clcetrons is further inllucnced
by phase - boundary rcactions, anc¢ the presence of chemical
ané potential gradicnts within the oxide Film. Other significant
foctors include nucleation ancd crystal pgrowth of the reaction
product, and the thermodynamic stability and crystal structure
of the oxidation layer and the netal,

The electrolytic nature of the oxide zllows the <diffusion
and migreation to occur, the extent of diffusion depending upon
the lonic conductivity of the oxide. These processes are also
influenced by the electronic conductivity of the oxide,

The data for diffusion of ions through the oxide are scarce,
The parabolic rate law of oxidation of metals has been
interpreted as arising from a diffusicn controlled process., The
flux of reacting zpecies throucrk the oxide laver (Jx gm/cmz.sec.)
has been related to the rate of weight gain (dw/dﬁagm./cmz.sec.)

by the following eguation.

JX=D_d__€ _ g‘_’i !Z'KQ./CEIE.SEC. cnoo-o-.o.loa(II —13)
dx dt,
where D = cocfficient -of diffusion
x = oxide thickness
C = concentration of ions.

In order to maintain elecctrical neutrality within the oxide,
usually one ion specles and sither clectrons or clectron holes

are the diffusing specicsg
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Assuming that at equilibrium the conccntration difference
{(C, - C ) of reactant across the oxide layer is independent of
its thickness (x)
= D(Cl Lod CO) Gt = D(Ci - CO> dE’l -coa-oc(II Lad 111')

I
x Kw

x preceding weight gain.

Inteagrating gives:

GD(C -c)%té ceconsevsesasessesese(II ~ 15)

where Ci is the rcactant equilibrium concentration at metal -~

oxide interface
and C_ the concentration at oxide - atwmosphere interface

which depends upon oxygen pressure.
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ITI -~ 3 - (7) Adsorption of Ions:

Pryor(65)

has suggested that ions tend to adsorb on an
aluminium electrode covered with a thin layer of continuous
oxide, producing an electrostatic.field. The electric field due
to adsorbed anions,which :depends on the anion diameter and its
valency, enables aluminium ions to migrate across the oxide.
The rate of transport of aluminium ions from the metal - oxide
interface to the oxide - solution interface is considered to
be an exponential function of the field strength and also
dependent bn the defect structure of the oxide. Cation
adsorption, on the other hand, »nroduces an electric field
allowing transfer of electrons from the metal -~ oxide interface
towards the oxide - solution interface.
Modi et al.(66)
+

H , OH and 0ﬁ04“" ions are strongly and specifically

(67)

and O'Connor et al. have shown that

adsorbed on ‘torurtdumThe hydrogen ions adsorbed on an oxide
covered electrode will tend to accelerate the electron migration
through the oxicde lattice.

IT - 3 % (8) Permeation of ions through seperated Oxide Films.

(63)

Burwell

a membrane of separated porous alumina. He showed that potassium

first investigated permeation of an electrolyte through

chloride and petassium nitrate penetrated the film at approximately
equal rates., He suggested the presence of a comparatively
impervious layer in the porous oxide films.

Mitchell and Solomon‘®9)

isolated 100 volt zirconia films to potassium nitrate, They

studied the permeability of

have suggested on the basis of a'higher codbserved actitation
energy for permeation through the oxide than through water,

that the process is not simply diffusion through oxide pores,
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II - 3 - (9) Impedance Characteristics of Oxides.

An oxide covered electrode can be considered analogous
to a parallel plate condenser, with oxide as the dielectric
and the metal and solution as plates. The film, however, is
seldom a perfect insulator due to its defect structure,

A simple analogue consisting of a capacitor and a resistor
in parallel, has been used to reprcsent the oxide film, by many
workers(8’25'7l - 72). It is recognised that both the capacity
and the resistance are frequency dependent, The equivalent
impedance of the oxide is in series with the impedance of the
Gouy -~ Chapman -~ Helmholtz double layer, in a solution. A.C,
(8,29,73 - 75)

impedance measurements have becn applied to study
both anodic and corrosion films. Frequency dispersion
measurements help to detect pores and fissures in an insulating
dielectric film.

In the case of an ideal capacitor Rp is infinite or RS
is zero, as the voltage and current would be out of phase by
90 ., The thase angle ((J) in an actual dielectric capacitor
deviates from 909, This deviation ( 909 _gﬁ) is called the

"loss anglel! 6 It can be shown that tané =®C R= e
g shOC R

and is known as the'loss tangent?., Abnormally high frequency
devencence of the capacity, anc a higher tan 6 y indicate flaws
in the film.

Recently impedance measurements(?l475)have been applied to
the study of the aqueous oxidation of such metals as Ti, U, Zr,
V and Al andé some of their alloys. It was observed that the
inpedance of these metal electrodes changes as a function of
cathodic polarization and this was interpreted in terms of the
entry of hydrogen during this polarization. The abnormally
high capacities of electrodes of Ti, Nb, U and V, covered with
an oxide film, observed by these workers, have been explained

in terms of a chemical reaction:
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(faradaic capacitance) involving a change of cation valency i.e.

M2+02-+H++e—""M+OH- ..Q.:oot.'lc.lt'tl.l..(II _16)

which contributes to the total capacity.
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SECTION III

EXPERIMENTAL METHODS




26

II1 -~ 1 Introduction:

The experimental techniques are considered in the following
order; preparation of the oxide films, determination of their
thickness, optical, electron microscopic and electron diffraction
studies, and investigation of electrical and permeation character-

jistice of the films.

ITI ~ 2 Preparation of the oxide films,

The characteristics of barrier type anodic films are influenced
by a number of factors during growth, such as the nature of the
electrolyte, its pH and temperature, electric field, substrate
treament and the ultimate thickness of the film. Great efforts
were made to optimize the growth conditions, which were carefully

controlled during these studies.

ITI - 2 - (1) Materials.

Aluminium foil* (0,25 mm.thick) 99.99% pure and gzirconium
sheet? (0.30 mm.thick) 99,8% pure were used during this work,

The impurities in zirconium were as follows (in p.p.m.):=~

HEf 65 -~ 100

Fe LOo - 600
O2 1000 - 1100
Sn £ 100

Others < 50

§upplied kindly by *Star Aluminiug Co.Ltd., and
Imperial Metal Industries Ltd., (U.KJ)
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III - 2 « (2) Specimens.

(a) Shape and size:

A standard size and shape of specimens was developed and
retained for convenience of operation throughout the investigations,
The specimens were cut, in one piece, from the metal foil or sheet
in a shape of a "flag" 2 x 2 cm. with a "pole" (0,3 x 2 cm.).

See Fig.2a,

(b) Deegreasing:

The specimens were washed with methanol and acetone

successively and allowed to dry in air at room temperature,

(c) Annealing:

The aluminium specimens were annealed at 350°C for sixty
minutes in air, using a pyrex glass container, For the
zirconium specimens a guartz sealed tube was used as a container
and the specimens were annealed at 78097 for sixty minutes

under vacuum initially better than 1 x 10“4 mm, Hge

IITI - 2 - (3) Solutions used for surface preparations

anodizing anc isolation of oxide films,

AR, grade reagents and distilled water were used in making
the solutions for the reswective metal to be treated and ancdized.

Unless stated otherwise the solutions werc agueous.

(a) Aluminium.

Solution I for (alkaline) etching: 100 g/l NaOH,

Solution II for washing after etching: 350 g/1 HNOB.

Solution III for (acid) etching: 5ml nitric acid (sP.gr.l.RE),
2 ml hydrofluoric acid (40%) ané 100 ml water.
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Solution IV for electropolishing: 200 ml of perchloric acid
(spogr. 1.48) mixed with 1 litre of absolute ethyl alcohol,
Solution V for electropolishing (chromic - phosphoric -
sulphuric acids): 155 gm. of chromic acid anhydride, 617 ml.
of orthophosphoric acid (sp.gr. 1.75) 134 nl. of concentrated
sulphuric acid (sp.gr. 1.84) anc 240 ml. of distilled water.

For anodizing aluminium the following solutions were used: -

Solution VI 30 g/l ammonium borate pH9.0t 0.1 (unless stated
otherwise) adjusted carcfully with ammonium hydroxide

(sp.gr. 0.88).

Solution VII 30 g/l ammonium citrate pH 9.0+ 0.1 adjusted with
ammonium hydroxide (sp.gr. 0.88)

Solution VIII 30 g/l tartaric acid pH 5.5 adjusted with
amronium hydroxide (sp.gr. 0.88)

For stripping off alumina films,

Solution IX 150 g/l iocine in metharol (anhydrous).

(b) Zirconium.
Solution X for etching: 10 ml. of 40% hydrofluoric acid, 40 ml,
concentrated nitric acid (sp.gr. 1.42) and 50 ml, of distilled

water.

Solution XI for anodizinr: saturated solution of ammonium borate
pH 9.0+ 0,1 adjusted with ammonium hydroxide (sp.gr. 0.88)
Solution XII for arnodizing: 10 g/1 KOH.

Solution XIII for anodizing: 0.2N Na2003

Ter strippins off zirconia films,

Solution XIV 120 g/l bromine in ethyl acetate.
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III - 2 - (&) Surface preparations.

(a) For Aluminium

Etching: Two different chemical ctching treaments were
used, The specimens were etched in the sodium hydroxide
solution (Solution I) for four minutes, dipped in the nitric
acid solution (Solution II) for about 10 seconds and finally
washed with distilled water. Somc specimens were etched in
Solution III for 30 - 60 seconds and washed with distilled
water,

Electropolishing: Some specimens were electropolished in
the perchloric acid - ethyl alcohol solution (Solution IV) for
2 minutes at 10%¢ using a current density of Q.2 A/cm2 at about
20 volts., The specimens were then washced with methanol and
finally with water.

A number of svecimens were c¢lectropolished in the chromic -
phosphoric - sulphuric acids solution (Solution V) for two
minutes at 80°C, employing a current density of 0.25 A/cm2 at
about 15 volts. These spccimens were then washed with distilled
water,

Tlectropolishing and ctching: Somc of the electropolished
specimens were also etched in Solution I andé subsequently washed

with nitric acid, Solution II, ané¢ distilled water successively.

(b) For Zirconium:

Only chemical polishing was used. The specimens were dipped
repeatedly in hydrofluoric - nitric acidgetch (Solution X) and
flushed with distilled water till a bright and unpitted surface

was obtained.
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ITT - 2 ~ (V) Anodization:

The "poles" of the specimens were initially anodized for

insulation purposes to a potential about 50 volts greater than
that intended for the main body of the specimens. These anodized
"poles" of some specimens were further coated with Lacomite
(Fig.Zal) to ensure complete insulation during impedance studies
.Pf the oxide covered specimens., The "pole!" ends were abraded to
allow good electrical contact.

For oxide "window" formation a central portion on one side
of the specimen was stopped off with Lacomit prior to anodization.
See Fig.2b, A current - and voltage - stabilized d.c. power
supply unit was used., The¢ unit operated as a constant current
zenerator below the preset voltage and changed.gver *$o ‘the
constant voltage mpde automatically over an interval of 0.5%
of the pre - set voltage limit,

The specimens were anodized at a svecified current density
to the required voltage. It was then possible either to switch
off the current at the required voltage or allow the currcent to
decay at constant voltage. This voltage was held constant
e¢ither for a spccified time or until a certain specificd leakage
current was reached., To obtain flat aluminium oxide films which
were slightly under tension, a growth current density of 1.0
m;A/cm2 was used(76). Consicderable offorts were made to produce
ziroonia "windows" waich were¢ (a) free from pores and (b) flat
slightly unéer tension., For thesc purposes differcent zrowth
conditions current densities 0,1 - lOmA/cm2 and forming
electrolytes - solutions XI - XIII werc cmployed. Pore free
gtripped - off oxide films were successfully obtained by using
Solutions XI and XII and stripping Solution XIV a2t room

temperature, It was not possible to obtain films which were
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either stress free or under tensile stress. These isolated films
tended to wrinkle and it appeared that the zirconium oxide was

growing under compression,

Formation of oxide "windows',

The central stopped off portion of the specimen was scratched
gently and very carefully after peeling off the Lacomit with a
sharp blade. Fig,2(d)

(a) Alumina:

The atodized aluminium specimens were then immersed in the
iodine - methanol solution (Solution IX) at 55%C for about 1 -
l% hours to dissolve away the exposed metal in the centre, see
Pig.3(a). The oxide "windows" so formed werce washed thoroughly

with methanol and allowed to dry in air at room temperature.

{b) Zirconia:

For anodized zirconium specimens the bromine - ethyl acetate
(Solution XIV) solution was used at room tempcrature for an
immersion time of about 12 ~ 14 hours. Se¢ Fig.3(b), The
zirconium oxide "windows! were washed with ethyl ecctate and
methanol and allowed to éry at room temperature. A.R. grade
anhydrous reagents were uscd for stripping thesc oxides and
solutions were changed aftcr isolation of about 10 specimens

to avoid accumulation of moisture.

IITI - 3 Determination of filwm thickness and its optical properties

A nunmber of mcthods may be used for measurement of films
thickness e.g.

(a) Metholds based on Fsraday's Law.
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(b) Gravimetric methods.
(¢) A.C. Capacity 'methods.
(d) Optical methods.

The methods (a) (b) and (¢) have certain limitations
due to difficulty of dctermining precisely the paranmeters
involved: such as true urface area, density and conposition
of the film, current efficiency of growth and dielectric
constant of the film material. Moreover these methods becone
unapplicable curing experiments with thesc films in after -
growth investigation, especially when the film has been

separated from the metal base.

IIT - 3 » (1) A.C, Capacity:

The inverse a.c. capacitance of the film is rclated to its

thicknecss by the expressions

_1... Ll‘ﬁt (in e.s.u.) o-ooo'uo-octoodocoo.ooc.(III -13.)

c €A

Ll"ﬁg x 10"t (in farads) uo.ooooooocooooooo(III - lb)
€A

where
= capacitance,

dielectric constant of the oxide,

¢ M o
i

= thickness of the oxide,
A = area
assuming the film to be a flawless insulating dielectric,
During present work the capacity:. measurements of film
on the metal were calibrated against the spectrophotometric
optical method described in the next section.
The capacitance was determined using a Wayne Kerr bridge
(1592 cps) and a specially constructed rectangular shape

(1.25 x 2.5 x 5 cm,) counter electrode made of stainless
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steel gauze., The oxide covered electrode with the insulated
"pole" (Fig.2a) was located inside the stainless steel
rectangular electrode immersed in the electrolyte,

The capacitance of the oxide was recorded after five
minutes from switching off growth current. In case of films
which hawvk been dried at room temperature while out of
solution, a time of about sixty minutes was allowed for

immersion prior to capacitance measuremcnts.

TIT - 3 (2) Optical methods:

The spectrophotometric method is potentially one of the
more usceful of the non - destructive methods, provided the
refractive index of the oxide, the net phase shift at the
interfaces and the order of interference are known. This
method was used and found most probably the quickest, most
convenient and precise for determining a wide range of oxide

thickness both on and off the metal base.

(a) Instruments:
Both Unicam $.P.700 and Perkin Elmer 450 instruments with
wavelength range from 20002 to 2.?}&were used during these

measurements, Calibration was carried out using reflectance
attachments at angles of incidence of loc’and 45<)for reflection
from stripped films or oxide films on the metal and transmissicon
through stripped films at normal incidence. Three different
modes of interference minima measurements wecre employed for
each specimen during calibration experiments. These were:-

(a) reflection from oxide on the metal.

(b) reflection from stripped films.

(¢) transmission through stripped films,
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(b) Theory:

A schematic diagram in Fig.%. shows the optical path
aifference for a uniform transparent thin film for the three
different configurations.

For Case 1, tae condition for minimum reflectivity is

given by the expression(77):—

27)t CO»‘3¢,+ f (A) =(2m—l)A -o--oocoovoc(III - 2)
2

where

cf
]

thickness of film

A

= angle of refraction

wavelength of incident light

B DA
I

= an integer, corresponding to the order of interfercnce.
f(A = a path difference duec to net phase shift (Q).

For maximum reflectivity the above equation can be re-written

217t c0596/+ f (),) = M A veeovecsscsssorsnee(III = 3)

Putting t = kl

anodizing voltage (under specificd growth conditions) and

V in equation (III - 2), where V is the

]
kl = A /V for the given anodizing conditions.
Therefore: -

Qq7kl v+ AD = (2o - l)k onuacooooooooooooc(III - 4)

O<Ao<A

cos ¢’= 1 at nearly normal incidence angZ_Le (~ 10°)
mv’ Acz (2m-l)) o.oo-oo.oo.no'QQCOO'o(III "‘5)

where ¢X = L}‘T)k.l 0.0.0ocaaootooaco.oco...lt.'...C(III - 6)

For rcflection, film stripped off (Case II)

O(V = 2(m - l)} ..o.-ca.a.on-coo-oo’o.oooo(III - 7)
because )\‘,:A, the path difference corresponding to the net
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phase shift on reflection from the alir - oxide and oxide -

air interfaces,

For transmission, film stripped -~ off (Case III)

XV = (Zm - l)x o....occv-v-ooooo'o-ocoaob-o(III - 8)

because }o =G

(c) Refractive index measurements:

The determination of the refractive index of the film
was a requirement of the spectrophotometric method for
estimation of the film thickness, Two methods were used for
finding the refractive index of the oxide both employing
isolated alumina films.

(29),

Becke method : Fragments of films were immersed in

mixtures of bromoform and ™ - bromo - naphthalene and examined
under phasc contrast. The composition of the liquid mixture
was acdjusted till the film fragment refractive index and that
of the mixture of these liquids matched. The light source

was the Hg 54608 1inc.
(78)

Banter method Anodic alumina e=tde windows were

used during these measurements. Equations (IIT ~ 2 and 3) can

be re-written: -

9)

21)1: COS¢,+ >\°= (2m—l) 3_ coa...;oaooooa(III

(for minima) 2

th COS¢,+ k°= mA ...-.....o.nocuoooso-.n(III - 10)

(for maxima)
By puttingx=2rﬂ OI‘ (Zm-l) .obno.ooc..‘b...!!.!(III "'ll)
and )\o =0 (Case TII)

Ll‘nt COS¢’= Xb\--cncnatoonooooiltltlo‘l‘l‘l.ll(III 12)
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At normal incidence (cosﬁﬁﬁ’: 1) the interference was determined
for the alumina "window". By rotation of this oxide "window"
the angle of incidence was increased, such, that at a certain
angle of incidence (say¢‘3 the given order minima or maxima was
shifted exactly to the position of its immediately adjacent

maxima or minima at normal incidence.

COS¢’= value of X at normal l.l..l..(III - 13)
value of X atgﬁoincidence

(for thst angle of incidence)

The refractive index was found out by applying Snell's Law

©
giiiiz—% =’v ..l'l"000.0.00'0'!OOOCCOOCCO(III —11'{')

III - 4 Optical, electron microscopic and electron
diffraction studies:

The transmission microscopy and electron diffraction
studies were used to determine the homogeneity and nature of
oxide films after growth anéd any changes involved during the
experiments after their formation. The optical microscopic
examination of the films was made on and off the metal base,
Some films were examined by the scanning electron microscope.
For this method of investigation a very thin layer of silver
was deposited by evaporation (under vacuum) over the oxide to
reduce the build up of static charge which reduced the
definition obtainable during examination. The transmission
electron microscopy and electron diffraction studies of these
films were made on Hitachi HU - 11 electron microscope using
an accelerating voltage of 100 KV.

[ -]
Anodic alumina films upto 4200 A in thickness were
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examined, These films were formed on surfaces with different
preparations. Thin films were examined directly while some

thicker films were thinned down in the following solutiocus: -

(2) pH 9,7; buffer solution (0.2 N.Ncho3 + O.2N.Na2003)
at room temperature.
() 0.1M.K Cr0, solution pH 13.0 (adjusted with KOH)
at room temperature.
(¢) chromic - phosphoric acids solution at 80°%C
(20 g, chromic acid anéd 35 ml. of 85% phosphoric
acid, per litre of solution.)
Electron microscopic studies were also made on those films on
which experiments were carried out after growth. This
examination greatly helped in interpreting the results of

these investigations,

III - 5 Electrical characteristics of the oxide on the nmetal:

The oxide filmg covered specimens shown in (Fig.2a) were
immersed in different solutions of various pH values and
containing a variety of ions. The impedance of the film was
measured in situ using the Wayne Kerr bridge normally at
1592 cps. The special rectangular counter electrodes
described in section (III -~ 3 - (3)) was employed. For
impedance determinations at different frequencies an external
signal generator anc a detector were used and the bridge was
disconnected from the a.c. power supply.

The solutions used contained combinations of the cations,
k", ma’, wH,”, ané anions OH™, Cro,”", co5™", HCO5™, 80,77,
L7, in order to study their effect on the alumina films on
the metal without involving any reactions with aluminium

ions from the substrate.
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IITI - 6 Measurement of the electrical characteristics of
isolated oxide films:

IIT - 6 - (1) Apparatus:

The method developed is based on the technique used for
measuring the conductance of electrolytes. The essential
features of the technique are shown diagramatically in Fig.5,
where circuits are given for usc with direct and with
alterrating currents. El and E2 were the main electrodes in
the cell AA which consisted of two symmetrical half cells.
The standard calomel electrodes cs1 and cs, were connected to
each of the half cells with Luggin capillary probes Fl and
Fa. These sensing probes Fl and F2 approached as closely as
possible ( 1 m.m.) the opvosite surfaces of the film
diaphragm when the cell was assembled for measurements.

A standard resistance was connected in series with the
cgll. The potential drop across the @ensing probes Fl and
F2 and across the standard resistor was measured continuously.
A constant -~ current generator was used for passing direct
current through the main clectrodes, (El and Ez). For A.C.
measurements a low amplitude sine - wave source at low
frequency (A 50 cps) was employed. It was assumed that the

curreat through the cell obeyed Ohm'‘s Law,

IIT - 6 - (2) Procedure:

The experimental procedure is described below: -

(1) 99.9% purity aluminium sheet (5 x 5 cm by 0.15 cm thick)
with a central hole (0.62 cm diameter) was placed between
two silicone rubber washers of the same dimensions such that

the holes were concentric Fig.6. These washers rested on a



vertical flange and the aluminium sheet made the asscmbly
inflexible and rigid, The silicone rubber and pure aluminiud
were chosen to avoid contamination of the electrolytes. The
oxide "window" was 3laced over these washers and another
silicone rubber washer of the same dimensions was carefully
positioned above it. PFinally the oxide "sandwich" was held
firmly in placce by means of a seconé flange Fig.6. After a
few hours the uvper flange was removed and a careful visual
examination was made with a masnifying glass to locate any
wrinkling within the film, Those films which wrinkled:ﬁgping
this operation were rejected. The assembly was ready for

mounting into the cell,

(2) The oxide film assembled above (1) was held in between the
flanges of the two half cells. These flanges were held tightly
together by clamps., The silicone rubber washcers were used

without any grease and worked successfully without leakage.

(3) The two half cells were filled with the electrolyte carefully
at approximately constant flow rates manually to avoid damage
to the film arising from pressure differentials in opposite

halves of the cell,

IIT - 7 Heasurement of extent of nermeation through isolated
films by lons:

A cell was designed Fig.7. for measurement of rate of
permeation of ions through the oxide film. It consisted of
two half cells each provided with flanges to hold the oxide as

a diaphragm in Got-ecn,when these flanges were clamped

together., The procedurc for assembling the oxide diaphragm is
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described briefly as in section(III - 6 -(2)). Two platinized
rlatinum clectrodes were fixed into one of the half cells for
neasurement of conductance of the conductivity water with
wiich this half of the cell was filledj a semi - micro

stirrer was used to cwnsure good mixing. Great care was taken
during mounting the oxide diaphrasm end filling the two half -
cells with known equal volumes of the electrolyte and the
conductivity water, separately, at approximately constant

flow rates.

The change in conductance of the conductivity water was
measured with the help of the Wayne - Xerr bridge (Universal
bridge B221). There was not any need to replenisk the
e¢lectrolyte in the half cell. The cell constant of the
ﬁalf - ¢ell which functioned as a conductivity cell was
determined using 0,02N KCl solution,

Blank exjeriments were carricdé out with conductivity
water in both half - cells with and without the oxide
diaphragm extending over periods of six days.

Arother method of mounting oxide films as diaphragms
was tried. This time the oxide "window" (without "pole")
was mounted with Araldite to the¢ aluminium sheet washer
making sure that it was completely water tight. This was
finally held between two silicone rubber washers and mounted
hetween the flanges of the cell as a diaphragm. Thc washer on
the araldited side of the sheet had a larger (2 cm diamecter)
hole to avoid Araldite and thus enable it to rest on the

aluminium sheet.
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SECTION 1V

RESULTS
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IVT - LA. IQE;:OQthiono

The results are reported in two major groups as

follows:

(a) sStudies of growth characteristics of anodic films,
their properties snd thickness neasurements, and microscopy
(IV - 1 - 3)

(b) Studies of characterised alumina films in regard to
heir electrical properties, permeation characteristics in
variety of solutions under different conditions, using as nmany
techniques as possible., These results may be employed in an
indirect mechanistic approach to the«phunoiiendh of corrozions.
Further work on zirconia was dropped due to shortage of time
and these results (IV - 4 - 6) were obtained employing anodic
alumina films formed in 30 g/l ammonium borate solution
(pH 9.0, 20°C) at 1.0 mA/cm2 and 10 minutes at voltage.
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IV -~ 1 Anodizing Characteristics.

IV - 1 (1) Voltare vs time,

(a) Effect of different electrolytes:

Fig.8. shows the potential vs time plot for ammonium
borate, tartrate and citrate solutions (pH 9.0) at 1.0 + 0.02
mA/cm2 and 20°C using both etched and electropolished aluminium
specimens. The electrolytes were previously saturated with
A7 jons by pre . anodizing several s»necimens in the solution.
There is a tendency to non - linearity in the voltage -~ time
plot at about 250 volts for ammonium tartrate and ammonium
citrate solutions under these conditions. Evolution of oxygen
caused this decrease in current efficiency and an earlier
breakdown occurred in these solutions as compared to ammonium

borate solution.

(b) Effect of surface preparation:

Fig.9. shows the voltage vs time graph for the formation
of an anodic oxide film on annealed aluminium specimens, of
different surface preparations. The same current density
(1.0 + 0,02 mA/cma), solution (30 g/1 ammonium borate, pH 9,0)
and temperature (20PC) were used in each case. The potential -
time plot was linear upto tne breakdown voltage. The film break-
down occurred for differently treated specimens in the order
untreated (air - annealed), etched, and electropolished between
390 -~ 420 volts. Their reproducibility was good for electro=-
polished swecimens; however, reproduction of the same true
surface area by etching was found to be difficult unless the

etching conditions were carefully controlled,
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{c) Effect of pH:

Measurements were made in ammonium borate solution of
various pH values (8.1, 9.0 and 10,0), other conditions of
oxide growth being the same. Fig.lO0. shows that the potential-
time plot for pH 8.1 was linear for all different surface
prerarations, waide F6r pH 10 the curve was irregular and showed
an "induction" period, For pH 9.0 see Figs.8 - 9. for
potential - time plot.

In 30 g/l tartaric acid solution (pH 5.5) the break.
down of the film occurreé at about 250 volts, which is
earlier than in the same solution pH 9.0, under the same

anodizing conditions.

IV - 1 - (2) Inverse capacity vs voltage.

(a) For anodized aluminium: Films were grown in ammonium
borate solution (30 g/1, pE 9.0) at 1.0 mA/cm 2 and 20°€C,
using differently prepared specimens (lair - annealedf, etched
and ¢lcctropolished) to various ultimate voltages. For one
series of specimens (a) the anodizing current was switched
off immediately on attaining the required voltage, for a
second scries (b) the current was allowed to decay for 10
minutes at voltage. Capacitance and conductance in each
case were measured at 1592 cps five minutes after the anodizing
current was switched off. The capacitance values thus obtained
were reproducible within + 3.5%.

Fig.ll. shows the inverse capacity vs voltage plots
for series (a) and (b). Similar experiments were carricé out

in other electrolytes viz ammonium citrate and ammonium
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tartrate solutions (pH 9.0) under the same growth conditions.
The results were found to agree within + 5% see Fig.l2.
Tests were repeated at various pH values (8.1, 9.0 and 10,0)
in ammonium borate, (5.5, 8.0 and 9.0) in ammonium tartrate
and (8.0 and 9.0) in ammonium citrate solutions. These pH
changes ¢id not scem to cause significant changes in the
inverse capacity - voltage relationship of Fig.l2.

The use of different growth current densities did not
appear to effect the caracity values as long as the same

leakage current density was attained.

(b) For anodized zirconium: Fig.l5., shows the inverse
capacity plotted as a function of voltage at (a) growth
votential ané (b) after 10 minutes current decay at voltage
using saturated smmonium borate solution pH 9.0, at 4.0
mh/cm® and 209C, The reproducibility was better than + 3.5%

for the above specified conditions.

IV - 1 - (3) Resistance vs graowth voltage:

Fig.l3. shows the resistance of the alumina films as a
function of the anodizing voltage for different surfacc
precarations and vrrious forming electrolytes, The repro=-
ducibility was not very good, but the results were consistent
with respect to the trends depicted. Points to be noted are

as follows: -

(a) The resistance vs growth voltagc plot is not linear,
(b) A prc - existing thermal film has considerable effect
on the resistance of the anodic oxide formed.

(c) The resistance of an anodic layer formed on a surface
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with a pre -~ existing thermzal film or HF - HNO3 etched
(30 seconds) surface changed significantly with time, as
corparcd with the resistance of films on differently
prepared surfaces. The calculated valucs of tan 8
(_1 ) for the films (other than those
WC_R

PP

formed on thermally oxidized or HF - HNO, etched surfaces)

are plotted as a function of voltage sceBFig.l4.

For anodic zirconia the measured values of Rp as a function
of growth voltase for conditions (2) and (b) are given in
Fig.1l5. These values did not change with time and were more

roproducible than those obtained for alumina films.

IV - 2 Optical properties and the thickness measurement of
oxide films,

IV -« 2 - (1) Interference minima measurciments:

Films werc grown under carcefully controlled conditions
for calibrotion purposes. These conditions were (a) 30 g/l
ammonium borate solution, (b) pH 9.0, (c) temperature 20°C,
(d) current density l.OmA/cn2 and (e) 10 minutes at voltage.
Fig.16. shows typical recorder traces of o tical interference
by a film for reflection before end after removal of the metal,
and for transmission throush the scparated film. The film was
grown on an NaOH- etched aluminium specimen. Fig,1l7. gives
similar results for a film grown on untreated (air - annealed)
aluminiunm,

The results obtained by reflection from a strippced oxide

were in general the most proecise and easiest to measure,



b

Interference measurements by reflection from oxides on the
metal and transmission through stripped films couléd be mace
with preater precision with the Perkin Elmer 450 instrument
than with the Unicam SP 700, It was possible, using the
Perkin Elmer 450, to neasure the thickness of films formed
at less than 150 volts with o lower limit of about 75 volts.
This was not possible with the Unicra S¥r790, because of the
uniform lincar wave - number scan.

Tzbles (1 ~ 5) list results from interference ninima
nicasurcments for anodic oxide films formed on surfaces of
different »reparations. Reflectlon spectra from both surfaces
of the stripped - off oxide films were similar, for films
grown on prepared surfaces, but not for films forned on
untreated specimens.

For anodic films formed on snecimens with pre-existing
thermal oxides (formed during anncaling) the transmission
trace (fig.1l7.) shows no marked interference minima, but
reflection miniza were measureable, Table 6. Jeveral of these
stripped oxide films were examined by reflection froem both
surfaces, and the minima obtained from the original oxide -
metal surface showed an apvreciable (3 - 6%) shift towards
shortcr wavelengths, Table.b.

The results are sumnarised Figs.1l8 - 20, in the form of
graphs showing the relation botween formation voltage and
wavelength (micron) of interference minima positions for
different modes of mecasurement on films formed uncer spescified

conditions,

(a) Voltage - thicknoss rclationshiwv:

On thc basis of equations (III - 5 to 8), plots of
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(2m - l))\ against voltage were obtained. These were straight
lines, indicoting = constant thickness/voltage (X /V) ratio
under these conditions of film growth. The results of inter-
volation and extra - polation for all surface preparations are
listed in Tables 7 - 9, Fig.2l, shows a plot of (2m =~ 1ﬂX
against voltage at constant wavelcength. The straight lines
rass through or ncar 0 and for transmission and reflection
respectively for stripped films, andé between 0O and ;\ibr
reflection frow oxides on the metal base. This behaviour

is expectec¢ from cquations (III - 5 to 8),

(b) Determination of alpha (XK= 4qkl) Values:

The velues of &X were calculated for stripped films with
the help of equations (III-7 and 8) and the results arc given
in Tables 7 - 84 Variation of@€ due to both film thickness
and surface vreparation are too small to justify detailed
consiteration. The aver ges of all values of o€ are plotted
in Fig.22. with a curve of the form of the Sellmeir dis-
persion equation fitted to the points: -

2 41k :
u =!+13O+ lm75 ) ontotiooo.-ca.ooaoo'O(IV_l)

} ‘?xlo‘g

(¢) Estimation of;kofor oxides on the mctal base:

The values of o from Fig.22. and the data for reflection
from the anodized metal were substituted into equation (III - 5)
and values of xowerc obtained. As the values of lo obtained
represent the small difference between two large numbers, it

is not surprising that these values showed a wide scatter,
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However, the averages of 1°are reasonably grouped
-] Q °
around 650A for all values of x between 20008 and 80004

(d) Measurement of pefractive index:

Table 10. lists the measured values of refractive index
for anodic alumina films formed on differently prevared
surfaces. DBoth Becke and Banter's* methods were employed,
but the later method could not be applied to films formed
on specimens with a pre - existing thermal film, because no
well defined interference minima are observed by transmission
through these films (Fig.l7). The positions of minima at
high eagles of incidence were difficult to measure accurately,

Thicker films on electropolished aluminium gave reason-
ably measurable interference minima. Thesc measurcments.were
made in a gimilar way on the same area of a film at different
angles of incidence. TFor accurate measurement of the angle
. of incidence relative to normal incidence on the itransmission
attachment measuremcnts were carried out at equal inclinations
on either side of the normal., Figs.23 ~ 24. show the position
of minima (wave ~ number) against the cosine of the angle of
incidence, and the comparision of values of refractive index
by Becke and Banter's methods.

During these studies it was observed that the refractive

*The attachment for measuring the angle of incidence
was Gesisne# by N,J.M.Wilkins(U.K. A.E.R.E.).
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index of a "window" of oxide¢ prepmred about a year earlier
and which had been stored in air at room temperature was
significontly higher than that of recently preparcd oxide,

see Fig.25.

IV -« 2 (2) Calculation of oxide thickncsss

The values of oxide thickness (t) were obtained from data
in Tables 1 -~ 5, using the theoretical value of & from equation
(IV - 1) and taking A°= 6EOX . The thickncss of oxide was also
calculated from the reflectivity data of the oxide covered
netal and from the reflectivity and transmissivity data of =
stripped oxidc (Tables 1 - 5) using the appropriate equation

from the following: -

(a) t = (Zm—l)k "‘650 ooooo..-.ovo'cvuo.o(Iv "2)
for ref%gktion from the anodized nmetal,

(b) t = 2<m - 1)k o-oooo.oonooon-.'oooooooocv(lv - 3)
for refgg%tion from a stripped film and

(C) t= (Emﬁl)l oo-000'o-'o.otoooa.'ovoo(Iv"4)
for tra%g%ission through a stripped film.

The results agreed to within + 1.5%.

The refractive ind%x (1)) valuecs used are given in Table.O.
Fig.22. shows the dispefsion curve forkﬁhe refractive index of
aluninga s is described by the equation:

1-)2=lv330+1. 6 ..o.......---..c--....(IV-5)

1-(1,575)
X Zao
x10
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Wavelength of intensity minima for various ordecrs of interw
ference as a function of thickness are shown in Figs.26 - 29,

These were obtained by various methods.

<
IV ~ 2.« (3) Variations in A /V for different conditions.

©
Using the relation X = 47)kl. a value of kl = 14,0 A /¥
was obtained, but it must be emphasized that the values of kl

and hence O, are likely to vary with anodizing conditions
and this value is only applicable to the conditioms(1,0 mA/cma,
10 minutes at voltage in ammonium borate solution, pH9,0 at 20°C)

used for these experimental results.

(a) Effect of 2 pre - cxisting thermal oxide films

The optical properties of ths anodic films formed on
the surface of air - oxidized (during annealing) specimens
are conmplicated, They showed significant absorption, sce
Fig. l?. The refractive index value (1,62 + 0. 01l at wavelength
5#6OA ) is lower than that for oxides grown on prepared
surfaces. Assuming the applicability of equations (III - 5),
{IITI - ?7) and (III ~ 8) and using the apparently lower refrac-
tive index found at 546OX y the kg (X /V) value is 6% smaller

than for oxides grown on prepared surfaces,

(b) Effcct of current decay time:

At constant voltage the ionic current decreases ex-
ponentially causing a consequent decreasc in the rate of film
growth, although growth still continues, Fig.30. shows a

plot of oxide thickness vs formation potential (a) immediately
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after growth voltamge is rcached (b) after 10 minutes at
ﬁrowtg voltage. The corregponding kl values arc 12.75 +
0.25 A /V and 14,0 + 0.25 A /V respectively. This is in
agreement with the inverse capacity voltage plot in Fig.ll.

for the same crnditions,

(¢} Effcct of pHe

Thickness measurcnents were made on films formed under
similar conditions .but at differcnt pH valucs (8.1 and 10.0),
The interference minime results for 30 g/l armonium borate
solutions (pH 8.1 and 10) arc listed in Table 11, Thc roesults
for »H 8.1. solution may bc compared with data obtained in
pH 9.0 solution (Tables 1-5) and show similar X /V ratio, A
greater number of minima for a given voltage werce found in

pE 10 solution. This indicates a thicker film.

(4) LEffcct of diffcrent current densitics:

Various growth current dcnsitics(}O.l mA/cmz) were
employcd in ammonium borate solution (pH 9.0). Fig.31l.
shows X /V at growth voltaze as a function of logi (apparcnt
currcnt dunsity). The plot shows an unexpected deviation
frowm linearity at high current densitics. Accuracy of results
at hisher currcnt densitics was poor, possibly duc to the
manual arrangcment for switching off thc field ~nd probably

also to the heat envolved,

(c) Effcct of various clectrolytes:

Measurcemcent of the thickness of oxide formed in ammoniun

citratc (pH 8.0 and 9.0) and ammonium tartrate (pH 5.5 and 9.0)
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solutions was carricd out for comparison with results
already obtained in ammonium borate, Typical results of
interference minima mcasurencnt on films formeé¢ in the above
solutions (pH 9.0) ané 1.0 mA/cm2 currcnt density and held
10 minutes at voltage, ar. listcd in Tahle 12. Simila
results were obtained for othey pH valucs. The calculated
valucs of g /V ratio at growth voltage and after 10 minutes
at growth voltage asrced to within + 3,0% with those for
films formed in ammonium borate solution (pH 9.0) under the

same consitions,

IV « 2 - (4) Anodized zirconium:

Anodic zirconia films wore formed at 4.0 mA/cm2 in
saturated ammonium borate (pHS.0) solution to various
potentials (50, 100, 150, 200 and 250 volts) at (a) growth
voltaze and (b) after 10 minutes at growth voltage.

The transmission method did not give very accurate
minima perticularly for thicker films (250 volts), The
results shown in Table 132. were obtained usine the Unicam
8P 700 instrument for the three diffcerent modes of measure-
ments on films grown under (b) condition abovc. Films of
less than 150 volts thickncss couldé not be isolated, Other
isolated films wer« symmetrical in their optical behaviour
as indicated by reflcction minima mcasurcments from both
surfaces of these films (Table 13). The tihickness of these
films was calculated usine equations (IV - 2 to &) and
published data(qo) forééignd T? e« Values of thicknocss

calculatcd from the threc methols agrecd to botter than

+ 1,50
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The results of dnterfercnce minina for anodized
zirconium formed as (a) and (b) above were obtained, with
the help of Perkin Elmer 450 instrument and the rofl@ctance
attachment (anmle of incidence 45%). Thoesc are given in
Tablo.lh,

. ! 5 .
The valuc of cos ¢ was calenlated (Soumé~=sp=roach

waity) fron the eguation:

sin 45 :Y) .............._...,,.,.,,....,..(IV‘*6)

(40)

anc¢ the corrcsnonding published value of .
The thicknrness of oxicde film was calculated from the
equation:
t = (2n - 1”)\~ ;\Q
* ) Cosg”
usine publishced values of )dmd values of f) .
The hi<her order minima positions were not very accurate

-'oll'll"!llllcl-lDO'..(Iv - 2)

and gave slightly smoller (1.0%) thickness values than the
lower order minima, PFig.Z22, shows thickness vs reflectivity

mirinum for anodized zirconium at an argle of incidence of
45°,
The valucs of ky (X /V) werc found to be 22.8 + %!
ané 24,8 + 3% respectively for (a) at growth voltage and
(v) after 10 minutes at growth volteagec under thusc conéitions,

3

only upto 250 volts -#.%
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IV -~ 3 Optical, electron microscopic and electron diffraction
studies.

IV » 3 - (1) Optical and scanning microscope examination:

An optical microscopic examination of films both on and
off the metal did not revesl any significant inforaantion
regarding the nature of the film., Thce rolling texture of the
metal base was replicated by films formcd on a2ir -« anncaled
surfaces, while c¢tching charactceristics were also shown for
films on specimens which had been subscquently etched. Some
inclusions appeared within these films. These were most
pronounced for alr - annealcd specimens. Films formed on
e¢lectropolished surfacus were worce uniform than thosc formed
on surfrces treated differcntly.

The scanniny elcetron microsraph shown in Fig.33. supports
the optical microscope results. The micrograph was obtained
for a 300 volts film formed on an ctched specimen with a
thin layer of evaporated zilver on the oxide. Higher
maznification than x 1050 could not be attaincd because of

clecctrostatic charge build - un,

IV - 3 - (2) Transmission clectron microscopy:

&
(2) Films ,1000 A
N

Fizg.3%. shows the transmission electron micrographs of
an oxide film formed on an c¢tched spccimen., The pattcrns
shown arc not characteristic of the morphology of the oxide
film, but reproduce the topological features of the substrate

surface. Variations in th¢ anodiging conditions did not seem
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to influence thesc globular features, Above 200 volts
these femtures were 8ifficult to observe., Thin films
forncd on surfaces etched in HF - QNO3 solution showed
clongated patterns, The size and shape of these features
scerm to be influenced by the dissolution characteristics of
the metal cduring etching., Arrangemcnt of these fecatures
dcpends upon the scratches and the rolling texture of the
vetal as shown in Fig. 35.

The transmission elcctron microgréph of a thin filnm
formed on an electropolished specimen is shown in Fig.36.
" The hexagonal ccll type features exhibited by the oxidc are
possibly due to the pre ~ existing film produccd by the
clectropolished (chromic - phosphoric - sulphuric acids sole
ution)., A tr-.nsmission electron micrograph of a thin anodic
film formed on a specimen clectropolished ina diff.rent solution
(perchloric acid - ethyl alcohol) is illdstrated in Fig,37.
This shows pore type features all over the film, The brightoer
pores on the original grain boundary sites of the metal appear
to pass risht through the film whilce others do not. Films
formaed on ¢lectropolished and subsequently ctched specimens
showed the combined features of the pretreatments.

Fig.38. depicts a micropraph of ~ thin film formed on an
air - anncaled surface (35000 for 60 minutes).

There sare twe types of bright spots, possibly corrcs-
ponding to (a) pores and (b) crystalline arcas within the film,

These pores arc bigner than thosce for {ilms on treated surfaces.

<
(b) Examination of films > 1000A :

Thickcr anodic films formed on elcctropolished (perchloric

acid - ¢thyl alcohol) and ctchcd surfaccs showed spots more
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transparent to the e¢lectron beam, illustratceé in Figs.39 - 41,
than the bulk of the film. TFies.42 - 43 show the bright sgots
which scem to appear within the film on sites which correspond
to the orisginal grain boundariss of the metal - substrate,
Figs. .Ml L6 i11lustrate hish magnification transmission micro-
graphs for these spots, revealine o fine cellular structure
with a nctwork of dark radial strc-~ks. Fig.47. shows onec

such single spot. The apparent features arc the same for
differently treated surfaces os shown in Figs. 45 - 46, The
bright spots were confirmed as inclusions, most of them

continuous right through the amorphous film,

(c) Tronsmission (lectron diffaction patterns,

AlL thin films (< 1000 X ) gave diffuse c¢lectron
diffraction potterns of the type shown in Fig.48., Thicker
films were thinned cown prior to examination. Sélected arca
diffraction patterns were obtained for bricht spots seen
by microscorzy. Parts of the film frecco from such bright spots
gave diffuse patterns similar to thesce obtnincd for thinner
filns (Fig.48). The slected arca ¢iffraction pattcrns for the
"inclusions" (brirht spots) ~rc showrn in Fies.49 - 50. The
compicte pattcern was difficult to obtain for relatively thicker
films which werc not greatly thinned, Fio.5l, shows a general
pottern obtained for a film which has been thinncd down gzgzgiy
than thosc films used above.

A giffraction mnattern for thallous chloride was obtained
for calibration purposces ot 100 kV and using samc microscope
s.ttinegs, The results of d spacings calculated for crysta-
1line alumina erc given in Tablc 15, The presence of i'-
alunina can be cenfirmed by the two shorn rings scen in Figs.

k9 - 50,
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IV ~ 3 = (3) Proferentinl srowth of crystallinity.

Fig.40. shows the crystalline inclusicns as thoy were
located within the film on sites corresponding to the original
grain beundary situs of the rwwtal surface., The initial fibrous
texture shown in Fig bl, appears teo change inte a fine ccllular
structure, illustrated in Figs.45 - 46, with an incrcasc in
oxidc thickness,., These crystallites tond to spread along the
fr in boundary sitcs o scen in Pigs.42 and 43, Figs.42 - 424,
show that the film on scmc ~rains has developed inclusions
away from thoe grain boundarics of the substrate, while the
oxide¢ on other mrains remaincd amorphous,., The distribution
of thesc inclusions of "—5-' alumina becomes randon quite
quickly in thc casc of an etched surface(Fig.41.) as conpared
to an electropolished surfece (Firs.39 -~ 40),

Differcant surfacc concditions uscdy have shown different
dezrccs of crystallinity occurring within the subsequcont
anodic layers. The tendency to orystaliite mrowth hns been
obscrved to incrcase with differoent surfece proeparations in

the following order:

e¢leectropolished anc subscquent etchy
clectrenolish (noerchloric ncid - ¢thyl alcohol);
. +
eteh ~ne 2ir - cnncal (no tronizent).
This tendency for crystalline srowth cloarly dcpends upon the

surfoce conditlors and the first very thin pre - existing

layer.
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IV - 3 « (&) Tevelopavnt of pores by chemicnl dissolution
in alkalince soluticns:

Stripped films were imscrsed in alkalince solutions (a)
pH 9.7 buffer (0.217 NaHCO3 + 0.2N NaZCOB) and (b) 0.1M potassium
chromate solution (pH 13 ~djusted with X0H), so thot dissolw
ution occurrcd on bhoth sides. An appsroxwinmate estimate of
thinning was obtainud from optical dnterference minina
mneasurenents,

Pig.52. illistratus local dissolution of 2 film which was
grown on an ctched surfacc., Fics.53 and 54, depict the location
of individual pores formed though the films. The laclk of
gtructurc is noticcoble in these brieht pores., Fig.55. shows
the pores developed in potassium chromatc solution (pH 13,0)
when a stripped film was immersed in this solution.

Somc stripped filume were inmersed in chromic - phosphoric
acids mixture ot 30°C for about two minutes and washed in
distillcd water and nllowed to dry prior to their cxaminntion.
Fix.56. shows a 300 volts film fermed on an ciched surface
when ¢xanined by transnission clectron microscopy, aftcr the
above acids treamcent. About 25% of its ori~inal thickniss had
been lost as found by spectrophotometric ncasurciients. A high
magnification microsraph for the same is shown in Fig.57.

Fig.58, illdstratcs a transuission clcectron micrograph
of 2 200 volt film tﬁétud sinilnrly as above. The £ilm wes
oripirally formed on an etched surface in 30 g/l tortaric
acid solution (pH 5.5) at 1.0 n A/cma. The circular bright

IS
1

swotse arce shown which arce possibly dilferont froam crystalline
o

inclusicns observed Tor othor filos.
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IV ~ 4 Effects of various electirolytes on the electrical
characteristics and thickness of anodic alumina.

IV - 4 - (1) Anodizing solutions:

Some 300 volt anodized aluminium specimens (NaOH - etched),
which were stored at room temperature for sbout four weeks,
thickness having been determined spectrophotometrically, were
re—immersed in anodizing solutions (ammonium horate pH 8.1 and
9.0). These solutions were saturated with aluminium iq;a by
previously anodizing several specimens.

Fig.59. shous the plots of mcasured %?‘ and Rp against
time. The thickness o these films wes determined by the
spectrophotometric method at the end of these immersion tests
and no significent thinning was obsexrved. The observed decrease
in '8~ and Rp may be associated with significant uptoke of ions,
possigiy OH—/H+ from the solution during immersion. This was

more pronounced in pH 9.0 than in pl 8.1 solution,

IV -~ 4 - (2) 4Ammonium chromeste/sulphate and Potassium
chromate/sulphate solutions.

pE Tange B.5 - 10,5

The specimens (electropolished in perchloric acid — ethyl
aloohol) were anodized in a single batch under similar growth
conditions for the following series of tests. Various initial
thicknesses of films (188 - 300 volts) were employed, these
being measured by the spectrophotometric method prior to immersior.

Series 13 Fig.60. chows the behaviowr.sf anodized
specimens (188 - 230 volts) immersed in 0.1M solutions of
potassium chromate (pH 8.6), potassium sulphate (pH5.5 and
8.6), enmonium chromate (pH 7.6) anc ammonium sulphate (pH 8.6),
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During these tests no atterpt was made to compensate for slight
changes of pH which were significant for potassium salt solutions,
However, the changce in pH of the potassium sulphate solution

(pH 8.6) influenccd thc results., The plot in Fig.60. also shows
theoretical %‘ values calculatcd from the optical measurement of
thickness of ghc film at the end of the test. The results are

also summarized in Table.l0. and suggest:

(a) no significant thinning of the alumina films in potassium
eulphate solution (pH 5.5) and ammonium éiggﬁ%ze solution
(pH 7.6).
(v) thinning of the alumina films at higher pH valucs than
those in (a) above, this was more pronounced in alkaline
ammonium salts than in potassium salt solution.
(¢) processes other than thinning ie. adsorption of
OH™/HY ions and/or thc¢ molccular ligand NH, were taking place
thus bringing about significant decrcases in g~ and Rp values.
Impedance changes cannot be accountced for mereﬁy by thinning
of the films in these solutions. Somc spucimens (anodized
to 200 - 300 volts) werc immersed in chromatc ané sulphate
solutions (pH range 5.5 - 7.6) for 24 hours and their thickness
measured by spectrophotometry. These results shown in Fig.61
indicate no significant thinning in these solutions and
confiri the observation (a) above: 1
Serieg 2: Fig.62. shows measurcments of C_ and Rp in
ammonium chromatc solution (pH 10.2), in ammonium sulphatc
solutions (pH 9.6 and 10.2); thc pll being adjusted with NHqOH
and in potassium chro.i1atc solution (pH 10.2) thc pH being care-
fully adjusted with KOH dilute solution.

After immersion thesc spccimens were washed ancé dried at

room temperaturc in air. Their thickness was determined
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spectrophotometrically and converted into equlvalenttg,values,
shown for each snecimen in F1g.62. Four weeks later these
Specimens were re -~ immersed in the ammonium borate solution
PH 9,0 and-OP and Rp measured after 45 minutes when there was no
Significant change with time. The measured values are shown in
Pig.62. and the results listed in Table.l6. Rapid thinning was
indicated in the solutions of zmmonium salt solutions on the
basis of :weasurement of ¢ in situ, while optically determined
thickness values showed apoonsiderably tower thinning rate. On
the other hand neasurcment of € - after re-immersion showed a
different rate intermediate to ghe above two results.

The decrease in R caused by immersion in ammonium salts
solutions was more pronounced than that in potasslam chroiate
golution. These results substantiate the ehservetio: {s) ad
(¢) in Series 1. Similar tests were carr$€d out in 0.3
potassium chromate and potassium sulphate solutions (pH 10.4
and 10.5 adjusted with ammonium hydroxide soiutisn).

The results are summarized in Fig.63. and Table.16. These
results were believed to confirm the possibility and ease of
hydration of alumine nd the adsorption of NH3 ligands by
alumina in alkaline ammonium salt solutions. It was also
observed from these results that in solutions containing sulphate
jons the abave nroguires were nore pronsuncad,fhan in .those

containing chromate ions.

IV — 4 = (3) 0.1M potagsium chromate solutions.

PH range 7 - 11%

Fig.64. shows *6: plotted against time for anodized

aluminium specimens (%OO volts) immersed in 0.1M potassium
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chromate solutions (pH 7 - 11 adjusted carefully wvith xOE), Fig.65
shots the effect of pH on the RP values of these-films during
inmersion tests as a function of time.

Sone specimens from solutions of pH velues 9, 10, and 11
were then transferred into a fresh solution of 0.1M K20r0
(pH 9.0) an. some into the anodizing solution (30 g/1 ammonium
borate, pH 9.0). Inverse capacity and Rp increased steadily
with time for sbout 16 minutes after transfer for sypecimens
Ooriginally immersed in solution of H greates than 9. There was
& tendency towards partial recovery ofthe ¥ and R_ values,
obtained before immersion in the original sglution.P This effect
was found to be dependent upon the pH and time of imrersion in
the original solution. These results are shown in Figs. 64 and 66.

nfter taking these specimen. out of the solutions and
washing end drying at room temperature; +the thickness was
determined by the opticrl interference method. The calculated
Talues of inverse capzacity equivalent to the above optical
measurement of thickness for these specimens are indicated in
Fig,64. and suggest less thinning than that observed by inverse
capacity values during immersion and even after taking into
consideration the recovery of capacity due to change in electrolyte
after transfer to pH 9 solution.

These dried specimens were re-~-immersed after a few weeks in
the anodizing solution pH 9.0 and capacity and conductivity were
remeasured with time.

The measured vzlues of C_ and R_ did not vary significantly
aftcr 60 minutes. The conductivity (l/RP) sas not very different,
but the capacity valucs vere considerably chenged. The results are
also shown in Fig.64. The capacity values arc indicated in Figs,

64 anc 66. Ascuming that the dielectric constant of thesc films
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has not changed significantly, the thickness estimzates were
obtained fiom the capacity mcasurenents after drying. These werse
£%111l lower than those derived from optical determination,
Calculated thickness loss from these results are given in Fig.

67 ané also listed in Table.16. Theso results suggest (a) that
entry of OHﬂ/ H+ into the oxide is DOt.iszletely stopped by
chromate ions (b) that the recovery of %b shown above after
transferring the specimen to the. loyer pH solution. is significant
and may bo{caused by establishment of an equilibrium between

the alumine film and the electrolyte inpvolving OH /H' amd other
ions. (c) that the difference in the*é“ values after recovery
due to change of electrolyte and after g;ying and re-immersion
was greatly significant and important. (d) thet pores are_
indicated by the different values of thickness obtained bya;

values and optical mcasurcment of thickness after immersion.

IV - 4 - (4) 0.1M XC1 + 0.1M K20r0 solutions.
e sy gt il ¢ - 4

DPH range ( -~ 11t

Similar tests ag in (IV = 4 - (3) above were repeated in
0.1IMKCY + O.lMK20r04 solutions (pH 7 - 11) using 300 volts
ahodiged eluminium specimens (electropolished porchloric acid -
ethyl alcohol) similar to previous sections I¥ —= 4 - (2) and (3)
pH of these solutions was adjusted with KOH. Inverse capacity
and RP values measured during immersion against time are plotted
in Pig.68. These changes in impedance are more pronounced than
those found in 0.1M KQCrO4 solutions of corresponding pH values.
This figure shows markedly large decrgase in resistance during
the initial 1 hour. Measurements of ‘¢~ and B_ values after
transferring from immersion solution ié%o ammgnium borate

solution (pH 9.0) were made. 1t tas found that steady recovery
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ot

P and Rp requirsed 20 minutes. These velues are plotted in
Fig.68. The specimens were removed, wvashed and allowed %o dry
at room temperature. The optical measurement of thickness was
carried out and loss of thickness celeulated assuming that the
optical characteristics werc not significently changed. Aftoer
four weeks ﬁ”and RP values were re-~mecasurcd in ammonium borate
solution pH9 andthesc are plotted in Fig.68. Results are
Summarised in Table.16. These rcsults supported the observat-
jons made in earlier sections (IV — 4 - 1-3) and suggested the
enhanced effect of €17 in these solutions.

Pig.69. shovs the optical measurements of the thickness of
anodized aluminium (100, 150, 200 and 300 volts) immersed upto
five days in 0.1M and 1,0M potassium chloride solutions. ¥No
chenge in thickness was obtained, although visual and optical

microscopic examination indicated local attack.

- - {5 N g
IV - 4 - (5) 0.28a HCO3 + 0.2N Nagcoj_

Buffer solution pH 9.7

Fig.T70. shows measurcment of%?’ and R_ during immersion in
carbonate -~ bicarbonate buffer at égrious repeat frequencies
(1 XKey, 5 Ke and 10 Ke). The~%}'values vary only slightly over
this frequency range. On the g%hor hand Rp values become
considerably lower as the froguendy is increased. Although
overall reproducibility of bOth"béfﬂﬂ-Rp is not high, the
trends appear to be highly reproducible. The optical measuroment
of thickness after drying and remeasurement of %= and.!g’(1592 cps)
in ammonium borate solution (pH 9.0) were made. Fhesc results
are also shown in Fig.70. These mcasurcments clearly indicate
thinning, hydration andwﬁbre formation procegses occurring during

immersion.



66

IV - 4 - (6) Bffect of dissolved aluminium ions on the thinning
of* oxide filmss

Fragments of separated alumina films and anodized aluminium
were introduced into pH 9.7 buffer solution (0.2N NaHCO_+0.2N

3
Na 003) end 0.1M KECrO solution. These solutions were ellowed to

digsolvc the oxide for448 hours. The pH of the buffer was not
significantly changed and the resulting pH 8.8 was nozsured for
Potassivm chromate solution. Inverse capacity, RP and spectro-
photometric thicknecss measurements of 300 volts anodized aluminium
specimens made in thce above solutions arc shown in Figs.7l - 72,
Resulte are also shown in the same figures of similar measurements
made in solutions which had not becn proviously treated with
alumina. Comparison of these two sets of rcsults clearly
indicates the influence of aluminium ions on thinning of alumina
films.

Thinning behaviow of films on and off the metal base in
0.1M potassium chromate solution with added alumina (pH 8.8) and
pH 9.7 buffer solution with and sithout dissolved alumina flakes
is shown in Fig.73. as observed by optical measurcvment of thicknoss.
Thesc results confirm the observation made above. There ras no
significont thinning observed in pH 8.8 solution as it was
proviously saturated with aluminium ions. Thinning rates for
2ilme on and off the nmetal were different,because thinning for mtrip
~nc? films was occuring on their two surfaces. Rate of thinning
for stripped films as shown in Fig.7T3 decreased with time cdue to

significant increase of dissolved aluminium ions in the solution.

IV - 5 -~ Blectrical charactcristics of stripped films in
verious electrolytess

The resulds described overleaf show the effect of the following
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on the clectrical resistance of zlumina films stripped [rom the

metal bases-

(a) Field: the nature (a. c. or dec.) and strength of the field:
(b) Blectrolyte: tyvme of ions znd pH of the solutiong

(0) time of immcrsion and

(a) thickness of the film.

Alumina films employed were all grown on ctched svecimens
in ammonium borate sclution (30 g/l, rH 9.0) at 1.0 mA/cmg. The
current was allowed to decay for 10 minutes at voltage. Considerable
efforte were madce to reproduce the absolute resistivity of the
stripped film in an electrolyte, but this was not always achieved
in practice. The results, however, show certain trends which nwo
of interest. DMost of these mecasurcments were repcated at least
three times to ensure the reliability of the results.

Fig.74. shows the resistance of stripped films (200 and 300
volts) mounted in the cell, a3 a function of time ond employing
0.25M sodium sulphate solutions (pH 5.5, 7.0 and 10.7). These
measurcments werc made by both a.c. and d.c. methods. The follow-
ing observations were madces-

(1) the a.c. resistance of the stripped oxide is very much

lower (about two orders of magnitude) than that of a film on

a mctal base. For comparison see Fig.l1l3 and 74.

(2) the a.c. resistance of the film does not ch-nge.in pH. 5.5

with time.

(3) the d.c. ficld causes a considerablce decrease in the film

resistence and this effect is greatest in the highest pH

solution (10.7)

The rcsults in buffer solution pH 9.7 are given in Fig.75.
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These results support observations (1) and (3) and also suggest
that ( 4) the a.c resistance of the film changes significantly
with time in a similar fashion to that of a film on the metal
Fig.70.

Fig.76. shows the effect of the film thickness on the initial
resistance. The resistince was measured by d.c. method in pH
9.7 buffer solution. During these d.c. method measuremenis, a
current density of 3.3 mA/cm2 (considering the area ~f the f£ilm)
was employed. It was also obsecrved that the hirher current
densitics lowered tho rosistanco of these films very rapidly.

It has been shown in earlier measuroments that the thickness
of these isolated films doos not change in pH 5.5 and 7.0 during
immersion in same solutions, see Fig.61. Similar earlier film
thinning observations madc in Fig.73. suggest insignificant
(about 2% loss) thickness loss during 60 minutes immersion in
pE 9.7 buffer solution. Somc films used in these moasurements
were removed for optical mecasurement of thickness, which confirmed
the above observations.

No appreciable thicknoss loss was believed to have ocourred
in pH 10.7 solution in 30 minutes. On the basis of theso
Observations, the initial film thickness and the appropriate data
in Figs.74 - 75 were used to calculate the specific resistivity
of these isolated filme, which is showm in Fig.77. For conmparisén
the resistivity of film on the metal as a function of voltage was
obtained from earlier measurcments, which is hown in Fig.78. The
specific resigtivity of isolated films is very low as compared to
filme on the metal (anodized to the same voltage under the same
conditions) using a.c. technigue. The d.c. field further dec—

reases the resistivity considerably.
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IV -~ 6 Bxtent of permcation of ions throush isolated Alunina filmss

The cell constant of the half ccll Fig.7. which was employed
as a conductivity cell vas found out to be O0.4F using 0,02N
potassium chloride solution. |

Blank cxweriments shoved a slight increase of conductance
of conductivity water, with oxaide films as diaphragms and
conductivity water in both half cells. This occurred during initial
Peried of 3 ~ 4 hours. It was belicved to be duc 0 unavoidable
contamination of the film assembly. Aftc. this the conductance
remained constant and that was followed by a slight decrease.

This may bc possibly duc to adsorption of “ions by the alumina film.
Films forued (300 volts) n NaOH ctched and clectropolished
(perchloric scid - ethyl alcchol) svecimens were used.

Fig.79. shoss the change with time of both the conductance
and corresponding calculated ionic concentration (in terms of
k¥ and Gl ions) of conductivity water czused by permeation of
lons through the oxide diephragms. During these experiments
1.0MKC3. solution was used.

These results show a period of about 48 hours, during which
the behaviour was similar to that observed for the blank experi-
ments, This bchaviour was Tairly reproducible for differcnt films,
illustrating that no pcrmeation of ions was taking place through the
oxide into the conductivity helf - cell.

After this stage the slor periceation of ions occurred into
the conductivity water hich changed its conductance; which was
corrccted for the arca of the film scting as a diaphragm. Various
film behaviour at this stage was not highly reproducible. Finally
an enhanced permcation rate resulted as shown in Fig.79. Somec
iilms used above were rcmoved, washed and examined by electron -

microscopc. Aftcr washing thers sas some local thinning indiested
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Fig.80 shows clearly holes doveloped during these permeation
experiments after mounting the film as 2 diaphragm for seven
days. The over all thickness of the films 7as not significantly
changed as indicated by carlier results reportcd in Fig.69. and
shown by approximate srec%roquﬁOmetric results of some of these
removed films,; after about four doys permeation tests. These films
after removal and washing also showed local attack by optical
microgcopic examinn;ion, which was not uniformily distributed
over the film area: This was beclieved to be the cause of varia—
tion in the ovorall permeation rate of ions through the oxide
film.

Figs .8le and 82. show the holes produced in a diaphragm of an
oxide film which was mounted for the permecation test and after
six days a d.c. field was applied across the film in situ. This
was dolr by placing two platinum electrodes on either side of the
diaphragm in both half cells. A4 constant current of 1.0mA was
passed for 10 minutes which resulted in a change of 20 micromhos
in the conductance of thc conductivity water. (The area of the
diap@ragm was 0.25 sg.cm.) This suggested that d.c. field produced
tonsiderable effoct on the permeation characteristic of %he film,

and caused holes in it.
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SECTION V

DISCUSSION
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v .1

——— ———

(2) Introductions

An examination of the literature has shown that anodic film
formation on metals is a2 process of consi&erable complexity. An
attempt has been made in the present work to investigate the
influence of several variables on the growth of anodic films on
aluminium and their .chargctéfistics after formation. The results
h;;e’been sumnarised to show the importance of the following
factors to the processs

(2) Impurities in the metal,

(b) Burface treament of the metal substrate,

(c) The formation current density,

(d) Composition of the clectrolyta,

The discussion will therefore, for the sake of clarity, e

divided into four varts dealing with these variables in turn.

(b) Bxperimental Technigues:

Interpretation of d&ata on the properties of anodic films on
aluminium are significantly influenced by the experimenter's

(50 - 51)

choice of technique. Thus, evidence for the existance

of "holes" in anodic alumina by electron microscopic examination

of films stripped in agueous mercuric chloride may be debated on the
grounds that C1~ and Hg*+ ions can preferentially attack defects
within the oxide. It is well known that C1~ ions can cause local

(53 - 54) have, on the basis of

attack. Pryor and co-workers
capacity meaéurcments, proposed uniform thinning of}f- alumina
films in chromate solutions, but have been unable to confirm
their results by the use of ancilliary techniques. Combination
of various technigues in the present study has suggested, hydra-

tion of the oxids, pore formation in addition to the thinning effect.
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It is suggested that useful results and interpretations
are in general obtained only when several different methods of
exanination are cmployed simultaneously, This becomes clear
when considering the limitations for capacity mcasurcment for
determining absolute film thickness of anodic alumina., Porosity
in the oxide may lead to misleading velues. Moreover, the wide
variation in published values of the diclecctric constant a2lso addse
to the difficulty. Capacity measurements are therefore useful in
this counection only when the dielectric constant is known
accurately and when a flaw - free film is being employed. The
us¢ of optical measurcments of the thicknoss
of film in conjuction with capacity measurements tends to
eliminatc many of these problems, and it is possible to
distinguish between actual changes in thickness and processes
involving hydration and porc¢ formation.

Electron miscroscopy has been employed in the present
investigation for additional confirmation of the presence of
flaws and local defects, which may be caused by chemical reactions
during film growth, and after grosth studies. Structural changes,
also important for the characterization of these films, have been

studied by elcctron diffraction.

V - 2 Bffect of impurities present in the metals

The material used for present investigation was 99.99% pure
aluminium foil and results obtained regarding the nature of film
agree with those of other workers for super-purity aluminium.
The impurities 1like Fe and Si about 1% are known 79) 46 exert
a direct effect on the defects in the thin passive oxide film

on commercial aluminium. Some remarks may be made about the
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possible influence of 0.01% impuritics. The type of pores shown
in Fig.37. located on the sites corresponding to the original
8Tain boundaries of the metal, in thin oxide films, could be
dependent upon the impurities, which are more likely to be
prosent as precipitates at these localities. Some defects
within thin oxidc films worc noticed as follows. It was observed
that oxide coverced aluminium specimens anodiged t02£75 volts
(using different surface proparations) suffered local attack
beneath the oxide during immersion in the stripping, beath at

5500 for 1 - 1% hours., This was not observed for thicker films
>75 volts., This again suggests the possiblility of defects which
provide site for local attack, which may be associated with
substrate impurities and various inhomogeneities. The surface
trecament and thc electrolyte and the forming solution may also
affect the behaviour of surface impurities and occlusions., Our
study of films was biased towards thicker films greater than

100 volts, wvhere there was no dircct evidence of pores and

gross defects under the conditions used.

V - 3 Effect of surface - preparation and the characteristic
pre—existing f£ilms

The alumina film characteristics obscrved during these
investigations have been found to be influenced by the surface
preparations normally employed. Abraded, metallographically
polished and buffed specimen are not usually used. The method
of preparation of a metallic surface often affects the anodic
and corrosion behaviour of most metals. BRoughness of the surface
is knowmn to cause considerable effect in electrochemical studies

due to its greater catalysing power. A surface cannot be
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adeguately described by the roughness value zlone. Thege

80)

surface state characteristics have been recognised by Jacquet
and supported by others(al). These are (a) geometricel, (b)
chemical and (c) gtructural characteristics.

Untreated air-anncaled surfaces complicated the nature of
oxide films. On the other hand ciching, clectropolishing and
electropolish with subsequent etching also influenced the
subsccuent anodic layors., The two different chemical etches or
electropolishing baths produced differently behaving films in
certain rospects. Therefore, all the surface state character~
istics of the substrate must be accurately defined for studying
the anodic behaviour of metals, Similar remarks have been made
for the studies of corrosion of metals by Berge(81).

Thin anodic films formed on these prepared surfaces are
normal replicas of the metal surface, as shown by the microscopic
examination of these films on and off the metal base. The
substrate geometrical features could be seen by the transmission
micrographs of thin films shown in Figs.33 - 37. These are
characterigtic of the pretreament, Chemical etch has been
described by Young(29 to produce some "orange peel" effect on
the gubstrate which may be noticeable at low magnification. This
may be comparable to globular features shown in Fig.34. at high

magnification. BElectropolished specimens are considered to be
flat and may have very thin film in some cases left by the

specific treament.Fig.36 shows the hexagonal pattern for the
anodic film formed an clectropolished specimen, which is a
characteristic of the initial film formed by the chromic -
phosphoric - sulphuric acids electropolishing bath. Films on
electropolished and subsequently etohed specimens showed combined

features of the pretreatments.
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The value of dv/dtmaccording to the equation (II - 3) is
directly proportioned to the ionic current density, which builds
up the oxide. The results in Pigs.8 - 9. indicate variation in
dv/dtm values (about 5 — 8%) for a given electrolyte using
different surface preparations. It may be argued thzt these
variations give an estimate of roughness factor for the geometrical
area, assuming that electropolishing permits the true area to
approach the geomeirical area. The irregular behaviour of the
untreated (air - annealcd) surfaces shown in Figs.9 - 10 is
believed to be an cxtreme case of +the effect of a pre -
existing film, which is an approximately 60 K thick thermal oxide.
The elsctron micrograph in Fig.38. illastrates flaws which may be
contribvuting to the above behaviour.

Pig.37. shows pores <.150 X mich smaller than those observed
for film formed on an air - annealed (untreated) surface, Ssee
Fig.38. These pores are located at the grain boundary sites of
the metal, which may be dependent upon the chemical and
structural inhomogeneities of these sites. Pores were difficult
to observe in films formed on specimens elecctropolished in
chromic - phosphoric - sulphuric acids bath, because of the
hexagonal patitern which obscures other features.

Growth of i; — alumina crystalline inclusions was found to
vary significantly with. surface preparation, the growth conditions
being the samc, Films on unireated (air - annealed) surface showed
such inclusions much earlicr, Fig.38, than films on other surface
preparations. This may be duc to the presence of nuclei
within the initial film which causes the recrystallisation of the
amorphous anodic oxide. The nature of the initial pre-existing
film as well as the surface asperities and inhomogeneities may

be expected to influence the internal stresses within the
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subsequent anodic layers. Recrystallisation of the amorphous
oxide may be the result of internal stress relief, with in-
creasing thickness. This maybe considercd as another factor
leading to the earlier growth of crystallites and for causing
the formetion of more crystallites on an ctched surface (Fig.40)
than on an electropolished one (Fig.39). This explanation may
also be applicd to the zppearsnce of crystallites on an electro-~
polished spocimen on sites corresponding to the original grain
boundaries of .the metal surface. There may be other supporting
factors influencing the growth of crystallinity e.g. degree of
hydration and the field.

The effect of impurities and the composition of the initial
thin film was also very marked on the other characteristics of
the subsequent anodic films. The increase of capacitance with
time after removal of growth potential has been mentioned in
Section IV - 1 - {2). This was obscrved 1o be significant for
films formed on untreated specimens and HF - HNO3 etched surfaces,
The conductivity (l/RP) was also higher and increased with time.
These phenomena are possibly associated with the presence of
flaws in these films caused by initial surfacc oxide. Moreover
P~ ion impurities may not have been removed completely during the
washing of specimens after etching in HF - HNO3 solution. This
may produce n - type current carriers within the anodic films.
These factors may lead to conditions where hydration of the oxide

(29)

is peorhaps easier. Harkness and Young have explained similar
capacitance increases for anodized aluminium specimens etched in
HF solution in terms of posgible hydration of the oxide with time.
Higher 1/Rp values shown in Fig.g%. for these films may be
considered briefly as follows. The measured resistance of an

oxide film is normally controlled by the outer layer which is
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(53 - 54)

known to be a p ~ type semi ~ conductor. This layer
may be influenced by the impurities like P~ ions and the
observed microscopic flaws for these type of films and the
congequent bydration during formation and also after growth.
These films showed pronounced inclusions when observed under
the microscope during refractive index measurements. These
were of lower refractive index than the bulk of the films, and
may consist of hydrated oxide (amorphous?) as opposed to
anhydrous bulk oxide. Such inclusions werc less pronounced for
films on an NaOH otched surface and negligible for films on
elcctropolished surfaces.

The optical behaviour of films fTormed on air - annealed
surfaces was found to be complicated. Reflectivity minima
measurcments on stripped films give different results for their
two surfaces Table 6, This could be duc to significant absorp-
tion on that surface of the film which includes the initial
air —~ formed oxide. The absence of any measurable minima by
transmission Fig.1l7. may be due to scattering within the film
possibly caused by inclusions associated with the initial thermal
oxide. Results obtained by reflection from the original outer
intorface of these stripped films and from films still on the
metal are shown in Figs.18 and 19. respectively. These indicate
a shift of minima positions towards shorter wavelengths. It is
difficult to decide conclusively which of the following factors
or their combinations are producing the displacement of minima but

the first two scem most probable,

(a) change in thickness of film,
(v) change in refractive index.

(c) change in phasc shift.
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Determination of other physical constants such as the density
of these films would provide useful information regarding the
thickness cffect (a). For these films a lower refractive index
value was observed and is shown in Fig.22. This could perhaps be
attributed to hydration of the films. Banter's method for
determining refractive index is not applicable to these films
because of appreciable optical absorption and poor transmission
interference characteristics Fig.17. However, the Becke method
has potentialities for measuring the refractive index of similar
abgsorbing films formed by oxidation and corrosion of metals. For
obtaining accurate thickness mecasurements of films formed by
anodic or thermal oxidation,or during corrosion)precise data on
the optical properties of "these oxides must be obtained.

The apparent lower 2 /v (6%) value given in section
Iv - 2 - (3), of these filme on air - annealed surface could not
be Jjustified unless there is sufficient data for such physical
properties as donsity and chemical composition. Inverse capacity
values measured fo. films on air - anncaeled surfaces agreecd to
within p 5% of the values observed for filmes formed on prepared
surfaces (NaOH etched or olectropolished). The dielectric
constant value was calculated as 9 .8 ¥ 5% (at 1592 cps) from
the appropriate data and eguation (111 - 1 b) as compared to
ne ¥ 0,35 £r 4ho othur Films,
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V - 4 Effect of growth current density:

Resulte obtained from various conditions of growilh current
showeds

(a) 2 slight variation of =zbout 4% in dv/dtni values for a
constant current density and a given surface preparation
(Fig.8) using different solutions.

(v) & linear voltage - thickness relationship for films
grown on all prepared surfaces at constant current density
or to a known leakage current density in ammonium borate,
ammonium citrate and ammonium tartrate solutions of different
pH values. A constant X /V ratio for all the pH values of
these solutions except pH 10. (Section IV - 2)

(¢) a change of aebout 10% in 2 / V values resulting from

a change of an order of magnitude in growth current densities
below 1 ma/om?® (FPig.31).

(@) small increase in the film thickness which continues at
constant voltage while the current is decaying exponentially.,
(Section IV - 2 )

Variations in dv/dt values arc indicative of change in the
current efficiency for growth {equation II - 3). However, the
variation of a% shown in Fig.8. appeared to have no significant
effect on the A /V values of film grown in ammonium borate, citrate
and tartrate solutions. A /V was calculated as 12.75 at lmA/cm
current density.

Current efficiency values were calculated by substituting
in equations (II - 3) the appropriate data shown in Figs.8 - 10
and other obtained. A value of 3.1 g/cm3 was chosen for the
density of the oxide and the values of current efficiency are
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listed in Table 17. The inefficient part of the current may be

ascribed to one or both of the following factors:

(a) evolution of oxygen at the oxide surface,
(v) inability of some alumimium ions to take part in film

formation i.e. dissolution,

It is well known(zg) that a plot of logi against ﬁ /V should
be a straight line. However, Pig.3l. shows a deviation from
linearity at current densitics Between l'mA/cm2 to 1OmA/cm2. This
deviation of about 4 - 5% for high current densities may be due
partly to heat evolved in the reaction and partly to delay in
switching off the current which can cause significant error at
high growth rates. Neufeld(64) has observed 2 similar effect
and has shown a steady increase in X /V valucs at current
densities greater than 1OmA/cm2.

Van Geel and Schalen(34)
method two different A /V velues of 13.9 and 12.7 for oxide

grown to an unspecified low leakage current on respectively a

have obtained by a gravimetric

chemically - clcancd specimen and a specimen with an 1ntact
air -~ formed film. However, they obtained a value of 12.9 A /V
for these films by an optical method. They suggested that
chemical cleaning causud an increase of T% 1n the surface area
and selected 12.7 4 /v as the best value of 2 /V for the two

treatments,
Hass(3l) anodized evaporated aluminium mirrors in 3%

tartaric acid pH (5.5) at constant voltage using a resistor for

limiting the initial current. An optical method indicated 13.0

i /V after 2 minutes anodizing at voltage and 5% increase in

R /V after 15 minutes (no leakage curront density given) with a

further increcase of 1% per hour. He has calculated a current
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efficiency of 80% in this electrolyte. The presenti results are
in agreement with those of Hass, However, Plumb(35) has observed
an & /v value 13.8 + 0.3 in the above electrolyte and reported
that the A /V value was independent of time. Bernard and Cook(36)
have alseo observed differcnt values of,;‘/v 1l1.3 =~ ilta't four current
densities 1.0mA %o {.l1md, although in non - aqueous solution.
These Variations in X /V values which have been reported by
several workers may in general be considered to result from one

or more of the following factors:

(a) wnjustified assumptions regarding values of refractive
dndex, dielectric constant and density of the films.

(b) variations in the determined values of the above para-
meters due to non - uniform methods of formation and condi-
tions of growth.

(c) incomplete definitions of the limiting thickness, which,
for example, have been shown to vary with leakage current

density.

However, X /V can be & useful parameter when considered with
these limitations.

Capacitance measurements are useful primarily for relative
thickness estimates on characterized barrier ~ type oxides as the
wide wvariations in the dielectric constant values reported in the
literature limit their ysefulness in calculating absolute thicke
ness., A value of 9.8 + 0.35 ( at 1592 cps) was obtained for the
dielectric constant of barrier - type alumina films formed in
ammonium borate solutions (pH 8.1 and 9,0). This value did
not scem to change significantly for films grown in ammonium
citrate and ammonium taritrate solutions, The value agrees

with that obtained by Harkness and Young(gg). However, the
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situation becomes more complicated when growth leakage current
densities arc not correctly defined. A significant change in
current efficiency during growth at constant current should
affect thiokness/voltage ratios and henoeé%v values. This has
been seen for anodized zirconium Fig.l5, at 250 volts and above.
Some preliminary obscrvations on voltage -~ time relationships
indicate a decreassc in current efficiency above 250 volts. TFor
anodic zirconia formed in saturated ammonium borate (pH 9.0)
solution the dieleciric constant was calculated as 25()j 1.0.

This agrees with that obtained by Young(zg)

who has reported

24.7 as the dielectric constant for zirconia,

I+ has been shown in Section IV -~ 3 - (2) that for thicker

films the amorphous oxide has a tendency to transform into

‘g - alumina structure. This tendency for crystalline growth
has been observed to depend upon the surface conditions and the
very thin pre - existing layer as discussed in Section V - 3,
Pig.44, shows the initial structure of the crystallites which
changes into fine cellular structure shown in Pigs.46 and 47.
This maybe associated with the continued application of field as
the film is growing. Orystallisation may produce well defined
grain boundaries and other discontinuities, like dislocations
within the oxide. It is believed that the dark radial streaks
shown in Pigs.45 — 47 may possibly be some discontinuities in the
crystalline‘g — alunina., Different current density may influence

(82)

film did not rupture during crystallization. However, Vermjlyea

the growth of these crystallites and their discontinuities. The

has shown rupture of the amorphous tantalum oxide due to field

crystallisation,
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V - 5 Effect of composition of the electrolyte:

V - 5 - (1) Growth charactcristics.

The results in Tablce.l?7, suggest that solutions of the
ammonium salts of boric, citric ané tartaric acids, give maximum
current efficiency for oxide growth at pH values between 8 -9,
This pH rangc has a uscful combination of favourable features for
thesc solutions (a) a rood buffering capacity and (b) lower
solubility of aluminium oxidc than at higher pH valucs. Plumb (35)
has suggested that the solvent action of the clectrolyte during
anodic oxidation depends upon the buffering canacity of electro-
lyte. The inability of some aluminium ions to forsa oxide is
influenced by the nature of anions in the clectrolyte,

The anomalous behaviour of ammonium borate solution pH 10,0
(Section IV -~ 1) was most probably due to the formation of a por=-
ous - type overlying film anc a barrier type film underneath, caused
by hieh dissolution and hydration effects of OH™ ions on the oxide.
The possible cnhanccd formation of pores at constant voltage during
10 minutes decay time, did not permit a decrcase in current which in
this casc rcmaincd very large. The porc formation was probably
similar to that observcd in ammonium borate solution (pH 9.7) at
5000 by Neufeld (64). It is a well ¢stablished fact that electro-
lytes which dissolve aluminium oxidce will form a porous film over-

(52)

lving a barricr - type laycr. Dorsey has obscrved this type of
oxide formation at hirh temperaturcs, in tartaric acid solution, The
optical interfercnce mcasurements have indicated a greater thickness
for the films formed in pH 10 solution. Thc films showed faint
interference colours.

Dorscy has suggcsted that the effect occurs by the initial

transformation of the barricr laver surfacc to a rcactive hydrous
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alumina layer which is then converted into a porous overlying
layer.

The resistance vs voltage Fig,13, for films on prepared surfaces
shows two Tranges, s ranpe ol low resistance upto approximately 120
volte and 2 linear range of higher resistance above this wvalue. It
is poesible that lower resisting range is associated with pores in
the thin films as shown in Fig.37. Electron microscopy has shown
that the pores tend to disappear with increasing thickness of the
film. Previously in Section V - 3 it was suggested that the mea-
sured resistance of the oxidc film is controlled by the thin
outer layer which is known(55) to be a p -~ type semi-conductor.
Thig layer is possibly sensitive to film crystallinity and
composition and is hepe ARfficult to fgpr@dnce for filrs forned
under verying conditions and enviroments. This may account for the

scatter in Rp values shown in Fig.l3,

V - 5 -(2) Studies of alumina films after growth:

Corrosion of aluminium hes been suggested to depend upon the
proteative film which must remain continuous and unbroken and
resist transport of ions to react with the metal. The action of
ions on alumina produced by anodic or air - oxidation has, therefore,

(13 - 14,48,53 = 54)  py present work

been studied by many workers
has employed relatively thicker films than those used by Pryor et.
al.(48’53 = 54) and others(14’73). This choice was made due to

the following rcasonsi-

(a) to avoid the possibility of pores ond defects which are more
1ikcly te be present in thinmer films as shown by microscopy

of these films. However, thicker films contained more
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crystalline inclusions within the film strata, than are found
in thin films,

(b) optical interference technique of thickness determin-
ation limited the lower thickmess of a film to be measured
accurately.

(c) comparative examination of films both on and off the
metal was possible by using these relatively thicker and

thus mechanically stronger films.

(d) t0 ensure thot aluminium ions from the metal surfoce were

not involved in reactions during these gtudies.

Examination of results obtained during the present work and
those obtained by others(48’53 - 54) suggests that aluminium
ozide when immersed in a solution tends to adsorb ions on its
surface from its enviroment. Possidbly an equilibrium is
attained with the ions in solution, depending upon the pH, nature
of ions, tomperature and structurc of the oxide. For example dried
anodized specimens when rc—immersed in the anodiging solution
Fig.59, reproduce the original capacity after about sixty minutes.
It is bolieved that some ions are incorporated into the oxide
lattice possibly in solution under these conditions. The
observation of elecctron diffraction patterns, however, showed
no change in the structurc of the oxide.

The steady change obscrved in the electrical properties of
the oxide during immersion tosts (Scction IV ~ 4) maybe due to
the transport of ions into oxide under the concentration, gradient
towards oxide - metal interfacc. This is proposed becausg th%
changes cannot be explained by thinning of the films in various
solutions. It is well accepted that small ions like F

- 8
Br~, I7and OB have high penctration power. Pryor et. al \4 ’53 54)

have suggested an exchange reaction mechanism involving the
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penetrating ions and the 0"2 ions of the oxide lattice, However,
another possibility may be the entry of an eguivalent number of
positively charged ions along with the penoctrating anions for
examnple & proton - the smallest ion. This will not upset the
charge balance and does not change the original crystal structure

of the oxide. For cxample OH  ion uptake m&fbe,ngngiéeicd as

A1203 * OH— + H+"“" 2 Alo(OH)'t---oaunoooaooo.(v - l)

which is a thermodynamically favourable process at 2550 with
4a =~1.54kcal/g rol of A1203(83). However, it is believed that
initial OH™ adsorption suggested above is the slowest step and
dependent on OH ions concentration.

Similarly C1~ ions penetration oy be os «21lows:

41,05 + €17 + HY s 21001 + A20(0H) +.ivereenan(V = 2)

Further transport of these ions within the oxide may be
Visualized by consideration of the oxide as an electirolyte and a
semi - oonductor(EA). There is general support to the view that
protons can casily migrate from one 0-2 ion to the neighbouring
one.

Aluminium oxide being amphoteric in character dissolves
readily in acide and alkalis and its solubility is minimum in
the pH range of about 6 - 7. Thercfore, in solutions with pH
values other than those above, thinning of the oxide film would
be expected in addition to hydration and penetration of ions.
Uniformity of hydration and penetration of ions may be difficult
to visualigze due to different behaviour of the amorphous and
erystalline parts of the oxide. Several papers 29 have
reported that amorphous part of the oxide dissolves readily in
chromic - phosphoric acide scolution, On the other hand
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8’— alumina (crystalline)'part is insoluble in the acids mixture.
Pig.56, shows that amorphous 5art of the oxide dissoclved in
preference to the {Q - alumina crystalline spots. However, after
thinning of the alumina film in alkaline solutions, the electron
microscopy indicated formation of pores at the crystalline spots.
This suggests preferential dissolution of the crystalline oxide
at these spots which may have arisen duc to enhanced adsorption of
ions occurring locally.

Increased adsorption at these crystallite sites may also
be associated with the discontinmities within the oxide, such
as grain boundaries, discussed in Section V - 4. Pure alumina is
known as an insulating dielectric. However, the penetrated ions
are believed to change its clectrical conductivity. Pryor et.
al.(48’53’54) have suggested a change in the defect structure of
the oxide due to C1” and F~ ions cntry into the oxide, which act

as n -~ type current carriers.

Hydrations
1

The observed decrease in measured.ag and Rp values of the
oxide without involving any significant thinning during immer-
sion in borate (pH 8.1 and 9.0), sulphate and chromate (pH 5.5 - 7)
solutions is belicved to be associated with the uptake of ions
OH™ and or H' (Section IV - 4). This probably modifies the
outer p - type layer. Aftcr significant entry of these ions the

oxide may be represented by a double electrical analogue

L
G 3%,

4
a7 5%,
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(where R1:£> R2) as against originally assumed analogue of a
Rp and a Cp in parallel.

The rcosults of mcasuremont of resistance of stripped films
in different solutions ( Section IV - 5) support the fact that
uptake of ions by alumina lowers its resistance. The initially
lower resistance (about two srders of magnitude) of these stripped
films as comparcd with that of films on the metal is possibly due
to unavoidable traces of moisture, which allow I” ions to enter
the original p — type suter layer. This p - type Tegion of the
oxide is small as compared to the total thickness of the oxide.
This I” ion penetration is believed to vary with the history of
the stripping bath, temperature and time of immersion. Therefore,
a wide scatter of results was observed., However, these resulis
provide useful information regarding the effect of ions on the
resistance of the oxide. Fig.T4, shows no change in the a.c.
resistance of the film in a sulphate solution (pH 5.5) during
the time of measurement. The results suggest that sulphate ions
do not enter the oxide and that there was no significant uptake
of OH™ or H' during this short time. Whereas d.c. field allows
significant upteke of ions by the oxide and consequent decrcease
in the resistance of the film. However, at higher pH value
(10.7) it is shown in the same Fig.T74, that there is substan-
tial decrease in the resistance of the film whe:: compared to
that at pH 5.5 or 7. Pryor et.al. have shown that 804__ ions
are not incorporated in the aluminium oxide film.

For the buffer solution pH 9.7 the change of resistance with
time shown in Fig.75, mey also be associated with the entry of
OE™ or gt jons from thc solution into the oxide. It is obvious
from these results that ion penetretion and

transpart are easier under applied d.c. field.
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C1” ions: .

A considerably significant effect of C1™ ions on the resist-
ance of the oxide has been observed as shown in Fig.68. Thism
effect is more pronounced during immersion times of less than 100
minutes. This suggests that contamination of the oxide by
poseible entry of C1  ions is very rapid. This substantial
decrease in Rp values in chloride solutions (0.1M K€l + 0.1M
K20r04) is not significantly affected by pH of the solution. It
is believed that the entry of C1~ ions occurs preferentially at
the crystalline spots. In neutral chloride solutions no signifi-
cant change in overall thickness of the oxide was observed, Fig.

68, The film may be represented by an electrical analogue.

CPT T2 2R

The preferentially attacked crystallites ars represented by R,

& very law resistive path.
The permeation tests described in Section IV - 6, using

1.,0M potassium chloride solution showed the following facts:
(a) ions permeate through the oxide diaphragm after about
48 hours and ultimately & high permeation rate is observed
Pige79. Burwell et.al.(68) showed a much higher permeation
rate for porous - type films and using a different stripp-
ing method and also completely and>dized foils.
(b) developments of holes at the crystalline spots within the
Oxide Fig.80, which produce enhanced rates of permeation
shown by part (c) of the plot in Fig.79. The films showed
wide scatter due to non - uniforﬁ distribution and size of

pores or holes,
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These observations m.y be taken to support the idea of
preferential attack at the crystalline spots where subsequently
holes were formed. Morcover, well defined crystolline discontin-
Uitics may facilitate enhanced penetration locally. This explains
the electrical behaviour of the oxide. However, Pryor et.al.(48’53—
54) have assumed cxchange of C1° =md F ions with oxygen ions in
the oxide lattice uniformly distributed over the oxide surface
on gz macro - scalc. The present results which suggest a prefer—
ential uptake of C1l™ and OET/H+ ions, support a different point
of view. Further evidence of local attack was indicated by the
"disfiguring" of the oxide locally during immersion in chloride
solutions for optical thickness measurements. These measurements
showed no change in the overall thickness of the oxide.Fig.69,
Moreover, the application of a d.c, field across the oxide
diaphragm showsd local damage of the film at spots originally
agsociated with preferential attrck, as shown in Figs.81 - 82,
Any aqueous stripping solution, like mercuric chloride will be
expected to cause significant changes in the electrical propert-

ies and possibly in the homogeneity of the film.

Penetration of ions, thinning and pore formation:

The present measurements of Rp and GC_ and the optical
measurement of thickness of oxide films (Section IV - 4) in
verious solutions with pH values greater than 7, indicate
uptake of OH/H® and/or €17 and OH™/H' and NH, ligands in addi-
tion to thinning of the oxide. Pores have been inferred from

the data of thickness losses in various solutions Table.16, and
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confirmed microscopically Figs.52 - 55. However, Pryor et.al.

(

of the anodized aluminium in chromate solution pH (7.1 - 9) as

48, 53 - 54 have explained the 1ncrease of the capa01tance

uniform thinning. They have suggested that chromate ions
possibly inhibit the entry of OF ions into the oxide. This is
perhaps not cdémpletely true. It is believed as a result of the
present work that a hydration process occurs throughout the film
and/or in certein local areas in addition to expected thinning.
However, it has been obscrved that thinning and impedance changes
for anodiged aluminium were more pronounced than in solutions
other than chromate solutions. Figs.62 - 63, Thus Cr04—— ions
possibly hinder the enterance of OH ionms into the film. Modi
et.al.(66) and O'Conncr et. al.(67) have shown that H' , O and
Cr04—— ions are strongly and specifically adsorbed on corundum.
Thinning hydration and pore formation are more pronounced in very
alkaline solutions. 1'I‘he results in Fig.64, show clearly the
effect of pH on the CP and R values d&ring immersion in the

0, 1MK'-CIO4 solutions, This change in C values measured in

ij} 7 solutions, indicates the comblned effect of thinning

hydration and pore formation. The steady recovery”%— and RP

P
after transfer to pH 9 solution for specimens originally

immersed in solutions of pH greater than 9 is shown in Figs.

64 and 66. This suggests the re-—establishment of the equilib-
riun at the oxide surface for adsorbed OH-/H+ ions and possible
partial dehydration of the oxide. After drying these specimens
the inverse capacitance values when remeasured in ammonium
borate showed a greater recovery as shown in Figa,6h and 66,
This recovery is believed to be due to further dehydration of
the film, and may involve some filling and healing of pores due

to sealing characteristics of alumina. However, pores are
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definitely indicated by the difference between optical measure-
ment of thickness and the iquivalent calculated estimate of
thickness from remeasured Cp after drying shown in Table.16.
The pores wers confirmed by examination of stripped films by
electron microscopy see Fig.55. These pores are shown to be
associated with the crystalline sites and may not be uniformly
distributed all over thc film Dbecause these crystallites depend
upon surface preparation (Pigs.39 - 40), and grain structure of
the substrate (Fig.42). Some crystallites do not penetrate right
through the film. 1

The decrease of Cp and Rp values in alkaline ammonium
chromate/sulphate which is greater than that in potassuim chromate/
sulphate solutions shown in Figs.62 - 63, suggest the uptake of
molecular ligand NH3 with OH_/H+ ions by the alumina. This
e¢ffect was not observed in ammonium salt solution of pH less
than 8, as NH4f ions exist below this pH and no NH3 ligands., It
has been suggested earlier in this section that adsorption of ions
may depend upon various factors such as nature of the ions pres-
ent, pH of the solution and structure characteristics of .#he
film. Howevcr, the complexing reactions involving various ligands
will depend upon the stability constants of the complex molecule,
both in the solid phase znd in solution. It is believed that
adgorption and penetration of NHB ligands would not affect the
crystal structure of the oxide. It is further suggested that
chromate iins possibly hinder this reaction as indicated by the
change in Cp and Rp in chromate solutions which is smaller than
that in sulphate solutions Figs.62 - 63.

Thinning behaviour of the alumina films are shown to depend
upon the concentration of aluminium ions alrcady present in the

solution, Figs,71l ~ 73. Enhanced thinning has been observed in
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the presence of Cl~ ions as shown by the data given in Table.
16. It has been shown that both sodium chloride and sodium
carbonate increase the solubility of hydrargillite (41,0

3H20) in dilute solutions of sodium hydroxide (6 - 13% Nazo)(84)
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SECTION VI

SUMMARY
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VT Summarz

The following gives the summary of bhe najor observations made

during the present work.

1) Current efficicncy for oxide growths:

(a) The current efficiency was about 5 - 8% lower for oxide

growth on NaOH etchcd surf ces than on electropolished specimens
under the same conditions.

(b) A maximum current efficiency was observed for oxide formation
in ammonium borates,citrate and tartrate solutions between pH 8 - 9
for a given surface preparation. There was a decrecase in current
efficiency in =umonium citrate and tartrate solutions above

250 volts, resulting in oxygen evolution., 4 sinilar observation
was made for anodic zirconia formation in saturated amnoniun

borate solution pH 2.0 above 250 volts.

2) Capacity and rcsistance mcasurements:

(a) Charge in the pH of the oxide forming electrolytes(amsoniun
borate, citrate and tartrate solutions) dic¢ not affect signifi=-

¢ ntly the linear capacity-voltazc relationship so long as the

sane current den:ity (at constant currcnt for.ation) or same
leakage current density (at constant voltage srowth) were employed,
On the other hand the resistance-voltage plot was not linear and
showed two regions (a) a low resistivity region up to sbout 120
volts and (b) a hiph resistivity region above 120 volts for oxide
films forued in these electrolytes.

(b) Pilus forme? on surfaces air-anncaled or etched in HF -

HNO3 showed lower resistance than films formec on differently
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prepared surfaces., The measured capacitance ané conductance
values of these films showed significant increasc with time
after switching off the current.

(c) A stripped fila showed a lower resistance (obout two orders
of marnitude) than that of a siniler filn on the wetal, The
registance was found to decreasc during immersion in alksline
solutions, Application of a d.c., fiell across the stripped
oxide filn causcd a considerable deecrcase in the resistancc of

the anodic alunina fil:-.,

3) Optical properties anG thickness :acasureient of oxide filns:

(a) A linear voltace-thicliness rclationship was observed for
oxide filis groewn in different electrolyte under the specified
conditions.,

(b) The rcfractive index for anodic alumirna filus forned on
Lresared surfaces was found to be 1.655 + 0,01 at 5460 X. A
volue of 1.620 + 0,01 at the saue wavelength was found for
films formed on air-annealed (untreated) surfaces. 4 film
stored at roo. teuperature for twelve months showed higher
refractive index than that of a freshly forimed film,

(c) o significant change in A /V ratio due to electrolyte
chonres was observed for anodic aluiina film grown in ammoniun
borate,citratc ané tartrate solution (except pHLO) provided the
same growth current dcnsity or the sanme lecakage current density
were enplorcd., The thiciness of the oxide, “owever, inecrecascd
significantly during decay of currcnt deansity at voltage.

(@) Three different ncthods of obtaining optical interfercnce
minima were erployed for lilns both on and off thc wetal base

for finding their thickncss. The results of thesc different
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neasurenents agreed to better thax1i~1'5% .

(e) Stripped anodic alumina filuns formed on air-annealed speciw
nens showud Giffercnt interference spectra on opposite surfaces.
L lower value of i /V (abeout 6%) was inferred for these films
as cowpared to that of the films formeé on prepared surfaces
under the same conditions, These films showed appreciable
ovtical absorption resultine in transmission svectra with less
nmarked naxima and winima from which the oxide thickness was not
cdeterminable,

(f) The alunina filiis forned in ammonium borate solution pH 10
were found to be¢ thicker than those produced in solutions of pH
less than 10, using the same growth conditions,

(g) A change of about 10% in i /V value was obtained for a

change of an order of magnitude in current censity.

4) Electron microscopic and electron diffragtion exanination:

(a) Thin stripped filiis behaved =s normal replicas of the
substrate surface and showed features characteristic of the
surface trecatuent,

(b) These thin films formed on prepared surfaccs showed pores
waich were nuch ~grmaller than lBOX « However, films forrned on
air-annealed specinens showed relatively binper pores and
crystellites, There was no dircecct evidence of pores in films
cFreater than 1400 & (100v)

(b) Crystallites of % - alumina werc observed within the
anormohous oxide filas thicker than lOOOX « The occurrence of
these crystallites was dependent upon surface preparation aund on
the ultimate thickness of the oxide. For films foried on

electropalished specimens (perchloric acide-ethyl alcchol) these
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crystallites were found to be located on sites corresponding

to the original grain boundories of the wnctal, As the film
thicknass increased oxide film on sone grains showed these
crystallites, while filn on oithers rcumained cormpletely amorphous,
Sorme of these crystsllites werc not right through the oxide filns.
(¢c) Fores were observed to for'i when thicker oxide fil.as were
thinned down in alkaline solutions. These wore located at the

crystalline spots of tlie oxide,

5) Effect of composition of electrolytc on anodic alumina during
immersion:

1
(2) Cp and R_ of anodized aluminium specigens were found to

decrease during irudersion in different solutions. The decrease
was depcndent upon the pH and on the nature of the anions

present in the solution., At a given pH grocter than 8 the change
was more pronounced in ammoniunm salt sclutions than in solutions
of potaisium salts. Therc was greater change observed in the value
RP and E; in chloride solutions and this was not significantly
dependent upon pH of the solution. The optical .icasurements

of thickness for these specimens showef considerably less

thinnin~ rate than that iadicated by 5; value measured during
immersion in various solutions of pH greater than 7. It was
observed that uniformlthinning of filn alorc could not account

for thesce changes in 5; and Rp values.,

(b) Thinnine of the alumina film was found to be dependent upon
the pH of the solution and the ceoncentraticn of aluminiunm ions
already prssent in the solution, There was significantly

enhanced thinnine of alunina filis in alkaline chloride solutions,
No oversll thinning of the alumina film was cbserved in neutral

chloride solutions,

of
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6) Perneability of strigmed alunina films to vpotassium chloridce:

Yo permeation of ions was observed throuvh the oxide diaphrazm
during the initial 438 hours. A slow rate of permvation was sitown
after this tine, which later changed into an cnhanced rate., Holes
were found to have developed in the oxide film. R.c. polarization
prodvced binger holcs through the oxide diaphragm ané caused

ennsiderable danaece to the film,
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SECTION VII

COI'CLUSIONS
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Conclusions:

The following conclusicns have been drawn from the results obtasined

during this work,

1) Surface prcparation cnd the initial pre-existing film influence
the nature of subsequent ancdic film., All the surface state
characteristics must be accurately defined for studying anodic

behaviour of metals.

2) Currcnt efficiency for aluminium oxidc growth de,cnds upon
the buffering canacity of thcelectrolyte and its dissolution

effect upon the oxideg

3) The optical interfercence technique offers an accurate, nost
convenicnt and non-~destructive method of measuring the thickness
of thc oxide film both on and off the netal basc. However,

the ontical proverties of the film nust be preciscly known,

4) The chemical reactions involved in strippinz films of oxide
froz aluniniuvm using iodine ir netlanol anc froa zircornium using
bromine in cthyl acetate do not significarntly aliter the ovtical
oroperties or the thickness of thesc films., Ifewever, agueous

stripprines solutions like HgCl, will sigrificantly affect the

2
electrical resistance of the aluwina filns and possibly their

nomogeneity.

5) Oxide films with precisely controlled thickness can be produced
on aluniniunm specinens in electrolyte such as ammoniun borate,

citrate and tartrate solutions undcer specificed growth conditions,
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However, as expected from thc ecquation for condustion in condition
of high electric field intensity the thickness of the film alters

with the current density for growth,

) It is supgcsted that useful results and interpretations are
J

most casily obtainable wheon several differ.nt nethods of

exaxination are ernployed sinultancoeusly.

7) (a) It is believed that anodic alumina filwms takc-up ions as
s solid solution into the latticc without changing the structure
of thc oxicc. Some of these spccics are oy, €17, Br~, I~, OH™
and ¥ ilons, and NH3 ligands,

(b) At crystallinc inclusions within the oxidc, the adsorption

of lons and hence their uptake is probably nore pronounccd,

Halogen ions yenetrate rapidly at thesc sites ard produce
considerable decrease in the resistancce of the oxide locally,

This effect of halogen ions is not dependent upon pH of the solue
tion,

(¢) Stronily adsorbed chromate ions tend to hisder the uptake

of O™ and/or ut ions or NH3 lig-nds by the oxide fron the solution
(4) In alkaline solutions thinnine occurs in addition to hydra-
tion and pore for.iation in various clectrolytes. Dores were
located preferentially at the crystalliic spots within the
amorphous bull oxide.

(¢) Thinnine Yehwiour of zalumina is dependent upon the pH of

the sclution, concentration of alumirium ions and any complex-

ing ligancs present in the sclution., Prescace of €17 ions
increases the sclubility of cluninz in allgline solutions,

(f) It is sugmested that C17 ions permcate tlirouzh the isolated

films forming pores locally at crvastalline swots,
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. \ R he , . .
(g) The uptaoke of ions by the alunina, 1owers/ciectrlcal resist-

ance., D,c, fiecld enhances the weracability of aluminn to ions.
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TABLE 1

WAVELENGTHS () OF MINIMA PRODUCED BY ANCDIC
ALUMINIUM OXIDE FILMS

(ALUMINIUM ETCHED - SODIUM HYDROXIDE)

392 Volts _ 342 Volts 300 Volts
(m)* T#r R(s)~ R(m) T.. R(s) R(m) . R(s)

1,196 1.181 1,978 1.055 0.990 1,525 0.88% 2 1.349
D,.715 0,678 0.885 0,622 0,608 0,767 0,551 0,557 0,673
0,516 0,509 0,590 0,449 0,443 0,513 0,402 0,394 0,456
0,409 0,299 0,450 0,360 0.352 0,392 0,320 0,313 0,351
0.34%0 0.332 0,365 0,297 0,292 0,318 0,267 0,251 0.285
0.291 0,286 0,308 0,257 0.253 0,270 0.232 0,228 0,244

0.257 0.252 0,269 0,227 0,224 0,237 0.205 0,215
0,231 0,228 0,240 0.204 0,213
0.208 0,218
0,202
260 Volts 200 Volts 160 Volts
R(m) T.. R(s) R(m) T. R(s) R(m) T, R(s)

0.812 0,770 1,191 0.662 0,604 0.930 0,521 0,493 0,745
0.492 0,483 0,590 0,396 0,385 0.474 0,325 0,308 0,382
0.361 0,346 0,401 0,291 0.278 0.323 0.242 0.228 0,263
0.285 0,275 0,307 0.235 0,225 0.250 0,209
0.241 0,234 0,252 0.208

0.205 0,218

*R(m) = reflection from anodised aluminium surface,
= transmission through oxide.

=R(8) = reflection from oxide removed from the metal,
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TABLE 2

WAVELENGTHS (M) OF MINIMA PRODUCED BY ANODIC
ALUMINIUM OXIDE FILMS

(ALUMINIUM ELECTROPOLISHED PERCHLORIC ACID -~

ETHYL ALCOEOL)

342 Volts 300 Volts 250 Volts
R(m) T R(s) R(m) T R(s) R(m) T R(s)
r r r
1.064 1,563 0,884 1.388 0,791 0.763 1.147
0.625 0,611 0,775 0.575 0.556 0.696 0.480 0,466 0,568
0,457 0,450 0,521 0,410 0.401 0,468 0,346 0.33%2 0,387
0.362 0.363 0.3%97 0.326 0.320 0.356 0,274 0.267 0.296
0.299 0,298 0.3%22 0,271 0,266 0,289 0,232 0.225 0.244
0.257 0.256 0,273 0,235 0.232 0.247 0.203 0.210
0.228 0.227 0.239 0,207 0,218
0.206 0,215
200 Volts 150 Volts
R(m) . R(s) R(m) T. R(s)

0.653 0.614% 0,935
0.393 0,337 0.475
0.289 0.283 0.323
0.233% 0.225 0,250
0.200 0,209

0.505 0,476 0,703
0.307 0,294 0,362
0.226 0,219 0,250

0,200
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TABLE 5

WAVELENGTHS (j+) OF MINIMA PRODUCED BY ANODIC
ALUMINIUM OXIDE FILMS

(ALUMINIUM ELECTROPOLISHED PERCHLORIC ACID -
ETHYL ALCCHOL AND ETCHED SODIUM HYDROXIDE,)

242 Volts 300 Volts 250 Volts
R(m) T R(s) R(m) T R(s) R(m) T R(s)
r r r
2 1.056 1.538 0.882 2 1.376 0.796 0,764 1,144
0.636 0.604 0,767 0,568 0,550 0,685 0.481 0,471 0,575
0,465 0.447 0,516 0,410 0.397 0.463 0,348 0,333 0,393
0.3%64% 0,355 0.3293% 0.325 0,319 0.353 0.276 0.270 0.300
0.303% 0,293 0.320 0,270 0.265 0,287 0.23% 0.229 0.247
0.261 0,253 0,270 0,235 0.230 0.245 0,204 0.201 0.213
0.2%2 0,225 0,237 0.206 0.217

0.204 0,213
200 Volts 150 Volts
R(m) 7T R(s) R(m) T R(s)
r T
0.650 0.614 0,939 0.498 0,465 0.687
0.394% 0,388 0,475 0.300 0.290 0,355
0.289 0,282 0.323% 0,224 0,216 0.245
0.23%3% 0,226 0.250 0.197

0.199 0,209
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TABLE 4

WAVELENGTHS (A) OF MINIMA PRODUCED BY ANODIC
ALUMINIUM OXIDE FILMS

(ALUMINIUM ELECTROPOLISHED PHOSPHORIC/CHROMIC/

SULPHURIC ACIDS

zh2 Volts

R(m} T. R(s)

300 Volts

R(m) . R(s)

250 Volts

R(m) T R(s)

?
0.615
0,453
0.358
0,298
0.25%
0.226

1.060
0,610
0,443
0,350
0.291
0.252
0.223
0.203

1,537
0.759
0.512
0.389
0.316
0.268
0.235
0.212

0,882
0.568
0,407
0.323
0.26%
0,233
0.209

0,885
0,558
0.399
0.318
0.265
0.230
0.206

1,370
0.684
0.460
0.352
0,286
0,244
0.216

0,763 1,162
0.465 0.575
0.333 0,391
0.268 0,298
0.226 0.245
0,199 0,212

0.772
0.473
0,34k
0,273
0,230
0.202

200 Volts

R(m) Tr R(s)
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TABLE 5

WAVELENGTHS () OF MINIMA PRODUCED BY ANODIC
ALUMINIUM OXIDE FILMS

(ALUMINIUM ELECTROPOLISHED PHOSPHORIC/CHROMIC/
SULPHURIC ACIDS/AND ETCHED ~ SODIUM HYDROXIDE)

342 Volts 300 Volts 250 Volts

R(n) T R(s) R(m) T R(s) R(m) T R(s)
r r r
? 1,058 1.527 0.890 ? 1,370 0,790 0,760 1.176

0,616 0.612 0.758 0.566 0.553 0,680 0,486 0.472 0.585
O.454 0,442 0,512 0.407 0.396 0,459 0,346 0.344 0,398
0.358 0.351 0.389 0.322 0.316 0,351 0.277 0.27% 0,300
0.296 0.291 0.317 0.268 0.264 0.286 0.233 0.230 0.249
0.256 0,251 0.268 0.23% 0,229 0,245 0.205 0,202 0,214
0.227 0,222 0.235 0.208 0.205
0.202 0.212

200 Volts
R(m) Tr R(s)

0.651 0.613 0.931
0.398 0.385 0,471
0.291 0.280 0.321
0.2%2 0.225 0,248
0.199 0.208
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TABLE 6

WAVELENTH 9#) OF MINIMA PRODUCED BY ANODIC OXIDE FILM FORMED

ON ATR - OXIDISED ALUMINIUM.

392 Volts 342 Volts 300 Volts 260 Volts 200 Volts
Rm) R(s)' R(s)Z R(m) R(s) R(=)? Rm) R(s) R(m) R(8)' R(m) Rs)*
1.227 1.882 1.835 1.054% 1,575 1.566 0.871 1.386 0.817 1,210 0,602 0.859
0.702 0,880 0,856 0,595 0,730 0,712 0,515 0,636 0.463 0.563 0,353 0,428
0.501 0.576 0.540 0,426 0,467 0,443 0,377 0,410 0.341 0.386 0.259 0,286
0.388 0.429 0.426 0.331 0,366 0.291 0,322 0.266 0,289
0.317 0.334 0,332 0,273 0,290 0.2k2 0,256 0,220 0,232
0.271 0,285 0,282 0.235

0.249

R(m) reflection from anodized aluminium surface

R(s)l reflection from oxide removed from the metal - M"air'" side
R(s)2 reflection from oxide rcemoved from the metal - "metal" side



VALUES OF o¢ FCR STRIPPED ALUMINIUM OXIDE

(FROM REFLECTION MINIMA).

NaOH HC10 H_Cro H.Cro
etched H 2 b 2 4
electro- electo~ H_PO H_PO
TR “ 5 l+ 3 L{-
polished polished 180 °. 80
and etched “2774 2°Vh
electro=- electro-
polished polished
and etched
A m v v o« v = v o<
2000 5 151 150 104,6
& 189,5 106.4 192 104.,2 1%2 104.2
2100 5 161 160 103,7
6 202.5 202 104,2 204,5 102,7 202.5 103.7
7 248 250 1024 246,.5.102.2 244.5 103.1
2200 5 170.5 170 102.6
6 216 216 102.3 217.5 101.2 215 102.3
7 263 264 100,8 262 100.8 260 101.5
2300 5 180.5 180 101.7
6 230 230 100.8 231 99,6 227.5 101.1
7 278 3 277.5 99,6 278 99.3 276  100.0
2400 4 144,5 143
5 190.5 190 100.5
6 2kl bk, 5 99,2 24k 98.4 229,5 100.2
7 293.5 291 98,5 294 98.0 293 98,3
2500 4 151.5 150 97.7
5 200 200 100.0 203.5 98.3 201.5 99.3
6 257.5 258.5 98.2 256 97.7 252 99.2
7 309 305 97.4 309.5 97.0 309 97.1
2700 4 165 164 97.6
5 221 221 98.2 223 96.9 221.5 97.5
6 281 279 96.6 280 96.4 278.5 97.0
7 3h2 oh,7 337 ok,7 345 ok,0 346 93,6
2900 4 178 97.8 177.5 97.5
5 2k2 9 2hk3.5 96.7 242.,5 95.7 241 6.3
6 306 B 302 95.2 306.5 94,6 305.5 95.0
7 369 .3
3100 4 191.5 .1 191.5 97.1 194 95.9
5 262.5 5 261.5 95.4 262 ok,7 260 95.4
g 331.5 .5 327.5 9k,0 333 93.1 332.5 93.2

395.5
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TABLE 7 CONT'D,

NaOH HC1O, HC10, H,Cr0, H,Cr0,
etched electro-  electro-  H_PO H.PO
: : 4L 34
polished polished H.50 5. SO
and etched 2574 254
electro- electro=-
polished polished
and etched
3300 4 205 96.6 205.5 96.4 204.5 95.8 207.5 95.4 206 96,1
281 ok.0 278.5 94.8 279.5 94.5 280.5 94,1 280 94,3
355.5 92.8 353 93,5 356 92,7
3500 3 146 95.9 148 94.6
221 95.0 221 95,0 219 95.% 221.5 94.8 219 95,9
299 93.7 296 ak,6 298.5 93.8 299 93.7 299 93,7
376 93.1
3700 3 155 95.5 153.5 96.4 156.5 94.6
236.5 93,9 237 93.7 233,5 95.1 235.5 9k4.3 232 95.7
319.5 92.7 315 94,0 318.5 93.0 320 g92.5 320.5 92.4
397.5 93.1
3900 3 163.5 95.4 162.5 96.0 164 95.1
252 $2.9 252 92.9 248 ok.4 249,5 93,8 245.5 95.3
340 91.8 335 93,1 339 92.0 342 91,2 343 91,0
4100 172 95.4 171.5 95.6 173 94,8
267 92.1 266 92.5 262,5 93.7 264 93.2 259 95.0
258 91.6 355 92.4 359 91.4 362 90.6
k500 3 189.5 95.0 189 95.2 189.5 95.0 192.5 93.5 190.5 94.5
295.5 91.4 289.5 93.3 290.5 93.0 293 92,2 293 92.2

392 91.8

213.5 93.7 213.5 93,7 212.5 94.1 211 ok,8 212.5 O9ok.1
33%2.5 90.2 325.5 92.2 329.5 91.1 332.5 90,2 332.5 90.2
239 92.1 240.5 91.5 238.5 92.2 238.5 92.2 235 93.6
366 90.2

264,5 90,7 262.5 91.4 261.5 91.8 262 91.6 258 93.0
398.5 90.3

150.5 93.0 149.5 93.7 15k 90.9

312 89.7 309 90.6 311 90,0
172 93.0 171 93,5 172 93.0

356 20.0

193.5 93.0 192.5 93.5 192 93.8

398 90.5

216 92.6

5000
5500
6000
7000
8000

2000

PN AW NN N FW EFW U S WU F WD F8 0V WO W o

10,000
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TABLE 8

VALUES OF & (FROM TRANSMISSION MINIMA) OF
STRIPPED ALUMINIUM OXIDE

NaOH HC10, HCLO,, H,CrO, H,CrO,
etched
electro- electro- H3P04 H3P04
polished polished q.80 " 80
and etched 2574 2L
' electro=- electro~
polished polished
and etched
An ¥V o« Vo« Vo« Voo Vo
2000 4
Z
7 251 103,6 2ho  104.4 250.5 103.8 247  105.3
8 289 103,8
2100 4 146  100.7 143.5 102.4 145.5 101.0
5 182 103,8 182,5 103.6 182 103.8
6 225.5 1024
7 268.5 101,7 266 102.6 267,.,5 102.1 265 103.0
8 211 101.3
2200 4 is54%  100,0 151 102.,0 153  100.7
5 194 102.1 194.5 101.8 193.5 102.3 197 100,5 194 102.1
6 240  100,8 243,5 99.4 241.5 100.2
7 286  100,0 284  100.7 283,5 100.9 283.5 100.9
8 333.5 98,5
2300 4 162 99,4 159 101,33 160.5 100.3
5 206 100.5 206.5 100,2 205.5 100,7 208 99,5 204.5 101.2
6 254 99,6 256 98.8 252  100.4 254,5 99.4 250 101l.2
7 302.5 98,9 300 99.7 300 99.7 301.5 99.2
2400 4 170 98.8 167 100,6 168 100,0
5 218 99,1 218.5 98,9 216 100.0 219 98,6 214.5 100,7
6 269 98,1 268.5 98,3 266 99.3.267,5 98,7 266 99,3
7 320 97,5 319.5 97.7 320.5 97.4
2500 4 178 98,% 174,5 100,3 175.5 99,7
.5 230 97.8 230.5 97.6 227.5 98.9 230.5 97.6 225 100.0
T 6 283 97,2 280.5 98,0 280 98,2 281 97.9 280.5 98,0
7 337 96, L 338.5 95.6 340 95.6
2700 L4 194 97.4 190 99.5 191 99.0 194.5 97.4 192.5 08,2
5 254 95,7 25k 95.7 250 97.2 252 96.4 2h6 98.8
6 312 95.2 305.5 97.2 307.5 96,6 308.5 96,3 208.5 96.3
7

367.5 95.5
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TABLE 8 CONT'D,

NaOH HC10 HC10 H_CroO H.Cr0
ctohed 4 4 27, 2777k
electro~- electro- H_PO H_PO
: : 3 L 3L
polished polished H. S0 H 80
and etched 2V L b
clectro- electro-
polished polished
and etched
Am v ol v ol v P 4 v fo-14 v ol
2900 3 150 96,7 148 98
4 210 96,7 208 97.6 208 97.6 212 95,8 208 97.6
5 276 o94k,6 272 96,0 271 96.3 272 96,0 269 97.0
6 339  9k,1 332 96.1 337.5 9.7 340 93,8 340 93.8
3100 3 161 96,3 159 97.5 160 96.9
b 228 95,2 227 95,6 228 95.2 230 ok, b 224 7549
5 297 94,0 290.5 96,0 291.,5 95.7 292 95.6 294 9k.9
6 364,5 93,6
3300 3 171.5 96,2 169,5 97,3 170,5 96.8
L 245,5 9hk,1 247.5 93,3 246.5 93,7 246.,5 9ob4.1 239 96,7
5 318,5 93.3 310 95.8 313 oLk,9 316 94,0 317 93.7
6 390 93.1
3500 3 182 96.2 180.5 97 181 96,7
b 263 92,2 263.5 93,0 263.5 93.0 262.5 93.3 256 95,0
2 340 92.7 330 95,5 33%36,5 93,6 342.5 92,0 340,5 92,5
3700 3 192 96,4 191 96,9 191 96,9 191.5 96,6 191 96.9
4 280 92,5 278 93,2 279 92.8 278 93,2 275 ol,2
5 361.5 89.5
3900 3 202,5 96.3 201.,5 96,8 201.5 96,8 203 96,1 202.5 96,3
b 297 92,0 291 93,8 295 92.6 293 93.2 294,5 92.7
5 382.5 91.8
4100 3 215 95,4 214,5 95,6 213,5 96,0 215.5 95.1 213.5 96.0
4 31k 91.4 308 93,2 311 g92.3 310 92.6 313 91,7
5 k09 91.3
4500 2 140 96,4
3 240 93.8 241 93,4 237.5 94,7 241 93,4 238 94,5
L 343 90.5 342,5 92,0 345 91.3 348,5 90.4 349 90.3
5000 2 162.5 92,3 159 9k,2 161,5 92.9
3 269 93,0 269 93,0 268,5 93,1 269 93,0 268 93,3
4 385.,5 "00,8
5500 2 180.5 91.4 177 93,2 182 90,7
3 296" 92,8 296.5 92,8 300 91.7 298.5 92.1 296 93,0
6000 2 193.5 90,7 195 92,3 195.5 92.1 196 91.8 196 91,8
3 335.5 89.4 334 89.8 338.,5 88.6 334 89.8 333,5 90.0
7000 2 ig#.s 89,6 229 91.7 229 91,7 229.5 91,5 230 91,3
3 407
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TABLE 9

VALUES OF PHASL SHIFT (}@Q AVD REFRACTIVE INDEX (Y]) FOR
REFLECTION FROM ANODIZED ALUMINIUM SURFACES.

gigﬁed HClO4_ HClOL+ HZCrO[+ H20r04 Average
electro~ electro- H_PO H_PO
polished polished H3504 H3804
and 2L 25 L :K
etched electro- electro- Q
polished polished
and
etched
A x o V v v v U WA n
2000 104.9 6 200 201 204,5 202.5 640 1.882
7 246 244
2100 102.5 6 216 216 219.5 216.5 696 . 3%.839
2 261.5 260,5 263 259.5
2200 101.4 4 142.5 145 77 146,5 634 1.819
5 182
6 231.5 231 235 231
7 280.5 277 276,5 279 277
2300 100.2 &4 151 153 154,5 1.798
5 194 196 1< . 201 197.5 690
6 243 2h6,5 245.5 250 245
7 297.5 293 292,5 295 294,5
2boo 99,3 4 159 161 162 1.782
5 206 208,.5 208 212.5 208.5 609
6 258.5 260 260.5 263 260
7 314 210 209 %12.5 312
2500 98.4 L4 167 159 170 1.766
5 218 221 219.5 223.5 219.5 5232
6 274.,5 273 274 276 274.5
7 331.5 329 326 332.5 331.5
2700 97.0 4 183 184.5 185 1.741
5 242 245 243 246,5 2h2 626
6 304,5 299 300 301 302,5
7 361.5
2900 96.1 & 199 200.5 200.5 204 199.5 1,725
5 265,5 265.5 265 266 265 582
6 334.0 326 320.5 332.5

32945
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TABLE § CONT'D

gigged HCqu HC104 HECqu H20r04 Average
electro~ electro- H3P04 H3P°4
polished polished 550 .80
and 2% 254 :k
etched electro~ electro- O
volished polished
and
etched
k ot n v v v v v X,Q r‘l
3100 95.% 3 151,5 151,5 155 1,712
L4 216 218.5 218.5 221 218 778
5 288 285 285 286,5 286,5
3300 94,9 3 163 163,5 165,5 1.703
4 233,5 236 237 238 236 675
5 210 305 306 308,5 309
3500 94,5 3 174 175 176 1,696
4 251 253 252 255 253,5 560
5 331.5 329 327.5 332 332
3700 94,1 3 185.5 186,5 187 1,689
L 268,5 269 268 270.5 269.5 657
5 352.5
3300 93,8 3 196,5 198 197.5 201 195,5 14683
4 288 284,5 184 286.5 286 664
5 3735
4100 93.6 3 208,5 210 209 214.5 206.5 1.680
4 307.5 300 300 302.5 302.5 570
5 294,5
4500 92.9 3 233,5 233 232,.5 238 229,5 509 1,667
b 342,.5 334 331 339,5 238
5000 92,5 2 153.5 148,5 151 1.660
3 265 261 261.5 264,5 259 742
4 280
5500 92,2 2 168 165.5 167 1,655
3 299,5 287 290 290.5. 290 815
6000 92,0 2 182,5 182.5 183,5 182 1.651
3 329,5 321 321 328,5 328.5 552
7000 91.8 2 2%5 217 217 22k 218 766 1.648
3 384
8000 91.6 2 255 251.5 252.5 262.5 255 615 1,644
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TABLE 10

DETERMINED VALUES OF REFRACTIVE INDEX 07)
OF ANODIC ALUMINA FILMS

Description of Film

Becke Method

Banters Method

Films formed on
Prepared Surfaces

(a) Fresh

(b) Aged

Films formed on
untreated air -
oxidized surface

Fresh

1.655+0,01
(5460 A)

1.62+0.01
(5460 °4)

1.70+0,02
(39608 )

1.765+0,035
(2610R )

1.76+0.02
(52208 )

1.75+0,02
(396013 )

1.765+0.025
(35158 )
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TABLE 11

WAVELENGTH () OF MINIMA PRODUCED BY ANODIZED ALUMINIUM
(ALUMINIUM ELECTROPOLISHED -~ PERCHLORIC ACID - ETHYL
ALCOHOL)

200 V 220 ¥V 250V 270V 300V

R{m) R(m) R(m) R(m) R(m)

Ammonium 0.282 04309 0.5 - =
Borate 0.230 0.249 0.273 0.29 0,321
pH 8.1 0.210 Ce232 0.247 0,267
0.203 0.215 0.232
0,208
200 V 220V 250 V 270 V 300 V

R(m) R{m) R(m) R(m) R(m)

0.633 - 1,064 - ~
0.458 - 0,630 - 0.826
0.361 - 0.450 0.505 0.585

] * L] » .4
30 g/1 0.299 0.331 0.355 0,395 0 21
Ammonium 0.259 0,283 0.293 0.327 0,380
Borate 0.230 0,225 0.253 0.280 0.326
oH 10 0,209 0,206 0.211 0.247 0.285

0.203 0.222 0.256
0.204 0.232

0.215

0.201
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TABLE 12

WAVELENGTHS (#) OF MINIMA PRODUCED BY ANODIZED ALUMINIUM
(ANGLE OF INCIDENCE A2459)

(ALUMINIUM ELECTROPOLISHED - PERCHLORIC ACID - ETHYL

ALCOHOL)

150 Vv 180 v 200 V 220 V 250 V

R(m) R(m) R(m) R(m) R(m)
30 g/1 0.288 0.331 0,360 0,396 0,432
Ammonium 0.217 0,244 0,267 0.293 0.322
Citrate - 0,206 0.218 0.235 0,260
pH 9 0.221

150 V 180 v 200 V 220 V 250 V

R(m) R(m) R(m) R(m) R(m)
30 g/1 0.289 0,332 0.365 0,394 0.433
Ammonium 0,218 0,244 0.271 0,291 0,323
Tartrate - 0,207 0,221 0.235 0.260

pH 9 0,221
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TABLE 13

WAVELENGTHS (M) OF REFLECTIVITY AND TRANSMISSIVITY
MINIMA FOR ANODISED ZIRCONIUM AND CORRESPONDING
FILM THICKNESSES.

250 Vo].‘.:s.l 200 Volts,. 150 Voltse.
R(m) Tr R(s) R(s) R(m) Tr R(s) R(m) R(s)
1.743 - - - 1.440 1.325 1.033 1.100 1,573
1.037 -  1.263 1.254 0.842 0,775 1.013 0.654% 0.786
0.731 0,720 0.830 0.823 0,611 0.592 0,676 0.475 0.533
0.573 0.571 0,627 0,624 0,481 0,472 0.51% 0,377 0.410
0,468 0.465 0,510 0.496 0.400 - 0,418 0.316 0.334
- - 0.421 - 0.345 - 0.352 0.276 0.289
- - - - 0,302 - 0,311 0.252 0.258
Film
thickness 6090 6160 6150 6080 4970 4920 k960 3730 3835

(

)
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TABLE 14

Wavelengths (}LL) of minima produced by anodic zirconium oxide

(4.0 mA/ng? saturated ammonium borate pH 2.0).

(4) 10 minutes at growth voltage
(B) at growth voltage

(4)

50 volts 100 volts 150 volts 200 volts 250 volts 300 volts

- 0.453 0.627 - - -
0.278 0.334 0.458 0.579 - -
0.232 0.274 0.365 0.456 0.580 0.680
- 0,243 0.316 0.376 0.486 0,558
- - 0.273 0.325 0.425 0,475
- 0.249 0.290 - 0.414

()

50 volts 100 volts 150 volts 200 volts

- - 0.597 -
0. 350 0.413 0.437 0.540
0.259 0. 307 0.344 0.425
0,219 0.257 0.292 0.353

- 0.234 0.258 0. 307

- - 0.242 0.275

- - - 0.253

Reflectance attachment for 45 angle of incidence was used.
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TABLE 1

Indexed smacings and intensities of \S - z2lumina produced
anodically.

Measured spacings and  Indexed spacings and intensities
estimated intensities reported in literature.(%6)

Q o 14

() (a) (1)
(hkl) Intensity dy,q Intensity &, Intensity &y, ;
(112) - F 2.2793 . *VWF 2.287 P 2.281
(200) - vS8 1,872 S 1.980 Vs 1.975
(220) Vs 1.397 VS 1.399 Vs 1.397
(311) F 1.181 \'23 1.193 NOT OBSERVED
(222) M 1,130 M 1.143 M 1.140
(400) M 0,974 F 0.990 Ms 0.988
(331) NOT OBSERVED '
(420) M 0.887 M 0.885 MS 0.883
(422) M ? S 0,805 S 0,806

Measured radil . for diffraction rings and using Tl Cl for
calibration under the same nicroscope settings,

!- Alumina T C1

(hkl) Radius (cm) (hkl) Radius (ecn)

(111) 0,9895 (100) 0.5865
(200) 1.141 (110) 0.8235
(220) 1,610 (111) 1.050
(311) 1.905 (200) 1.1715
(222) 2.004" (210) 1.298
(400} 2,311 (241) 1.421
(420) 24535

b2z ?
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TABLE 16,

Thickness lost durins immersicon in various elcctrolytes
at various pHE valueszs against tiwme,

0.1M Time Ei be Er 20
Solution (pH) minutes A A A A
(IH,,) ,0r0,,

7.6 1480 Nil - - Nl
10,2 Sk 218 - 516 310
(NH4)2304

8.6 250 840 - - L2
2.6 200 1512 - g2k 756
10,2 50 2100 - 728 bl
K,80y,

5.5 1440 Nil - - Nil
8.6 1500 292 - - 20
K S0, +NH, OH

10.4 95 1942 - 868 728
10.5 53 1344 - 588 490
K,Cr0, +NH, OH

10,4 60 726 boa Lbne 350
10.5 Le 672 - 306 280
KZCrOu

10.2 11 545 - Loe 300
7 1750 5k - il Wil
8 1750 700 - 616 450
9 1615 1320 1260 1120 980
10 208 904 840 712 588
10 350 1904 1740 1302 1148
11 100 1904 1580 1000 910

Bab 1445 966 - - 812
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TABLE 16 CONT'!'D

0.1M Tine t. t t t
ol o€ o o0
Solution (pH) minutes A A A A
11 102 1890 1880 1232 1148
K2Cr04+hCl
? 1400 84 - Wil Wil
8 3350 8§58 - 616 250
9 1500 1540 1400 1190 o945
10 210 1904 176k 1456 975
11 55 1946 1652 868 700
L
( ti = thickncss equivalent to CP during inacrsion
E in situ. 1
( tc =thickness equivalent to C_ by changing to
Thickness ( P
( pE S.0 1
lost ( *r = thickncss equivalcent to 5; after drying
E ané re-inicrsion.
( té = thickncss by optical zeasurcaent.,
(
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TABLE 17

Current efficiency calculated for different electrolytes.

Ammonium borate solution (1,0 mA/cma)

PH 8.1. pH 9.0. pH 10'

Electropolished
Chromic-phosphoric - 95,0% anomalous
. behaviousr
~sulphuric acids of dv/dtm
Electropolished
perchloric acid- 94,0% 9%,0%
ethyl alcohol
Etched (NaDH) 85.5% 86.0%
Unetched The dv/dtm behaviour was copplicated

Anmoniunm citrate solution (l.OmA[pme)up to 250 volts.,

pH_9.0'
Electropolished
perchloric acid - 91.,0%
ethyl alcohol
Etched (NaOH) 85.0%

Anmonium tartrate solution (l.OmA/cmZ)up to 250 volts

pH 5.5 pH 9.0

Electropolished
perchloric acid- 81.0% 92.0%
ethyd alcohol

Btched (NaOH) - 85.0%
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FIG.5. SCHEMATIC DIAGRAMS FOR MEASURING ELECTROLYTIC

RESISTANCE OF OXIDE FILMS BY ALTERNATING AND

DIRECT CURRENT METHODS.
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Fig.33,

Magnification (950x).Reflection electron nicrograph of 300
volts anodic alumina film formed on an ctched (NaOH)
aluniniun foil, showing (o) upruer dark part; film on

the metal (b) lower white narty filrm stripwed off the
netal. (30 g/l amionium borate, pHY, lmA/cma, at voltage
for 10 minutes)

Fiz, 3k,

Maenification (36,300x) Transmission  e¢lectron
nicrograph of 50 volis anodic alumina film ferued on an
etchcd (NaOH) alumiaiuwm foil (30 g/1 ammoniunm borate pH9,
lmA/cmz, at voltage for 10 =inutes), showing globular

features charncteristic of the cheiical ctceh.

Fig,35.
Magnification (19,200x); Transmission elcctron

micrograph of ancdic alumina film (sae 28 in Fig,34)

.

showine arrangenent of glabular featurces at a rolling

line of the foil,
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Fig.36,

Magnification (75,000x%)s Transcission electron
micrograph of 75 volts ancdic alumina film forrmed on an
electropolished (Chrosic - phosphoric - sulphuric acids)
aluminium foil (30 g/l ammoniua borate, pHI, lmA/cmZ ot
voltage for 10 ninutes) showing hexasonal cell pattoern,

characteristic of the electropolishing bath,

Fig.37.

Magnificetion (75,000x); Transnission clectron
micrograph of 50 volts arncdic aluxina fili formed on an
electropolishcd (perchloric acid - c¢thyl alcohel) specinen,

showing pore - type features and soie right throush porcs.

Y,

5
(the growth concitions, sauae as for thc above films).

Fig.38.

Marnific=tion (75,000x); Trarsaission electron
Cierograph of 75 volts ancdic alumina filn forned on an
air - anncalcd (350°C, £0 2ins.,) aluniniun feil, showing
(a) pores and (b) crvstalline spots (the growth conditions

same as Tor the abeve filns).
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Magnification (15,000x); Transzission electron
micrograph of 150 volts anodic alumina film forued on an
electropelished (perchloric acid - sthyl alcohcl)
specimen, showing initial growth of crystallites. (the

formatioen conditions sarce as for previous films).

Fig.40.

Magnificaticn (9,000x); Transmission electron
micrograrh of 100 volts anodic alunira f£iln formed on an
electropolished (perehleoric acid « c¢thyl alcohol)
speciuen, showing crystallitcs formation (the oxicde film
formed in 3% tartaric acid, pH 5.5, lmA/cma, 10 mins. at
voltage)

Fig.ﬂl.

M:gnification (15,000x); Transmission clectron
micrograph of 150 volts anodic alunina fils for—ed on an
etched (WaQH) foil, showins rancon distribution and
enhanced growth of crystallitces (30 z/1 ammoniun borate,

pHE 9.0, 1mA/cm2, 10 minutes at voltage)
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Fig.h2,

Marnification (3,750x%); Transuission elcctron
micrograph of 250 volts nnodic aluminz fils foried on an
elcctrovolished (perchloric acid - <thyl alcohol)
svecinen., (The fils thinned z=bout 10% in pH 9,7 buffer
solution) shnowine enhanced growth of crystallites at the
sites corrcsponcding to the c¢ripinnl srain bouandarics of
the vietal. (30 g/1 anmoniun borate pH 9.0, lmA/cmz, 10

minutes at voltape)

Fig.bk24a.

Marnification (3,600x); Trans~igsion electron

nicrograph of 300 volts arcdic alupmina film foraed as

o

the above film, showins: srowth of crystz=llites above

sore grains of the metal.

Fig, 43,

Magnification (19,200x); Transnission electron
nicreczraph of the fila as in Fir.42., 2t nigh nagnifica-

tione.
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nification {50,000x);
film

™

.
microgr 1Dh79*c s in Fie.39. =

showing tae dipitial structure of

Magnification (72
raph of 300G volis annd
ctehed (NaQE) foil, (The £1ila
Q.7 sh-winr structure

Jjith increased

buffer solution)
thickness of the film.

of fily srowth <caxe as for the abeve

on {19

il exasmingd

qﬂlc)

Transsis

clectron

nagnification,

crystallites,

soion electron

7il.: foriec on an
ah - ut 15% in pH
of crystallites

(The cenditions

il in Fir.h44),

clcetron
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Fig, 47,
Magnification (109,300x); Transmission electron
= ] k)
micregraph for the filw examincd in Figs.42 and 46,

showing a sinrle crystalline sypot,

Fig . L{'8 -
Transnission elesctron cdiffraction rattern for the

50 volts ancdic alumina film exarined in Figs.34% and 35,

Fig.h9.

Selected arca transiission el cctren ¢iffraction

pattern for the 250 volts film examired in figs.t2 and 43,
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Fig.50,

Slected nrea transnission electron diffraction
pattern for 300 volts anodic aluminc forwed on an etched
specimen (Ha0H). (Fila thinncd down about 20% in pE 9.7
buffer,) The film was originrlly forael in 20 g/l

2 ,
anmonius borate, lmi/en™, 10 rmin.tes at voltage.,

Fig.51.

A general transiission electron diffraction pattern
300 volts anodic alumina film formeé as above =z=nd thinned
sbout 40% in pH 9.7 buffer solution, b7 immersing the
stripped oxide window in the solution.

T

ig.5H2.

Magnification (30,000x); Traunsnission clectron
nicrorraph of the filr exsnined in Fig.5l, showing pores
developed at the crystalline spots within the
bulk oxide,

amorpnecus
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Fig.53,

Macnification (30,000x); Trans.sission clectron
nicrosrarh of 300 volis anodic alumin: fil:m thinned
down in pH 9.7 buifcr solution, showins the developuent
of porcs due to thinning., (The fil: was foraed on an

Al

chicd specinen).

.

€

Masnification (75,000x):; Transicission clectron
2 L b
micrograph of 300 volts ancdic alumina film formed om an

¢lectropolished (perchloric acid - cthyl aleohol) speei-

nen, snowing porces Ju¢ to thiraing in pH 9,7 buffer

'
solution. An oxide "wincdow" was used nas Ffor 2l other

e

thinnins experinents,

Fig.55.

¥arnification (30,000x); Trans-ission «lecctron
nicrograph of 300 volts anodic alumina film forned on an
¢lectropolished (perchloric acid - «thyl alecohol) specimen
and thinned  gdown aftcr strippine in potassiun chroasate

solution pHE 13,
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Fig.56.

M gnification (3,000x); Transuission elcctron
sderograph of 300 volts anodic filnm formed on an etched
(NaDH) specimen and thinned for about two minutes in the
chronic -~ phosphoric acids nixture at BO%lafter stripping
it off the metal base, (The filn was originally formed
in 30 g/1 ammonium borate solution pHd 9.0 at lmA/cm2 for
10 minutes at voltage). Thickness loss as indicated by

spectrophotomctry was nbout 25%.

Fig.57.

Mngnification (15,000x); Traonsnission electron

micregraph of the fils as above at high aagnification,

«

Magnification (30,000x); Transaission electron
aicrograzh of 200 volts anndic zlumina film foruec on an
ctehed specimen (MaCH) and thinnec dowa for about two
pinutes as above, after striwping it off the nctal basc,
(The filn was oricinally for.aed in %2.0% tartaric zcid
solution pH 5.5) Spectrophoto etric itecsurcnent indicated

about 30% loss of thickness.
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Fig.80,
Magnification (30,000x); “rans.:ission electron
nicrograph of 300 volts strigioed filu meounted for
perqacation exverinent for one weck as a diavhragn,

showing pores developed

Pig, 01,

Magnification (180x); Transuission ontic-l micro-
craph of 300 volts stripped filu mounted as diaphragm for
permeation test as above Tor six daoys and finolly a d.e.
potential was apnlicd acress it for 10 ninutes, showing

danage caused by the field and the chloride ions.

Fig.32,
Mognificetion (180x); Reflection ontical micro-
graph of the filw as above, siiowine tue awp,carance of

danmaged spets by reflection.
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