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1. Barrier-Type Anodic Films

Recent work has emphasized the important
contribution of detailed studies of film com-~
position towards understanding barrier-type
anodic film growth on aluminium over a wide
range of forming conditions L23), Whilst such
films have long been considered fo consist
principally of amorphous anodic alurnina, the
incorporation of species, particular to a given
electrolyte, during film growth is recognized,
although the significance is far from c¢lear,

It was found that characteristic anions of the

anodizing electrolytes were incorporated into
both barrier and porous films. The term acid
anion is used to indicate the anion species such as
SO2 or P03-, which arise from the anodizing
electrolyte, even fthough it is realized that for
barrier filim formation the electrolyte is generally
not acidic but neutral. The early technigues
available for these studies included radioactive
tracer techniques allied with chemical sectioning
(removal of the outer layers of the anodic
film by uniform chemical dissolution) 4 5):, and
observation of subile changes which occurred in

the rate of hydration for compositionally di-
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fferent regions within a filmG). Early work by
Bernard and Randall4), and Bernaxds), using
radioactive tracer methods, reported that about 1
wt % boron and phosphate is detected in barrier-
type films formed in corresponding ¢lectrolytes.
Later, Randall and Bernard6), using radioactive
tracer techniques to study films formed in
aqueous phosphate electrolyte, found that only
one-third of the film near the metal/film in-
terface was free of phosphate from the elec-
trolyte, suggesting, at face value, that the ox-
yanions were mobile and involved in charge
transfer along with metal cations. An important
observation is that the 2:1 ratio of anion-con-
taining film material to anion-free material
always held, independent of the total film
thickness,

Recent work by Rabbo, Richardson and
Wood?’}, using secondary ion mass spectrometry to
analyse barrier films formed in phosphate solu-
confirmed the general observations of
Randall and Bernardﬁ).

tion,

More recently, Thompson, Wood and Shi-
mizu7), applying the techniques of ultrami-
crotomy allied with recent advances in analytical
transmission electron microscopy i.e. scanning
transmission electren microscopy (STEM) which
had an X-ray analysis capability (EDX)}, have
enabled the distribution of anions such as pho-
sphate in anodic barrier films on aluminium to be
determined. They performed indepth analysis of
a film formed in a neutral phosphate electrolyte
and obtained a similar conclusion to Rabbo
et alg).

position of such highly localized features as flaws

In additon, the geometry and com-

in anodic barrier films formed on selected

aluminium alloys, containing finely dispersed and

only microscopically visible precipitates or

intermetallic compcunds, have been determined

successfullyg) .

9 give the compositions of the

Konno et al
inner, intermediate and outer parts of a filin
formed in phosphate solution as AQO15 or

AQ203(depth 60-75nmj, ARC 1.463 (POL) 0.025

(depth  20-30nm) and AQOL09 (OH)O.’M-
(P04)0'025 (depth 5-15nm) respectively, with
the average film PO?{ content of 4.7%. Konno,

Kobayashi, 10

Takahashi and Nagayvama per-
formed an X-ray photoelectron spectroscopy
(XPS) analysis and obtained in-depth profiles of
a film formed in neutral borate solution. They
reported that the outer part of the film is slightly
hydrated with a composition expressed at
AQ01_35 (OH)O.ZS (BOB)O.OT’, while the com-
position of inner part is AQOI_5 (B,05) 0.027"
The average content of borate in the film is 5.8%
B203. In their later reportg), the composition
of the two parts are slightly different, being
AROj 59 (OH)p 55 (BOy)g 54 and ARO 45g
(B02)0.054 respectively.

Matzuzawa, Baba and Tajimall) performed
an in-depth profile analysis for a film formed in
neutral borate electrolyte, on a single crystal of
They

reported that the boron is uniformly distributed

aluminium, using auger spectroscopy.

through the film sections,

Recently, observation in the transmission
electron microscope of electron-beam induced
crystallization of ultramicrotomed sections of
anodic barrier films formed on aluminium in
neutral phosphate or borate electrolytes, without
current decay, have shown that the films consist
of two distinet layers having markedly different

susceptibilities to electron beam induced cry-
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12,19 Basically, the induced cry-

stallization
stallization of the amorphous film to crystalline
'Y,'A1203 occurs, accompanied by apparent
texture changes in the film section, more freely
in the inner layer of virtually pure oxide next to
the metal than in the outer layer contaminated
with the electrolyte anion, The difference in the
rates of crystallization of the various layers is
sufficiently large that usually no crystals can be
identified in the outer layer even after the
crystallization of the inner layer has been com-
pleted. Shimizu, Thompson and Wood )a using
ultramicrotomy allied with transmission glectron
microscopy, observed directly the duplex struc-
ture of barrier-type films formed in borate
selution. The inner part of the film, with little,
if any, incorporation of borate, can be readily
crystallized when the film section is exposed to
the electron beam in the electron microscope;
the outer part of the film, where anions are
incorporated, remained unchanged. Further-
more, if the forming electrolyte contained anions
of a heavy metal such as tungstate, its incor-
poration into the film material was shown to be
observed wpom initia] examination, due to its
darker appearance in the TEM caused by its
greater electron scattering corss section. Data
derived from the techniques considered above
suggest, at face value, that the relative thicknesses
of the anion-containing regions are about 0,7,
0.4, 0.3 and 0.2 for anodizing in neutral el-

12)

ectrolytes of phosphate“), borate™ 7,

14) 15)

tung-

state and chromate respectively.

More recently, Skeldon et all6: 17 using
Rutherford backscattering spectometry (RBS)
and nuclear reaction technigues, reported that

films formed in agueous borate electrolyte

consist of an inner region of relatively pure
alumina and outer region of relatively pure
alumina contaminated with about 1.5 wt %
boror probably as B203. The boundary
between the regions lies at a relative depth of
about .41 within the film and an oxygen
excess in the outer region of the film compared
with Al,O3 can be attributed to oxygen
associated with the boron.

Rabbo, Richardson and Wood? measured
the indepth profile of chromium in a film
formed in neutral chromate electrolyte and
reported that chromium is rich in the surface
layer over a thickness of a few nanometres;
the chromium content then falls relatively
quickly to a very low but detectable level.
of the
It was thought

The average content incorporated
chromate is considerably low,
that the incorporated chromium decorated
likely flaws within the anodic film,

In general, the amount of water incorpora-
ted in anodic fHms depends upon the film
and treatment during

formation conditions

anodizing, such as the concentration and
temperature of the electrolytes. Diggle et al.ls)
proposed that the water in ancdic film is not
present in the free form, but occurs either

as hydroxide or hydrated oxide or both,

Lichtenbergerl 7

using a chemical analysis
method, which cannot provide knowledge of
the hydrogen distribution throughout the anodic
film, has indicated that 2.5% water, present
in the structure of boehmite, was necessary
to stabilize the spinel-type structure of alumina,
Rabbo, Richardson and Wooda), using secondary
ion mass spectroscopy (SIMS) which is a rela-

tively new tool for the study of the hydrogen
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distribution in barrier films, examined the
in-depth profile of hydrogen and hydroxyl
ions in films formed over a wide pH range in
a study of film hydration characteristics and
likely {film formation mechanism. The results
suggested that the extent of hydration increases
with pH, particularly from acidic to neutral
pH values. Hydrogen was detected throught
the film, and the

depended on the pH of the electrolyte., The

apparent concentration
degree of hydration in the outer regions of the
film, particujarly for films formed in neutral
and alkaline solutions, was of higher value
than the inner regions. Lanford, Alwitt and
Dyerzo) used a nuclear reaction technique
to study the hydrogen profiles through various
They

hydrogen profiles in films formed in agueous

forms of alumina. investigated the
phosphate, tartrate and glycol borate electro-
lytes. For films formed in phosphate electrolyte,
the outer regions are enriched in hydrogen to
about 60 nm; calculation of the likely extent
of phosphorus incorporation, compared with
the low level of hydregen incorporation,
suggested that they were introduced by inde-
pendent processes and not the result of HPOZ'
or H2PO'4 incorporation. Such a calculation

thus assumed that phosphate incorporation
as the mono or di-hydrogen species did not
change during anodizing. They also claimed
that the hydrogen content is dependent on
The higher

the solution pH, the higher the hydrogen content

the pH values of the electrolytes.

in the film. For composite films formed after
hydrothermal treatment, they suggested that
the hydrogen profiles give evidence for water

penetration and accumulation in the barrier

layer of the composite film, ie, hydrated and

anodic films.

2. Porous-Type Anodic Films

A considerable amount of work has been
done to elucidate the precise chemical composi-
tion of these films, the knowledge gained giving
significant insight into the growth mechanism
and likely chemical behaviour of such films.
It is widely known that porous anodic films
are contaminated by acid anion species and
reference in this survey has been made to anodic
film material since it is realized that pure oxide
is not always developed, The literature shows
reasonable agreement with respect to the levels
of acid anion incorporation within the bulk
films.

in sulphuric acid have attracted wide study

The highly contaminated films formed

because of their commercial importance and
relatively readily detected acid anion species.

Pullen®? round 13 wt % SO%; ion which
is often expressed as 803, Liechti and Tread-
well?? quoted 8-13% SO and Spooner™
obtained 17.7% SO%‘ , which couid be increased
by forming films at lower temperature and
higher current density, Similar observations
have been made by Mason and Raub et a1.25)
who reposted 10-17% 5G,. Hoar*®) has proposed
that these conditions favour the dissociation
and SO, absorbed by the electrolyte, prigr
to incorporation below the compact surface
of the film. Ginsberg and Wefers? > 28)
a sulphur content corresponding to 13 wt %

reported

803, which was reduced to & wt % by prolonged
washing,  They concluded that sulphur-con-
taining anions present in anodic films can be

either free (ie. capable of removal by washing)
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Brace and Baker?

to show that the

or ‘chemically bound’,
used a radiotracer method
sulphate is incorporated into the butk alumina,
and is not just a surface effect. Lau et 31.30),
using infrared spectroscopy, reported that the
anion.

sulphur is present as the sulphate

31, 32) reported a band in the infrared

Dorsey
spectrum due to AfR-O-8 bonding as well as
the normal sulphate band, and proposed a
model showing how sulphur could be bound
into a cross linked helical AlLO-Al network.
Electron probe microanalysis has also been
used to determine sulphur in sulphuric acid-
formed films, a typical level of 4 wt % 8 (i.e.
12 wt % SO%‘) was found to be distributed
uniformly throughout the 50 um film section.
More recently, surface sensitive technigues,
allied with jon etching, have been used to
analyse the sulphur content across film sections.

Treverton and Davis33)

, using XPS, analysed
the sulphur content of films formed in sulphuric
acid by ac and dc anodizing. They found that
films contain suphates in the surface region and,
elsewhere in the film, the sulphur was in a
form that results in sulphides in the ion etched
surfaces. The resultant composition of the ac
and de¢ films are slightly different. Tajima et
a1.34’ 35 have used infrared spectrosocpy,
differential thermal analysis, allied with optical
techniques to detect incorporated anions. Their
results indicate that initially the film resistivity
is anion indpependent, but decreases with time
They found that

increased with increased

due to anion -incorporation.
the anion content

current density, confirming the resulis of

M&SOH24).

36)

Dormony and Lichtenberger-Bajza™’ showed

that hard anodic coatings formed in sulphuric
acid contain slightly more sulphur (13.5-15.2%
803) than normal coatings (12.8-13.7% 803).
Mason®® found that the SO3 content of the
film could be reduced by electrodialysis or by
hydrothermal treatment in boiling water,
Incorporation of acid anions other than
sulphate has also been reported and quantified.
P1umb37), usingl a radioactive tracer method,
reported 6 wt % POin jons in films formed in
phosphoric acid; the amount of phosphorus in
the film varied in direct proportion with the
film thicknesss, showing that the phosphorus
is present within the film rather than adsorbed
merely at the surface. Infrared spectrometry
studies by Dorsey38) suggested that a 2um film
formed in phosphoric acid contained 6% PO3',
whereas a 5.3um film contained 8% POi’.
Nagayama et al.39), in a chemical dissolution
study of films formed in 4% phosphoric acid,
proposed a compositional model comprising
three regions, The first two layers of the cell

material adjacent to the pore contained

phosphorus. The compositions were claimed

to be A12-X/3 Hx03—Y,"2 (PO4)Y and A1203_
Y/2 {904)Y respectively.  The third layer,
near the film substrate interface, was considered
to be relatively pure alumina region. Alvey 40)
reported the phosphorus content of a film
formed in phosphoric acid, measured col-
orimetrically from a solution containing the
leached phosphate, to be about 7.6 wt % Poi'_
Electron probe microanalysis was employed

443 49

ion beam thinne and ultramicrotomed

sections4s)

, separated from the electrolyte in
the pores by the differently textured acid anion-

incorporated material. Furthermore, for a given
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Figz. 1 The plan and sectional view of a pore and adjocent cell for films formed in each
of the major ccids: {a} sulphuric acid, (b} oxalic ccid, (¢} phosphoric acid,
{d) chromi ¢ acid. The cell comprises acid anion confuminated film material odjacent

to the pore ond relatively pure olumina, where cells meet: from Thompson and Wood %!
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anodizing voltage the cell boundary band
thickness was dependent on the acid employed.
Thus, the film material adjacent to the pores
contained the acid anion, and the relative extent
of this region compared to the anion free
material decreased in the order; sulphuric acid >
oxalic acid > phosphoric acid > chromic acid.

formed in
21

The anion content of films
oxalic acid has received little attention. Pullen
determined 3 wt % oxalate in the film formed in
oxelic acid, similar to that of Liechti and Tread-
wellzz), 3-3.3% oxalate,
8.6% oxalate, equivalent to 2.3% carbon, from

Wefe,rs%) measured

the analytical determination of carbon in films
formed to 60V in oxalic acid, in broad agree-
the 7%
Fukuda47) who also showed that the oxalate

ment with oxalate determined by
content of the film decreased with bulk electro-
Fukuda and Fukushima*®
obtained a distribution of oxalate anions in the
The

oxalate content in the inner layer (0-20nm)

lyte temperature.
cell wall as well as in the barrier layer.

adjacent to the film/electrolyte interface was
9%; after increasing to a maximum value of 11%
at a depth of 23nm from the film/electrolyte
interface, the oxalate content quickly fell to
zero towards the film/substrate interface and
in the regions whére cells meet.

Compared with films formed in the other
major acids, films formed in chromic acid
contain relatively low levels of chromate in-
Early work by Bengough and

0.4-0.7%
21}

corporation.

49) value of

Sutton reported a
chromium, whereas later work by Pullen
found less than 0.1% chromium in the film.
Electron probe and CTEM/EDX analysis ailied

with ion-beam thinning techniquesso) dem-

onstrated that the chromium incorporation in
the film is lower than the detection limit of the
fine electron microprobe ( < 0.1 wt %).

The water content of the film material has
been investigated widely, although the results
have differed considerably due presumable to
variations in both anodjzing and subsequent
handling and measuring techniques. Cited values
ranged from 1-15% for films formed in sulphuric
acid, whereas the film formed in chromic acid

19,30 4 jechts

has been said to be anhydrous
and Treadwell?? suggested 5-6% water in films
formed in oxalic acid, and 1-2% tightly bound
water and 3-5% loosely bound water in films
formed in svlphuric acid. Philipssn considered
that the water content of films formed in oxalic
acid is equivalent to the compound 2 A1203.
H20. Dorseysz’ 53, 31), in many studies using
infrared spectrescopy, has suggested the presence

53 in the barrier

of decyclic alumina trihydrate
layer of porous ancdic films, although the
sensitivity of the technigue has since been ques-
tioned. Other studies have used the concept of
adsorbed water on the pore walls to explain
both electrical characteristics and ageing effects

of the films®® 55);

ageing may be defined as a
gradual change in film properties with time of
storage. The oxtent of protons and hydroxyl
ions within the films were studied using SIMS
for barrier films, which showed their presence
throughout the films3).

the

substrate have been identified in porous anodic

Alloying elements in aluminium

films, by both X-ray emission spectroscopy and
56, 57, 58)

probe micro analysissg).

chemical analysis , and zalso by electron
The former work

showed that magnesium, zinc, chromium and
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especially silicon from the alloys were retained
Wood and Brocksg), using

electron probe microanalysis, investigated the

in porous film.

distribution of alloying elements and the ap-
parent porosity through the anodic films. Cop-
per i incerporated and retained in barrier-type
films on a single phase Al1-4% Cu alley in ap-
proximiatety its alloying proportions, but is
leached out of porous films, causing extensive
film thinning and pore enlargement. Silicon is
oxidized much more slowly than aluminium
and thus remains dispersed in the anodic film.
Zinc remained in the filmsin the alloying ratio
within the substrate. Many studies have con-
sidered porous film formation on both single
and multi-phase aluminium alloys and determin-
ed¢ the distribution of alloving elements in the
resuliant films. There are differences in the
behavicur- and this may be influenced by the
relative sizes of the intermetallic particles con-
sidered and the different anodizing conditions
employed. For instance, Shimiru et al,ﬁa),

using transmission electron microscopy of
ultramicrotomed sections of an Al-1.5 5i alloy
and the barrier-type film formed in borate
electrolyte, have shown that relatively small
silicon .particles (10-20nm effective diameter)
are “anodized™ completely and incorporated into

the amorphous alumina film.
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