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15.1 Coatings Produced by

Anodic Oxidation

Practice of Anodising

Anodic oxidation or anodising, as applied to metallic surfaces, is the produc-
tion of a coating, generally of oxide, on the surface by electrolytic treatment
in a suitable solution, the metal being the anode. Although a number of
metals1, including aluminium, magnesium, tantalum, titanium, vanadium
and zirconium, can form such anodic films, only aluminium and its alloys,
and to a lesser extent magnesium, are anodised on a commercial scale for
corrosion protection.

The anodic oxidation of magnesium does not normally produce a film that
has sufficient corrosion resistance to withstand exposure without further
protection by painting, and the solutions used are complex mixtures con-
taining phosphates, fluorides and chromates. In the case of aluminium, a
relatively simple treatment produces a hard, compact, strongly adherent
film of oxide, which affords considerably increased protection against
corrosive attack2'3.

A further advantage of this process lies in the decorative possibilities of
the oxide film, which may be almost completely transparent on very high
purity aluminium (99-99% Al) and certain alloys based on this purity, and
thus protects the surface without obscuring its polish or texture. On metal
of lower purity, and other alloys, the oxide layer may become slightly milky,
or coloured grey or yellowish, although the deterioration is hardly apparent
with purities down to 99- 7-99- 8% Al. The appearance and character of the
film may also be influenced by the type of anodising treatment, and the oxide
film may be dyed to produce a wide range of coloured finishes. Anodising
characteristics of a number of aluminium alloys are listed by Wernick and
Pinner3.

The anodising procedures in general use are shown in Table 15.1,
sulphuric acid being the most commonly used electrolyte. Treatment time is
15min to 1 h.

The articles to be anodised should be free from crevices where the acid
electrolyte can be trapped*. They may be given a variety of mechanical and
chemical pretreatments, including polishing, satin-finishing, etching, etc.
but before anodising, the surface must be clean and free from grease and
polishing compound.

*The chromic acid process is preferred where the electrolyte is likely to be entrapped in crevices as it is an
inhibitor for aluminium whereas sulphuric acid is corrosive.



Table 15.1 Traditional anodising processes

Electrolyte

5-10% (v/v)
sulphuric acid

3-10% chromic acid

2-5% oxalic acid

Temp
(0Q

17-22

30-45

20-35

E.M.F.
(V)

12-24

30-45

30-60

Current
density
(Am-2)

110-160

32

110-215

Film
thick-
ness
(pirn)

3-25

2-8

10-60

Appearance

Transparent,
colourless to
milky

Opaque, light to
dark grey

Transparent, light
yellow to brown

After the anodic treatment, the work is removed from the tank and
carefully swilled with cold water to remove all traces of acid. At this stage,
the anodic film is absorptive, and care should be taken to avoid contamina-
tion with oil or grease, particularly if the work is to be dyed. Dyeing may be
carried out by immersion for about 20 min in an aqueous solution of the
dyestuff at a temperature of 50-6O0C. Inorganic pigments may also be incor-
porated in the oxide layer by a process involving double decomposition.
Finally, both dyed and undyed work are sealed by treatment in boiling water
(distilled or deionised) or steam, which enhances the corrosion resistance and
prevents further staining or leaching of dye. Solutions of metal salts, usually
nickel or cobalt acetates, are often used to seal work after dyeing, and sealing
in 5-10% dichromate solution, which gives the coating a yellow colour, is
sometimes employed where the highest degree of corrosion resistance is
desired4.

In the architectural field, increasing use is being made of integral colour
anodising which is capable of producing self-coloured films in a number of
fade-resistant tints ranging from grey, through bronze and brown, to a warm
black. The electrolytes are developments of the oxalic acid solution and con-
sist of various dibasic organic acids, such as oxalic, malonic or maleic, or
sulphonated organic acids such as sulphosalicylic acid, together with a small
proportion of sulphuric acid. For constant and reproducible results, a close
analytical control of the electrolyte must be maintained, particularly with
respect to aluminium which dissolves as treatment proceeds, and ion-
exchange resins are frequently used to regenerate the relatively expensive
electrolyte and keep the aluminium in solution between controlled limits.
Some typical colour anodising treatments are summarised in Table 15.2*.

Alloys are generally of the Al-Mg-Si type with additions of copper and
chromium or manganese. Colour varies with the particular alloy and the film
thickness. For optimum control of colour, the alloy must be carefully
produced with strict attention to composition, homogenisation and heat-
treatment, where appropriate, and the anodising conditions must be main-
tained within narrow limits. It is usual to arrange matters, preferably with
automatic control, such that current density is held constant with rising

* Coloured metal compounds may also be introduced into the film by a.c. treatment in a suitable electrolyte
[Fuji process, UK Pat. 1 022 927 (26.2.63)].



Process

Kalcolor5

Duranodic6

Alcanadox7

Table 15.2 Integral colour anodising processes

Electrolyte

Sulphosalicylic acid,
100 g/1

Sulphuric acid, 50 g/1
4- or 5-sulphophthalic

acid, 75-100 g/1
Sulphuric acid

8-10 g/1
Oxalic acid, 80 g/1

to saturation

Temp.
(0Q

22-25

15-30

15-25

Current
density
(Am-2)

215-320

130-370

130-160

Voltage
(V)

25-70

>70

34-67

Time
(min)

20-45

30

50-90

voltage up to a selected maximum, after which voltage is held steady; the
whole cycle being for a fixed time. Refrigeration of the electrolyte may be
necessary to maintain the temperature at the working level, owing to the
relatively high wattage dissipation.

Hard anodic films, 50-100 /^m thick, for resistance to abrasion and wear
under conditions of slow-speed sliding, can be produced in sulphuric acid
electrolytes at high current density and low temperature8. Current densities
range from 250 to 1 000 Am"2, with or without superposed alternating cur-
rent in 20-100 g/1 sulphuric acid at — 4— + 1O0C. Under these conditions,
special attention must be paid to the contact points to the article under treat-
ment, in order to avoid local overheating.

The films are generally dark in colour and often show a fine network of
cracks due to differential expansion of oxide and metal on warming to
ambient temperature. They are generally left unsealed, since sealing
markedly reduces abrasion resistance, but may be impregnated with silicone
oils9 to improve the frictional properties. Applications include movable
instrument parts, pump bodies and plungers, and textile bobbins.

Decorative self-coloured films10 can also be produced in sulphuric acid
under conditions intermediate between normal and hard anodising.

Continuously anodised strip and wire, which may be given a dyed finish,
are produced by special methods, and are now available commercially with
a film thickness up to about 6^m. Uses include electrical windings for
transformers and motors, where the light weight of aluminium and the
insulating and heat-resistant properties of the film are of value, and produc-
tion of small or light-section articles by stamping or roll- forming.

Mechanism of Formation of Porous Oxide Coatings

The irreversible behaviour of an aluminium electrode, which readily passes
a current when cathodically polarised, but almost ceases to conduct when
made the anode in certain aqueous solutions, has been known for over a
century.

It has been established that in the case of electrolytes, such as boric acid
or ammonium phosphate solutions, in which aluminium oxide is insoluble,



this anodic passivity is due to the formation of a thin compact layer of
aluminium oxide whose thickness is proportional to the applied voltage. In
neutral phosphate solutions, for example, film growth practically ceases
when the thickness corresponds to about 1 -4 nm/V*, and a similar value has
been found for many other electrolytes of this type. These thin films have a
high electrical resistance, and can withstand several hundred volts under
favourable conditions.

In electrolytes in which the film has a moderate solubility, film growth is
possible at lower voltages, e.g. in the range 12-60 V, since the rate of forma-
tion of the oxide exceeds its rate of solution and current flow continues owing
to the different structure of the oxide layer. Electron microscopy has revealed
the characteristic porous structure of these films11. The pore diameter
appears to be a function of the nature and concentration of the electrolyte
and of its temperature, being greatest in a solution of high solvent activity,
while the number of pores per unit area varies inversely with the formation
voltage. In any given electrolyte, the lower the temperature and concentra-
tion, and the higher the voltage, the more dense will be the coating, as both
the pore diameter and the number of pores per unit area are reduced under
these conditions. Table 15.3, taken from a paper by Keller, Hunter and
Robinson12, illustrates these points.

Table 15.3 Number of pores in anodic oxide coatings

Electrolyte

15% sulphuric acid

3% chromic acid

1% oxalic acid

Temp.
(0Q

10

49

24

E.M.F.
(V)

15
20
30
20
40
60
20
40
60

Pores/ cm2 x 10 ~9

77
51
28
22
8
4
36
12
6

Note. Data reproduced courtesy J. Electrochem. Soc., 100, 411 (1953)

In order to account for the relatively high potential required to maintain
the current it was suggested by Setoh and Miyata13 that a thin barrier-layer,
similar to that formed in non-solvent electrolytes, is present below the
porous layer. This view has been supported by later work involving capacity
and voltage-current measurements, which have allowed the thickness of the
barrier-layer to be computed 14. As in the case of electrolytes which produce
barrier films, the thickness has been found to be proportional to the anodis-
ing voltage, but is lower than the limiting growth rate of 1-4 nm/V, and
varies with the anodising conditions (Table 15.4).

The structure of the anodic film, according to present views, is shown
diagrammatically in Fig. 15.1.

*The limiting thickness expressed in nm/V is of some practical value, but has little theoretical significance — at
constant potential the rate of growth, although extremely small, is still finite.



The more or less regular pattern of pores imposes a cellular structure on
the film, with the cells approximating in plan to hexagons, each with a central
pore, while the bases which form the barrier-layer, are rounded. The metal
surface underlying the film, therefore, consists of a close-packed regular
array of nearly hemispherical depressions which increase in size with the
anodising voltage. The thickness of the individual cell walls is approximately
equal to that of the barrier-layer12.

Table 15.4 Barrier-layer thickness in various electrolytes

Electrolyte

15% sulphuric acid
3% chromic acid
2% oxalic acid

Temp.
(0Q

10
38
24

Unit barrier-layer
thickness (nm/V)

1-00
1-25
1-18

Note. Data reproduced courtesy /. Electrochem. Soc., 101, 481 (1954)14

In view of its position in the e.m.f. series (E0 A1 3 +/AI = ~~ 1 *66V (SHE)),
aluminium would be expected to be rapidly attacked even by dilute solutions
of relatively weak acids. In fact, the rate of chemical attack is slow, owing
to the presence on the aluminium of a thin compact film of air-formed oxide.
When a voltage is applied to an aluminium anode there is a sudden initial
surge of current, as this film is ruptured, followed by a rapid fall to a lower,
fairly steady value. It appears that this is due to the formation of a barrier-
layer* Before the limiting thickness is reached, however, the solvent action
of the electrolyte initiates a system of pores at weak points or discontinuities
in the oxide barrier-layer.

Fig. 15.1 Diagrammatic cross-section of porous anodic oxide film

The formation of pores appears to start along the sub-grain boundaries of
the metal, followed by the development of additional pores within the sub-
grains. Growth of oxide continues on a series of hemispherical fronts centred
on the pore bases, provided that the effective barrier-layer thickness between
the metal surface and the electrolyte within the pores, represented by the
hemisphere radius, is less than 1 -4nm/V. As anodic oxidation proceeds at
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a uniform rate, a close-packed hexagonal cell-pattern is produced, the
downward extension of the pore due to solution of oxide keeping pace with
the downward movement of the oxide/metal interface, as shown by the
arrows in Fig. 15.1. It is fairly clear that the thickness of the individual cell
walls cannot exceed the thickness of the barrier-layer if columns of
unchanged metal are not to be left behind in the anodic film. The inverse rela-
tionship between number of pores and anodising voltage also implies that
cells with much thinner walls cannot be formed. Growth of pores in excess
of the limiting number appears to be inhibited at an early stage of develop-
ment, but the actual mechanism is still in doubt.

Radiochemical studies15 indicate that the pore base is the actual site of
formation of aluminium oxide, presumably by transport of aluminium ions
across the barrier-layer, although transport of oxygen ions in the opposite
direction has been postulated by some authorities1. The downward exten-
sion of the pore takes place by chemical solution, which may be enhanced
by the heating effect of the current and the greater solution rate of the freshly
formed oxide, but will also be limited by diffusion. It has been shown that
the freshly formed oxide, 7'-Al2O3, is amorphous and becomes slowly con-
verted into a more nearly crystalline modifipation of 7-Al2O3

16.
Prolonged action of the acid electrolyte on thick films may cause the pores

to become conical in section, widening towards the upper surface of the film.
This will impose an upper limit on film thickness in solvent electrolytes, as
found in practice.

Although it might seem at first sight that dyestuffs are merely held
mechanically within the pores, and this view is probably correct in the case
of inorganic pigments, there is some support for the opinion that only those
dyestuffs which form aluminium/metal complexes produce really light-fast
colorations.

The effect of hot water sealing is to convert anhydrous 7-Al2O3 into the
crystalline monohydrate, Al2O3.H2O, which occupies a greater volume and
blocks up the pores, thus preventing further absorption of dyes or con-
taminants. The monohydrate is also less reactive.

Properties of Coatings

Composition The main constituent of the film is aluminium oxide, in a
form which varies in constitution between amorphous Al2O3 and 7-Al2O3,
together with some monohydrate, Al2O3.H2O. In the presence of mois-
ture, both the anhydrous forms are gradually transformed into the mono-
hydrate, and the water content of as-formed films is, therefore, somewhat
variable.

After sealing in boiling water, the composition of the completely hydrated
film obtained when using sulphuric acid approximates to:

Al2O3 70
H2O 17
SO3 13

It is probable that the SO3 is combined with the aluminium as a basic
sulphate.



Films produced in oxalic acid contain smaller amounts (about 3%) of the
electrolyte and only traces of chromium are found in chromic acid films.
Sealed films show the electron diffraction pattern of the monohydrate,
bohmite.

Density Owing to the variable degree of porosity of the anodic film, it is
only possible to determine the apparent density, which varies with the
anodising conditions and also with the film thickness.
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Fig. 15.2 Apparent density of anodic film as a function of film thickness (courtesy
Aluminium, Bed., 32, 126 (1938))

Fig. 15.2, taken from a paper by Lenz17, shows the variation in density
with thickness for steam-sealed anodic films produced in sulphuric acid on
aluminium of 99-99% and 99-5% purity. A mean figure of 2-7g/cm3 for
sealed, and 2-5 g/cm3 for unsealed films is accepted by the British Standard
for anodised aluminium18.

Hardness It is not possible to obtain a reliable figure for the hardness of
anodic coatings with either the indentation or scratch methods, because of the
influence of the relatively soft metal beneath the anodic film, and the presence
of a soft outer layer on thick films. On Moh's Scale, the hardness of normal
anodic films lies between 7 and 8, i.e. between quartz and topaz.

Methods are available for the determination of relative abrasion resistance
using either a mixed jet of air and abrasive, as recommended in the appro-
priate British Standard18 or an abrasive wheel or disc. Owing to variations in
the quality of the abrasive, and the performance of individual jets, a
standard comparison sample is included in each batch.

The hardness of the film is markedly affected by the conditions of anodis-
ing. By means of special methods involving dilute electrolytes at low
temperatures and relatively high voltages8, with or without superimposed
alternating current, it is possible to produce compact abrasion-resistant films
with thicknesses of 50-75 /Ltm and hardnesses of 200-500 VPN, for special
applications.

Flexibility The normal anodic film begins to crack if subjected to an exten-
sion exceeding about O- 5%. Thinner films up to 5 ̂ m in thickness appear to
withstand a greater degree of deformation without obvious failure, and are
often used for dyed coatings on continuously anodised strip from which



small items may be punched or stamped. Continuously anodised wire can be
bent round a radius of 10-15 times its diameter without visible crazing. A
greater degree of flexibility is also shown by the more porous coatings pro-
duced in 20-25% v.v. sulphuric acid at 35-4O0C, while hard films are much
less flexible. Unsealed films are only slightly more flexible than films sealed
in water or dichromate solution.

Breakdown voltage The breakdown voltage of an anodic film varies with the
method of measurement and conditions of anodising, and shows fluctuations
over the surface. In the case of unsealed films, breakdown voltage also
depends on the relative humidity at the time of measurement. It is normally
measured by applying a slowly increasing alternating voltage between a
loaded hemispherical probe on the upper surface of the film, and the under-
lying metal, contact to which may be established by removing a portion of the
film18. The breakdown voltage/thickness relationship for sealed films up to
about 20 ptrn is approximately linear, and the slope of the curve for sulphuric
acid films varies from 30 to 40V/^tm. These results were obtained with a
relatively high loading on the probe*; with reduced load (approx. 6Og and
below on a hemispherical probe of 1 • 6 mm radius) values of 60-100 V/ptm
can be reached. The higher figures probably represent limiting values which
will apply to the conditions between adjacent laps or turns on coils wound
from anodised strip or wire.

Resistance The specific resistance of the dry anodic film is

4 x 1015Q cm at 2O0C19

Dielectric constant The dielectric constant of anodic oxide films has been
found to be 5-0-5-9 for sulphuric films, and 7-8 for oxalic films. A mean
value of 7-45 has been quoted for barrier-layer films1, but more recent
work favours a value of 8-720.

Thermal expansion The thermal expansion of the film is only about one-
fifth that of aluminium1, and cracking or crazing is observed when
anodised aluminium is heated above 8O0C. The fine hair-cracks produced do
not seem to impair the protective properties of the coating if anodising con-
ditions have been correct.

Heat conduction The heat conductivity of the film is approximately one-
tenth that of aluminium2.

Heat resistance Apart from hair-cracks, little change is observable in the
anodic film on heating up to 300-35O0C, although some dyed finishes may
change colour at 200-25O0C, but at higher temperatures up to the melting
point of the metal, films may become opaque or change colour, owing to loss
of combined water, without losing their adhesion.

Emissivity Table 15.5 shows the total heat emissivity of various aluminium
surfaces, as a percentage of that of a black body. The figures have been
recalculated from the data of Hase21. The emissivity of anodised
aluminium rises rapidly with film thickness up to 3 ̂ m after which the rate
of increase diminishes.

*Several hundred grams, BS 1615 suggests 50-75 g.



Table 15.5 Relative heat emissivity of various
aluminium surfaces

Surface

Highly polished
Etched
Bright roll finish
Matt roll finish
Aluminium paint
Diecast
Sandcast
Anodised, according to film
thickness

Black body

Heat emissivity
(%)

4-3-6-4
6-4-8-5
5-3-7-4
8-5-16
17-32
16-26
26-36

38-92
100

Heat reflectivity The heat reflectivity of as-rolled aluminium is about 95% ,
but this high value may not be maintained for long in a corrosive atmo-
sphere, although it is less affected by surface finish than is optical reflectivity.
Anodising reduces the heat reflectivity, owing to absorption by the oxide
layer; this effect increases with film thickness. There is a deep absorption
trough in the region corresponding to a wavelength of 3 jxm; this is probably
due to the— OH grouping in the hydrate, the effects of which may be mini-
mised by sealing the heated film in oil instead of water22. This treatment is
particularly valuable for heat reflectors in apparatus using sources running
at 900-1 00O0C, which show a peak emission in the 2-3 /mi region. Fig. 15.3

FILM THICKNESS (/urn)

Fig. 15.3 Heat reflectivity of anodised aluminium

shows the heat reflectivity of anodised super-purity aluminium for a source
of this type23, plotted against film thickness. The benefits of the modified
sealing treatment are obvious.

Refractive index The refractive index of the clear anodic film produced on
aluminium of the highest purity in sulphuric acid is 1 • 59 in the as-formed
condition, rising to 1-62 after sealing24.

Reflectivity The total and specular reflectivities of an anodised aluminium
surface are controlled by both the condition of the metal surface, polished
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or matt, and the absorption or light-scattering properties of the oxide layer.
Total reflectivity may be defined as the percentage of the incident light
reflected at all angles, while specular reflectivity is that percentage reflected
within a relatively narrow cone with its axis along the angle of reflection. For
many years the standard instrument for measuring specular reflectivity has
been that designed by Guild25, but more recently a modified gloss head
giving rather greater discrimination has been described by Scott26. Other
instruments, while placing a number of surfaces of varying specularity in the
same relative order, may give different values for the specular reflectivity.

The general brightness of a surface is chiefly dependent upon the total
reflectivity T, while specular reflectivity S controls the character of the
reflected image. In assessing the subjective brightness of a surface the eye
tends to be influenced more by the S/!Tratio or image clarity than by the total
reflectivity.

For a high degree of specularity, the metal surface must be given a high
polish by mechanical means; this may be followed (or replaced) by electro-
chemical or chemical brightening. When such a brightened surface is pro-
tected by anodising, however, insoluble impurities (mainly iron and silicon)
present in the aluminium will be incorporated in the anodic film and will
increase its tendency to absorb or scatter light. Only metal of the highest
purity, 99-99% Al, produces a fully transparent oxide film, while lower
purities show decreased total reflectivities and S/T ratios after anodising
because of the increased opacity of the anodic film.

Table 15.6 Effect of metal purity and anodic film thickness on reflectivity

Notes. 1.7 = total, S = specular reflectivity. 23
2. Data reproduced courtesy Met. Rev., 2 No. 8 (1957) .

Table 15.6, taken from a monograph by Pearson and Phillips23, demon-
strates these effects. The figures were obtained using the Guild meter on
electrobrightened and anodised metal.

Effect of anodising on mechanical properties The tensile strength of thin
sections may be somewhat reduced by anodising, owing to the brittleness of
the coating, but this effect is normally very slight. Thin sheet, less than about
0-6 mm with a relatively thick anodic coating, also has a tendency to break
more easily on bending. The incompressibility of the anodic film on the
inside of the bend probably enhances this effect, which is also seen on
anodised wire.

Metal purity
(%)

99-5
99-8
99 -99 (super purity)
Super purity -1-0-5 Mg
Super purity -I- 1 -25 Mg
Super purity + 0-7 Mg, 0-3 Si, 0-25 Cu

Film thickness (/^m)

T

80
82
84
84
83
82

2

S/T

0-84
0-95
0-99
0-98
0-99
0-99

T

79
83
84
84
83
79

5

S/T

0-83
0-95
0-99
0-98
0-99
0-98

T

77

84
83
82

10

S/T

0-78

0-99
0-97
0-99



Anodising should be used with caution on components likely to encounter
high stresses, owing to the deterioration in fatigue properties liable to result
under these conditions, but under light loading and with the thinner coatings,
the reduction is negligible. In some cases27, an actual improvement has been
reported.

Friction The coefficient of friction of the sealed anodic film is O • 76, falling
to O-19 after impregnation with silicone oil28. These results were obtained
with anodised wire.

Measurement of film thickness The thickness of an anodic film may be
determined by a variety of non-destructive methods. Some of these are
capable of a high degree of precision, while simpler methods are available
for rough sorting. A number of instruments employing the eddy-current
principle, with which, after prior calibration, a rapid estimate of film thick-
ness may be made, are now available. With the best instruments, an accuracy
of ± 1 fim can be obtained. For approximate determinations of thickness,
the breakdown voltage of the film may be measured. Breakdown voltage
shows wide variations with anodising conditions and metal or alloy composi-
tion. A separate calibration curve is, therefore, needed for each treatment.
Accuracy is comparatively low, rarely being greater than ±2% of the total
film thickness.

For control or calibration purposes, film thickness can be determined by
mounting a sectioned specimen and measuring the oxide film thickness
directly on the screen of a projection microscope at a known magnification.
Alternatively, the loss in weight18 of an anodised sample of known area
may be found after the film has been stripped in a boiling solution made up
as follows:

Phosphoric acid (s.g. 1-75) 3-5% v/v
Chromic acid in distilled water 2 -0% w/v

Immersion for lOmin is usually sufficient to remove the film without the
metal being attacked.

Corrosion Resistance

Since the natural passivity of aluminium is due to the thin film of oxide
formed by the action of the atmosphere, it is not unexpected that the thicker
films formed by anodic oxidation aiford considerable protection against
corrosive influences, provided the oxide layer is continuous, and free from
macropores. The protective action of the film is considerably enhanced by
effective sealing, which plugs the mouths of the micropores formed in the
normal course of anodising with hydrated oxide, and still further improve-
ment may be afforded by the incorporation of corrosion inhibitors, such as
dichromates, in the sealing solution. Chromic acid films, in spite of their
thinness, show good corrosion resistance.

The protective action of sulphuric films is mainly controlled by the anodis-
ing conditions, compact films formed at temperatures below 2O0C in 7% v/v
sulphuric acid being more resistant than the films formed at higher tempera-
tures in more concentrated acid. The wider pores of the latter result in less



protection but these films are more readily dyed. Greater protection is also
given by thicker films, and a thickness of about 25 ̂ m is generally considered
adequate for architectural work in a normal urban environment. In a heavily
polluted industrial area, even thicker films may be desirable, while in rural
areas some reduction would be permissible. Bright anodised motorcar trim
is generally given a film thickness of about 7 /mi.

Alumina monohydrate in the mass is very unreactive, being rapidly
attacked only by hot sulphuric acid or caustic soda solutions, and the anodic
coating shows similar characteristics to some degree. The presence in the film
of macropores due to localised impurities or imperfections in the metal and
overlying oxide can bring about rapid penetration, owing to the concentra-
tion of attack at the few vulnerable points. Metal of good quality specially
produced for anodising should therefore be used in order to ensure that such
weak points are absent. For vessels and tanks for holding liquids, it may be
preferable to use unanodised aluminium, and to accept generalised corrosive
attack rather than run the risk of perforation, which may occur with
anodised metal.

For ordinary atmospheric exposure, it is usually possible to arrange that
thin spots of the film, such as the contact points of the anodising jigs, are
located in relatively unimportant positions on the article and are hidden
from view.

Since the corrosion resistance of anodic films on aluminium is markedly
dependent on the efficacy of sealing (provided the film thickness is adequate
for the service conditions), tests for sealing quality are frequently employed
as an index of potential resistance to corrosion. While it is admitted that an
unequivocal evaluation of corrosion behaviour can only be obtained by pro-
tracted field tests in service, accelerated corrosion tests under closely con-
trolled conditions can also provide useful information in a shorter time
within the limitations of the particular test environment employed.

Tests for sealing include dye staining tests such as that specified in BS 1615:
1972*, Method F9 involving preliminary attack with acid, followed by treat-
ment with dye solution. Nitric acid29 or a sulphuric acid/fluoride mixture
may be used for the initial attack, and a rapid spot test30 has been
developed using the acid/fluoride mixture, followed by a solution of 10g/l
Aluminium Fast Red B3L W. Poor sealing is revealed by a deep pink to red
spot, while good sealing gives nearly colourless to pale pink colorations. The
test can be applied to architectural or other material on site.

Physical tests of film impedance31 using an a.c. bridge have also been
recommended, although the correlation with corrosion resistance is neces-
sarily empirical. Film impedance increases at an approximately linear rate
with sealing time and film thickness.

Exposure of the samples to a controlled moist atmosphere containing
sulphur dioxide, as recommended in BS 1615 : 1972, Method H9 is an exam-
ple of a test bridging the gap between sealing tests and accelerated corrosion
tests. After exposure for 24 h at 25 ± 20C, poorly sealed films show a persis-
tent heavy white bloom, while good sealing produces at the most a slight
superficial bloom.

A rapid immersion test in a hot aqueous solution containing sulphur

*A revised version BS 1615 : 1987 is now available.



dioxide has also been developed by Kape32 and is specified in BS
1615:1972, Method E. Results are similar to those obtained in the
preceding test, Method H. The method can also be made quantitative by
measuring the weight loss.

The accelerated corrosion test in most general use is the CASS test33 in
which the articles are sprayed intermittently with a solution made up as
follows:

NaCl 50g/l
CuCl2, 2H2O 0-26g/l
Acetic acid to pH 2 • 8-3 • O

The specimens are clamped at an angle of 15° to the vertical in a baffled
enclosure maintained at 5O0C, and the exposure time is 24-96 h. Corrosive
attack of inadequately sealed or thin films is shown by pitting.

An interesting derivative of the CASS test, known as the Ford Anodised
Aluminium Corrosion Test (FACT)34 has been developed in the U.S.A.
This makes use of a controlled electrolytic attack using the CASS solution.
The electrolyte is contained in a glass test cell and clamped against the
anodised surface with a Neoprene sealing gasket. A d.c. voltage of 200 V in
series with a high resistance is maintained between an anode of platinum wire
and the aluminium test piece as cathode. The integrated fall in potential
across the cell over a fixed period of 3 min as corrosion proceeds and an
increasing current flows, is taken as a measure of the corrosion resistance.
A British version of this test using simplified circuitry for the integration is
available commercially as \hzAnodisation Comparator*. Remarkably good
correlation has been obtained between the readings of this instrument and
the amount of pitting after exposure at a number of outdoor sites35. Com-
prehensive reviews of sealing techniques including test methods and corro-
sion behaviour have been published by Thomas36 and Wood37.

The behaviour of samples under the actual conditions of service is the final
criterion, but unfortunately such observations take a long time to collect
and assess, and the cautious extrapolation of data from accelerated tests
must be relied on for forecasting the behaviour of anodised aluminium in
any new environment.

Atmospheric Exposure

Table 15.7 shows the effects of thin anodic oxide films on the resistance to
industrial and synthetic marine atmospheres (intermittent salt spray) of three
grades of pure aluminium. The results are taken from a paper by Champion
and Spillett38 and show how relatively thin films produce a marked
improvement in both environments.

In an industrial atmosphere, an anodic film only 6-5 ̂ m thick provides a
two-fold increase in life over unprotected metal, and the effect under salt-
spray conditions is even greater. It is interesting to note that both the
industrial atmosphere and salt-spray results show parallel trends.

A similar improvement in expectation of life for thin anodic coatings has

*SIBA Ltd., Camberley, Surrey.



been reported by Phillips39 for 99-5% Al, and for alloys of the following
compositions: Al-I -25 Mn; Al-2 Mg-I Mn; Al-I Mg-I Si. The results for a
high-copper alloy were less good.

An interesting paper by Lattey and Neunzig40 shows that the better the
surface finish of the aluminium the thinner the coating required for protec-
tion. Neunzig41 has also studied the effect of the hair-cracks produced by
heating or bending on corrosion resistance. Although pitting was initiated by
such cracks in thin films (5 /mi), serious pitting in thicker films (15 /mi) was
observed only if anodising had been carried out at 250C; films produced at
16-170C were more resistant to corrosive attack. This re-emphasises the
importance of maintaining correct anodising conditions for maximum cor-
rosion resistance.

More recently, results of exposure tests for 10 years in a severe industrial
environment at Stratford, London, have been reported by the Fulmer
Research Institute42. A range of pure and alloy specimens, anodised to a
maximum film thickness of about 25 /mi, was exposed at an angle of 45°.

Table 15.7 Corrosion tests on unprotected and anodised pure aluminium

Industrial
atmosphere
(7 years
exposure)

Marine
atmosphere
(11 years
exposure)

Corrosive effect

Appearance*
(life in years)

Mechanical
properties!
(life in years)

Pitting^
(depth in mm)

Appearance*
(life in years)

Mechanical
properties!
(life in years)

PittingJ
(depth in mm)

Grade IB
(99-5%)

Film thickness
0*m)

O 6-5 O

2-5 5 2-5

2-75 5-5 3

0-18 0-20 0-18

<1 4 1

5 >11 8

0-30 0-18 0-15

Grade IA
(99-8<7o)

Film thickness
(fim)

4 6-5

5 5

4-5 6

0-25 0-25

4 5

7 >11

0-33 0-15

Super purity
(99-99%)

Film thickness
(fim)

O 4

3-5 6

3 5

0-20 0-13

3 4

>11 >11

0-15 0-08

*No. of years to deterioration of surface appearance to a fixed arbitrary level.
tNo. of years to deterioration of mechanical properties to a fixed arbitrary level.
JMean depth of pitting obtained statistically.

Corrosion was assessed visually, by determination of weight loss after
cleaning, and by reflectivity measurements. All specimens showed signs of
pitting, and there was a considerable loss of reflectivity, the under surface
being more affected than the upper. A striking feature of the results was the
accelerating rate of deterioration in the last five years of exposure. Although
none of the samples was completely protected, results were better for the
purer specimens and the thicker films.



Maintenance

In architectural work, particular care must be taken to avoid destructive
attack of the anodic film by alkaline mortar or cement during erection, and
temporary coatings of spirit-soluble waxes, or acetate-butyrate lacquers are
frequently applied to window frames and the like to protect against mortar
splashes, which in any event should be removed at the earliest possible
moment.

The resistance of properly anodised aluminium exposed to the weather can
be considerably enhanced by correct and regular cleaning. Deposits of soot
and dirt should be removed by washing with warm water containing a non-
aggressive detergent; abrasives should not be used. For window frames this
washing may conveniently be carried out when the glass is cleaned in the nor-
mal way. In such circumstances the life of the coating may be prolonged
almost indefinitely, as exemplified by the good condition of the chromic-
anodised window frames of Cambridge University Library which were
installed in 1933, and of the sulphuric-anodised window frames of the New
Bodleian Library, Oxford University, installed in 1938.

Recent Developments

Practice of Anodising

Although there have been few changes in the basic anodising practices, and
sulphuric acid is the electrolyte used in most plants, there have been many
developments in the pretreatment, colouring and sealing processes asso-
ciated with anodising.

The trend in architectural applications has been towards more matt
finishes, and the sodium hydroxide-based etchants used frequently contain
additives such as sodium nitrate or nitrite or sodium fluoride. Chelating
agents such as gluconates, heptonates or sorbitol are added to complex the
aluminium produced, and other additives such as sulphides may be present
in the etchant to complex zinc dissolved from the alloy, and allow it to be
used continuously without dumping43.

In terms of anodising itself, the introduction of a standard for architec-
tural applications of anodised aluminium44, and the European development
of the Qualanod quality labelling scheme for architectural anodising45'46,
have been significant factors in the general improvement in the standard of
anodising. Both of these standards require the use of thick coatings (20 or
25 ptm), which are sealed to a high quality level. The production of such
coatings requires good control of operating parameters, particularly the
anodising electrolyte temperature, which should be below 210C47.

The field of colour anodising has changed considerably since the late
1960s. At that time the integral colour anodising processes were dominant
in architectural applications, and electrolytic colouring was relatively new.
Now, mainly because of the high energy costs associated with integral
colour processes, electrolytic colouring is by far the most widely used
technique.



In order to produce colour by this method, the anodised work is rinsed and
transferred to a suitable metal salt solution. The process is electrolytic, and
a.c. is passed between the work and a metal or graphite counter-electrode,
causing the metal present in the solution to be deposited at the base of the
pores of the anodic coating48. The height of the metal deposited in the
pores controls the depth of colour, and a range of shades is produced by
varying the applied voltage and time. Ranges of bronze and black finishes
are produced in nickel-, cobalt- or tin-based electrolytes, and pink, maroon
or black finishes in electrolytes based on copper. The electrolytes usually
contain the appropriate metal sulphate, with many other additives present
to adjust or contol pH, to improve throwing power, or to make dark colours
easier to produce. Nickel and cobalt electrolytes are used at pH values of 4-6,
and tin and copper electrolytes at pH values of 1-2; an e.m.f. of the order
of 10-20 V and a current density of about 30-50 A/m2 are normally
required.

The finishes produced have very good light fastness and corrosion
resistance, and, unlike integral colour finishes, the shade is largely indepen-
dent of the aluminium alloy and the anodic film thickness used. The whole
range of shades can be produced on films as thin as 5 /mi, so the finishes are
also being used in trim applications49. Many patents and publications in the
electrolytic colouring field now exist and they have been reviewed by many
authors50'51.

In order to obtain a wider range of coloured finishes, electrolytic colouring
processes have been combined with conventional dyeing52. The work is
anodised normally to the required film thickness, electrolytically coloured in
a cobalt- or tin-based electrolyte to a light bronze shade, and then overdyed
in an appropriate dyestuff to give muted shades of red, blue, yellow or
brown. Again the main application is architectural, and the finishes have
good light fastness and durability. An alternative approach to widening the
colour range with electrolytic colouring has been the development of finishes
based on optical interference effects53, whereby quite different colours
can be produced in the same electrolyte. An intermediate treatment in a
phosphoric acid anodising electrolyte is normally required, between anodis-
ing and electrolytic colouring, to produce these effects.

With the increasing use of colour anodised finishes, sealing quality has
become very important, and seal quality tests and standards have all
improved. Sealing smut is more visible on coloured than on clear anodised
surfaces, and it has become common practice to try to eliminate this
chemically, rather than removing it by hand wiping. Approaches to this
include dipping in mineral acids after sealing54, and adding surface active
agents which prevent smut forming55'56.

Sealing is normally carried out in boiling water and the high energy costs
involved have led to the development of alternative, lower-energy methods.
Approaches have included the use of boehmite accelerators such as
triethanolamines to shorten the sealing time57, and the use of so-called
'cold' sealing systems. These latter approaches have mainly been developed
in Italy58, and are based on the use of nickel salts in the presence of
fluorides. They are used at a temperature of about 3O0C for a time of 15 min,
and are claimed to give good corrosion resistance.



Mechanism of Anodising

The development of sophisticated electron-optical techniques now allows
the direct observation of the barrier layer and the pore structure of all types
of anodic coating. Much of the most relevant work has been carried out at
the University of Manchester Institute of Science and Technology, starting
with the work of O'Sullivan and Wood59, and most recently summarised by
Thompson and Wood60. The very early stages of pore growth have been
extensively studied, and the importance of surface topography and flaw sites
in the pre-existing oxide established. Anion incorporation in the film is
another important factor affecting film characteristics, and it has been shown
that distribution of the anion within the cell wall structure varies from one
electrolyte to another.

The mechanism of colouring with integral colour finishes has been shown
to depend on the presence of free metallic aluminium in the film, as well as
on the inclusion of intermetallic constituents61. With electrolytic colouring
processes, colour is produced by light scattering effects, with the tiny metallic
deposits within individual pores acting as light scattering centres62. Dis-
tribution of metal in the pores varies from one electrolyte to another, and
this can affect the corrosion resistance of the final product63.

The mechanism of sealing has been shown to involve an initial dissolution
and reprecipitation of hydrated aluminium oxide on the pore walls, pseudo-
boehmite gel formation within the pores, and conversion of this to
crystalline boehmite at the film surface64. The presence of an intermediate
layer close to the film surface, in which the identity of the original pores has
been lost, has also been recognised65.

Properties of Coatings

The hardness and abrasion resistance of anodic coatings have never been
easy properties to measure, but the development of a British Standard on
hard anodising66 has made this essential. Film hardness is best measured by
making microhardness indents on a cross-section of a film67'68, but a
minimum film thickness of 25 /*m is required. For abrasion resistance
measurements, a test based on a loaded abrasive wheel69, which moves
backwards and forwards over the film surface, has improved the sensitivity
of such measurements.

Corrosion Resistance

Tests for quality of sealing of anodic coatings have become internationally
standardised. They include dye spot tests with prior acid treatment of the
surface (ISO 2143:1981 and BS 6161:Part 5:1982), measurement of admit-
tance or impedance (ISO 2931:1983 and BS 6161:Part 6:1984), or measure-
ment of weight loss after acid immersion (ISO 3210:1983 and BS 6161:Part
3:1984, and ISO 2932:1981 and BS 6161:Part 4:1981). Of these the
chromic-phosphoric acid immersion test (ISO 3210) has become the
generally accepted reference test.



The recent revision of the main anodising standard (BS 1615:1987)
has changed it from a 'specification' to a 'method for specifying', but it
provides all the information necessary to write an appropriate specification
for any anodised product.

The atmospheric corrosion performance of the newer colour anodised
finishes is of interest, and several authors have reported tests70'71'72. Long-
term weathering of dyed finishes has also been described and this has led to
the recommendation of a limited range of special dyes for architectural
applications73. Good performance of the combined anodised and elec-
trophoretically deposited clear lacquered finishes, now used very widely in
Japan, has also been reported74, together with details of the vertical lines
used to produce them75.

P. G. SHEASBY
B. A. SCOTT
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