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Technical Article

A New Model for the Formation of Anodic Coatings 
on Aluminum

Arthur W Brace*
Norwich NR5 9LJ, England, United Kingdom

In a paper published in the November 2009 of this journal, 
the author challenged the validity of the “barrier layer” 
theory of coating formation in the anodizing of aluminum. 
It was shown that there is adequate evidence that the barrier 
layer was not a layer at all, but was instead a transition zone 
between the metal and the anodic oxide film. Additionally, 
the theory failed to account for the effect of material compo-
sition and structure on the formation, structure and growth 
processes. The author concluded that the theory is no longer 
valid. In this paper, a new model for the formation of anodic 
coatings is presented. This model is based on the initial 
formation, morphology and growth processes being highly 
dependent on the lattice vacancy and defect structures. These 
factors are further modified by the presence of alloying and 
impurity metals.
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Introduction
Anodic coatings are the most widely used means of producing an 
attractive functional finish on aluminum. Comprehensive details 
of the technology of producing anodized finishes have been given 
published previously.1 Following the discovery of the process in 
1927, attempts have been made to provide an explanation of the 
process of anodic oxide formation. The model of Keller, Hunter 
and Robinson2 has been generally accepted by researchers and 
practical anodizers.

Outline of the present model
Their theory of the process is summarized in the following state-
ment: “A barrier layer of oxide starts to form in the usual manner, 
but as soon as any oxide is formed, solvent action by the electrolyte 
also starts, which tends to reduce the thickness of the barrier layer. 
From observations of the voltage and current excursions which 

occur at the start of coating formation, these processes tend to 
reach a balance within a relatively short rime, after which coating 
formation proceeds at a uniform rate.”
 The essential concept of the authors was that of a uniform anodic 
coating made up of hexagonal cells consisting of a “barrier layer” 
and hexagonal cell walls with a central pore. It is this model which 
has been widely accepted by most investigators. Linked with this 
was the concept that the cell size (C) was:

 C = (2 × W) + P  

 where:
 W = cell wall thickness
 P = pore diameter.

 The wall thickness was found to be voltage dependent and the 
pore diameter varied with the electrolyte. Although there has been 
work reported which has modified the understanding of the effect 
of the electrolyte and anodizing conditions on the composition and 
morphology of the oxide, its basic concept remains unchanged.
 The theory assumed a uniform metal and developed an ideal-
ized model based on this assumption. This took no account of 
the possible effect of factors such as anisotropy and other metal 
structural features of the metal. This approach led to most research 
being focused on coating morphology and composition. The main 
research on alloys focused whether the metal present could anodi-
cally oxidize specific problem alloys, mainly in the 2000 and 7000 
series, which have been widely investigated.
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 The present author has previously published a detailed critique 
of the “barrier layer” theory3 and considers it both inaccurate and 
inadequate for the following reasons:

• The cells produced are not uniform and a number are not hex-
agonal, but this is ignored.

• The idea of a “barrier layer” is a misconception, since it is not a 
uniform layer and does not function as a “barrier” in any mean-
ingful way.

• The variation in film thickness on grains of different orientation 
is not considered.

 This contribution has drawn attention to papers which are at 
variance with the “barrier layer” theory, but these have largely 
been ignored in academic research. Analysis of published data has 
shown that cell and pore sizes have a wide range of values when 
individual values of a population of cells or pores were examined. 
Further, a different mode of initial oxide growth has been estab-
lished for all electrolytes and their associated conditions. Other 
investigators have shown that lattice structures, vacancies and 
defects can play a role in oxide formation.

Development of a new model
Whilst anodizing research focused on the minutiae of the anodic 
coating, in the 1960s, research on the structure of aluminum was 
adding significantly to knowledge of the effects of metal composi-
tion and metallurgical structure, which led to improved manufac-
turing techniques. These related especially to metal lattice structure 
and defects at the atomic lattice level. A book by Altenpohl, pub-

lished in 1972, described various lattice defects resulting from hot 
and cold working.4 He drew attention to the effect of dislocations 
produced by working, and the presence of “vacancies” (empty 
spaces) in the lattice structure. It appears that researchers on anodic 
coatings did not become interested in vacancies until the late 1980s 
which, even then, mainly concentrated on vacancies found in the 
anodic coating but did not consider the possibility that these vacan-
cies could affect the formation process.
 This omission had the consequence that most anodizing research-
ers did not realize that the conclusions of Franck5 and Csokan6 on 
the role of defects in initiating the growth of oxide nuclei were 
referring mainly to active centers containing an agglomeration of 
lattice defects and not the micro-level features with which they 
were familiar.

A perspective on growth of oxide
Having established the deficiencies of the “barrier layer” theory, it 
seemed relevant to consider the known features of the formation of 
oxide films on aluminum. This approach was based on the concept 
that although oxide films were formed in many environments, it 
seemed likely that there would be one or more characteristics in 
the initial formation which was common to all, or at least, to most. 
There is quite extensive literature, but the main common factor 
found is that the initial growth of oxide films was by the forma-
tion of nucleation centers. In more recent years, there seemed to 
be significant evidence that these centers were related to the pres-
ence of a local concentration of structural defects which resulted 
in the initial patterns of oxide formation being similar. Examples 
of the mode of initial oxide formation in other environments are 
displayed in Fig. 1.

Figure 1—Examples of initial oxide formation in typical environments: (a) heated in air to 250°C; (b) exposed in an urban atmosphere; 
(c) exposed in a marine atmosphere; (d) initial formation of anodic oxide.9



28 Plating & Surface Finishing • January / February 2010 January / February 2010 • Plating & Surface Finishing   29

The character of anodic oxide nucleation
As detailed previously, in the period 1967-1983, a series of investi-
gations3 reported the initiation of the growth of anodic oxide from 
random nucleation sites. Coatings appeared to be formed initially 
at high energy points, such as structural defects.5 This led to an 
extensive series of investigations were started by Csokan6 in the 
early 1960s, using a cine-camera linked to an electron microscope. 
These investigations included all types of electrolytes used indus-
trially. This work continued into the 1970s.7

 These studies demonstrated that film growth commenced with 
a nucleation process. Csokan observed that anodic coating forma-
tion took place by forming a series of initial active nuclei (Fig. 2), 
leading to the development a series of secondary centers, until the 
entire surface was covered. These nucleation sites were found to be 
associated with defect structures in the metal.

Pore formation
On the basis of Macdonald’s evidence,8,9 when the anodic current 
is applied, there is an agglomeration of vacancies (Fig. 3) whose 
spacing (on average) is voltage dependent. This agglomeration of 
vacancies is unlikely to result in an entirely empty lattice locally. To 
fulfill this is a function the structure still has to have a skeleton of 
aluminum atoms present, and thus some oxide will be formed. The 
vacancies provide the path needed to conduct current and allow for 
the high level of outflow of aluminum ions since, on average, only 
two out of every three aluminum atoms form anodic oxide.10

Initial coating formation
As the oxide nucleates and spreads to cover the whole of the alumi-
num surface, an anodic oxide coating develops with very specific 
characteristics. At the metal/electrolyte interface there is an excess 
of oxygen ions, giving an n-type oxide at the metal/oxide interface 
and a p-type oxide at the oxide/electrolyte interface. These zones 
were found by Sato and Kaminga12 to be of 20 to 50Å in thickness. 
This is depicted diagrammatically in Fig. 4.
 The defect structure, the presence of impurity atoms and the 
oxide solvency of the electrolyte, can be expected to affect the size 
of the coalesced vacancies. Although the average size of the pores 
formed will be around the values reported in the literature, because 
of these factors the values will vary significantly. 

 It has previously been pointed out that there is an increase in 
volume of the anodic coating compared with that of the metal from 
which it has been formed. This would account for the tendency of 
some pore diameters to be less than average. It may be that anodic 
coatings themselves develop a defect structure which limits the 
infilling of the larger pores. Alternately, it may be that the size of 
the coalesced vacancies at the base is smaller.
 More investigations are needed before it will be possible to 
evaluate fully the factors responsible. The results in the previous 
paper4 reported a ± 25% variability. The variability of the size of 
individual cells was thought likely to be similar.

Factors influencing cell morphology
This variation in individual cell sizes can be readily seen in Fig. 5, 
where the predominant cell shape is that of an irregular hexagon. 
However, values measured of a limited sample4 showed a ± 27% 
variability around the mean of the areas of the cells referred to. It is 
appropriate to consider the cause of this variability.
 The model being developed accepts the basic finding of Keller, 
Hunter and Robinson that the (mean) cell size is voltage depen-
dent, but they did not appear to recognize or explain the factors 
giving rise to this variability.
 Runge14 has pointed out that “the hexagonal structure of anodic 
oxide is the result of entropy, the natural thermodynamic state 
of being at the lowest energy state. Structural defects, even pre-
deforming the surface, can dictate an even-lower energy state, 
orienting the anodic oxide structure. This explains why naturally 
occurring non-hexagonal cells can be among the population.”

Figure 2—Initial anodic oxide nucleation sites as observed by Csokan.8,9

Figure 3—Transmission electron micrograph of a stripped film showing where 
an agglomeration of vacancies has occurred after anodizing for 30 sec in a 1.5M 
H2SO4 electrolyte at 20°C11 (Original b/w image reversed).

Figure 4—Portrayal of the structure of the transition zone.
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 This is a relevant consideration, since it is a reminder that each 
individual cell is at the same state of entropy. However, to explain 
the variations between individual cells, it seems necessary to 
consider the configuration of atoms within the lattice. With the 
presence of foreign atoms, lattice vacancies, lattice distortion from 
manufacturing operations and different packing density configura-
tions on various planes at the metal/oxide interface, it is not dif-
ficult to conceive of the net effect being the variable morphology 
seen in the literature.

Formation of the pore structure
As soon as this incipient pore structure is established, a cell struc-
ture develops, since further growth can only take place vertically 
and thus a pore structure is established. The average spacing 
between the pores is voltage dependent, but the distance between 
individual pores may vary, depending on the strength of the field 
surrounding them. This is affected by the presence of foreign atoms 
and lattice defects.
 Further, the diameter of the pores will be affected by the oxide-
solvency of the electrolyte and anodizing conditions, as has been 
documented in the literature. The work of Franklin showing how 
pore size diminishes with pH in a boric acid electrolyte also sug-
gests that a similar effect will be found with sulfuric acid. Size 
measurements on pores in sulfuric and oxalic acid electrolytes 
indicate generally that the pores remain parallel, except near the 
electrolyte interface (Fig. 6). Oxide solvency exhibits itself as an 
attack on the outer layers of the coating, particularly architectural 
coatings, which leads to “chalking” in service.

The effect of alloying additions and impurity elements
The effect of alloying and impurities has been considered in the 
previous paper but relates to effects at the micro and macro level. 
It is known that magnesium and zinc atoms diffuse rapidly through 
the anodic coating, thereby increasing the number of vacancies in 
the oxide structure. Elements such iron, manganese and silicon, 
when present in amounts forming a solid solution, increase in elec-
trical resistance and appear to form anodic oxide. However, the 

concept that the presence of these atoms may affect the cell mor-
phology or pore size is a new concept, but it follows the reasoning 
of this model. For the present it remains an area where there is only 
conjecture on offer.

Features within a population of cells
The previous contribution focused attention on the fact that if size 
measurements are made of a number of cells or pores, the values 
recorded fall within a statistical normal distribution curve. It would 
therefore be desirable to report accordingly on the characteristics 
of a population of cells. This is a new concept and one which has 
received almost no attention.

Variability of the cell structure throughout its 
thickness
One of the inadequacies of the Keller, Hunter and Robinson model 
is that it conveys the impression to many practical anodizers that 
the pore extends from above the “barrier layer” to the surface of 
the coating. What is overlooked is that all cells grow normal (ver-
tically) to the surface of the metal from which they are formed. 
The problem is that the size of the cells is small in relation to the 
surface finish of the material being anodized. The surface varia-
tions over a machined or extruded surface are such that there will 
be many places where adjacent cells are inclined to or away from 
each other.
 This was well demonstrated by Arrowsmith and Moth15 using 
a StereoScanTM electron microscope. Fig. 7 shows the inclination 
of cell growth leading to pore branching and the termination of 
cell growth due to this factor when anodizing in a phosphoric acid 
electrolyte.

Effect of insoluble intermetallics on coating structure 
and growth
The above work also included examples of the effect of insoluble 
intermetallic particles on the structure of anodic coatings. Figure 
8 shows a large amorphous intermetallic trapped in a hard anodic 
coating. He also showed how some intermetallics were soluble in 
the electrolyte and left voids in the film. 

Figure 5—Anodic cell base pattern for a coating formed for 70 min at 25 
mA/cm2 to 120V in 0.25M oxalic acid at 15°C.13

Figure 6—Development of pores in an anodize coating produced in a 
0.25M oxalic acid electrolyte at 0°C at 50mA/cm2.13
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Figure 7—View of inclination of cells producing pore branching and termina-
tion due to machined surface.

 This feature had been previously investigated by Cooke,16 who 
carried out a detailed investigation of the effect of such particles 
on the appearance and corrosion resistance of bright trim materi-
als. The effect of these particles was that shown in Fig. 9. It can be 
seen that the final result is to produce a weak point on the anodic 
coating where corrosion is more likely to occur. An important con-
sideration in terms of corrosion resistance is that as film thickness 
is increased, most of these intermetallics remain trapped within the 
anodic coating, but there is no easy path for penetration of cor-
roding media, thus significantly reducing their effect on corrosion 
resistance.

Figure 8—A 3-D electron photomicrograph of trapped insoluble amorphous 
intermetallic particles.

Figure 9—Depiction of stages in the incorporation of an insoluble 
intermetallic into an anodic coating.
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Concluding remarks
The foregoing has shown the consequences of approaching an 
understanding of anodic coating formation from too restricted 
a basis. The oxide film present on aluminum is fundamental to 
understanding its surface chemistry. There are various environ-
ments which produce an oxide coating on aluminum. The evidence 
offered shows anodic oxide formation to be initially no different 
from that of other forms of oxide.
 The “barrier layer” approach treats an anodic coating as a film, 
but in so doing has failed to recognize that, as with other oxide 
films, its formation and properties are dependent on the composi-
tion and structure of the metal from which it is formed. This has lead 
to a concentration of effort on film formation and morphology.
 During the 1960s, a significant advance in understanding of the 
metal lattice structure was made by the aluminum industry and 
its implications for metal fabrication procedures and properties. 
Although pioneering work was carried out in this period which 
linked lattice defect structures to the mode of initial oxide forma-
tion and growth, the results were either ignored or regarded as 
a minor modification to the “barrier layer” theory. This has led 
to a lack of critical examination of these findings by anodizing 
researchers.
 The neglect of the advances in metallurgy meant that it was 
only in the 1990s that there was a recognition that features such as 
vacancies, dislocations and atomic packing densities might have a 
significant effect on anodic coatings. It is considered that the fore-
going model reveals much of the complex reactions taking place 
at the metal/oxide interface and provides a better understanding of 
the process than hitherto prevailed. At this point in time it should 
lead to a better understanding of the process and stimulate ideas for 
further advances.
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