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Abstract

A review is given of anodic alumina film formation on aluminium, with barrier and porous films devel oped by anodic polarization in an
appropriate electrolyte. Initial consideration of barrier-type films, using marker and tracers, allows definition of the locations of film growth
and consideration of the transport processes under the high electric field. From this base, the effects of altering film growth conditions,
generally using acid electrolytes, to generate porous anodic films are considered, with be resultant films of defined morphology thickening as
aresult of the dynamic equilibrium between film growth at the metal—film interface and field assisted dissolution at the pore base—electrolyte
interface. Means for characterising the developed films are presented as well as applications of the porous, amorphous film material. © 1997

Elsevier Science S.A.
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1. Introduction

Anodic films, generally on aluminium, have received sig-
nificant attention due to their diverse applications which, for
example, include diel ectricsin aluminium capacitors, keying
layers for retention of organic coatings and protection of
aluminium substrates from their service environments [1].
Their widespread use has enabled significant focus on fun-
damental aspects of film growth [2,3], including ionic trans-
port in the largely amorphous anodic oxides under intense
electric fields, developed by anodic polarization in suitable
electrolytes.

Uniquely, for aluminium, films of controlled morphology
may be developed by appropriate selection of electrolyteand
film-forming conditions (Fig. 1). Thus, films grown at high
current efficiency inlargely near-neutral electrolytesat ambi-
ent temperatures are highly uniform in thickness and rela-
tively compact; such films are termed barrier films
(Fig. 1(a)). In recent years it has been shown that barrier
films may develop at current efficiencies of film formation
above approximately 60% [4,5]. However, irrespective of
the current density, therelatively high field devel oped across
thealuminagivesriseto Al** egressand 0>~ or OH ™ ingress
through the anodic film.

In acid electrolytes, or selected alkaline electrolytes, the
relatively compact barrier-type anodic films on aluminium
no longer develop as aresult of anodic polarization. Exami-
nation of the resultant film at appropriate magnification and
resolution reveals a relatively regular porous anodic film
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(a) Barrier -type anodic film
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(b) Porous-type alumina film

Fig. 1. Schematic diagram showing the section of (a) barrier-type film and
(b) porous-type film on aluminium.

(Fig. 1(b)) [6]. The pores, of cylindrical section, passnor-
mally to the macroscopic al uminium surface but are separated
from it by a relatively compact barrier layer of scalloped
appearance.

For the morphologically-defined barrier and porous-type
anodic films, anodizing under specific conditions in various
electrolytes allowsincorporation of speciesfrom the electro-
lyte, giving compositionally-defined films [ 7] . Such an abil-
ity to control morphology, particularly for porous anodic
films, aswell as up-take of electrolyte species, enablestailor-
making of anodic filmsfor particular applications. For exam-
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ple, relatively large diameter pores are generated by
anodizing at high voltagesin phosphoric acid compared with
thefine poresin the anodic filmswhich are devel oped rapidly
by anodizing in sulphuric acid.

In this paper, the main theme is porous anodic films on
auminium which includes mechanisms of film growth, pore
development and propagation; proceduresfor determining as
precisely as possible the resultant film morphology, compo-
sition and structure are al so introduced. Finally, applications
of porous anodic films are given, including membranes and,
keying layers; decorative, wear-resistant and protectiontreat-
ments for aluminium are also considered.

As indicated previously, the main focus is porous anodic
films on aluminium; however, in order to provide the basis
for consideration of ionic transport phenomenain amorphous
aumina and interfacial processes, initial consideration is
given to barrier-type films on aluminium, formed generally,
but not exclusively, in near-neutral aqueouselectrolytes. The
interfacial processes of importancein the formation of apar-
ticular film-type proceed at the film—el ectrolyte or pore base—
electrolyte interface, with the ionic migration mechanism
within the alumina film awaiting clarification. Relatively
recent studies have shown that very significant enrichments
of alloying elements may devel op over nanoscaledimensions
immediately beneath the anodic film [8]. An overview of
this behaviour is also presented, since it has broad implica
tions on the surface treatment of aluminium alloysaswell as
possible relevance to anodic oxidation of electronic materials
more generally, i.e. compounds.

In order to provide full coverage of the subject, including
experimental details, interpretation and discussion, a series
of publicationsisnecessary, involving el ectrochemical, elec-
tron-optical and surface analytical procedures. Consequently,
here an overview is given, assisted by use of appropriate
schematic diagrams. Theinformation provided hasbeen gen-
erated largely in the Corrosion and Protection Centre at
UMIST, and due acknowledgement is given to the contribu-
tions of colleagues, research assistants and research students;
further, the significant contributions of the many workersin
thisfield over considerable periods of time are also acknowl-
edged here.

2. Experimental

For marker and tracer studies during anodizing to produce
barrier films and in the growth of porous anodic films gen-
erally, spade electrodes of superpure aluminium (impurities:
Cu, 0.003 wt.%; Si, 0.002 wt.%; Fe, 0.004 wt.%) are nor-
mally employed. Prior to anodizing, various surface pretreat-
ments are used but, in many cases, electropolishing in a
perchloric acid—ethanol mixtureat 20 V for 5 min at temper-
atureslessthan 298 K is employed to develop areproducible
surface finish. Anodizing is then performed at constant cur-
rent density or constant voltage in various electrolytes of
different pH values; the resultant voltage-time or current

density—time behaviour, depending on the mode of anodiz-
ing, enables the progress of anodic film formation to be
followed [9].

Inert xenon marker layers are employed, following the
initially successful procedure developed for their direct
observation [ 10], with implantation carried out at an energy
of 5keV and dose of 1 X 10" ionsmm~ 2 Pre-formed anodic
films, of thickness about 12 nm, are developed initially on
the electropolished aluminium substrate, alowing the
implant to be incorporated almost entirely within the anodic
alumina film. Reanodizing, after implantation, revealed the
expected voltage-time or current density—time behaviour,
indicating little, if any, influence of the implant on the ionic
transport processes during reanodizing. The procedure indi-
cated eliminated the anomal ous film growth evident for ano-
dizing implanted al uminium and the spreading of theimplant
region as aresult of film growth.

After film growth, various analytical procedures may be
employed to characterize film morphol ogy, composition and
structure. In the first case, morphological features are
observed directly using transmission electron microscopy;
thus plan views of the anodic films are made by stripping the
film from the scored substrate by amalgamation in mercuric
chloride solution. Cross-sections of the anodic film, attached
to the aluminium substrate, are generated by ultramicrotomy
using LKB, Dupont, RMC or Reichert ultramicrotomes in
the usual manner [11]. Briefly, the encapsulated specimens
are trimmed initially with a glass knife and final sections, of
thicknesses as low as 7 nm, are generated with a diamond
knife; the resultant sections are collected from the water bath
at the rear of the diamond knife and examined in Philips and
Jeol electron microscopes at acceleration voltages between
100 and 200 kV.

Film compositions are determined frequently by Ruther-
ford backscattering spectroscopy of a-particles (and related
nuclear methods) using a7.0 MeV Van de Graaff generator;
when necessary and to avoid overlapping yields from the
underlying aluminium, window techniquesare utilized [ 12].
Additionally, Auger electron spectroscopy with ion etching
and X-ray photoel ectron spectroscopy with chemical section-
ing are used for in-depth elementa profiles and appropriate
valency discrimination respectively [13]; such information
is also supported by analytical transmission electron micros-
copy, with suitable electron probes allowing appropriate res-
olution and count rate.

Structural probing of the generally amorphous alumina
filmsisundertaken by X-ray absorption studies (XAS) [14]
and with magic angle spinning nuclear magnetic resonance
(MAS-NMR) [15]. Generaly X-ray absorption spectra of
films are recorded on various beamlines at the SRS at Dar-
esbury. For example, spectra for Mo, W and Cr edges are
recorded in the fluorescence mode, with specimens mounted
at an angle of 45° to the incident beam. Acquisition of Al, S
and P K-edge data requires the samples to be mounted in
ultra high vacuum. The X-ray absorption is measured by
recording the total electrons yield as the drain current from
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the sample, whilst the incident flux is measured as the drain
current from a beryllium foil intersecting the X-ray beam.
Model compound data are also generated in thetotal electron
yield mode, with the samples being prepared by grinding and
then dispersion on a copper substrate. High resolution 2’Al
MAS-NMR are obtained at 93.8 M Hz on a Brucker MSL
360 (8 4ST) spectrometer. For NMR analysis, the oxide
sampleisremoved from the aluminium substrate by theamal-
gamation procedure indicated previously. About 100 mg of
film material isnecessary for analysis, requiring anodizing of
sufficient specimens of appropriate exposed surface area.

In appropriate situations, the aluminium ion concentration
in the electrolyte after anodizing, or through film dissolution
in the absence of thefield, i.e. chemical dissolution, isdeter-
mined by atomic emission spectroscopy. Aluminium detec-
tion limits are of the order of 50-100 ppb using the allied
inductively coupled argon plasmafacility.

3. Resultsand interpretation
3.1. Barrier-type anodic alumina films

Asindicated previously, the barrier films of Fig. 1(a) are
considered initialy, to providethe basefor understanding the
development of the porous anodic alumina film. For galva-
nostatic anodizing, the resultant voltage-time behaviour
(Fig. 2) revealsaninitial voltage surge of about 2.0V, indic-
ative of the prior presence of an air-formed film of thickness
2.5 nm on the el ectropolished al uminium surface. Thereafter,
the voltage rises linearly with time as the relatively compact
film thickens uniformly with time. The driving forcefor film
growth is high field ionic conduction [16], which may be
expressed simply as i =Aexp(BE), where i is the anodic
current density (typicaly in the mA range), A and B are
temperature dependent constants, and E is the field strength
(theratio of the potential drop across the aluminafilmto the
filmthickness). Clearly, films grown at constant current den-
sity develop at a constant field strength, of the order of 10°—
10" V cm™?; further, the reciprocal of the field strength for

Cell Voltage

Time
Fig. 2. Schematic diagram of the voltage—time behaviour during anodizing
of auminium at constant current density in neutral solution. The rate of
voltage rise a 5 mA cm~2 is 2.3 V s~ * for anodizing at 100% current
efficiency.

anodizing of aluminium reveal sthat thefilm thickensat about
1.2nmV ~ . In order to maintain the constant field strength,
the voltage must increase as the film thickens. Thefield also
servesto provide highly uniform film growth, with the devel-
oping film smoothing the roughness of theinitial aluminium
surface. Uniform film thickening isterminated eventually by
dielectric breakdown, with visible sparking observed fre-
quently over the anodic film surface.

3.1.1. Marker and tracer studies

Asaninitial step in understanding the complex ionictrans-
port processesin amorphous solids, inert marker experiments
assistin defining thelocations of film growth. Fig. 3indicates
marker locations for transport solely by cation egress
(Fig. 3(a)), anioningress (Fig. 3(b)) and combined cation
egress and anion ingress (Fig. 3(c)). For aluminium, ano-
dized under high current efficiency conditions, the last is
revealed by transmission el ectron microscopy of ultramicro-
tomed sections of anodic films incorporating an immobile
and inert xenon marker. The xenon isrevealed directly asgas
bubbles within the film section; the distribution and unifor-
mity of the xenon has changed little from its presence in the
initial pre-formed film. Further, the presence of xenon as
discretebubbles, i.e. not anintegral part of thefilm* structure’,
also provides further justification for its immobility. Addi-
tional experiments using y/vy' nuclei as markers confirm the
immobility of the xenon marker and the aluminium cation
transport number of about 0.4 for film growth at high current
efficiency [17]. The cation transport humber is determined
from the ratio of the film thickness developed above the
marker to the total film thickness.

The uniformity of the marker within the film section and
its limited spreading across the film thickness also suggest
strongly that the alumina film devel ops simultaneously and
only at thefilm—electrolyteand metal—filminterfacesby A3+
egress and O~ /OH ™ ingress under the high field, i.e. no
growth of film occurs within the film section, which would
reveal anon-uniform marker layer distribution.

Tracer studies [ 18] utilize amobile species, with itsloca-
tion or distribution within the film determined as a result of
an incrementa increase in film thickness. A classic example
is the determination of **0 and 20O profiles as a result of
anodizing initially in anormal agueous electrolyte, followed

Metal Metal
(a) (b)
00000000000 e OZ_IOH_i Xe marker
Aluminium Aluminium
(c) (d)

Fig. 3. Schematic diagram of sections of films, revealing location of marker
for film growth by: (a) cation transport; (b) anion transport; (c) cation and
anion transport; (d) mobile ions for aluminium anodic oxidation.
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by reanodizing in a similar, but 20 enriched electrolyte, or
viceversa[19]. Broadly, such studiesreveal theconservation
of the order of oxygenions, i.e. for anodizing initially in the
enriched solution, *20 is present in theinner film regionsand
extends to the metalfilm interface; a separate, distinct O
distribution is evident in the outer film region. On the basis
of a similar conservation of the outwardly mobile cations
(not yet determined experimentally for aluminium cations),
a co-operative transport mechanism of AI** and O~ /OH ™~
ions has been suggested [ 3,20]. Progressing further, in order
to possibly explain such a mechanism, together with approx-
imately equivalent cation and anion transport numbers, Mott
[21] haslikened thetransport event to aliquid droplet, which
involves collective excitation of asmall number of ions, pos-
sibly 20, such that their vibrations are sufficient for them to
act asaliquid. After atime of the order of 10~ *2 sin which
they are in this condition, metal and oxygen ions move in
oppositedirectionsunder theinfluenceof thefield. Themove-
ment of thethesedifferentionscreatesa‘‘frozen-in'’ depole,
which increases the field acting on neighbouring activated
regions.

Given information of the previous kind, detailed consid-
eration of film compositions, has allowed incorporated el ec-
trolyte species to be used as markers or tracers, depending
upon the nature of the specific contaminant and the influence
of the electric field. Concerning film contamination by elec-
trolyte species, e.g. B, W or P species from borate, tungstate
or phosphate electrolytes respectively, Auger electron spec-
troscopy (AES) and secondary ion mass spectrometry
(SIMS) enable elemental depth profiling, with chemical sec-
tioning and X-ray photoelectron spectroscopy (XPS) anal-
ysis allowing the valence state of the incorporated speciesto
be probed. In addition, XAS, with its sensitive detectionlim-
its, valency discrimination and co-ordination determination
(dlong MAS-NMR) from the resultant absorption edge and
the near-edge (XANES) and EXAFS spectra, is a powerful
probe for incorporation of electrolyte species.

For the anodizing e ectrolytes indicated, the distributions
of electrolyte species are indicated in the schematic diagram
of Fig. 4, with B species present over about 0.4 of the film
thickness, measured from the film—electrolyte interface
(Fig. 4(a)), P species present over two-thirds of the film
thickness (Fig. 4(b)), and W species present in the very
outer film regions (Fig. 4(c)). For highly efficient film
growth and with reference to an inert marker, B species are
present in the outer film region developed by AlI®* egress
(Fig. 4(d)); P species are present in the outer film region
and have passed bel ow the marker into the film region devel-
oped by O>~/OH™ ingress (Fig. 4(e)); W species, like
boron species, are present in the film material devel oped by
AI** egress but, unlike B species, are located only in the
outermost film regions (Fig. 4(f)). Confirmation of the pre-
vious findings also arises from electron beam induced crys-
tallization of the amorphous alumina film sections in the
transmission el ectron microscope. Asaresult of electronirra
diation, the film regions in which electrolyte species are

B P Wﬁ
Aluminium I I Aluminium | Aluminium
(a) (b) (c)
B W
Xe Xe|looooooo0o000
Aluminium I | Aluminium | Aluminium
(d) (e) (f)
B W
Xe Xe|oo 90 0do0,
‘pure’
Al203
Aluminium | | Aluminium Aluminium
(g) (h) (i)

Fig. 4. Schematic diagrams of sections of barrier filmsformed on aluminium
in: (a) borate; (b) phosphate; and (c) tungstate electrolytes. The location
of xenon markers are revealed in (d)—(e), and the consequences of differ-
ential electron beam induced crystallation (hatched region) in (g)—(i).

absent crystallize more rapidly than the regions doped with
electrolyte species. Such differential crystallization of amor-
phous alumina to y/y" aumina thus highlights the inner
relatively pure alumina regions, confirming the elemental
depth profiles generated by other means (Fig. 4(g) and
4(h)).

In explaining the previous behaviour, direct interpretation
suggests immediately that B species areimmobilein anodic
alumina, P species are mobile inwards and W species are
outwardly mobileunder theelectricfield. Progressingfurther,
RBS and related nuclear methods all ow precise simulation of
film compositions based on the presence of B,O,, PO~ and
W®™ species respectively or, in other words, B is present as
aneutral species whereas P is present in an inwardly mobile
anion form and W is present as an outwardly mobile cation
[22].

In order to understand fully the behaviour, detailed consid-
eration of the film—electrolyte interfacial processesis neces-
sary [7,23]. Thus, during film growth, the following
reactions are suggested to occur between AI** ions and
adsorbed electrolyte anions at the film—electrolyte interface:

Phosphate solution:  AI** + POZ~ — AIPO,
Borate solution: 2A1P* +H,B,0; +2H,0
—AlL,O,+2B,0,+5H"
Tungstate solution:  2AI** +WQO3~ + 2H,0
- ALO;+ WO+ 4H™

Owing to the relatively low coverage of the film surface
by adsorbed anions compared with coverage by water mol-
ecules, themain film forming anodic reaction isgiven below:
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2Al + 3H,0 > AlLOs+ 6H ™ + 6e

The adsorbed anions or resultant electrolyte species are
then incorporated uniformly and at relatively low levelsinto
the aluminafilm material developed by AI** egress. Thefate
of the adsorbed/incorporated specieswithin theauminafilm
materia then depends on the consequences of the action of
the electric field on the incorporated species. Thus, it is sug-
gested that B,O5 unitsareincorporated, with theelectricfield
strength being insufficient to break B—O bonds, unlike AI-O
bonds; hence an immoabile species results. Conversely, the
field strips oxygen atoms from WQO;, resulting in the gener-
ation of W®* cations, which move outwards at a slower rate
than that of AI®* ionsunder thefield. For POZ~ anions, these
remain unaffected by the high field and migrateinwards, at a
rate less than that of O~ /OH™ ions. For the anodic films
considered, of density 3.1 X 10°kgm ™3, typical averagecom-
positions are:

A|203.07i O.OBBO.OGJ_r 0.01 (A|203OO3O t 0005( BZOZ.4i 1.2) )
A|203.17 + 0.02P0.072¢ 0.06 (A|202.991 0040074 i 0006( Al PO4) )
AlZOB.OSli 0.0008W0.01461 0.0001 (A|2030015 + OOOl(WOSi 1) )

3.1.2. Filmgrowth at reduced current efficiency

For film growth at high current efficiency, i.e. 100%, the
voltage-time response of Fig. 2 revealsasdopeof 2.3V s
for anodizing at 5 mA cm™ 2. Interestingly, as the current
density employed for anodizing is reduced the slope of the
voltage-time curve shows a proportionate reduction; how-
ever, below acertain current density, an increased amount of
chargeisrequired to achieve aselected voltage, or film thick-
ness, implying a decrease in current efficiency from 100%.
With further reduction in current density, the efficiency
decreases, until aso-called critical current density isachieved,
when a porous anodic film results [24]. Broadly, similar
behaviour is evident when the electrolyte pH isreduced from
near-neutral levels.

Understanding the previous behaviour is assisted by the
observation of the locations of marker layers within the
anodic film sections. Thus, Fig. 5 considersanodizing at con-
stant current density in a typical neutral solution (a), and
solutions of progressively reduced pH (b) and (c). Asthe
solution pH is reduced, an increasing time and hence, charge
are required to form films to the selected final voltage and
thickness. Observations of the resultant film sections and
associated xenon marker reveals that the implanted xenon
|ocation moves outwards, towards the film—electrolyte inter-
face, indicating a progressive reduction in the apparent trans-
port number of aluminium cations. Indeed, at the so-called
critical current density, the marker is located in the alumina
film material adjacent to thefilm—electrolyteinterface,imply-
ing an apparent cation transport number of zero.

Parallel studies of the electrolyte composition for anodiz-
ing under the conditions of Fig. 5 revealed the absence of
aluminiumionsinsolutionfor condition (a), withaluminium

(a)/ (b)

Voltage

Time

POO 0000000000
00000000000
00000000000

(a) (b) (c)
Aluminium

! L L

0000000000

Aluminium Aluminium

00000000000 oooo0o000O0O0OO0O0

(d) (e) (f)

Aluminium

Aluminium Aluminium

Fig. 5. Schematic diagram showing influence of reduced current efficiency
of film formation ((a)—(c)) on the voltage-time response and position of
an implanted marker in the film section. At 100% current efficiency, for
anodizing at 5 mA cm™ 2, the lope of the V- curve of (a) is2.3V s~ ?; this
reduces to about 1.4 V s™* (¢) prior to porous anodic film formation.

ions detected in solution for (b), and with an increased con-
centration for (c). Further, if the aluminium ion concentra-
tioninsolutionistransformedinto an effectivefilmthickness,
the marker would be located at the usual position for film
growth at high current efficiency, i.e. at alocation of 0.4 of
the film thickness measured from the film—electrolyte inter-
face (Fig. 5(d)-5(f)).

Direct interpretation thusindicatesthat, for all growth con-
ditions, AI®** egress and O?~ /OH ™ ingress occur under the
high field. However, the fate of the outwardly mobile AI®*
ions at thefilm—electrolyteinterface depends upon the partic-
ular interfacial conditions. Thus, at high current efficiency,
all outwardly mobile Al** ionsformfilmmaterial at thefilm—
electrolyte interface; conversely, at the critical current den-
sity, al outwardly mobile Al®* ions are ejected directly into
the solution from the film—electrolyte interface [ 24,25] . For
intermediate conditions of solution pH and/or current den-
sity, a proportion of the outwardly AI** ions are lost to the
electrolyte. Dissolution (chemical ) of thealuminafilmmate-
rial is relatively insignificant, and the presence aluminium
ions in solution results from direct gjection. Thisis readily
tested by reanodizing the film formed under the condition,
(c) toincreased voltage when the marker remains|ocated at
the film—electrolyte interface. If film dissolution per se is
important, the marker would have been lost by successive
remova of the film material by dissolution proceeding
inwards from the film—electrolyte interface.

At the critical current density, when the apparent cation
transport number is zero, the aluminafilm material develops
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Barrier Films

Porous Films

Current density

Bulk electrolyte pH

Fig. 6. Schematic diagram showing the relationship between solution pH
and current density for barrier or porous-type anodic alumina formation.
The current densities are typically in the mA range over apH range between
Oand7.

only at the metal—film interface through O~ /OH ™ ingress;
as indicated previously, AI** cations are outwardly mobile,
intheir co-operative manner with anions, but no solidalumina
is formed at the film—electrolyte interface because of their
direct gection to solution. Thisis a necessary condition for
porous anodic alumina formation, otherwise outwardly
mobile AI®* ions, forming solid alumina at the film—electro-
lyte interface, would ‘‘heal’” any developing or embryo
pores. Generaly, for most anodizing electrolytes, relation-
ships between current density and bulk electrolyte pH exist,
delineating porous and barrier or compact film growth

(Fig. 6).

3.1.3. Anodic oxidation of aluminium alloys

Clearly, as structural materials, aluminium alloys have
wide applications; hence, the various fates of aloying ele-
ments during anodic oxidation require consideration. Such a
study is assisted by use of sputtered, non-equilibrium alloys,
alowing awide range of aloying elementsto be considered.

Broadly, the solid solution alloy behaviour falsinto sev-
eral categories [26]: (i) alloying elements oxidize immedi-
ately at thealloy—filminterface; (ii) alloying elementsenrich
at the aloy—filminterface prior to their oxidation; (iii) aloy-
ing elements enrich without subsequent oxidation and incor-
poration into the anodic film. In the first category, lithium
and magnesium, for example, are oxidized at the aloy—film
interface and are mobile outwards in the anodic film. In the
second category, e.g. zinc and copper, initial oxidation of
auminium occurs, with the alloying element enriching from
about 1 at.% in the bulk to 40 at.% over 1-5 nm immediately
below the anodic film prior to oxidation and incorporation
into the anodic film. Such alloying elements may have simi-
lar, lesser or greater mobility than AI®* ions, giving rise to
anodic films of relatively uniform composition or layered
films comprising an outer alumina film and inner film con-
taining the alloying element cation or vice versa. In the third
category, e.g. gold, thealloying element enrichesat theall oy—
film interface, with no eventual oxidation and incorporation
into the anodic aluminafilm.

Fig. 7 shows schematically the section of an alloy and its
anodic oxide, where initial oxidation of aluminium leads to

Al203

Anodic film Alloy oxide

Enr_ichedf
| region o
Alloy alioy

Fig. 7. Schematic diagram of the sectional appearance of a barrier film
formed on an aluminium alloy; in this case, the alloying element enriched
at thealloy/filminterface prior to oxidation andincorporation ontheal umina
film.

enrichment; subsequent of the alloying element enriched
layer produces cations of reduced mobility compared with
AIRT cations, i.e. We™ cations.

The previous behaviour correlates relatively well with the
heat of formation per equivalent of the relevant oxide, with
low values relative to Al,O4 indicating no enrichment prior
to oxidation at the alloy—film interface; oxides with values
above that for Al,O; initially enrich and those with high
valuesonly enrich at thealloy—filminterface. Relativemobil -
ities of the alloying element cations within the anodic film
a so correlate to some extent with the single M—O bond ener-
giesand theinfluence of the electric field on bond disruption.

The precise aloy behaviour, described briefly above, also
requires consideration of Pilling—Bedworth ratios, mobilities
of alloy cationsrelative to aluminiumionsand field strengths
within the various film regions as well as the features given
previously. For example, in certain cases, void development
is evident at the alloy—film interface, oxygen gas evolution
proceeds and significant flaw or defect generation is evident
within the thickening anodic oxide. Further, discontinuous
oxidation of the alloying element from within the enriched
layer is evident, possibly suggesting initial cluster develop-
ment in the alloy substrate.

Concerning the aloying element oxidation from the
enriched layer, the use of so-called superimposed metal lay-
ers, i.e. tantalum above aluminium or aluminium above tan-
talumisrelevant. In the first case, anodic oxidation devel ops
initially anodic tantala beneath which aluminiumisanodized
to develop anodic alumina. However, in the case of alumin-
ium above tantalum, anodic alumina formation is followed
by preferred penetration of anodictantal athroughthealumina
film, effectively developing short circuit pathways. Pringle
[27] has explained such behaviour on the basis of anodic
oxide resistivity, with preferential penetration occurring
where an oxide of reduced resistivity penetrates an oxide of
increased resistivity. In the reverse situation, conservation of
the oxide layersisreveaed.

In the case of second-phase material, such material may
oxidize, giving oxides of locally altered composition and
thickness, with a zone of influence into the surrounding alu-
mina and, depending on the particle geometry and its rate of
oxidation, significantly altered anodic film—substrate geom-
etry in local regions.

3.2. Porous-type anodic alumina films

The steady-state porous anodic film of Fig. 1(b) isdevel-
oped readily by galvanostatic anodizing in acid electrolyte,
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Voltage

Time
Fig. 8. Typical voltage-time curve for anodizing aluminium at constant
current density in an acid electrolyte. For anodizing in 0.4 phosphoric acid,
at 25 °C the voltage maximum is about 120 V for acurrent density of 5 mA
cm™2, the maximum is achieved after 180 s.

when the voltage-time curve of Fig. 8 results [6]. Similar
films may be formed by anodizing under conditions of con-
stant voltage, and acid or akaline electrolytes may be
employed. The growth, morphology and composition of
porous anodic films on aluminium have received widespread
attention, with the various stages in their development
observed and it is known that the mgjor anodic film para-
meters (barrier layer thickness and pore and cell diameters)
are directly dependent upon the steady-state voltage [6].
Given this information, it is possible to tailor-make films of
controlled morphology and composition, or more precisely
and within certain limits, incorporation of electrolytespecies.

3.2.1. Poreinitiation

From consideration of barrier-type anodic films, the con-
cept of acritical current density wasintroduced, below which
no contribution to solid film growth is evident at the film-—
electrolyteinterface. Hence, thefilm devel oped at the metal—
film electrolyte interface experiences the electrolyte where,
at preferred sites, it eventually undergoesdissol ution, assisted
by the electric field [24]. Interaction with the electrolyte
resultsin the devel opment of penetration pathsfrom the outer
film surface, which are the precursors of the regular pores.
Since all outwardly mobile Al** species are lost to the elec-
trolyte without forming solid film material, no mechanism
exists to heal the initial penetration paths and the eventual
development of the porous anodic film.

For the conditions given, i.e. anodizing of aluminium in
chromic acid [ 24], the potentia distribution has been deter-
mined during the initial stages of film growth and develop-
ment of penetration paths, with a finite-element method of
numerical analysis adopted to solve the appropriate mathe-
matical expressionsfor thefield distribution. For theinitialy
developed, relatively uniform film (Fig. 9(a)), a uniform
potential distributionisreveal ed acrossthefilm section. How-
ever, with the development of penetration paths (Fig. 9(b)
and 9(c)), the potential lines remain relatively uniformly
separated within the compact region of film but, immediately
beneath the paths, the potential lines are concentrated, indi-
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Fig. 9. Schematic diagram illustrating the devel opment of penetration paths,

the precursors to pores, during anodizing in chromic acid.

catingalocal increaseinfield strength. For themoreadvanced
penetration paths, thereisaconsequent increaseinlocal field
strength, enhancing their devel opment through field-assisted
dissolution; field-assisted dissol ution effectively pol arizesthe
Al-O bonds, allowing more ready Al®** dissolution than in
the absence of the field. The eventual development of the
penetration paths into the readily recognised pores arises,
which is assisted by the relatively strong lateral component
of the field beneath the tip of the penetration path, resulting
in its lateral expansion to develop an embryo pore with the
characteristic inversely funnelled sectional appearance.

As a consequence of pore development, the electric field
and ionic current become concentrated in the barrier layer
beneath the major pores. This implies continued ingress of
0%~ /OH™ ionsto form solid film at the metal—filminterface
and corresponding Al** ejection at the pore base—electrolyte
interface as well as field-assisted dissolution of Al®* ions,
unliketherelatively low field strength regionsbetween devel -
oping pores. Consequently, in the regions of current concen-
tration, a localized scalloping of the metal—film interface
occurs. Thistrend continuesuntil the scalloped regionsmerge
and, thereafter, the steady-state anodic film morphology is
created.

The development of penetration paths and, ultimately,
pores arises from the concentration of the field beneath and
closely adjacent to them. The concentration of field and hence
current, results in the so-called field-assisted dissolution of
the film material which is probably thermally enhanced
through local Joule heating effects. From the mathematical
analysismentioned previously, el ectrostriction pressuresmay
be calculated at various locations in the film section. Imme-
diately below fine penetration paths, values of about 19 X 10”
kg m~2 are calculated, whereas between penetration paths
the values are around 21 X 10* kg m~2, Compared with the
critical compressivestressof theanodicfilm ( ~10°kgm™2),
the significantly increases values beneath penetration paths
gives credence to Al-O bond polarization and weakening, as
suggested for field-assisted dissolution. Field-assisted disso-
lution may proceed typicaly at a rate of 300 nm min~*
compared with chemical dissolution rates of aluminain the
absence of the field at about 0.1 nm min~* a room
temperature.

In the previous case, porous anodic oxide formation in
chromic acid was employed; however, detailed observation
of porousfilm formation in phosphoric acid has been consid-
ered moreextensively [ 28] . From assessment of thevoltage—
time behaviour during anodizing in phosphoric acid, it is
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Fig. 10. Schematic diagram showing pore development during anodizing of
aluminium in phosphoric acid.

evident that the current efficiency in the early stages of ano-
dizing in phosphoric acid is about 54% that of film formation
under similar conditions, but in neutral electrolyte. Thus, film
growth in phosphoric acid is associated with considerable
loss of AI** jons from the onset of anodizing, as expected.
Observation of films formed on e ectropolished aluminium
reveal non-uniform thickening of the oxide as the voltage
rises, with thicker oxide developing above the ridges of the
cellular texturewhich resultsfrom el ectropolishing, with pro-
tuberances extending from the outer surface of the anodic
film (Fig. 10). A direct outcome is that the planarity of the
typical barrier filmislost, withthelocal film surfacesbetween
the protuberances exhibiting distorted, hemispherical curva-
tures. In the thin areas between protuberances, where the
current for film formation largely flows, the film material is
largely of uniform thicknessin the direction perpendicular to
the local film surface. Importantly, the metal—film interface
reveals occasional local regions closely-associated with the
metal ridges, where crack—heal events appear to have taken
place. Above such regions, protuberances of locally thicker
film material appears distorted by the rapid healing of cracks
at high local current density. With further film growth, the
protuberances become more pronounced, whilst the overall
film thicknessincreases and the curvature of thefilm surfaces
between protuberances increases.

For film growth in phosphoric acid, non-uniform film
thickening is evident, unlike typical barrier film formationin
neutral solution; furthermore, the local thickening of the
oxide becomes more pronounced astheforming voltagerises.
For anodizing in phosphoric acid, at an initial efficiency of
54%, it is evident that the Pilling—Bedworth ratio effectively
falsfrom 1.71 (for highly current efficient barrier-film for-
mation) to about 0.91. An inevitable, but important, conse-
guence of thisisthat the planarity of the aluminafilm surface
becomes unstable with respect to perturbations and the film
thicknessunder tensilestress. Further, theoxidegrowthkinet-
ics require the film to be of uniform thicknessin a direction

perpendicular to the local film surface, or the oxide—€lectro-
lyte interface, where the current for film formation flows.
Thus, the local geometrics of the metal—oxide interface are
now determined by those of the corresponding oxide—€lec-
trolyte interfaces.

Using the previous findings, films on electropolished alu-
minium thicken non-uniformly because of local crack—heal
events at the pre-existing metal ridges; this causes redistri-
bution of current and its concentration into the thin film
regions between protuberances. The local film surfaces in
these areas exhibit appreciable hemispherical curvatures of
varying radii; also, with further increase in voltage, the pro-
tuberances become wider, due to persistent crack—heal
events, increasing the curvature of the film—electrolyteinter-
face in the thin film regions. The increasing curvature
increases the field in the previous thinner film regions to a
level where the field-assisted dissolution rate is equal to the
rate of thickening of the oxide at the metal—filminterfacedue
to inward migration of O?~ ions. A further outcome of the
previousreasoning isthat regionsof locally thinner film mate-
rial of increased curvature between the protuberancesdevel op
major pores earlier than regions of reduced curvature. Fur-
ther, if substrates of different pretreatments are employed,
i.e. electropolishing and scratching, regions of initia pre-
ferred pore development are established as a result of the
geometry or curvature of the local film surface.

3.2.2. Seady-state porous anodic film

For the steady-state film displayed in the schematic dia-
gram of Fig. 11, the average field across the barrier layer
dictates the film growth, with the locally increased field at
the pore base—€lectrolyte interface influencing field assisted
dissolution. Calculationsby Xu [ 24] suggest an averagefield
strength of 8x10° V. cm™* and a local, increased field
strength of 2x 10" V cm™ . Clearly, for steady-state film
growth, there is a dynamic equilibrium between film growth
at the metal—film interface and field-assisted dissolution at
the pore base-€lectrolyte interface. Further, electrolyte spe-
cies are adsorbed at the pore base—electrolyte interface, and
inwardly mobile species are incorporated into the porous
anodic film material (Fig. 11). Conversely, immobileor out-
wardly mobile species, discussed earlier for barrier-type
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Fig. 11. Schematic diagram of the porousanodic film section, showingregion

of anion incorporation (shaded). For anodizing in phosphoric acid, the

region of anion incorporation extends about two-thirds of the barrier layer

thickness.



200 G.E. Thompson / Thin Solid Films 297 (1997) 192201

rf{c

B
_ KL

Fig. 12. Geometric model of the steady-state porous anodic film.

anodic film formation, have no means of incorporation. Thus,
relatively stable anion species are incorporated into porous
anodic films, with typical levels being 12—14 wt.% sul phate,
6-8 wt.% phosphate and 2.4 wt.% oxalate [ 29].

For a porous anodic film formed into the steady-state
region in phosphoric acid, the section close to the metd is
shown schematically in Fig. 12. From measurements of the
film parameters, relationships between them are established,
i.e

. ( pore radius (r)
6=cos )

pore base radius of curvatures (r')

1( cell wall thickness (¢) )
=CO0S
barrier layer thickness (b)

Further, since of the major parameters are proportional to
the steady-statevoltage, filmsformed under different voltages
have the same porosity. This follows because the cross-sec-
tion area of the pore is proportional to V2 whilst the pore
population density is proportional to V ~2.

Under steady-state conditions, when the voltage does not
changewith time, theresultant anodic film parametersremain
unchanged. Thisresultsfrom aself-adjusting situation, where
any tendency for the pore diameter to increase or decreaseis
checked by a consequent increase or decrease in the radius
of curvature of the porebase. Thus, inessence, filmformation
occurs at a constant rate, being determined by the average
field. It is balanced by field-assisted dissolution, at a rate
determined by thelocal field, related to theradiusof curvature
of the pore base.

Observations of porous anodic film surfaces and cell-base
patternsinthe metal after oxidestripping revea agreater pore
population density at the surface. This arises from incipient
pores which develop initially but are surplus to the require-
ment of the field and cease to function. For normal growth
conditions, the steady-state pores are cylindrical in section
and remain unchanged in diameter with anodizingtime. Close
tothefilm surface, such poresareinversely funnelled, reflect-
ing their initial development. Under certain situations, nor-
mally-funnelled pores may develop, particularly when the
influence of chemical dissolution ontheauminafilmmaterial
isenhanced, i.e. by anodizing at sufficiently hightemperature.

4, Concluding remarks

From the previous considerations it is evident that an
armoury of techniques is available for characterization of
anodic alumina films on aluminium; for example, morpho-
logical examination is assisted greatly by direct observation
of the amorphous film material at appropriate magnification
by transmission electron microscopy. Film composition may
be probed with sufficient sensitivity by RBS, AES, XPSand
XAS, assisted by the use of appropriately generated markers
and tracers. The amorphous alumina structure itself is ame-
nable to probing by XAS, with XANES and EXAFS data
indicating largely that as-formed films reveal only four- and
five-fold co-ordination of aluminium with oxygen; the
appearance of single shells in the Fourier transformed data
suggest strongly the amorphous nature of the films. Given
information of the previouskind, it is essential to now probe
the detailed ionic transport mechanism under the high-field,
where AI** and O~ /OH ™~ ions migrate across the thicken-
ing auminafilm material.

Applications of the alumina films include largely dielec-
trics in electronic uses for barrier films, with appropriate
surface area magnification by tunnelling of the aluminium
substrate. Porous anodic filmson aluminium are availablefor
decorative, wear-resistant and corrosion-resistant applica-
tions. Thus, the porous skeleton may be penetrated, at |east
partly, by organic dyestuffsor inorgani c pigments (by double
decompositionreactions) to providecoloured, decorativefin-
ishes. Alternatively, metal or alloy pigments may be built up
from the individual pore basesto provide durable decorative
products. After such treatments, the anodic films are sealed
by hydrothermal treatment in boiling water, which blocksthe
pores and bridges over the inevitable defects or flawsin the
film, hindering environmental access to the substrate and,
consequently, imparting corrosion resistanceto the substrate.

For tribological enhancement of aluminium, wear resis-
tanceisimproved by anodizing, particularly if so-called hard
anodizing is employed, using low temperature electrolytes.

Other applications include magnetic storage devices,
whereby porous films are formed on highly flat substrates;
the pores are then widened in a controlled manner and mag-
netic alloys are deposited within the porous skeleton. Porous
anodic films may also be used to provide synthetic ruby and
polarize light under appropriate conditions.

A major use of porous anodic filmsisin keying layersfor
organic adhesives, primer coatsand paint finishes. Inaddition
to providing initial adhesion and bond durability, thefinished
system also retards corrosion in crucial situations, e.g. aero-
space applications.

Finally, whilst the previous list is not exhaustive, three
other applications are mentioned; suitably released from the
aluminium substrate, the free-standing alumina film may be
used as a membrane. Further, during anodizing of selected
aloys, or by using particular electrolytes, electrolumines-
cence is observed during anodizing; clearly, at present, this
isof limited value, sinceit only proceedsduring film growth.
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Lastly, the porous auminamaterial, sufficiently modified, or
tailor-made, may be penetrated by many various materials,
perhaps providing novel devicesfor future consideration.
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