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ABSTRACT

This investigation is conéerned with the stresses that
arise during the anodic oxidation of aluminium and zirconium.

Stfesses in anodic alumina have been shown to depend on
hydration phenomena. Hydration causes compressive stresses by
increasing the volume of the oxide, tensile stresses arise when
water is eliminated from hyétated oxide films by anodic polari-
sation. The dehydration is accomplished by a deprotonationm in
which anhydrous oxide is formed by the consumption of the hydfate
as each mobile aluminium ion displaces three protons from the
latter.,

In accordance with the Pilling-Bedworth volume ratio concept
anodic zirconia, which grows by anion migration only, develops
compressivc stresses which are of the same magnitude as the
compressive strength of the bulk oxide, suggesting that growth
proceeds at the fracture stress by a crack-heal mechanism.

At low current densities the compressive stress in anodic
oxides which accompanies the applicd veltage is caused by

electrostatic pressure.
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INTRODUCTION
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THE RELEVANCE OF MECHANICAL PROPERTIES OF OXIDES TO CORROSIONW

OF METALS

Most metals are thermodynamically unstable with respect
to their environments and are of practical use only when the
corrosion product - usually the oxide - forms a protective
layer which separates the reactants. Further oxidation
occurs by transport of oxygen and/or metal through this
kinetic barrier and usually diffusion of one of these two
species becomes the rate controlling step in the reaction.

To give protection the oxide must itself be stable; its
efficiency as a barrier depends on its diffusion characteristics,
its electrical conductivity and its thickness.

Metals forming protective oxides show at least two
different types of behaviour, a period of protective kinetics
when the corrosion rate diminishes with increase in oxide
thickness is followed, after a certain time, by a non-protective
period when the rate remains constant, although thickening
of the oxide continues. Oxidation becomes a serious problem
when the protective thickness is small and allows non-protective
oxidation to consume the underlying metal at a constant,

1, 2, 10, 14) , .

appreciable rate. It has been suggested
the mechanical properties of oxides, particularly stresses
arising during growth and lack of plasticity are important in

limiting the protective thickness of oxides.
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Briefly the theory can be stated in the following way.

As the oxide thickens a point is reached where the internal
stress is 2qual to the fracture strength and it deforms by
extensive cracking or blistering(B). The average thickness

cf the uncracked part of the oxide is the protective thickness
and this determines the subsequent rate of oxidation. If the
oxide can be made better able to withstand stresses through
increasing its plasticity or strength by suitable alloying of
the metal, then a greater protective thickness may be obtained,
resulting in lower corrosion rates. Thus, the main interest
in investigatirg the mechanical properties of oxides lies in
gaining an understanding of the factors which influence the
thickness at which kinetic transition occurs and thereby
improving corrosion resistance of materials in service. This
investigation is particularly directed to studying the growth
stresses in oxides, but has in mind the broader field of mechani-
cal breakdowm and corrosion resistance.

Aluminium and zirconium were chosen for this work because
of their use in nuclear rcactors. Alloys based on aluminium
and zirconium are used as "cans" to protect uranium fuel
clements from water coolant. Also, aluminium, when anodised,

is widely used as a decorative material for building purposes.
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Part 1. Growth of Oxides During Corrosion

a. Theories to Explain Transition from Protective to Non-

Protective Oxidation Kinetics

A typical curve of oxide thickness versus time for the
oxidation of a metal is shown in Figurc 1. The first inflection
in the curve represents the tramsition from protective to non-
protective kinetics. Often the linear rate may increase;
this second inflection is sometimes referred to as breakaway.

A number of theories have been put forward to explain the
transition from protective to non-protective corrosion of
metals.  Some of these are listed below:

1. Mechanical breakdown =~ at a critical oxide thickness internal
growth stresses can cause extensive cracking.

2.  Strain induced recrystallisation or fragmentation.

3. Grain boundary growth and pustule formation leading to
rapid penetration of metal.

4. Plasticity change - the oxide may losc its plasticity as

it changes from an anion deficient to a stoichiometric oxide.
5. In aqueous and steam oxidation two additional mechanisms

can operate because of the presence of water.

i. Hydrogen damage.
ii. Oxide dissolution.
With the exception of oxide dissolution and electrical damage

by hydrogen all of these theories are concerned with the mechanical
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properties of the oxide. The most concrete evidence to support
this mechanical approach to transition is supplied by optical
and electron-optical studies which reveal the presence of cracks
in the non-protective oxide layer. Such evidence is plentiful
in the literature.

Cathcart et a1.(4) have systematically studied the corrosion
of tantalum in pure oxygen between 470°C and 530°C.  The oxide
was initially protective but became non-protective during later
oxidation. The non-protective oxide layer contained
microscopic '"blister-like cracks” visible in the electron
microscope. Since both portions of the oxide were crystalline
it was concluded that an observed increase in oxidation rate
was reclated to cracking of the film. Niobium was shown to
have similar kinetics, the transition from parabolic to linear
growth being accompanied by crack formation(s’ 6). For both niobium and
tantalum oxidation proceeded by anion migration which produced
oxide about 100-2007% greater in volume than the metal consumed
in forming it. This large increase in volume caused stresses
which led to cracks in the overlying oxide layer. An attempt

(7)

was subsequently made to show whether the transition from
protective to non-protective kinetics was accompanied by a change

in the growth stresses by measuring the bending of a tantalum coupon
oxidised in 1 atm. 02 at 500°C. However, the bending was

caused mainly by oxygen dissolution in the substrate, which

masked the oxide stress and no correlation was found.
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Qualitativeiy, however, a stress gradieant could be inferred
in the oxide becausc severai films were observed to peel off
the substrate.

Similar data have becn obtained for the oxidation kinetics
of pure uranium in carbon dioxide. In the temperature range
350°C to 650°C the oxides formed are several hundred microns
thick and cracks in the non-protective layer, have been shown
metallographically(s). Oxides formed at temperatures up to
900°C on B uranium are extensively cracked and oxidation is
believed to be controlled by a thin layer of UO2 through which
oxygen icns migrate(g). Between 750°C and 900°C oxidation is
very rapid due to self heating of the uranium, but between
900°C and 1099°C the oxidation is more uniform and the oxide
is more compact and relatively crack-free. This change in the
state of the oxide on YU is attributed to increased plasticity
of the UO2 which enables it to deform rather than crack. The
kinetics of uranium oxidation have been studied at cathodic
potentials in aqueous solutions below 100°C by measurement of
intensity of refiected 1ight(10). Initially a parabolic rate
law was followed which was succeeded by a linear law. Under
some circumstances a linear-linea- transition (''breakaway")
was also observed. The change to ncn-protective kinetics was

attributed to cracks in the non-protective £ilm and by

alloying uranium with 5 wt.Z and 10 wt.Z Zr the corrosion rate
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was changed in a way which was interpreted as arising from an
increase in the protective oxide thickness.

Interpretations of the protective kinetics of zirconium
oxidation are varied; parabolic, logarithmic and cubic laws
have been cited by different workers. However, there is undoubtedly
a transition after a given time (depending on temperature) to
non-protective growth and this has been the subject of extensive
investigation. At 300°C in steam the non-protective oxide on
zirconium is white and non-adherent. At the critical breakaway
thickness stresses build up and can cause cracking in the oxide
film(ll). Diffusion through the oxide grain boundaries is
more rapid than through the grains and results in thickening
of the oxide at grain boundaries. Oxygen ion movement can

(12)

produce uneven growth below the oxide which causes cracking

at the grain boundaries. Zircaloy 2 has a greater protective

an because diffusion through its

thickness on these grounds
oxide is faster than through the oxide of the pure metal and
the resulting growth which is more uniform leads to less stress
build up. Heavy pustules of oxide have been secen to develop

on Van Arkel zirconium in steam at 500 psi and 500°C(13)

. Local
breakdown of the oxide nucleated from grain boundaries, twins,
slip bands and grooves left from etching out hydride platelets

in the substrate is thought to cause these pustules which appear

white under polarised light and are considered to contain numerous
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microcracks. The overall corrosion rate is controlled by the
protective oxide thickness which in turn is effected by a
balance between growth of the oxide and "degradation', a
process causing cracking or pores in the oxide and which is
related to stress accumulation in the film.

A slightly different explanation for transition has been
put forward as a result of X-ray line broadening measurements
of oxides on single crystals of zirconium oxidised in water
at 360°C(14). The pre-transition oxide was black, mono-
crystalline and highly strained whereas the post-transition
oxide was polycrystalline, although highly oriented, and
relatively strain free. It was concluded that the change in
kinetics was related to a strain induced recrystallisation or
fragmentation, accompanying the change from protective to non-
protective oxides.

(15)

It has been suggested that the corrosion transition

in Zircaloy 2 occurs when the oxide loses its plasticity on
changing from a non-stoichiometric to a stoichiometric oxide.
Some support for this idea was found by hardness tests on the two
types of oxide. Although the hardness values were similar the
indentations in the non-stoichiometric oxide were crack free
whereas those in the stoichiometric oxide were surrounded by

cracks.

Pure aluminium at 100°C in water has been reported to corrode
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parabolically(ls) but after a certain time the process becomes

logarithmic(ls’ 17).

In high temperature water a period of
uniform corrosion is succeeded by severe intergranular attack

of the metal. Crystallisation of the corrosion product adjacent
to the metal and internal strain in the oxide causing cracking
have been cited as possible causes of the change in

mechanism. Examination of the inner and outer interfaces

of the oxide by X-ray and electron optical methods(la), however,
revealed (a) that the inner layer was still amorphous, the outer
layer being bo~hmite, (b) that no cracks were visible. A
mechanism involving continuous rupture and healing has been put

an

forward for the logarithmic kinetics of aluminium This m~y

explain the absence of visible cracks.

Draley and Ruther(lg)

postulated that hydrogen produced

by the reaction of metal with water causes reduced corrosion

resistance. Three effects have been suggested.

1. Diffusion of hydrogen into the metal producing embrittlement
and evolution as a gas in cavities causes rupture of the
metal.

2. The formation of gaseous hydrogen causing rupture of the
barrier layer and increased corrosion.

3. The formation of a metal hydride reducing the adhesion of

(and perhaps recrystallising ) the barrier layer would

reduce the protective nature of the latter.
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Hydrogen introduced by cathodic polarisation has also been
shown seriously to reduce the electrical resistance of oxides
thereby leading to increased corrosion(zo).

On the basis of hydrogen theories the beneficial effects
of anodic polarisation and deleterious effects of cathodic
polarisation can be explained. The beneficial effects of such
additions as nickel to aluminium (or to the corroding solution)
which provides active sites for hydrogen combination (preventing
hydrogen absorption into the metzl) or hydrogen evolution
outside the barrier oxide layer, are further evidence. Below

350°C Al-1% Ni contains no hydrogen(lg).

(19) that widespread cracking of the

It has been suggested
oxide caused by hydrogen may control the corrosion rate and
cause the transition from protecﬁive to non-protective behaviour.
Sites of breakdown were considered to be above hydride particles
which reacted with water, forming hydrogen. Bubbles of the
evolved gas would exert enormous pressures which could rupture
the film. However, it has not always been possible to verify the

presence of hydride after corrosion tests; Burkart(zﬁ)

suggested
that the hydride dissolved in uranium eventually precipitating
UH3 in the metal. The failure to correlate breakdown with
hydrogen damage has led to the approach that internal stresses
cause cracking of the oxide. Hence the present work is concerned

with the mechanical properties of oxides, especially
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stresses arising during their growth on metals.

Part 2. Mechanical Properties of Oxzides

a. Stresses in Oxides

As a result of their investigation into the high temperature

(22) divided base mctals

oxidation of metals Pilling and Bedworth
into two categories. Their criterion for protective or non-—
protective corrosion behaviour was based on the ratio of volume

of oxide and the volume of metal from which it was formed.

Molecular Volume of Oxide
Pilling~Bedworth Constant =

Formula Volume of Metal

Oxygen was presumcd to be the only migrant ion during growth.
Metals having a ratio greater than unity formed compact, continuous
oxides which gave protection during oxidetion, whereas those with
a value less than unity - with one exception - formed discontinuous,
cellular layers which permitted a linear oxidation rate to continue.
In the latter case the oxide assumed a cellular structure to
retain adherence with the rapidly receding metal surface. This
relative volume concept formed the basis of many subsequent
attempts to explain the nature and magnitude of residual stresses
in oxides.

The existence of stresses in oxides was shown by Evans(zs)u

Nickel oxide films formed at high temperature in oxygen were
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mounted on vaseline-coated glass and the metal substrate rcmoved
dissolution

by anodic zeduetien, Thick films werc observed to wrinkle
suggesting a uniform stress distribution "due to misfit
between the volumes of metal and oxide'". Curling of thin
films, however, was interpreted as showing that a stress
gradient was caused by inheritance of stress from the basis
metal. Compressive stresses were attributed to the fact that
nickel oxide occupied 1.6 times the volume of metal consumed
in producing it.

Further corroboration for the volume ratio principle came

from Dankov and Churaev(24)

who observed the curvature of thin
mica strips coated on one side with the metal to be oxidised.
From the curvature during oxidation it was found that iron and
nickel which have Pilling-Bedworth ratios greater than unity
srew  oxides under compression whereas magnesium (ratio = 0.82)
formed an oxide umnder tension.

The growth of oxides on zirconium produces large dimensional
changes in specimens which were directional depending on their

shape and size(zs).

Such dimensional changes were considered
to have been caused by stresses in the oxide. A thin uranium
foil wound in a spiral has been shown to uncoil after oxidation

(26). The foil was oxidised on both surfaces.

in moist air at 70°C
When the oxide at the convex side fractured, the uncompensated

compressive stresses in the oxide on the concave side stretched
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the foil. 1In the same work films of UO2 were observed to curl
on uranium plates. Uranium-niobium alloy wires extend 1-2%
during oxidation indicating compressive stresses in uranium

oxide(27).

Attempts have been made to explain stresses in U-Nb alloys(27)
in terms of lattice mismatch theories. Thesc were based on the

(28)

theory of oriented overgrowths in which the energy of a string
of atoms deposited as a monolayer was calculated as a function

of misfit between substrate and deposit. It was found that elastic
misfit strains less than 97 would be stable, those from 9-14%

would be metastable, but misfits greater than 147 could not

be absorbed by eclastic strain. Thesc misfits were "accommodated
by loss of coherence by the formation of dislocations between

the monolayer and substrate".

However, little success has been obtained in relating
lattice mismatch to breakdown of oxides on alloys.

A complication in the stress situation for high temperature
oxidation has been shown by measuring the curvature of tantalum
foils in oxygen at 500° (7). Overall compressive deflections
were found but these were shown (by chemical thinning) to be in
the metal not the oxide. Oxygen dissolved in the metal was
the main source of stress, and a model relating the stress

gradient to the oxygen concentration gradient was shown to explain

the effects. Stresses in the oxide were also present and sometimes
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caused the oxide film to curl away from the substrate.

Recently the oxidation of copper has been studied at various

. 0 0,(29)

oxygen pressures in the temperature range 220 C-400 C .
Stresses about 1.7 x 105 psi (compressive and tensile) were
measured. Epitaxy, vacancy formation within the metal, oxygen
penetration through a porous layer and the transformation of
Cu0 to ng_ successively altered growth stresses. Epitaxy has

been cited as the cause of anisotropic strain in thin films

(up to 500 3) of Cu,0 grown on a (110) face of a copper single

(30)

2

crystal The strain distribution measured from ¥-ray line

broadening has been rationalised in terms of an array of dis-
locations in the plane of the film. The dislocation density

was calculated to be about lolllcm.z.

b. Stresses in Anodic Oxide Films

Stresses in anodic oxides were noticed as early as 1930(31)

when wrinkling of anodic films on iron was observed.
A quantitative measurement of stresses was obtained by

(32) from the deflection of aluminium foil

Bradshaw and Clarke
anodised in sulphuric acid. A temsile stress of 0.42 tsi
(64 kg/cm.z) was measured after growth, during which aluminium

dissolved in the electrolyte and a porous oxide was produced.

However, after boiling in water to seal the pores the oxide
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stress was closer to that predicted from consideration of the
volume ratic (1.6 tsi or 245 kg/cm.2 compressive). The authors
comment that the 287 volume expansion accompanying oxide formation
should give rise to compressive stresses but dissolution considerably
modifies this consideration.

(33) found stresses in compact barrier layer

Bradhurst
anodic films on aluminium anodised in ammonium borate solutions
in which little dissolution occurred. At low current densities,
stresses were compressive, but faster growth rates favoured tensile
stresses. Further measurements also suggested that the
electrolyte and its pH were other variables. The change in
sign of stress with growth rate, he suggests, is caused by an
increase in cationic conduction with increase in ionic current
density(34). This idea of balanced ionic fluxes affecting
stress development is really an extension cf the volume ratio

(35)

principle and has been proposed to explain the formation

of stress—free inner layers of magnetite on ircn which has a
Pilling-Bedworth ratio of two. Sufficient iron dissolves in
the environment for the oxide formed to occupy the space
originally occupied by the metal.

(33) that plasticity can be

It has also been suggested
induced in alumina films even at room temperatures by the

application of an electric field. Since the ionic fiuxes in

anodising are similar in nmagnitude to those durin; oxidation at
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bigh temperatures, one might reasonably expect a diffusion
assisted deformation mechanism to operate, despite the low
thermal activation. Wires of aluminium had greater strength
when covered by an anodic film than when only a thin air-formed
film was present. Under temsile load the anodised aluminium
wires stretched when small anodic currents were passed.
Elongation of the wire occurred by the movement of dislocations
wkich were permitted to escape from pile-ups in the metal at the
metal-oxide interface by plastic deformation of the oxide layer.
It was deduced that the high electric fields encountered in
growing anodic films would cause relaxation and lowering of
internal growth stresses by plastic deformation.

Stresses in the oxides of a series of metals Ta, Nb, Al,
Zr and Ti were measured by Vermilyea(36). Films werc grown
at constant current density in a borate electrolyte. Surface
preparation was found to influence the development of stress
which was generally tensile except in ZrO2 which was tensile
at low thicknesses, but highly compressive during later
stages of growth. All the oxides studied had Pilling-Bedworth
ratios greater than unity and, according to this criterion,
should have formed in a state of compression. The tensile
stresses were explained by the following theory:

Under the influence of the applied field protons migrate

out of a hydrated oxide leaving it in a state of tension.
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Greater tensile stresses produced at higher formation rates result
from increased water trapping.

(33, 36) emphasise that the simple volume ratio

The results
principlé in some instances is inadequate for predicting the
magnitude or even the sign of stresses in oxides and, though
it may often be important, other factors concerning the mechanism
of growth, especially cation migration, the environment and

the condition of the metal surface must be considered when

formulating a theory for stress development.

c. Plasticity of Oxides

Plasticity is important in high temperature oxidation because
it influences thc integrity of the oxide which in turn determines
the rate of oxidation. The more plastic an oxide is, the more it
is able to relieve, without cracking, the area and other
geometrical constraints imposed upon it by the substrate during
growth. Increased plasticity is desirable (a) to increase the
critical thickness at which oxides of uranium, tantalum, niobium
and zirconium develop cracks and become non-protective, (b) to
prevent void formation and loss of oxide adherence caused by
wrinkling or metal ion migration, and (¢) to enable the oxide
to resist spalling during cooling as the metal contracts more

than the oxide and imposes additional compressive stresses.
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In some instances improvements in corrosion resistance have
been seen to result from increased plasticity and considerable
attention has been paid to high temperature deformation of
bulk oxides, and oxide scales.
Usually increased temperature results in more rapid
oxidation but this is not inevitably sc. For example, below

900°C in €O, uranium forms a duplex oxide consisting of a thin

2
layer of UO2 (which is-belicved to control the oxidation rate)
and a thick overlying layer which is extensively cracked and is
non-protective. Between 900°C and 1000°C the rate actually
decreases because the outer oxide formed at these temperaturecs
is crack-free and therefore more protective. Temperature
induced plasticity of urania. is considered to be responsible
for the uncracked film(e).

The deformation mechanism of sintered uraniw has been
investigated at various temperatures by employing bend tests(37).
Exactly what atomic mechanism was responsible for deformation was
not known, but plasticity was a function of the non-stoichiometry
of the oxide. U02.06 and U0, 46 could be plastically deformed
at about 800°C but the stoichiometric oxide, UOZ.OO became plastic
only above 1600°C.  The increased oxygen:uranium ratio lowered
the lattice binding energy as shown by the Young's modulus and

it was suggested that the strength of a dislocation in a non-

stoichiometric lattice might be five times lower than in the
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stoichiometric material.

Similar conclusions have been drawn for the beneficial
effect of non-stoichiometry on the plasticity of zirconia(ls).
In this case the oxide was anion-deficient, and was considered
more plastic because hardness indentations made at 23°C were crack
free whereas the stoichiometric oxide, although giving thc same
hardness reading, contained indentations surrounded by cracks.
Doping monoclinic zirconia with iron, nickel or chromium
inereased plasticity but yttrium slightly reduced it. Above
200°C calcia-stabilised cubic zirccnia was found to be more
plastic than the momoclinic form indicating that crystallographic
structure influences deformability. Tensile tests on 72u thick
oxide films (on the substrate) showed that considerable plasticity
oceurred at 500°C but not at room temperature.

The plasticity of CuZO has been shown to modify the
oxidation of high-pugity Cu by increasing the activation energy

0(38)° Large compressive

for the diffusion of Cu' ions through Cu,
growth stresses are present in the oxide. At low oxidation
temperatures where the oxide behaviour is elastic, these com-
pressive stresses cause extrusion of CuO whiskers whose formation
is accompanied by injection of vacancies into the CuO layer.

Anion vacancies tend tc migrate towards the oxide/gas interface

under the influence of the chemical potential gradients present
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during oxidation. The cation vacancies migrate to the CuZO/CuO
boundary and are injected into the Cu20 layer. This catiomn
vacancy excess over the thermal equilibrium number eases the
diffusion of cut through the Cu20, the rate controlling process.
Below 700°C where the oxide is elastic and whiskers form, the
activation energy is 20 kcal/mole.  Above 700°C Cuzo deforms
plastically and relieves the stresses which are therefore never
high enough to cause Cu0Q whisker extrusion. Vacancies must be
supplied by thcrmal activation alone and the activation energy
for growth is consequently higher, 40 kcal/mole.

In contrast to its role in the oxidation of copper, oxide
plasticity has the opposite effect on the growth rate of scales on
iron after long exPosures(39). Cavities form by the condensation
of cation vacancies left by outward migration of metal ioms.

These pores act as barriers to ionic migration and thus reduce

the effective area over which oxidation can occur. The continued
existence of such pores is only possible when the oxide is not
able to deform and collapse on to the receding metal interface

by force of adhesion or pressure of the oxidising atmosphere.

(40) have demonstrated cavity formation

Mackenzie and Birchenall
by completely oxidising iron in pure oxygen at 800°c-850°C.
When sectioned the resulting wlistite specimens contained a

cavity of the same size as the original sample. If irom was

oxidised in a hydrogen-water vapour atmosphere so that magnetite
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and hermatite formation was prevented, the cavities disappeared.
Creep bend tests on the three oxides at 800°C~1000°C showed that
wiistite was more plastic than the other two oxides and it was
concluded that plasticity was a function of the number of systems
available for slip and hence depended on crvstallographic structure.

The cavity was formed only in the presence of the higher oxides,
magnetite and hermatite which, it was thought, conferred rigidity
to the wilstite, preventing its collapse.

The cation vacancies left at the metal/oxide interface by
metal ions entering the oxide have a bearing on oxide adhesion

(41, 42) discusses

and stress build up in the oxide. Tylecote
adherence of oxides during oxidation. Unless the cation
vacancies diffuse into the metal substrate, the void must be
filled by oxygen diffusion, forming oxide internally or by the
oxide shrinking in on the substrate. Otherwise, poor adhesion will
result, It is concluded that good adhesion is only possible
during oxidation if there is plasticity of the oxide and/or
a balance between cationic and anionic migration.
A mechanism for the adhesion of low temperature oxides
forming by cationic conduction has been proposed(as) which implies
that metal ion migration produces a stress—-free oxide. The
theory is based on the assumptions that only those metal -

atoms which lie at lattice steps on the substrate surface enter

the oxide and that oxide is formed at the oxide/atmosphere
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interface, Metal atoms which lie at lattice steps have a number
of nearest neighbour bonds only two-thirds of that of atoms which
lie in the centre of a close-packed plane, and are therefore more
easily removed. The lattice step 1is a region of misfit similar
to an edge dislocation in a crystal (Figure 2). Removal of
metal atoms constitutes the climb of the dislocation along the
oxide/metal interface. The cation vacancies arc destroyed by
the atom in the extra layer of the dislocation entering the
oxide. Since the oxide forms at an outside interface no
stresses are considered to develop in it. Vermilyea appears
to suggest that no deformation of the oxide occurs. This is
not strictly true; somehow the oxide must move into space
formerly occupied by metal. The mechanism, it seems, requires
an oxide which will bend slightly and unbend - if not plastically
then elastically - to accommodate the lattice step as it pro-
gresses along the interface.

The plasticity (deformability) of anodic films is of
interest not only for practical reasons because they are used in
electrical windings and capacitors, but also because some of the
fundamental mechanisms which govern their behaviour may be common
to high temperature oxidation and corrosion films.

At room temperature, anodic and corrosion films of aluminium
are brittle; porous films formed in sulphuric acid when tested
on wires develop cracks at about 17 strain and the crack density

increases with greater strain(44). Similar strain values prior
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to cracking have been obtained for barrier type anodic films of

45)_

alumina by bend tests on oxide covered strips The sur-

prisingly large strain in anodic alumina prior to cracking has
also been shown by testing in tension an oxide separated from

. (45) . S thi
its substrate . The stress—strain curve for a 1500A thick
film showed approximately the same breaking strain as mentioned
above but the ultimate tensile strength was about five times
greater than that of the bulk oxide. Also the Young's modulus

6

was 4.8 x 10° kg/cm.2 compared with 3.6 x 10 kg/cm.2 and the

breaking strain was about 1-37 compared with 0.077% for the bulk
oxide. The high strength may have been caused by a size effect
being operative. Enormous increases in tensile strength have

(46) for electrodeposited films of silver below about

YD)

been noted
1y critical thickness. Using Griffith's equation one can
calculate the appropriate size of the stress-raising defect to
be of the order of 1008, which suggests that it is not the
thickness of the oxide which limits the crack size, but some
other defect, a crystallite say, whose size or population varies
with thickness. Bradhurst's results for anodic films emphasig2
nonetheless that extrapolation from bulk oxide properties to
predict the probable behaviour of thin oxide films may be mis-
leading.

The deformation of anodic films of tantalum, zirconium and alumi-

(48)

nium has been investigated by the technique of mecasuring the
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amount of "bare" surfacc creaced by straining an anodised wire.
The "bare" surface was covered by a thin oxide (maintained at
15-208 with an applied potential) and electrons tunnelled through
it to reduce ions in a ferro-ferri cyanide solution. Values
of the percentage bare area created by the inability of the
oxide to deform were calculated from the ratio of the current
passed at a given strain to that passed by an oxide 15-208
thick of similar total area. It was concluded that anodic ZrO2

showed some ductility but that anodic Al 03 showed none.  How-

2

ever, anodic Ta had great ductility and deformed as much as

205
50%. This was confirmed by optical measurements of the reduc-
tion in oxide thickness caused by straining. The property of
Ta205 which bestows this great deformability is not known but
this result seems well worth pursuing further since ductile cera-
mics are rarc and of considerable practical importance.

Although brittle under normal conditions alumina films have
been shown to be ductile in the presence of an ionic flux(33’ 49).
The strenghening of an aluminium wire under load by the presence
of an anodic oxide disappeared when small anodic currents
were passed through the oxide. The wire elongated. Deforma-
tion of the oxide during passage of an ionic flux allows

dislocations within the metal but trapped at the metal/oxide

interface, to escape and the wire stretches under the applied
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load. The deformation increased with increasing current and
the behaviour was found tc be consistent with a mechanism,
resembling Herring-Nabarro creep, in which the rate of deformation
was controlled by the field induced flux. This mechanism has
immediate relevance not only to stress relief during growth of
anodic {ilms but also to corrosion product oxides and is an
example of a basic mechanism investigated using anodic oxides

which finds an application to corrosion in other conditions.

Part 3. Anodic Oxide Films

a. The Mechanism of Growth

Since stresses in oxides are dependent on the growth
mechanism general features of anodic oxidation, especially

those which may influence stress development, are reviewed.

i. High Field Conduction

The metals aluminium, zirconium, niobium and tantalum can
form compact anodic oxide films when they are made the anodes in a
suitable electrolytic cell. The anodic current passed through the
oxide sets up a high electrostatic field of about 106-107 volt/cm.
This field, together with the chemical activity gradients which

produce natural oxide films, acts as a driving force to assist
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metal and oxygen ion migration and accelerates oxide growth.
Anodising is thus a process of high field conduction complicated
by transfer phenomena at the metal/oxide and oxide/alectrolyte
interfaces. Ohm's law does not apply to conduction at these
high field strengths; the field F and ionic current i are

exponentially related by an expression of the general form

i = o exp (BF) (1)

This is the high field conduction equation and the considerable
investigations and theories on high field conduction are reviewed

(50). a and B are constants which depend on oxide

by Young
parameters and temperature.

Two modes of anodising are used (a) constant voltage, where
the current decays as the oxide barrier thickness increases, and
(b) constant current, where ideally, the vcltage rises linearly
with time as the oxide thickens uniformly at a constant rate.
At a certain voltage called the spark voltage, the rate of.
voltage rise decreases and violent arcing through the oxide
occurs. After a little further growth the maximum voltage is
reached. The maximum voltage attainable before dielectric
breakdown occurs can be raised by increasing the resistivity of

(51)

the growth electrolyte but the exact cause of dielectric

breakdown has not yet been established.
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ii. The Oxidation Reaction

The anodising reaction is due to the replacement of hydrogen
from water by the metal. For cxample, the reaction of aluminium
can be represented by the following equations, depending on
whether aluminium reacts with wvater or’ hydroxyl ions.
3+ +

+ 34,0 Al O, + 6H

2A1 2 203

a3t 4 30m” AL.O. + 3H

273

Too much energy would be required to displace oxygen from

electrolyte anions such as Bog g_.

are incorporated into anodic films but not in sufficient

-, SO Electrolyte anions

quantities to affect their electrical or mechanical properties(sz).
However, the electrolyte serves at least two purposes,
ae It reduces the resistance of the solution so that most of
the cell voltage is applied across the oxide, and
b. It exerts a buffering action to reduce local acidity causcd

by protons produced in the above reaction.

iii. Current Efficiency During Anodising

Rarely does all the anodic current passed through the oxide
result in oxide growth. Inefficiency can be caused by oxygen

evolution and by field assisted dissolution of Al3+ ions from the
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(34, 52)

oxide Above the oxygen evolution potential electrons

(or positive holes) conducted mainly through flaws in the oxidc

cause oxygen to be formed(so).

40H = O2 + 2H20 + 4e

iv. Temperature Rise During Anodising

The passage of an anodic current through a highly resistant
oxide such as those on aluminium, zirconium or tantalum involves
the production of considerable heat. At 1.0 mA/cm.2 and a
field of 5 x 106 volt/cm. the power dissipation per unit volume

of oxide is 5 kW/cm.3.
Power dissipation/Unit volume = Field .x Current density

In comparison with this the heat from the exothermic formation
of oxide is negligible. If all this heat were retained in

the oxide it would become extremely hot. Most of the heat is
lost to the electrolyte and the substrate but the undesirable
possibility of temperature rises occurring during growth exists
and growth rates at which temperature rises are negligible nmust

(53) and Young(sa)

be used for stress measurements. Vermilyea
have estimated the temperature rise of an oxide during anodising

by considering how the heat is lost to the surroundings.
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Young(54) has treated the oxide as a constant heat source
at the metal/solution interface. The oxide is so thin that its
heat capacity and heat transfer resistance are negligible;
thus its temperature does not rise above that of the metal and
solution at the interfaces. Heat is transported away by con-—
duction through the metal and convection in the electrolyte.
The calculations showed that the temperature rise depended on
the size and shape of the specimen but was about 1°%¢ at
1.0 mA/cm.? and 50 v and 10°C at 10 mA/em.? and 50 v©07,
Vermilyea's treatment considered the heat to be lost at a
constant rate only to the metal substrate. The estimated
temperature rise was about 4°C after 4 seconds growth at 20-30
mA/cm.z. Both workers are of the opinion that only at higher
growth rates than several mA/cm.2 does the temperaturc rise become
noticeable and it is then manifested by an apparent change in
relationship between field and current.

The temperature rise during anodising has been determined
over a wide range of current densities from changes in the a.c.

(55). After growth to

resistance of thin aluminium wires
250 volts at 1.0 mA/cm.2 the maximum temperaturc of the wire,
the hottest part of the anodising system, was always very much

less than 5°C.
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v. Field Induced Stresses

During stress measurements on anodic films an additional
deflection, which is always compressive, accompanies the appli-
cation of the anodic growth field. The high electric fields

10%-10

volt/ecm.) in anodising are expected to exert a com~
pressive stress P, normal to the surface of the dielectric
oxide. This would give rise to a component VP (v = Poisson's
Ratio of the oxide) parallel to the oxide surface, causing an
additional deflection whilst the forming field is applied.
Vermilyea(36) considered that the difference between the
field on and the zero ficld deflections was too large to be
caused solely by electrostatic pressure. Poisson's ratio was
assumed to be 0.2. Furthermore he stated that the stress was
not proportional to the square of the field, as it should be if
electrostatic pressure were involved, and concluded that while

electrostatic pressure undoubtedly played some role, it was not

the only factor responsible for the observed effects.

vi. Dominant Ion Migration

The volume ratio principle of Pilling and Bedworth which
has been cited as an important factor in producing stress in
oxides, assumed that oxygen ions were the only mobile species
during growth. Evidence exists to show that this condition

is not always applicable; frequently metal ions also migrate,
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resulting perhaps in a stress frec oxide(359 43, 56).
Changes in topography of aluminium oxides grown in boric acid

(50 p. 214) to occur at

and borax electrolytes have been seen
both the metal/oxide and oxide/electrolyte interfaces. Metal
ion movement must have contributed to the changes in topography
at the oxide/clectrolyte interface since almost negligible
oxide dissolution occurs in these solutions.

The interfaces of anodic films formed in 17 citric acid
+ 17 ammonium citrate on single crystals of aluminium have been

(57). After anodised samples

studied by an unusual technique
had been heated to 600°C for 15 minutes and cooled in air,
vacancies condensed to form pits beneath the oxide. The oxide
over the pits was removed with a cellulose nitrate replica and
examined by electron microscopy. The topography of the surface
was revealed by a shadowing technique. A double pit experiment
was performed by reheating a sample to 600°C for 15 minutes.
During this anneal further oxidation by the air occurred and
thickening (revealed by shadowing) was seen at both oxide
interfaces. Crystallites formed at the oxide/metal interface
and amorphous oxide at the air/oxide interface. Hence it was
deduced that crystallites grow by anion migration and amorphous
oxide is a product of metal movement.

(58)

Lewis and Plumb investigated the relative ionic mobility

in anodic alumina films grown in ammonium tartrate. A radioactive
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layer was formed by polarising the sample for 30 seconds at 15
volts in 0.17 HZSO4 containing 535. By growing duplex oxides
in which the tagged oxide was applied before or after the barrier
tartrate layer and then dissolving the oxide away in 57 HBPoa—
27 CrO3 solution, it was concluded that the oxide applied first
was last to be removed. Hence metal ion migration wust have
occurred for oxide to be formed at the oxide/solution interface.
Quantitative measurements of the metal transport number were not
made because of the possibility of non~uniform thinning by the
dissolving solution. However, it was generally concluded that
growth occurred mainly by cation diffusion.

Quantitative measurements of metal transport during
anodising have been made by Davies et al.(34’ 59, 60, 61) on a
range of metals using Xe125 as a radiotracer and measuring the
depth of the marker layer after growth by B-ray spectroscopy.
Only oxygen transport occurred during the growth of ZrO2 and
HfO2° Both ionic species were mobile in the oxidation of
tantalum, niobium and tungsten(sl); the transport number of
ecach of these metals was approximately 0.3. Aluminium anodised
in 37 aqueous ammonium citrate showed a significant trend(61>
in which the metal transport number increased with the total
current density. However, in a non-aqueous borate solution

where negligible dissolution occurred this trend was not evident,

the cation tremsport number being 0.56 Z0.04 (Table 1 ).
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The amount of aluminium which must pass outwards during
oxidation so that zero voiume change octurs, has been calculated

by Field and Holmes(56)a

For the anodic oxide of density

3.1 g./cm.3 to exactly occupy the volume of the metal

consumed, 407 of the aluminium must migrate outwards. On the
basis of this zero volume change criterion, one might reasonably
expect stresses in alumina to be low since this calculated

transport number of aluminium lies in the range of values measured

by Davies et al. (Table 1).

b. The Structure of Anodic Oxide Films

i, Anodic Alumina

Aluninium forms anodic oxide films having two distinct
morphologies depending on the solvent action of the growth

P
(62) a duplex film

electrolyte. In highly dissolving media
is formed which comnsists of a thin barrier layer adjacent to the
metal, overlaid by a non-resistant porous oxide which contains
some water(63). Porous films can be grown several wmicrons
thick. 1In electrolytes where dissolution is small an insulating
barrier type film is produced, the thickness of which is related
to the applied voltage by the growth field (12-15 &/ depending

on growth current density).

Barrier alumina films are generally regarded as being



43.

emorphous in structure since they give only diffuse X-ray and

electron diffraction patterns(64). They may not be completely

(64)

amorphous; crystallite sizes less than =108 would produce

(65)

this effect. Wilsdorf regarded the amorphous oxide as a

random arrangement of structural units of (A1203)2. Oxides

thicker than =1500% have been observed to develop crystallit85(64).

Similar crystallites have been observed in alumina grown at high

(57)

temperatures in oxygen Two theories for crystal formation

are (a) oxygen mobility produces crystalline oxide in the space

(57)

formerly occupied by the metal and (b) electrocrystallisation

occurs(66). These crystalline areas give sharp electron
diffraction patterns and are considered to have a spinel
structure Y'~A1203. The generally amorphous nature of anodic

alumina precludes epitaxy as a cause of stresses during growth.

Barrier anodic Al O3 films have a high electrical resistivity

2
which rapidly diminishes in the presence of water. Analysis has
shown(és) that no water is present in the oxide after growth except

at low current densities where the anodic field is low and protons
can enter the oxide attracting hydroxyl ions in as well, producing
a heavily hydrated layer approximately 50~100% thick at the oxide/

electrolyte interface(Gg). This hydration was detected by impedance

. . . 70-72
measurcments made during oxide thinning.  Further work( )
shows a regiocn of low resistivity at the metal/oxide interface

which is considered to be due to electrons trapped at O
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vacancies in a region of non-stoichiometry near the interface
between metal and oxide. Separating the outer hydrated layer
and non-stoichiometric layer is stoichiometric anhydrous alumina.

Infra-red spectrophotcmetric analysis has been used to
study the molecular structure of alumina and it has been suggested

(73-75). However, the

that the barrier film is a trihydrate
barrier film studied was formed in orthoboric acid at 100°C.
Boiling anodic barrier films in water results in extensive
hydration so it is expected that growth in a boiling solution
would produce a hydrated oxide. This result therefore may not
contribute to the understanding of the nature of barrier films
formed at room temperature.

Oxides are genecrally considered to grow at the interfaces.
The nature of the oxide/electrolyte interface should be
dependent on the processes, such as adsorption, occurring in

this regicn. A model (Figure 3) has been postulated for the

barrier oxide/electrolyte interface for alumina produced in

(76)
H,S0, "7

produced by the reaction of Al3+ ions with water or hydroxyl ions.

It involves the presence of a space charge of protons

Reactions of barrier films with water and adsorption and scaling

propertics arc also discussed in terms of this model.
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ii. Anodic Zirconia

The structure of anodiz zirconia seems to be in some doubt.

Early electron diffraction work(78)

concluded that the oxide was
amorphous, containing crystallites of the cubic modificationm.
However, it Las recently becen suggested that the oxide is
entirely crystalline and of the cubic modification(79).
This view agrees with the idea that metal ion migration produccs
amorphous oxides, oxygen migration produces crystalline oxides.
Anion migration is the diffusion mechanism in avodic zirconia.
Hydraticn of zirconia has not becen ‘reported but protons
which lower the electrical resistivity of the oxide can penetrate

the film under cathodic polarisation(zo).

Part 4. Conclusions from Previous Work

Considerable evidence supports the contention that transition
in oxidation kinetics is caused by cracking of the oxide. Two
factors control the integrity of a number of oxides:

a. Stresses arising during the growth of oxides on metals, and
b. Lack of oxide plasticity.

The presence of stresses has been inferred from deformation of
the substrate by the oxide, but in no instance has a one-to-one
correlation between stress and transition been obtained.

The factors which determine the magnitude and sign of growth
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stresses in oxides are nct fully understood. This situation
has arisen because of the complexity of the oxidation mechanism
in which several of the parameters which affect stresses often
vary simultaneously. Oxygen dissslution in the metal and
epitaxial «ffects both of which cause stresses at interfaces,
will not be considered here because epitaxial stresses decrease
to zero within the first 400-5008 of oxide and oxygen dissolution
only occure at high temperatures, while the present work will
be found to be concerned with stresses in relatively thick
films formed at temperatures below 100°¢.

The volume ratic principle still forms the basis for
qualitatively predicting the sign of stress when oxygen ions
are the only mobile species during growth. Oxides with volume
ratios greater than unity, e.g. Nb205, UOZ’ and which grow by
anion migration, form in compression im accordance with the volume
criterion. The situation is less well defined when metal ions
also contribute to growth; several consequences could follow
from increased metal ion migration. Oxide forming at the
outer oxide interface is under no constraint from the metal and
should form free from stress(43). Metal ion migration introduces
a complication, however, which has not been satisfactorily
resolved. In the case where both species are mobile and the
volume of oxide formed by anion migration may be less than the

volume of the cation vacancies left behind by outgoing metal
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atoms, a void could conceivably be formed and adhesion lost.

(40)

Birchenall's experiment with iron during which a void was

formed equal in volume to the original metal specimen, is
convincing evidence that this can happen. In most cases oxides
retain contact with the metal even if a balance between anion/

cation conduction possibly does not operate; cation vacancies

may collapse and form dislocaticn loops in the metal(so) or in

high temperature oxidation the oxide may be sufficiently plastic

to collapse on to the metal. Alternatively, a mechanism

(43) may enable the oxide to maintain

adhesion or the oxide may form in tension(as). The influence

similar to Vermilyea's

of the dominant ionic species and of oxide plasticity on stresses
still remains obscure.

Anodic alumina shows interesting features which are of
practical and theoretical importance. The growth stresses
are gensitive functions of the growth rate; at low current
densities the oxide forms in compression but at higher current
densities it is in tension. This implies that at a certain
growth rate an oxide under zero stress can be produced. Tensile
stresses in alumina, which has 2 volume ratic greater than unity,
are of theoretical interest because their occurrence cannot be
explained simply in terms of the volume ratio.

Two suggestions have been put forward to explain this

failure of the volume ratio criterion.
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a. Increased cationic conduction relieves the volume constraint
and produces cation vacancies at the mctal/oxide interface
which collapse to form dislocations.

b. Each incremental layer of the anodic film forms first as
a hydrated intermediate from which the protons are sub-
sequently removed by the high growth field.

From the previous work it appears that three factors may
influence growth stresses in alumina.

a. Oxide plasticity induced by the ionic growth flux.

b. 1Increasing cationic conduction with increasing growth rate.

c. Hydration-deprotonation phenomena.

The properties of anodic alumina mentioned above suggest
that further investigation into stresses in anodic films would
be fruitful. This work has two aims thercfore; to elucidate
the mechanism producing a stress-free oxide, in order to see if
it is applicable to high temperature oxidation, and to determine
the roles of dominant ion migration and/or hydration phenomena
as causes of stresses, in particular the occurrence of tensile
stress, where the volume ratio is greater than umity.

The anodic growth technique offers the advantages that oxides
of reproducible thickness can be produced at growth rates which
can be varied independent of temperaturc. Also a low temperature

system can be used to measure stresses.
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2art 1. Preparation of Anodic Oxide Films

a. Materizls and Surface Preparations

The metals used in this irvestigation had the following

analyses and were prepared as given below.

1. Aluminium

99.997 purity "Star'" foil 0.Cl0 cm. thick. Prior to any
treatment the aluminium was annealed at 350°C in air to relieve
any residual stresses caused by rolling during fabrication.

The metal surface was prepared for anodising by etching for
ten minutes in 10 w/o KOH to remove most of the oxide already
on the surface, it was then dipped in 50 parts HN03/50 parts
H,0 and washed in distilled water.

2

ii. Zirconium

99.8% purity foil 0.010 cm. thick. Stresses were
relieved by znnealing at 700°C in a sealed silica glass tube
evacuated to 5 x 10—-5 mn. Hg. The surface was chemically
etched for ten seconds in 5:4:1 HZO:HN03:HF and rinsed in
distilled water. The analysis of I.M.I. billet 28395 from

which the foil was prepared was:
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Element ppm Element ppR
Al 30 Sn <100
Cu 15-20 Ti 20-30
Hf 65-70 N 20-55
Fe 500~-600 H 10-45
0 950-1300 Nb -

iii. Zircaloy 2

This was supplied by I.M.I. and was about 0.05 cm. thick.
After vacuum annealing at 700°C for an hour the thickness was
reduced to about 0.010 cm. by dissolving the metal in 5:4:l
HZO:HNOB:HF. The thinning was found to be fairly uniform after
checking the thickness with a micrometer.

Zircaloy 2 is an alloy of zirconium containing the
following clements:

Sn 103"1.6% Fe 0.07_0¢ 20% Cr 0005_0- 16%

Ni 0.03-0.08%7 N 0.006%

iv. Foil Dimensions

The foil specimens used for deflection experiments were of
a standard size, i.e. 10 cm. x 0.5 cm. X 0.010 cm. A micrometer

was used to measure the average thickness of each foil.
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b. The Anodising Technique and Growth Rate Measurements

Oxides were grown at constant current densities in the range
0.1 to 10 mA/cm.z, in order to study the effects of growth rate
on stress development. The temperature of the growth .electro-
lyte was not strictly controlled but was always in the range 18%¢
to 21°C. A current source (type C091) provided growth at constant
current to a pre-set voltage after which growth proceeded at
constant voltage and the current fell to a low "leakage" value.

To calculate stresses during growth it is necessary to know the
oxide thickness during growth.

Since the linear relationship between voltage and oxide thick-
ness, the /v ratio, varies with the current density and
electrolyte type, the growth 4/V ratio for each particular anodising
condition was mecasured optically. Growth R/vV ratios were
measured by curtailing growth at the pre-gset voltage and
eliminating growth to leakage.

The growth clectrolytes for aluminium were aqueous solutions
of 15 g/l boric acid or 10 g/l citric acid, the pH being adjusted
by suitable additions of NHAOH. Zirconium was anodised in
pH = 9.0 (boric acid + NH40H), 0.1 N, 0.2 N and 0.5N HZSO4 or
10 w/o KOH.  All solutions were prepared using distilled water
and Analar reagents.

Providing no oxide or metal dissolution occurs during growth

and the anodic film is non-porous, the ionic growth current can be
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calculated from Faraday's laws and the growth rate dv/dt.
Presence of water or ccmponents of the electrolyte in the
oxide is ignored.

For unit area of metal the volume of oxide is equal
numerically to its thickness b. Volume = 1.0 x b,
The useful increment in charge dQ producing incremcntal

thickness db of oxide Mex Oy is

a = () a

where p = oxide density.
M = oxide molecular weight.
F = Faraday's constant 96,500 coulombs/cquivalent.

Oxide thickness b is linearly related to the voltage v by the

&/V ratio.
. a
Ionic current i. . = 4
ionic dt
- 2yFp y Ry dv
Hence i onic (=5 (5 X 3t ) (2)

In cases where the growth rate dV/dt is not constant, the

R/V relation is not valid and the thickness at each particular
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voltage must be measured to obtain the current efficiency.

Part 2. Measurement of Growth Stresses

a. Method

Stresses were determined by measuring the horizontal
deflection of the lower end of a thin metal foil held rigidly
at the top and insulated so that oxidation occurred only on
one side (Figure 4). The foils werc insulated with cellulose lacquer
applied as an aerosol. A travelling microscope with Vernier
eyepiece reading to 0.004 mm. was used to follow the movement
of the foil. Zero field deflections were measured at each
required voltage by switching off the current source. Although
the oxide growth was consequently intermittent, little change
was apparent between the growth rate dv/dt of oxides grown

intermittently in this fashion and those grown continuously.

b. The Convention for the Sign of Stress

By convention an oxide is said to be in tension when it
would contract if removed from its metal base and in compression
when it would expand when released. Lateral stresses deform

the substrate to the skape of part of a spherical surface. The
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oxide is on the concave surface of the sphere when tensile
stresses are present in the oxide, on the convex surface when

compressive stresses opecrate (Figure 5).

¢. Calculation of Stress - Biaxial Analysis

(81) was used to

A modified version of Stoney's formula
calculate stress from the horizontal deflection Z. The
modified analysis considers the deposit to cause biaxial
deformation of the substrate instead of uniaxial bending.

(81)

Stoney's formula derived for a foil under uniaxial

stress caused by an overlying deposit is

_ Ed®
stress = -—z—— 3)
where E = Young's mcdulus of the metal substrate.
d = thickness of substrate foil.
t = oxide thickness.
r = radius of curvature = 12/22
1 = length of foil.

For this approximaticn to hold t << d and the substrate must not
be deformed beyond its elastic limit.
As the oxide is capable of giving rise tc a stress in the

longitudinal direction of the foil, it will in the general case
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have a similar component at right angles to this and parallel

to the surface of the foil(sz).

Thus a biaxial stress system
operates which bends the foil into the shape of a sphere.

Hooke's Law of Elasticity in threc dimensions is

1
= = - +
€y 5 { o, v ( oy o, ) }
e = 1 {o - v(o, + o0 )1}
y E Z X
e, = 1 {0, =~ v(o + g )}
Z E Z x y
where e = strain.
o = stress.
v = Poisson's ratio of the substrate.

The oxide can exert no stress on the metal perpendicular to its

surface LS. = 0,
y

For biaxial stresses o = 0

X Z
Hence

9%
€x=-‘E{1-\)}
E

cx = 1-v ) Ex

The simple beam formula o = E (-% ) where y = distance from

neutral axis, must be adjusted to
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E_y ()

1 -v r

g = (

A derivation similar to Stoney's but including the biaxial

deformation term ( ) leads to the expression

1 -v

2
1
Ed Z )

(1—\))(31‘11 (1“)

stress =

d. The Effect of Specimen Geometry

The deformation of oxide-covered metals has been reported

(@, 26). To ensurc that the

to be dependent on their geometry
stress measurements in the present work were not influenced by
the breadth b of the foil, a parameter which is not specified

in the above analysis, deflection measurements were made on
zirconium foils of various breadths. For length/breadth ratios
greater than 10:1 the deflection was independent of the breadth.
Below this limit, deflections were low, possibly because of
distortion of the specimens. The specimens in this work have

1/b = 20:1, 1i.e. in the range where deflection is independent

of the breadth.
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e. Reliability of Stress Measurement

The bending foil method is suitable for measuring stresses
because the errors that can arise from approximations made in
the stress analysis above are negligible in the case of barrier
anodic films. The oxide is so thin that oxidation makes a
negligible change in the substrate thickness and d can be correctly
assumed to be a constant. Stress relaxation which occurs during
bending is simply caused by bending the oxide and insulation

layer(83).

Both are so thin that they add negligibly to the
thickness of the foil and the stress necessary to deform them is
minute.

The elastic moduli used for calculating stresses are given

in Table 2.

f. Stress Location by Oxide Removal

In the Stoney analysis the stresses causing bending during
oxide growth are assumed to be uniformly distributed across the
oxide. To determine the stress distribution in the oxide, the
deflections of anodised aluminium foils were observed during
uniform, chemical thinning of the oxide in 5% H3PO4/32
(84)

CrO3 solution which dissolves A1203 but not the metal
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Part 3. Measurement of Oxide Thickness by Spectrophotometry

To calculate growth stresses in oxides it is necessary
to know the oxide thickness for each deflection of the anodised
foil. A measure of oxide thickness can be obtained by
multiplying the applied anodic voltage by an R/V ratio obtained
from the literature. However, X/V ratios are sensitive

(68) and electrolyte(ss)

functions of the current density , and
it was therefore necessary to measure the oxide thickness for
the exact growth conditions used for stress measurement.

A number of methods are available for determining the
thickness of anodic films, e.g. weight gain, coulometry, capacity,
optical interference, resistance or spectrophotometry. HNone of
these methods is absolute because auxiliary data must be available
to supplement them; weight gain experiments require density
measurements and assume the oxide's composition, capacity
measurements require dielectric constants measured at the same
frequency, ete.

The spectrophotometric method was chosen to measure the
thickness of oxides on aluminium, zirconium and Zircaloy 2

(86)

because of its established precision and convenience. The
intensity of light reflected from the oxide on the metal was
recorded cver the ultra=-violet range from 185-400 mu wavelength

on a Perkin-Elmer (model 450) spectrophotometer. Intensity

versus wavelength plots were charted automatically. The wavelength
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of each reflectivity minimum was noted and the film thickness
read from a chart of wavelength of reflectivity minima versus
thickness calibrated by determining the refractive index of
alumina(86). A similar procedure was followed with anodised
zirconium and Zircaloy 2.

For the case of reflection from oxide on the metal the
relationship between oxide thickness and wavelength of inter-

ference minima is given by(87)

2nteos ¢' + £(A) = (@m - A (5)

where n = refractive index of oxide.
¢' = angle of refraction for angle of incidence ¢.
t = oxide film thickness.
£()) = differcence between phase changes at the air-oxide
and oxide metal interfaces.
A = wavelength.
m = integer, the order of interference.
For 45° angle of incidence used in this work cos ¢' = 0.95.
Voltage/wavelength of minima plots may be transposed to

oxide thickness/wavelength calibration charts from the relation

2n At = A
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obtained by assuming f£(A) rcmains constant. At is the incre-
mental thickness corresponding to AV the difference in voltage
between two adjacent orders of reflection at constant wavelergth A,

The refractive indices ¢f the oxides used to determine the
calibration curves were taken as:

Anodic A0 1.655 at 5460889

273
Anodic ZrO2 n = 2.05 at 50008(85)

3
U

The oxide film on Zircaloy 2 was assumed to have the same

refractive index as anodic zirconia.

Part 4. Measurement of Electrical Properties of Oxides

a. Impedance Measurements

The resistance and capacity of anodic films were measured
on a Wayne-Kerr A.C. bridge, generally at a fixed frequency of
1592 c¢/s. Keadings were taken with the specimens (anodised
flags 8 cm.zin arca) immersed in the growth electrolyte or in a
thinning solution at rest potential. A large cylindrical gauze
cathode of stainless steel was used as the counter-clectrode
in the measurement cell. The impedance of the other various

elements in the cell circuit (Figure 6) were negligible in
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comparison with that of the oxide (Co & Ro) at the measurement
frequency. The analogue circuit for the oxide was then

assum2d to be a resistance Ro and capacitance Co, in parallel.

b. Voltage Measurements

During anodising at constant current the rates of voltage
rise were measured from the voltmeter on the current generator
using a stop—watch or recorded automat’~ally.

Rest potentials of metal clectrodes were measured versus
a standard calomel electrode using a high impedance valve

voltmeter.

c. Measurement of Current Transients

The current transient during the anodic polarisation at
constrnt voltage of a hydrated alumina film was measured with
a Tektroni: Cathode Ray Oscilloscope and recorded photo-
graphically (Figure 6a). The oscilloscope time-base was
triggered by the applied transient, and the current was
computed from the differential X~” voltage across a known

resistor.
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Part 1. Growth Stresses in Anodic Alumina

a. The Effect of Voltage

Figure 7 shows the tensile deflection of an aluminiua foil
anodised at 1.0 mA/cm.Z. At any given voltage (oxide thickness)
the deflection is always more compressive when the growth field
is applied than when no field exists across the oxide. The
zero field deflection gives a measure of the growth stress in
the oxide, the property which is of main interest in this
invesfigation. The difference in deflection is caused by the
applied voltage and is due wholly or partly to electrostatic

pressure.

b. The Effect of Growth Rate on Stress

Stresses arising during the anodising of aluminium were
studied as a function of the growth rate by varying the anodic
growth current. The zero field deflections of aluminium
foils anodised in pH = 9.0 ammonium borate (Figure 8) and pH = 6.0
ammonium citrate(Figure 9) vary with growth rate in accordance

(33). Stress is a sensitive function

with previous observations
of the growth rate; below a certain current density the average
stress in the oxide is compressive but tensile at higher current

densities (Figure 10). In most instances the deflection varied

linearly with voltage (oxide thickness).
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The influence of the growth rate on stress is also
demonstrated by Figure 11lb which shows the deflection of a
duplex oxide, the first part of which was grown at a low
current density and the second part at a faster rate. Growth
at constant formation voltage to a low "leakage" current,

invariably caused the zero field deflection to become compressive.

c. The Effect of pH on Stress

The pH of the growth electrolyte has a marked effect on
the stresses in anodic alumina. Duplex films grown at the
same total current density in ammonium citrate of either pH = 6
or 9, behave as shown in Figure lla.

Quite different behaviour from that of the barrier f£ilms
above is manifested (Figure 12) by aluminium anodised in pH = 10

amonium citrate.

d. Location of Stress Gradients

Observing the deflcction of anodised aluminium foils during
the removal of the oxide by chemical thinning may reveal stress
gradients in the specimen. The oxide thickness d was measured

capacitatively and calculated from the exgpression:
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3

(6)

F )
=
W)

where k = dielectric constant of the oxide.
C = capacity.
A = area of oxide.

Oxide films grown to 40V and less were considered to thin
uniformly since 1/C versus time of thinning was very nearly
linear (Figure 13). Thicker oxides lost their impedance
quicker suggesting that dissolution was less uniform.

The deflection measurements show that the stresses do
actually exist within the oxide, although even after prolonged
immersion (Figures 14 and 15) the deflection (in the three
specimens studied) remained compressive, suggesting that a
compressively stressed.layer still remains.

Growth at low current densities results in a layer =50~1008
thick at the outer oxide surface, in which there is a highly

compressive stress (Figure 14).
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Part 2. The Influence of Hydration Phenomcna on Stress in Oxides

a. Immersion of Anodised Aluminium in Alkaline K2Q£O4

An anodic alumina film rapidly lost its impedance during
immersion for 3-4 hours in pH = 9.0 N/10 K,Cr0, (Figure 16a).
After exposure to the atmosphere for ten days a portion of the
reciprocal capacity was recovered. To throw some light on the
cause of this reversible process the potential of a "bare"
aluminium electrode was measured in similar solutions of KZCrO4
(Figure 16b). By using a "bare" surface it was intended that
the metal should simply function as an clectrical contact to
measure the potential of a thin alumina f£ilm in the KZCrO4. The

electrode potential was below E_ , = O during most of the

HA

immersion (Figure 16b), i.e. in the hydrogen evolution range.
Foils of aluminium anodised on one side to 100V deflected

as shown in Figure 17 showing strong compressive stress in

the oxide when immersed in N/10 K20r04. The greater the pH,

the more compressive the stress was at any given time. Despite

some oxide dissolution occurring simultancously, log (deflection)

versus log(time) plots (Figure 18), from which the exponent (n)

. . n . .
in the equation Z = kt may bec deduced, are almost linear with

gradients quite close to 0.5.
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b. Hydration of Anodic Alumina by Boiling in Water

Boiling in water is a standard method for sealing porous
alumina films. When barrier anodic alumina is treated in this
way a hydrated oxide, containing boehmite is produced(lﬁ’ 90, 91).

In boiling water, whose pH is adjusted to 8.0 by additions
of NH40H, the barrier film is rapidly penetrated. The barrier
voltage of a 50V anodic film was reduced to zero within two
minutes. During this period the electrical resistance and
reciprocal capacity also decreased (Figure 19), but from two
minutes onwards they increased again. This effect is due to
the formation of a corrosion product above the original anodic
film(gl).

Hydration in water at about 90°C caused an anodised foil of

aluminium to deflect compressively (Figure 20b)in a similar way

to those immersed in alkaline K2Cr04.

c. The Effects of Cathodic Polarisation on Anodic Alumina

Cathodic polarisation of anodic alumina films in the
hydrogen evolution region reduces the reciprocal capacity just
as do immersion in KZCrO4 and hydration by boiling. Figure 23
shows 1/C versus time at -0.25 mA/cm.z.

An anodic film which was thick enough to give large,

measurable deflections required a high cathodic current density
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=7 mA/cm.2 for penetration. Despite some inconsistency due to
hydrogen bubble evolution, anodised aluminium foils develupoed

cimpressive stvesses (Figure 24)like the hydrated specimens.

d. The Effects of Cathodic Polarisation on Anodic Zirconia

Cathodic polarisation of anodic zirconia films causes a
decrease in the electrical resistance and reciprocal capacity,
(Figure 23). The impedance is recovered on polarising at

potentials anodic of E,, = O or leaving open to the atmosphere.

HA
No change in deflection was observed when a zirconium foil

bearing a 100V film was cathodised for several hours.

Part 3. The Removal of Hydrating Species from Oxides by Anodic

Polarisation

a. The Effect of Anodic Polarisation on Alumina Previously

Immersed in Alkaline KZQ_EO4

When an anodic current (1.0 mA/cm.z) is passed through an
alumina film which has been previously immersed in chro4’ the
voltage rises steadily with time as, first, the effects of
hydration are removed and then normal oxide growth prevails

(Figure 25). From estimates of the rate of thinning in this
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(92)

solution , the wvoltage at which the normal growth ratc begins
is about the value appropriate to the thickness of oxide reraining
on the metal. Leaving a specimen in the atmosphere removed the

first stage in the voltage/time behaviour.

b. The Effect of Anodic Polarisation on Alumina after Cathodic

Polarisation

Alumina films cathodically polarised for various times show
behaviour during reanodising slightly different from that shown
ZCrOA. The time (and therefore anodic

charge) necessary to restore the original growth voltage Vf was

by those immersed in K

increased the greater the period of cathodic polarisation but
the growth rate dv/dt above Ve (22 volts/min.) was higher than
the normal grcwth rate (18 volt/min.) (Figure 26).

A 40 volt anodic film which was cathodically polarised for
two hours at -0.25 mA/cm.2 showed a 7 ug./cm.2 weight gain even
after two days drying. Thereafter this increase remained constant.
After nine days the reciprocal capacity was 107-207 greater but
the resistance was only a quarter of that of the original 40
volt film.

Reanodising a portion of the above sample resulted in a
complicated voltage/time curve (Figure 27). Growth began at the

original formation voltage then proceeded at 30 volt/min. for
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some time before increasing to 40 volt/min. Growth at the normal
growth rate occurred at about 200 volts. Tho growth cfficicencies
before this stage was reached, were apparently 1287, followed by
143%Z, assuming that 28 volt/min. is the growth rate at 1007 efficiency.

(Calculated from Faraday's Law.)

c. The Dehydration of Alumina Hydrates Formed by Boiling Anodic

Films in Water

The voltage/time response of hydrated films during reanodising
depends on the time of hydration (Figure 28). Hydrates formed
in less than two minutes boiling in pH = 8.0 water begin the
second anodising at the voltage which corresponds to that part
of the barrier film which remains unpenetrated (Figure 19).
Initially dV/dt = 21 volt/min., o little highcr than normal, but
decreases after about two minutes.

The 50 volt film hydrated for two minutes is of interest
because, before normal growth rate occurs at about 150 volts,
there are two distinct periods of growth. These have apparent
growth (dehydration) rates of 32-34 volts/min. and 45-48 volts/min.
These are equivalent to growth efficiencies of 120-130% and 160-
170%.

Anodic films boiled for fifteen minutes and longer show a

third stage (Figure 28) similar to the first stage of 32-34 volts/min.
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before dielectric breakdown accompanied by sparking occurs.

Similar three stage reanodising behaviour is obtained from
the corrosion films formed by boiling "bare” aluminium in water
for half an hour (Figure 30).

The voltage/time behaviour during reanodising is unaffected
by the dissolving power of the growth electrolyte. After
anodising in the presence of a hydrated oxide 1/C of the barrier
layer is slightly lower at a given voltage than that of the

normal barrier film (Figure 32).

d. The Effect of Anodic Polarisation on Zirconia after Cathoqig

Polarisation

Reanodising at constant current density expels the protons
which have been introduced into zirconia films by cathodic
polarisation. The barrier voltage rises at a rate which is
inversely proportional to the concentration of protons in the
oxide (Figure 31). At the voltage corresponding to the
thickness of the amodic film, dV/dt decreases sharply for a

short period before growth of new oxide occurs at the normal rate.
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e. The Effect on Stress of Anodic Polarisation of Hydrated/

Protonated Oxides

Applying a constant anodic voltage to a hydrated alumina
film (formed by boiling in water) causes a recovery of the
reciprocal capacity and a large tensile deflection, (Figure 20s and b).
Immediately this voltage was applied a large current surge
occurred (Figure 21). A similar deflection resulted from the
passage of an anodic current (1.0 mA/cm,Z)through a 150V alumina
film which had previously been cathodically polarised; the large
deflection (indicating compressive stress) caused by the cathodic
treatment was almost entirely reversed by reanodising (Figure 24).
From these results it appears that tension in alumina can arise
through a form of electrical dehydration of the oxide.

Zirconia behaves in an entirely different way from alumina.
Even prolonged boiling in water (fairly neutral pH) does not
affect its impedance, suggesting that hydration, at 100°C and
below, does not readily occur. Neither the introduction of pro-
tons during the cathodic evolution of hydrogen at the oxide
surface, nor their removal by subsequent anodising, has any

apparent effect on the deflection of anodised zirconium foils.
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Part 4. Growth Stresses in fAnodic Zirconia

a. The Effect of Growth Rate and Electrolyte cn the Stresses

in Zirconia

The deflection behaviour of zirconium foils during anodising
is quite different from that of foils of aluminium. At lower
voltages than 10-20 volts, small deflections indicative of
tensile stresses occur, but as the oxide becomes thicker the
overall stress becomes compressive - even at high current
densities (Figure 36). It appears from Figure 37 that the
stresses are dependent on the nature of the electrolyte. In
fact the difference between deflections in KOH and those in
sto4 are largely due to changes in the R/V ratio with the varying
growth conditions. The effect of growth rate and electrolyte
are summarised in Figure 38; stress is not a function of the

growth rate but is influenced slightly by the nature of the

electrolyte.

b. Stresses Arising During Anodising cf Zircalcy 2

The deflections of two foils of Zircaloy 2 anodised at
1.0 mA/cm.2 in pH = 9 ammonium borate are shown in Figure 39.
One specimen developed slightly lower stresses than pure zirconium
but the other showed little difference. It apsears fi.t
alloying of the metal has no significant effect on stresses developed

during anodising,
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Part 5. The Resistance of Anodic Zirconia Filnms

The resistance of anodic zirconia films is a function of
the growth current density (Figure 41). At extremely low
growth rates the resistance at a given oxide thickness (measured
spectrophotometrically) decreases noticeably. This behaviour
is gimilar to the effect of low growth.rates on anodic alumina,

where hydration of the outer oxide 1ayers(69)

was thought to
be responsible.

Alloying zirconium to form Zircaloy 2 also affects the
resistance of the anodic film (Figure 42). The resistance,

at a given thickness of oxide grown on Zircaloy 2 is lower tham that of

21 equivalent film produced on 99.87 pure zirconium.

Part 6. Measurement of Anodic Oxide Thickness and Curreant Efficiency

The intensity of light reflected from anodised metal surfaces
shows interference minima which occur at particular wavelengths,
depending on the oxide thickness. Typical traces recorded on
the spectrophotometer from anodised aluminium, zirconium, and
Zircaloy 2 are shown in Figure 43. The thickness of each anodic
film was determined from calibration charts (Figures 44 and 45y,

Current efficiencies calculated from the growth rate,
dv/dt (Figures 46 and 47) and the &/V ratio (see Section 111,

Part 2) are summarised in Table 3. The efficiency of anodising
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aluminium and zirconium increases with current density,
reaching a limiting value which is less than 100%Z.

The unitary growth (-% .~%¥ ) 6f alumina, an indication
of the current efficiency, varies with the pH of the
electrolyte (Figure 43). In armonium citrate in the range
from pH = 2.0 to pH = 9.0 the growth rate increases but
above pH = 9.0, where dissolution of the oxide becomes

2
(9'), dV/dt decreases sharply. Similar behaviour

appreciable
in the alkaline region is shown in ammonium borate solution.
In the acid region, growth in borate appears to be prevented
possibly owing to the poor buffering qualities of the electro-
lyte. Polarisation curves (Figure 49) of anodised aluminium
electrodes in alkaline NaZSO4 solutions show an anodic

saturation current which increases exponentially with pH in

a similar manner to the corrosion rate of aluminium (Figure 50).

Part 7: Field Induced Stresses During Ancdising

A deflection of an anodised foil corresponding to compression
in the oxide accompanies the application of an ancdic electric
field across the oxide. Figures 51 and 56 show how this
difference in deflection varies with applied voltage during the
anodising of zirconium and aluminium respectively. Three

stages are shown,the phenomenon appezrs to show hysteresis.
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As the film grows at constant current density the deflection
increases linearly with voltage (stage A) until the formation

voltage V_ is attained. Voltage V. is maintained constant

£ £
for about an hour until the curreant falls to a low "leakage®
value (<0.1 mA/cm.z) at which growth proceeds only very slowly
(stage B). During this period the ozide thickness increases
by about 10-207% and the deflection decreases with the logarithm
of the current (Figure 54). Decreasing the voltage from Vf to
zero causes the deflection to follow a lower, non-linear path
{stage C).

The total stress acting at the surface of a dielectric
which is subject to a normal electric field comprises two com--

(94)

ponents Within the body of the dielectric a pressure ﬁ is

caused by the alignment of atomic dipeles with the applied field.

2
ko (k 1) E

P = @
2
10~
where ko = ( e ) = permittivity of free space.

(meters~2 sec.-z) MKS units.
k = dielectrie ennstant of oxide.
E = applied field = voltage/thickness of dielectric.
In addition to this uniform pressure acting throughout the
dielectric there is another stress, FS, duc to the transition

layers which exists at the surface of a dielectric, where the
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polarisation charges reside (Figure 55). During anodising
the space charge boundary layers, being opposite in sign, attract
each other and compress the oxide normal to its surface.
k(- 1%

F_ = ; )

The total stress on the surface is the sum of the surface

stress F_ and the pressure, p, in the bulk of the oxide(94).

2
kok (k - 1)E

F,, = 9
T 2

Values of this electrostatic stress calculated by the
above equation are shown in Table 4.

The field induced deflection during decreasing voltage on
films already grown to various formation voltages is plotted
versus the square of the applied voltage (Figures 52 and 57).
Over a large range of voltage the deflection Z varies linearly
with the square of the voltage. Around Vf, however, the
deflection increases and is related to a higher power of the

voltage.
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Introduction to Discussion

This diccussion censiders the otigin of stresses in anodic
aivuina end zizeonia with particular referepne, in the gase of
ciunind, to the effegis of hydvation and dehydrdatien., A model
for the dehydration proéeas Bas beoen developed whieh suggests
that this éccurs by & chemical reaction between the hydrated
oxide and aluminium ions: By applying an anodid Gurtent ko a
hydrated gxide, the water content can be pragreiésively reduced.

The getteral form of the veaction is as follows:

SALOm) 4 + AL » 3AL,0(0m), * mt o+ 3

(Al 20? o 3320’) (Ale . 21{207

241,0(0H), + AL + SALOOR) + W s

(41,0 +H,0)

Z .

. + -
3A10(0H) + Al = 2AE,0, + M «+ 3e

This protess can be -described as a dehylirawieom sinre woto-
(ox Hydroxyl ismsd mre eliminated frem the oxide. However,
it does not imvolve the removal of water but is strictly a
deprotonation, for in each step ome aluminium ion displaces

‘three protons from a compound containing hydrogen and oxygen.
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Each of the intermediate compounds is chemically equivalent to
a hydrated alumina.
In the following discussion the cffects observed in this
work (and other work in the field) are considered in terms of

hydration and the dehydration model outlined above.

Part 1. Growth Stresses in Anodic Alumina

a. Possible Causes of Tensile Stresses

An important feature of anodic alumina is that it can
grow in a state of tension - despite having a volume ratio
greater than unity. In this condition the oxide, if grown
on a rigid substrate, is stretched parallel to the surface
so that it covers the area of contact with the latter. This
development of tensile stresses must be dependent in some way
on the mechanism of growth. Several properties of anodic
oxidation could be responsible for a decrease in the volume
or the area of contact of the oxide.

i. Cationic Conduction: Sufficient aluminium may pass out
through the oxide during growth, relieving the volume
constraint and possibly xesulting in an unstressed oxide
or one with tensile stresses.

ii. Electrostatic Effect: If the oxide does form stress free

during anodic growth the removal of the electric field with
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its highly compressive stress may result in tension.
iii. Temperature: The passage of current through the oxide
may cause the temperature to rise. When growth is
stopped the oxide will shrink due to cooling.

iv. Deprotonation: The oxide may form first as a hydrated
intermediate which is subsequently deprotonated by the
anodic field.

Preliminary evidence suggests that mechanisms (ii) and (iii)
are unlikely to be significant. Stresses arc temsile even
during growth (Figure 7) so there must be some cause of tension
other than temperature or electrostatic effects. In anodic
zirconia, growth stresses are highly compressive and independent
of the current density (Figure 38). It seems reasonable to
assume that since stress in zirconia is not dependent on either
of these two factors (both of which would vary with current
density) even up to 6.0 mA/cm.z, they can also be discounted
with regard to alumina grown under similar conditioms.

Cation transport numbers measured experimentally during

(61) are greater than that calculated

(56)

the growth of anodic alumina

to be necessary for zero volume change In the high

temperature oxidation of copper, which occurs by cation movement

(38)

only » the production of vacancies has been cited as a cause

(29)

of tensile stress in the underlying metal layers Dislocations

and loops formed near the surface of initially ynstrained single
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crystals of zinc and cadmium have been seen after several weeks

(80). This was attributed to oxide growth

exposure to the air
by metal ion diffusion which caused the injection of cation
vacancies into the metal. From these observations it appears
that cation migration can cause tension in the metal but as
yet no mechanism has been put forward to explain how cation
conduction could lead to tensile stresses which are actually
in the oxide, not in the metal. 1In the case of anodic
alumina films showing an overall tensile stress (Figure 14),
the stress gradients, revealed by chemical thinning, suggest
that the oxide consists of two layers, the inner part being
compressive while the outer one is temsile. As far as

could be ascertained, there was no tensile stress in the oxide
adjacent to the metal. Thus, the sourcc of tension is
located at, or near, the outer growth interface, a favourable
position for dehydration to occur.

The possibility of hydration phenomena affecting stresses
in alumina is not unlikely since the properties of barrier
anodic films are extremely sensitive to water. They absorb
water vapour to an extent depending on relative humidity(gs),
the electrical resistance and breakdown voltage deccrease with

(51). One tenth of the sorption is

increasing relative humidity
a rapid process occupying a few minutes, the remainder, a slow

process, requires a day for completion. A hysteresis is shown
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by the slow process but not by the initial sorption. Although
barrier films are usually regarded as being non-porous,; it has

been suggested that they are perforated by numerous small holes

(96)

which can be penetrated by water Physical adsorption of

water in these microfissures would not show hysteresis. The
hysteresis associated with the second sorption may be duc to
chemical combination with water to form a hydrate since the

oxide layer in contact with the electrolyte during anodising

has been rcported to be the monohydrate A1203.H20(97).

(98) (99)

or tritium
(69, 70-~72)

Investigations into anodic films by deuterium

marker techniques and impedance measurements suggest

that the outer oxide layer is hydrated.
In view of the acknowledged susceptibility of anodic

alumina to water and the fact that aluminium forms hydrated

oC(IOO)

oxides when immersed in water below 80 , it is perhaps

(68)

remarkable that anodic films are mainly anhydrous despite

formation in aqueous environments. To explain this, the following

(101, 102)

scheme for the anodising of aluminium implies that a

dehydration process occurs.

Al + 30H - AL(OH) , + Je

Al (OH) 3 -+ Alo(on) -+ Al 20 3 (dehydration)
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The evidence in the literature suggests that hydration
and dehydration phenomena are closely involved in the anodising
mechanism. Hence, the following sections consider the effect
on stress of (a) hydration and (b) subsequent dehydration by

the passage of an anodic current through the hydrated oxide.

b. The Effect of Hydration on Stress

The entry of water into an oxide would be expected to
cause cxpansion and hence compressive stresses. An immediate
example of compressive stresses associated with hydration was
found by oxide thinning which revealed a stress gradient in
an oxide grown at low current density (Figure 14). The thick-
ness, 70-80 X, of this region of compressive stress coincides
with that of the hydrated layer which has becn reported to be
present after growth at low current density(69>. It is
thought that the low anodic field permits protons to diffuse into
the oxide and set up an electrostatic charge which attracts hydroxyl
ions, producing a hydrated layer about 508 thick. The formation
of this layer occurs only_in aqueous electrolytes and at low current

efficiences, where the evolution of coxygen may also favour oxide

hydration.

40H = 2H20 + 02 + e
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Luring immersion in alkalire K2Cr04 solutions the
eleztrical resistance zad wzcziprocal capacitance of aluaina
films dzereas2 rapidly. Scaz 2issolution of the oxidz rccuzs
cuzing the perlod chrw [Figure 16a) but this is less then 107
whon measured optically(gz). A large portion of the impedance
decrease is recovered on leaving the specimen in air for one or
twy days. This reversible process has beeu attributcl to the
uptake of physically held water. Hydration rates are knowa to

(91, 103), so higher alkalinity of the ¢hromate

increase with pH
solutions shculd cause greater compressive stresses in a given
time. As expected, aluminium foils bearing 100 volt anodic
films deflected in the direction indicating compressive stresses
in the oxide, when immérsed’ in N/10 Kééroa;’ ‘The deflections
were greater the more alkallne the solutlon, and approxlmately
obeyed a parabolic relation with time, suggestlng that a
diffusion mechanism was operative.

Arodic alumina can be hydrated by boiling in water; this
is thc basis of the technique used for secaling porous films.
¥ater reacts with the porous oxide forming bo&hmitd(so) whieh has
a greater volume, blocks the ends of the pores and imparts added
corrosion resistance. : Since barrier anodic films can also te
hydrated in this way, the boiling treatment was chosen as a
standard method of hydration.

oL

The hydration process consists of at least two parts
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(i) the penetration of the initial barrier layer and (ii) the
formation of a corrosion product on top of it. This is also
suggested by the impedance changes = (Figure 19) in which
conductivity and capacity increase during the first two
minutes and then begin to decrease as though the corrosion
product exerts a sealing effect. During the penetration of a
40 volt barrier film a considerable volume increasec occurs;
12 of barrier layer produces 2.5% of hydrate before the

(91). Assuming constant

corrosion product begins to form
substrate area this implies that hydration causes 150%
increase in volume.

During hydration the amorphous nature of the anodic film
disappeared and the hydrated oxide, consisting of an irregular
array of minute crystals, showed a prcrounced o-monohydrate

(91), which disappecared after prolonged

(boihmite) structure
hydration.
The presence of bodmite in the hydrated f£ilm has been

(105)

shown also by X-ray measurements but gravimetric experi-

ments on the oxide indicated that as much as 32 w/o water was

(105) . . . .
present - considerably in excess of that in the monohydrate.
It was concluded that the hydrate also contained loosely bound
water which was not combined as bochmite.

Not surprisingly, the large volume change occurring during

hydration, causes a foil of aluminium bearing a 150 volt film to
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develop large compressive stresses during immersion in water

at 90°C (Figure 20b).

c. The Dehydration of Hydrated Alumina by Anodic Polarisation

and its Effect on Stress

Hydration causes compressive stresses by increasing the
volume cf the oxide. In principle, therefore, tensile stresses
could arise through the shrinkage due to dehydration.

Applying a constant anodic voltage to a film hydrated by
boiling in water, causes a large current surge (Figure 21),
and an increase in the reciprocal capacity (Figure 20Qa). During
the passage of this current the stress becomes tensile
(Figure 20h), the deflection being about equal but opposite to
that due to hydration. These observations suggest that anodic
polarisation can cause tensile stress by dehydrating alumina,
although the mechanism by which this is accomplished is not
clear.

It was decided to examine the dehydration mechanism by
measuring the rate of production of barrier oxide at constant
current density. Owing to the presence of the overlying
hydrated layer, it is necessary to use the indirect mcthod of
measuring the barrier thickness and to compr:: the oxide weight

from its demsity. The reciprocal capacity of the oxide produced
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in the hydrate's presence indicates that it ig thinner than
. i s . (112)
the normal barrier film. Recently it has been suggested
that growth of fresh oxide in the intnrstices of the hydrate,
results in a more compact oxide containing less microfissures

. . , . 3 .
than the normal barrier oxide whose density (3.17 g/cm.”), is
considerably less than the theoretical value for alumina

3)(56)‘

attempt to assess the quantity of barrier oxide by calculating

(3.66 g/cm. Thus three assumptions can be madae to

growth rates from:

AY
104) _ assuning the K/V ratio and density of the

a. Voltagec
normal barrier oxide.

b. 1/C - assuming the dielectric constant and density of the
normal oxide.

¢c. 1/C - assuming thc theoretical density 3.66 and the normal
dielectric constant.
Since the apparent growth efficiencies derived from

assumption {c) are simiiar to those obtained from assumpticn

(a) (Table 8) it seems quite feasible that the change in 1/C

results from a density increase. On the basis of this coasistency

it has been assumed that the dehydration growth rate i3 better

expressed by dV/dt than by d(1/C)/dt. The true rate of

formation may lie between the values obtainad from {a) and (c¢)

and from (b); this can caly be resolved by detaiied investigation

to determine the density, dielectric constant and ccmposition of
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the new oxide.

Nevertheless, it is important to note that the efficiency
in the second stage of dehydration ( Table 8 ), even according
to the conservative estimate made from assumption (c), is
far greater than 100Z. Reanodisation of hydrated alumina
definitely produces more barrier oxide for the passage of a
given ionic charge than would be expected from Faradaic
principles. A theory for this anodisation process must
account for three periods in which growth efficiencies are at
least 96-1027:127-1367%: 96-102%, but in all probability are as
high as 121-1287: 160-170%: 121-128%.

Faraday's law is not violated if the anodisation involves
the dehydration of oxide which is already present. The
normal growth reaction occurring at 1007 efficiency requires six

Faradays of charge tc produce 1 mole of oxide.

2A1 + 3H20 = A1203 + 6H+ + be (1 molecule/6 electrons)
If the hydrated oxide were pure boehmite, the Al3+ ions moving
through the barrier portion of the cxide would react with the
hydrated layer producing more oxide and protons. This can be

represented in various ways but for convenience is written:

Al + 3A10(OH) = 2A1203 + 3H+ + 3¢ (2 molecules/3 electrons)
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qnhyénous

This reaction produces four times as much,oxide, for the
passage of a given anodic charge, as the normal reaction of
metal with water. Hence,; the dehydration rate could in
principle be equal to an apparent growth efficiency of 4007,
without contradiction of Faraday's Law. It will be seen
(Table 5) that the epparent growth rate is dependent on the
state of hydration of the alumina. The dehydration rates
shown (Figure 28) will be comnsidered in detail since they appear
to be limiting cases, suggesting that hydrates of constant com—

position are present. After about 15 minutes boiling the

apparent growth (dehydration) rxates attain the fixed values listed

below.
i ‘ 5 -
dv/dt (volt/min.) | Apparent Efficiency
Stage 1 34-36 121-1287
| Stage 2 45-48 1 160-1712
Stage 3 34-36 1211287
(28 volt/min. at 1.0 mA/cm.2 = 1007 efficiency)

——

j

After stage 3 is completed dV/dt decreases and breakdowm
of the oxide occurs. The dehydration rates (above), which have
anomalously high apparent growth efficiencies, can be explained

by considering (a) the degree of hydration of the oxide, and
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(b) the relative mobility of anions and cations during anodic
polarisation.

The three stage dehydration suggests that three discrete
layers of hydrates comprise the product of boiling in water.
Exactly the same voltage/time bghaviour is obtained when "bare'
aluminium (etched 10 minutes in 10w/o KOii) ‘is boiled in water for
30 minutes and then re-anodised (Figure 30). It is well estab-
lished that the corrosion product of aluminium in water at 80°¢C
and below consists of three layers of hydrated oxides.

Hart(loo)

has shown by electron diffraction that initially

an amorphous layer is formed and is subsequently overlaid

first by boetlmite, ALO0(OH), and then by bayerite, A1203.3H20.
After prolonged corrosion the oxide still consisted of threc
separate layers; the hydrates did not transform during growth.
At temperatures more than 200°C the oxides of aluminium may even

(107). The initial amorphous

consist of four layers of oxides
layer is most probably the hydroxide Al(OH)S. This means that
the water content of the oxide does not increase evenly with
distance away from the metal, as would normally be expected,
because the hydroxide has the same molecular formula as the
trihydrate, i.e. 2A1(0H)3 z A1203.3H20. It is, however,
possible for the monohydrate, Al1O0(OH), to be sandwiched between

two layers of trihydrate because Al(OH)3 has a less negative free energy

of formation than corundum A1203 or any of the hydrates of
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alumina(QB).
From this evidence it is reasonable to assume that the oxide
consists of three layers of different hydrates, the second layer
containing some boehmite as shown from previous work on the

(91, 106). The innermost and the

hydration of anodic films
outer layer possibly have the same composition, although
different structures, since they produce the same dehydration
rates.

The degree of hydration of this complex hydrate of alumina
can be calculated from density changes caused by water(gl) and

(106).

from thermogravimetric data By taking density values

for the anodic oxide and two hydrates from the literature it is
found that the density of a hydrate decreases linearly with

the fraction of water (Figure 33). During the formation of the

701,

first layer of hydrate the thickness increased by 150 the

appropriate density decrease implies that the anodic film is

converted to A1203.4.5H20. The second hydrated layer contains

boehmite and water but the proportions are not known. However,

these can be deduced from gravimetric measurements made on a

(16)

hydrated film produced by boiling in water for an hour The

water content was 32 w/o, i.e. =A1203.3H20 is the average
composition of the three layer oxide. To determine the water

content of the layer containing boelmite one must refer to the

voltage/time graph (Figure 29). The extent of each stage of
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dechydration is determincd by the thickness of the hydrated
layer. During stage 1 the total amcunt of anhydrous oxide
produced is about 70 volts. This is equal to the amount of
A1203 originally present in the first layer plus the A1203

that would be grown at 100Z efficiency by the anodic current.

Hence,

A1203 in hydrated = Anhydrous oxide produced - Oxide produced

layer by dehydration by anodic current

= V1 - (28 v/m x tl)

From Figure 29 one can calculate the relative proportions
of A1203 that were originally present in each layer of the
hydrate. The oxide consists approximately of 10 parts
A1203.4.5H20/ 49 parts A1203.xH20/ 37 parts Al,04.4.5H,0.
%, the amount of water in the second layexr, is 1.6 calculated
from the average composition of the total hydrate. It is seen
from Table 5 that the following dehydration reactions will produce
the apparent efficicneies seen in stages 1 and 3, and stage 2.
Although these reactions involve Al3+ ions reacting with the hydrate
they are written in the equivalent form below to emphasisc that

electrons and therefore current are involved.

Stages 1 and 3

+ -
8A1 + A1203 + 12320 = 5A1203 + 24H + 24e (125%)



95.

Stage 2

+ 15H.0 = BALO. + 30H + 30e”  (160%)

10A1 + 3A1203 2 205

These equations require morc water than is actually present
in the oxide. The 7.5 molecules of water to balance the first
expression above, are brought in from the e¢lectrolyte as
hydroxyl or oxygen ions which move lnwards during anodising
(Figure 34). The reaction consists of two processes occurring
simultaneously (a) a cationic deprotonation which can result in
anomalously high rates of formation of anhydrous oxide by
consuming the hydrate, and (b) anion migration which produces
growth at the metal/oxide interface at 1007 efficiency. It has
been assumed that oxide produced by anionic transport grows at
100% efficiency because the dehydration rates are independent
of the growth electrolyte. The hydrated oxide behaves as if
it were the electrolyte so metal dissolution and oxygen evolution
are negligible.

In stages 1 and 3 cationic dehydration is produced by Al3+

ions reacting with the hydrate A1203.4.5H20.

3+ +
3A1 + A1203.4.5H20 2.5A1203 + 9H

alternatively expressed as

4.5H.0 2.5A1.0. + 9H' + 9¢”

3A1 + A1203 2 203
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The anionic growth occurs by uptake of water (as O or O )

+ -
5A1 + 7.5H20 = 2.5A1203 + 15H + 15e

Similarly the relative ionic mobility influences the dchydration
of the second hydrated layer which contains boehmite and has an

average composition of A1203.1.6H20.

Cationic ~ 3.2A1 + 341,0,.1.6H,0 = 4.6A1,0, + 9.6HT + 9.6e

3 2 3

Anionic  6.8A1 + 10.2H,0 = 3.4A1,0, + 20.4K" + 20.4e"

Ionic transport numbers can be calculated from the amount

of water taken up in the anionic process as OH or O ioms.

Transport number number of H20 molecules in the hydrate

of aluminium number of H20 molecules in the total reaction

The cation transport fraction in stages 1 and 3 is 0.35 - 0.49
and in stage 2 is 0.32 - 0.37. These figurce are lower thaun the
transport numbers measured by Davies et al. (Table 1). They
represent the lowest values that the cationic transport number
deduced by this method can have. Any appreciable electronic
current during reanodisation will require greater metal conduction
to achieve the same apparent efficiency. Also if the roughness

factor, which was assumed to be unity in calculating the dv/dt
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value at 1007 efficiency is actually greater than one, the real
current density will be reduced. It follows that the apparent
efficiency and therefore the cation transport fraction will be
greater. The calculated amount of metal conduction is extremely
sensitive to the roughness factor. Values are given (Table 6)
determined using typical roughness factors quoted in the
literature. It is seen that during reanodisation aluminita's
transport number is not less than 0.32 and unlikely to be
greater than 0.82. Assuming a probable roughness factor such
as 1.07 gives a value of 0.40~0.53 in the range of data obtained
experimentally(ﬁl).

The deprotonation differs from electro-osmosis in that
additional oxide is produced during the former process. This
was shown by weight gain of an anodic film which formed a corrosicn
oxide above it during cathodic polarisation. The constant tgtal
weight of oxide measured after several days was cquivalent to that of a
70 volt anodic film. When the reanodisation of this oxide was
completed (Figure 27) the oxide was about 220 volts, i.e. an increase of
=2007 in thickness occurred during deprotonation.

In the dehydration by cation diffusion it is not immediatcly
obvious that a volume reduction results from the process, since
more oXide is produced in the space occupied by the hydrate.
However, an overall shrinkage does occur and this increases with

the water content of the hydrate. Since the density of alumina
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decreases linearly with water content (Figure 33) the volume of
any hydrate can be found and hence the volume reduction involved
in deprotonating it. The volume strains ( é% ) caused by
deprotonating a range of hydrates increased with the amount of
water originally present im the oxide (Figure 35). A volume
reduction of 0.02 is involved in the deprotonation of the hydroxide

Al(OH)3 which is equivalent to the trihydrate.

+ -
2A1 + A1203.3H20 2A1203 +6H + e

(2a1(on)

3)

66 volumes - 64 volumes

From the volume change it is possible to calculate the tensile

(108)

stress arising from this process by Mortons analysis.
The tensile stress, P, arising in the oxide acting parallel to
its surface is

E

= B __ AV
P = 3g—w (¥ (10)

5 2 (45)

where E Young's modulus of anodic alumina = 4.2 x 10~ kg/cm.

v Poisson's ratio of the oxide assumed to be 0.2.
Assuming elastic deformation of the oxide, the stress would
be of the order of 4,000 kg/cm.2 if the intermediate hydrate were

the hydroxide. These calculations show, despite the unknown

identity of the intermediate, that cation induced deprotonation
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causes sufficient strain to explain the magnitude of the

tensile stresses in anodic alumina.

d. A Mechanism to Explain Stresses in Anodic Alumina

The occurrence of tensile stresses in alumina can be
explained on the basis of the dehydration mechanism described
above. It i3 necessary to postulate the formation of a
hydrated oxide at the oxide/electrolyte interface. Being
under no constraint at an outside surface the hydrate should
be stress—free. Al3+ ions from the metal react with the

hydrate, producing anhydrous oxide and protons, ec.g.

3+ +
Al + Al(OH)3 = A].ZO3 + 3H

An overall volume reduction occurs. If the oxide forms
on a rigid substrate it is prevented by adhesive forces from
reducing its area of contact and a biaxial tensicn is imposed
upon it.

The formation of a hydrated intermediate phase during the
anodising of aluminium is very probable. A scheme outlined

(101)

by Lonergan suggested that the hydroxide and boehmite were
formed during growth. The cation induced deprotonation explains
how anhydrous oxide can form in an aqueous environment in which,

in the absence of the anodic field, the hydrated oxide is the
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natural corrosion product.

Oxide thinning revealed a hydrated layer approximately
708 thick in an oxide grown at low current density but nothing
was found at higher growth rates. This implies that the intermediate
hydrated layer is quite thin and probably forms as an adsorbed
phase precipitated at the oxide surface. Pourbaix states(93)
"the dissolution of aluminium is always accompanied by the formation
of a precipitate A1(OH)3". The precipitation of Al(OH)3 formed
by the passage of Al3+ ions into solution, will depend on the
local pHl which controls saturation. At neutral pH's the
precipitate will form and be converted by further A13+ ions into
the anhydrous anodic f£ilm. In alkaline electrolytes (pH > 9.0)
the Al(OH)3 will not form as readily and a porous oxide, similar
to those formed in acids, should result. The formation of a
barrier or a porous film depends on the balance between precipita-
tion and dehydration which form oxide, and degradation of the
oxide by hydration and dissolution. The dominant hydrating

species may cause dissolution in the following way.

+
Meo B Mt s ,0 acid
MeO qu Meog— + H20 alkaline

The pH of the growth electrolyte has an important influence

on the structure and the stresses of anodic alumina. In solutions
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of pH > 9.0 alumina dissolves rapidly. A foil of aluminium
anodised in pH = 10 electrolyte (Figure 12) deflected in a
similar way to those bearing porous films formed in dilute HZSO4(45).
The extremely compressive stresses developed after an imitial
tensile layer was formed are probably caused by ingress of
electrolyte into the pores and possibly also by hydroxylation of
the porous oxide.

Previous workers have suggested that tznsile stresses were

(36), (b) cation conduction(33).

caused by (a) deprotonation
The mechanism of dehydration discussed above combines both these
principles; tcnsile stresses arise because of the volume
reduction caused by deprotomation which, in turn, cannot occur
without cation conduction. Overall stress in the oxide depends
on (a) the relative thicknesses of the compressive/tensile layers
and (b) the magnitude of the stresses. Increased overall temsion
would resuit from (a) increased metal migration or (b) increased
water removal. The relative thickness of the tensile layer will
depend on the cationic transport number. From calculations
based on dehydration rates at different current demsities (Table 7)
it appears that the transport number of A13+ is not a function
of growth rate.

The voltage attained during the passage of a given anodic
charge was lower at 0.1 mA/cm.2 than at 1.0 mA/cm.z. However,

by growing an oxide to a given voltage at 1.0 mA/cm.2 and switching

immediately to the lower growth rate, it was noticed that the
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voltage dropped, giving an estimate of the change in 2/V ratio
with current density. Values of anhydrous oxide per charge
passed V1/C1 and (Vz-Vl)/C2 vhen corrected for the change in
&/V were the same.

Faster growth rates have been ghown to increase the uptake
of silicon, carbon and boron from the electrolytes during the

(109). Increased water trapping (and

growth of anodic zirconia
subsequent rcmoval) will cause increased tension at high growth
rates. At extremely low growth rates dehydration becomes less
effective and the outer oxide layers become heavily hydratedcsg).
Hence the outer oxide can be teasile at high growth rates and
compressive at leakage currents (Figure 14).

The increased tension due to anodising in higher pH's
(Figure 1la)is caused by increased uptake of hydroxyl ions at
greater pH's. Greater tension results from the increased voluze
change on deprotonation.

It has been suggested from electron microscopy of separated
anodic films that anion migration produces crystallites of
y-alumina at the oxide/metal interface and that metal migration

(58)

gives rise to amorphous oxide This may occur because the

oxygen ions have the metal lattice to form a basis for the oxide
lattice, whereas the amorphous structure is produced via cation

(110)

migration into an adsorbed array It is intcresting to

compare these findings with thc observations on aluminium oxides
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(111>. Again it is postulated that

formed at high temperatures
crystallites are formed by anion migration and penetrate into the
metal a little way before growing laterally. The amorphous
oxide at the outside formed by metal migration.

The average aluminium transport number according to
Davies is 0.56 during anodic growth in a non-dissolving
electrolyte(61>. If this figure is correct, the volume of
oxide formed by anion migration should be less than that of the
outgbing cations. However, chemical thinning of anodic films
consistently revealed that a compressive stress remained after
prolonged immersion in the solvent. It has becen reported that
the crystalline anodic oxide is only slowly soluble in acid solution

d(113), go it is quite pcssible that the compressive stress

use
was located in undissolved crystallites. If the cation vacancy
excess is lost to the bulk of the metal it is possible that
anion migration will produce an inmer crystalline layer in
compression. Cation migration will result in an outer amorphous
oxide in tecnsiom, resulting from the deprotonation of a hydratc.
It appears that the anodic oxide formed at high growth rates
should consist of two layers, (a) an inner, crystalline layer
in compression and (b) an outer, amorphous layer in tension.

At low growth rates entry of protons into the oxide after
it has formed promotes hydration giving rise to compressive

stresses, in the outer layers. The change from compressive
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to tensile stresses with increasing growth rate may be due also
to increased water trapping in the intermediate phase which will

result in greater tension after the deprotonation of the higher hydrate.

Part 2. The Effect of Cathodically Polarising Anmodic Oxides

Cathodic polarisation causes a decrease in the electrical
resistance of anodic oxide films. This has been attributed
to the presence of hydrogen, which acts as a donor impurity

in the semiconducting oxide, making n-type oxides highly

conducting while increasing the resistance of p-type oxides(zo’ 114).

Hydrogen is thought to be introduced by the entry of protons whose
charge is neutralised by electrons removed from the metal sub-

strate. High Faradaic capacities cen be induced by protons

(115)

entering oxides of metals with variable valancies such as

titania.

MO + H + e + MOH

From this evidence and from cathodic reduction of oxides(116)

it appears that cathodic polarisation of oxides causes the

entry solely of protons. However, it has been suggested(106)

that when aluminium(bearing barrier films)is made the cathode

in aqueous elcctrolytes (or in fuming H 804), water (or H,SO,)

2 2774

enters the oxide by an electro-osmotic mechanism.



105.
The present work suggests that cathodic polarisation of
alumina may well involve electro-osmotic hydration phenomena,

whereas anodic zirconia is simply protonated.

a. Proton Gradients in Anodic Zirconia

The hydrogen content of an oxide can be determined from the
anodic charge necessary to restore the original impedance.

(117)

This has been shown to be:

Q = ixt = CV + QH (11)

CV the capacitor charge is negligible, hence the charge to

expell n protons (electronic charge e) is QH‘

QH = ixt = ne (12)

If i, the anodic current, is kept constant the distribution of
protons in the oxide can be calculated from the ratc of voltage

rise dV/dt. Differentiating the above expression gives:

dn 1

a"E = (E)

dn dn dv
Now i T
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The oxide thickness, b, is linearly related to the voltage, V,

hence

1
&y = (—) db
v

Thus the number of protons in each incremental layer of oxide of

unit area is

dn _ i
dab . ? (13)
v

From the distribution obtained in this way it is seen (Figure 31)
that the proton concentration (perhaps the saturation amount)

is greatest at the oxide/electrolyte interface, decrcasing

towards the metal. The oxide layer adjacent to the met:. is
almost free of protons. The maximum proton concentration, about
4 protons/zirconia molecule, is..considerably higher (by two

orders of magnitude) than those measured by Isaacs and Wanklyn(117)
but 4g of the same order as those calculated from the anodic
charge from zirconia at potentials slightly greater than Egp = 0
but below oxygen evolution potentials, approximately 1 proton/
oxide molecule(lla).

The curious downward inflection in the v/t curve for re-
anodised zirconia immediately the original formation voltage had
been reached is conmsistent with the deprotonation of a corrosion
film which could have formed above the original anodic film.

After a short voltage increase the normal growth rate during

anodising resumed.
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b. Anodic Alumina - Electrc-osmosis or Protonation?

The following informaticn suggests that cathodic polarisation
of alumina films on aluminium may involve hydration and not
simply protonation as observed with anodic films on zirconium.
Radiotracer techniques have been used by Schwabe(IOG) to
study the movement of water and sulphuric acid in A1203 and ZnSO4
barrier layers. A barrier oxide was grown in a tritiated borate
solution to a low leakage current at which the radivactive
species could enter. After transfer of the specimen to an
inactive solution and allowing equilibrium to be recached, an
applied anodic voltage produced an increase in the tritium activity
of the inactive clectrolyte (Figure 22). To show that not only
protons were ejected, a similar experiment was performed using
sulphuric acid tagged with 535. Anodic polarisation again
caused an increase in activity. On the basis of the ejection
of both protons and anions it was concluded that anodic

dehydration occurred by electro-osmosis, cathodic polarisation

was alleged to return the water.

(91)

assist hydration, and the elcectrolyte anion can exert an effect(gl),

Although it is known that increasing pH and tcmperature

the mechanism by which water entry occurs is not well understood.

Several theories have becn put forward.

od(90)

i. Advanced Proton Theory. Hoar and Vo postulated that the

sealing of anodic films by hydration occurs by the entry of protomns
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into the oxide which set up a high electrostatic chargc and

attract hydroxyl ions in to form a hydrate.

(70)

ii. Ion Exchange. Heine and Pryor consider that hydroxyls

are substituted for O  ions on the oxide lattice.

iii. Electro-osmosis. This involves the movement of liquid

through a capillary (or porous membrane) across the ends of
which an electric field, E, is applied. In the liquid
adjacent to the solid surface there is a diffuse layer, with
zeta potential, . The electric field acts on this layer
with a force qE where q is the charge in the layer. The
direction in which the liquid is drawn depends on the sign of
the dominant ion and of the field.

The approximatcly parabolic relationship between deflection

and time of immersion in K,CrO, suggests that the movement of

27774
the entrant species is a diffusion process under a constant
activity difference, which is controlled by the electrolyte

(119) show that

pH. Elcctrokinetic measurements on corundum
OH and H® are the potential determining ions in the electrical
double layer, so greater OH activity would be expected to
increase the rate of OH diffusion in the oxide. It is tempting
to conclude that, in the absence of applied polarisation hydra-
tion ocecurs, which involves hydroxylation as the slowest and

therefore rate-controlling step in the process.

However, the rest potential of a "bare" aluminium electrode
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which should be covered by an oxide of about 50% thickncss,
was increasingly cathodic of the hydrogen evolution potential
as the pH was raised (Figure 16b). Thus the changes in
impedance and development of compressive stresses could con-
ceivably be caused by the entry of protons alone, since
cathodic polarisation of oxides produces similar effects.

The magnitude of the anodic charges necessary to restore the
original barrier voltages of oxidcs which have been immersed
in K2Cr04 or cathodically polarised are large encugh to remove
about 1-4 protons per oxide molecule present. This concen=
tration of protons is little different from that of hydrogen
expected in a hydrate. In view of the fact that deprotonation
accompanied by the growth of more oxide can even result in a
volume reduction, it seems quite likely that the cathodic
introduction of protons could cause the compressive stresses
and impedance changes seen in the present work. This would
not explain the radiotracer experiments ccnducted by Schwabe,
however. To resolve this ambiguity between protons and water
is beyond the scope of this work but the combined entry of
anions and protons can be explained by the following tentative
hydration mechanism.

The elcctro—-osmotic hydration can be described by combining

(114, 117)

the model for hydrogenation described above with the

(90)

advanced proton theory of hydration Cathodic polarisation
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ceffects the entry of protons into the oxide.

" > H + H
HYDRATED ADSORBED OXIDE
These protons produce a space charge which can be ncutralised

by electrons from the metal and/or OH entry from the solution,

depending on the relative availability of these specics.

+ - + -
Hogme * Cuerar ~ @ * @ Joxmpe
ul + OH (H..0)

OXTDE ADSORBED 292 ox1DE

The sole function of polarisation is to introduce protons;
the necutral species in the oxide are hydrogen atoms(117) and
water molecules which diffuse under concentration gradients
towards the metal. Anodic polarisation will rcverse this pro-
cess, producing no oxide growth during dehydration. Alumina
and zirconia show differcent extremes of this behaviour, the
former oxide appears to hydrate, the latter can obtain electrons
from the metal to neutralisc the protons introduced and does
not hydrate.

Whatever the exact specices involved, whether water or

protons, it is clear that the hydrated/protonated oxide

differs from the hydrates formed by boiling anodic alumina in
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water. During exposure to the atmosphere the original
barrier voltage and impedance of a composite oxide formed
by cathodic polarisation which consisted of a corrosion
product above the anodic £ilm, completely recovered whereas
the outer portion, the layer containing boehmite, was
apparently unchanged. If water is introduced into the
anodic oxide, it is only loosely held, and its removal can
be accomplished by anodisation which does not involve the
formation of more oxide. Thus protons or physically held
water can be removed by an anodic current which is substantially
electronic. Water which is chemically held, e.g. in the
hydrates formed by boiling, can only be eliminated by an
ionic current since more oxide is produced during its deprotona-

tion.
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Part 3. Growth Stresses in Anodic Zirconia

a. Tensile Stresses in Anodic Zirconia

Anodic zirconia grows almost completely by anion migration
Zirconium is, therefore, an ideal metal for investigation in
order to verify the volume ratio principle as a cause of growth
stresses in oxides. Extremely compressive stresses would be
expected from this oxide which has a volume ratio = 1.56.
However, during the initial stages of anodising tensile
stresses are generated; only when the oxide is thicker than
400-500% is the overall stress compressive.

Tension in thin zirconia films has been reported elscwhere

(36)

Vermilyea suggested that the oxide forms first as a hydrate

and is subsequently deprotonated by the anodic field. This does

not appear likely since anodic zirconia is not known to hydrate
readily, if at all at room tcmperature, and protons which enter
the oxide at low lezkage currents (Figure 41) or during cathodic
polarisation do not have a noticeable effect on stress.

The tensile stresses arc most likely to be caused by the
removal of atoms (e.g. metal atoms from the substrate) or by the
replacement of large atoms in the oxide by smaller onmes. The
principle of replacement has been demonstrated experimentally by
the diffusion of various alkali ions into soda-lime glass from

(120) +

. +
nitrate melts K has a very much larger volume than Na

and causes expansion of the surface layers of a glass disc when

(61

)

(36)
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allowed to diffuse in and replace Ha®. 1Li* which has a smaller
volume than Na® causes contraction. The stress arising fron
such volume changes can be as high as 124,000 psi (8820 kg/cm.z)
compressive. Cracking of the surface of the glass was caused
especially by the tensile stresses.

Two suggestions as to the possible cause of tension can be
made.

a. When the oxide is thin the combined effect of the chemical
potential and anodic field may be sufficient to cause metal
ion migration. Initially this would lead to catiom vacancies
in the substrate which would collapse and form a tensile layer
in the substrate.

b. The electrolyte anion may play a more important role in
anodising than has hitherto been realised, by first forming
a compound of larger volume than the oxide. Hydrolysis of
the intermediate producing the oxide would result in a volume
reduction and tension.

The structure of the oxide layer in contact with the growth
electrolyte is not k-om exactly nor is the complex mechanisnm

of anodic oxidation fully understood. At present, therefore, one

can only speculate as to the cause of tension in zirconia.
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b, Compressive Stresses in Anodic Zirconia

Compressive stresses in zirconia can be explained in terms
of the volume increase which accompanies oxidation.  Oxygen
icns formed at the oxide/solution interface by the dissociation
of hydroxyls into protons and oxygen ions, diffuse into the
oxide by anion vacancy migration. New oxide produced at the metal/
oxide interfacc is constrained to fit the arez of the mectal.
Since the oxide has a greater volume than the metal it replaces,
each layer forms under a biaxial constraint, which causes irnternal
compressive stresses. To maintain constant volume the oxide
expands perpeudicular to the metal surface and relieves the
stress in this direction. The linear compressive strain
imposed upon the oxide is approximately 197, which according

to elastic theory would produce a stress greater than 106 kg/em. “.
Since the elastic limit in tension of anodic zirconia is 1-32(459 48),
it seems likely that the oxide is plastically deformed and th-t
the growth stress should be equal to the ultimate compressive
strength or thec flow stress at 19Z strain.

The ultimate compressive strength of bulk zirconia (con-
taining 1.6 at.Z Ti) is 9900 kg/cm.2 at room tempcraturc(IZI).
This is very close to the stresscs in ancdic zirconia (Figure 38
of 7000~1050 kg/cm.z), calculated by the biaxial bending analysis.
)

. 77 . . . . .
In previous work( the stresses arising during ancodising of

zirconium have been interpreted as attaining a constant value of
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5000 kg/cm.2 at oxide thicknesses greater than 2000~30008.
This value was calculated from deflectionsof the same magnitude
as those observed in the present work; the lower value results
from employing Stoney's equation for uniaxial bending of the
metal foil. Examination by clectron microscopy revealed that

the oxide surface was ruptured( 77).

The reasonable agreement

between the growth stress and the compressive strength of bulk

oxide, combined witl the prcsence of cracks in the oxide

suggests that anodic zirconia grows at the ultimate compressive

stress by a cracking and healing mechanisn. This occurs in oxides
. ~5008 whi . s . . (15)

thicker than =500A which are stoichiometric and less plastic

than the oxygen deficient inner layer.

c. The Effect of Alloying Zirconiun

Stresses arising during the anodising of Zircaloy 2 were
measured to establish whether the increased corrosion resistance
obtained by alloying zirconium was due to a decrecase in growth
stresses.  The present work suggests that no significant change
in stress is brought about by alloying the metal. Elsewhere,
it is reported that Zircaloy 2 develops higher growth stresses
than pure zirconium during anodising( 77).

Transition and '"breskaway'" during high tempcrature
oxidation are thought to be caused by local stresscs arising
from preferred growth of oxide due to enhanced vacancy diffusion

11

down grain boundaries The anodic oxide of Zircaloy 2 has a
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lower a.c. resistivity than pure zirconia. An increase in the
electrical and/or ionic ccnductivity of the whole of the oxide
will lessen the difference between the diffusion rate in the
grain boundary and that througl the body of the oxide, resulting
in more uniform oxidation. Consequently the build up of stress
to a critical value where cracks develop, will be delayed and

a greater protective thickness may result.

Part 4. Field Induced Stresses During Anodising

The present work shows that the compressive stresses caused
by the applied field can be interpreted in terms of electrostatic
pressure. Field induced stresses, measured at current densities
where the temperature rise is negligible, are propcoztional to the
squarc of the electric field and are of the samc magnitude as *l.2
lateral component of the theoretical electrostatic stress.

The proportionality of this extra compressive stress to the
square of the field can be verified in the following way.

Stress o, is related tc the foil deflection Z by Stoney's equation(81>

(see Section III, Part 3c.).

where C' a constant

i

\ formation voltage which is proportional #c cvide thicknera,

f
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If the stress is proportional to the square of the applied

field, (V/Vf), then

2
o = C"(%—-)
f
where C" = a constant.
By climinating o, it is found that
(—Z-i) = constant(%——)
v £

(Z/VZ) versus (1/Vf) obtained experimentally for anodic zirconia
(Figure 53) follows the relationship above proving that the
compressive stresgs caused by the anodic ficld is proportional to
the square of the field.

With this relationship established, the hysteresis behaviour
in Figure 51 can be understood. During growth at constant
current density, the field, and hence the electrostatic stress,
are constant, Therefore, the deflection increases linearly
with voltage as the oxide thickens. During growth at constant
voltage the oxide thickens 10-207 and the field and deflection
decrease. As the applied voltage is lowered from the formation
voltage the deflection decreases as the square of the field.
Once the oxide has been formed, increasing or decreasing the

voltage causes deflections to behave as in stage 'C; the hysteresis
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behaviour no longer occurs.

The passage of an anodic current through an oxide involves
congiderable power dissipation(SS). Unless the heat produced
is rapidly removed to the electrolyte and substrate the tempera-
ture will rise; causing expansion of the oxide and compressive
stresses. This possibility becomes more likely at high current
densities (greater than about 10 mA/cm.z) where instantaneous

(55), and were attributed

compressive stresses have been measured
to the combined effects of tempecrature and electrostatic
pressure. At low current demsities such as employed in this
work (1.0 mA/cm.2 and less) the temperature rise is small(ss)
and will cause negligible stresses.

In the absence of heating effects, the field induced
stresscs are almost certainly caused by electrostatic pressurc.
Previous calculations of the total electrostatic stress suggest
this is 200-509 kg/cm.2(36). This value is too low to explain
the measured stresses. These calculated values are too low,
however, because the effect of the barrier space charge layers
on stress has been ignored. The stresses calculated from
equation 9 in Section III and multiplied by the Poisson ratio
of the oxide (assumed to be 0.2-0.3) are in fair quantitative
agreement with the measured stress (Table 4).

The theoretical value of the lateral component of the electro-

static stress depends on the static diclectric ~omnstant and the
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Poisson's ratio of the oxide. Some uncertainty arises in the
calculation because values for these two quantities were not
obtainable. The dielectric constant of the anodic film
measured at =1000 ¢/s was assumed for the first quantity. The
Poisson's ratios of the oxides were assumed to lie between 0.2,
the value of a typical soft glass, and 0.3 , the value for an
ideal incompressible solid. Nevertheless, when the force
due to the polarisation charges is taken inta account, the.cal-
culated and measured electrostatic stresses are of the same
order of magnitude.

The rapid increase in deflection that occurs around Ve (Figure 52)
does not present an anomaly to the relationship expected from
clectrostatic effects. The deflection always varies with 1og(current)
.. which is a measure of the electric field. It is possible
that this increase in field to the growth value is associated
with the removal of water from the hydrated layer of alumina

(69). In the case of zirconia,

formed at low leakage currents
which does not hydrate, protons appear to be the species which
enter during growth at low current densities and would be

removed before further growth past the original formation

voltage could occur.
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SECTION VI

CONCLUSIONS
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The following conclusions have been drawn from the recults
ofi the present research.
1. Compressive stresses arise in alumina when water, which
causes an expansion of the oxide, is introduced by various
m2thods.  Aluminium oxides or the "bare" metal when boiled in
water, form a hydrated product which consists of three discrete

layers and has the estimated composition of Al Oq.é.SHZO/

2
Al 03.1.6H20/Al 0,-4.5H,0. These hydrates contain some water

2 273 2

which is chemically bound, whereas almost all of the water which

enters alumina from alkaline KZCrO4 solutions at room temperature

is only physically held, being lost after one or two days

exposure to the atmosphere.

2. VWater can be removed from hydrated alumina by anodisaticm.

The mechanism apparently depends on the state of hydration.
Hydrates formed in boiling water are transformed into barrier

oxides by a deprotonation in which mobile cations react with the

corrosion product, displacing protons and forming additional

oxide. Normal anodic growth occurs simultaneously at the mctal/

oxide interface by anion migration. As a result of anodisation

involving dehydration of oxide already present, the total amount

of anhydrous oxide after the passage of a given anodic charge

is greater than would be expected assuming 100% current efficiency.

From estimated water contents of hydrated oxides and the

apparent growth rates during dehydration, it has been deduced
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that the aluminium transport number has a value betwecen 0.32
and 0.82, in rcasonable agreement with published data, and does
not vary with the current demsity.

The effects of hydration by immersion in K20r04 solutions
can be removed without the noticeable formation of more oxide.
It is possible that a mechanism similar to electro-osmosis may
be responsible for the movement of physically held water.

3. The development of stresses in anodic alumina depends on
hydration/dehydration phenomena associated with the oxidation
mechanism and upon relative ionic migration. Tensile stresses
arise from the volume reduction involved when cations react with
a hydrated intermediate, possibly an adsorbed layer, and produce
an amorphous barrier oxide by substitution for protoms. Com—
pressive stresses are caused by hydration of the outer layers of
oxide during growth at low current densities where the flux of
metal ions is too smll to remove water which diffuses in. Also
it is possible that compressive stresses may cxist in a crystalline
layer of oxide formed at the metal/oxide interface by anion
diffusion. The cationic transport fraction deduced from
dehydration behaviour is not a function of the current density.
Therefore it is concluded that increased water trapping in the
intermediate oxide at higher growth rates is partly responsible
for the change from overall compression to tension since the

volume reduction resulting from the complete dehydration of oxides
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increases with their original water content.
4, Proton gradients existing in anodic zirconia films after
cathodic polarisation can be determined from the rate of voltage
rise during reanodisation at constant current. The highest
concentration, approximately 4 protons/molecule of zirconia, was
found at the oxide/electrolyte interface.

Cathodic polarisation of anodised aluminium eledétrodes
results in a permanent weight gain due to the growth above the
anodic film of a corrosion product which probably contains
boehmite.

5. Zirconia which has a volume ratio greater than unity and
grows by anion migration develops extremely compressive stresses

in accordance with the concept of Pilling and Bedworth. The
compressive stress is of the same order as the ultimate compressive
strength of the bulk oxide thus, zirconia appears to grow at

the compressive fracture stress by a crack-heal mechanism.

The improved corrosion resistance of Zircaloy 2 obtained by
alloying zirconium is not associated with a uniform reduction in
growth stresses.

6. The compressive stress which is caused by applying a voltage
across an oxide 1s proportional to the square of the electric
ficld and, at current densities where the temperature rise due to
the passage of current is negligible, it is of the same order of
magnitude as the lateral component of the calculated electrostatic

pressure.
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PROPOSALS FOR FUTURE WORK

The results of this investigation emphasise that stresses
in anodic alumina are dependent on the role played by water in
the mechanism of growth. It is considered that the effects
of arodising conditions such as the nature of the electrolyte,
pH, temmerature and growth rate on stress development in alumina
should be thoroughly investigated in terms of relative ionic
mobility and the volume chenges resulting from hydration
phenomena.

Fundamental recearch to decide on the individual influence
of the dominant ionic species and volume ratio on stresses
should be directed to studying oxidation under conditions which
do not involve dehydration or similar desolvation processes.

Dehydration by znodisation may be applicable to the hydrated
oxides of other metals besides aluminium, and may be the causc of
tensile stresses in their anodic films. The rates of production
of barrier oxide {n the presence of hydrated oxide)must be more
accurately measured by determination of its dielectric constant,
density and cormmosition. Together with measurements of initial
surface roughness this data should permit better confirmation of
the cation induced deprotonation mechanism and more accurate

calculation of the ionic transport pumbers.
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TABLE 1.
! Growth Current Density tm in tm in
mA/cm.2 Ammonium Citrate Sodium Tetraborate
Ool 0¢33 - 0041 0054
0.2 0.39 -
0.3 0.44 0.56
0.5 0.59 0.63
1.0 0.56 0.60
10 0.72 0.57

(61)

Cation Transport Number, to During Anodising of Aluminium




TABLE 2.
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Elastic Constants of Metals Used in Stress Measurements

Metal Young's Modulus (E) Poisson's Ratio (v)
Aluminium(sa) 9.9 x 106 p.S.i. 0.34
Zirconium(ss) 13.5 x 10G p.8.i. 0.34
Zircaloy 2(89) 14.0 x 106 p.S.i. 0.31
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TABLE 3.

Thickness/Voltage Ratios and Current Efficiencies During Anodising

a. Aluminium

Electrolyte Total2 Growth| dv/dt ] Ionic ‘CurFe?t
mA/cm /v (volt/min) | Current |Efficiency 7
pH = 9 1.0 12.85 21.6 0.80 80
ammonium 0.5 13.2 10.4 0.39 78
borate 0.2 13.6 3.4 0.14 70
0.1 13.9 0.42 0.02 20
pi = 0 | 3.0 12.2 53 1.91 64
ammonium 2.0 12.5 24 0.89 45
citrate 1.0 12.7 10 0.38 38
0.5 13.0 6.4 C.25 49
0.1 .13'7 0.95 0.03% | 39

b. Zirconium

pil = 6 0.1 25.70 0.54 0.04 42
ammonium 1.0 24.30 10.7 0.705 70
borate 6.0 23.05 60 4,05 68
0.20 HZSO4 1.0 17.8 11.5 0.00 60
10.0 11.2 132 4.30 43
17 KOH 1.0 25.3 6.5 0.48 48
10.0 24.3 95 6.70 67
c. Zircaloy 2
nium borate




TABLE 4.

Electrostatic Stresses During Anodising at 1,0 mA/cm.2

ifetal |Specimen | Deflection per | Growth |Dielcctric Electrostatic Stresses (kg./cm.”)
volt (em./volt) | R/v Constant Theoretical ! Latcral Component
TotalPStress Theoretical | Measured
Al 1 1.65 x 10-4 12.6 10 3000 500-900 1050
Al 2 1.62 x 107 12.9 10 3000 600-900 $50
2z 3 3,60 x 1072 24.3 22 3500 712-1068 | 1250
Zr 4 2.5 x 10°% 24.3 22 3560 712-1063 870
Zr 5 3.4 x 1074 24.3 22 356" 712-1068 1215
!

‘NET



Apparent drowth Efficiencies of Alumina

TABLE 5.

During Dehydration by Anodic Polarisation

{2A10(0H)

273

A120

3

.HZO}

’ ]
f Reaction . Degree of Al,0, molccules Efficiency
; . 273
| i hydration per eclectron charge %
i | H,0/A1,0,
— - i
241 + 3H,0 = AL,0; + ot + 6o w 1/6 100
1241 + AL,0, + 18,0 = + 36H + 36e 18 7/36 117
10aL + 41,0, + 15H.0 = + 30H + 30e 15 6/30 120
EAL + AL,0, + 12H,0 = + 26H + 2%e 12 5/24 125
. - @
. - . 133
GL1l * A1203 + 9H20 4A120 + 18H + 18e S 2/9
481 + AL,0, + GH,0 = 3A1,0, + 126" + 12¢ ! 6 1/4 150
' |
+ - ¢
‘ = * 1/3 200
241 + uzo3 + 3H20 2A1203 +61 + Ge 3 /
Al + 3A10(OH) = 2A1.0. + 3H' + 3¢ 4 2/3 400

“HOT
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TABLE 6.

Aluminium Ion Transport Numbers Determined from Dehydration Rates

Roughness Apparcent Growth Eff iciency 7Z4jCalculated Mctal
Transport Number
Factor Measured Corrected for
Roughness

Stage |Stage 2{Stage |Stage 2 |Stage 1 & 3 |Stage 2
1&3 1&3

1.00 120-130{160-170{120~-130{160-170 |0.35-0.49 0.32-0.37

1.03 " " 125% 170% 0.40 0.37
1.07 " " 134% 177% 0.53 0.40
1.20 " " 150* 199% 0.66 0.82

* Average cfficiencics




TABLE 7.

141.

Anodisation of Hydrated Alumina at Different Current Densities

mA/cm.2

V1 (volts)

V2 (volts)

Charge C1 (mA.min.)

Charge 02 (mA.min.)

vllc1

v, - vplc,

Increase R/V from 1.0 mA/cm.2 to 0.1 mA/cm.

Barrier oxide (voltage corrected for R/V
incrcase) per unit charge.

Stage 1 (v/mA.min.)

Stage 2 ( " )

2

1.0
74
174
2.17
2.0
34

50

34

50

0.1
39
106

1.3

1.6

35.2

49.5

Vl’ Cl’ etc. refer to Figure 29.




TABLE 8.
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Growth Efficiencics during Anodisation in the Presence of

Hydrated Oxide

Stage of Growth Apparent Growth Efficiency (%) indicated by
Dehydration | R3te
yara (v/m) | (a) Voltage |(b) 1/C (c) 1/C, and PIHED
Stage 1 34-36 121-128 96-102 111-118
Stage 2 45-48 160-170 127-136 147-158
Stage 3 35-36 121-128 96-102 111-118

= Theoretical density of alumina.
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